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Abstract 

Stem group vertebrates have long been the subject of palaeobiological research.  The 

Osteostraci, a palaeozoic sister group to all known jawed vertebrates from the Late Silurian 

and Devonian have been known since the early 19th century and have since undergone a 

number of taxonomic revisions with numerous additions of species and genera. In recent 

years, great advances have been made in the systematics of the group, serving as a basis for 

this work. The evolution and dispersal of osteostracans has yet to be examined in greater 

detail, a task that is accomplished in this project by extensive landmark analysis of 148 

osteostracan specimens of all known families and localities. The results show that the origin 

of osteostracans was likely in the brackish waters of the microcontinent of Avalonia. It was 

followed by a subsequent spread into a variety of habitats in Baltica during the Late Silurian 

and further localities in Baltica and Laurentia during the Early Devonian. Diversity and 

disparity both decline during the Middle and Late Devonian, leading to an extinction of the 

Osteostraci during the latter. Their adaptive radiation is closely linked to changes in sea level 

and a high degree of adaptation to different environments, leading to a great amount of 

endemism. 
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Introduction 

The osteostracans are a group of extinct jawless vertebrates whose fossils have been found 

in strata ranging  from the early Wenlock of the Silurian to the Frasnian in the Late Devonian 

(Sansom 2009b). They are of special interest in the research of early vertebrate evolution 

due to their unique standing as sister group to all known jawed vertebrates (Donoghue et al. 

2000, Sansom 2008 & 2009a). As stem-gnathostomes many osteostracan genera exhibit 

early  features of the gnathostome body plan, such as paired pectoral fins, an epicercal 

caudal fin and cellular bone (Sansom 2008). Their most striking and well-preserved feature 

is the cephalic shield covering the entire head and exhibiting extensive morphological 

variation, especially in regards of its cornuate extensions (Sansom 2009a).  

Most work on osteostracans to date has focused on classic taxonomical studies, physiology 

and ecological studies, rather than patterns in osteostracan evolution. The history of 

osteostracan taxonomy is complex and long and as such, only a brief overview will be given 

here (for a more detailed review of the scientific debate see Sansom (2009a)). Agassiz 

(1835) was the first to erect the genus Cephalaspis Agassiz, 1835 for four newly described 

fossil species. Lankester (1868), uniting Cephalaspis and three other genera, first used the 

overall term of Osteostraci for the entire group. Taxonomic classification of the 

osteostracans has since undergone a number of major revisions. Those include the erection 

and addition of new families (e.g. Woodward (1891) and Robertson (1935, 1945)) and 

several revisions of the overall classification and erection of alternative classification 

systems by numerous authors e.g. Denison (1951), Wängsjö (1952), Stensiö (1964), Janvier 

(e.g. 1996) and Afanassieva (2004). A detailed examination of morphology and the use of 

new methods enabled Sansom (2008, 2009a) to present the first comprehensive phylogeny 
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for the Osteostraci based on proper statistical analysis. He established three different main 

orders of 'core' Osteostraci: Benneviaspidida, Zenaspidida and Thyestiida, with the 

Cephalaspids and early osteostracans acting as an outgroup. As the most thorough work up 

to date, his classification served as a basis for the work in this project.  

The ecology and biogeography of osteostracans has been discussed by several authors so far 

(e.g. Denison 1956, Young 1981, Sansom 2009b) . Osteostracan fossils have to date been 

found on localities around most of the Northern Hemisphere, on the past continents of 

Laurentia and Eurasia/Baltica and Avalonia. No Gondwanan specimens are known (Sansom 

2009b). Osteostracan remains occur mainly in sediments associated with fresh to brackish 

water and it has thus been hypothesised that most osteostracans were bottom-dwellers in 

fresh water streams, lakes and lagoonnal environments (Denison 1956).  Sansom (2009b) is 

the only paper to date to touch upon the matters of biogeography and possible routes of 

osteostracan dispersal throughout evolution. Despite the wealth of data that is available 

about the classification, localities and habitats of Osteostraci, however, there is no complete 

work to date to integrate all three into a comprehensive framework of osteostracan 

evolution and dispersal.   

To accomplish this objective, this thesis connects morphological data with taxonomic and 

geographical information. Morphospace analysis has to date not been used in the study of 

Osteostracan evolution and was employed in this work.  As such, the main goal of this work 

was to examine the patterns of osteostracan diversification throughout time, geographical 

localities and across different habitats, building on the phylogenetic framework established 

by Sansom (2008, 2009a, 2009b). I used landmark analysis of the cephalic shields to 

examine the changes of morphospace associated with the evolution of osteostracans 
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throughout time and the Bayesian Binary Method to further explore the patterns in 

osteostracan dispersal. The results of this work will help further the understanding of stem-

gnathostome and, by extent, early vertebrate evolution.  

Methods 

Data preparation 

For the purpose of this project only the cephalic shields of osteostracan species were used 

for data acquisition. They are the most commonly preserved feature of the osteostracan 

body plan and provide a number of easily distinguishable points for landmark analysis. Each 

species was represented by a reconstructed drawing taken from previously published 

literature. A complete list of specimens used can be found in Table 1 in the Appendix. 

Taxonomic and geographical coverage were maximised as much as possible in gathering the 

material. Specimens were not used for analysis if they were either lacking features 

necessary for landmark analysis (e.g. as in Balticaspis latvica Lyarskaya, 1981, Escuminaspis 

laticeps Traquair, 1890 or Wladysagitta janvieri Voichyshyn, 2006 with missing lateral fields) 

or of great similarity with other species in an already well-covered genus. 148 specimens 

were thus obtained for the use in the subsequent analyses and the images of the cephalic 

shields compiled into a single data set file (.tps) using tpsUtil Version 1.58 (Rohlf 2013a). A 

data matrix in accordance with the first data set was created to record the information for 

each specimen in the following categories:  

• current taxonomic classification ("Outgroups" and the three orders Benneviaspids, 

Zenaspids and Thyestiids plus their families, after Sansom 2009)  

• known fossil localities/regions  
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• time periods of  existence, (Wenlock, Ludlow and Přídolí (Late Silurian), Lochkovian, 

Pragian and Emsian (Early Devonian), Middle Devonian and Later Devonian) 

• likely environmental habitat (fresh water, a mixture of fresh and brackish water, 

brackish water and sea margins) 

 

Due to the absence of a complete up-to-date species catalogue for Osteostraci, the correct 

classification of several old specimens is still unclear. Many specimens originally described 

as 'Cephalaspis' and 'Benneviaspis' have to be evaluated and re-classified, however, this is 

far beyond the scope of this work. As such, only the specimens named in Sansom (2009) and 

Keating et al. (2012) as likely to belong to Cephalaspis are considered here as belonging to 

this genus (and as such, constituting a definite outgroup) in the analyses relating to 

taxonomic categories. Namely, those species are Cephalaspis lyelli Agassiz, 1835, C. 

producta Wängsjö, 1952, C. cradleyensis Stensiö, 1932 and C. sollasi Stensiö, 1932 (the last 

one not used in this study due to the absence of a good reconstruction graph).  The 

remaining species that have not yet been re-evaluated are marked with quotation marks 

(e.g. "Cephalaspis") in the specimen table and indicated only as possible 'outgroups' in the 

relative warp analysis.  

Diversity estimates 

Changes in diversity over time and in different geographical areas were recorded by using 

the number of genera in each category as indication for diversity. Number of genera was 

chosen as an index due to the great amount of subjectivity associated with the definition of 

and discrimination between single species and the lack of a comprehensive review and thus 

a catalogue of osteostracan taxa. 
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Morphometrics  

Landmarks as a tool for morphometrics have been in use for several  decades (Adams et al. 

2004). Originally designed for describing and quantifying geometrical shapes in a two-

dimensional space by using the coordinates of defined data points (Bookstein 1986), their 

application is now much more widespread (Adams et al. 2004). In order to obtain accurate 

measures of osteostracan cephalic shield shapes, a set of 13 fixed and 10 sliding landmarks 

was selected for the work in this thesis. To digitise the landmarks for each specimen tpsDig 

Version 2.17 (Rohlf 2013b) was used. Figure 1 shows the placement of the landmarks which 

are described in more detail below. 



 

Figure 1: Placement of the 23 landmarks on the cephalic shield, numbered from one to twenty
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sliding landmarks between landmarks five and nine. In the case of non-cornuate specimens 

landmarks five to nine occupy the same coordinates.   

Landmark 10 is placed at the posterior tip of the cephalic shield. It is situated at the median 

point of the posterior dorsal shield edge before the beginning of squamation.  

Landmarks 11 to 15 describe the shape of the lateral field. Landmark eleven is situated at 

the anterior tip of the left lateral field, landmark fifteen at the posterior end. Landmarks 

twelve to fourteen are sliding landmarks describing the curvature of the lateral field 

between landmarks eleven and fifteen.  

Landmarks 16 to 18 are placed on the median field, with landmark sixteen at the anterior 

tip/median point of the anterior edge and landmark eighteen at the median point of the 

posterior edge. Landmark seventeen is a sliding landmark situated between the two. 

Landmarks 19 and 20 are situated at the anterior and posterior tip of the nasohypophysial 

opening, respectively.  

Landmark 21 is placed in the middle of the pineal foramen, denoting its position.  

Landmarks 22 and 23 describe the placement and shape of the left orbital eye, landmark 

twenty-two being situated at the anterior tip and landmark twenty-three at the posterior 

end of the eye.  

There are several methods to analyse morphometric data. Thin-plate spine was suggested 

by Bookstein (1991) as a method of visualising changes in morphospace between specimens 

based on the analysis of selected landmarks. Those difference in shape can be described by 
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using partial warp scores and analysed further by conducting a principal component analysis 

on the scores, yielding the so-called 'relative warps' (Adams et al. 2004).  The algorithms are 

implemented in tpsRelw Version 1.53 (Rohlf 2013c) and were used in this work to visualise 

the disparity of osteostracan cephalic shields and be able to discern patterns in the resulting 

images of morphospace. 

The traits of each specimen were mapped onto the resulting figures in the four categories of 

taxonomy, age, locality and habitat for different combinations of warp axes: axes one and 

two, axes two and three and axes three and four. Thus twelve different figures were 

obtained, with additional figures for single axes-figures. Furthermore, to obtain a measure 

of the morphospace occupied by different groups of specimens, three different 

measurements of disparity were calculated: SOV (Sum Of Variances), SOR (Sum of Ranges) 

and POR (Product Of Ranges) (as used and explained e.g. in Villier & Korn 2004). The 

variance measure was obtained by adding up the eigenvalues of the single relative warp 

axes constituting 95% of the total variance of the respective dataset, with different data sets 

for each category. The measure is sensitive to the amount of taxa covered, but relatively 

insensitive to sample size (Ciampaglio et al. 2001), apart from where small sample sizes are 

concerned. Both SOR and POR were calculated from the relative warp axes 1 to 10 

(explaining 95.52% percent of the overall variance) of the complete data set, utilising the 

ranges for each group of specimens on the axes. In contrast to SOV, these measures are 

insensitive to the amount of taxa covered, but instead depend greatly on sample size (Villier 

& Korn 2004). The Late Devonian indices could not be calculated due to very small sample 

size (only two species). The sample size of Emsian specimens was equally low, therefore 

Pragian and Emsian specimens were treated as one category.  
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Further analyses 

After the morphospace analysis the interrelations between the different fossil localities 

were explored further. Osteostraci are known from a variety of localities and regions from 

the current Northern Hemisphere: 

• The Red Bay Group and the Wood Bay series in Spitsbergen have yielded a great 

variety of species and genera, most of which are described in Wängsjö (1952) 

• The localities in Podolia, Ukraine, equally bear a multitude of Early Devonian 

osteostracan fossils (Voichyshyn, 2011) 

• The first osteostracan fossils have been found in the UK and the remains of a number 

of species from the Late Silurian and Devonian have been discovered in various 

localities of Wales, England and Scotland (many of which are described in Stensiö 

1932) 

• Many of the earliest known localities are located in the Baltic region (mainly the 

Island of Oesel in Estonia) and Scandinavia (e.g. Kiaer 1911 for Norway or Robertson 

1945 for Oesel)  

• A number of minor localities in Germany, Russia (e.g. Northern Ural and the October 

Revolution Island) and Central Asia have yielded several different and often, newly 

described species (described by various authors, e.g. Afanassieva & Janvier 1985, 

Mark-Kurik & Janvier 1995, Sansom et al. 2008, Afanassieva & Karatajūtė-Talimaa 

2013) 

• Osteostraci have also been discovered in several locations in both Canada and the 

Northern US on the Northern American continent (again in the work of many 

authors, e.g. Denison 1952 & 1955,  Dineley 1994, Adrain & Wilson 1994) 
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During the Late Silurian and Devonian the localities named were situated on the continents 

of Baltic, Laurentia and Avalonia, respectively. To get a better sense of the dispersal 

patterns of Osteostraci throughout time and space, the Bayesian Binary Method as 

implemented in the programme RASP Version 2.1 Beta (Yu et al. 2010 & Yu et al. 2013) was 

used. The method employs an existing phylogenetic tree and a locality matrix for the known 

clades to calculate the likely geographical origins for each node of the tree.   

A second occurrence matrix of the above mentioned localities and major orders defined by 

Sansom (2009) was used to carry out a variety of other analyses in PAST Version 3.01 

(Hammer et al. 2001) to explore eventual habitat relationships further. Habitat connectivity 

and relations were visualised in a diagram akin to a phylogenetic tree using the cluster 

analysis with both the Paired Group (UPGM) and the Ward's Method algorithm in 

combination with the Dice and Euclidean similarity indices respectively. The degree of 

similarity between the different localities was assessed using two distance indices, Dice and 

Jaccard. Those two methods also give an indication about the amount of endemism across 

the different localities. A scatter plot based on a detrended correspondence analysis served 

to further illustrate location of the localities in a two-dimensional space, again visualising 

their differences and similarities based on the composition of their respective osteostracan 

fossil records.  

 

 



 

Results 

Patterns of diversity 

 

As is apparent from the large amount of literature on Early Devonian osteostracan localities 

(e.g. Wängsjö (1952) and Voichyshyn (2011)),

burst in numbers of osteostracan species and genera during the Early Dev

observation has been verified by the numerical data presented herein, with a much higher 

genus count throughout the Early Devonian than during any other time period of 

osteostracan evolution, with a peak during the Pragian period (Figure 2

Devonian there is a strong decline in diversity that begins in the Emsian already, with only

Figure 2. Diversity and disparity over time and in different 
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As is apparent from the large amount of literature on Early Devonian osteostracan localities 

Wängsjö (1952) and Voichyshyn (2011)), there is clear evidence for a diversification 

burst in numbers of osteostracan species and genera during the Early Dev

observation has been verified by the numerical data presented herein, with a much higher 

genus count throughout the Early Devonian than during any other time period of 

osteostracan evolution, with a peak during the Pragian period (Figure 2

Devonian there is a strong decline in diversity that begins in the Emsian already, with only

a) Diversity and Disparity over time 

b) Diversity in different localities 

 

Diversity and disparity over time and in different locations. a) changes of disparity (in three 

different measures) and diversity throughout different time periods. b) the number of genera found in the major 

known fossil locations of Osteostraci. POR = Product of Ranges, SOR = Sum of Ranges, SOV = Sum of V

No. of genera

 

As is apparent from the large amount of literature on Early Devonian osteostracan localities 

there is clear evidence for a diversification 

burst in numbers of osteostracan species and genera during the Early Devonian. This 

observation has been verified by the numerical data presented herein, with a much higher 

genus count throughout the Early Devonian than during any other time period of 

osteostracan evolution, with a peak during the Pragian period (Figure 2a). After the Early 

Devonian there is a strong decline in diversity that begins in the Emsian already, with only 

 

 

 

a) changes of disparity (in three 

different measures) and diversity throughout different time periods. b) the number of genera found in the major 

POR = Product of Ranges, SOR = Sum of Ranges, SOV = Sum of Variance 
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three genera left in the Late Devonian period. Osteostracan diversity also differs across 

different localities (Figure 2b), with a remarkably high number of genera in Spitsbergen 

compared to a medium diversity in the UK and Podolia, decreasing to a few genera in the 

other localities. These numbers, however, have to be interpreted with caution due to 

potential bias in the study of the fossil records and the fossil record itself.  

Patterns of disparity 

The same diversification burst apparent in the diversity index is also reflected by the three 

different measures of disparity applied here. SOR and POR, both based on the complete 

data sets, each show a peak of disparity during the Pragian/Emsian time, whereas the SOV 

index, based on subsets of the original data and thus more influenced by sample size, 

displays a disparity peak during the Lochkovian rather than the Pragian, and a decrease in 

disparity during the Přídolí like the diversity measure (Figure 2a). In concordance with the 

diversity dynamics, all three disparity indices decrease rapidly after the end of the Early 

Devonian.  

The thin-plate spine and 

subsequent relative warp 

analysis of the 148 specimens 

yielded a number of relative 

warps, ten of which explained 

over 95% of the overall variation 

(see also Table 2). For the 

purpose of this study, the plots 

Table 2. Statistical values of the Relative Warp analysis for the 

first ten relative warps which overall explain more than 95% of the 

overall variation. Eigenvalue, singular value (=SV), as well as single 

and overall percentage of the overall variation explained for each 

relative warp 

Relative 

Warp 

Eigenvalue SV % explained Overall % 

explained 

1 3001.2 1.914 32.93% 32.93% 

2 656.8 1.703 26.07% 59.01% 

3 557.5 1.109 11.06% 70.07% 

4 243.0 0.984 8.70% 78.77% 

5 199.9 0.749 5.04% 83.81% 

6 135.5 0.626 3.52% 87.33% 

7 109.2 0.594 3.18% 90.51% 

8 102.2 0.522 2.45% 92.97% 

9 81.5 0.418 1.57% 94.54% 

10 73.6 0.331 0.98% 95.52% 
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that have been examined further were those of axes 1/2, 2/3 and 3/4, as well as 1/1 and 

2/2. For the single warp axes, the extremes of the axes were occupied by Parameteoraspis 

caroli Wängsjö, 1952 and Boreaspis intermedia Wängsjö, 1952 for relative warp 1 and 

Tyriaspis whitei Heintz, 1967 and Dicranaspis gracilis Wängsjö, 1952 for relative warp 2 

respectively. From those extremes and the morphology of the specimens in between it can 

be inferred that relative warp 1 reflects the general shape of the outer cephalic shield edge 

and cornua, whereas the second warp, in contrast, illustrates the existence of the cornua 

rather than merely its shape (Figures 3 and 4).  

Disparity vs Taxonomy 

The three osteostracan orders as erected in Sansom (2009) occupy a large area of 

morphospace each in all relative warp combinations, the first of which is illustrated in Figure 

3a. The boundaries between the different morphospaces are not clearly pronounced and 

show partial overlap, especially around the centre of the figure. The overlap increases with 

the higher number of relative warps used in the figure and is more pronounced when warps 

3/4 are looked at. Despite the overlap the morphospaces of the different orders are clearly 

shifted towards different parts of the overall morphospace. If only the subset of freshwater-

inhabiting specimens is looked at, there is a much clearer distinction between the different 

areas in morphospace, with little to no overlap between the different orders.  

Disparity through time 

The strong increase in disparity and diversity throughout the Early Devonian is equally 

apparent in the Relative Warp plots. As reflected in the disparity indices, the amount of 

morphospace occupied by Early Devonian specimens in both Lochkovian and 
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Pragian/Emsian is much larger than the amount occupied by the other groups. The 

morphospaces of both Late Silurian and Middle/Late Devonian specimens show large 

overlap with all Early Devonian ones. Their own morphospaces, however, are distinctly 

different from each other (Figure 3b). The Lochkovian morphospace is of smaller size than 

the Pragian/Emsian one and almost completely embedded in the former. As can be seen 

from the distribution of data points in the graph, however, the centroids for both 

morphospaces would be shifted into their own distinct areas.  

When only a single warp axis is considered, there are clear differences between each 

relative warp axis (Figures 4c and d). On the first warp the extremes of the space are 

occupied by mostly Pragian/Emsian and a few Middle Devonian specimens, whereas Late 

Silurian and Lochkovian ones cluster more towards the middle of the plot. For the second 

relative warp, the extremes are occupied by Late Silurian species on one end and Pragian 

ones on the other, the Lochkovian ones clustered around the centre. In both cases the 

ranges for Middle/Late Devonian specimens show no overlap with Late Silurian ones.  

Geographical distribution of disparity 

There are no distinct patterns in morphospace for specimens sorted after the locality they 

were found at (Figure 3c). However, there are differences in the amount if morphospace 

occupied: the Spitsbergen specimens show the greatest disparity, with a huge overlap with 

all other regions.  The British and Podolian specimens also occupy a sizeable amount of 

morphospace, whereas the other regions show less disparity. Podolia, the Northern America 

and the October Revolution island morphospaces are all always nested inside the 



 

Spitsbergen area. The other localities are spread over b

unoccupied morphospace. 

Figure 3. Morphospace occupation illustrated by relative warps

the relative warp analysis of all 148 specimens. The plot shows the results for relative warps one and two. For 

each of the four categories, Taxonomy

morphospaces are marked on the plot.
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Spitsbergen area. The other localities are spread over both already occupied and

Morphospace occupation illustrated by relative warps. The four figures 

the relative warp analysis of all 148 specimens. The plot shows the results for relative warps one and two. For 

Taxonomy (3a), Age (3b), Localities (3c) and Environment

are marked on the plot. 

a) 

c) 

 

oth already occupied and 

illustrate the results of 

the relative warp analysis of all 148 specimens. The plot shows the results for relative warps one and two. For 

Environment (3d), the occupied 

b) 

d) 



 

 

 

Figure 4. Single warp spaces. Distribution of specimens on single warp plo

and f). Plots are Relative Warp 1 in the first row and Relative Warp 2 in the second

a) 

b) 
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of specimens on single warp plots according to the categories Environment (4a and b)

. Plots are Relative Warp 1 in the first row and Relative Warp 2 in the second. 

c) 

d) f) 

e) 

 

 

 

a and b), Age (4c and d) and Locality (4e 



 
19 

 

On the single warp axes, the Spitsbergen specimens occupy both extremes on the first axis 

plot (Figures 4e and f). The other localities are spread in between, with slight differences in 

the clustering of Baltic/Scandinavian/Russian and the other specimens. For the second axis 

plot, most of the Late Silurian localities from Europe (Baltic and Scandinavia) can be found at 

one extreme whereas the other localities and Spitsbergen cover the rest of the range, 

Spitsbergen once again at the other extreme.  

Environmental disparity 

Equally to the locality categories, there are no uniquely isolated morphospaces either for 

the different habitats in which Osteostracans occur (Figure 3d). The fresh water specimens 

cover the largest amount of morphospace, with the majority of the specimens from other 

habitats nested in it. Apart from sea margin specimens, the disparity decreases with 

increasing salinity, with visible differences in the size of morphospace. The sea margin 

specimens themselves show only partial overlap with the other morphospace and display a 

rather large disparity. 

The single relative warps (Figures 4a and b) show further differences between the different 

environments. The first relative warp is occupied by only fresh-water specimens at its 

extremes with specimens of higher salinity-areas clustered around the middle. In the second 

relative warp, one of its extremes is occupied by sea margin and brackish water specimens 

and the other by fresh water. The rest of the specimens from all habitats is spread out 

relatively evenly across the rest of the axis. 
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Locality interrelationships 

The comparison of various osteostracan localities using detrended correspondence analysis, 

cluster analyses and similarity remained largely inconclusive, likely due to small sample size, 

although a few different patterns were still discernible.  The results of the cluster analysis 

varied greatly depending on the algorithms and similarity indices used. The localities of 

Scandinavia, the Baltic, the Northern Ural and Central Asia always clustered together, as 

well as Northern America and Podolia. Spitsbergen and the UK were associated with the 

latter group most of the time, albeit with long branch lengths indicating weak support 

(though no statistical support values can be obtained in the cluster analysis). The placement 

of the remaining Russian localities (e.g. October Revolution Island) is uncertain and varies 

greatly. The results of the other analyses remain equally inconclusive, with only the 

Scandinavian, Baltic and Central Asian localities always emerging as closely connected.  

Patterns of dispersal and geographical distribution 

The analysis of localities using the Bayesian Binary Method in RASP suggests various 

dispersal patterns and geographical origins of clades in osteostracan evolution based on the 

topology presented by Sansom (2009a) (Figure 5).  

The point of origination of the three major osteostracan orders is likely to be located in the 

area of today's localities in the UK. The origin of the Zenaspids is less clear, with a variety of 

localities being suggested by the analysis. Within the Zenaspids, both the 

Parameteoraspididae and Zenaspididae do not show a clear locality of origin. The UK, 

Spitsbergen and Podolia are all suggested as possible regions of origination for the 

Zenaspididae whilst the result for the Parameteoraspididae remains unclear. The 

Benneviaspisds are likely to have originated in Spitsbergen, with further radiation to the UK, 
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Russia (Benneviaspididae and Boreaspidoidei) and Northern America (the as yet unnamed 

'Group D'), amongst others. Apart from the uncertain origin of Ilemoraspis kirkinskayae 

Obruchev, 1961, the Thyestiids probably have their origin in the area of the Baltic localities. 

The same holds true for the Tremataspidoidea, with a later spread to today's Scandinavia, 

the UK, Central Asia and the Northern Ural regions. The Kiaeraspidoidea have, with one 

exception from the UK, to date only been found in Spitsbergen.   



 

Figure 5. Osteostracan Dispersal Patterns

RASP. The tree was taken directly from Sansom (2009). The legend on the left clarifies the colour patterns 

used by the programme in the analysis. 
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Osteostracan Dispersal Patterns, illustrated the results of the Bayesian Binary Method in 

RASP. The tree was taken directly from Sansom (2009). The legend on the left clarifies the colour patterns 

used by the programme in the analysis.  

 

 

the results of the Bayesian Binary Method in 

RASP. The tree was taken directly from Sansom (2009). The legend on the left clarifies the colour patterns 
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Discussion 

This study sheds a clearer light on the patterns of osteostracan evolution using the results of 

morphospace analysis (Relative Warps and disparity indices), similarity and distance indices, 

as well as dispersal analysis through the Bayesian Binary Method. Based on the results of 

the dispersal analysis, the origin of osteostracans is to be found on the microcontinent of 

Avalonia, close to the borders to Baltica in the area of today's United Kingdom. This theory 

is supported by the fact that fossil specimens of the earliest osteostracan relatives, namely 

Ateleaspis, have been found in the Upper Silurian (Wenlock) of Scotland, but is partly at 

odds with Sansom (2009b) who hypothesises the entirety of Euamerica as ancestral areas. 

The earliest osteostracan specimens from the three main orders are known from the 

Wenlockian strata in the Baltic, on the island of Oesel. They belong to the genera 

Tremataspis Schmidt, 1866, Dartmuthia Patten, 1931, Saaremaaspis Robertson, 1938, 

Witaaspis Robertson, 1939, Oeselaspis Robertson, 1935, Thyestes Eichwald, 1854, and 

Procephalaspis Denison, 1951 (Denison 1956). Sansom (2008) has hypothesised a first 

radiation of osteostracans in the Silurian earlier than the Wenlock that might have been 

masked by facies bias in the fossil record. This statement can neither be contradicted nor 

verified by the results of this work. It is apparent, however, that the initial diversity and 

disparity of Osteostraci was already existent during the Wenlock which makes an earlier 

evolution and radiation likely. One environmental factor connected to the radiation of 

osteostracans in the Silurian could be the formation of lagoonnal environments due to a 

general drop in sea levels (Sansom 2008). The locality of differentiation of the three main 

orders of Osteostraci before the Early Devonian is less clear, but could have occurred in 

Spitsbergen or the UK (Avalonia) at the borders of Baltica according to the results of the 

Bayesian Binary Method. This finding partly concurs with the theory erected by Sansom 



 

(2009b) who postulated Spitsbergen as the po

evolution in brackish environments in Avalonia, a first wave of species radiation 

Thyestiid order (Figures 5 and 6) 

continent of Baltica mainly in 

centre of the radiation throughout the Silurian

either Avalonia (UK) or Laurentia (Spitsbergen)

a) 
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(2009b) who postulated Spitsbergen as the point of diversification.  

kish environments in Avalonia, a first wave of species radiation 

s 5 and 6) occurred into the sea margins and brac

mainly in the area of today's Scandinavian and the Baltic regions. The 

throughout the Silurian is likely located at the border of Baltica with 

either Avalonia (UK) or Laurentia (Spitsbergen) (Figure 7a). 
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Figure 6: Osteostracan dispersal and radiation.

localities and habitats of occurrence and connect them to the taxonomy of Sansom (2009).

the different localities, Figure 6b the different environmental habitats.

The diversification burst of Osteostraci in the Early Devonian is apparent in both diversity 

and disparity measures (Figure

SOV might be due to mathematical na

calculation for SOR/POR and that of only a subset (i.e. a much smaller sample size) for SOV 

respectively. The difference in sample size also explains the similarities between the 

diversity index and SOV in Figure

was increasing already whilst the number of genera was not. 

number of specimens (not genera) during the Lochkovian age and as such a peak in the 

b) 
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Osteostracan dispersal and radiation. The two figures summarise the known osteostracan 

localities and habitats of occurrence and connect them to the taxonomy of Sansom (2009).

the different environmental habitats. 

The diversification burst of Osteostraci in the Early Devonian is apparent in both diversity 

Figure 1).  The differences between the measures of SOR/POR and 

due to mathematical nature, reflecting the use of the entire dataset for 

calculation for SOR/POR and that of only a subset (i.e. a much smaller sample size) for SOV 

respectively. The difference in sample size also explains the similarities between the 

Figure 1, indicating that especially during the Přídolí

whilst the number of genera was not. It also reflects the higher 

number of specimens (not genera) during the Lochkovian age and as such a peak in the 
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disparity as measured by SOV, but not by SOR/POR since the Pragian/Emsian specimens, 

though fever, occupy a much larger morphospace in general (Figure 4c).  

The change in composition of genera and increase in diversity during the Early Devonian was 

also noted by previous authors e.g. Sansom (2009b). The geographical range of 

osteostracans is similarly much increased from the Lochkovian on, with radiations to various 

localities on the continents of Laurentia (Northern America) and Baltica (Podolia, various 

minor localities in Russia) and their border areas (Spitsbergen) in all three osteostracan 

orders. The most prominent of the new localities colonised is Spitsbergen, that was 

populated by at least two separate adaptive radiations, both in the Thyestiid order on the 

on hand and in the clade representing benneviaspids and zenaspids on the other hand, as 

the results of the Bayesian Binary Method show. The Spitsbergen locality has since provided 

an abundance of osteostracan fossils.  

As apparent from Figure 6b, a second region populated from the Lochkovian is that of 

Podolia in today's Ukraine, further supporting the statement of an extensive Early Devonian 

radiation onto the continent of Baltica. The locations in the modern UK persisted whereas 

there are no known osteostracans from Early Devonian locations in the Baltic or 

Scandinavia, possibly due to a lack of suitable fresh-water and brackish habitats resulting 

from falling sea levels (Haq & Schutter 2008). Such sea level changes in general are very 

likely to be closely linked to osteostracan dispersal patterns and dynamics (Sansom 2009b). 

Sea levels were at a high point during the Wenlock and continued to fall throughout the 

Late Silurian and Early Devonian, reaching a minimum during the Emsian (Haq & Schutter 

2008), thus extending the previously formed brackish environments further inland and 

allowing the transition of osteostracans into more fresh water habitats. Despite the 
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extension in habitat ranges, osteostracan fossils are known only from warm fresh water, 

brackish water and sea margin habitats during the Silurian and Devonian, with almost no 

fossils from cold regions (Boucot 1985). Most of osteostracan evolution and dispersal was 

therefore likely guided by climatic constraints of high temperatures and humidity 

additionally to sea level changes. Figure 7b indicates the dispersal throughout the Early 

Devonian.  

 

 

Figure 7: Geographical dispersal patterns of Osteostraci throughout time The two maps illustrate the 

location of the continents involved in osteostracan dispersal and possible radiation patterns (white arrows). 

Figure 7a serves as showcase for Silurian dispersal patterns, Figure 7b for Early Devonian ones. Maps from 

Blakey (2011), free for educational, non-profit, non-commercial use.  

7a 

7b 
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Apart from the extension in geographical range, the Early Devonian diversification burst is 

also closely linked to a further increase in different environmental ranges of osteostracan 

occurrence with the addition of various fresh water habitats such as streams, rivers and 

lakes to the environments already occupied (Denison 1956). The high morphological 

diversity is closely connected to the formation of new ecological niches in new 

environments and subsequent osteostracan migration into them. The results of the 

morphometric analyses show that the changes in morphology are an expansion of already 

existing morphological structures (e.g. basic cornuate structure) that undergoes a 

diversification during the Early Devonian rather than a shift in morphology. This is further 

supported by a closer look at the different early Devonian morphospaces in Figure 3: whilst 

the Lochkovian specimens are clustered densely within a relatively small area of 

morphospace,  the Pragian specimens show a much larger spread around the Lochkovian 

ones coupled with an increase in the amount of morphospace occupied. This indicates an 

expansion in geographical and environmental ranges first during the Lochkovian, which was 

then followed by natural selection, leading to adaptation to the different ecological niches 

and as such increased disparity and more extreme morphological forms during the Pragian.  

This pattern continues across geographical regions: most Early Devonian regions (especially 

Spitsbergen) show a much larger disparity throughout the Lochkovian and Pragian than the 

Late Silurian localities. In fresh water specimens there is also a clear distinction between the 

morphospaces of the three main osteostracan taxonomic orders and their families. The lack 

of overlap between those morphospaces suggests a sharp morphological and ecological 

distinction within the Osteostraci. This is further underlined by the tendency of the major 

taxonomical morphospaces to shift to different parts of the overall morphospace when all  
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specimens are considered. As such it can be assumed that all clades are affected by their 

ecology and habitat, suggesting both conservatism and plasticity as characteristics of 

osteostracan evolution. The overall shape of Osteostraci is remarkably similar and 

conserved even throughout different orders, however, plasticity has allowed many genera 

to adapt to their different environments.   

In contrast to the Early Devonian, the Middle and Late Devonian specimens occupy a 

completely different morphospace from the Late Silurian ones. This evidence points to an 

adaptive radiation into the newly originated mainly fresh water habitats on Laurentia and 

Baltica during the shift from the Silurian to the Devonian. Continuous smaller scale sea level 

changes (as illustrated in Haq & Schutter 2008) could have led to several vicariance events in 

isolated habitats such as lakes or areas of specific salinity, thus facilitating speciation. The 

process of speciation is further favoured by low capacity for dispersal and subsequently  

high degree of endemicity of many osteostracan genera and species noted by Sansom 

(2009b). The high amount of endemism is further supported by the similarity and distance 

indices obtained by the PAST analysis in this project which point to low similarity between 

the different fossil localities. This high amount of uniqueness has also prompted earlier 

authors like Young (1981) to erect different faunal provinces based on endemic fossils of the 

Devonian age, naming Euamerica the 'Cephalaspid province' and part of Siberia the 

'Tuvaspid province' based on the respective osteostracan genera. The low dispersal 

capability and high adaptation to living environments can be confirmed by the results in this 

work since there is a definite shift in morphology depending on habitat and many genera 

are endemic to a single locality. 



 
30 

 

The diversification burst visible in the Osteostraci at the shift from Silurian to Devonian is 

apparent in other Devonian faunas as well, such as the first appearance of ammonites in the 

fossil record (Kennedy 1977), the increase in diversity and high genus turnover in thelodonts 

(Märss et al. 2007),  the diversification of trilobites (House 1967) and an increase in genus 

richness in gnathostome fishes, such as placoderms and acanthodians (Friedman & Sallan 

2012). Most members of the marine fauna, however, showed little to no change in 

abundance from the Silurian to the Devonian (Boucot 1985). In contrast to the marine 

fauna, there was remarkable change in the composition of the fauna and flora on land 

(Boucot 1985) with the continuing diversification of land plants (Kenrick & Crane 1997), the 

subsequent changes in soil chemistry likely affecting freshwater habitats as well. The 

interaction of all of those factors created new habitats and thus enabled both the increase 

in disparity and diversity  seen in Osteostraci and other fossil groups.  

Towards the Late Devonian, there is a strong drop in both diversity and disparity of 

osteostracans, again coupled with a continuous rise in sea levels throughout the Middle 

Devonian into the Frasnian period (Haq & Schutter 2008). The Late Devonian is  

characterised by several extinctions (Benton 1995). The strong Late Devonian diversity 

decrease is attributed to multiple factors e.g. climate cooling and changed chemical 

composition of soil and sea water (Algeo et al. 2001). The two main extinction events were 

the Kellwasser and Hangenberg events which were responsible for large biodiversity loss 

(Sallan & Coates 2010). The youngest osteostracan specimens have all been found in the 

Frasnian strata on the North American continent and are Levesquaspis patteni Robertson, 

1936, Escuminaspis laticeps and Camptaspis utahensis Branson & Hehl, 1931. Most of the 

Middle and Late Devonian osteostracan fossil localities are situated in modern North 
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America, on the Laurentian continent in the Devonian (with the exception of Trewinia 

magnifica Traquair, 1893 from the UK and Ilemoraspis kirkinskayae from Central Asia).   

Conclusion 

The use of a large and comprehensive data set in this work allows for a close and accurate 

look at the evolution of the Osteostraci. The connection of morphospace analysis with 

taxonomic data from Sansom (2009) and further data about locality, age and habitat 

enabled the closer study of osteostracan dispersal mechanisms and routes. Certain caveats 

are still associated with the study - the usual bias associated with working on the fossil 

record, the lack of a comprehensive osteostracan species catalogue and the subjectivity 

associated with the respective author's fossil reconstructions that were used, as well as the 

lack of distinct statistical probability values connected with the results. Due to the great 

wealth of data and the use of methods not employed in previous studies, the following 

evolutionary scenario for the evolution of Osteostraci can be proposed: 

• Early evolution likely occurred in brackish water habitats shortly before the 

Wenlockian period in the Late Silurian on Avalonia in the area of today's United 

Kingdom. 

• Osteostraci first spread to Baltica during the Silurian from either Avalonia or 

Laurentia close to the borders of Baltica.  Further spread into new localities and fresh 

water habitats in Baltica and Laurentia occurred during the Lochkovian and Pragian 

ages during the Early Devonian, greatly influenced by rising sea levels (as proposed in 

Sansom 2009b).  
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• The increased diversity in general, geographical and environmental ranges is 

connected with an increased disparity of a variety of different morphological forms, 

likely due to extensive adaptive radiation, with a high amount of adaptation within 

the different taxonomic orders to specific habitats, resulting in the endemicity 

remarked up on Sansom (2009) and e.g. Young (1981). 

• A drop in sea levels after the Early Devonian and further climatic and environmental 

changes led to a sharp decline in osteostracan diversity during the Middle and Late 

Devonian with only a few species left mostly in Laurentia before culminating in their 

extinction during the Late Devonian extinction events.  

The insights into the evolution of Osteostraci obtained by this project could be further 

enhanced by a revision of old Cephalaspis specimens and the Osteostraci as a whole. This 

project itself serves as a good base for a more thorough investigation of the palaeoecology 

of osteostracan genera and species by providing a framework for possible osteostracan 

dispersal and evolutionary patterns. 
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Appendix 

Table 1: Complete specimen list  This table depicts all specimens used in the course of the thesis, including 

known localities of occurrence, taxonomic classification according to Sansom (2009) and the literature source 

from which the picture for the analyses was taken. Many species originally described as Cephalaspis  are 

ending further revision and likely reclassification. Thus only the species mentioned in Sansom (2009) as 

member of the taxon Cephalaspis in a narrow sense are here declared as such, the use of quotations marks 

marking the rest.  

Species Locality Literature Source Family 

Aceraspis robustus 

Kiaer, 1911 

Ludlow of Ringerike, 

Norway 

Sansom 2009 "Outgroup" 

Acrotomaspis instablis 

Wängsjö, 1952 

Emsian and Pragian of 

Spitsbergen 

Sansom 2009 Thyestiida 

Aestiaspis viitaensis 

Janvier & Lelievre, 1994 

Wenlock and Ludlow of 

Estonia  

Sansom 2009 Thyestiida 

Ateleaspis tessellata 

Traquair, 1899 

Wenlock of Scotland Ritchie 1967 "Outgroup" 

Auchenaspis egertoni 

Lankester, 1868 

Přídolí of England Stensiö 1932 Thyestiida 

Auchenaspis salteri 

Egerton, 1857 

Přídolí of England Sansom 2009 Thyestiida 

Axinaspis whitei 

Wängsjö, 1952 

Emsian and Pragian of 

Spitsbergen 

Sansom 2009 Thyestiida 

Belonaspis puella 

Wängsjö, 1952 

Pragian of Spitsbergen Sansom 2009 Benneviaspida 

"Benneviaspis" anglica 

Stensiö, 1932 

Early Devonian of the UK Sansom 2009 Benneviaspida 

Benneviaspis grandis 

Wängsjö, 1952 

Pragian of Spitsbergen Wängsjö, 1952 Benneviaspida 

Benneviaspis holtedahli 

Stensiö, 1927 

Lochkovian of Spitsbergen Sansom 2009 Benneviaspida 

"Benneviaspis" lankesteri 

Stensiö, 1932 

Lochkovian of the UK Sansom 2009 Benneviaspida 

Benneviaspis loevgreeni 

Wängsjö, 1952 

Pragian of Spitsbergen Wängsjö, 1952 Benneviaspida 

Benneviaspis longicornis 

Wängsjö, 1937 

Lochkovian of Spitsbergen Sansom 2009 Benneviaspida 

Benneviaspis maxima 

Wängsjö, 1952 

Pragian of Spitsbergen Wängsjö, 1952 Benneviaspida 

Benneviaspis platessa 

Wängsjö, 1952 

Lochkovian of Spitsbergen Wängsjö, 1952 Benneviaspida 

Benneviaspis talimaae 

Afanassieva 1990 

Lochkovian of Podolia, 

Ukraine 

Afanassieva 2004 Benneviaspida 

Benneviaspis urvantsevi 

Mark-Kurik & Janvier, 1995 

Pragian of Severnaya 

Zemlya, Russia 

Afanassieva 2004 Benneviaspida 
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Boreaspis batoides 

Wängsjö, 1952 

Pragian of Spitsbergen Wängsjö, 1952 Benneviaspida 

"Boreaspis" ceratops 

Wängsjö, 1952 

Pragian of Spitsbergen Sansom 2009 Benneviaspida 

"Boreaspis" intermedia 

Wängsjö, 1952 

Pragian of Spitsbergen Sansom 2009 Benneviaspida 

Boreaspis macrorhynchus 

Wängsjö, 1952 

Pragian of Spitsbergen Janvier 1985 Benneviaspida 

Boreaspis puella 

Wängsjö, 1952 

Pragian of Spitsbergen Wängsjö, 1952 Benneviaspida 

Boreaspis rostrata 

Stensiö, 1927 

Pragian of Spitsbergen Sansom 2009 Benneviaspida 

Boreaspis triangularis 

Wängsjö, 1952 

Pragian and Emsian of 

Spitsbergen 

Wängsjö, 1952 Benneviaspida 

Camptaspis utahensis 

Branson & Mehl, 1931 

Middle to Late Devonian of 

Utah, USA 

Sansom 2009 Benneviaspida 

"Cephalaspis" aarhusi 

Wängsjö, 1952 

Lochkovian of Spitsbergen Wängsjö, 1952 Zenaspidida 

"Cephalaspis" agassizi 

Lankester, 1868 

Lochkovian of the UK Stensiö 1932 "Outgroup" 

"Cephalaspis" brevirostris 

Denison, 1952 

Pragian or Emsian of Utah, 

USA 

Denison 1952 "Outgroup" 

"Cephalaspis" broughi 

Wängsjö, 1952 

Lochkovian of Spitsbergen Wängsjö 1952 "Outgroup" 

Cephalaspis cradleyensis 

Stensiö, 1932 

Lochkovian of Spitsbergen Wängsjö 1952 "Outgroup" 

"Cephalaspis" dissimulata 

Wängsjö, 1952 

Lochkovian of Spitsbergen Wängsjö 1952 "Outgroup" 

"Cephalaspis" doryphorus 

Wängsjö, 1952 

Lochkovian of Spitsbergen Wängsjö 1952 "Outgroup" 

"Cephalaspis" fletti 

Stensiö, 1932 

Lochkovian of the UK Stensiö 1932 "Outgroup" 

"Cephalaspis" fracticornis 

Wängsjö, 1952 

Pragian of Spitsbergen Wängsjö 1952 "Outgroup" 

"Cephalaspis" hyperboreus 

Wängsjö, 1952 

Lochkovian of Spitsbergen Wängsjö 1952 "Outgroup" 

"Cephalaspis" lankestri 

Stensiö, 1932 

Lochkovian of the UK Stensiö 1932 "Outgroup" 

"Cephalaspis" lornensis 

Traquair, 1899 

Přídolí of the UK Stensiö 1932 "Outgroup" 

Cephalaspis lyelli  

Agassiz, 1835 

Lochkovian of Scotland Sansom 2009 "Outgroup" 

"Cephalaspis" microlepidota 

Balabai, 1962 

Lochkovian of Podolia, 

Ukraine 

Afanassieva 2004 "Outgroup" 

"Cephalaspis" novaescotiae 

Denison, 1955 

Lochkovian of Nova Scotia, 

Canada 

Denison 1955 "Outgroup" 

"Cephalaspis" platycephalus 

Wängsjö, 1952 

Lochkovian of Spitsbergen Wängsjö 1952 "Outgroup" 

Cephalaspis producta 

Wängsjö, 1952 

Pragian of Spitsbergen Wängsjö 1952 "Outgroup" 

"Cephalaspis" recticornis Lochkovian of Spitsbergen Wängsjö 1952 "Outgroup" 
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Wängsjö, 1952 

"Cephalaspis" tenuicornis 

Wängsjö, 1952 

Lochkovian of Spitsbergen Wängsjö 1952 "Outgroup" 

"Cephalaspis" verruculosa 

Wängsjö, 1952 

Lochkovian of Spitsbergen Wängsjö 1952 "Outgroup" 

"Cephalaspis" websteri 

Stensiö, 1932 

Early Devonian of the UK Stensiö 1932 "Outgroup" 

"Cephalaspis" whitbachensis 

Stensiö, 1932 

Lochkovian of the UK Stensiö 1932 "Outgroup" 

"Cephalasois" wyomingensis  

Denison, 1952 

Pragian of Utah, USA Denison 1952 "Outgroup" 

Citharaspis junia 

Afanassieva, 1989 

Pragian of Podolia, Ukraine Afanassieva 2004 Benneviaspida 

Citharaspis polonica 

Belles-Isles & Janvier, 1985 

Pragian of Podolia, Ukraine Afanassieva 2004 Benneviaspida 

Dartmuthia gemmifera 

Patten, 1931 

Ludlow of Estonia Sansom 2009 Thyestiida 

Diademaspis janvieri 

Keating, Sansom & Purnell, 

2012 

Lochkovian of Wales Keating et al. 2012 Zenaspidida 

Diademaspis jarviki 

Wängsjö, 1952 

Pragian of Spitsbergen Sansom 2009 Zenaspidida 

Diademaspis poplinae 

Janvier, 1985 

Early Devonian of 

Spitsbergen 

Janvier 1985 Zenaspidida 

Diademaspis stensioei 

Afanassieva, 1989 

Lochkovian and Pragian of 

Podolia, Ukraine 

Afanassieva 2004 Zenaspidida 

Dicranaspis circinus 

Wängsjö, 1952 

Pragian of Spitsbergen Wängsjö, 1952 Benneviaspida 

Dicranaspis curtirostris 

Wängsjö, 1952 

Pragian of Spitsbergen Wängsjö, 1952 Benneviaspida 

Dicranaspis gracilis 

Wängsjö, 1952 

Pragian of Spitsbergen Sansom 2009 Benneviaspida 

Didymaspis grindrodi 

Lankester 1867 

Přídolí of England  Sansom 2009 Thyestiida 

Dobraspis uralensis 

Mark-Kurik & Janvier, 1997 

Emsian of Northern Ural, 

Russia 

Sansom 2009 Thyestiida 

Ectinaspis heintzi 

Wängsjö, 1952 

Lochkovian of Spitsbergen Sansom 2009 Benneviaspida 

Gustavaspis trinodis 

Wängsjö, 1952 

Pragian of Spitsbergen Sansom 2009 Thyestiida 

Hapilaspis apheles 

Mark-Kurik & Janvier, 1995 

Pragian of Severnaya 

Zemlya, Russia 

Sansom 2009 Benneviaspida 

Hemicyclaspis murchisoni 

Egerton, 1857 

Přídolí of England Dineley & Metcalf 

1999 

"Outgroup" 

Hildenaspis sp. Emsian of Germany Sansom 2009 "Outgroup" 

Hirella gracilis 

Kiaer, 1911 

Ludlow of Ringerike, 

Norway 

Sansom 2009 "Outgroup" 

Hoelaspis angulata 

Stensiö, 1927 

Lochkovian of Spitsbergen Gregory 1935 Benneviaspida 

Ilemoraspis kirkinskayae 

Obruchev, 1961 

Middle Devonian of Siberia  Sansom 2009 Thyestiida 
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Janaspis newtonensis 

Keating, Sansom & Purnell, 

2012 

Lochkovian of Wales Keating et al. 2012 "Outgroup" 

Janaspis pagei 

Lankester, 1868 

Lochkovian of the UK Stensiö 1932 "Outgroup" 

Janaspis powriei 

Lankester, 1868 

Lochkovian of Spitsbergen Wängsjö 1952 "Outgroup" 

Janaspis punctata 

Keating, Sansom & Purnell, 

2012 

Lochkovian of Wales Keating et al. 2012 "Outgroup" 

Janaspis watsoni 

Stensiö, 1932 

Lochkovian of the UK Stensiö 1932 "Outgroup" 

Kiaeraspis auchenaspidoides 

Stensiö, 1927 

Lochkovian of Spitsbergen Sansom 2009 Thyestiida 

Levesquaspis patteni 

Robertson, 1936 

Frasnian of Miguasha, 

Canada 

Sansom 2009 Zenaspidida 

Machairaspis battaili 

Janvier, 1985 

Early Devonian of 

Spitsbergen 

Janvier 1985 Zenaspidida 

Machairaspis corystis 

Wängsjö, 1952 

Lochkovian of Spitsbergen Janvier 1985 Zenaspidida 

Machairaspis hastata 

Wängsjö, 1952 

Lochkovian of Spitsbergen Wängsjö 1952 Zenaspidida 

Machairaspis ibex 

Wängsjö, 1952 

Lochkovian of Spitsbergen Sansom 2009 Zenaspidida 

Mimetaspis concordis 

Voichyshyn, 1994 

Lochkovian and Pragian of 

Podolia, Ukraine 

Afanassieva 2004 "Outgroup" 

Mimetaspis exilis 

Wängsjö, 1952 

Lochkovian of Spitsbergen Wängsjö 1952 "Outgroup" 

Mimetaspis glazewskii 

Janvier, 1985 

Lochkovian of Podolia, 

Ukraine 

Janvier 1985 "Outgroup" 

Mimetaspis hoeli 

Stensiö, 1927 

Lochkovian of Spitsbergen Sansom 2009 "Outgroup" 

Nectaspis areolata 

Wängsjö, 1952 

Pragian of Spitsbergen Sansom 2009 Thyestiida 

Nectaspis dellei 

Wängsjö, 1952 

Pragian of Spitsbergen Wängsjö 1952 Thyestiida 

Nectaspis peltata 

Wängsjö, 1952 

Pragian of Spitsbergen Wängsjö 1952 Thyestiida 

Norselaspis glacialis 

Janvier, 1981 

Emsian of Spitsbergen Sansom 2009 Thyestiida 

Oeselaspis pustulata 

Robertson, 1935 

Wenlock and Ludlow of 

Estonia 

Sansom 2009 Thyestiida 

Parameteoraspis caroli 

Wängsjö, 1952 

Middle Devonian of 

Spitsbergen and Podolia 

Dineley 1994 Zenaspidida 

Parameteoraspis cf hoegi 

 

Pragian of Spitsbergen Janvier 1985 Zenaspidida 

Parameteoraspis 

dobrovlensis  

Afanassieva, 1991 

Early Devonian of Podolia, 

Ukraine 

Afanassieva 2004 Zenaspidida 

Parameteoraspis gigas 

Wängsjö, 1952 

Early and Middle Devonian 

of Spitsbergen  

Sansom 2009 Zenaspidida 
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Parameteoraspis lanternaria 

Wängsjö, 1952 

Pragian of Spitsbergen Janvier 1985 Zenaspidida 

Parameteoraspis laticornis 

Stensiö, 1927 

Pragian of Spitsbergen Wängsjö 1952 Zenaspidida 

Parameteoraspis menoides 

Wängsjö, 1952 

Pragian of Spitsbergen Wängsjö 1952 Zenaspidida 

Parameteoraspis 

moythomasi Wängsjö, 1952 

Pragian of Spitsbergen Janvier 1985 Zenaspidida 

Parameteoraspis oberon 

Janvier, 1985 

Early Devonian of 

Spitsbergen 

Janvier 1985 Zenaspidida 

Parameteoraspis oblonga 

Stensiö, 1927 

 

Middle Devonian of 

Spitsbergen & Prince of 

Wales Island, Canada 

Dineley 1994 Zenaspidida 

Parameteoraspis pinnifera 

Wängsjö, 1952 

Lochkovian of Spitsbergen Wängsjö 1952 Zenaspidida 

Parameteoraspis 

semicircularis 

Wängsjö, 1952 

Pragian of Spitsbergen Wängsjö 1952 Zenaspidida 

Pattenaspis acuminata 

Wängsjö, 1952 

Lochkovian of Spitsbergen Sansom 2009 "Outgroup" 

Pattenaspis deltoides 

Wängsjö, 1952 

Lochkovian of Spitsbergen Wängsjö 1952 "Outgroup" 

Pattenaspis divaricata 

Wängsjö, 1952 

Lochkovian of Spitsbergen Wängsjö 1952 "Outgroup" 

Pattenaspis eukeraspidoides 

Stensiö, 1927 

Lochkovian of Spitsbergen Wängsjö 1952 "Outgroup" 

Pattenaspis eurhynchus 

Wängsjö, 1952 

Lochkovian of Spitsbergen Wängsjö 1952 "Outgroup" 

Pattenaspis heintzi 

Stensiö, 1932 

Lochkovian of Spitsbergen Wängsjö 1952 "Outgroup" 

Pattenaspis oreas 

Wängsjö, 1952 

Lochkovian of Spitsbergen Wängsjö 1952 "Outgroup" 

Pattenaspis pygmaea 

Wängsjö, 1952 

Lochkovian of Spitsbergen Wängsjö 1952 "Outgroup" 

Pattenaspis rogalai 

Balabai, 1962 

Lochkovian and Pragian of 

Podolia, Ukraine  

Afanassieva 2004 "Outgroup" 

Pattenaspis whitei 

Stensiö, 1932 

Lochkovian of Wales Keating et al. 2012 "Outgroup" 

Procephalaspis oeselensis 

Robertson, 1939 

Wenlock and Ludlow of 

Estonia 

Sansom 2009 Thyestiida 

Saaremaaspis mickwitzi 

Rohon, 1892 

Wenlock and Ludlow of 

Estonia 

Sansom 2009 Thyestiida 

Sclerodus pustuliferus 

Agassiz, 1839 

Přídolí of England Sansom 2009 Thyestiida 

Scolenaspis signata 

Wängsjö, 1952 

Lochkovian of Spitsbergen Sansom 2009 Zenaspidida 

Securiaspis kingi 

Stensiö, 1932 

Lochkovian of the UK Stensiö 1932 Benneviaspida 

Securiaspis kitchini 

Stensiö, 1932 

Lochkovian of the UK Sansom 2009 Benneviaspida 

Securiaspis quadrata Lochkovian of Spitsbergen Wängsjö 1952 Benneviaspida 
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Wängsjö, 1952 

Severaspis rostralis 

Mark-Kurik & Janvier, 1995 

Pragian of Severnaya 

Zemlya, Russia 

Sansom 2009 Benneviaspida 

Spangenhelmaspis staxrudi 

Stensiö, 1927 

Lochkovian of Spitsbergen Sansom 2009 Zenaspidida 

Spatulaspis costata 

Wängsjö, 1952 

Pragian of Spitsbergen Sansom 2009 Benneviaspida 

Spatulaspis robusta 

Wängsjö, 1952 

Pragian of Spitsbergen Janvier 1985 Benneviaspida 

Stensiopelta pustulata 

Janvier, 1985 

Lochkovian and Pragian of 

Podolia, Ukraine 

Sansom 2009 Zenaspidida 

Stensiopelta woodwardi 

Stensiö, 1932 

Lochkovian of the UK Stensiö 1932 Zenaspidida 

Superciliaspis gabrielsi 

Dineley & Loeffler, 1976 

Lochkovian of Canada Sansom 2009 Zenaspidida 

Tannuaspis levenkovi 

Obruchev, 1956 

Early Devonian of Tuva, 

Central Asia 

Sansom 2009 Thyestiida 

Tauraspis rara 

Mark-Kurik & Janvier, 1995 

Pragian of Severnaya 

Zemlya, Russia 

Sansom 2009 Benneviaspida 

Tegaspis kolleri 

Wängsjö, 1952 

Lochkovian of Spitsbergen Sansom 2009 Zenaspidida 

Tegaspis pedata 

Wängsjö, 1952 

Lochkovian of Spitsbergen Wängsjö 1952 Zenaspidida 

Tegaspis waengsjoei 

Belles-Isles & Janvier, 1985 

Lochkovian of Podolia, 

Ukraine 

Afanassieva 2004 Zenaspidida 

Thyestes verrucosus 

Eichwald, 1854 

Wenlock of Estonia  Sansom 2009 Thyestiida 

Timanaspis kossovoii 

Obruchev, 1962 

Přídolí of Russia Sansom 2009 Thyestiida 

Tremataspis schmidtii 

Rohon, 1892 

Wenlock of Estonia Sansom 2009 Thyestiida 

Trewinia magnifica 

Traquair, 1893 

Middle Devonian of 

Scotland 

Sansom 2009 Zenaspidida 

Tyriaspis whitei 

Heintz, 1967 

Ludlow of Ringerike, 

Norway 

Sansom 2009 Thyestiida 

Ukrainaspis kozlowskii 

Zych, 1937 

Lochkovian and Pragian of 

Podolia, Ukraine 

Sansom 2009 Zenaspidida 

Victoraspis longicornualis 

Carlsson & Blom 2008 

Pragian of Podolia, Ukraine Carlsson & Blom 

2008 

Zenaspidida 

Waengsjoeaspis excellens 

Wängsjö, 1952 

Lochkovian of Spitsbergen Sansom 2009 Benneviaspida 

Witaaspis schrenkii 

Pander, 1856 

Wenlock and Ludlow of 

Estonia 

Sansom 2009 Thyestiida 

Wladysagitta acutirostris 

Stensiö, 1932 

Lochkovian of Shropshire, 

UK 

Sansom 2009 Zenaspidida 

Yvonaspis cambelltonensis 

Whiteaves, 1881 

Middle Devonian of 

Quebec, Canada 

Sansom 2009 Benneviaspida 

Zenaspis dzieduszyckii 

Voichyshyn, 2006 

Lochkovian of Podolia, 

Ukraine 

Voichyshyn, 2006 Zenaspidida 

Zenaspis kasymyri 

Voichyshyn, 2011 

Lochkovian of Podolia, 

Ukraine 

Voichyshyn, 2011 Zenaspidida 
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Zenaspis metopias 

Wängsjö, 1952 

Lochkovian of Spitsbergen Voichyshyn 2011 Zenaspidida 

Zenaspis podolica 

Balabai, 1962 

Lochkovian and Pragian of 

Podolia, Ukraine 

Voichyshyn 2011 Zenaspidida 

Zenaspis salweyi 

Egerton, 1857 

Lochkovian of the UK Sansom 2009 Zenaspidida 

Zenaspis waynensis 

Keating, Sansom & Purnell 

2012 

Lochkovian of the UK Keating et al. 2012 Zenaspidida 

Zychaspis siemiradzkii 

Janvier, 1985 

Lochkovian of Podolia, 

Ukraine 

Sansom 2009 Benneviaspida 

 

 


