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Text S1: Character definitions 

This list contains definitions of all characters and their states, including references. The reason-

ing behind the respective coding scheme is explained for every character. It also includes dis-

cussions on alternative coding schemes. Measurements used for the delimitation of characters 

are shown in Fig. 1A (main article) and Additional file 1: Fig. S1 and corresponding abbrevia-

tions and calculations of character ratios are listed in Additional file 1: Table S1 and S2. Some 

character definitions are supplemented with further illustrations, shown in Additional file 1: 

Fig. S2. 

The ventral side of the conch is identified as outlined by the Treatise on Invertebrate Palaeon-

tology [1] and supplemented by Niko & Mapes [2]. Nevertheless, there are some cases where 

the identification of the ventral side remains challenging, especially among members of the 

Orthocerida. Since neutral coding with respect to the conch orientation is impossible because 

of the homology requirement, taxa are scored with the ventral side as indicated by previous 

studies. However, we are confident that the ventral side is correctly identified in the overwhelm-

ing majority of the taxa. Furthermore, many characters are independent of orientation and at 

least part of the phylogenetic signal should be preserved, even if the orientation was misidenti-

fied. Naturally, other researchers may adjust our character scorings in the future if more or 

better information on the orientation of certain taxa becomes available. 

Ontogenetic changes are common for many characters; some of these are explicitly coded in 

characters 55–59. Otherwise, most characters are taken at a nearly adult position of the phrag-

mocone, because adult modifications may significantly alter the shape of the terminal phrag-

mocone [1,3]. These modifications are then treated as separate characters. In particular – but 

not exclusively, this applies to the Ascocerida, which have a significantly modified adult conch, 

which does not closely resemble any of the other taxa [1,4,5]. 

We make extensive use of contingent coding, i.e., coding characters as inapplicable depending 

on the character state of another character [6]. This is visualised in the character list with hier-

archical levels. We also use this as a numbering scheme to refer to particular characters. For 

convenience, a continuous numbering is additionally supplied in brackets for each character.  

Character dependencies are explicitly stated in such cases. Character models (CM) can be either 

unordered or ordered, which is explicitly stated for each character. Characters, that are essen-

tially continuous were discretised and the distribution of the values are shown in Additional file 

1: Fig. S3-S5.  

 

1. Transverse ornamentation (#1) 

 

0) smooth 

1) lirae 

2) ribs 

 

Category: Shell ornamentation 

CM: unordered 

 

This character describes the external ornamentation of the shell. “Smooth” does not imply 

that growth lines are absent, but rather that they are only weakly visible and often discon-

tinuous. “Lirae” are defined as distinctly raised growth lines, while “ribs” are raised even 

more and may be additionally broadened. Importantly, ribs do usually not leave traces on 

internal moulds, in contrast to annulations. The distinction between these categories is 

somewhat arbitrary since there is a continuum in the variation of this character. This 
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terminology essentially follows Kröger [7], but his “ridges” are here referred to as “ribs”. 

Additionally, since we did not observe any striae (grooves) in our dataset, they are not 

included here. Lastly, while there are minute differences in the cross section shape of 

these lirae or ribs [see 8], these are undocumented in the vast majority of taxa and are 

therefore not included here. 

 

2. Frilled growth lines (#2) 

 

0) absent 

1) present 

 

Category: Shell ornamentation 

CM: unordered 

 

Usually termed as “frilled collars”, they are defined as growth lines that are narrowly 

undulated such as in Zitteloceras Hyatt, 1884 [9]. Although they appear to be always 

raised (i.e., state 1 or 2 in character 1), there is no logical objection to the presence of 

smooth frills and therefore, they are not treated as subordinate to character 1. 

 

3. Growth line direction (#3) 

 

0) transverse 

1) dorsapertural 

2) ventrapertural 

 

Category: Shell ornamentation 

CM: unordered 

 

The general direction of the growth lines is coded in relation to the central growth direc-

tion of the conch (see Additional file 1: Fig. S2A). 

 

4. Growth lines course (#4) 

 

0) straight 

1) curved 

 

Category: Shell ornamentation 

CM: unordered 

 

This character describes the general course of the growth lines seen from the lateral side. 

The lateral side is chosen here because straight growth lines may appear curved from the 

ventral side, if they are oblique in their direction, for example. Sinuses are explicitly not 

included here, because they are considered as modifications of the general course of the 

growth lines. Because there is a relationship between the direction of the growth lines and 
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dorsal and ventral sinuses, we do not distinguish between saddles and lobes in this char-

acter. 

 

5. Hyponomic sinus (#5) 

 

0) absent 

1) present 

 

Category: Body chamber 

CM: unordered 

 

The hyponomic sinus is positioned on the venter and defined as a lobe at the aperture [1]. 

This is also visible in more posteriorly positioned growth lines. Note that only distinct 

changes in the course of the growth lines are defined as sinus, even though in the litera-

ture, growth lines that slope uniformly in dorsapertural direction are sometimes also de-

scribed as hyponomic sinus. Because the hyponomic sinus is the most widely distributed 

apertural modification, it is coded in more detail below. 

 

5.1. Relative hyponomic sinus length (#6) 

 

0) short (≤ 0.2) 

1) deep (> 0.2) 

 

Category: Body chamber 

CM: ordered (discretised); effectively unordered 

 

The sinus length is measured in adapical direction at the aperture or one particular 

adapertural growth line if the former is not preserved. The distance is measured 

between the most adapical point of the hyponomic sinus and the most adapertural 

point of the sinus according to the same definition of its margin as above. The rel-

ative sinus length (RHL) is then calculated as follows: 

 

RHL = hl/hw 

 

Where hl = hyponomic sinus length (in mm) and hw = hyponomic sinus width (in 

mm). The distribution of this parameter among taxa in our dataset is shown in Ad-

ditional file 1: Fig. S3A. 

 

Inapplicable if character 5 is scored as state 0. 

 

5.2. Relative hyponomic sinus width (#7) 

 

0) broad (< 0.9) 

1) narrow (≥ 0.9) 
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Category: Body chamber 

CM: ordered (discretised); effectively unordered 

 

The sinus width is the distance between the left and right adapertural margin of the 

hyponomic sinus (if present, the most adapertural point of the adjacent apertural 

projections). If there is no clear definition of the margin of the hyponomic sinus, 

only the part of the growth line that is visible from the ventral side is considered. 

Thus, the maximum width of the hyponomic sinus encompasses the entire ventral 

view. This means that the maximum value that this character can attain is the same 

as the conch width. Accordingly, the relative hyponomic sinus width (RHW) is cal-

culated as follows: 

 

RHW = hw/cw 

 

Where hw = hyponomic sinus width (in mm) and cw = conch width (in mm). The 

distribution of this parameter among taxa in our dataset is shown in Additional file 

1: Fig. S3B. 

 

Inapplicable if character 5 is scored as state 0. 

 

5.3. Hyponomic sinus shape (#8) 

 

0) round 

1) sharp 

 

Category: Body chamber 

CM: unordered 

 

This character describes the shape of the midventral plane of symmetry of the hypo-

nomic sinus. At this point, the growth lines may produce a U- (state 0) or V-shape 

(state 1) [10]. 

 

Inapplicable if character 5 is scored as state 0. 

 

6. Dorsal sinus (#9) 

 

0) absent 

1) present 

 

Category: Body chamber 

CM: unordered 
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In analogy with character 5, a sinus is only counted as present if there is a distinct change 

in the course of the growth lines. 

 

7. Lateral sinuses (#10) 

 

0) absent 

1) present 

 

Category: Body chamber 

CM: unordered 

 

As in characters 5 and 6, only distinct changes in the course of the growth lines are 

counted as sinuses. 

 

8. Annulations (#11) 

 

0) absent 

1) present 

 

Category: General conch shape 

CM: unordered 

 

In contrast to ribs (character 1), annulations involve the entire shell wall and thus leave 

traces on internal moulds. This is different from the Treatise [1], where no distinction 

between ribs and annulations was made, although they represent fundamentally different 

ways in shell construction [11]. Note that annulations may occur in combination with 

transverse ornamentation. 

 

8.1. Annulation direction (#12) 

 

0) transverse 

1) dorsapertural 

2) ventrapertural 

 

Category: General conch shape 

CM: unordered 

 

As with growth lines (see character 3), the direction of the annulations is coded in 

relation to the central growth axis (see Additional file 1: Fig. S2A). 

 

Inapplicable if character 8 is scored as state 0. 

 

8.2. Annulation distance (#13) 
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0) short 

1) medium 

2) long 

 

Category: General conch shape 

CM: unordered 

 

The distance between annulations is coded in relation to the distance between cham-

bers. “Medium” represents the state where annulation distance is approximately 

equal to cameral length (character 65). 

 

Inapplicable if character 8 is scored as state 0. 

 

9. Longitudinal ornamentation (#14) 

 

0) absent 

1) present 

 

Category: Shell ornamentation 

CM: unordered 

 

This character defines whether longitudinal ornamentation is present. 

 

9.1. Longitudinal element strength (#15) 

 

0) weak 

1) distinct 

 

Category: Shell ornamentation 

CM: unordered 

 

Distinct ornamentation is defined as being raised and clearly visible. Distinct lon-

gitudinal ornamentation is thus comparable in strength to lirae or ribs in transverse 

ornamentation (character 1). 

 

Inapplicable if character 9 is scored as state 0. 

 

9.2. Longitudinal element distance (#16) 

 

0) narrow 

1) wide 

 

Category: Shell ornamentation 

CM: unordered 
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The distance between longitudinal ornamentation elements is difficult to quantify, 

because it is unclear whether the number of elements is always constant throughout 

the ontogeny or whether additional elements are inserted during growth. Possibly, 

there is some variation in this mechanism among taxa. Here, we consider the dis-

tance as “wide” if the elements are separated by interspaces that are at least several 

times larger than the width of the elements themselves. Although there certainly 

exists some grey area in this regard, the distinction between these two types appears 

to work in most cases quite well. 

 

Inapplicable if character 9 is scored as state 0. 

 

9.3. Longitudinal element variation (#17) 

 

0) uniform 

1) variable 

 

Category: Shell ornamentation 

CM: unordered 

 

Longitudinal ornamentation may be uniform, i.e., all ridges have the same strength 

and shape. However, there are also cases where the longitudinal ornamentation con-

sists of interchanging minor and major elements or otherwise variable longitudinal 

ornamentation. 

 

Inapplicable if character 9 is scored as state 0. 

 

10. Transverse ventral outline (#18) 

 

0) angular 

1) narrow 

2) round 

3) flattened 

4) concave 

 

Category: General conch shape 

CM: unordered 

 

For characters 10–12, the cross section of the conch is divided into ventral, dorsal and 

lateral outline by horizontal and vertical lines through the middle of the cross section. The 

ventral outline consists of the lower half of this section. The boundary between different 

shapes is somewhat arbitrary but is drawn where the outline visibly diverges from a reg-

ular circle or ellipse (Additional file 1: Fig. S2B). 
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11. Transverse dorsal outline (#19) 

 

0) angular 

1) narrow 

2) round 

3) flattened 

4) concave 

 

Category: General conch shape 

CM: unordered 

 

Compare character 10 and Additional file 1: Fig. S2B for a detailed explanation. The 

dorsal outline consists of the upper half of the section. Note that there is a partial character 

correlation between involute conchs and a concave dorsal outline because of the imprint 

zone. 

 

12. Transverse Lateral outline (#20) 

 

0) angular 

1) narrow 

2) round 

3) flattened 

4) concave 

 

Category: General conch shape 

CM: unordered 

 

Compare character 10 and Additional file 1: Fig. S2B for a detailed explanation. The 

lateral outline can be examined on the left or right half of the section. Concave lateral 

sides, i.e., lateral grooves are an autapomorphy of Oneotoceras Ulrich in Butts, 1926. 

Angular lateral sides are an autapomorphy of Gonioceras Hall, 1847. 

 

13. Suture shape (#21) 

 

0) straight 

1) lobate 

 

Category: Septa 

CM: unordered 

 

The sutures mark the position where septa and shell wall meet [1]. Treating each lobe of 

the suture line separately would result in putting increased weight on the suture line. With 

the coding applied here, a single step is required to change from a lobate to a straight 

suture or vice versa, a scenario we consider reasonable, since nautiloid sutures are 
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generally much simpler than ammonoid sutures. Note that a distinct ventral lobe or saddle 

in taxa with ventral siphuncles is here explicitly excluded from the suture, because it re-

sults from the position of the siphuncle rather than from an inflection of the septa [12–

14]. The siphuncular suture is treated separately as character 67.2. There is also some co-

variation with the conch cross section (character 64), since elliptical cross sections tend 

to produce lateral lobes [15,16], but it is challenging to completely disentangle these two 

characters. 

 

13.1. Ventral lobe (#22) 

 

0) absent 

1) present 

 

Category: Septa 

CM: unordered 

 

A ventral lobe consists of a single lobe on the venter in central position. Paired lobes 

are always treated as lateral lobes. If a ventral lobe is present, according lateral or 

ventrolateral saddles are invariably also present, thus the latter feature is not coded. 

 

Inapplicable if character 13 is scored as state 0. 

 

13.2. Dorsal lobe (#23) 

 

0) absent 

1) present 

 

Category: Septa 

CM: unordered 

 

In analogy to character 13.1, lateral or dorsolateral saddles are present if a dorsal 

lobe is present. 

 

Inapplicable if character 13 is scored as state 0. 

 

13.3. Lateral lobes (#24) 

 

0) absent 

1) present 

 

Category: Septa 

CM: unordered 
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Lateral lobes are always combined with dorsal and ventral saddles, or if ventral 

and/or dorsal lobes are present, they are combined with dorsolateral/ventrolateral 

saddles. Lateral lobes are the most variable modification of the suture line in early 

Palaeozoic cephalopods and are thus characterized in more detail here. 

 

Inapplicable if character 13 is scored as state 0. 

 

13.3.1. Lateral lobe position (#25) 

 

0) ventrolateral 

1) midlateral 

2) dorsolateral 

 

Category: Septa 

CM: unordered 

 

This character describes the position of the lateral lobe in relation to the dor-

sum and venter. The position is taken at the point of maximum suture depth 

(see character 13.3.2). The boundaries between states are somewhat subjec-

tive, but only those that distinctly deviate from midlateral are scored as state 

0 or 2. 

 

Inapplicable if character 13.3 is scored as state 0. 

 

13.3.2. Relative lateral lobe depth (#26) 

 

0) shallow (≤ 0.15) 

1) deep (> 0.15) 

 

Category: Septa 

CM: ordered (discretised); effectively unordered 

 

When seen from the lateral side and the dorsal and ventral margins of the 

conch are connected by a straight line, the point of maximum suture depth is 

located where the distance between this line and the suture is the highest. This 

distance represents the absolute lateral lobe depth (ld). Accordingly, the rela-

tive lateral lobe depth (RLD) is calculated as follows: 

 

RLD = ld/ch 

 

Where ch = conch height. The outlier value shown in Additional file 1: Fig. 

S3C is represented by a single species in the dataset, namely Gonioceras 

groenlandicum Troedsson, 1926. The large value is in this case influenced by 

the extremely depressed cross section of the species, and we therefore do not 
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introduce a new character state for it. The distribution of this parameter 

among taxa in our dataset is shown in Additional file 1: Fig. S3C. 

 

Inapplicable if character 13.3 is scored as state 0. 

 

13.3.3. Ventral saddle shape (#27) 

 

0) round 

1) angular 

 

Category: Septa 

CM: unordered 

 

As lateral lobes are always connected with ventral saddles, this character de-

scribes the shape of these saddles. Sharp saddles are defined as sutures that 

relatively abruptly change their course. 

 

13.3.4. Dorsal saddle shape (#28) 

 

0) round 

1) sharp 

 

Category: Septa 

CM: unordered 

 

See character 13.3.3. 

 

Inapplicable if character 13.3 is scored as state 0. 

 

14. Suture direction (#29) 

 

0) dorsapertural 

1) transverse 

2) ventrapertural 

 

Category: Septa 

CM: unordered 

 

This character describes the direction of the suture in relation to the central growth axis. 

The midventral and middorsal points of the sutures will be taken as reference points (see 

Additional file 1: Fig. S2A). 

 

15. Conch truncation (#30) 
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0) absent 

1) present 

 

Category: General conch shape 

CM: unordered 

 

Although there has been some debate, most researchers today acknowledge that conch 

truncation occurred during life in ascocerids [5]. Although technically not based on a 

direct observation, this character can alternatively be seen as the mutation that enabled 

the truncation and was probably the same in all ascocerids, e.g., a highly conical septum 

of truncation. Conch truncation was also proposed for several post-Ordovician cephalo-

pods unrelated to ascocerids, such as Sphooceras and certain oncocerids [17,18], but these 

are not considered in the current study. 

 

16. Mature conch inflation (#31) 

 

0) absent 

1) present 

 

Category: General conch shape 

CM: unordered 

 

As with the previous character, this is unique to derived ascocerids and characterizes the 

sudden inflation of the conch at maturity [1]. 

 

17. Ascoceroid septa (#32) 

 

0) absent 

1) present 

 

Category: Septa 

CM: unordered 

 

This character represents another ascocerid apomorphy and describes the complex folding 

of their septa [1]. Note that while it would be possible to score ascocerids in more detail, 

the aim of the present study is to resolve relationships among major groups, thus internal 

relationships of ascocerids are less important. The monophyly of the Ascocerida (with 

the possible exception of the Hebetoceratidae) has been firmly established [19]. 

 

18. Relative body chamber length (#33) 

 

0) short (≤ 2) 

1) medium (> 2 ≤ 4) 

2) long (> 4) 
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Category: Body chamber 

CM: ordered (discretised) 

 

The body chamber essentially defines the shape of the soft body. While some studies have 

compared the length of the body chamber with the total length of the conch, we compare 

the length of the body chamber with the height of the base of the body chamber. Thus, 

we calculate the relative body chamber length (RBL) as follows: 

 

RBL = bl/bh 

 

Where bl = body chamber length and bh = body chamber base height. We consider this 

as biologically more relevant, since it represents whether the soft body was elongated and 

slender or rather stout. The distribution of this parameter among taxa in our dataset is 

shown in Additional file 1: Fig. S3D. 

 

19. Adult aperture cross section (#34) 

 

0) more compressed 

1) as phragmocone 

2) more depressed 

 

Category: Body chamber 

CM: unordered 

 

In most taxa, the cross-section shape of the conch is the same in the juvenile as in the 

adolescent aperture, although there are many exceptions. With this character coding, we 

make sure that not too much weight is put on the shape of the general cross section, but 

rather emphasize the ontogenetic change at maturity. As in character 64, compressed 

conchs are higher than wide, while depressed conchs are wider than high. 

 

20. Adult aperture shape (#35) 

 

0) open 

1) contracted 

 

Category: Body chamber 

CM: unordered 

 

An open adult aperture has the largest diameter of the conch at or near the peristome. By 

contrast, a contracted aperture has its largest diameter at some point adapically of the 

peristome. Note that constricted apertures are coded separately in character 21, since they 

can occur additionally in otherwise predominantly contracted or open apertures. 
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20.1. Position of maximum gibbosity (#36) 

 

0) adapical 

1) body chamber base 

2) adapertural 

3) terminal 

 

Category: Body chamber 

CM: unordered 

 

The position of maximum gibbosity is the position of the largest conch diameter in 

taxa with contracted apertures. It defines whether the reduction in shell diameter 

starts already in the phragmocone (state 0), approximately at the base of the body 

chamber (state 1), at some point in the body chamber (state 2) or nearly at the ap-

erture (state 3). 

 

Inapplicable if character 20 is scored as state 0. 

 

20.2. Contraction strength (#37) 

 

0) weak (≤ 0.2) 

1) medium (< 0.2 ≤ 0.4) 

2) strong (< 0.4) 

 

Category: Body chamber 

CM: ordered (discretised) 

 

Contraction strength (CS) represents how strongly the body chamber (and thus the 

soft body) diminishes in size towards the aperture. Since this is also strongly linked 

to the length of the body chamber, we calculate this character as the difference be-

tween the maximum diameter and the diameter at the aperture, divided by the lon-

gitudinal distance of these two points: 

 

CS = (mb-ah)/(bl-mp) 

 

Where mb = maximum height of body chamber, ah = aperture height, bl = body 

chamber length, mp = position of maximum gibbosity measured from the body 

chamber base. Note that mp = 0 if character 20.1 is scored as states 0 or 1, because 

this character only describes the contraction of the body chamber itself. The distri-

bution of this parameter among taxa in our dataset is shown in Additional file 1: 

Fig. S3E. 

 

Inapplicable if character 20 is scored as state 0. 
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20.3. Contraction type (#38) 

 

0) linear 

1) non-linear 

 

Category: Body chamber 

CM: unordered 

 

If the contraction is linear, the diameter diminishes gradually towards the peristome. 

If the contraction is non-linear, the rate of contraction increases, creating a convex 

outline. Linear contraction occurs, for example, in Actinoceras Bronn, 1837 [20], 

while non-linear contraction is present in certain oncocerids [21], although it is most 

extreme in the Silurian families Trimeroceratidae and Hemiphragmoceratidae [17], 

which are not included here. 

 

Inapplicable if character 20 is scored as state 0. 

 

21. Apertural constriction (#39) 

 

0) absent 

1) present 

 

Category: Body chamber 

CM: unordered 

 

In contrast to a contracted body chamber (character 20), a constricted body chamber in-

creases in diameter again after the constriction [1]. 

 

22. Body chamber impressions (#40) 

 

0) absent 

1) present 

 

Category: Body chamber 

CM: unordered 

 

This character describes an autapomorphy of Orthoceras Brugière, 1789 and Ctenoceras 

Noetling, 1884. These genera are unique in having peculiar longitudinal imprints on their 

body chambers [8,22]. 

 

23. Nepionic cameral deposits (#41) 

 

0) present 

1) absent 
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Category: Cameral deposits 

CM: unordered 

 

Cameral deposits are here regarded as being of organic origin, in agreement with most 

studies in the past decades [23–30]. However, note that Mutvei [31–33] has repeatedly 

considered cameral deposits as being formed post-mortem. The distinction between ne-

pionic and ephebic cameral deposits is mostly made for practical reasons, see also detailed 

explanation to annular deposits (character 37). Knowledge of cameral deposits is quite 

poor in general; thus, we restrict this character to only a few sub-categories. All sub-

categories are assigned to nepionic cameral deposits, but they apply also to ephebic cam-

eral deposits. 

 

23.1. Hyposeptal deposits (#42) 

 

0) absent 

1) present 

 

Category: Cameral deposits 

CM: unordered 

 

Hyposeptal deposits cover the adapical surfaces of the septa [1]. 

 

Inapplicable if character 23 is scored as state 0. 

 

23.2. Episeptal deposits (#43) 

 

0) absent 

1) present 

 

Category: Cameral deposits 

CM: unordered 

 

Episeptal deposits cover the adapertural surfaces of the septa and in advanced stages 

may produce mural deposits, which cover the mural part of the septum. Episeptal 

and hyposeptal deposits may contact each other and form a pseudoseptum [1]. 

 

Inapplicable if character 23 is scored as state 0. 

 

23.3. Epichoanitic deposits (#44) 

 

0) absent 

1) present 
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Category: Cameral deposits 

CM: unordered 

 

Epichoanitic deposits are an autapomorphy of lituitids, in which cameral deposits 

penetrate or destroy the connecting ring and cover the septal necks [7,25,34,35].  

 

Inapplicable if character 23 is scored as state 0. 

 

24. Ephebic cameral deposits (#45) 

 

0) present 

1) absent 

 

Category: Cameral deposits 

CM: unordered 

 

See characters 23 and 37 for more details. 

 

25. Septal flap (#46) 

 

0) absent 

1) present 

 

Category: Siphuncle 

CM: unordered 

 

This character is unique to plectronocerids, in which a part of the dorsal septal neck is 

straight and extremely elongated into a tongue-shaped structure [36–40]. This feature is 

indicated in some species by the presence of a “siphuncular bulb” [16,41]. 

 

26. Septal neck transition (#47) 

 

0) abrupt 

1) gradual 

 

Category: Siphuncle 

CM: unordered 

 

The transition between septum and septal necks is not always sharp. In some cases (e.g., 

in many ellesmerocerids), the septum grades slowly into the neck without sharp boundary 

(Additional file 1: Fig. S2C). All cases, where the boundary of the septal neck can be 

more or less clearly discerned, are treated as state 0, although the distinction between the 

two states is sometimes challenging. 

 



 

 

 

19 

 

27. Septal neck tip (#48) 

 

0) pointed 

1) excavated 

 

Category: Siphuncle 

CM: unordered 

Remark: controversial 

 

The excavated tip of the septal neck has been documented by Flower [3] in Protero-

cameroceras and Adamsoceras. The reality of this character seems questionable and fur-

ther research may find it diagenetic or pathologic in origin. 

 

28. Ventral segment adnation (#49) 

 

0) absent 

1) present 

 

Category: Siphuncle 

CM: unordered 

 

This character is regarded as present, if the connecting ring is adnate to the ventral shell 

wall. Technically, this would be possible even in dorsal siphuncles if they were widely 

enough expanded. Due to constructional constraints, this never happens. Nevertheless, 

there is no logical a priori objection to this character state combination. Thus, this char-

acter is not treated as subordinate to the siphuncular position. 

 

29. Connecting ring shape (#50) 

 

0) straight 

1) annular 

2) wedged 

3) adapically widened 

4) adaperturally widened 

 

Category: Siphuncle 

CM: unordered 

 

Different shapes of the connecting ring can be seen in median section [3]. In the simplest 

case, the connecting ring has a uniform thickness from the adapertural to the adapical end 

of the segment, the connecting ring is thus considered straight. Annular connecting rings 

are thickest in the middle part of the segment, while in wedged connecting rings, the 

middle part is comparatively thin, and the ends thickened. Alternatively, the connecting 

ring may be either adapically or adaperturally widened. 
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30. Connecting ring thickness (#51) 

 

0) thin 

1) thick 

 

Category: Siphuncle 

CM: unordered 

 

The thickness of the connecting ring is often cited as an important character in nautiloid 

taxonomy. However, there is usually no definition, what constitutes a “thin” or a “thick” 

connecting ring and furthermore, recrystallisation might impair the comparability be-

tween different specimens. Thus, the value of this character – or at least its states that are 

given in the literature – are sometimes questionable. Here, we apply a conservative ap-

proach and define connecting rings as “thin”, when they are thinner or equal in thickness 

to the septa and as “thick”, when they are thicker than the septa. 

 

31. Connecting ring differentiation (#52) 

 

0) homogenous 

1) layered 

2) discosorid 

3) eyelet 

 

Category: Siphuncle 

CM: unordered 

Remark: controversial 

 

This character is somewhat questionable, as it is unknown, to what extent diagenesis al-

ters the structure of the connecting ring. It is also unclear, whether thin “homogenous” 

connecting rings are layered as well, but because the layers are thin, they only seem to be 

homogenous. The character states are mostly adopted from Flower [3]. 

 

32. Connecting ring type (#53) 

 

0) calciosiphonate 

1) nautilosiphonate 

 

Category: Siphuncle 

CM: unordered 

 

The ultrastructure of the siphuncle was studied in detail by Mutvei [33,39,42–48]. Alt-

hough there are 13 different structural types of the connecting ring according to him [48], 

we include only the two main types that he described for his superorders Calciosiphonata 
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and Nautilosiphonata [47]. The distinction between the two types is the presence of a 

calcified-perforate inner layer of the connecting ring in calciosiphonate taxa, whereas 

nautilosiphonates instead supposedly have a fibrous-chitinous inner layer, which is not 

preserved in fossils. The taxonomic consequences that Mutvei implied based on the struc-

ture of the connecting ring are not generally accepted by all nautiloid workers, partly 

because diagenetic alterations are insufficiently known [30] and partly because he did not 

provide a comprehensible evolutionary pathway that would phylogenetically justify his 

classification. Nevertheless, we use this character here and base it on the presence of the 

calcified-perforate inner layer of the connecting ring. Note that the structure of the con-

necting ring of discosorids was regarded as unique by Flower & Teichert [49]. However, 

this could not be confirmed by more recent studies and appears questionable from today’s 

perspective [30,45]. Therefore, the discosorid connecting ring is not included here as a 

distinct character state. 

 

33. Bullettes (#54) 

 

0) absent 

1) present 

 

Category: Siphuncle 

CM: unordered 

 

Bullettes are an autapomorphy of derived Discosorida. They consist of a thickened part 

of the connecting ring around the septal necks [45,49]. We here consider only distinctly 

enlarged bullettes. Several other taxa have been proposed to contain smaller bullettes, but 

these may also represent taphonomical artifacts [49,50]. 

 

34. Siphuncular diaphragms (#55) 

 

0) absent 

1) present 

 

Category: Endoiphuncular deposits 

CM: unordered 

 

Although diaphragms have been frequently reported in ellesmerocerids, their morpholog-

ical structure, variation, composition and function remain poorly studied. It is unclear 

whether all endosiphuncular deposits have a common origin and whether one type 

evolved into another. At least for endocones, it has been proposed that they evolved from 

diaphragms [51]. However, since an independent origin of all endosiphuncular deposits 

seems equally plausible, all types of deposits are here treated as separate. Compared to 

endocones and annular deposits, diaphragms are much more poorly studied.  

 

34.1. Diaphragm shape (#56) 
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0) shallow 

1) conical 

2) W-shaped 

 

Category: Endoiphuncular deposits 

CM: unordered 

 

Diaphragms may have different shapes. We consider diaphragms that are straight 

to slightly concave as “shallow” and those that are distinctly elongated in adapical 

direction as “conical”. “W-shaped” diaphragms are present in some Cambrian ceph-

alopods [36]. However, note that there is no sharp transition between these two 

states. Furthermore, the three-dimensional morphology of these structures is poorly 

known and the influence of paramedian or oblique sections has not been studied. 

 

Inapplicable if character 34 is scored as state 0. 

 

34.2. Diaphragm spacing (#57) 

 

0) narrow 

1) wide 

 

Category: Endoiphuncular deposits 

CM: unordered 

 

Diaphragms may be spaced at different intervals. Here, we consider diaphragms 

that are spaced approximately equal to the septa as “wide” and those that are spaced 

at smaller intervals as “narrow”. 

 

Inapplicable if character 34 is scored as state 0. 

 

34.3. Diaphragm inclination (#58) 

 

0) directly transverse 

1) ventrapertural 

 

Category: Endoiphuncular deposits 

CM: unordered 

 

In some cases, the diaphragms are inclined, i.e., in median section, the ventral con-

tact area with the siphuncle is positioned more adaperturally than the dorsal contact 

area. In other cases, the diaphragms are straight (see Additional file 1: Fig. S2A). 

 

Inapplicable if character 34 is scored as state 0. 
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35. Endocones (#59) 

 

0) absent 

1) present 

 

Category: Endoiphuncular deposits 

CM: unordered 

 

Endocones are here defined as conical endosiphuncular structures that are tightly packed. 

They differ from conical diaphragms in that they are much more closely spaced, more 

regularly shaped and at least a part of them is perforated at the tip. Flower [16] also sug-

gested that endocones and diaphragms are different in composition, but this has not been 

tested with modern methods. The endosiphuncular linings found in some members of the 

Dissidocerida are here not treated as endocones because they are almost parallel to the 

siphuncle and do not meet in the centre to form an endosiphocone – although it is possible 

that this happens in the most apical parts of the siphuncle (but to our knowledge has not 

been demonstrated yet). There is also enough evidence that shows that these linings are 

probably more closely related to annular deposits [12,52]. Endocone-like structures found 

in some Discosorida and Actinocerida are explicitly not included here, since those result 

from adapically prolonged and fused annular deposits. 

 

35.1. Imperforate endocones (#60) 

 

0) absent 

1) present 

 

Category: Endoiphuncular deposits 

CM: unordered 

 

Taxa which have this character scored as “absent”, possess a continuous tube (en-

dosiphotube) through the adapical tips of their endocones. In taxa, which have this 

character scored as “present”, the endosiphotube is traversed by regularly spaced, 

imperforate endocones. Previous authors have termed these structures “complex” 

diaphragms or endocones [51,53], which we accept – however, the character is 

given a different name to represent the character state transition more intuitively. 

In contrast, taxa with “simple” diaphragms are treated as having diaphragms present 

(character 34), although it is not entirely clear, whether these are homologous to the 

diaphragms of ellesmerocerids [51]. 

 

Inapplicable if character 35 is scored as state 0. 

 

35.2. Endosiphocone position (#61) 
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0) ventral 

1) central 

2) dorsal 

 

Category: Endoiphuncular deposits 

CM: unordered 

 

The endosiphocone is defined as the space within the last preserved endocone. This 

position also applies to the position of the endosiphotube, if present. There may be 

some ontogenetic change associated with this character, but the extent of this is 

unclear in many taxa. We therefore only score those taxa as ventral or dorsal, if the 

endosiphocone is closely positioned to the ventral or dorsal margins of the siphun-

cle. 

 

Inapplicable if character 35 is scored as state 0. 

 

35.3. Endosiphocone cross section shape (#62) 

 

0) circular 

1) crescentic 

2) depressed 

3) compressed 

 

Category: Endoiphuncular deposits 

CM: unordered 

 

This character codes the different shapes of endosiphocones that are seen in cross 

section. Kröger [54] indicated that there is a large intraspecific variation in this 

character and thus, its taxonomic use might be questionable. Nevertheless, we in-

clude this character here until more studies confirm this suggestion, since it affects 

only a relatively small number of taxa included in the study. It should also be noted 

that a crescentic cross section of the endosiphotube may result from protruding 

large calcareous crests. 

 

Inapplicable if character 35 is scored as state 0. 

 

35.4. Endosiphoblades (#63) 

 

0) absent 

1) present 

 

Category: Endoiphuncular deposits 

CM: unordered 

Remark: controversial 
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Endosiphoblades longitudinally traverse endocones in radial arrangement. Varia-

tions in endosiphoblade number, shape and position are not included here, because 

they show large (intraspecific?) variation and consequently, their taxonomic rele-

vance and partly even their biological origin have been questioned by some authors 

[25,51,54,55]. 

 

Inapplicable if character 35 is scored as state 0. 

 

35.5. Ventral conchiolin crest (#64) 

 

0) absent 

1) present 

 

Category: Endoiphuncular deposits 

CM: unordered 

 

Mutvei [55] originally defined the term conchiolin crest. They are longitudinal en-

dosiphuncular structures that protrude from the siphuncular wall into the siphuncle 

[51]. Conchiolin crests may be positioned ventrally, dorsally, or both. We include 

both positions as separate characters, because if both are present, they usually differ 

in size, shape, and/or number. However, ventral crests appear to be always singular 

and simple in shape, thus only size is defined as a subcharacter. Note that ontoge-

netic trajectories and intraspecific variation of crests are usually not well docu-

mented and future research will doubtlessly refine these characters. 

 

Inapplicable if character 35 is scored as state 0. 

 

35.5.1. Ventral crest size (#65) 

 

0) small 

1) large 

 

CM: unordered 

 

Small ventral crests are defined as reaching less than halfway into the siphun-

cle. In contrast, large ventral crests reach at least close to the centre of the 

siphuncle and surrounding calcareous crests.  

 

Inapplicable if character 35.5 is scored as state 0. 

 

35.6. Dorsal conchiolin crest (#66) 

 

0) absent 
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1) present 

 

Category: Endoiphuncular deposits 

CM: unordered 

 

See character 35.5 for details on conchiolin crests. While dorsal crests are less com-

mon than ventral crests, they appear to be more variable [51]. 

 

Inapplicable if character 35 is scored as state 0. 

 

35.6.1. Dorsal crest size (#67) 

 

0) small 

1) large 

 

Category: Endoiphuncular deposits 

CM: unordered 

 

The same definition as in character 35.5.1 is applied here. In case of multiple 

differently sized dorsal crests, the size of the largest dorsal crest is taken. 

 

Inapplicable if character 35.6 is scored as state 0. 

 

35.6.2. Dorsal crest number (#68) 

 

0) one 

1) two 

2) three 

 

Category: Endoiphuncular deposits 

CM: unordered 

 

This character codes the number of dorsal crests. 

 

Inapplicable if character 35.6 is scored as state 0. 

 

35.6.3. Dorsal crest shape (#69) 

 

0) simple 

1) bifurcating 

 

Category: Endoiphuncular deposits 

CM: unordered 
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This character is mainly used for Allotrioceras Flower, 1955, in which the 

dorsal crest is conspicuously bifurcating. In other taxa, the conchiolin crests 

are seen as simple straight lines in cross section. 

 

Inapplicable if character 35.6 is scored as state 0. 

 

35.7. Calcareous crests (#70) 

 

0) absent 

1) present 

 

Category: Endoiphuncular deposits 

CM: unordered 

 

Biologically, the presence of calcareous crests is probably dependent on the pres-

ence of conchiolin crests [51]. Nevertheless, as the true biological processes behind 

the formation of crests are unknown and it is theoretically possible that calcareous 

crests are developed without conchiolin crests being present, this character is here 

treated as being on the same hierarchical level as conchiolin crests. However, it 

should be noted that this coding might lead to unintended weighting (or unac-

counted for correlation) of crests in general, since they are to our knowledge invar-

iably correlated. On the other hand, it could be argued that there are at least two 

genetic changes required for the evolution of crests: 1) the invagination of the si-

phuncular epithelium and the resulting formation of conchiolin crests and 2) the 

precipitation of calcareous material on the conchiolin crests, resulting in sharp 

boundaries between calcareous crests and “regular” endocones. As the position, 

size, number, and shape of the calcareous crests is directly dependent on the con-

chiolin crests, we do not code them separately. We consider this as a balanced ap-

proach that does not imply too much weight on crests, while still providing accurate 

description of the morphology and required evolutionary changes. 

 

Inapplicable if character 35 is scored as state 0. 

 

35.7.1. Infula (#71) 

 

0) absent 

1) present 

 

Category: Endoiphuncular deposits 

CM: unordered 

 

The infula is a term applied to a longitudinal continuous band that is arcuate 

in cross section and positioned at the boundaries between calcareous crests 

and endocones [3,51]. 
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Inapplicable if character 35.7 is scored as state 0. 

 

35.8. Lamellar endocones (#72) 

 

0) absent 

1) present 

 

Category: Endoiphuncular deposits 

CM: unordered 

Remark: controversial 

 

This character is restricted to the Intejocerida, in which endocones have character-

istic longitudinal lamellae [56,57]. It may be argued that the lamellae represent a 

multiplication of conchiolin crests, but this has not been demonstrated yet. Further-

more, lamellar endocones may also represent a taphonomical artifact [25]. 

 

Inapplicable if character 35 is scored as state 0. 

 

36. Nepionic annular deposits (#73) 

 

0) absent 

1) present 

 

Category: Endoiphuncular deposits 

CM: unordered 

 

In contrast to endocones, annular deposits originate from the septal necks and grow in-

wards, as indicated by lamellar growth lines [3,31,58]. From there, they may successively 

grow larger or fuse with preceding deposits. This indicates that the underlying formation 

mechanisms are fundamentally different from those of endocones, since only part of the 

siphuncular epithelium precipitates these deposits. This may be related to the fact that the 

septal necks are non-permeable and the connecting ring is semi-permeable; subsequent 

growth would then increasingly block off parts of the connecting ring, enabling more 

deposits to be precipitated on non-permeable surfaces. In any case, while there may be an 

underlying common mechanism in the formation of siphuncular deposits, homology of 

endocones and annular deposits is doubtful at best, we therefore treat them as separate 

characters on the same hierarchical level. As for annular deposits themselves, detailed 

studies on their composition and ultrastructure are missing; it is thus not possible to rule 

out homology of annular deposits found in different taxa, even though they may have 

arisen independently. Consequently, all deposits that originate from the necks and grow 

inwards are included here. Note that other types of siphuncular deposits that originate 

from the septal necks such as parietal or pendant deposits [59] are also included here, 

since they represent only modifications of annular deposits. Exempt from annular 
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deposits are the discrete actinosiphonate lamellae of some oncocerids, which do not show 

growth retardation compared to the chambers and current research indicates that there 

was only a single depositional cycle continuously along the inside of the connecting ring 

(see character 40). 

 

36.1. Dorsoventral distribution of annular deposits (#74) 

 

0) ventral 

1) equal 

2) dorsal 

 

Category: Endoiphuncular deposits 

CM: unordered 

 

This character codes whether annular deposits tend to be concentrated on either side 

of the siphuncle or whether they are more or less symmetrically distributed. 

 

Inapplicable if character 36 is scored as state 0 

 

36.2. Annular deposit extent (#75) 

 

0) septal necks 

1) prolonged 

2) fusing 

 

Category: Endoiphuncular deposits 

CM: unordered 

 

Annular deposits may have different timings in their cessation of growth, resulting 

in differences in their longitudinal extent within siphuncular segments. Since annu-

lar deposits grow progressively less towards the aperture, it is important to assess 

the maximum extent of the deposits in an apical part of the conch. Taxa with this 

character scored as septal necks (state 0) have annular deposits that are essentially 

restricted to the septal necks, while deposits that are in contact with adjacent adapi-

cal or adapertural deposits are fusing (state 2). Otherwise, the deposits are consid-

ered as prolonged (state 1). 

 

Inapplicable if character 36 is scored as state 0. 

 

36.2.1. Perispatium (#76) 

 

0) absent 

1) present 
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Category: Endoiphuncular deposits 

CM: unordered 

 

A perispatium describes the space between prolonged or fused annular depos-

its that do not touch the connecting ring. If the annular deposits are in contact 

with the connecting ring, this character is considered as absent (state 0). 

 

Inapplicable if character 36.2 is scored as state 0. 

 

36.2.2. Annular deposit elongation (#77) 

 

0) adapertural 

1) symmetric 

2) adapical 

 

Category: Endoiphuncular deposits 

CM: unordered 

 

By definition, annular deposits that are elongated in adapertural or adapical 

direction are called parietal deposits (state 0 or 2) [1]. Annular deposits in 

their original definition apply only to structures that are scored as symmetric 

here (state 1). 

 

Inapplicable if character 36.2 is scored as state 0. 

 

36.2.3. Engrafts (#78) 

 

0) absent 

1) present 

 

Category: Endoiphuncular deposits 

CM: unordered 

 

This character represents an autapomorphy of the Wademidae and consists of 

a series of wedge-shaped structures in the middle of siphuncular segments 

and adjacent to the connecting ring that are apparently of different composi-

tion than the annular deposits [60–62]. 

 

Inapplicable if character 36.2 is scored as state 0 or 1. 

 

36.2.4. Canal system (#79) 

 

0) absent 

1) present 
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Category: Endoiphuncular deposits 

CM: unordered 

 

Beginning with Teichert [58], who provided the first detailed study of the 

actinocerid siphuncular morphology, much taxonomic emphasis has been put 

on the canal system of actinocerids. A canal system consists of a central canal 

and branching radial canals and is considered an autapomorphy of the Actin-

ocerida. However, a modern revision of these structures including 3-dimen-

sional reconstruction and assessment of diagenetic effects is missing. It is thus 

possible that future work will change the concept of the canal system in ac-

tinocerids. 

 

Inapplicable if character 36.2 is scored as state 0 or 1. 

 

36.2.4.1. Canal system type (#80) 

 

0) dendroid 

1) reticulate 

2) single-arc 

3) double-arc 

4) straight 

 

Category: Endoiphuncular deposits 

CM: unordered 

Remark: controversial 

 

We follow Flower [63] and the Treatise [1] in recognizing five types of 

radial canals. Dendroid canals consist of numerous branching tubes. Re-

ticulate canals consist of double arcs with complex and irregular 

branching, mainly concentrated on the central canal. Single-arc [also: 

curved, 1] canals leave the central canal at the septal foramen and curve 

towards the apex, meeting the perispatium mid-segment (sometimes 

these radial canals extend over more than one segment). Double-arc 

[also: arched, 1] canals are somewhat similar to single-arc canals, but 

additionally possess a curved canal in adapertural direction. Straight ca-

nals are relatively simple and consist of a straight line perpendicular to 

the central canal and meet the perispatium mid-segment. See Flower 

[63] and the Treatise [1] for more details and examples. As mentioned 

above, revision might lead to a different interpretation of these struc-

tures. 

 

Inapplicable if character 36.2.4 is scored as state 0. 
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36.3. Lamellar annular deposits (#81) 

 

0) absent 

1) present 

 

Category: Endoiphuncular deposits 

CM: unordered 

 

This character is defined as longitudinal ridges on annular deposits. They were 

mainly described from the actinocerid family Wademidae but are also commonly 

present in actinocerids [60], although documentation of this feature is often missing 

in the literature, as it is difficult to recognize in longitudinally sectioned specimens. 

 

Inapplicable if character 36 is scored as state 0. 

 

37. Ephebic annular deposits (#82) 

 

0) absent 

1) present 

 

Category: Endoiphuncular deposits 

CM: unordered 

 

Technically, this character is dependent on the state of character 36, since siphuncular 

deposits always grow from the apex towards the aperture, thus a species could only be 

scored as having ephebic annular deposits present, if nepionic annular deposits are also 

present. The reasons to code this character not as hierarchically subordinate to character 

36 are practical: in many species (especially orthocerids), annular deposits are restricted 

to apical parts, while some species are only known from more adult fragments. If ephebic 

annular deposits were to be coded as being hierarchically dependant on the state of nepi-

onic deposits, this would result in a loss of information, since ephebic deposits would 

have to be scored as “?”, if only adult conchs without deposits were known. However, if 

nepionic deposits were truly absent, scoring ephebic deposits as “absent” would be logi-

cally incorrect, since they are dependent on the state of nepionic deposits, i.e., in this case 

inapplicable. For this reason, we decided to code this character on the same hierarchical 

level as character 36. In principle, there is also no fundamental logical objection to 

ephebic deposits being present with nepionic deposits being absent; this character state 

combination simply never occurred in any taxon (quite possibly because of physiological 

constraints or selective pressures). 

 

38. Endosiphuncular lining (#83) 

 

0) absent 

1) present 
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Category: Endoiphuncular deposits 

CM: unordered 

 

This character is present if a continuous endosiphuncular deposit covers the connecting 

ring and septal necks, almost parallel to the siphuncle. Although sometimes reminiscent 

of endocones, they have been shown to more closely resemble elongated and fused annu-

lar deposits [12,52]. However, since an independent origin of linings and annuli cannot 

be excluded, we treat them as separate characters here. In addition, the simultaneous oc-

currence of annuli, linings and rods in some taxa would make scoring these character 

combinations challenging. 

 

39. Endosiphuncular rod (#84) 

 

0) absent 

1) present 

 

Category: Endoiphuncular deposits 

CM: unordered 

 

An endosiphuncular rod consists of a siphuncular deposit that is continuous only along 

the ventral side of the siphuncle [52]. Evans [12] suggested that rods and annular deposits 

are derived from endosiphuncular linings by the suppression of the linings in certain areas 

of the siphuncle. For example, the suppression of the lining on lateral and dorsal sides 

would lead to a rod, while suppression on the connecting ring would lead to annular de-

posits. Various combinations of rods, linings and annuli also occur and can be explained 

with this hypothesis [12]. However, coding the characters in a way that allows for the 

equal possibility of both this model and a model where rods, linings and annuli evolve 

independently is challenging. We suggest that the latter model requires less assumptions 

and that the model of Evans [12] can be assessed a posteriori by looking at the character 

transformations in the resulting phylogenetic tree. A strong phylogenetic signal would 

probably still lead to an evolutionary sequence of taxa that is congruent with this hypoth-

esis. 

 

40. Actinosiphonate lamellae (#85) 

 

0) absent 

1) present 

 

Category: Siphuncle 

CM: unordered 

 

These structures have also been described as actinosiphonate deposits [1,3]. Note that 

despite their name, they are never associated with actinocerids, but are only found in some 
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but not all Oncocerida. They consist of numerous longitudinally raised lamellae that are 

directed from the connecting ring towards the central axis of the siphuncle [1]. Whether 

actinosiphonate lamellae are part of the connecting ring itself or rather represent structur-

ally different deposits that were deposited on the connecting ring is disputed [42,64]. Ex-

cept for the siphuncular structure of Octamerella Teichert & Sweet, 1962, which was 

studied in detail by Mutvei [42,44,47], the homology, origin, and composition of acti-

nosiphonate lamellae are unclear and require a modern revision. Nevertheless, they are 

distinct from annular deposits in that they do not progressively diminish in size towards 

the aperture but are constantly developed throughout the siphuncle, although there may 

be ontogenetic differences [65]. 

 

40.1. Actinosiphonate type (#86) 

 

0) discrete 

1) continuous 

 

Category: Siphuncle 

CM: unordered 

 

Different structures of actinosiphonate lamellae were described first by Flower [65] 

and largely followed by the Treatise [1]. Although these authors differentiated be-

tween additional types of actinosiphonate lamellae (e.g., bipectinate), we consider 

their morphology to be insufficiently understood and restrict this character to the 

two most basic types: discrete and continuous. The latter are developed throughout 

the entire length of the siphuncle, while discrete lamellae are mainly restricted to 

the septal necks. The homology of these two types is unclear and distinction be-

tween restricted annular deposits and discrete actinosiphonate lamellae may be 

challenging in some cases. 

 

Inapplicable if character 40 is scored as state 0. 

 

41. Endosiphuncular ridges (#87) 

 

0) absent 

1) present 

 

Category: Siphuncle 

CM: unordered 

 

This character represents an autapomorphy of the Cyrtocerinida [47,66,67]. Somewhat 

similar to actinosiphonate lamellae, they consist of raised structures that are directed to-

wards the centre of the siphuncle. However, endosiphuncular ridges are not continuous 

from one segment to the next but are restricted to a single siphuncular segment [47]. The 

ridges have been considered as part of the connecting ring but there appears to be a clear 
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boundary between ridges and connecting ring and they additionally differ in their com-

position [47]. The extremely thickened connecting rings of many cyrtocerinids are likely 

homologous to the ridges of Bathmoceras, although the detailed ultrastructure of the for-

mer has not been investigated [47,66,67]. 

 

41.1. Ridge length (#88) 

 

0) short 

1) long 

 

CM: unordered 

 

Endosiphuncular ridges vary somewhat in shape. Probably the most significant dif-

ference is their length, which is coded in relation to the siphuncular segment, i.e., 

“short” ridges occupy less than one segment, while “long” ridges span more than 

one segment. 

 

Inapplicable if character 41 is scored as state 0. 

 

42. Ventral retractor differentiation (#89) 

 

0) absent 

1) present 

 

Category: Muscle attachment scars 

CM: unordered 

 

Traditionally, muscle scars have been described as one of four types: oncomyarian, pleu-

romyarian, dorsomyarian or ventromyarian [30,68,69]. While pleuro-, dorso- and ven-

tromyarian describe the position of the main retractors, oncomyarian is rather a descrip-

tion of the number and shape of the retractors. In terms of position, oncomyarian retrac-

tors are mostly positioned ventrally, so there is an overlap between oncomyarian and ven-

tromyarian. The position of the retractor muscles does not imply homology or ancestry. 

On the contrary, it seems likely that ventro- and dorsomyarian retractors are derived from 

different muscle groups, since the “transitional” form, i.e., pleuromyarian retractors, only 

appears in derived taxa of the Tarphycerida and the Nautilida [30]. Therefore, a migration 

of the retractors to the dorsal side did almost certainly not occur and has never been sug-

gested. Instead, dorsal attachments likely correspond to the dorsal aponeurosis in Nautilus 

[1] and are enlarged and became functional retractors in taxa with the dorsomyarian type. 

The pleuromyarian type can be easily derived from a migration of the ventral retractors 

[30]. In summary, while these terms have their merits for the description of muscle at-

tachment scars, they do not represent homologous features and are therefore not useful 

for phylogenetic analysis. Therefore, we employ a different scheme here that puts more 

emphasis on probable homologous regions of the periphract. Ventral retractor 
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differentiation describes whether the ventral (or the homologous lateral) retractors are 

discernible at all. In taxa, which have the character state “absent” (mostly dorsomyarian 

type), the periphract consists of a continuous band of essentially uniform width with the 

possible exception of the dorsal aponeurosis. 

 

42.1. Relative ventral retractor width (#90) 

 

0) narrow (≤ 0.3) 

1) broad (> 0.3) 

 

Category: Muscle attachment scars 

CM: ordered (discretised); effectively unordered 

 

This character (RRW) describes the width of the ventral retractor (rw) relative to 

the conch height at the base of the body chamber (bh):  

 

RRW = rw/bh 

 

The extent of the retractor is defined as the adapertural lobe of the annular elevation. 

This means that this character does not describe the width of the main retractors 

itself, but the width of all retractors that are positioned within the annular lobe. We 

code this in this way because the annular elevation is often better preserved and 

individual retractors are commonly difficult to recognize. The annular lobe is thus 

considered as a homologous character, but with a varying number of retractors. 

Note that the boundaries of the annular lobe are not always sharp. Since retractors 

are generally paired, but sometimes the annular elevation shows only a single lobe 

(fused ventromyarian, see also character 42.4.1), only half of the width of the re-

tractor is taken in such cases, in order to make ventromyarian and pleuromyarian 

muscle attachments comparable. The distribution of this parameter among taxa in 

our dataset is shown in Additional file 1: Fig. S3F. 

 

Inapplicable if character 42 is scored as state 0. 

 

42.2. Relative ventral retractor length (#91) 

 

0) short (≤ 0.5) 

1) long (> 0.5) 

 

Category: Muscle attachment scars 

CM: ordered (discretised); effectively unordered 

 

This character (RRL) describes the length of the retractors in adapical direction (rl) 

relative to the height at the base of the body chamber (bh):  
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RRL = rl/bh 

 

The adapical end of the retractors corresponds to the adapical end of the annular 

elevation, i.e., the last septum. The distribution of this parameter among taxa in our 

dataset is shown in Additional file 1: Fig. S3G. 

 

Inapplicable if character 42 is scored as state 0. 

 

42.3. Number of retractor pairs (#92) 

 

0) few 

1) multiple 

 

Category: Muscle attachment scars 

CM: unordered 

 

The exact number of retractors is not always easily discernible because of preser-

vation. However, there are some taxa that possess numerous well-developed muscle 

attachment scars; these taxa have previously been described as having the oncom-

yarian type of muscle attachments. Note that we take only the muscle attachment 

scars on the body chamber itself as evidence for multiple muscle scars, but not lon-

gitudinal tracks on the phragmocone, because there is some uncertainty whether 

they are homologous to oncomyarian muscle attachments [70]. 

 

Inapplicable if character 42 is scored as state 0. 

 

42.4. Ventral retractor position (#93) 

 

0) ventral 

1) lateral 

 

Category: Muscle attachment scars 

CM: unordered 

 

As stated above, we regard the retractors of ventromyarian and pleuromyarian as 

homologous. Correspondingly, this character describes their position. Note that we 

regard all retractors as lateral, which have two clearly separated lobes of the annular 

elevation. 

 

Inapplicable if character 42 is scored as state 0. 

 

42.4.1. Ventral periphract shape (#94) 

 

0) fused 
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1) bifid 

 

Category: Muscle attachment scars 

CM: unordered 

 

Ventromyarian muscle attachments have previously been divided into bifid 

and non-bifid [30]. We regard the latter as a fused, i.e., there is no discernible 

midventral indent of the periphract. 

 

Inapplicable if character 42.4 is scored as state 1. 

 

43. Periphract index (#95) 

 

0) narrow (≤ 0.1) 

1) broad (> 0.1) 

 

 

Category: Muscle attachment scars 

CM: ordered (discretised); effectively unordered 

 

This character (PPI) essentially describes the minimum width of the annular elevation, 

i.e., the distance between ventral and dorsal annular lobes in longitudinal direction (= 

pw), relative to the height at the base of the body chamber (bh): 

 

PPI = pw/bh 

 

The terms periphract and annular elevation have been used interchangeably in the past 

[1,31]. The distribution of this parameter among taxa in our dataset is shown in Additional 

file 1: Fig. S3H. 

 

44. Dorsal aponeurosis differentiation (#96) 

 

0) absent 

1) present 

 

Category: Muscle attachment scars 

CM: unordered 

 

As indicated in character 42, ventral and dorsal retractors are likely not homologous and 

should be coded separately. The dorsal lobe corresponds to the dorsal aponeurosis in Nau-

tilus and is also present in many taxa that were previously considered as ventromyarian 

[1,71]. Analogous to character 42, taxa that have this character coded as “absent”, have 

an annular elevation of more or less constant width dorsally. 
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44.1. Relative dorsal aponeurosis width (#97) 

 

0) narrow (≤ 0.3) 

1) broad (> 0.3) 

 

Category: Muscle attachment scars 

CM: ordered (discretised); effectively unordered 

 

In contrast to the ventral annular lobe, we measure the entire width of the lobe, since 

the dorsal aponeurosis appears to be never separated into two distant lobes. Other 

than that, the measurement is identical to character 42.1: 

 

RAW = aw/bh 

 

Where RAW = relative dorsal aponeurosis width, aw = aponeurosis width (in mm) 

and bh = body chamber base height. The distribution of this parameter among taxa 

in our dataset is shown in Additional file 1: Fig. S3I. 

 

Inapplicable if character 44 is scored as state 0. 

 

44.2. Relative dorsal aponeurosis length (#98) 

 

0) short (≤ 0.1) 

1) long (> 0.1) 

 

Category: Muscle attachment scars 

CM: ordered (discretised); effectively unordered 

 

The treatment of this character is identical to character 42.2, but on the dorsal side: 

 

RAL = al/bh 

 

Where RAL = relative dorsal aponeurosis length, al = aponeurosis length (in mm) 

and bh = body chamber base height. The distribution of this parameter among taxa 

in our dataset is shown in Additional file 1: Fig. S4A. 

 

Inapplicable if character 44 is scored as state 0. 

 

44.3. Dorsal periphract shape (#99) 

 

0) fused 

1) bifid 

 

Category: Muscle attachment scars 
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CM: unordered 

 

The treatment of this character is identical to character 42.4.1, but on the dorsal 

side. Since the dorsal aponeurosis is never completely separated, this character does 

not need an additional hierarchical level. 

 

Inapplicable if character 44 is scored as state 0. 

 

45. Apex shape (#100) 

 

0) blunt 

1) conical 

 

Category: Embryonic shell 

CM: unordered 

 

The shape of the apex may be categorised into blunt or conical states. The apex is con-

sidered to be blunt (state 0), if the conch converges convexly towards the tip of the apex. 

Contrarily, if the conch converges at a constant angle towards the tip, it is considered a 

conical (state 1). Spherical apices are here treated as blunt and having a nepionic con-

striction present (character 54). See also Kröger & Isakar [72] for a discussion of this 

character. 

 

46. Apex curvature (#101) 

 

0) endogastric 

1) straight 

2) exogastric 

 

Category: Embryonic shell 

CM: unordered 

 

The apex may differ significantly in its curvature from the rest of the conch. We therefore 

code this character separately. 

 

47. Cicatrix (#102) 

 

0) absent 

1) present 

 

Category: Embryonic shell 

CM: unordered 
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The cicatrix is a longitudinal depression on the apical surface of the embryonic conch and 

is also present in modern Nautilus (Stenzel 1964). Largely neglected by earlier workers, 

the presence of a cicatrix has been credited much phylogenetic value in some more recent 

studies [72–76]. Nevertheless, the knowledge of the taxonomic distribution of this char-

acter is very incomplete, in particular among Ordovician taxa. 

 

48. Initial chamber height (#103) 

 

0) small (< 10 mm) 

1) large (≥ 10 mm) 

 

Category: Embryonic shell 

CM: ordered (discretised); effectively unordered 

 

The initial size of the conch may vary significantly between different taxa. The diameter 

is measured at the maximum diameter of the first chamber. In some cases, the embryonic 

conch is unknown, but conch fragments with very small diameters have been reported, 

making it safe to assume that the embryonic conch was also small. The distribution of 

this parameter among taxa in our dataset is shown in Additional file 1: Fig. S4B. 

 

49. Initial chamber length index (#104) 

 

0) short (< 0.5) 

1) long (≥ 0.5) 

 

Category: Embryonic shell 

CM: ordered (discretised); effectively unordered 

 

The length of the initial conch (il) may significantly differ from the length of subsequent 

chambers. For this character, it is taken in proportion to the initial chamber diameter (ih; 

character 48), since this reflects the overall shape of the first chamber. 

 

ILI = il/ih 

 

The initial part of the conch is in some taxa filled entirely by the siphuncle. For con-

sistency, we consider this portion as part of the first chamber. The extent of the initial 

chamber is therefore from the adapical tip of the conch to the position of the first (adapi-

calmost) septum. The distribution of this parameter among taxa in our dataset is shown 

in Additional file 1: Fig. S4C. 

 

50. Caecum position (#105) 

 

0) ventral 

1) central 
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2) dorsal 

 

Category: Embryonic shell 

CM: unordered 

 

The caecum is the initial portion of the siphuncle [1]. The position of the siphuncle may 

change significantly after the initial part of the conch. As the initial conch is generally 

small, this character is not divided into as many states as the conch in later ontogenetic 

stages (character 67). In the cases where the caecum entirely fills the initial chamber (see 

character 51), the position of the first septal foramen is taken. 

 

51. Pre-septal cone (#106) 

 

0) absent 

1) present 

 

Category: Embryonic shell 

CM: unordered 

 

In some cases, the initial chamber is entirely occupied by the siphuncle. This type is com-

monly referred to as the Nanno-type apex [1] and here treated as the presence of a pre-

septal cone [51]. 

 

51.1. Initial siphuncle index (#107) 

 

0) small (< 0.25) 

1) moderate (≥ 0.25 < 0.75) 

2) large (≥ 0.75) 

 

Category: Embryonic shell 

CM: ordered (discretised) 

 

This character represents the size of the initial part of the siphuncle or caecum (is) 

as compared to the height of the initial conch:  

 

ISI = is/ih 

 

Where ISI = initial siphuncle index. Since a pre-septal cone entirely fills the initial 

chamber, this character is inapplicable for these apices. The distribution of this pa-

rameter among taxa in our dataset is shown in Additional file 1: Fig. S4D. 

 

Inapplicable if character 51 is scored as state 1. 

 

51.2. Caecum attachment (#108) 
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0) free 

1) direct 

 

Category: Embryonic shell 

CM: unordered 

 

This character codes whether the initial siphuncular segment is directly attached to 

the apical end of the conch or whether it ends freely [1]. The attachment of the 

siphuncle by means of a prosiphon as in ammonoids is unknown in nautiloids [1]. 

Because a siphuncle that entirely occupies the initial chamber is inherently directly 

“attached” to the shell wall of the initial chamber, this character is only logically 

applicable if no pre-septal cone is present. 

  

Inapplicable if character 51 is scored as state 1. 

 

52. Caecum shape (#109) 

 

0) tubular 

1) bulbous 

 

Category: Embryonic shell 

CM: unordered 

 

The caecum may have different shapes. In some cases, it is distinctly expanded, while in 

others, the siphuncle is essentially tubular from the earliest stages on. 

 

53. Apex ornamentation (#110) 

 

0) smooth 

1) longitudinal 

2) transverse 

3) reticulate 

 

Category: Embryonic shell 

CM: unordered 

 

The ornamentation of the apex may differ from the ornamentation of the adult conch 

[74,76]. Since apex characters are known only in a limited number of species, we restrict 

the coding of its ornamentation to only one character, in contrast to the adult conch (see 

characters 1–9). There is also less variability in this character compared to the adult 

conch. 

 

54. Nepionic constriction (#111) 
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0) absent 

1) present 

 

Category: Embryonic shell 

CM: unordered 

 

The nepionic constriction is a distinct transverse groove near the apex of the conch, which 

is usually interpreted as the timing of hatching [77,78]. Commonly, this character can be 

seen only in well-preserved specimens, but this applies almost in general to the embryonic 

conch. 

 

55. Ontogeny siphuncle diameter (#112) 

 

0) narrowing 

1) constant 

2) widening 

 

Category: Ontogeny 

CM: unordered 

 

The relative diameter of the siphuncle changes markedly during ontogeny in some taxa 

[1,4]. Since this usually applies to both the septal foramen and the segment, we code only 

one character. Note that while character 69 describes the size of the siphuncle at a nearly 

adult stage without taking abrupt adult modifications into account, these are explicitly 

included here. Nevertheless, we do not distinguish between different rates of ontogenetic 

changes. 

 

56. Ontogeny siphuncle position (#113) 

 

0) ventrad 

1) constant 

2) dorsad 

 

Category: Ontogeny 

CM: unordered 

 

Ontogenetic changes may also occur in the position of the siphuncle. This character de-

scribes the direction of this ontogenetic change. 

 

57. Ontogeny septal neck shape (#114) 

 

0) increasing curvature 

1) constant curvature 
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2) decreasing curvature 

 

Category: Ontogeny 

CM: unordered 

 

During ontogeny, septal necks may change from cyrtochoanitic to orthochoanitic or vice-

versa. The former case is here coded as increasing curvature (state 0) and the latter as 

decreasing curvature (state 2) of the septal necks. 

 

58. Ontogeny cameral length (#115) 

 

0) decreasing 

1) constant 

2) increasing 

 

Category: Ontogeny 

CM: unordered 

 

In many taxa, relative cameral length exhibits considerable variability, both intraspecific 

and within single phragmocones [12,25,54,79]. In this character, we consider only distinct 

trends during the ontogeny of cameral lengths. Cases that show only a slight decrease or 

increase are considered as constant. Note that ontogenetic trends have not been investi-

gated for many taxa and reinvestigating them for all studied taxa is out of the scope of 

this study. Therefore, for many taxa this character is based on a rather slim dataset. Septal 

crowding in mature specimens is not included here. Taxa with irregular changes in cam-

eral length but without obvious trend are treated as constant. 

 

59. Ontogeny expansion rate (#116) 

 

0) decreasing 

1) constant 

2) increasing 

 

Category: Ontogeny 

CM: unordered 

 

Intraspecific variability and ontogenetic change of the conch expansion rate are similar 

in magnitude to character 58. As in that character, we consider only distinct trends or 

marked changes. Note that adult modifications such as constrictions and contractions are 

already covered by characters 16, 20 and 21. However, these can be seen as special cases 

of decreasing expansion rates, as in all three cases the expansion rate becomes negative. 

Furthermore, these are explicit adult modifications and therefore, the separate treatment 

of these characters is justified in our opinion. Nevertheless, this has the side effect that all 
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taxa that have a constriction or contraction are invariably scored with state 0 (decreasing) 

for this character as well. 

 

60. Maximum conch size (#117) 

 

0) very small (≤ 0) 

1) small (> 0 ≤ 0.75) 

2) moderate (> 0.75 ≤ 1.75) 

3) large (> 1.75) 

 

Category: General conch shape 

CM: ordered (discretised) 

 

This character essentially represents body size. The maximum diameter of the conch 

(MCS) is an approximate representation of the size of the soft body. However, as some 

species are strongly compressed or strongly depressed, we use the square-root of the prod-

uct of maximum conch height (mh) and maximum conch width (mw) as an average size 

representation:  

 

MCS = log √(mh*mw) 

 

We use the maximum size of reported specimens. Note that this may be more accurate in 

species with high numbers of available material and species that are only represented by 

a single specimen may show smaller size than their true largest representatives. Body size 

varies between tiny Cambrian forms with diameters of only about 4 mm [80] to giant 

endocerids with diameters of almost 300 mm [81]. These large differences justify the 

inclusion of this character in the phylogenetic analysis. The log-distribution of the entire 

dataset shown in Additional file 1: Fig. S4E is close to a normal distribution, the cut-off 

values are therefore chosen relatively arbitrarily at 0, 0.75 and 1.75, which correspond in 

a circular conch to an approximate cross section of 11 mm, 27 mm and 85 mm, respec-

tively. The distribution of this parameter among taxa in our dataset is shown in Additional 

file 1: Fig. S4E. 

 

61. Adult phragmocone form (#118) 

 

0) endo-cyrtocone 

1) orthocone 

2) exo-cyrtocone 

3) gyrocone 

4) coiled evolute 

5) coiled involute 

 

Category: General conch shape 

CM: ordered 
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This character mainly describes the conch curvature, since this is a clear morphocline that 

can be treated as an ordered character. Although terms such as breviconic or longiconic 

have also been applied, these are mainly related to expansion (character 63). As conch 

curvature may drastically change during ontogeny (most notably in lituitids), we code the 

adult and juvenile conch separately (see character 62). Endo-cyrtocones have a concave 

venter and a convex dorsum, orthocones are straight, exo-cyrtocones have a convex 

venter and a concave dorsum, gyrocones are more strongly curved and consist of several 

whorls that are not in contact with each other, evolutes have whorls in contact but without 

an imprint zone and involutes are so strongly coiled that they develop an imprint zone. 

Note that curvature partly depends on expansion rate and the boundaries are chosen rather 

arbitrarily. For orientation of the ventral and dorsal side see introductory remarks at the 

beginning of the appendix. 

 

61.1. Divergent body chamber (#119) 

 

0) absent 

1) present 

 

Category: Body chamber 

CM: unordered 

 

A divergent body chamber may occur in coiled conchs. In such cases, the body 

chamber or part of the last whorl is not in contact with the preceding whorl [82,83].  

 

Inapplicable if character 61 is scored as states 0-3. 

 

62. Juvenile phragmocone form (#120) 

 

0) endo-cyrtocone 

1) orthocone 

2) exo-cyrtocone 

3) gyrocone 

4) evolute 

5) involute 

 

Category: General conch shape 

CM: ordered 

 

This character is scored in accordance with character 61. Note that this character does not 

include the shape of the apex, but the general shape of the phragmocone of juvenile to 

sub-adult ontogenetic stages. The boundary between juvenile and adult phragmocone are 

drawn somewhat arbitrarily, but as a rule of thumb, if there is a difference in curvature of 

those parts of the phragmocone that are closer to the aperture when compared to those 
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closer to the apex, they should be scored differently. Ultimately there is no satisfactory 

quantitative description of curvature alone, since it is also dependent on expansion rate. 

However, a rough idea can be obtained by comparing the relation between the distance 

of the septa measured directly on the venter when compared to those on the dorsum. This 

is only comparable when expansion rate is roughly the same in both measurements and it 

cannot differentiate between gyroconic, evolute and involute conch forms. 

 

62.1. Umbilical perforation (#121) 

 

0) small 

1) large 

 

Category: General conch shape 

CM: unordered 

 

An umbilical perforation is present if there is an open space in the coiling axis 

within the innermost whorls in coiled conchs [1]. At least a very small umbilical 

perforation is probably always present. Here, we consider those that are at least 

twice the size of the initial chamber as large (state 1). 

 

Inapplicable if character 62 is scored as states 0-3. 

 

63. Expansion rate (#122) 

 

0) slow (<10°) 

1) moderate (≥ 10° < 20°) 

2) rapid (≥ 20°) 

 

Category: General conch shape 

CM: ordered (discretised) 

 

Expansion rate is one of the basic characters of the overall conch shape, yet several factors 

hamper its comparability across taxa. First, the methodology differs between authors and 

in many cases, it is not even provided. In orthocones, it is possible to measure the angle 

directly; however, since most specimens are broken at their apical end and thus do not 

provide their endpoint, the application of a standard goniometer is challenging. Alterna-

tively, the angle may be calculated, although measuring errors might have a large effect, 

especially in short fragments with a small expansion rate [8,84]. In several studies, the 

expansion rate is given as the distance per 1 mm diameter increase [36,85–87]. It is pos-

sible to convert this expansion rate into angular measurements in degree; however, this 

results in large error margins when the angle is large and the distance consequently short. 

Besides, both scales are not directly comparable because angular data is linear in contrast 

to the distance per 1 mm diameter increase, which was mainly used in older Chinese 

publications. A second issue is that the expansion rate may change during ontogeny (see 
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character 59) and measuring or calculating it across a longer distance of the conch may 

obscure ontogenetic differences. Third, curved conchs are problematic to measure, since 

their ventral and dorsal margins are not straight. Lastly, the expansion rate may not be the 

same laterally and dorsoventrally. This will always be the case if we assume a constant 

conch width index (character 64) other than 1.0, i.e., either a compressed or depressed 

cross section. Consequently, data from the literature had to be always double-checked 

and supplemented with own measurements. These measurements were done either from 

the authors’ photographs or published figures in a computer vector drawing program. In 

order to make the results as comparable as possible, we mostly took measurements of the 

lateral expansion rate, since this is independent of curvature. In cases where the cross 

section was essentially circular, it was also acceptable to measure the dorsoventral expan-

sion rate. In a few curved specimens it was only possible to measure them in lateral view 

(because of incomplete preservation or lacking figures); in these cases, we took the angle 

in degrees between the tangent lines through opposite points on venter and dorsum that 

lie perpendicular to the central growth axis. The distribution of this parameter among taxa 

in our dataset is shown in Additional file 1: Fig. S4F. 

 

64. Conch width index (#123) 

 

0) strongly compressed (≤ 0.7) 

1) slightly compressed (> 0.7 < 0.95) 

2) circular (≥ 0.95 ≤ 1.05) 

3) slightly depressed (> 1.05 < 2.0) 

4) strongly depressed (≥ 2.0) 

 

Category: General conch shape 

CM: ordered (discretised) 

 

This character describes the shape of the cross section as proportion between conch width 

and conch height. The parameter essentially corresponds to the whorl width index (WWI) 

commonly used for ammonoids [88]; however, the term “whorl” is obviously inaccurate 

for many nautiloids, which commonly do not have coiled conchs consisting of whorls. It 

is calculated as follows: 

 

CWI = ch/cw 

 

Where CWI = conch width index, ch = conch height (in mm) and cw = conch width (in 

mm). The distribution of this parameter among taxa in our dataset is shown in Additional 

file 1: Fig. S4G. 

 

65. Relative cameral length (#124) 

 

0) extremely short (< 0.1) 

1) short (≥ 0.1 < 0.2) 



 

 

 

50 

 

2) moderate (≥ 0.2 < 0.4) 

3) long (≥ 0.4) 

 

Category: Septa 

CM: ordered (discretised) 

 

Although cameral length is often variable within a single conch, there are clear differ-

ences between taxa, suggesting a strong phylogenetic signal. As an example, many Cam-

brian plectronocerids possess extremely short chambers [36], while some orthoceratoids 

exhibit much longer chambers [8,14]. This character is essentially taken from Kröger & 

Aubrechtová [89], with the difference that it is called here “relative cameral length” 

(RCL) instead of “relative cameral height”. The latter is misleading because it concerns 

a character in longitudinal direction, while “height” applies to the dorsoventral direction 

[90]. Accordingly, it is calculated as follows: 

 

RCL = cl/ch 

 

Where cl = cameral length and ch = conch height. The distribution of this parameter 

among taxa in our dataset is shown in Additional file 1: Fig. S4H. 

 

66. Septal concavity index (#125) 

 

0) shallow (≤ 0.15) 

1) moderate (> 0.15 ≤ 0.25) 

2) deep (> 0.25) 

 

Category: Septa 

CM: ordered (discretised) 

 

The septal concavity index (SCI) is the length of the free part of the septum in adapical 

direction (sc) in proportion to the corresponding conch height (ch).  

 

SCI = sc/ch 

 

This character has rarely been used in the taxonomy of nautiloids [29,90]. The distribution 

of this parameter among taxa in our dataset is shown in Additional file 1: Fig. S4I. 

 

67. Relative septal foramen position (#126) 

 

0) ventral (< 0.1) 

1) subventral (≥ 0.1 < 0.4) 

2) central (≥ 0.4 < 0.6) 

3) subdorsal (≥ 0.6 < 0.7) 

4) dorsal (≥ 0.7) 
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Category: Siphuncle 

CM: ordered (discretised) 

 

The position of the siphuncle is an important taxonomic criterion. However, there have 

been different definitions of how to measure this position. The size of the siphuncle and 

the segment expansion may also play a role. Aronoff [90] defined it as the distance be-

tween the segment axis and the venter, measured perpendicular to the latter, proportional 

to the corresponding conch diameter (segment position ratio = SPR). Note that this 

method theoretically could lead to SPR > 1.0, because the venter is not parallel to the 

central conch axis. This approach was followed for example in Frey [91] and slightly 

modified by Evans [12], while in other publications, it becomes evident that – although 

often not explicitly stated – the distance was probably taken from the shell wall to the 

siphuncular wall (either septal neck or connecting ring) perpendicular to the central 

growth axis [89,92,93]. In older publications, the position of the siphuncle is often only 

given as a relative term (see state names of this character), without giving a quantitative 

measure. While all these methods have their own advantages and disadvantages and prob-

ably lead to very similar results, it is important to state a precise definition of this character 

that is comparable across taxa and as independent as possible from other characters such 

as siphuncle size and segment shape. With Aronoff’s [90] approach, a siphuncle would 

never be marginal and larger siphuncles would tend to show a more central position, even 

if the connecting ring is close to the shell wall. On the other hand, using the siphuncular 

wall instead of the central siphuncular axis would tend to show more ventrally positioned 

large siphuncles, even if they are perfectly central. Thus, we propose a new definition that 

is independent of the size of the siphuncle. We took the distance between the ventral shell 

wall and the septal foramen, perpendicular to the central conch axis and divided this by 

the conch height minus the diameter of the septal foramen. As a formula, this relation is 

expressed as 

 

RSP = sv/(ch-fh) 

 

Where sv = distance of the septal foramen from the ventral shell wall, ch = conch height 

and fh = siphuncle height at the foramen. It is equivalent to sv/(sv+sd), where d is the 

dorsal distance of the septal foramen. Using this approach has the advantage of producing 

a ratio that can vary in principle between 0 (ventral marginal) and 1 (dorsal marginal), 

thus giving an intuitive and direct representation of the position that is independent from 

the size of the siphuncle or the shape of the segment. The distribution of this parameter 

among taxa in our dataset is shown in Additional file 1: Fig. S5A. 

 

67.1. Ventral foramen adnation (#127) 

 

0) absent 

1) present 
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Category: Siphuncle 

CM: unordered 

 

If present in a marginal siphuncle, the septal foramen is adnate to the shell wall, i.e., 

the siphuncle lies completely marginal and the septal necks are not visible mid-

ventrally. The decision to code this separately from the siphuncular position is jus-

tified by the difference in construction of the septal neck in a ventrally open fora-

men, since it is not continuous throughout the 360° around the siphuncle as in more 

centrally positioned siphuncles. Furthermore, there are also practical reasons: it is 

not always clear whether a septal foramen is contiguous to the shell wall, because 

of imperfect preservation or sectioning; this would result in many cases where the 

character state would be unknown. Also, in terms of position the difference between 

“marginal” and “submarginal” siphuncles is minimal and using these as different 

character states in character 67 might put too much weight on it compared to other 

character states. Nevertheless, this small difference comes with constructional im-

plications because septal necks and connecting ring are continuous with the shell 

wall. The coding employed here puts more emphasis on the switch between sub-

marginal and marginal character states, while switches between either of these two 

and other states are treated equally. 

 

Inapplicable if character 67 is scored as state 1-4. 

 

67.2. Siphuncular suture (#128) 

 

0) saddle 

1) straight 

2) lobe 

 

Category: Siphuncle 

CM: unordered 

Remark: controversial 

 

In taxa with ventral siphuncles, the sutures may show distinct ventral lobes or sad-

dles that are not part of the generally straight or sinuous suture (i.e., there is an 

abrupt change in the course of the suture line). This feature has been interpreted as 

being a taphonomic consequence of the close proximity of the siphuncle to the shell 

wall [12–14]. Nevertheless, the variation of this character between taxa with both 

saddles and lobes [12,47] suggests that there is also some genetic control of this 

character. In each case it should be carefully considered if and how the specimens 

were taphonomically altered. 

 

Inapplicable if character 67 is scored as states 1-4. 

 

68. Siphuncle width index (#129) 
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0) compressed (≤ 0.9) 

1) circular (> 0.9 < 1.1) 

2) depressed (≥ 1.1) 

 

Category: Siphuncle 

CM: ordered (discretised) 

 

In most cases, the siphuncle is circular in cross-section. However, there are exceptions, 

although these are not always clearly indicated in the literature. Therefore, there is some 

uncertainty in the distribution of this character among taxa. Note that ventral circular si-

phuncles may appear compressed on the inclined surface of the septum. For this reason, 

we measure the siphuncle width and height perpendicular to its growth axis. The calcula-

tion of this index (SWI) is as follows: 

 

SWI = fh/fw 

 

Where fh = septal foramen height and fw = septal foramen width. The distribution of this 

parameter among taxa in our dataset is shown in Additional file 1: Fig. S5B. 

 

69. Relative septal foramen height (#130) 

 

0) narrow (< 0.15) 

1) medium (≥ 0.15 < 0.3) 

2) wide (≥ 0.3) 

 

Category: Siphuncle 

CM: ordered (discretised) 

 

The size of the siphuncle varies strongly between taxa and has long been considered to 

be important for phylogenetic classification [1,25,30,94,95]. Here, we take the ratio of 

the height of the septal foramen (fh) to the conch height (ch) as a representative character:  

 

RSH = fh/ch 

 

Kröger & Aubrechtová [89] used the term “relative siphuncular diameter” with the same 

definition; however, we believe that the term employed here is more precise. The distri-

bution of this parameter among taxa in our dataset is shown in Additional file 1: Fig. S5C. 

 

70. Siphuncle compression ratio (#131) 

 

0) elongated (< 0.8) 

1) quadratic (≥ 0.8 < 1.2) 

2) slightly broadened (≥ 1.2 < 3) 
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3) strongly broadened (≥ 3) 

 

Category: Siphuncle 

CM: ordered (discretised) 

 

This character is adopted from Aronoff [90], who defined it as the ratio between segment 

height and segment length. Note that he excluded the septal necks from the segment 

length. While this may be applicable in species with septal necks of similarly short length, 

it would produce negative values in certain endocerids that are characterized by macro-

choanitic septal necks. We therefore explicitly include the septal necks in the siphuncular 

segment to make this character comparable across taxa. Also note that segment length is 

not necessarily equal to cameral length depending on expansion rate, conch curvature and 

siphuncle position. The calculation of the Siphuncle compression ratio (SCR) is as fol-

lows: 

 

SCR = sh/sl 

 

Where sh = siphuncular segment height and sl = siphuncular segment length. The distri-

bution of this parameter among taxa in our dataset is shown in Additional file 1: Fig. S5D. 

 

71. Relative siphuncular shape (#132) 

 

0) concave (< 0.95) 

1) tubular (≥ 0.95 < 1.05) 

2) slightly expanded (≥ 1.05 < 1.5) 

3) strongly expanded (> 1.5) 

 

Category: Siphuncle 

CM: ordered (discretised) 

 

The shape of the siphuncular segments is highly variable across taxa. This shape can al-

most entirely be described by this character, which is the relation between the mid-seg-

ment height of the siphuncle (sh) and the height at the septal foramen (fh). Depending on 

the shape of the connecting ring, mid-segment height is measured at the point where the 

siphuncle has its minimum (concave segments) or maximum (convex segments) height. 

The Relative siphuncular shape (RSS) is thus calculated with the following formula: 

 

RSS = sh/fh 

 

The connecting ring is excluded from the segment because its shape is already described 

in character 29. A similar ratio was defined by Aronoff [90] as “constriction ratio” and 

by Kröger & Aubrechtová [89] also as “relative siphuncular shape”. However, both stud-

ies defined it as the reciprocal value (foramen height/segment height). We argue that us-

ing segment height/ foramen height is more intuitive, because siphuncles with convex 
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segments are usually referred to as “expanded” or “widened”, implying larger values. The 

distribution of this parameter among taxa in our dataset is shown in Additional file 1: Fig. 

S5E. 

 

71.1. Adapical segment adnation (#133) 

 

0) absent 

1) present 

 

Category: Siphuncle 

CM: unordered 

 

Similar to character 72.1.1, but on the opposite side, i.e., the adapical end of the 

connecting ring is touching the adapertural surface of the preceding septum. Tradi-

tionally, “area of adnation” refers mainly to this character [1]. 

 

Inapplicable if character 71 is scored as state 0 or 1. 

 

71.2. Siphuncular segment shape (#134) 

 

0) straight 

1) biconvex 

2) planoconvex 

 

Category: Siphuncle 

CM: unordered 

 

This character describes the shape of the siphuncular segment. Although it is some-

what overlapping with character 71 (relative siphuncular shape), we consider these 

two characters as distinct, because, for example, straight siphuncular segments may 

also be slightly constricted at the septal foramen or planoconvex segments cannot 

be described by their relative siphuncular shape alone. 

 

Inapplicable if character 71 is scored as state 0 or 1. 

 

71.2.1. Position of maximum segment height (#135) 

 

0) adapertural 

1) middle 

2) adapical 

 

Category: Siphuncle 

CM: unordered 
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This character describes the shape of convex siphuncular segments in more detail. 

In the case of biconvex segments, terms such as “amphora-shaped” (state 0) or 

“globular” (state 1) have been applied. 

 

Inapplicable if character 71.2 is scored as state 0 or 1. 

 

71.2.2. Position of highest segment convexity (#136) 

 

0) ventral 

1) equal 

2) dorsal 

 

Category: Siphuncle 

CM: unordered 

 

This character describes whether convex siphuncular segments are expanded more 

towards the venter, dorsum or equally. 

 

Inapplicable if character 71.2 is scored as state 0 or 1. 

 

72. Septal neck index (#137) 

 

0) achoanitic (= 0.0) 

1) microchoanitic (> 0.0 ≤ 0.2) 

2) mesochoanitic (> 0.2 ≤ 0.4) 

3) hemichoanitic (> 0.4 ≤ 0.8) 

4) holochoanitic (> 0.8 ≤ 1.2) 

5) macrochoanitic (> 1.2) 

 

Category: Siphuncle 

CM: ordered (discretised) 

 

Many different terms have been applied to the shape of the septal necks; nine names are 

listed in the Treatise [1]. However, these terms do not imply homology, because some 

refer to the length (e.g., holochoanitic), while others refer to the shape of the septal necks 

(e.g., cyrtochoanitic). Therefore, we divide them into two categories. This character rep-

resents the first category, which only describes the length of the septal necks. The septal 

neck index (SNI) represents the ratio between the length of the septal neck (nl) and the 

siphuncular segment (sl), measured parallel to the siphuncular axis [1,29]: 

 

SNI = nl/sl 

 

The terms microchoanitic and mesochoanitic are here newly introduced. The distribution 

of this parameter among taxa in our dataset is shown in Additional file 1: Fig. S5F. 
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72.1. Septal neck shape (#138) 

 

0) loxochoanitic 

1) orthochoanitic 

2) suborthochoanitic 

3) cyrtochoanitic 

 

Category: Siphuncle 

CM: ordered 

 

This character describes the shape of the septal necks. Some septal necks are ex-

tremely short, making differentiation between orthochoanitic or cyrtochoanitic sep-

tal necks virtually impossible [72]. Therefore, we treat this character as inapplica-

ble, if the septal necks are extremely short or absent (achoanitic). The definitions 

of the terms loxo-, ortho-, subortho- and cyrtochoanitic follow Kröger & Isakar [72] 

and refer to the angle of the septal necks compared to the siphuncle axis. We do not 

use the term “recumbent”, because this can be scored as cyrtochoanitic in addition 

to the presence of adaperturally adnate connecting rings (character 72.1.1, state 1) 

and a high brim-neck ratio (character 72.1.2, state 2). 

 

Inapplicable if character 72 is scored as state 0. 

 

72.1.1. Adapertural segment adnation (#139) 

 

0) absent 

1) present 

 

Category: Siphuncle 

CM: unordered 

 

Siphuncular segments may be adaperturally adnate in some taxa, i.e. the 

adapertural end of the connecting ring is touching the adapical surface of the 

following septum. Logically, the septal necks must be cyrtochoanitic in such 

cases and they are typically termed “recumbent” [1]. 

 

Inapplicable if character 72.1 is scored as state 0-2. 

 

72.1.2. Brim-neck ratio (#140) 

 

0) necks longer (< 0.9) 

1) equal (≥ 0.9 ≤ 1.1) 

2) brims longer (> 1.1) 
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Category: Siphuncle 

CM: ordered (discretised) 

 

The shape of cyrtochoanitic septal necks can be further characterised by the 

ratio between the height of the brims (br) and the length of the necks (nl) as 

the brim-neck ratio (BNR):  

 

BNR = br/nl 

 

Brims are defined as the recurved part of the septal necks that run parallel to 

the septum [1]. The distribution of this parameter among taxa in our dataset 

is shown in Additional file 1: Fig. S5G. 

 

Inapplicable if character 72.1 is scored as state 0-2. 

 

72.2. Neck inward projection (#141) 

 

0) absent 

1) present 

 

Category: Siphuncle 

CM: unordered 

 

This character refers to a modification of the distal neck that consists of a projection 

towards the inside of the siphuncle. Some necks of this type have been termed sub-

holochoanitic, although only if they were slightly less than holochoanitic in length 

[1]. However, similar modifications of the septal necks also occur in shorter necks, 

e.g., in Bathmoceras Barrande, 1867 [47,96]. Some macrochoanitic septal necks 

that are inclined inwards when they overlap preceding septal necks are also added 

to this category, although their inclusion may be doubtful. This character only oc-

curs in orthochoanitic septal necks; nevertheless, it is logically also applicable to 

loxo- or subortho- or cyrtochoanitic necks. Only achoanitc septal necks are ex-

cluded from this character. 

 

Inapplicable if character 72 is scored as state 0. 
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Text S2: Character sets 

Below, we list all characters that were excluded from the complete list of characters in different 

analyses. Only one analysis included all characters (CoCo). For all other analyses, controversial 

characters were excluded as well, though they are not explicitly listed here to make the character 

categories clearer. Abbreviations are given in Table 1 of the main article. Values in brackets 

denote relevant exclusion criteria. The character sets Cr, Ma and CM represent speculatively 

scored connecting ring type (character 32), muscle attachments (characters 42-44) or both. See 

nexus files included in Additional file 5: Data S4 for details.  

 

Ct: Excluding 6 controversial characters: 

• 27. Septal neck tip 

• 31. Connecting ring differentiation 

• 35.4. Endosiphoblades 

• 35.8. Lamellar endocones 

• 36.2.4.1. Canal system type 

• 67.2. Siphuncular suture 

 

Ic: Excluding 23 incomplete characters (>75% missing data): 

• 32. Connecting ring type (87%) 

• 42. Ventral retractor differentiation (82%) 

• 42.1. Relative ventral retractor width (83%) 

• 42.2. Relative ventral retractor length (82%) 

• 42.3. Number of retractor pairs (83%) 

• 42.4. Ventral retractor position (82%) 

• 42.4.1. Ventral periphract shape (83%) 

• 43. Periphract width index (83%) 

• 44. Dorsal aponeurosis differentiation (83%) 

• 44.1. Relative dorsal aponeurosis width (83%) 

• 44.2. Relative dorsal aponeurosis length (83%) 

• 44.3. Relative dorsal periphract shape (83%) 

• 45. Apex shape (82%) 

• 46. Apex curvature (78%) 

• 47. Cicatrix (90%) 

• 49. Initial chamber length index (88%) 

• 50. Caecum position (86%) 

• 51. Pre-septal cone (78%) 

• 51.1. Initial siphuncle index (88%) 

• 51.2. Caecum attachment (91%) 

• 52. Caecum shape (90%) 

• 53. Apex ornamentation (91%) 

• 54. Nepionic constriction (83%) 

 

Am: Excluding 13 autapomorphic characters: 

• 13.3.4. Dorsal saddle shape 
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• 17. Ascoceroid septa 

• 23.2. Episeptal deposits 

• 35.5.1. Ventral crest size 

• 35.6.1. Dorsal crest size 

• 35.6.2. Dorsal crest number 

• 35.6.3. Dorsal crest shape 

• 36.2.3. Engrafts 

• 36.3. Lamellar annular deposits 

• 40.1. Actinosiphonate type 

• 41.1. Ridge length 

• 42.4. Ventral retractor position 

• 44.3. Dorsal periphract shape 

 

Ia: Excluding 65 inapplicable characters (>25% gaps): 

• 5.1. Relative hyponomic sinus length (57%) 

• 5.2. Relative hyponomic sinus width (57%) 

• 5.3. Hyponomic sinus shape (57%) 

• 8.1. Annulation direction (87%) 

• 8.2. Annulation distance (85%) 

• 9.1. Longitudinal element strength (90%) 

• 9.2. Longitudinal element distance (90%) 

• 9.3. Longitudinal element variation (90%) 

• 13.1. Ventral lobe (62%) 

• 13.2. Dorsal lobe (62%) 

• 13.3. Lateral lobes (62%) 

• 13.3.1. Lateral lobe position (72%) 

• 13.3.2. Lateral lobe depth (72%) 

• 13.3.3. Ventral saddle shape (73%) 

• 13.3.4. Dorsal saddle shape (73%) 

• 20.1. Position of maximum gibbosity (73%) 

• 20.2. Contraction strength (73%) 

• 20.3. Contraction type (73%) 

• 23.1. Hyposeptal deposits (72%) 

• 23.2. Episeptal deposits (72%) 

• 23.3. Epichoanitic deposits (72%) 

• 34.1. Diaphragm shape (81%) 

• 34.2. Diaphragm spacing (83%) 

• 34.3. Diaphragm inclination (81%) 

• 35.1. Imperforate endocones (90%) 

• 35.2. Endosiphocone position (90%) 

• 35.3. Endosiphocone cross section (90%) 

• 35.4. Endosiphoblades (91%) 

• 35.5. Ventral conchiolin crests (91%) 

• 35.5.1. Ventral crest size (97%) 

• 35.6. Dorsal conchiolin crest (91%) 
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• 35.6.1. Dorsal crest size (98%) 

• 35.6.2. Dorsal crest number (98%) 

• 35.6.3. Dorsal crest shape (98%) 

• 35.7. Calcareous crests (91%) 

• 35.7.1. Infula (91%) 

• 35.8. Lamellar endocones (89%) 

• 36.1. Dorsoventral annular deposit distribution (79%) 

• 36.2. Annular deposit extent (79%) 

• 36.2.1. Perispatium (84%) 

• 36.2.2. Annular deposit elongation (84%) 

• 36.2.3. Engrafts (91%) 

• 36.2.4. Canal system (91%) 

• 36.2.4.1. Canal system type (92%) 

• 36.3. Lamellar annular deposits (79%) 

• 40.1. Actinosiphonate type (99%) 

• 41.1. Ridge length (94%) 

• 42.1. Relative ventral retractor width (33%) 

• 42.2. Relative ventral retractor length (32%) 

• 42.3. Number of retractor pairs (33%) 

• 42.4. Ventral retractor position (32%) 

• 42.4.1. Venral periphract shape (38%) 

• 44.1. Relative dorsal aponeurosis width (63%) 

• 44.2. Relative dorsal aponeurosis length (63%) 

• 44.3. Dorsal periphract shape (63%) 

• 61.1. Divergent body chamber (91%) 

• 62.1. Umbilical perforation (90%) 

• 67.1. Ventral foramen adnation (54%) 

• 67.2. Siphuncular suture (60%) 

• 71.1. Adapical segment adnation (60%) 

• 71.2. Siphuncular segment shape (60%) 

• 71.2.1. Position of maximum segment height (67%) 

• 71.2.2. Position of maximum segment convexity (67%) 

• 72.1.1. Adapertural segment adnation (83%) 

• 72.1.2. Brim-neck ratio (83%) 
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Text S3: Taxon sets 

Below, we list all taxa that were excluded from the complete list of taxa in different analyses. 

Values in brackets denote relevant exclusion criteria. For the complete list of taxa, references, 

and stratigraphic positions, see Additional file 2: Data S1. Abbreviations are given in Table 1. 

 

Dp: Excluding 4 pseudoduplicate taxa: 

• Bactroceras mourguesi 

• Bassleroeras perseus 

• Ectenolites primus 

• Sinoceras fenxiangense 

 

Ic: Excluding 38 incomplete taxa (>40% missing data): 

• Aetheloxoceras suxianense (53%) 

• Allotrioceras bifurcatum (64%) 

• Bajkaloceras angarense (47%) 

• Bisonoceras corniforme (50%) 

• Cabaneroceras aznari (68%) 

• Cacheoceras unimodum (63%) 

• Centrocyrtocerina frizonensis (47%) 

• Clelandoceras rarum (54%) 

• Clytoceras capax (44%) 

• Cyclorangeroceras blakei (44%) 

• Dwightoceras dactyloides (56%) 

• Eburoceras jiagouense (43%) 

• Eothinoceras maitlandi (43%) 

• Exoclitendoceras rochdalense (43%) 

• Glenisteroceras obscurum (62%) 

• Gouldoceras synchonena (47%) 

• Huaihecerina elegans (56%) 

• Intejoceras angarense (47%) 

• Lebetoceras oepiki (54%) 

• Loxochoanella warburtoni (56%) 

• Manchuroceras wolungense (43%) 

• Moridunoceras castelli (45%) 

• Najaceras triangulum (63%) 

• Ordosoceras sphaeriforme (42%) 

• Padunoceras rugosaeforme (68%) 

• Polydesmia canaliculata (42%) 

• Protothinoceras yini (45%) 

• Pseudowutinoceras wuhaiense (42%) 

• Qiushugouceras inclinatum (56%) 

• Rummoceras rummuensis (48%) 

• Striatocycloceras undulostriatum (43%) 

• Tangshanoceras endogastrum (45%) 
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• Teichertoceras sinclairi (40%) 

• Thylacoceras kimberleyense (41%) 

• Ventroloboceras furcillatum (51%) 

• Wadema taylori (44%) 

• Xiaoshanoceras jini (51%) 

• Yanheceras endogastrum (53%) 

 

El: Excluding 33 early representatives of Ellesmerocerida, Plectronocerida and Yanhecerida: 

• Aetheloxoceras suxianense (Yanheceratidae, Yanhecerida) 

• Annoceras costatum (Ellesmeroceratidae, Ellesmerocerida) 

• Balkoceras gracile (Balkoceratidae, Plectronocerida) 

• Bassleroceras perseus (Bassleroceratidae, Ellesmerocerida) 

• Caseoceras contractum (Ellesmeroceratidae, Ellesmerocerida) 

• Chabactoceras planum (Ellesmeroceratidae, Ellesmerocerida) 

• Clelandoceras (?) rarum (Apocrinoceratidae?) 

• Dwightoceras dactyloides (Bassleroceratidae, Ellesmerocerida) 

• Eburoceras jiagouense (Ellesmeroceratidae, Ellesmerocerida) 

• Ectenolites primus (Ellesmeroceratidae, Ellesmerocerida) 

• Ellesmeroceras bridge (Ellesmeroceratidae, Ellesmerocerida) 

• Eorudolfoceras antiquum (Ellesmeroceratidae, Ellesmerocerida) 

• Huaihecerina elegans (Huaiheceratidae, Ellesmerocerida) 

• Lawrenceoceras confertissimum (Bassleroceratidae, Ellesmerocerida) 

• Lebetoceras oepiki (Ellesmeroceratidae, Ellesmerocerida) 

• Loxochoanella warburtoni (Ellesmeroceratidae, Ellesmerocerida) 

• Novacaroceras endogastrum (Novacaroceratidae, Ellesmerocerida) 

• Oelandoceras haelluddenense (Ellesmeroceratidae, Ellesmerocerida) 

• Oneotoceras loculosum (Ellesmeroceratidae, Ellesmerocerida) 

• Palaeoceras mutabile (Plectronoceratidae, Plectronocerida) 

• Paradakeoceras minor (Ellesmeroceratidae, Ellesmerocerida) 

• Phthanoncoceras oelandense (Phthanoncoceratidae, Ellesmerocerida) 

• Physalactinoceras bullatum (Plectronoceratidae, Plectronocerida) 

• Plectronoceras cambria (Plectronoceratidae, Plectronocerida) 

• Qiushugouceras inclinatum (Ellesmeroceratidae, Ellesmerocerida) 

• Robsonoceras robsonense (Ellesmeroceratidae, Ellesmerocerida) 

• Rudolfoceras cornuoryx (Rudolfoceratidae, Ellesmerocerida) 

• Shideleroceras sinuatum (Shideleroceratidae, Ellesmerocerida) 

• Sinoeremoceras sp. (Plectronoceratidae, Plectronocerida) 

• Vassaroceras henrietta (Ellesmeroceratidae, Ellesmerocerida) 

• Ventroloboceras furcillatum (Ellesmeroceratidae, Ellesmerocerida) 

• Xiaoshanoceras jini (Xiaoshanoceratidae, Ellesmerocerida) 

• Yanheceras endogastrum (Yanheceratidae, Yanhecerida) 

 

Rd: Excluding 86 randomly selected taxa (50% of total taxa): 
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• Actinoceras tenuifilum 

• Adamsoceras oelandicum 

• Apsidoceras montrealense 

• Arionoceras lotskirkense 

• Bactroceras sandbergeri 

• Bassleroceras champlainense 

• Bassleroceras perseus 

• Bathmoceras holmi 

• Bentoceras proteus 

• Bisonoceras corniforme 

• Botellusoceras torpense 

• Buttsoceras novemexicanum 

• Cameroceras turrisoides 

• Caseoceras contractum 

• Cassinoceras wortheni 

• Centrocyrtoceras annulatum 

• Centrocyrtocerina frizonensis 

• Centrotarphyceras seelyi 

• Clarkoceras newtonwinchelli 

• Clelandoceras rarum 

• Clitendoceras sylesi 

• Clytoceras capax 

• Cyclolituites lynnensis 

• Cycloplectoceras miseri 

• Cyclostomiceras cassinense 

• Cyrtonybyoceras haesitans 

• Dawsonocers fenestratum 

• Dideroceras incognitum 

• Discoceras vasalemmense 

• Dwightoceras dactyloides 

• Eburoceras jiagouense 

• Ellesmeroceras bridgei 

• Eorudolfoceras antiquum 

• Eothinoceras maitlandi 

• Exoclitendoceras rochdalense 

• Falcilituites decheni 

• Glenisteroceras obscurum 

• Gonioceras anceps 

• Hedstroemoceras haelluddenense 

• Isorthoceras wahlenbergi 

• Kundoceras evansi 

• Lambeoceras lambii 

• Langgunites mucronulatus 

• Lawrenceoceras confertissimum 
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• Leonardoceras parvum 

• Mysterioceras australe 

• Najaceras triangulatum 

• Neumatoceras borense 

• Nilssonoceras latisiphonatum 

• Novacaroceras endogastrum 

• Orthoceras regulare 

• Orthonybyoceras dyeri 

• Pachendoceras huzzahense 

• Padunoceras rugosaeforme 

• Palaeoceras mutabile 

• Palaeodawsonocerina senckenbergi 

• Parvihebetoceras wahli 

• Physalactinoceras bullatum 

• Pictetoceras oliviae 

• Plagiostomoceras fragile 

• Plectoceras jason 

• Plectronoceras cambria 

• Polydesmia canaliculata 

• Polymeres demetarum 

• Probillingsites scandinavicum 

• Proterocameroceras brainerdi 

• Protothinoceras yini 

• Rioceras escandei 

• Rudolfoceras cornuoryx 

• Ruedemannoceras boycii 

• Sacerdosoceras promus 

• Saloceras chinianense 

• Schuchertoceras troedssoni 

• Shumardoceras complanatum 

• Strandoceras tyriense 

• Tafadnatoceras tiouririnense 

• Tajaroceras wardae 

• Tangshanoceras endogastrum 

• Thylacoceras kimberleyense 

• Tragoceras falcatum 

• Trocholites depressus 

• Troedssonella endoceroides 

• Ventroloboceras furcillatum 

• Warburgoceras longitudinale 

• Wutinoceras foerstei 

• Xiaoshanoceras jini 
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Fig. S1. Measurements. 

Basic measurements that were used to calculate conch parameters. For abbreviations, see Ad-

ditional file 1: Table S1. (A): Internal mold in lateral view. Grey area represents periphract and 

lines on the phragmocone represent suture lines. Orientation with aperture downwards. (B): 

Cross section of phragmocone at the position of the septal foramen. Inner circle represents si-

phuncle. (C): Earliest ontogenetic stages of the conch in median section, showing initial cham-

ber and caecum. Orientation with aperture downwards. (D): Ventral periphract including re-

tractor muscles. Orientation with aperture downwards. (E): Dorsal periphract including dorsal 

aponeurosis. Orientation with aperture downwards. Further measurements are shown in Fig. 

1A of the main text. 
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Fig. S2. Illustrations of characters. 

Except for cross sections, all illustrations are oriented with aperture downwards. (A): Termi-

nology of growth directions (ventrapertural and dorsapertural) of growth lines (character 3), 

annulations (character 8.1), sutures (character 14), and diaphragms (character 34.3). Straight 

lines are termed transverse. (B): Conch cross section shape, characters 10.-12. (C): Septal neck 

transition, character 26. 
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Fig. S3. Distribution of conch parameters (1/3). 

Histograms of continuous, discretized characters. Red dotted lines represent threshold values 

between states. (A): Relative hyponomic sinus length, character 5.1. (B): Relative hyponomic 

sinus width, character 5.2. (C): Relative lateral lobe depth, character 13.3.2. (D): Relative body 

chamber length, character 18. (E): Contraction strength, character 20.2. (F): Relative ventral 

retractor width, character 42.1. (G): Relative ventral retractor length, character 42.2. (H): 

Periphract index, character 43. (I): Relative dorsal aponeurosis width, character 44.1. 
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Fig. S4. Distribution of conch parameters (2/3). 

Histograms of continuous, discretized characters. Red dotted lines represent threshold values 

between states. (A): Relative dorsal aponeurosis length, character 44.2. (B): Initial chamber 

height, character 48. (C): Initial chamber length index, character 49. (D): Initial siphuncle in-

dex, character 51.1. (E): Maximum conch size, character 60. (F): Expansion rate, character 63. 

(G): Conch width index, character 64. (H): Relative cameral length, character 65. (I): Septal 

concavity index, character 66. 
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Fig. S5. Distribution of conch parameters (3/3). 

Histograms of continuous, discretized characters. Red dotted lines represent threshold values 

between states. (A): Relative septal foramen position, character 67. (B): Siphuncle width index, 

character 68. (C): Relative septal foramen height, character 67. (D): Siphuncle compression 

ratio, character 70. (E): Relative siphuncular shape, character 71. (F): Septal neck index, char-

acter 72. (G): Brim-neck ratio, character 72.1.2. 
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Fig. S6. Full MCC tree of the CtCo analysis. 

This analysis excluded all controversial characters. Numbers at nodes represent posterior prob-

abilities. Colored boxes represent orders. Some species were recovered as sampled ancestors, 

represented here by black dots. 
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Fig. S7. Full MCC tree of the CoCo analysis. 

This analysis explicitly included controversial characters. Numbers at nodes represent posterior 

probabilities. Colored boxes represent orders. Some species were recovered as sampled ances-

tors, represented here by black dots. 
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Fig. S8. Full MCC tree of the IcCo analysis. 

This analysis excluded incompletely sampled characters. Numbers at nodes represent posterior 

probabilities. Colored boxes represent orders. Some species were recovered as sampled ances-

tors, represented here by black dots. 
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Fig. S9. Full MCC tree of the AmCo analysis. 

This analysis excluded autapomorphic characters. Numbers at nodes represent posterior prob-

abilities. Colored boxes represent orders. Some species were recovered as sampled ancestors, 

represented here by black dots. 
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Fig. S10. Full MCC tree of the IaCo analysis. 

This analysis excluded characters that contained high amounts of inapplicable data (gaps). 

Numbers at nodes represent posterior probabilities. Colored boxes represent orders. Some spe-

cies were recovered as sampled ancestors, represented here by black dots. 

  



 

 

 

86 

 

 
 

  



 

 

 

87 

 

Fig. S11. Full MCC tree of the CrCo analysis. 

This analysis included an alternative, speculatively scored connecting ring type. Numbers at 

nodes represent posterior probabilities. Colored boxes represent orders. Some species were re-

covered as sampled ancestors, represented here by black dots. 
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Fig. S12. Full MCC tree of the MaCo analysis. 

This analysis included alternative, speculatively scored muscle attachment patterns. Numbers 

at nodes represent posterior probabilities. Colored boxes represent orders. Some species were 

recovered as sampled ancestors, represented here by black dots. 
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Fig. S13. Full MCC tree of the CMCo analysis. 

This analysis included the combined speculatively scored character sets of muscle attachment 

patterns and connecting ring type. Numbers at nodes represent posterior probabilities. Colored 

boxes represent orders. Some species were recovered as sampled ancestors, represented here 

by black dots. 
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Fig. S14. Full MCC tree of the CtDp analysis. 

This analysis excluded pseudoduplicate species. Numbers at nodes represent posterior proba-

bilities. Colored boxes represent orders. Some species were recovered as sampled ancestors, 

represented here by black dots. 
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Fig. S15. Full MCC tree of the CtIc analysis. 

This analysis excluded species with high proportions of missing data. Numbers at nodes repre-

sent posterior probabilities. Colored boxes represent orders. Some species were recovered as 

sampled ancestors, represented here by black dots. 
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Fig. S16. Full MCC tree of the CtEl analysis. 

This analysis excluded a large number of early species, i.e., representatives of the Ellesmero-

cerida, Yanhecerida and Protactinocerida. Numbers at nodes represent posterior probabilities. 

Colored boxes represent orders. Some species were recovered as sampled ancestors, repre-

sented here by black dots. 
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Fig. S17. Full MCC tree of the CtRd analysis. 

This analysis randomly excluded 50% of the species. Numbers at nodes represent posterior 

probabilities. Colored boxes represent orders. Some species were recovered as sampled ances-

tors, represented here by black dots. 
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Fig. S18. Pruned MCC trees (1/6). 

All trees in the posterior tree sample were pruned before reconstructing the MCC trees. The 

retained species were chosen according to a number of criteria (see Methods). Colored boxes 

represent subclasses. (A): CtCo, controversial characters excluded, 144 taxa pruned. (B): CoCo, 

controversial characters included, 144 taxa pruned. 
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Fig. S19. Pruned MCC trees (2/6). 

All trees in the posterior tree sample were pruned before reconstructing the MCC trees. The 

retained species were chosen according to a number of criteria (see Methods). Colored boxes 

represent subclasses. (A): IcCo, incomplete characters excluded, 144 taxa pruned. Note that the 

Endoceratoidea and Multiceratoidea are paraphyletic under this dataset. (B): AmCo, autapo-

morphic characters excluded, 144 taxa pruned. 
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Fig. S20. Pruned MCC trees (3/6). 

All trees in the posterior tree sample were pruned before reconstructing the MCC trees. The 

retained species were chosen according to a number of criteria (see Methods). Colored boxes 

represent subclasses. (A): IaCo, inapplicable characters excluded, 144 taxa pruned. (B): CrCo, 

speculatively scored connecting ring type, 144 taxa pruned. 
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Fig. S21. Pruned MCC trees (4/6). 

All trees in the posterior tree sample were pruned before reconstructing the MCC trees. The 

retained species were chosen according to a number of criteria (see Methods). Colored boxes 

represent subclasses. (A): MaCo, speculatively scored muscle attachment patterns, 144 taxa 

pruned. (B): CMCo, speculatively scored connecting ring and muscle attachments, 144 taxa 

pruned. 
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Fig. S22. Pruned MCC trees (5/6). 

All trees in the posterior tree sample were pruned before reconstructing the MCC trees. The 

retained species were chosen according to a number of criteria (see Methods). Colored boxes 

represent subclasses. (A): CtDp, pseudoduplicate species excluded, 140 taxa pruned. Note that 

the Endoceratoidea and Multiceratoidea are paraphyletic under this dataset.  (B): CtIc, Incom-

plete species excluded, 108 taxa pruned. 
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Fig. S23. Pruned MCC trees (6/6). 

All trees in the posterior tree sample were pruned before reconstructing the MCC trees. The 

retained species were chosen according to a number of criteria (see Methods). Colored boxes 

represent subclasses. (A): CtEl, early species excluded, 111 taxa pruned. (B): CtRd, random 

species excluded, 59 taxa pruned. 
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Fig. S24. MCC tree of an analysis containing the same taxa as the CtCo 

pruned MCC tree. 

This analysis contained the same characters as the CtCo analysis. Note the alternative clade 

compositions and lowered posterior probabilities when compared to the pruned MCC tree of 

that analysis. 
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Table S1. Details of measurements and their abbreviations.  

 

Abbreviation Full name Conch region 

ah Aperture height Body chamber 

al Dorsal aponeurosis length Body chamber 

aw Dorsal aponeurosis width Body chamber 

bh Body chamber base height Body chamber 

bl Body chamber length Body chamber 

br Brim height Siphuncle 

ch Conch height Phragmocone 

cl Cameral length Phragmocone 

cw Conch width Phragmocone 

fh Septal foramen height Siphuncle 

fw Septal foramen width Siphuncle 

ih Initial chamber diameter (height) Apex 

il Initial chamber length Apex 

is Caecum (initial siphuncle) height Apex 

ld Lateral lobe depth Phragmocone 

mb Maximum body chamber height Body chamber 

mg Position of maximum gibbosity Body chamber 

mh Maximum conch height Body chamber/phragmocone 

mw Maximum conch width Body chamber/phragmocone 

nl Septal neck length Siphuncle 

pw Minimum periphract width Body chamber 

rl Ventral retractor length Body chamber 

rw Ventral retractor width Body chamber 

sc Septal concavity Phragmocone 

sh Siphuncular segment height Siphuncle 

sl Siphuncular segment length Siphuncle 

sv Ventral distance to septal foramen Siphuncle 

 

Measurements are illustrated in Fig. 1 and Additional File 1: Fig. S1. More details can be found 

in the relevant character descriptions. 
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Table S2. Details of conch parameters and their abbreviations. 

 

Abbreviation Full name Calculation 

BNR Brim-neck ratio br/nl 

CS Contraction strength (mb-ah)/(bl-mp) 

CWI Conch width index ch/cw 

ER Expansion rate See (145), or measured directly 

ILI Initial chamber length index il/ih 

ISI Initial siphuncle (caecum) index is/ih 

MCS Maximum conch size log √(mh*mw) 

PPI Periphract width index pw/bh 

RAL Relative dorsal aponeurosis length al/bh 

RAW Relative dorsal aponeurosis width aw/bh 

RBL Relative body chamber length bl/bh 

RCL Relative cameral length cl/ch 

RHL Relative hyponomic sinus length hl/hw 

RHW Relative hyponomic sinus width hw/cw 

RLD Relative lateral lobe depth ld/ch 

RRL Relative ventral retractor length rl/bh 

RRW Relative ventral retractor width rw/bh 

RSH Relative septal foramen height fh/ch 

RSP Relative septal foramen position sv/(ch-fh) 

RSS Relative siphuncular shape sh/fh 

SCI Septal concavity index sc/ch 

SCR Siphuncle compression ratio sh/sl 

SNI Septal neck index nl/sl 

SWI Siphuncular width index fh/fw 

 

Conch parameters were calculated from at least two measurements to make them growth inde-

pendent. More details can be found in the relevant character descriptions. 
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Table S3. Equivalent nodes in full and pruned MCC trees. 

 

Dataset FMCCT EqN 

mean pp 

PMCCT EqN 

mean pp 

mean difference CN / TN 

CtCo 0.397 0.817 0.420 1 / 28 

CoCo 0.403 0.757 0.354 1 / 28 

IcCo 0.316 0.683 0.367 14 / 28 

AmCo 0.420 0.793 0.373 1 / 28 

IaCo 0.367 0.694 0.327 3 / 28 

CrCo 0.342 0.750 0.408 2 / 28 

MaCo 0.437 0.811 0.374 2 / 28 

CMCo 0.405 0.750 0.345 1 / 28 

CtDp 0.340 0.670 0.329 6 / 28 

CtIc 0.340 0.782 0.442 0 / 26 

CtEl 0.293 0.712 0.420 9 / 28 

CtRd 0.191 0.634 0.443 5 / 27 

 

Only equivalent nodes are considered. Thus, the mean posterior probabilities of full MCC trees 

deviate slightly from the ones given in Additional file 1: Table S4. Abbreviations: FMCCT = 

full maximum clade credibility tree, PMCCT = pruned maximum clade credibility tree, EqN = 

equivalent node, CN = number of contradicting nodes, TN = total number of nodes. 
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Table S4. Tree similarities. 

 

Dataset Bp  

CtCo 

Qu  

CtCo 

QuN 

CtCo 

Bp  

mean 

Qu  

mean 

QuN 

mean 

PP mean 

CtCo - - - 0.459 0.845 0.779 0.404 

CtCo* 0.962 0.979 0.970 0.827 0.902 0.860 0.817 

CoCo 0.506 0.946 0.923 0.442 0.834 0.763 0.385 

CoCo* 0.962 0.979 0.970 0.827 0.901 0.859 0.756 

IcCo 0.447 0.699 0.570 0.402 0.733 0.619 0.390 

IcCo* 0.731 0.788 0.697 0.737 0.812 0.731 0.682 

AmCo 0.588 0.942 0.917 0.454 0.841 0.773 0.410 

AmCo* 0.962 0.979 0.970 0.827 0.901 0.859 0.791 

IaCo 0.282 0.678 0.540 0.327 0.724 0.606 0.336 

IaCo* 0.577 0.731 0.616 0.566 0.751 0.644 0.695 

CrCo 0.541 0.953 0.933 0.453 0.842 0.774 0.391 

CrCo* 0.962 0.979 0.970 0.830 0.903 0.861 0.749 

MaCo 0.488 0.931 0.901 0.440 0.836 0.766 0.393 

MaCo* 0.962 0.979 0.970 0.830 0.901 0.859 0.812 

CMCo 0.559 0.952 0.931 0.454 0.845 0.779 0.383 

CMCo* 0.962 0.979 0.970 0.827 0.902 0.860 0.749 

CtDp 0.452 0.728 0.611 0.413 0.745 0.636 0.387 

CtDp* 0.731 0.859 0.799 0.747 0.872 0.817 0.670 

CtIc 0.508 0.925 0.893 0.446 0.838 0.769 0.436 

CtIc* 0.875 0.982 0.974 0.748 0.900 0.857 0.781 

CtEl 0.438 0.787 0.696 0.418 0.810 0.729 0.410 

CtEl* 0.731 0.872 0.817 0.721 0.877 0.824 0.710 

CtRd 0.238 0.752 0.646 0.231 0.758 0.654 0.394 

CtRd* 0.4 0.796 0.709 0.396 0.773 0.676 0.639 

CtPr 0.385 0.665 0.521 - - - 0.644 

 

Tree comparison metrics of the full MCC trees obtained from different runs and the pruned 

MCC trees (marked by *). The values represent bipartition and quartet agreement values. The 

trees were compared to the main analysis that excluded controversial characters (CtCo). In ad-

dition, the mean values of the comparisons with all other trees are shown. Lastly, for each tree, 

the mean posterior probabilities of all clades are given. For all metrics, a value of 1.0 equals 

identical trees. CtPr represents a separate analysis with the same taxa as in the pruned MCC 

tree of the CtCo analysis. 
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Additional file 2: Data S1. Species list (separate file) 

This Excel file lists all species used in the analyses and includes a list of references. It further-

more lists corresponding stratigraphic horizons and their age ranges, and traditional views on 

the systematic assignment of each species (family and order level). 

 

Additional file 3: Data S2.  Measurements and conch parameters (separate 

file) 

Here, all measurements and the corresponding conch parameters for continuous characters are 

listed. Note that the measurements do not always represent raw values but are proportionally 

adjusted in cases where not all measurements could be taken from the same specimen at the 

same position. One specimen is always taken as reference specimen, this specimen is explicitly 

cited with figure and repository number. Repository numbers printed in bold represent that the 

specimens have not been tracked, i.e., the corresponding collections may have been moved or 

reorganized. Underlined repository numbers indicate that the measurements have been taken 

from the literature. In cases, where additional specimens were used for measurements, the val-

ues are underlined. Values that carry some uncertainty, e.g., due to poor preservation, are 

printed in bold. Institutional abbreviations are listed at the bottom end. 

 

Additional file 4: Data S3. Leaf stability indices and node distances (sepa-

rate file) 

This Excel file contains leaf stability indices and node distances obtained from the CtCo anal-

ysis. Abbreviations: END = Endoceratoidea; MUL = Multiceratoidea; ORTH = Orthoceratoi-

dea; PEY = Plectronocerida/Yanhecerida/Ellesmerocerida; AgeMCC = age of the taxon in the 

CtCo full MCC tree; lsDif = leaf stability index (difference); lsEnt = leaf stability index (en-

tropy); lsMax =leaf stability index (maximum); ct1mean = mean node distance to the closest 

tip in the MCC tree; ct2mean = mean node distance to the 2nd closest tip in the MCC tree; ; 

ct3mean = mean node distance to the 3rd closest tip in the MCC tree); ct1max = maximum node 

distance to the closest tip in the MCC tree; ct2max = maximum node distance to the 2nd closest 

tip in the MCC tree; ; ct3max = maximum node distance to the 3rd closest tip in the MCC tree. 

 

Additional file 5: Data S4. Nexus files (separate file) 

This zip-file contains all character matrices used for the analyses, including alternative charac-

ter scorings. 

 

Additional file 6: Data S5. BEAST files (separate file) 

All xml-files used for the analyses and the corresponding summary trees are combined in a 

single zip-file. 

 

Additional file 7: Data S6. R-script (separate file) 

This file contains the script file that was used to calculate node distances of the closest tips. 
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