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Abstract: Phylogenetic relationships within the helcionel-

loid molluscs have been difficult to establish. One of the rea-

sons for this is that qualitative approaches to investigating

morphological variation in this group have struggled to

identify clear patterns. An alternative method of identifying

these patterns is to study these organisms quantitatively.

Here this approach is exemplified by employing morphomet-

ric methods to investigate patterns of subtle morphological

variation in two species of Mackinnonia Runnegar in Bengt-

son et al. from Cambrian Series 2, Stages 3–4. Specifically, a
combination of elliptical Fourier and multivariate analyses

were conducted to study intra- and interspecific variation in

protoconch form as well as variation in ontogenetic trajec-

tory of the teleoconch of two species of Mackinnonia. The

material used consists of two assemblages of Mackinnonia

rostrata (Zhou & Xiao), from the Shackleton Limestone of

Antarctica and Ajax Limestone of Australia, and an assem-

blage of Mackinnonia taconica (Landing & Bartowski) from

the Bastion Formation of Greenland. Results of this study

show significant (p < 0.0001) differences in protoconch

shape between all three groups. Ontogenetic sequences of

outline curves truncated at successive rugae significantly

(p < 0.05) discriminate between M. rostrata and M. taconica.

These techniques uncovered significant intraspecific morpho-

logical variation of disparate assemblages of M. rostrata

despite shared qualitative features and structure a conceptual

framework for understanding such patterns of variation and

put this in the context of the incipient species concept.

Key words: morphometrics, elliptical Fourier analysis,

Mackinnonia, Cambrian Series 2, incipient species, Helcionel-

loida.

MOLLUSCS represent some of the earliest biomineralizing

metazoan groups of the Cambrian (Kouchinsky et al.

2012) and therefore have an important part to play in

understanding the ecological and organismal aspects of

the Cambrian Radiation (Vermeij 1990; Zhang & Shu

2014). The helcionelloids form a rich database of fossils

from which can be drawn information on the early evolu-

tion of molluscs. Their classification and relationship to

extant mollusc taxa has, however, proven to be problem-

atic. Earlier attempts to classify helcionelloids placed them

within or ancestral to the monoplacophorans, as untorted

and exogastrically coiled (e.g. Runnegar & Pojeta 1974).

Peel (1991) erected the class Helcionelloida to encompass

calcareous univalved cap-shaped molluscs which were

untorted and endogastrically coiled, inferred by observa-

tions of their functional morphology. This distinguishes

the group from the torted, endogastric gastropods and

the untorted, exogastric monoplacophorans. Subsequently

this was refined by Geyer (1994) who reinterpreted

pelagiellids as being exogastric and distinct from his

superfamily Helcionellacea. Parkhaev’s (2000, 2001) inter-

pretation of the functional anatomy of helcionelloids led

him to the conclusion that they are torted (excluding the

rectum and anus to account for the sub-apical siphonal

structures) and endogastric. This intepretation lead to the

erection of Archaeobranchia, a subclass within the gas-

tropods (Parkhaev 2002, 2017a). The mollusc class Para-

gastropoda was erected by Lindsey & Kier (1984) to

include anisostrophically coiled, untorted molluscs, and

includes the pelagiellids and aldanellids. This class was

established within the molluscs but with an implicit close

relationship to the gastropods and the understanding that

it is a paraphyletic organizational grade, rather than a

clade.

Much of this controversy stems from the inherent

complexity of the interpretation of qualitative features,

the approach commonly employed in helcionelloid sys-

tematics. Simpler, cap-shaped forms are typically defined

on general morphological shape (amount of recurvature,

rate of whorl expansion). Such continuous features
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should be ideally suited for quantitative techniques to

define and delineate species. Using this alternative

approach is likely to provide an objective foundation for

further phylogenetic analysis of the helcionelloids. This

approach is exemplified here using the genus Mackinnon-

ia Runnegar in Bengtson et al., 1990. Mackinnonia ros-

trata (Zhou & Xiao, 1984) serves as a good model to test

such quantitative techniques. Although they constitute

simple, cap-shaped forms, the genus is united in the

shared feature of transverse rugae (Runnegar in Bengtson

et al. 1990; Parkhaev in Gravestock et al. 2001), with

alternating polygonal aragonite imprints and smooth sur-

face on the ridges and valleys, respectively (Kouchinsky

2000; Vendrasco & Checa 2015). Mackinnonia rostrata is

a morphologically diverse species (Parkhaev in Gravestock

et al. 2001) that is widespread amongst Cambrian Series

2 rocks, including South Australia, north-east Greenland,

eastern USA and north China. Mackinnonia taconia

(Landing & Bartowski, 1996) differs from other species of

Mackinnonia in its erect morphology and lack of parietal

train, but retains the characteristic rugae (Skovsted 2004).

Also widespread, it is known from Cambrian Series 2

rocks of South Australia, north-east Greenland and east-

ern USA.

The subtle variations in morphology of this genus

make it an ideal group in which to test morphometric

techniques of quantifying shape differences of a purely

quantitative nature. This is done by analysing variation in

protoconch morphology within Mackinnonia to see dif-

ferences in juvenile morphology and also through

analysing ontogenetic variation within the group by also

analysing the supra-apical field (the longer, convex field

of the shell on the sagittal plane) of the teleoconch. To

this end, specimens from two assemblages of Mackin-

nonia rostrata from the Shackleton Limestone of Antarc-

tica (Fig. 1A–C) and the Ajax Limestone of Australia

(Fig. 1D–F), and one assemblage of Mackinnonia taconica

from the Bastion Formation of Greenland (Fig. 1G–I)
have been gathered.

Both assemblages of Mackinnonia rostrata demonstrate

similar morphologies, but with certain differences.

Table 1 includes a list of morphological characteristics of

M. rostrata, derived from systematic descriptions of South

Australian M. rostrata (Runnegar in Bengtson et al. 1990;

Parkhaev in Gravestock et al. 2001) and comments on the

presence and status of each characteristic across the two

assemblages. The general morphological features, such as

bilateral symmetry and lateral compression are common

across numerous helcionelloid specimens. Recurvature of

the shell in Antarctic specimens is usually greater than in

Australian specimens. The apertural ridge in Antarctic

specimens appears to be broken off in most specimens,

with most having irregular apertural margin. One notable

feature not present in Antarctic specimens is the lack of a

prominent transverse thickening beneath the apex. Aus-

tralian specimens typically have more prominent and lar-

ger rugae than Antarctic specimens. Overall the Antarctic

assemblage of M. rostrata resembles more closely M. ros-

trata specimens from the Bastion Formation of north-east

Greenland (Skovsted 2004, fig. 3A–H).

F IG . 1 . Examples of Mackinnonia

Runnegar in Bengtson et al., 1990

specimens used in the morphomet-

ric analysis. A–C, M. rostrata (Zhou

& Xiao, 1984) from the Shackleton

Limestone, East Antarctica; A,

SMNH Mo182501, B, SMNH

Mo182502, C, SMNH Mo182503.

D–F, M. rostrata from the Ajax

Limestone, South Australia; D, SAM

P 55483, E, SAM P 55484, F, SAM

P 55485. G–I, M. taconica (Landing

& Bartowski, 1996) from the Bas-

tion Formation, north-east Green-

land; G, SMNH Mo182504, H,

SMNH Mo182505, I, SMNH

Mo182506. All scale bars represent

200 lm.
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Taxonomy of the genus Mackinnonia

All material used here is exclusively steinkern material;

internal (in this case phosphatic) moulds of dissolved cal-

citic or aragonitic shells. The following shape collection

and analysis therefore refer specifically to the internal

morphology of the shell. Problems with species identifica-

tion in the genus Mackinnonia stem from problems com-

mon in the majority of steinkern-preserved specimens in

the lower Cambrian. Formation of phosphatic steinkerns

is intimately linked to high energy facies with high rates

of phosphate precipitation and sedimentation and the

formation of firmgrounds and true hardgrounds (Jacquet

et al. 2016). Although steinkerns retain information as

imprints on the internal surface of the shell, information

on the exterior is often lost, severely limiting the ability

to designate and identify species (Skovsted 2006, Jacquet

& Brock 2016).

Of the characteristics listed in Table 1, the presence of

rugae and a thickened apertural ridge seem to be the only

ones that unite the genus Mackinnonia. The species Mack-

innonia taconica (Landing & Bartowski, 1996) and Mack-

innonia puppis Høyberget et al., 2015 lack the parietal

train common to other species, and are the only high,

sub-orthoconic members of the genus. M. taconica has a

complex generic taxonomy, first placed in Stenotheca

Hicks, 1872 (Landing & Bartowski 1996) before being

removed and used as the type species of the genus ‘Aequi-

conus’ (Parkhaev in Gravestock et al. 2001). The taxon-

omy of Skovsted (2004), who placed M. taconica in its

current genus, is followed here on the basis of similar

protoconch morphology and identical pattern of crys-

talline imprints on the rugae (cf. Skovsted 2004, pp. 16–
19). The pattern and shape of shell microstructure left as

imprints on steinkerns can be considered a reliable char-

acteristic with which to unite taxa due to apparently low

levels of plasticity in shell microstructure (Vendrasco

et al. 2010) during a period of rapid evolution of

complex crystal arrangements in helcionelloid shells (Li

et al. 2017).

Parkhaev (2017b) considered Mackinnonia to be a

junior synonym to the parasitic sporozoan Mackinnonia

Janiszewska, 1963. This taxonomic opinion is not fol-

lowed here as the original paper does not include a full

description, type species or figures (Janiszewska 1963, p.

309). It should be considered a nomen nudum in accor-

dance with ICZN articles 12.1 and 13.1.

Aims

The aim of this paper is to demonstrate the relevance of

quantitative analysis to early mollusc phylogenetics by

morphometrically testing the affinity of Mackinnonia ros-

trata from East Antarctica with M. rostrata from the Ajax

Limestone of Australia as well as the contemporaneous

M. taconica of the Bastion Formation of Greenland. This is

done by morphometrically comparing the shape of the pro-

toconch from these assemblages. These results are used as a

foundation for a discussion of the phylogenetic relation-

ships of Mackinnona in particular and the concept of incip-

ient species in the fossil record in general. A secondary aim

is to present a method of quantitatively comparing and

illustrating the ontogenetic pathways of M. rostrata and

M. taconica in morphospace, and indicate the promising

potential of using morphometric ontogenetic data as a

diagnostic feature in future investigation on a broader

range of taxa. This second analysis involved analysing the

outline of the protoconch and teleoconch together.

Morphometrics

Morphometrics offer a powerful approach to help solve

the problems discussed earlier in determining relation-

ships within the helcionelloids. Morphometrics is a

TABLE 1 . Features of Mackinnonia, comparing M. rostrata specimens from the Shackleton Limestone and Ajax Limestone.

Characteristic Shackleton Limestone, East

Antarctica

Ajax Limestone, South

Australia

General

morphology

Bilaterally symmetrical Yes Yes

Laterally compressed Yes Yes

Cyrtoconic, recurved apex Yes, to a greater extent in most Yes

Rugae Rugae (‘comarginal ribs’) Yes Yes, more prominent

Transverse thickenings beneath the apex Sometimes, faint when present Yes

Apertural

morphology

Thickened apetural ridge Not preserved/present Yes, when preserved

Parietal train up-curved Yes Yes

Microstructure Protoconch smooth Yes Yes

Laminar impressions at base of protoconch Yes Yes

Polygonal impressions at tops of ridges Yes Yes

Smooth grooves after first groove Yes Yes
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quantitative approach to investigating morphological vari-

ation within and between groups. Using methods such as

geometric landmark-based techniques (e.g. Webster &

Sheets 2010) or outline analysis (e.g. Crampton 1995),

complex biological shapes are translated into numerical

values for statistical comparison. The benefit of this

approach is its independence from discrete characters;

two shapes with no discernibly different characters can

still be compared meaningfully.

The drawback to adopting a morphometric approach to

exploring morphological variation is its inability to

account for the qualitative aspects of variation, such as the

identification of homologous features, that character-based

approaches incorporate (Zelditch et al. 1995). For this rea-

son, the best approach for investigating morphological

variation and hence taxonomic diversity of helcionelloids

is considered to be a combined approach which uses mor-

phometric analyses as a foundation for further discussion

in which qualitative features can be assessed.

Morphometrics has previously seen little use in the

study of helcionelloids. Basic linear techniques have been

applied to the study of protoconch diameter (N€utzel et al.

2006, 2007) to infer larval ecological strategies. Neither

geometric nor outline techniques have been applied, how-

ever. Part of the reason for this is the lack of homologous

points for comparison by landmark-based techniques.

Elliptical Fourier analysis (EFA)

EFA (Kuhl & Giardina 1982) is a morphometric method

that describes the outline of shapes mathematically as a

series of curves known as harmonics. The number of har-

monics used increases the complexity of the shape that is

approximated, with one harmonic alone describing a sim-

ple ellipse or arc. Each harmonic is described by a set of

four elliptical Fourier descriptors (EFDs) creating a

numerical dataset highly suitable for multivariate analysis.

Crampton (1995) found that eight harmonics were nor-

mally sufficient to describe biological shapes.

The chief advantage of outline analyses such as eigen-

shape analysis (Lohmann 1983) and EFA relative to other

commonly employed landmark-based morphometric

methods (Bookstein 1997; Zelditch et al. 2012) is their

ability to quantify the total outline of a biological shape

without necessitating the identification of homologous

points or the reduction of a shape to a series of metrics.

For this reason, EFA is particularly well-suited for the

analysis of organisms or biological shapes with few dis-

cernible qualitative features or sets of organisms or shapes

which do not exhibit strongly variable morphology

(Haines & Crampton 2000).

EFA has been used successfully to explore a variety of

biological structures (e.g. Arnqvist 1998; Sforza et al.

1998; Schmittbuhl et al. 2001; Rowe & Dawson 2009). In

a palaeontological context, it has been used, for example,

to investigate the morphological variation of taxonomic

units (e.g. Tort 2003; Courville & Crônier 2005), test

macroevolutionary hypotheses (e.g. Foote 1989), study

ontogenetic patterns (e.g. Courville & Crônier 2005;

Novack-Gottshall & Burton 2014) as well as more recently

to investigate patterns of intraspecific variation in the fos-

sil record (Jackson & Budd 2017). This mode of analysis is

ideal for the study of morphological variation in helcionel-

loids due to their simple morphology and subtle variation

among presumably closely related specimens.

MATERIAL AND METHOD

Specimen collection and preparation

Fossils used for this analysis come from Cambrian Series 2,

Stage 3 or Stage 4 rocks, inferred by the presence of the

bradoriid arthropod Spinospitella coronata Skovsted et al.,

2006 and sclerites of the problematic bilaterian Cambrocla-

vus absonus Conway Morris in Bengtson et al., 1990 in the

same biohermal unit as the molluscan assemblages. This

allows for direct correlation with the recently defined Dai-

lyatia odyssei Zone of South Australia (Betts et al. 2016,

2017). Taxonomic treatment of specimens from the Shack-

leton Limestone is currently in preparation. They were col-

lected in the austral summer of 2011 from a well exposed

bioherm at the top of the formation. Specimens of Mack-

innonia taconica are from sample GGU-314835 of the

upper Bastion Formation of north-east Greenland, and

have been systematically treated by Skovsted (2004). Aus-

tralian Mackinnonia rostrata specimens are from the Ajax

Limestone in the Mount Scott Range, South Australia,

from unpublished material and uncertain horizon. M. ros-

trata has been described from the Mount Scott Range Ajax

Limestone previously (Bengtson et al. 1990). The speci-

mens used here can be distinguished from the similar form

Mackinnonia corrugata (Runnegar in Bengtson et al., 1990)

by the greater recurvature of the shell and rugae that do

not encircle the sub-apical field.

Phosphatic moulds were liberated from the surround-

ing limestone by ingestion in 10% acetic acid. Fossils

were coated in gold or palladium, mounted on stubs and

imaged in lateral view using scanning electron microscopy

at Uppsala University and the Swedish Museum of Natu-

ral History (Naturhistoriska Riksmuseet), Stockholm.

Carbon putty was used to mount specimens to ensure the

sagittal plane of the fossils used in the EFA were parallel

to the stub surface so that the outlines drawn follow the

plane. Specimens are deposited at the Swedish Museum

of Natural History (SMNH) and the South Australian

Museum (SAMP).
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Shape collection

Two areas were identified for analysis: the protoconch

and the supra-apical field. The supra-apical field is the

part of the teleoconch on the convex field of the shell, a

term which avoids assumptions concerning the anterior–
posterior polarity of the shell. The sub-apical field refers

to the opposite, usually concave field. The supra-apical

field was selected due to the large amount of information

pertinent to taxonomic descriptions that can be derived

from its outline. This includes the observable differences

listed in Table 1 and discussed in the introduction,

including the prominence of the ribs and the degree of

recurvature. The inclusion of the protoconch was chosen

to test for differences in the earliest stage of ontogeny of

the organisms.

Protoconch. Delineating the protoconch and teleoconch in

helcionelloids is difficult, especially when dealing with

phosphatized internal moulds, not original shell material.

As the helcionelloids are likely to be lecithotrophic direct-

developers (Chaffee & Lindberg 1986; N€utzel et al. 2006,

2007; Runnegar 2007; N€utzel 2014), they should lack a sec-

ond protoconch division, unlike post-Cambrian gastropods

(N€utzel 2014). Rather, they develop the adult teleoconch

directly from the protoconch. Other work on helcionelloids

that has involved measuring the protoconch used an arbi-

trary length from the apex for comparison of protoconchs

or at least the apical, oldest part of the shell (N€utzel et al.

2006, 2007).

Delineation of the protoconch from the teleoconch has

been made qualitatively, based on the preservation of cer-

tain criteria (cf. Parkhaev 2014). Although this technique

may be imperfect due to uncertainties in preservation, it

is probably a more accurate approach to protoconch

identification than an arbitrary linear measurement as it

uses biological features. Three criteria listed below have

been used for identification on the supra-apical field, and

the first two for the sub-apical field:

1. A change in shell microstructural imprints from

smooth and/or laminar to polygonal.

2. A notch or reduction in diameter close to the apex.

3. Where criterion 2 is not available, the initiation of

ruga 1.

The outline of each protoconch was then traced along

the shell between these two boundaries using a vector-

based graphics program and saved as a curve in an

image file. The choice of the supra-apical field was made

due to the large amount of information derivable from a

single line, encompassing the entire protoconch and

rugae morphology, which includes whorl expansion along

the sagittal plane and recurvature. These are all charac-

teristics often used in helcionelloid systematics. This also

avoids issues with the completeness of the internal

mould, as the line can be truncated at any identifiable

homologous point; in this case the protoconch–teleo-
conch boundary and successive rugae. In the analysis of

protoconch shape, three sets of fossils were analysed:

Mackinnonia rostrata from the Shackleton Limestone,

M. rostrata from the Ajax Limestone of South Australia

and M. taconica from the Bastion Formation of north-

east Greenland.

Successive growth stages. In order to construct ontoge-

netic series for each specimen, multiple outlines were

traced extending from the sub-apical termination of the

protoconch to successive rugae on the supra-apical field

(Fig. 2). The peak of each ruga served as the endpoint

for these outlines, also created using a vector-based

graphics program and saved as curves in individual

image files. These curves thus represent successive

growth stages of each individual shell. The analysis of

ontogenetic pathways includes two sets of fossils: Mack-

innonia rostrata from the Ajax Limestone of Australia

and M. taconica of the Bastion Formation of north-east

Greenland. The specimens of M. rostrata from Antarc-

tica lacked rugae clear enough to be included in this

analysis.

Shape analysis

The shapes used in the analysis were stored as black-and-

white bitmap images and translated first into chain code,

then EFDs using the SHAPE software suite (Iwata & Ukai

2002). Ten harmonics were used to approximate the

organisms’ shapes in the EFA. The resulting sets of 40

EFDs were analysed using principal component analysis

(PCA) and the shapes plotted along principal components

using JMP (SAS software; https://www.jmp.com). Analy-

ses of variance (ANOVA) and Student’s t-tests were per-

formed on the principal component scores to test for

significant differences between groups.

F IG . 2 . Illustration of ontogeny by outline growth per rugae of a

specimen ofMackinnonia rostrata (Zhou & Xiao, 1984) in lateral

view.
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Measurement error quantification

The degree of measurement error (ME) was tested using

a repeated measure test on protoconch outlines. Five

specimens of M. rostrata (three from the Ajax Limestone

and two from the Shackleton Limestone) were each digi-

tized five times independently. The outlines were then

analysed using EFA, as outlined above, and their EFDs

used to generate principal components of their variation.

The among-individuals variance was then compared to

the between-individuals variance (Arnqvist & M�artensson

1998) and the ME was determined to be 0.01% for PC1

(94.8%) and 0.28% for PC2 (3.35%). This ME is

regarded as negligible, particularly considering that the

repeated measure test was conducted on five specimens

of the simplest shape studied in this paper: the proto-

conch.

Institutional abbreviations. GGU, Geological Survey of Green-

land (now Geological Survey of Denmark and Greenland);

SAMP South Australian Museum, Adelaide, Australia; SMNH,

Stockholm Museum of Natural History (Naturhistoriska riksmu-

seet), Stockholm, Sweden.

RESULTS

Morphometric analysis of protoconchs

The protoconchs from the three sample groups all group

significantly separately along both axes (Fig. 3). The shape

described by PC1 (81.4%), varying between a recurved,

pronounced protoconch and a flat, rapidly expanding

protoconch, is significantly different between the three

groups (p < 0.0001), as is the shape (11.5%) described by

PC2 (p = 0.0071), varying between a recurved and an

expanding sub-apical field. Significant pair-wise differ-

ences (p < 0.001) are identified along both axes and

between all groups except between the two Mackinnonia

rostrata groups along PC2 (p > 0.05). In other words, the

two groups of M. rostrata display similar variation along

PC2 but are separated along PC1 of the morphospace.

F IG . 3 . Variation in morphology among Mackinnonia rostrata (Zhou & Xiao, 1984) from the Ajax Limestone of Australia (blue) and

from the Shackleton Formation of Antarctica (green) as well as Mackinnonia taconica (Landing & Bartowski, 1996) from the Bastion

Formation of Greenland (red). The shapes represent � 2 standard deviations along each axis.
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M. taconica is significantly different to both groups of

M. rostrata along both axes.

Morphometric analysis through ontogeny

Figure 4 illustrates the ontogenetic patterns of Mackin-

nonia rostrata and M. taconica. PC1 describes 61.4% of

the variation, between relatively tall morphologies and

flat, recurved morphologies, and PC2 describes 27.0%

and a variation between flat, recurved morphologies and

tall, rapidly expanding morphologies. The protoconchs of

M. rostrata all start at positions of a lower score on PC2

(i.e. taller and more rapidly expanding) and exhibit more

U-formed ontogenetic paths in this morphospace than

M. taconica, which display a markedly less U-shaped

growth pattern. The significance of the morphological

disparity between the two groups at successive ontoge-

netic stages along both principal components is given in

Table 2.

DISCUSSION

Protoconch analysis and the intraspecific variation of

M. rostrata

The results of the morphometric analysis of protoconchs

(Fig. 3) illustrates that not only is there a significant dif-

ference in morphology between Mackinnonia taconica and

both groups of M. rostrata, but that there is also a clear

morphological separation between the M. rostrata of

Antarctica and M. rostrata of Australia. Together the two

principal components of this analysis account for 92.9%

F IG . 4 . Ontogenetic pathways of Mackinnoia rostrata (Zhou & Xiao, 1984) (blue) and Mackinnonia taconica (Landing & Bartowski,

1996) (red) in a common morphospace. Each curve represents on individual’s movement through morphospace with growth. The first

node for each specimen is its protoconch followed by successive rugae. Directionality of the ontogeny is indicated by the arrow termi-

nating each curve. The shapes represent � 2 standard deviations along each axis. Trajectories marked A and B correspond to outlines

of Figure 5A, B.

JACKSON & CLAYBOURN: MORPHOMETRIC ANALYS IS OF MACKINNONIA 7



of the variation in shape. M. taconica is separated from

M. rostrata along both of these axes whereas the two ros-

trata groups are separated along PC1, describing 81.4% of

the variation alone.

Specifically, the protoconchs of Mackinnonia taconica

exhibit a much higher degree of recurvature (PC1 in

Fig. 3) than the two groups of M. rostrata, which are also

morphologically separated by their degree of recurvature,

with the M. rostrata of Antarctica being more recurved

than those of Australia. The morphological variation

described by PC2 is between specimens with a recurved

sub-apical field and those with an expanding one. The

variability in protoconch shape indicates that variation

between the Australian and Antarctic samples began early

in ontogeny, during the larval, lecithotrophic life stage. As

M. rostrata and M. taconica have been described as two

separate species (see Parkhaev in Gravestock et al. (2001)

and Skovsted (2004) for the most recent systematic treat-

ments) it is unsurprising that they inhabit significantly

different positions in this morphospace. However, being

able to reliably identify the affinity of a Mackinnonia

specimen using the protoconch alone is perhaps more

unexpected. Even more remarkable is the significant

(p < 0.0001) difference detected between the two groups

of M. rostrata.

The implications of the protoconch alone being diag-

nostically sufficient could prove useful for classification of

helcionelloids, and yield more insightful data on the

ontogeny of early molluscs. The ability to quantitatively

analyse continuous variation within and across species’

protoconchs could be a useful tool, especially as hel-

cionelloids lack discrete features for more traditional

techniques such as landmark morphometrics. Intraspecific

variation between localities and assemblages has implica-

tions not only for these helcionelloids in particular, but

also for the study of morphological variation in general.

Ontogenetic pathways in morphospace

The translation of morphology into quantitative data

rather than discrete units expresses variation along a con-

tinuum, allowing for the identification of more subtle

patterns of variation than may otherwise be detected. The

analysis of shape variation in protoconchs discussed

above expressed such subtle variation in terms of group-

ings and distances in a morphospace. In other words,

organismal shape was translated into continuous values

and plotted along morphological spectra.

However, as well as being analysed in terms of its static

position along a morphological continuum, an organism

can also be described in terms of its ontogenetic trajec-

tory through a morphospace. Figure 4 maps such ontoge-

netic trajectories of Mackinnonia taconica and M. rostrata

by comparing their outline at successive ontogenetic

stages. The M. rostrata used for this analysis are those

from Australia only, as the rugae of Antarctic specimens

are not well preserved.

A clear difference in ontogenetic trajectory is illustrated

between Mackinnonia taconica and M. rostrata such that

the ontogenetic pathway of a specimen can be used as a

reliable diagnostic feature. Table 2 gives the significance

of the separation of the two groups along PC1 and PC2

at successive ontogenetic stages. At each stage at least one

of the morphospace axes significantly separates the spe-

cies. This shows that not only a specimen’s static position

in a morphospace can be considered a diagnostic feature,

but also its trajectory through this morphospace along its

ontogenetic sequence.

The ontogenetic trajectories can be characterized in

two ways: the difference between the two species and the

changes along each trajectory. Along its trajectory marked

in Figure 4, Mackinnonia taconica varies by increasing the

length of its supra-apical field. This can be clearly dis-

cerned from their simple cap-shaped morphology. M. ros-

trata follows a similar trajectory, but over a much shorter

Euclidean distance in Figure 4, with some specimens with

much lower PC1 and PC2 values, indicating the supra-

and sub-apical fields remain relatively similar lengths.

Two specimens (marked A: M. rostrata and B: M. tacon-

ica on Fig. 4) have their rib-by-rib growth shown in Fig-

ure 5. The shapes created by the EFA are rotated by the

software so are not aligned as in Figure 4. The outlines

shown in Figure 5, however, still follow the relative onto-

genetic trajectories in Figure 4. Both specimens move to

more negative values along PC2 for the first three ribs

after the protoconch, with lesser movement to more posi-

tive values on PC1. After this the trajectories diverge:

M. taconica continues in a curve whereby newer ribs

move to higher PC1 values whereas M. rostrata follows a

TABLE 2 . Comparison of p-values from two-tailed t-tests between increasingly ontogenetically advanced outlines of Mackinnonia ros-

trata from the Ajax Limestone, South Australia and M. taconica from the Bastion Formation, north-east Greenland.

Axis Protoconch Ruga 1 Ruga 2 Ruga 3 Ruga 4 Ruga 5 Ruga 6

PC1 0.0274 0.0566 0.0985 0.0443 0.0016 <0.0001 0.0032

PC2 <0.0001 <0.0001 <0.0001 0.0009 0.1054 0.4090 0.6087

Numbers in bold indicate a significant separation of the groups (p < 0.05).
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U-shaped path. This pattern for M. rostrata indicates that

it grows from a more reclined protoconch to a more cap

shaped form and back again (displayed by the � standard

deviation outlines for PC2 on Fig. 4). This is reflected in

Figure 5 where, after the third rib, the profile becomes

more recurved in M. rostrata.

The similarity in trajectory for both Mackinnonia tacon-

ica and M. rostrata for the first three ribs of the teleoconch

may indicate that controls for the earlier growth of the

supra-apical field are similar and the divergence in the

mode of growth for these two species only occurs later in

ontogeny. This contrasts with the sub-apical field, which is

greatly reduced immediately after post-juvenile growth in

M. rostrata and grows very little through ontogeny com-

pared to M. taconica where it develops at roughly the same

rate as the supra-apical field, giving M. taconica its distinct

high profile (Fig. 1G–I). This also contrasts the differences

in protoconch morphology, that are significantly different

in the PCA of their outlines (Fig. 3). The implications of

this suggest that care should be taken when identifying

juvenile specimens, and incomplete steinkerns of Mackin-

nonia that are missing either the sub-apical field or parts

of the teleoconch after rib 3. Therefore, the morphology of

the supra-apical field may not be so taxonomically infor-

mative.

This novel methodology of quantifying not merely

shape variation alone but also changes in shape variation

across ontogenetic trajectories is very promising. Compar-

ing ontogenetic pathways between species or assemblages

of the same species is likely to provide new data revealing

more subtle patterns of evolution than are captured in an

analysis that studies shape as a static feature.

Mackinnonia phylogeny

A conclusion of this analysis is that the division of Mack-

innonia rostrata and M. taconica into separate species is

indeed a logically sound one. Specimens of these two spe-

cies can be distinguished with statistically significant accu-

racy in both a common morphospace of protoconchs

(Fig. 3) and an analysis of their ontogenetic pathways

through a common morphospace (Fig. 4 and Table 2).

More intriguingly the analysis of morphological varia-

tion between protoconchs of the two assemblages of

Mackinnonia rostrata suggests that, if the morphometric

analysis were taken alone, these should be best regarded

as separate species. The underlying and usually implicit

assumption employed in analyses such as this is that mor-

phological disparity is indicative of taxic diversity. In the

study of palaeontological material, where essentially the

only available feature of a specimen by which its phyloge-

netic position can be inferred is its morphology, it is

unsurprising that this assumption is made.

What this morphological variation means precisely and

how it should be interpreted in a phylogenetic sense are

not straightforward theoretically, particularly in regards to

species in the fossil record (Simpson 1951; Allmon 2016).

This paper has illustrated that quantitative methods of

studying variation in shape as a continuum provide high-

resolution data capable of capturing morphological differ-

ences between species. However, this approach has also

uncovered significant intraspecific variation, calling into

F IG . 5 . Outlines of A, Mackinnonia rostrata (Zhou & Xiao,

1984) specimen from the Ajax Limestone, South Australia, and

B, Mackinnonia taconica (Landing & Bartowski, 1996) from the

Bastion Formation, north-east Greenland. Outlines correspond

to the points of trajectories marked A and B in Figure 4. Scale

bar represents 200 lm.
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question whether or not M. rostrata of Antarctica and

M. rostrata of Australia ought to be considered members

of the same species or what else, if anything, this varia-

tion otherwise indicates.

Allmon & Sampson (2016) outlined a framework for

understanding speciation in the fossil record based on

populations’ isolation and persistence as new species. This

framework can be used to put into context the observa-

tions made in this analysis, if not explicitly followed step-

by-step. The similar qualitative differences (see Table 1)

but quantitative differences of the two geographically

distinct assemblages of Mackinnonia rostrata could be

considered incipient species. According to Allmon &

Sampson’s (2016) framework, the formation of incipient

species is the first step on the way to speciation (Allmon

& Sampson 2016, fig. 4.3). The outcome of this variation

is unclear; it cannot yet be ascertained whether different

species become established or the two potential lineages

re-merge at a later date. A third option may be the as-yet

undiscovered presence of a continuum of variation along

the continental margin of East Gondwana between South

Australia and East Antarctica. This is reflected in the

open-ended hypothetical phylogeny presented in Figure 6,

entering the phylogenetic ‘Grey Zone’ of incipient specia-

tion (de Queiroz 2007).

Quantitative testing produces a more objective repre-

sentation of variation in morphology. By producing a

quantitative framework, qualitative observations can be

interpreted in a clearer context. Synthesizing these two

approaches therefore creates a more robust framework in

which to define and delimit species, illustrated here by

the analysis of Mackinnonia. Limits to utilizing qualitative

discrete characters are often difficult to overcome, partic-

ularly when using steinkerns, which only preserve a

mould of the interior structure of the shell. Quantitative

modes of analysis such as EFA are ideal in such situations

where subtle variation occurs and homologous points are

not easily identified for geometric and landmark-based

morphometric techniques (Haines & Crampton 2000).

Quantitative comparison cannot be made prior to the

qualitative identification of characters (i.e. the protoconch

and supra-apical fields of this study) which are to be

measured. As such, morphometric methods can be used

to refine and identify previously subtle variation in the

case of two assemblages with very similar qualitative char-

acters (Table 3). This can be used to identify and define

assemblages in the fossil record that may be incipient

species.

For example, closely allied species of helcionelloids have

previously been recognized in the fossil record. Of these,

Pelagiella subangulata (Tate, 1892) and Pelagiella madia-

nensis Zhou & Xiao, 1984, both members of the asymmet-

rically coiled pelagiellids, have been recognized as potential

sister-species (Parkhaev in Gravestock et al. 2001). A sur-

vey of co-occurring morphologies present in Cambrian

Series 2, Stage 3–4 sedimentary rocks of South Australia

showed they are roughly bimodal, but with the majority of

specimens appearing to fall between the two endmember

morphologies, with juvenile shells indistinguishable (Par-

khaev in Gravestock et al. 2001, p. 194). EFA may be useful

in better defining these two species using rates of whorl

expansion, aperture shape and profile, characteristics usu-

ally used in their systematic treatment (e.g. Runnegar in

Bengtson et al. 1990; Parkhaev in Gravestock et al. 2001;

Wrona 2003; Brock & Percival 2006; Topper et al. 2009).

Further investigation of other Cambrian mollusc groups

may also yield some insights into closely allied species.

CONCLUSION

Morphometric analyses of Mackinonnia identified signifi-

cant morphological variation between M. rostrata and

M. taconica (Figs 3 and 4; Table 2) as well as between

geographically separated assemblages of M. rostrata. The

presence of morphological variation of both a quantitative

and qualitative nature supports the classification of

M. rostrata and M. taconica as separate species. The

morphological differences between the M. rostrata assem-

blages, however, is only quantitative without accompany-

ing qualitative differences. In the context of speciation in

the fossil record, these assemblages are considered incipi-

ent species; that the populations may be precursors to

isolation and speciation (Fig. 6; Allmon & Sampson,F IG . 6 . Illustration of the incipient species concept.

TABLE 3 . The combination of qualitative and quantitative

morphological variation and their implications in terms of mor-

phospecies delimitation.

No qualitative

differences

Qualitative

differences

No quantitative differences Same species Not possible

Quantitative differences Incipient species Separate species
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2016). The clarification of the relationship between quan-

titative and qualitative morphological variation (Table 3)

provides a groundwork for synthesizing traditionally

quantitative systematics with morphometric analyses, such

as EFA, which are sensitive to subtle and continuous vari-

ation in form.

This may prove useful in clarifying the phylogeny of

the helcionelloids both internally and with respect to their

stem-group status within the molluscs. Informal (e.g.

Runnegar & Pojeta 1974; Geyer 1994; Parkhaev 2002) and

cladistic (Wagner 2002) attempts to use helcionelloids to

reconstruct phylogenies have yielded useful insights.

Building upon these insights and synthesizing qualitative

and quantitative morphometric techniques will prove

valuable in expanding our understanding of these rela-

tionships. Further correlation with environmental differ-

ences between East Antarctica and South Australia may

allow for testing of hypotheses linking this morphological

variation to environmental conditions.
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COURVILLE, P. and CRÔNIER, C. 2005. Diversity or dis-

parity in the Jurassic (Upper Callovian) genus Kosmoceras

(Ammonitina): a morphometric approach. Journal of Paleon-

tology, 79, 944–953.
CRAMPTON, J. S. 1995. Elliptic Fourier shape analysis of fos-

sil bivalves: some practical considerations. Lethaia, 28, 179–
186.

FOOTE, M. 1989. Perimeter-based Fourier analysis: a new

morphometric method applied to the trilobite cranidium.

Journal of Paleontology, 63, 880–885.
GEYER, G. 1994. Middle Cambrian molluscs from Idaho and

early conchiferan evolution. New York State Museum Bulletin,

481, 69–86.
GRAVESTOCK, D. I., ALEXANDER, E. M., DEMI-

DENKO, Yu. E., ESAKOVA, N. V., HOLMER, L. E.,

JAGO, J. B., L IN, T.-R., MELNIKOVA, L. M., PAR-

KHAEV, P. Yu., ROZANOV, A. Y., USHANTISKAYA,

G. T., ZANG, W.-L., ZHEGALLO, E. A. and ZHU-

RAVLEV, A. Yu., 2001. The Cambrian biostratigraphy of the

Stansbury Basin, South Australia. Transactions of the Palaeon-

tological Institute, 282, 345 pp.

HAINES , A. J. and CRAMPTON, J. S. 2000. Improvements

to the method of Fourier shape analysis as applied in morpho-

metric studies. Palaeontology, 43, 765–783.
HICKS, H. 1872. On some undescribed fossils from the Mene-

vian Group of Wales. Quarterly Journal of the Geological Soci-

ety of London, 28, 173–185.
HØYBERGET, M., EBBESTAD, J. O. R., FUNKE, B. and

NAKREM, H. A. 2015. The shelly fauna and biostratigraphy

of the lower Cambrian (provisional series 2, stage 4) Evjevik

Member, Ringstrand Formation in the Mjøsa area, Norway.

Norwegian Journal of Geology, 95, 23–56.

JACKSON & CLAYBOURN: MORPHOMETRIC ANALYS I S OF MACKINNONIA 11

https://doi.org/10.5061/dryad.5b7n3


IWATA, H. and UKAI, Y. 2002. SHAPE: a computer program

package for quantitative evaluation of biological shapes based on

elliptical Fourier descriptors. Journal of Heredity, 93, 384–385.
JACKSON, I. S. C. and BUDD, G. E. 2017. Intraspecific

morphological variation of Agnostus pisiformis, a Cambrian

Series 3 trilobite-like arthropod. Lethaia, 50, 467–485.
JACQUET, S. M. and BROCK, G. A. 2016. Lower Cambrian

helcionelloid macromolluscs from South Australia. Gondwana

Research, 36, 333–358.
-BETTS, M. J. and BROCK, G. A. 2016. Phosphate,

facies and fossilisation of Cambrian molluscs. 36. In LAU-

RIE , J. R., KRUSE, P. D., GARC�IA-BELLIDO, D. C.

and HOMES, J. D. (eds). Palaeo Down Under 2, Adelaide 11-

15th July 2016, Geological Society of Australia Abstracts, 117.

JANISZEWSKA, J. 1963. Stan bada�n nad faunaz paso_zyt�ow

bezkrezgowc�ow w Polsce. Wiadomo�sci Parazytologiczne, 9, 307–
315. [in Polish]

KOUCHINSKY, A. 2000. Shell microstructures in Early Cam-

brian molluscs. Acta Palaeontologica Polonica, 45, 119–150.
-BENGTSON, S., RUNNEGAR, B., SKOVSTED, C.,

STEINER, M. and VENDRASCO, M. 2012. Chronology

of early Cambrian biomineralization. Geological Magazine,

149, 221–251.
KUHL, F. P. and GIARDINA, C. R. 1982. Elliptic Fourier

features of a closed contour. Computer Graphics & Image Pro-

cessing, 18, 236–258.
LANDING, E. D. and BARTOWSKI , K. E. 1996. Shelly fossils

from the Taconic Allochthon and late Early Cambrian sea-levels

in eastern Laurentia. Journal of Paleontology, 70, 741–761.
LI , L., ZHANG, X., YUN, H. and LI , G. 2017. Complex

hierarchical microstructures of Cambrian mollusk Pelagiella:

insight into early biomineralization and evolution. Scientific

Reports, 7, 1935.

LINDSEY, R. M. and KIER, W. M. 1984. The Paragas-

tropoda: a proposal for a new class of Paleozoic mollusca.

Malacologia, 25, 241–254.
LOHMANN, G. P. 1983. Eigenshape analysis of microfossils: a

general morphometric procedure for describing changes in

shape. Mathematical Geology, 15, 659–672.
NOVACK-GOTTSHALL, P. M. and BURTON, K. 2014.

Morphometrics indicates giant Ordovician macluritid fossil

gastropods switched life habit during ontogeny. Journal of

Paleontology, 88, 1050–1055.
N €UTZEL, A. 2014. Larval ecology and morphology in fossil

gastropods. Palaeontology, 57, 479–503.
-LEHNERT, O. and FR �YDA, J. 2006. Origin of plank-

totrophy-evidence from early molluscs. Evolution & Develop-

ment, 8, 325–330.
---2007. Origin of planktotrophy-evidence from

early molluscs: a response to Freeman and Lundelius. Evolu-

tion & Development 9, 307–310.
PARKHAEV, P. Yu. 2000. The functional morphology of the

Cambrian univalved mollusks-helcionellids. 1. Paleontological

Journal, 34, 392–399.
-2001. The functional morphology of the Cambrian univalved

mollusks-helcionellids. Paleontological Journal, 35, 470–475.
-2002. Phylogenesis and the system of the Cambrian uni-

valved molluscs. Paleontological Journal, 36, 25–36.

-2014. Protoconch morphology and peculiarities of the early

ontogeny of the Cambrian helcionelloid mollusks. Paleontolog-

ical Journal, 48, 32–40.
-2017a. On the position of Cambrian Archaeobranchia in

the system of the Class Gastropoda. Paleontological Journal,

51, 3–12.
-2017b. Davidonia nom. nov., a new substitute name for a

Cambrian gastropod genus. Paleontological Journal, 51, 574.

PEEL, J. S. 1991. Functional morphology of the class Helcionel-

loida nov., and the early evolution of the Mollusca. 157–177.
In SIMONETTA, A. M. and CONWAY MORRIS , S.

(eds). The early evolution of the Metazoa and the significance of

problematic taxa. Cambridge University Press, 296 pp.

QUEIROZ, K. DE 2007. Species concepts and species delimita-

tion. Systematic Biology, 56, 879–886.
ROWE, L. E. and DAWSON, S. M. 2009. Determining the

sex of bottlenose dolphins from Doubtful Sound using dorsal

fin photographs. Marine Mammal Science, 25, 19–34.
RUNNEGAR, B. 2007. No evidence for planktotrophy in

Cambrian molluscs. Evolution & Development, 9, 311–312.
-and POJETA, J. 1974. Molluscan phylogeny: the paleon-

tological viewpoint. Science, 186, 311–317.
SCHMITTBUHL, M., MINOR, J. M. LE, TARONI , F.

and MANGIN, P. 2001. Sexual dimorphism of the human

mandible: demonstration by elliptical Fourier analysis. Interna-

tional Journal of Legal Medicine, 115, 100–101.
SFORZA, C., MONTORSI , F., BIANCHI , A. and FER-

RARIO, V. F. 1998. Quantitative analysis of penile ultra-

sonographic shape during the erectile cycle: a new diagnostic

tool for erectile dysfunction? Repeatability of the method and

preliminary results. International Journal of Impotence

Research, 10, 203–210.
S IMPSON, G. G. 1951. The species concept. Evolution, 5, 285–
298.

SKOVSTED, C. B. 2004. Mollusc fauna of the Early Cambrian

Bastion Formation of north-east Greenland. Bulletin of the

Geological Society of Denmark, 51, 11–37.
-2006. Small shelly fauna from the upper lower Cambrian

Bastion and Ella Island Fomations, North-East Greenland.

Journal of Paleontology, 80, 1087–1112.
-BROCK, G. A. and PATERSON, J. R. 2006. Bivalved

arthropods from the Lower Cambrian Mernmerna Formation,

Arrowie Basin, South Australia and their implications for

identification of Cambrian ‘small shelly fossils’. Memoirs of the

Association of Australasian Palaeontologists, 32, 7–41.
TATE, R. 1892. The Cambrian fossils of South Australia. Trans-

actions of the Royal Society of Southern Australia, 15, 183–189.
TOPPER, T. P., BROCK, G. A., SKOVSTED, C. B. and

PATERSON, J. R. 2009. Shelly fossils from the lower Cam-

brian Pararaia bunyerooensis Zone, Flinders Ranges, South

Australia. Memoirs of the Association of Australasian Palaeon-

tologists, 37, 199–246.
TORT, A. 2003. Elliptical Fourier functions as a morphological

descriptor of the genus Stenosarina (Brachiopoda, Terebratul-

ida, New Caledonia). Mathematical Geology, 35, 873–885.
VENDRASCO, M. J. and CHECA, A. G. 2015. Shell

microstructure and its inheritance in the calcitic helcionellid

Mackinnonia. Estonian Journal of Earth Science, 64, 99–104.

12 PALAEONTOLOGY



-PORTER, S. M., KOUCHINSKY, A., LI , G. and

FERNANDEZ, C. Z. 2010. New data on molluscs and their

shell microstructures from the middle Cambrian Gowers For-

mation, Australia. Palaeontology, 53, 97–135.
VERMEIJ , G. J. 1990. The origin of skeletons. PALAIOS, 4,

585–589.
WAGNER, P. J. 2002. Phylogenetic relationships of the earliest

anisotrophically coiled gastropods. Smithsonian Contributions

to Paleobiology, 88, 1–152.
WEBSTER, M. and SHEETS, D. 2010. A practical introduc-

tion to landmark-based geometric morphometrics. The Pale-

ontological Society Papers, 16, 168–188.
WRONA, R. 2003. Early Cambrian molluscs from glacial errat-

ics of King George Island, West Antarctica. Polish Polar

Research, 25, 181–216.

ZELDITCH, M. L., F INK, W. L. and SWIDERSKI , D. L.

1995. Morphometrics, homology, and phylogenetics: quanti-

fied characters as synapomorphies. Systematic Biology, 44,

179–189.
-SWINDERSKI , D. L. and SHEETS , H. D. 2012. Geo-

metric morphometrics for biologists: a primer. Academic Press,

488 pp.

ZHANG, X. L. and SHU, D. G. 2014. Causes and conse-

quences of the Cambrian explosion. Science China: Earth

Sciences, 57, 930–942.
ZHOU, B. and XIAO, L. 1984. Early Cambrian monopla-

cophorans and gastropods from Huainan and Huoqiu

Counties, Anhui Province. Professional Papers in Stratigraphy

& Palaeontology, 13, 125–140. [in Chinese, English sum-

mary]

JACKSON & CLAYBOURN: MORPHOMETRIC ANALYS I S OF MACKINNONIA 13


