
Species of Dickinsonia Sprigg from the Ediacaran of

South Australia

by SCOTT D. EVANS1,6 ,* , GENE HUNT2, JAMES G. GEHLING3,

ERIK A. SPERLING4 and MARY L. DROSER5

1Department of Geosciences, Virginia Tech, Blacksburg, VA 25061, USA
2Department of Paleobiology, Smithsonian Institution, National Museum of Natural History, Washington, DC 20560, USA
3Department of Palaeontology, South Australia Museum, Adelaide, SA Australia
4Department of Geological Sciences, Stanford University, Stanford, CA 94305, USA
5Department of Earth & Planetary Sciences, University of California Riverside, Riverside, CA 92521, USA
6Current address: Department of Earth, Ocean, & Atmospheric Sciences, Florida State University, Tallahassee, FL 32304, USA; sdevans@fsu.edu

*Corresponding author

Typescript received 15 June 2022; accepted in revised form 26 September 2022

Abstract: An iconic member of the Ediacara Biota, Dickin-

sonia Sprigg is one of few such taxa with multiple species. Here

we use Gaussian finite mixture models to assess the validity of

species distinctions for this genus. Our results indicate that the

five described species of Dickinsonia from the Ediacara Mem-

ber, South Australia are better classified as two based on multi-

ple approaches. Two different methods for dimension

reduction both provide strong support for two groups, with

overlapping but distinct mixture models. The variable selec-

tion method produces the most biologically realistic clusters,

indicating that the two species can be primarily differentiated

based on the greater relative size of the anterior most unit of

Dickinsonia costata Sprigg compared with Dickinsonia tenuis

Glaessner & Wade. Despite differences in aspect ratio and

number of modules, both species regulated growth to main-

tain overall shape. The greater likelihood of preservation of a

midline and an irregular outer margin in D. tenuis highlights

differential structural integrity and flexibility. Co-occurrence

in the Ediacara Member indicates that both species occupied

the same environments and temporal distribution. Smaller

maximum and average size for D. costata, combined with

higher abundance, may suggest a comparatively shorter lifes-

pan and increased rates of reproduction.

Key words: Dickinsonia, Ediacara Biota, Ediacaran, mor-

phospecies, taxonomy.

DICKINSONIA Sprigg, 1947 is one of the most studied taxa

from the Ediacara Biota; the earliest complex, macro-

scopic, community forming organisms in the fossil record

(e.g. Narbonne 2005; Xiao & Laflamme 2009; Droser &

Gehling 2015). Over this long history of study the genus

has been aligned with a variety of living and extinct

groups both within and outside Metazoa (e.g. Wade 1972;

Seilacher 1989, 1992; Valentine 1992; Dzik 2003; Seilacher

et al. 2003; Zhang & Reitner 2006; Retallack 2007; Sper-

ling & Vinther 2010). Recent descriptions support Dickin-

sonia as belonging to an extinct clade of metazoans (Gold

et al. 2015; Evans et al. 2017, 2019a, 2021; Hoekzema

et al. 2017; Bobrovskiy et al. 2018, 2019; Dunn et al. 2018;

Ivantsov & Zakrevskaya 2021).

Hundreds of specimens of Dickinsonia have been docu-

mented from well-known Ediacaran localities in South

Australia (Gehling & Droser 2013; Evans et al. 2017) and

the White Sea region of Russia (Grazhdankin 2014;

Zakrevskaya & Ivantsov 2017). Recent discoveries suggest

an even greater palaeogeographical distribution than pre-

viously recognized (e.g. Wang et al. 2021). Although

probably restricted to the White Sea assemblage, the mid-

dle of three temporally distinct Ediacara faunal assem-

blages (Waggoner 2003), Dickinsonia has a relatively

broad stratigraphic distribution, potentially spanning sev-

eral millions of years (Zakrevskaya & Ivantsov 2017; Yang

et al. 2021). Specimens preserved in a variety of shallow

marine depositional settings further demonstrate that it

was an environmental generalist (e.g. Gehling &

Droser 2013).

Trace fossils produced by Dickinsonia represent some

of the earliest evidence for animal mobility (Ivantsov &

Malakhovskaya 2002; Gehling et al. 2005; Sperling &

Vinther 2010; Evans et al. 2019a). These were produced

by the removal of organic matter lining the Ediacaran

seafloor, probably related to feeding through the ventral

surface (Ivantsov & Malakhovskaya 2002; Sperling &

Vinther 2010; Ivantsov 2011; Evans et al. 2019a). Rare

sets of multiple distinct traces demonstrate periodic

mobility over relatively short timescales, attributed to

muscular activity (Gehling et al. 2005; Evans et al.

2019a). Specimens preserved in a range of taphonomic
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states indicate the relative resiliency of Dickinsonia for a

soft-bodied organism (Gehling & Droser 2013). Variable

observed responses to forces, including comparison of

stretched specimens with the extensibility of modern tis-

sues, support the presence of collagen, one of the most

ubiquitous biopolymers in animals today (Evans et al.

2019b).

An outlier amongst more typically monospecific genera

from the Ediacara Biota, Dickinsonia has six currently rec-

ognized species: D. costata Sprigg, 1947, D. tenuis Glaessner

&Wade, 1966, D. lissaWade, 1972,D. brachinaWade, 1972,

D. menneri Keller & Fedonkin, 1977, and D. rex

Jenkins, 1992 (Fig. 1). In the more than 70 years since this

genus was first described continued exploration has

revealed hundreds of new specimens, with D. costata more

abundant by an order of magnitude in South Australia.

The goal of this contribution is to quantitatively reas-

sess the number of species for Dickinsonia. Cluster analy-

sis has previously been demonstrated to be a useful

technique for investigating taxonomic relationships of the

Ediacara Biota (e.g. Kenchington & Wilby 2017). There-

fore, we use mixture models to identify clusters of mor-

phologically similar specimens of Dickinsonia, which we

interpret to represent distinct species. This approach

requires no a priori assumptions about such groupings,

providing a statistical basis for distinctions. Incorporation

of qualitative data (e.g. presence/absence, taphonomic

grade) further supports mixture model results, suggesting

that this is a robust method for identifying discrete mor-

phologies. Although these necessarily represent morphos-

pecies (as opposed to biological species) the quantitative

framework presented can be used to resolve similar taxo-

nomic issues, especially for enigmatic, soft-bodied fossil

taxa such as those that are common in the Ediacara Biota

as well as Phanerozoic lagerst€atten.

Dickinsonia morphology

Specimens of Dickinsonia range from less than 5 mm to

more than 800 mm in total length (Sprigg 1947; Jenk-

ins 1992; Evans et al. 2017). Dickinsonia is divided down

the long axis by a central groove, which in life would

have been a ridge or furrow. Following previous authors

(e.g. Runnegar 1982; Gehling et al. 2005; Gold et al. 2015;

Evans et al. 2017) we refer to this feature as the midline;

it exhibits variable expression in different specimens

(Fig. 1; Evans et al. 2021). Repeated units, or modules,

extend from the outer margin and run perpendicular to

the midline (Fig. 2A). We consider a module to be the

entire transverse unit extending from one end of the

outer margin to the other and across the midline, follow-

ing previous descriptions (e.g. Runnegar 1982; Jenk-

ins 1992; Hoekzema et al. 2017). An undivided region at

the anterior is referred to as the anterior most unit

(AMU). Although rare exceptions exist (see Evans

et al. 2021, text-fig. 1e, h), in most cases the midline cor-

responds to the long axis. Total length is measured paral-

lel to the midline, and total width perpendicular to it.

Length and width of each module and the AMU are

assigned based on the closest parallel axis (Fig. 2B). To

allow analysis of a greater number of incomplete speci-

mens, module width is measured from midline to outer

margin (see Fig. 2A) and so represents half of the total

module width. Length at the outer margin (LOM) is typi-

cally greater than or equal to length at the midline (LM).

Dickinsonia grew by the addition and inflation of repeated

units, however, significant variability has been recognized,

especially in module number relative to overall body size

(Evans et al. 2017, 2021).

History of species distinctions

Initial description of Dickinsonia was based on two speci-

mens from the Ediacara Hills of South Australia

(Sprigg 1947). One was assigned as the type of D. costata

(Fig. 1A). Two years later, and with the recovery of nine

additional specimens, a second species was described:

Dickinsonia minima Sprigg, 1949 (Fig. 1B). Distinctions

were based on the size and density of modules, with

D. minima smaller (<60 mm) and containing more mod-

ules per unit length. A third species, D. spriggi Harrington

& Moore, 1955, was added based on the 2:1 ratio of total

length to width observed in a single specimen (Fig. 1C).

Collection of an order of magnitude more Dickinsonia

from South Australia led to subsequent redescription

(Glaessner & Wade 1966). More than 250 specimens

‘bridged the apparent gap’ separating D. costata and

D. minima and the length to width ratio of D. spriggi was

considered an overestimate (Glaessner & Wade 1966).

These species were synonymized to D. costata (Glaessner &

Wade 1966).

Glaessner & Wade (1966) also named two new species.

Dickinsonia elongata (Fig. 1D) was described from five

incomplete specimens with a high aspect ratio, a rounded

anterior, tapering posterior, maintenance of module

length from midline to outer margin and significant

(100:1) difference between module length and module

width (Glaessner & Wade 1966). Dickinsonia tenuis was

named based on 16, mostly poorly preserved and/or frag-

mentary specimens (Glaessner & Wade 1966). A progres-

sion was recognized from smaller forms with total length

exceeding total width (approaching 2:1) to almost equidi-

mensional larger specimens, including the largest speci-

men (Fig. 1E) approximately 20 cm long with 380

modules. Short modules were interpreted as diagnostic

for D. tenuis, with three times as many per unit length

2 PALAEONTOLOGY

 14754983, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/pala.12635, W

iley O
nline L

ibrary on [04/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



F IG . 1 . Type specimens from South Australia (all SAM specimens). A–H, holotypes: A, Dickinsonia costata (P47720); B, D. minima

(P47762); C, D. spriggi (P47760); D, D. elongata (P13767); E, D. tenuis (P13769); F, D. brachina (P17998); G, D. lissa (P40134);

H, D. rex (P18086; originally classified as D. elongata). I–J, select paratypes: I, D. lissa (bottom) with D. costata (top) (P40970);

J, D. tenuis (P13768). All scale bars represent 20 mm.
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than in comparable D. costata or D. elongata. These

authors also suggested that the tissues of D. tenuis may

have been less resistant to decay.

Wade (1972) further revised this scheme, dividing

Dickinsonia into species with modules that are relatively

long (D. costata and D. elongata) and those that are short

(D. tenuis and two new species: D. brachina and D. lissa).

Although the diagnosis of D. costata was not amended,

redescription included documentation of a posterior

notch in almost all specimens, rare prominent midline,

and the likely presence of musculature (Wade 1972). Two

new specimens of D. elongata were described, including

the first complete specimen (Fig. 1H). Differential growth

rates, represented in the forward curving anterior mod-

ules of D. costata relative to the high number of modules

perpendicular to the midline in D. elongata, were consid-

ered the primary distinguishing feature (Wade 1972).

Specimens originally described as D. tenuis were

divided to include two new species, and only four

specimens with oval or broad outer margins retained that

species name (Wade 1972). Dickinsonia lissa (Fig. 1G, I)

was described based on 14 specimens as elongate and

having the most variable shape of any species of Dickinso-

nia, with a prominent midline and irregular modules

considered diagnostic (Wade 1972). Approximately half

of these specimens were identified as having a depression

dividing the midline. Two complete (Fig. 1F and an

unfigured specimen) and multiple fragmentary specimens

were assigned to D. brachina, an elongate form with

reduced midline width compared to D. lissa (Wade 1972).

This species was considered to have many perpendicular

modules of consistent length from midline to outer mar-

gin (Wade 1972).

Jenkins (1992) amended the species of Dickinsonia, again

after the discovery of additional specimens from South

Australia. He agreed with previous distinctions of

D. costata and D. tenuis and added to the maximum

observed length of the former a specimen 27 cm in total

length with approximately 115 modules (not figured).

Dickinsonia brachina was regarded as a junior synonym of

D. lissa, with apparent distinctions resulting from expan-

sion and contraction, although a systematic synonymy was

not provided (Jenkins 1992). Jenkins considered specimens

previously assigned to D. elongata to be distinct, but that

the holotype is likely to represent D. costata. Thus, the new

name Dickinsonia rex Jenkins, 1992, was erected, again

without systematic description. This was recently amended,

with the holotype assigned to one of the previously

described complete specimens of D. elongata (Fig. 1H;

Gehling & Runnegar 2021). Dickinsonia rex is distinguished

from D. costata based on elongate shape, numerous mod-

ules and large size (Jenkins 1992; Gehling & Run-

negar 2021). It was also suggested that D. rex may be

unique to the younger of two units (the informal Nilpena

Sandstone Member, see below) containing the Ediacara

Biota in South Australia (Gehling & Runnegar 2021).

A sixth species of Dickinsonia was originally described

as a distinct genus: Vendomia menneri Keller & Fedon-

kin, 1977. Reassignment to D. menneri followed the dis-

covery of 45 additional specimens from the White Sea

region of Russia (Ivantsov 2007). This form is most com-

parable to D. costata in shape and number of modules,

with the main distinguishing feature the relatively large

size of the AMU (Ivantsov 2007). Dickinsonia menneri has

not been reported from South Australia, while D. rex and

D. brachina have not been described from the White Sea

(Zakrevskaya & Ivantsov 2017).

Comparisons of total length, width, number of mod-

ules, and the width of the first module at its widest

dimension in 220 complete D. costata and D. tenuis from

the White Sea region revealed no differences at the small-

est size range (Zakrevskaya & Ivantsov 2017). This was

considered evidence for neoteny, with D. costata retaining

F IG . 2 . Dickinsonia. A, morphological terms. B, measurements

collected: 1, total length; 2, total width; 3, AMU length; 4, AMU

width; 5, midline length; 6, midline width; 7, width of the first

anterior module; 8, length of the first anterior module at the

outer margin; 9, width of the first visible posterior module;

10, length of the first visible posterior module at the outer

margin; 11, width of the widest module; 12, length of the widest

module at the outer margin; 13, length of the widest module at

the midline.
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juvenile characters and D. tenuis having undergone a dis-

tinct developmental shift to reach an adult form.

All authors note the large amount of variability within

species and, in some cases (e.g. Wade 1972; Jenkins 1992),

the difficulty of distinguishing between rare forms. Fur-

ther, certain diagnostic features, for example the presence

of a midline, may have strong taphonomic controls (e.g.

Wade 1972; Evans et al. 2019b). Perhaps most troubling

is the lack of features that can be used to distinguish

between species for the smallest known specimens

(Wade 1972; Zakrevskaya & Ivantsov 2017). Combined

with the abundance of newly recovered specimens, this

suggests that a reassessment of Dickinsonia species is

necessary.

GEOLOGICAL SETTING

Soft bodied fossils of the Ediacara Biota, including Dick-

insonia, are found abundantly in the Ediacara Sandstone

Member of the Rawnsley Quartzite in the Flinders Ranges

and surrounding regions, South Australia (Fig. 3; Gehl-

ing 2000; Gehling & Droser 2013). The Rawnsley Quart-

zite is the latest Neoproterozoic unit in the region, largely

F IG . 3 . Outcrops of the Ediacara Sandstone and Nilpena Sandstone members in the Flinders Ranges and surrounding region with

Dickinsonia localities (cartoon symbols) and regional stratigraphy (not to scale), including the informal Nilpena Sandstone Member.
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unconformable with overlying Cambrian deposits of the

Uratanna Formation (Gehling 2000). Recently, a new

unit, the Nilpena Sandstone Member, was informally

described (Gehling et al. 2019; Gehling & Runnegar 2021),

consisting of the upper tens of metres of what was previ-

ously considered the Ediacara Sandstone Member. These

units include a variety of shallow marine siliciclastic facies

in the Flinders Ranges area (Gehling 2000; Gehling &

Droser 2013; Tarhan et al. 2017; McMahon et al. 2020;

Reid et al. 2020). No radiometric dates have been recov-

ered from the Rawnsley Quartzite (Preiss 2000), but bios-

tratigraphical correlation with dated sections from Russia

(collectively referred to as the White Sea assemblage)

indicate a likely age between 560 and 551 Ma (Wag-

goner 2003; Grazhdankin 2014; Boag et al. 2016).

Within fossiliferous strata of the Rawnsley Quartzite,

benthic communities of the Ediacara Biota were preserved

by episodic obrution events (Gehling 2000). Body fossils

of Dickinsonia are represented by negative hyporelief

moulds in very fine to coarse sandstones due to cementa-

tion of sand gains by silica (Tarhan et al. 2016). Dickinso-

nia is ubiquitous in the Ediacara and Nilpena Sandstone

Members, occurring in all facies containing fossils of the

Ediacara Biota (Gehling & Droser 2013).

MATERIAL AND METHOD

The analyses described below were primarily conducted

on digital photographs of Dickinsonia. Each specimen was

photographed with illumination from various angles to

ensure recognition of all morphological features. Observa-

tions from examination of each fossil were recorded and

latex moulds made for most specimens.

In total, 1360 Dickinsonia were photographed (Fig. 4).

Of these, 718 were collected across the Flinders Ranges

and surrounding regions and are housed at the South

Australia Museum (denoted by prefix SAM P). Figured

and type specimens used for the original descriptions of

Dickinsonia species are included (Sprigg 1947, 1949; Har-

rington & Moore 1955; Glaessner & Wade 1966; Wade

1972; Jenkins 1992).

The remaining 642 specimens are the result of

research at Nilpena Ediacara National Park (NENP)

over the last 20 years. The overwhelming majority are

from the excavation of metre to decimetre-scale discrete

bedding planes (denoted by a field identification based

on the bed on which they occur and their relative loca-

tion, represented by south and east coordinates to the

nearest centimetre; e.g. TB-ARB 000s 000e; see Droser

et al. 2019 for more information). Additional specimens

have been found in float (designated by an N number

or locality/bed identifier if known). Each bedding plane

assemblage is interpreted as a single community of the

Ediacara Biota, although these probably contained both

living and dead organisms, as well as the associated

organic mat buried in situ during storm events (Droser

et al. 2019).

The original morphology of Dickinsonia can be

obscured by a variety of factors, including relatively large

grain size of host sediment, biostratinomic deformation,

incomplete preservation, and/or location of a specimen

spread over multiple different blocks (Evans et al. 2015,

2017, 2019b; Droser et al. 2020; Figs 1H, 4I). For the sta-

tistical analyses conducted here, we used only those Dick-

insonia for which accurate estimates of total length and

number of modules could be obtained, and lacking signs

of externally mediated deformation (i.e. transport, see

Evans et al. 2019b). Although the smallest modules,

located at the posterior, can be obscured based on the

grain size of host sediment, this is probably minimal and

relatively consistent between specimens. This methodol-

ogy yields 284 specimens, 155 from the SAM and 129

from NENP (Evans et al. 2022).

We also analysed 20 previously figured Dickinsonia,

including specimens from South Australia and the White

Sea region (Zhang & Reitner 2006; Ivantsov 2007; Braiser

& Antcliffe 2008; Gold et al. 2015; Hoekzema et al. 2017;

Zakrevskaya & Ivantsov 2017; Bobrovskiy et al. 2018;

Ivantsov et al. 2019). Additional specimens were limited

to those in which we could accurately determine total

length and number of modules, or where these are explic-

itly reported along with the figured specimen. Recently

described Dickinsonia with evidence of non-fatal damage

were excluded as these are considered abnormal mor-

phologies (Ivantsov et al. 2020; Ivantsov & Zakrevskaya

2021).

For initial classification, we default to museum and

previously published designations when available. In other

cases, original systematic descriptions were used for spe-

cies level assignments, although the motivation for this

study is, in part, our own difficulty in classifying newly

discovered Dickinsonia. Based on this previous classifica-

tion scheme, the specimens analysed were initially identi-

fied as follows: 6 D. brachina, 233 D. costata, 22 D. lissa,

3 D. menneri, 14 D. rex and 26 D. tenuis.

Qualitative and quantitative metrics

For 304 (photographed and previously published) com-

plete, well-preserved Dickinsonia we recorded 19 metrics.

These include measurements of the 13 morphological

characters highlighted in Figure 2B as well as counts of

the total number of modules, the number of transverse

modules, the position of the widest module, the number

of midline bends (if present), and the presence or absence

of a divided midline or an irregular outer margin. Despite

6 PALAEONTOLOGY
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selecting the best-preserved specimens, certain metrics

could not be reliably determined for all specimens.

Module characters can be measured on either side of

the midline, yielding minimally variable results

(Evans et al. 2017). In such cases, we use the best-

preserved side of the specimen. Transverse modules are

considered those that form a >80° intersection with the

midline, an approximation of the number of perpendicular

F IG . 4 . Specimens from South Australia, here interpreted to represent D. costata (A–B, C right) and D. tenuis (C left, D–I). SAM
specimens: A, P41074; B, P41197; C, P49354, P43955; E, P40341; F, P18888. NENP specimens: D, RS Float 2; G, 1T-F 269s 233e;

H, N08-10; I, LV-FUN 881s 1218e. Scale bars represent: 5 mm (A, B, D); 10 mm (C, E, F); 20 mm (G, H); 100 mm (I).

EVANS ET AL . : DICKINSONIA SPEC IES 7
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modules described by Wade (1972). The presence of an

irregular outer margin was recorded qualitatively based on

significant deviation from a continuous oval outline (e.g.

Fig. 1D, E). A taphonomic grade was assigned to each spec-

imen based on a qualitative scale from 1 to 3, with 1 repre-

senting the highest quality of preservation and virtually all

aspects of morphology clearly visible (as is the case for all

specimens in Fig. 4) and 3 indicating that a significant por-

tion of the original organism is comparably not well-

preserved (e.g. Fig. 1B).

Observations of morphology, module counts and mea-

surements were collected for all specimens (Evans

et al. 2022). Measurements were obtained using digital

photographs and the freely available ImageJ software

(https://imagej.nih.gov/ij/). Although we have previously

collected similar metrics for many of these specimens

(namely in D. costata: Evans et al. 2017, 2021), we re-

measured these features for consistency.

Statistical evaluation

To evaluate hypotheses of species identification, we apply

model-based cluster analysis using Gaussian finite mixture

models as implemented in the R package mclust (Fraley &

Raftery 2002; Fraley et al. 2012; Evans et al. 2022,

R code). This approach considers a dataset as being

drawn from a set of sub-distributions (here, one for each

species) that themselves follow a multivariate normal dis-

tribution. Parameters include, for each subgroup, the pro-

portion it makes up of the whole sample as well as the

mean and covariance structure with respect to the input

variables. In addition, the model fit yields probabilities

that each observation is a member of each group, which

forms the basis for classifying specimens into species (see

Fraley & Raftery 2002; Fraley et al. 2012, for more

details).

Finite mixture models have at least two advantages

over many other similar approaches for the present study.

First, the approach is statistical, rather than heuristic:

parameters are estimated via maximum likelihood, and

support for models with different numbers of groups can

be measured with the Bayesian Information Criterion

(BIC). This allows assessment of parameter estimates and

the number of different groups that are present in the

data. Second, unlike discriminant analysis, mixture model

results are not determined by the initial classification of

observations. Given the above-discussed inconsistencies in

applying species concepts to Dickinsonia, we prefer to

assess potential classifications in a manner that does not

depend on a priori identifications.

These benefits have made mixture models a useful tool

in palaeontology and biology to recognize sexes (Hunt

et al. 2017), growth stages (Hunt & Chapman 2001),

population dynamics (Darroch et al. 2013, Hall

et al. 2015), reproductive strategies (Mitchell et al. 2015)

and species (Cadena et al. 2018). However, mixture mod-

els are challenging to apply to high-dimensional datasets,

as is the case for this study, because they require the spec-

ification of many parameters. With the 15 quantitative

variables we have here and, assuming just two species

groups, 241 parameters would be needed to fully describe

the mixture distribution. This number is more than our

complete observations (n = 233) and considerably more

than the number of parameters that can be estimated well

for a dataset of this size. Such a ‘curse of dimensionality’

is well known in the literature (e.g. Bouveyron & Bru-

net 2012), and we employ several known approaches to

mitigate it.

We initially searched the original set of variables for

pairs that were highly redundant, as indicated by a corre-

lation coefficient greater than 0.99. Two pairs of traits

met this criterion: total length with midline length, and

total width with the width of the widest module. These

variable pairs are expected to be highly correlated because

they span largely overlapping aspects of the anatomy (e.g.

total width is approximately twice the width of the widest

module). We retained the more encompassing variables

(total length, total width) and dropped the other two

variables in all further analyses.

Next, we employed two different approaches to identify

appropriate variables for mixture model analysis. First, we

performed a principal components (PC) analysis to cap-

ture most of the variation in the original variables in a

much smaller set of PCs, and then subjected those to

mixture modelling. We also use the PC1–PC2 plot as a

convenient low-dimensional visualization of this dataset

(Fig. 5A, B).

Reducing dimensionality via PCs before a mixture

model analysis does not always lead to good performance

because the axes that discriminate groups do not neces-

sarily correspond to the leading principal components

(Bouveyron & Brunet 2012; Cadena et al. 2018). We

therefore also explore results from the variable selection

approach implemented using the R package clustvarsel

(Scrucca & Raftery 2018). Analogous to stepwise regres-

sion, the backwards version of this approach fits mixture

models starting with the complete set of variables and

successively drops variables, one at a time, to examine

whether their omission improves BIC. The forward ver-

sion works in the opposite direction, starting with one

variable and adding variables one at a time, which are

then retained if their inclusion is favoured by BIC. The

result is a mixture model analysis that (usually) includes

a subset of the available variables, reducing the dimen-

sionality of the model.

The clustvarsel package handles the variable inclusion/

exclusion, using mclust to fit the mixture models. The

8 PALAEONTOLOGY
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latter package makes use of another technique to reduce

dimensionality: it fits multiple models that constrain the

covariance structure to be shared in various ways across

groups. The most unconstrained (and therefore, para-

meter rich) models allow covariance structure to be com-

pletely independent across groups. One much more

constrained model posits that variance–covariance matri-

ces are the same across groups. Between these are inter-

mediate models in which some, but not all, aspects of

covariance structure are shared among groups (see Fraley

et al. 2012). The reduction in model complexity from

constraining the covariance structure can be substantial

(Bouveyron & Brunet 2012). Closely related species usu-

ally have similar patterns of variation, but it is not clear

that they are conserved generally enough to justify speci-

fying a priori how to model variation. Thus, we follow

the default in mclust to fit all implemented covariance

structures and use BIC to select the best supported

among them.

All analyses were conducted using the natural logs of

measurements in millimetres or module counts. This

approach is standard practice in allometric analyses

because it appropriately considers proportional, rather

than absolute variation, which is especially important

when analysing morphology over a large range of body

sizes (e.g. Kerkhoff & Enquist 2009). In addition, log-

transformation reduces the skew of the data, making dis-

tributions more symmetrical and therefore more consis-

tent with normality assumptions of mixture model

analysis. Missing data cannot be included in the matrix

evaluated by mclust, resulting in the omission of 71 of

our 304 specimens from these analyses. However, the

variable selection method reduces the total number of

characters, and an additional 49 specimens were complete

for this reduced set of variables, and thus could be

included in the final version of that analysis. Presence/

absence data are unsuitable because of the normality

assumption of mixture models and so such metrics were

excluded from these analyses. Other morphological obser-

vations may be partially or entirely taphonomically con-

trolled, introducing increased variation not related to

speciation. For example, most specimens lack a midline

of appreciable width and, in those that do, the midline

may not be bent. These variables are also excluded from

statistical evaluation based on the non-trivial number of

measurements recorded as meaningful zeros. Despite

omission in mixture model analysis, incomplete speci-

mens and excluded variables are considered in evaluating

F IG . 5 . A, mixture model results based on PCs; initial species identifications: B, brachina; C, costata; L, lissa; M, menneri; R, rex;

T, tenuis; circled data points are those identified in group 2 based on PC mixtures. B, variable selection plotted based on the first two

PCs; group 1 (squares); group 2 (circles). C, DBIC values evaluated for one to six clusters for the PC (solid squares) and variable selec-

tion (open circles); for simplicity, BIC solutions shown use the same assumptions about how covariance structure is shared as for the

analysis of PCs, which is constrained in all aspects (called EEE in mclust), whereas the best model under the variable selection

approach has covariance structure that has shared shape and orientation across groups, but different volumes (VEE in mclust).
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potential differences within and between the resulting best

supported groups.

RESULTS

Mixture models of principal components

In our 304 well-preserved specimens, total length ranges

from 4.5 to 806 mm and the number of modules from 8

to 375 (Evans et al. 2022). Analysis recovered two leading

PCs that together explained 86% of the variance in the

data; all remaining PCs account for less than 4% each.

Loadings on PC1 are all positive and mostly similar

(Table 1), indicating correlation with overall body size.

PC2 reflects the contrast between two sets of variables:

high length of the first anterior module and AMU width

result in high PC2 scores, whereas high values for the

number of total and transverse modules and the position

of the widest module tend to produce low PC2 scores.

These last three metrics are all constrained by the total

number of modules, as a greater number of transverse

and higher position of the widest module are only attain-

able if the total number of modules is high.

Visually, there appears to be separation into two

groups along PC2, with little to no clustering along PC1

(Fig. 5A). This impression is confirmed by the mixture

model analysis of the first two principal components

which recovers two groups that correspond well to the

visual clusters. The dominant group (215/233) includes

all specimens originally identified as D. costata, as well as

about half of those with preliminary identifications

corresponding to the remaining species. The other group

(18/233) includes most specimens identified as D. lissa,

along with several D. brachina, D. tenuis and D. rex

(Fig. 5A, circled). For simplicity, we will refer to the more

abundant group consisting primarily of D. costata as

group 1 and the other as group 2.

There is a very large improvement in BIC (DBIC = 76.3)

when comparing the single cluster solution to the

2-group model using PCs, indicating strong support for

the presence of multiple groups (and therefore morphos-

pecies) in this dataset (Fig. 5C). The drop-off in BIC with

increasing numbers of groups is less, but the 2-group

solution is still 16.4 BIC units better than the 3-group

solution, with decreasing support for higher numbers of

groups. By the normal rules of thumb for BIC (Kass &

Raftery 1995), this represents decisive support in favour

of the 2-group model. The next several PC axes after the

second give no visual indication of clustering and includ-

ing them in the mixture model analysis still yields a best-

supported model with two groups.

Mixture models with variable selection

Forward and backwards model selection converges on

the retention of the same set of six variables: total

length, total width, AMU length, width of the first an-

terior module, number of modules, and number of

transverse modules. Like PC mixtures, the best sup-

ported mixture model has two groups, which is favoured

by at least 26 BIC units compared to models with dif-

ferent numbers of groups (Fig. 5C). Clusters are largely

overlapping with those recovered by the PC mixtures,

with group 1 containing most specimens initially identi-

fied as D. costata, and group 2 consisting primarily of

specimens assigned to the other species. All individuals

recovered in group 2 from the PC mixtures are similarly

classified by variable selection. The two analyses vary in

the classification of 23 specimens considered to be

group 1 based on PC mixture model analysis but

group 2 under the variable selection method. We refer

to these specimens as ‘ambiguous’.

Comparison of results from the PC and variable selec-

tion models can help us to better understand which vari-

ables are driving the conflicting classifications between

the two analyses. Figure 6 shows bivariate scatterplots of

the variables retained in the variable selection analysis.

Above the diagonal (Fig. 6A–O), groups 1 and 2 from

variable selection are shown in different symbols. Below

the diagonal, group 2 is separated into those specimens

also recovered as group 2 in the PC mixture and ambigu-

ous specimens allocated to group 1 by the PC mixture

(Fig. 6P–AD, magenta triangles). Assigning these ambigu-

ous specimens to group 1, as in the PC mixtures, is

TABLE 1 . Loadings for the first two principal components.

Variable* PC 1 PC 2

(1) Total length 0.43 �0.08

(2) Total width 0.40 0.03

(3) AMU length 0.32 0.20

(4) AMU width 0.10 0.39

(7) Width of the first anterior module 0.32 0.22

(8) Length of the first anterior module at the

outer margin

0.13 0.39

(9) Width of the first visible posterior module 0.29 0.06

(10) Length of the first visible posterior module

at the outer margin

0.18 0.11

(12) Length of the widest module at the outer

margin

0.16 0.33

(13) Length of the widest module at the

midline

0.20 0.19

Number of modules 0.26 �0.31

Number of transverse modules 0.28 �0.40

Position of the widest module 0.32 �0.43

*Numbers correspond to labels in Figure 2B.

10 PALAEONTOLOGY

 14754983, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/pala.12635, W

iley O
nline L

ibrary on [04/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



supported by their reduced module density (module

number relative to total length) compared to those found

in group 2 under both models (Fig. 6V, W). On the other

hand, these ambiguous specimens cluster with group 2, as

in the variable selection analyses, based on reduced pro-

portion of the body occupied by the AMU (AMU length

relative to total length; Fig. 6B, Q).

Comparisons between groups 1 and 2

To understand differences between the groups recovered

by mixture model analysis (species) it is useful to explore

several aspects of size and morphology. In the discussion,

we argue that the classification from variable selection is

more biologically plausible, and so we focus on those

F IG . 6 . Pairwise scatterplots of natural logarithmic values for all retained variables from the variable selection analysis. Each side of

the diagonal labels display the same data, with those on the upper right marked based on the two groups best-supported under vari-

able selection (A–O) and the lower left highlighting those that have ambiguous classification based on comparison with PC mixtures

(P–AD, magenta triangles).

EVANS ET AL . : DICK INSONIA SPEC IES 11
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groupings for the remainder of the results section. How-

ever, the PC models give generally similar results.

Both groups resulting from variable selection contain

multiple examples of relatively small specimens

(<10 mm in total length). However, there is a difference

between groups when examining the largest specimens,

with all those having a total length > 155 mm found in

group 2. Size frequency distributions are right skewed

(Shapiro–Wilk p(normal) << 0.001) for both groups

(Fig. 7). Group 2 is significantly larger (average total

length 101 mm) with more modules (on average 110)

relative to group 1 (average total length 36 mm with 33

modules).

Distinction between groups is observed in the relative

proportion of the body occupied by the AMU (Figs 6B,

8), with a value of 0.22 producing the fewest misclassified

specimens compared with mixture model results. All but

two specimens (99%) from group 1 have an AMU

length > 0.22 of the total length, while 37 of 41 (90%)

specimens from group 2 have an AMU length < 0.22 of

total length (Fig. 8). Of the six specimens that do not

agree with this 0.22 cut off, all from group 1 have a mod-

ule density of <1 module per mm, while those in group 2

contain >1.5 modules per mm. The inclusion of 49 speci-

mens that are otherwise incomplete but yield accurate

measurements for the six characters analysed based on

variable selection does not change this trend (Fig. 8, open

symbols).

The inclusion of numerous specimens along with

D. costata previously considered to be distinct species

(mainly D. tenuis) in group 1 introduces greater variation

with respect to the relationship between total length, width

and number of modules than previously recognized (Evans

et al. 2017, 2021; Hoekzema et al. 2017). Importantly, the

same overall patterns identified in those studies hold.

Covariance between length and width in both groups is

strongly linear (R2 = 0.93 for group 1 and 0.94 for

group 2), with group 2 generally having a greater aspect

ratio. The number of modules relative to total length is best

described by a power function (R2 = 0.73 for group 1 and

0.70 for group 2) with decreasing module density for the

largest specimens in both groups. The length of the AMU

relative to total length is best described by a linear function

(R2 = 0.92 for group 1 and 0.79 for group 2), exhibiting

negative allometry with ontogeny in both groups. Linear

regression models indicate statistical significance for these

relationships (p << 0.001 for both F and t-tests).

Variables not included in mixture model analysis

Despite differences is absolute abundance, the mixture

model groupings of Dickinsonia contain similar propor-

tions of specimens classified in each taphonomic grade

(Table 2). Specimens from group 1 in which the AMU is

less than 22% of total length have a taphonomic grade 3,

F IG . 7 . Relative size frequency distributions for the two morphological groupings of Dickinsonia based on variable selection mixture

models in 10 mm size bins for absolute measurements and 0.5 bins for logarithmic values (inset).
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while those in group 2 that have an AMU that makes up

more than 22% total length are equally split between

taphonomic grades 2 and 3.

Most specimens in group 2 have a midline, which is

commonly bent, and approximately half exhibit an irreg-

ular outer margin. These features are comparably rare in

group 1. Divided midlines are rare in both groups, but

only a single specimen in group 1 exhibits this feature

(Wade 1972, pl. 6 fig. 1) compared with a third of speci-

mens in group 2 (e.g. Figs 1H, J, 4F).

Examination of variables previously considered diag-

nostic reveals that these do not help further divide Dick-

insonia into more than two species. For example,

comparison between module length at the outer margin

and midline of the widest module does not meaningfully

distinguish between specimens classified as D. brachina or

D. rex (contra Wade 1972) from all others within group 2

(Fig. 9A). Specimens in group 2 also fall along the same

trajectory of total length relative to total width regardless

of the presence or absence of a divided midline (Fig. 9B).

Occurrence

Both groups are found throughout the Ediacara Sand-

stone Member in all four fossiliferous facies outlined by

Tarhan et al. (2017). Based on our revised taxonomy,

specimens belonging to groups 1 and 2 are found in both

the Ediacara Sandstone and Nilpena Sandstone members.

At NENP, specimens from group 1 are identified based

on variable selection mixture models on 16 of 34 fossilif-

erous beds along with group 2 on beds 1T-F, 1T-T, TB-

ARB, LV-FUN, TC-MM2 and WS-Parv. Fragmentary or

poorly preserved specimens (thus, not statistically evalu-

ated) are likely to represent specimens belonging to group

1 on 16 additional beds and group 2 on at least six other

beds (e.g. 1T-A, TC-MM3, STC-J). Bed TC-MM3 con-

tains the most Dickinsonia, with 205 specimens from

group 1 alongside a single poorly preserved specimen

probably belonging to group 2. Bed 1T-F contains the

most Dickinsonia belonging to group 2 with 11 specimens

ranging in total length from 9 to 93 cm, compared with

34 belonging to group 1 between 10 and 130 cm.

F IG . 8 . Comparison of proportion of the body occupied by the AMU, represented by AMU length (AMU L) divided by total length

(TL), and module density, represented by number of modules (# mods) divided by total length, for complete (filled symbols) and

incomplete (open symbols) specimens analysed here. Groups defined based on variable selection mixture models. Holotypes labelled

for previous species classifications.

TABLE 2 . Percentage of specimens exhibiting taphonomic

grades and features from morphological groups based on

variable selection.

Group 1 Group 2

Taphonomic grade 1 26% 32%

Taphonomic grade 2 45% 49%

Taphonomic grade 3 29% 19%

Midline present 24% 83%

Midline divided 0.5% 32%

Midline bent 11% 63%

Irregular outer margin 10% 54%
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DISCUSSION

Dimension reduction in mixture model analysis: PC vs

variable selection

Morphological clusters of Dickinsonia based on dimension

reduction using both PCs and variable selection indicate

significant support for two distinct groups. We interpret

this as strong evidence for reducing the total number of

Dickinsonia species found in South Australia from five to

two. The heavier weight placed on the total number of

modules using PCs results in a lack of small specimens

classified in group 2. The non-linear relationship between

total length and number of modules predicts that module

densities should be distinct for different size classes of

Dickinsonia, contributing to such ambiguous classifica-

tions. Previous work also demonstrates high variability in

the number of modules relative to total length in

D. costata (Runnegar 1982; Evans et al. 2017, 2021,

Hoekzema et al. 2017), indicating that such metrics may

be unreliable for distinguishing between species. Further,

we would expect to see small examples of both species, as

larger, ‘adult’ specimens probably grew from some ‘juve-

nile’ stage. Based on these factors we support the classifi-

cation yielded by variable selection, which produces more

realistic ontogenetic trajectories for both groups.

Another possibility is that the groupings from PCs sup-

port the previous suggestion of neoteny in Dickinsonia

(Zakrevskaya & Ivantsov 2017). Here, group 1 would rep-

resent all juvenile forms as well as adults that retain juve-

nile characters, while group 2 would represent those that

underwent a developmental shift to reach adulthood

resulting in morphological differentiation. However,

several features are distinct between groups through the

entire range of observed sizes (including the width of the

first anterior module, cited by Zakrevskaya & Ivant-

sov (2017) as evidence for neoteny), which is inconsistent

with this hypothesis. Further, the smallest specimen in

group 2 based on PC mixtures is 25 mm in total length,

suggesting that the developmental shift producing differ-

ences between groups would have occurred before that

stage of development. Considering that there are 2 speci-

mens between 25 and 50 mm but 10 between 50 and

100 mm in group 2 based on PC mixture models, and

the right skewed distribution of D. costata, this still sug-

gests a lack of relatively small specimens. Instead, evi-

dence for neoteny probably reflects poorly defined

distinctions between species.

Species of Dickinsonia

We interpret the two morphological groups of Dickinso-

nia from South Australia identified based on variable

selection as representing distinct morphospecies:

D. costata (group 1) and D. tenuis (group 2). These are

not direct synonymies, as specimens previously consid-

ered to represent each of the five species from South Aus-

tralia are now divided between these two, including those

previously interpreted as D. costata now considered

D. tenuis and vice versa. The holotypes of D. tenuis,

D. brachina, D. lissa and D. rex are all classified in

group 2, and so, by priority, we apply the name D. tenuis

to this group. The holotype of D. elongata is incomplete

and shows evidence of deformation (namely shrinkage),

thus proper classification is difficult.

F IG . 9 . Morphological comparisons for specimens in group 2 of: A, module length at the midline (LM) and outer margin (LOM)

for the widest module between those previously considered D. brachina or D. rex and all others; B, total length and total width in

specimens with a divided midline and those with an undivided or no midline.

14 PALAEONTOLOGY
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Based on the availability of only three published speci-

mens we are not able to determine whether D. menneri

represents a third distinct species. Variable selection sup-

ports two specimens, including the holotype, as clustering

with D. tenuis and the third with D. costata. Width of the

AMU may be critical for distinguishing between these

species, but is not considered in variable selection

(although it is considered using PCs, which also does not

support this as a unique morphological group).

Ivantsov (2007) cited 48 specimens of D. menneri, repre-

senting the ideal material to test the hypothesis that this

represents a third distinct species.

Dickinsonia costata and D. tenuis can be primarily sepa-

rated based on the size of the AMU relative to total

length, producing minimal disagreement with multivariate

cluster analysis. Despite an overall decrease in the propor-

tion of total length occupied by the AMU with growth,

minimal disagreement with mixture model results sug-

gests that this represents the best metric for separating

the two morphogroups. The relatively high taphonomic

grade of specimens that do not agree with visual group-

ings from Figure 8 based on an AMU that is 0.22 times

total length suggests that poor preservation may obscure

classification. Module density appears to be a secondary

character useful for further separation of these species.

These features are easily identified, and, unlike the full

mixture model analysis, can be evaluated for incomplete

specimens (e.g. Fig. 4F belonging to D. tenuis). Though

qualitative and taphonomically controlled, the presence of

a midline, which may be bent and/or divided, and an

irregular outer margin (common for D. tenuis and rare in

D. costata) can be used in combination with quantitative

metrics for confident classification.

The naming of several species early in the history of

Dickinsonia study was due to apparent morphological

gaps between the relatively sparse numbers of specimens.

As discussed above, it was recognized by Glaessner &

Wade (1966) that separation between D. costata and

D. minima in the initial morphometric study of

Sprigg (1949) had been bridged by new collections. It is

now clear that the description of five species by

Wade (1972) was similarly a product of the relatively

few available specimens of what were then described as

D. tenuis, D. lissa, D. brachina and D. elongata, com-

pared with D. costata. This pattern is commonly

observed in taxonomic studies; Hughes & Laban-

deira (1995), for example, discussed the systematic evo-

lution of the trilobite Dikelocephalus minnesotensis, from

one species in 1863, to a peak of 26 species in 1930,

and then a gradual synonymy until variation in a single

species was recognized as continuous. Given the distri-

bution of morphologies observed here, we consider it

unlikely that new specimens would lead to clearer dis-

tinctions within the two species described. Perhaps more

plausible is that intermediates may provide a complete

gradation between the Dickinsonia species, as with the

first-named Ediacaran fossil Aspidella terranovica (Gehl-

ing et al. 2000). While we consider this unlikely, espe-

cially considering BIC scores, our results provide a

framework for continued testing of species distinctions

as new specimens are recovered.

Preservation of soft-bodied Ediacara taxa, including

Dickinsonia, as hyporelief impressions results in relatively

few characters that can be used in taxonomy, especially

compared with modern organisms. Thus, distinctions

drawn here are framed in terms of morphospecies and

it is unclear to what extent these represent true biologi-

cal species. The palaeogeographical distribution of many

fossils from the Ediacara Biota, including Dickinsonia,

indicates their presence across vast geographical distances

(Laflamme et al. 2013; Boddy et al. 2021; Eden et al.

2022). Such cosmopolitan species are rare in the modern

ocean, at least among metazoans and algae, and mor-

phologically similar forms generally have genetic differ-

ences (e.g. Schulze et al. 2012). Thus, the two

morphospecies recognized here may obscure higher

numbers of biological species, especially considering the

palaeogeographical separation of abundant Dickinsonia

between the White Sea region and South Australia.

Based on the nature of this record, morphological inves-

tigations using a robust quantitative framework remain

critical in evaluating taxonomic relationships for the

Ediacara Biota.

Structural integrity

Dickinsonia tenuis is more likely than D. costata to exhibit

an irregular morphology (outer margin and/or midline),

consistent with previous observations of elongate Dickin-

sonia with short modules (Glaessner & Wade 1966;

Wade 1972). However, both species contain similar pro-

portions of well-preserved specimens, indicating compara-

ble resistance to decay. The presence of more modules

per unit length appears to have allowed for greater flexi-

bility, contributing to this trend.

With respect to the midline, greater likelihood of

preservation, divided morphology and relatively large size

suggest increased structural integrity of this feature in

D. tenuis. Previous work has proposed that the midline

was a structurally rigid, fluid filled feature with muscles

running parallel to modules, fixed here and at the outer

margin (Evans et al. 2019a). We hypothesize that if the

midline remained intact, muscles that contracted as a

response to burial could distort either or both of the

midline and outer margin. This was apparently common

in D. tenuis. Alternatively, if the midline failed in

response to burial, as was common for D. costata,
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contraction of muscles would not have had a second fixed

feature to act upon, allowing the outer margin to main-

tain a more regular shape. Correlation between specimens

with a midline and an irregular outer margin for both

species supports this hypothesis.

Growth

While not identical, the general growth patterns previ-

ously identified in D. costata (Sprigg 1949; Run-

negar 1982; Gold et al. 2015; Evans et al. 2017, 2021;

Hoekzema et al. 2017; Dunn et al. 2018) hold for

D. tenuis. Growth in both species was achieved by the

differentiation and inflation of modules. Length

increases slightly faster than width in D. tenuis com-

pared with D. costata (Fig. 6A). The better fit of a

power function between total length and number of

modules indicates that the differentiation of new mod-

ules slowed or even stopped later in life for both taxa,

albeit at a much greater total number of modules for

D. tenuis (Fig. 6D). The importance of maintaining

overall shape is apparent in both species (Evans

et al. 2017). Together, these similarities suggest that

despite morphological distinctions, it is likely that

growth in D. costata and D. tenuis was regulated by sim-

ilar genetic controls.

The size of Dickinsonia, especially those now classified

as D. tenuis, has been suggested to be consistent with

indeterminate growth (Gehling et al. 2005; Retal-

lack 2007). However, large size alone is not necessarily

diagnostic of indeterminate growth, and many complica-

tions exist when determining similar growth strategies,

even in modern animals (e.g. Mumby et al. 2015). Right

skewed size frequency distributions for both species, with

increasing rarity of larger specimens, is consistent with

continued growth throughout life and decreased survivor-

ship to later growth stages (e.g. Kirkpatrick 1984; Ernsting

et al. 1993) although other possible factors may be

responsible (e.g. Kozłowski & Gawelczyk 2002). Apparent

restriction of D. costata to less than c. 150 mm could sug-

gest determinate growth. However, this could also be a

result of slower growth rates and continued search is

likely to yield larger specimens of both species (e.g. Jenk-

ins 1992, unfigured). Based on the available data we sup-

port previous claims of indeterminate growth for both

species of Dickinsonia.

Indeterminate growth in Dickinsonia has been cited as

evidence for classification as a fungi or lichen (Retal-

lack 2007). However, this growth pattern is widespread

in both autotrophic and heterotrophic multicellular

organisms, including many animals (Kirkpatrick 1984;

Heino & Kaitala 1999; Minelli 2011; Vogt 2012; Hariha-

ran et al. 2016). It has also been suggested that growth

to a fixed size may be a derived condition in animals

(e.g. Hariharan et al. 2016). Thus, it may not be sur-

prising that some of the earliest metazoan fossils, such

as Dickinsonia and Charnia (Dunn et al. 2021), grew

indeterminately.

Environmental distribution

One potential explanation for the variable morphologies

of Dickinsonia, both within and between species, is that

they are the result of growth in different environmental

conditions, as is observed in both modern and fossil

taxa (e.g. Pro�ck�ow et al. 2018; Witts et al. 2020). Co-

occurrence of D. costata and D. tenuis on multiple bed-

ding planes in South Australia suggests that this is not

the case. Further, more than 50 specimens of D. costata

on a single bed, TB-ARB, demonstrate considerable

variation within the same palaeoenvironment (Evans

et al. 2021). The rarity of D. tenuis limits our ability to

evaluate a significant number of specimens on the same

bedding plane, but we consider it unlikely that such

intraspecific variation is the result of environmental dif-

ferences in one species and not the other.

Similar distribution of both species at NENP indicates

that they lived in the same environments, even contem-

poraneously in the same populations. Fossils of D. costata

are more abundant in South Australia by almost an order

of magnitude. The preferentially large size of D. tenuis

may be correlated with their presence on more mature

mats under the assumption that these provided greater

nutrients compared with less developed organic substrates

(Droser et al. 2019, 2022). For example, the most abun-

dant and largest D. tenuis are from beds 1T-F (Fig. 4G)

and LV-FUN (Fig. 4I), respectively, which represent two

of the most mature surfaces at NENP (Droser et al. 2022).

However, large specimens of D. tenuis are also observed

in association with relatively immature substrates (e.g.

STC-J). Evidence for mobility in the form of trace fossils

associated with both species (Evans et al. 2019a) compli-

cates this, as the ability to move allows for the possibility

that the environment in which a given Dickinsonia is pre-

served is not necessarily characteristic of where it spent

most of its life.

Considering the large size exhibited by D. tenuis,

another possible explanation for the observed size fre-

quency distribution is that this species had a longer life

span and reproduced less frequently compared with

D. costata. Trade-offs between fecundity and growth are

well documented in modern animals, including those

exhibiting indeterminate growth (e.g. Ernsting et al. 1993;

Heino & Kaitala 1999; Charnov et al. 2001). A lack of

constraints on growth rate makes this difficult to test, but

it remains a viable hypothesis.
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CONCLUSION

Quantitative analyses of hundreds of Dickinsonia indicate

two distinct species from South Australia. Despite intra

and interspecific variance, these grew according to similar

growth programs and lived contemporaneously, even

coexisting within the same populations. Morphological

distinctions may signify differences in structural integrity,

growth rates and/or reproductive periodicity between

D. costata and D. tenuis. Body size data are consistent

with indeterminate growth, however the differentiation of

new modules clearly slowed later in life.

The fossil record of the Ediacara Biota (and in general)

typically allows for the identification of morphospecies, and

it is unclear to what extent these represent true biological

species as described in modern organisms. However, this

difficulty makes it imperative that such morphological dis-

tinctions be based on robust statistical analyses to extract as

much accurate information from these enigmatic, soft-

bodied fossils as possible. The methods outlined above thus

represent a framework for future investigations of taxo-

nomic relationships amongst the Ediacara Biota, and per-

haps more generally for the fossil record.

SYSTEMATIC PALAEONTOLOGY

Institutional abbreviations. NENP, Nilpena Ediacara National

Park, South Australia; OUMNH, Oxford University Museum of

Natural History, UK; PIN, Museum of the Paleontological Insti-

tute, Russian Academy of Sciences, Moscow, Russia; SAM, South

Australia Museum, Adelaide, South Australia; UCMP, University

of California Museum of Paleontology, Berkeley CA, USA.

DICKINSONIOMORPHA Erwin et al., 2011

Genus DICKINSONIA Sprigg, 1947

Emended diagnosis. Ovoid, circular to elongate impression.

Bilaterally symmetrical. Axes range from equidimensional to

more than 4 times longer than wide. Total length 4.5–806 mm.

Long axis can be divided by prominent central ridge. Body

divided into 8–375 repeated units perpendicular to central ridge

generally increasing in size from posterior to anterior. Undivided

parabolic triangle at anterior.

Type species. Dickinsonia costata Sprigg, 1947.

Included species. Dickinsonia tenuis Glaessner & Wade, 1966;

D. menneri Keller & Fedonkin, 1977.

Dickinsonia costata Sprigg, 1947

Figures 1A–D, J (top), 4A–C (right)

1947 Dickinsonia costata Sprigg, pp. 221–222, pl. 7, fig. 2.
1947 Papilionata eyrei Sprigg, p. 223, pl. 8, fig. 2.

1949 Dickinsonia minima Sprigg, p. 97, pl. 21, figs 1–4.
1955 Dickinsonia spriggi Harrington & Moore, p. 160.

Type specimens. Holotype SAM P47720; paratypes SAM P47756,

P47758, P47759, P47760 (D. spriggi holotype), P47761, P47762

(D. minima holotype), P47764, P47769.

Material. SAM: P12724, P12749, P12776, P12900, P13718,

P13760, P14238, P14329, P14352, P14356, P14361, P14364,

P14366, P14368, P14370, P14371, P14373, P14378, P14390,

P18086. P31992, P34351, P34352, P35660, P40135, P40162,

P40295, P40299, P40319, P40408, P40409, P40459, P40845,

P40878, P40902, P40967, P40979, P40995, P41003, P41010,

P41013, P41015, P41020, P41021, P41022 (x2), P41026, P41030,

P41041, P41057, P41072, P41074, P41081, P41087, P41088,

P41100, P41194, P41197, P41200, P41201, P41202, P41203,

P41204 (x2), P41205, P41206, P41336, P41940, P42161, P42364,

P43145, P43195, P43239, P43275, P43908, P44199, P47720,

P48717, P49275, P49281, P49282, P49309, P49310, P49354.

NENP Beds: 1T-A, 1T-F, 1T-LS, 1T-NA, 1T-T, LV-FUN,

STC-B, STC-Gully, STC-H, STC-HI, STC-I, STC-J, TB-ARB,

TB-BRW, TC-MM1, TC-MM3, TC-MM4.

Figured: OUMNH AW-89, AW-90 (Braiser & Antcliffe 2008);

SAM P34205, P34239, P34268, P34342 (Gold et al. 2015);

UCMP149039, D11 (Hoekzema et al. 2017); PIN No. 3993/5107,

No. 3993/5243 (Zakrevskaya & Ivantsov 2017).

Emended diagnosis. Length of parabolic triangular anterior unit

greater than 22% of total length. Commonly fewer than

1.5 units per mm total length. Prominent central ridge and

deformed outer margin rare.

Description. Typically ovoid and c. equidimensional in total

length and width (average TL/TW = 1.13). Specimens investi-

gated here range in total length from less than 5 to 155 mm

(although partial and poorly preserved specimens indicate that

both smaller and larger specimens existed), with an average of

36 mm. The total number of units observed ranges from 9 to

92. Central ridge preserved in a quarter of specimens with an

average width 3% of total width when present, rarely divided.

Remarks. The most common species in South Australia, with

more than a thousand total specimens at the NENP and

SAM. Despite inclusion of hundreds more specimens, original

descriptions (Sprigg 1947, 1949; Glaessner & Wade 1966;

Wade 1972) remain largely unchanged. Specimens now con-

sidered as belonging to this genus include those previously

classified as D. brachina, D. rex, D. lissa and D. tenuis,

although the available type material for all but the D. elongata

holotype are definitively D. tenuis. Papilionata eyrei

Sprigg, 1947 was synonymized by Glaessner & Wade (1966)

as belonging to D. costata. While probably formed by

D. costata, the holotype (SAM P47722) is preserved in positive

hyporelief indicating a probable trace fossil origin (e.g. Ivant-

sov & Malakhovskaya 2002; Gehling et al. 2005; Evans

et al. 2019a). Hundreds of additional, poorly preserved speci-

mens are probably present on at least beds 1T-BOF, P-P,
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P-SNG1, STC-AB, STC-G, STC-X, SE-Rugo, TB-Sh1, TC-

MM5, West Side-MAB, West Side-Parv, West Side-SUB, West

Side-TBEW as well as in the collections of the SAM.

Occurrence. Ediacaran, White Sea Assemblage (561–550 Ma):

Flinders Ranges and surrounding region, South Australia; White

Sea region, Russia.

Dickinsonia tenuis Glaessner & Wade, 1966

Figures 1E–I, J (bottom); 4C (left), D–I

1972 Dickinsonia brachina Wade, pp. 183–184, pl. 6,
figs 5–6.

1972 Dickinsonia costata Sprigg; Wade, pp. 173–177, pl. 5,
fig. 1b.

1972 Dickinsonia elongata Glaessner & Wade; Wade, p. 178,

pl. 7, fig. 2.

1972 Dickinsonia lissa Wade, pp. 180–183, pl. 6, fig. 6; pl. 7,
fig. 1.

1972 Dickinsonia tenuis Glaessner & Wade; Wade p. 179, pl. 7,

fig. 3.

1992 Dickinsonia rex Jenkins, p. 165, fig. 14.

Type specimens. Holotype SAM P13769; paratypes SAM P13768

(D. tenuis paratype), P17998 (D. brachina holotype), P18086

(D. rex holotype), P40134 (D. lissa holotype), P40970 (D. lissa

paratype).

Material. SAM: P12729, P14327, P14339, P14375, P21155,

P40167, P40190, P40292, P40341, P40578, P41019, P41023,

P43147, P43296, P47824, P49319, P49351, P49355, P49356,

P49377, P49402.

NENP: 1T-F, 1T-T, LV-FUN, TB-ARB, TC-MM2 (float), RS

(float), West Side-Parv.

Figured: OUMNH AW-94 (Braiser & Antcliffe 2008); PIN

No. 3993/5172 (Ivantsov et al. 2019); field specimen, Brachina

Gorge (Jenkins 1992, fig. 14).

Emended diagnosis. Length of parabolic triangular anterior unit

less than or equal to 22% of total length. Commonly 1.5 units

per mm total length or greater. Prominent central ridge and

deformed outer margin common.

Description. General description is mostly consistent with that

for ‘Dickinsonia with very short segments’ of Wade (1972).

Total length can be as much as four times width with an aver-

age ratio of 1.7. Specimens investigated here range in total

length from 5 to 806 mm, with an average of 101 mm. The

number of units is greater than D. costata of similar size, rang-

ing from 8 to 375. Prominent central ridge preserved in a sig-

nificant majority of specimens with an average width 5% of

total width when present, commonly divided and/or bent.

Additional, poorly preserved specimens are probably present on

at least beds 1T-A, STC-F, STC-G, STC-H, STC-HI, STC-J,

TC-MM3 and TC-MM4 at NENP as well as in the collections

of the SAM.

Occurrence. Ediacaran, White Sea Assemblage (561–550 Ma):

Flinders Ranges and surrounding region, South Australia; White

Sea region, Russia.
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