Geological Magazine

www.cambridge.org/geo

Original Article

Cite this article: lvantsov A and Zakrevskaya M
(2022) Dickinsonia: mobile and adhered.
Geological Magazine 159: 1118-1133. https://
doi.org/10.1017/S0016756821000194

Received: 29 October 2020

Revised: 23 February 2021
Accepted: 25 February 2021

First published online: 12 April 2021

Keywords:

Ediacaran period; Dickinsonia;
macroorganisms; locomotion traces; escape
traces

Author for correspondence: Andrey Ivantsov,
Email: ivancov@paleo.ru

© The Author(s), 2021. Published by Cambridge
University Press.

CAMBRIDGE

UNIVERSITY PRESS

Dickinsonia: mobile and adhered

Andrey lvantsov® and Maria Zakrevskaya

Borissiak Paleontological Institute, Russian Academy of Sciences, Moscow 117997, Russia

Abstract

The classical genus of Ediacaran macroorganisms, Dickinsonia, was part of an extensive benthic
marine community inhabiting the fields of microbial mats. The remains of Dickinsonia are
commonly preserved in the position of adhesion to the habitat substrate. However, these were
mobile organisms. In addition to the already known feeding traces of Dickinsonia, structures
described as traces of motor activity are reported. Long parallel furrows, extending from the
posterior end of the body imprint, are interpreted as imprints of ridges left by an organism
moving along the surface of the substrate. Groups of differently shaped grooves laying in
the depression that enhalo the Dickinsonia body imprints or accompany their individual areas
are interpreted as imprints of ridges and cords of mucous material. They are considered to
represent structures of self-determined stretching and lift-off of the body margins from the sub-
strate. The rings and arcs of silt- and sand-sized mineral particles bordering the body imprints
are composed of material that was supposedly brushed off from the surface of the microbial mat
by Dickinsonia. They are considered traces of the adhesion of these organisms to the substrate.
Accumulations of multidirectional pulling and tear-off structures, lacking the body imprint but
accompanied by the joint plane passing into the overlying sediment and cutting through the
bedding, are interpreted as escape traces. The dual modality of the behaviour (attachment
and mobility) could indicate the adaptability of Dickinsonia to life in extremely shallow-water
environments.

1. Introduction

The classical genus of Ediacaran macroorganisms, Dickinsonia, had a low, flat body, was from
almost round to elongated, bilateral or almost bilateral, and divided into numerous transverse
elements. There is a small sub-triangular lobe at one end of the body of Dickinsonia. A gradual
decrease in the size of the transverse elements is observed towards the opposite end of the body.

Fossil remains of Dickinsonia were found in the upper Ediacaran deposits of South Australia
(Flinders Ranges) and Eastern Europe (Podolia, southeastern White Sea area, Middle Urals)
(Sprigg, 1947; Keller & Fedonkin, 1976; Fedonkin, 1983; Krivosheev & Polenov, 2001). The hab-
itat of these organisms is usually reconstructed as hydrodynamically active shallow-marine set-
tings between fair weather and storm wave base, sporadically covered with siliciclastic
suspension (Seilacher, 1989; Grazhdankin, 2004; Droser & Gehling, 2015; Droser et al. 2017,
2020). There are observations that Ural Dickinsonia could inhabit shallower parts of the basin
with deviating salinity (Bobkov et al. 2019; Mitchell et al. 2020). Retallack (2007, 2012) reported
on the confinement of the Australian Dickinsonia to the horizons of palaeosols; however, other
researchers refute this proposition (Callow et al. 2013; Xiao, 2013; Tarhan et al. 2015; Evans et al.
2015, 2019a).

The fossil remains of Dickinsonia and other numerous macroorganisms are preserved in situ
under the covers of silty-sandy sediments in burial event horizons of the Flinders—Belomorian
style (Grazhdankin, 2004; Narbonne, 2005; Droser et al. 2006, 2020; Droser & Gehling, 2015;
Ivantsov & Zakrevskaya, 2018). It was shown that microbial mats represent the substrate inhab-
ited by the Flinders—Belomorian community (Seilacher, 1989, 1999; Gehling, 1999; Steiner &
Reitner, 2001; Bottjer & Clapham, 2006; Callow & Brasier, 2009; Gehling & Droser, 2009;
Laflamme et al. 2011; Tarhan et al. 2017). The high activity of the environment during the for-
mation of the Flinders—Belomorian localities and the low density of the soft-bodied organisms in
comparison with mineral sediment should theoretically lead to the separation of bodies from the
substrate, their transfer and their burial inside the more fine-grained part of the sedimentary
cycle. This, apparently, happened to a part of the community (Ivantsov & Zakrevskaya,
2018; Droser et al. 2020). However, the preservation of the majority of macrofossils here is
exactly the opposite case, in the most coarse-grained part of the cycle, right on the bottom
of the layer. This indicates the adhesion of the Flinders—Belomorian macroorganisms, including
Dickinsonia, to the substrate at the moment of burial (Schopf & Baumiller, 1998; Retallack, 2007;
Ivantsov, 2011a).

Dickinsonia has been described as mobile pelagic or benthic Eumetazoa: jellyfishes (Sprigg,
1947, 1949; Harrington & Moore, 1956), flatworms (Termier & Termier, 1968; Fedonkin, 1981)
or annelids (Glaessner, 1959; Glaessner & Wade, 1966; Wade, 1972; Runnegar, 1982; Conway
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Morris, 1989; Jenkins, 1992) from the very beginning of its
research. At first, little evidence was offered for these interpreta-
tions. In the framework of the ‘annelid’ hypothesis, only clear
anteroposterior asymmetry and visible body segmentation can
be considered such evidence. Other described features and struc-
tures that could indicate the complexity of the Dickinsonia body
plan, such as dorsoventral polarization of the body, intestinal tract,
prostomium, intestinal caeca or folds of muscle contractions
(Glaessner & Wade, 1966; Wade, 1972; Gehling, 1991; Jenkins,
1992; Dzik, 2000) were not well documented and were hardly taken
into account in subsequent studies. A displacement of the right and
left halves of the ‘segments’ along the longitudinal axis of the body
of Dickinsonia is often observed on the imprints. Whether such a
shift was of primary or secondary nature as a result of taphonomic
processes is still being debated (Ivantsov, 20015, 2008, 20114, 2013;
Ivantsov & Malakhovskaya, 2002; Ivantsov et al. 2019a, ¢, 2020).
The authors of this article consider displacement as a stable ana-
tomical feature of Dickinsonia and similar organisms and refer to
these ‘half-segments’ as isomers (Ivantsov, 2001b). Another pecu-
liar feature of Dickinsonia is the posterior terminal location of the
growth zone. This observation, made by Wade (1972) and recently
disputed (Hoekzema et al. 2017; Dunn et al. 2018), is supported by
our study of the characteristics of regeneration of the posterior end
of the body in Dickinsonia from Lyamtsa locality (Ivantsov et al.
2019¢, 2020). Fedonkin (1990) listed both mentioned features
among the reasons for placing Dickinsonia in the Proarticulata
phylum that he described. It occupies an intermediate position
between ‘Coelenterata’ and Bilateria (Fedonkin, 1990).

Due to the unusual and simple morphology of the Dickinsonia
fossil remains, accessible for public discussion, as well as the pecu-
liarity of the taphonomy, a fantastic variety of hypotheses on the
affinities of these macroorganisms was suggested: from giant syn-
cytial protists (Zhuravlev, 1993; Seilacher et al. 2003), to terrestrial
lichens and fungi (Retallack, 1994, 2007), to the independent
Kingdom Vendobionta (Seilacher, 1989, 1992).

An important stage in the study of the genus Dickinsonia and
the close genus Yorgia was the discovery of peculiar fossils in the
Vendian deposits of the White Sea, interpreted as resting traces
(Ivantsov, 2001a), and then as feeding traces (Ivantsov &
Fedonkin, 2001) and later described as a special ichnogenus
Epibaion (Ivantsov & Malakhovskaya, 2002; Ivantsov, 2011a).
The same trace fossils were abundantly found in the Ediacaran
deposits of Australia (Gehling et al. 2005; Evans ef al. 2019a). A
characteristic feature of these trace fossils is the association in
groups, often arranged in long chains. Moreover, there is usually
a body imprint of an individual tracer-maker at one end of such
chains. The orientation of the traces in a chain shows that the
end of the body that bore the sub-triangular (crescent-shaped in
the case of Yorgia) lobe was the anterior one in the direction of
movement (Gehling et al. 2005; Ivantsov, 2011a, 2013; Evans
et al. 2019a). It is believed that in the act of creating a trace, the
organisms were spreading over the mat surface, affecting it in some
way and destroying its upper layer (Ivantsov & Malakhovskaya,
2002; Gehling et al. 2005; Seilacher, 2007; Sperling & Vinther,
2010; Ivantsov, 2011a; Evans et al. 2019a). The discovery of traces
of the impact of Yorgia and Dickinsonia on the microbial mats has
strengthened the position of the supporters of the animal nature of
these Ediacaran macroorganisms. The discovery of the complex
structure of the integument and internal structures, as well as
the biochemical analysis of organic matter preserved on the
imprints of Dickinsonia, also support this hypothesis (Dzik &
Ivantsov, 2002; Bobrovskiy et al. 2018; Ivantsov et al. 2019c).
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The spectrum of considered hypothesis diversity has narrowed
but still remains extremely wide, spreading from the early metazo-
ans similar to placozoans (Rozhnov, 2009; Sperling & Vinther,
2010), to eumetazoans and bilaterians (Gehling et al. 2005;
Ivantsov, 2011a; Gold et al. 2015; Evans et al. 2017, 2019a, b;
Ivantsov et al. 20190, c).

The fact that the feeding traces, belonging to one individual,
form groups and elongated chains gives evidence of the ability
of Dickinsonia to move along the sea bottom, which to some extent
contradicts the fact of their adhesion to the bottom during a burial
event. Additional observations show the absence of the structures
connecting individual feeding traces in a group, as well as a lack of
information on the actual traces of Dickinsonia locomotion. This is
partly why the ideas about the belonging of these organisms to
“Coelenterata” (Ctenophora) still exist (Brasier & Antcliffe,
2008), and attempts to compare Dickinsonia with lichens continue
(Retallack, 2013, 2014; Retallack & Broz, 2020). This article is
intended to fill an existing information gap. Here, we demonstrate
recently discovered fossil structures that can be interpreted as
traces of motor activity of Dickinsonia associated with a movement
along the substrate, temporary adhesion to it, self-caused shift and
bending of the margins of the body, as well as an escape from the
place of burial.

2. Material and locality

The studied collection of Dickinsonia originates from the Lyamtsa
Beds of the upper Vendian Ust-Pinega Formation of the
southeastern White Sea area (north of European Russia). It was
collected on the southern coast of the Onega Peninsula within
the Lyamtsa locality from a single bedding plane of the burial event
horizon, marked as L2(XII) (Fig. 1). This accumulation of macro-
fossils is confined to the bottom of the layer of grey fine-grained
polymictic (quartzo-feldspathic) clayey sandstone, gradually turn-
ing into siltstone upwards. The total thickness of the layer varies
from 3 to 17 cm. Numerous mudstone pellets are observed in areas,
with the maximum thickness of the layer at a height of 0.3—-1 cm
from the base of the layer. The pellets are flat, polygonal in plan
with rounded corners, up to 7 cm along the long axis, and up to
3—4 mm thick (Fig. 2a). Depressions that appeared after the diage-
netic compaction of the pellets are clearly visible on the lower sur-
face of the layer (Fig. 2b). Imprints of redeposited fragments of the
microbial mat are widespread at a height of 2-3 cm from the bot-
tom of the layer. It is important to note the stratigraphic sequence
of the location of these objects within the layer: the remains of the
macrobiota are located at the bottom, mudstone pellets are located
above and redeposited fragments of the microbial mat are even
higher. In the middle part of the layer, there is a level with several
adjacent surfaces of small ripple marks with a distance of about
0.5 cm between the ridges. The sole of the layer is smoothed
and has a microbially induced texture, consisting of low flat-topped
tubercles separated by winding grooves. In some places, it is
covered with a net of the finest imprints of presumable filamentous
algae. The layer is overlain by a half-metre stratum of siltstones,
and all are enclosed a thick clayey package, characteristic of the
upper part of the Lyamtsa Beds. The casts of small spindle-shaped
and drop-shaped flat-bottomed gutters can quite often be observed
on the bottom of the layer (about 30 cm along the long axis and up
to 1-1.5 cm deep) (Fig. 2b). Based on the preserved remains, the
margins of the mat around the gutter were torn into pieces, which
were partially transferred into the overlying layer. On one side of
the gutters, these pieces of mat lifted into the overlying sediment
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Fig. 1. The geographical and stratigraphic position of the Lyamtsa locality and the L2(XIl) burial event horizon (arrow). Dark vertical stripes on the right correspond to the
intervals of the White Sea localities of macrofossils: L - Lyamtsa; SZ - Suzma; K - Karakhta; SL - Solza; Z - Zimnie Gory (lvantsov et al. 2020). Source: Stankovsky et al.

(1985), Grazhdankin (2003) and Fedonkin et al. (2007).

were normally arranged; on the other side, they were turned up.
The direction of erosion was determined by the position of the con-
vex end of the drop-shaped gutters, and the direction of sediment
transfer and filling of the gutters was determined by the dip of
sandy thin layers and the position of the lifted scraps of the micro-
bial mat. Moreover, it appeared to be that the erosion and filling of
gutters with the sediment occurred in two mutually perpendicular
directions (Fig. 2c).

The assemblage of macrofossils of the L2(XII) burial event hori-
zon is extremely poor. It contains one species of Dickinsonia,
resembling D. menneri (Keller & Fedonkin, 1976; Ivantsov et al.
2019b, 2020), Parvancorina minchami, Beltanelliformis brunsae,
fragments of band-like algae (Fig. 2d), small structures of palaeo-
pascichnids, rare Epibaion axiferus traces, as well as the other two
or three poorly diagnosed forms. The remains of Beltanelliformis
were located below the final surface of the microbial mat and are
better seen in the gutter casts (Ivantsov et al. 2020) (Fig. 2e).
Dickinsonia in the L2(XII) layer is represented by several forms
of preservation of remains and fossil structures, including an actual
body imprint, a film of mummified organic matter on a body
imprint, a feeding trace, Epibaion axiferus, long furrows (imprints
interpreted as a locomotion trace), a halo of grooves (structures of
stretching and lift-off from the substrate surface of a body part) and
a ring of mineral particles (an assumed trace of adhesion). A spe-
cific feature of the burial event horizon, as well as the whole
Lyamtsa locality, is that the sandstone within the boundaries of
the Dickinsonia body imprint is soaked or covered with a film
of dark brown mummified organic material, which is a remainder
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of the modified substance of the body itself. We discovered the
phenomenon of partial preservation of the substance of macroor-
ganisms in the burial event horizons of the Flinders—Belomorian
style of the southeastern White Sea area during excavations of
the Zimnie Gory localities in the 1990s (Fedonkin, 2002;
Ivantsov, 2011b). A study of biomarkers from the substance of
Dickinsonia and some other organisms was recently performed,
which established their biochemical affinity with metazoans
(Bobrovskiy et al. 2018).

We examined about 200 imprints of Dickinsonia from the
L2(XII) burial event horizon, one-quarter of which (64 specimens)
is represented by medium and large specimens. The division into
two size groups, in this case into a group of small individuals with a
body length of 4.1-13.2 mm and a group of medium and large indi-
viduals with a length of 18.3-122 mm, could indicate that there
were two or more generations of Dickinsonia of different ages
(Zakrevskaya, 2014; Ivantsov et al. 2020). The trace fossils and
structures described in this publication are more or less developed
in all medium and large specimens, and these specimens were spe-
cifically studied. Although some of the structures, such as the silt-
stone ring, are present on small specimens, their size does not allow
detailed examination.

The concentration of Dickinsonia fossil remains was calculated
at three sampling sites, which uncovered a total of 16.2 m?* of pro-
ductive surface (only about one-quarter of the entire studied area).
One site was made in the sector with the minimum thickness of the
fossiliferous layer, and the other two were located in the sector with
the maximum thickness (Table 1).
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Fig. 2. The fossiliferous layer of the L2(XII) burial event horizon in the area with maximum thickness: (a) position of the layer in the section of the lower part of the Lyamtsa
Formation and lithological features; (b) schematic drawing of one of the gutters; (c) a rose diagram showing the orientation of the anterior ends of 30 Dickinsonia specimens
relative to the directions of erosion and filling of gutters; (d) schematic drawing of a surface area showing the location of the fossils; () a fragment of a gutter cast with drag marks
and casts of small colonies of Beltanelliformis brunsae (Ivantsov et al. 2020). Legend: 1 - sandstone; 2 - siltstone; 3 - mudstone; 4 - parallel joint; 5 - cross-bedding and mudstone
pellets; 6 - several levels of ripple marks; 7 - redeposited fragments of microbial mats; 8 - the edge of the mat visible on the bedding surface; 9 - the outer edge of the chipped-off
section of the gutter cast; 10 - the edge of the area of the microbial mat lifted into the sediment; 11 - the central area of the gutter; 12 - the inner edge of the chipped-off section of
the gutter cast; 13 - normal and lifted position of the sections of the microbial mat; 14 - casts of the drag furrows; 15 - depressions under mudstone pellets; 16 - casts of
Beltanelliformis brunsae colonies. A - Aspidella terranovica; D - Dickinsonia cf. menneri; P - Parvancorina minchami; U - unclassified remains of macroalgae.

In 30 specimens of Dickinsonia from excavations no. 2 and 3, it
was possible to approximately measure the orientation of the ante-
rior end of the body relative to the longitudinal axis of the erosional
channel. The distribution of the orientation turned out to be rather
chaotic (Fig. 2c). Moreover, the cases of a diametrically opposite
arrangement of closely adjacent specimens were observed
(Fig. 2d). Despite the small sampling and, accordingly, low validity,
it can be assumed that there is no definite orientation in the
Dickinsonia imprints from the L2(XII) burial event horizon.

The distribution of the structures by body sectors was deter-
mined on 32 large Dickinsonia specimens.

The studied material is deposited in the Borissiak Paleontological
Institute of the Russian Academy of Sciences (PIN RAS), Moscow,
Russia and is included in collection no. 4716.
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3. Methods

The unique material that became the basis for this publication was
obtained through the use of gentle washing, which we had never
previously used for the preparation of Precambrian macrofossils.
The extremely poor compaction of the clays in contact with the
fossiliferous surface of the L2(XII) burial event horizon made it
possible in the process of finishing preparation to wash off the
imprints with plain fresh water sprayed with low-powered house-
hold pulverizers. AL Nagovitsyn (Arkhangelsk Regional Lore
Museum, Arkhangelsk) developed the method and adapted it to
the fieldwork in the Vendian localities of the southeastern
White Sea area. The use of brushes of various stiffness and hydro-
gen peroxide, common for the White Sea excavations, would
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Table 1. A number of Dickinsonia remains of different size groups in the excavation sites of the L2(XIl) burial event horizon

Excavation site 2 3
Area of excavation (m?) 5.7 4.9 5.6
Thickness of the fossiliferous layer (cm) 3.0 15-17 15-17

No. Dickinsonia specimens (specimens per m? percentage of
total)?

Total: 18 (3.16; 100%)
Medium and large: 4 (0.7;
22.2%)

Small: 14 (2.46; 77.8%)

Total: 62 (12.65; 100%)
Medium and large: 11 (2.24;
17.7%)

Small: 51 (10.41; 82.3%)

Total: 18 (3.21; 100%)
Medium and large: 10
(1.79; 55.6%)
Small: 8 (1.43; 44.4%)

No. feeding traces (specimens per m?)

2 (0.35) 0

3 (0.54)

No. fully formed escape traces (specimens per m?)

2 (0.35) 0 0

2Small: body length of 4.1-13.2 mm; medium and large: body length of 18.3-122 mm.

obviously lead to the loss of siltstone coat, representing a part of the
structures described in the article.

4. Evidence of Dickinsonia mobility
4.a. Long furrows of deformed specimens

These fossil structures are represented by groups of furrows of vari-
ous widths extending from the posterior end of the Dickinsonia
imprint along the surface of the fossil-bearing layer (Fig. 3).
Some of the furrows directly reach the imprint, while the others
end at some distance from it. The furrows can be more or less
straight or strongly curved, but they remain parallel to each other
(Fig. 3a, b). The total length of the group of furrows is close to the
length of the adjacent imprint. These structures are associated
exclusively with peculiar Dickinsonia individuals that have experi-
enced deep intravital deformations (Ivantsov ef al. 2019b). We had
never before observed such groups of furrows located separately
from the body imprints. It is evident that the grooves are imprints
of some thin and rather dense material lying on the surface of the
microbial mat. These structures are similar to the bodies of macro-
organisms in terms of their ability to form imprints, as well as the
lack of remains of the material that served as a matrix for these
imprints. This suggests that the matrix that created the furrows,
as well as the body, were formed by a material of the same kind,
that is, an organic matter. In the described case, such a substance
could be mucus secreted by the organisms (Fig. 4a). Previously, we
made such an assumption in relation to the movement traces of
Kimberella (Ivantsov, 2009, 2010, 2012), and then extended it to
the traces of Tribrachidium and Dickinsonia (Ivantsov et al.
2019b). The sufficient density of the mucus could be provided
by inclusions of small mineral particles precipitated at the initial
stage of the taphonomic event. The mineral component of this
mixture has probably been preserved in the depths of the furrows
to the present day. However, it is indistinguishable from the clay
from the underlying layer, which is difficult to remove with our
washing method. The curvature of the furrows observed in a num-
ber of specimens clears the suspicion that they could have an abio-
genic origin (for instance, that either the bodies themselves or the
sediment behind them moved due to directional lateral pressure).
We therefore interpret the furrows as imprints of the groups of
mucus ridges left by Dickinsonia moving along the surface of
the microbial mat, that is, as specific traces of locomotion
(Ivantsov et al. 2019b). Since the ridges are associated with highly
deformed individuals, it is assumed that they were formed due to
the loss of matter through damaged parts of the body (Ivantsov
et al. 2019b). However, while poorly pronounced, these structures
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can also accompany undamaged areas (Fig. 3¢); it should therefore
be recognized that the reason for the selective formation of the
ridges is still unclear.

The small length of the traces and the close contact with the
bodies indicate that they were formed immediately before the
death of the trace-producing organisms. Apparently, their preser-
vation is somehow connected with the taphonomic event that led
to the formation of the burial event horizon. We assume that the
traces of locomotion were preserved because they were created
during the taphonomic event itself when the sediment burying
the bottom community had already begun to precipitate, but its
layer was still very thin, and some of Dickinsonia could move
(Ivantsov et al. 2019b).

4.b. Halo of grooves

Many medium- to large-sized Dickinsonia imprints from the
L2(XII) burial event horizon, of standard morphology and intra-
vitally damaged, are surrounded by a halo of grooves of different
width and shape (Figs 5-8). On the outer margin, such a halo is
limited by a winding ledge, behind which the main surface of
the layer extends with an elevation. Imprints of the end parts of
the isomers can be observed in the bends of the ledge (Figs 3a,
b, 5a, b). The halo is usually asymmetric, more developed near
one margin of the body imprint, and less developed or absent at
the opposite margin (Fig. 5d, e). The grooves of the halo are
straight and curved, Y-shaped, and of more complex shapes, often
oblique to each other and intersecting (Fig. 5a—c). Sometimes only
the margin and depression of the halo itself is preserved, and the
grooves are absent (Fig. 6b). Sometimes the halo can only be
detected by a subtle change in the shade of the rock (Fig. 6¢, top
of the image).

Some specimens of Dickinsonia from Lyamtsa demonstrate the
lack of one or more parts of their bodies. These ‘lost’ parts vary in
size from a small notch that occupies only a few percent of the
imprint area (Figs 7a, b, 8a, b) to almost half of it (Fig. 5a, b).
Sometimes it is only a deep fold along which part of the
Dickinsonia body is drawn into the overlying layer (Fig. 5d). Such
structures are interpreted by Evans et al. (2015) as the result of
the lifting of a portion of the Dickinsonia body. The fact that the part
of the body was lifted into the fossil-bearing layer of sandstone,
rather than torn off in some way, is evident in the White Sea samples.
They have this portion preserved within the layer in a form of pyrite
pseudomorph (Bobrovskiy et al. 2019). In the Australian locality,
any structures are absent from the bottom of the layer, where the
part of the imprint disappeared. However, a sandy hillock could
appear there formed as a result of the deposition of the sand flow
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Fig. 3. Locomotion traces of Dickinsonia: (a, b) specimen no. 4716/5178 (a, plan view; b, drawing); (c) specimen no. 4716/5270; and (d) specimen no. 4716/5181. All photographs
were taken with the coating with ammonium chloride; all scale bars represent 1 cm (modified from Ivantsov et al. 2019b).

beneath the body of Dickinsonia (Evans et al. 2015). In the majority
of Lyamtsa imprints, the place of the missing part is taken by the
grooves of the halo, which become even deeper there (Figs 6a, 7a,
b). Sometimes, if the halo around the whole imprint was not clearly
developed, the grooves are visible only in this place (Fig. 8a, b).
The fact that the halo and its variety — formed where the portion
of the body was lifted — are embedded in the layer indicates that
they, like the main fossil remain, represent imprints but not the
imprints of the body of the animal itself. We assume that these
structures are only indirectly related to the Dickinsonia body, being
the imprints of a mucous membrane formed under the body
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during a taphonomic event. The shifted margins of the body or
lifted parts revealed this film. The halo of grooves barely differs
from the surrounding surface in a greenish and slightly lighter
shade of the rock (Figs 6¢, 7a), which in this case is a sign of a slight
increase in the admixture of clay or silty particles. According to our
interpretation, this additional admixture is the remains of the main
material which created the traces, a mixture of mucus and silty par-
ticles, after the decomposition of its organic component. The mor-
phology of the halo reflects the sculpture of the surface of the
mucous membrane, composed of the ridges, representing the
imprints of the grooves of the ventral side, and various bulges
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nism of formation of various structures demon-
strating the mobility of Dickinsonia: (a)
locomotion traces; (b) silt-sandy rim; (c) pulling
structures; and (d) tear-off structures (Mm -
microbial mat; Mmp - mixture of mucus and
mineral particles; Sp - silt powder; Db -
Dickinsonia’s bodyj; Sr - siltstone ring; Bm - bun-
dles of a mixture of mucus and mineral
particles).

(b) (c)
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Fig. 5. Tear-off and pulling structures: (a, b) specimen no. 4716/5180 (a, plan view; b, drawing); (c) specimen no. 4716/5282; (d, e) specimen no. 4716/5209 (d, plan view; e,
fragment with higher magnification); and (f) a fragment of the halo of tear-off and pulling structures of specimen no. 4716/5175. All photographs were taken with the coating
with ammonium chloride; all scale bars represent 1 cm.
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(b)

Fig. 6. Silt-sandy rim: (a) specimen no. 4716/5165; (b) specimen no. 4716/5191; and (c) specimen no. 4716/5190; all scale bars represent 1 cm.

formed when the margin of the body was pulled along the film and
the body was detached from this film (Fig. 4c, d).

Only the individual parts of Dickinsonia could be exposed to
pulling rather than its entire body, and all these parts were
stretched to varying degrees. When the margin of the body, which
already had a raised area, was displaced, a characteristic deep and
straight groove was formed on the imprint, sharply bordering the
pulling structure (Fig. 6a, c).

The tear-off structure differs from the pulling structure in the
greater roughness of the grooves. The winding, dividing and
branching grooves are associated with it. The grooves on the
pulling structure are more numerous, parallel to each other
and usually straight. In the case of an arcuate bend, the furrows
on the tear-off structure can be radially arranged (Fig. 7a, b).
However, the tearing off of the margin was often accompanied
by its pulling, and therefore the formed structures can merge
into each other (Figs 5a, b, 8a, b). Moreover, in the case of a
change in the movement direction of the body margin, the
curved grooves were formed (Fig. 5f).

4.c. Rim of mineral grains

The basis of this structure is a fine powder of silty or sandy grains,
bordering the Dickinsonia imprint with a light greenish-grey stripe
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(Figs 3, 6-8). On the surface of the grey fine-grained sandstone of the
fossil-bearing layer, it is rather poorly visible. However, it stands out
quite clearly against the dark brown background of organic matter
coating the body imprint. The rim stretches along the margin of the
imprint and is mainly located within it, but may partially extend out-
wards onto the surface of the fossil-bearing layer. A fully formed rim
of mineral grains, in the form of a ring, repeating the contours of the
Dickinsonia body, appears to be a singular phenomenon (Fig. 8a, b).
Only its fragments are usually observed, represented by more or less
extended arcs. The silty-sandy arcs are located at the end of the
imprint, opposite to the locomotion traces and wide pulling struc-
tures (Figs 3a, b, 7d). The width of the rim varies between specimens
and can also vary within a single imprint. For instance, in specimens
PIN no. 4716/5165 and 4716/5272, it gradually becomes thinner
from the middle of the body to the posterior end, but at the same
time retains its relative width, which is about 0.4 and 0.2 of the iso-
mer length (measured across the body) for the first and second sam-
ples, respectively. The sandy material of the rim has clear signs of
biogenic processing. For example, in specimen no. 4716/5289, the
mineral grains are collected in columns, the width of which is close
to the width of the isomers, but the orientation does not coincide
with the orientation of the isomers visible on the body imprint
(Fig. 7c). We previously described similar columns in Dickinsonia
costata and D. cf. tenuis and interpreted them as sandy filling of
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food-collecting pockets (Ivantsov, 2011a). We can consider that in
the case of D. cf. menneri studied here, the sand columns are casts
from the distal ends of the food-collecting pockets.

The rim is not the result of the deposition of mineral particles
beneath the body of Dickinsonia under the influence of some exter-
nal agent. It could also not be the result of only the simple trans-
portation of the body onto the surface covered with particles. This
is evident by a regular change in its width along the imprint, reduc-
ing with a decrease in the length of isomers, as well as by partial
processing of mineral material, and its formation into the ridges.
We assume that this rim was formed as a result of the interaction of
Dickinsonia with a thin powder of silty particles that fell out at the
initial stage of the taphonomic event. The animal moved these par-
ticles in radial directions from the body axis to its edges (Fig. 4b).
The shorter the isomers and, accordingly, the smaller the area of
the surface cleaned from mineral particles, the smaller was the
width of the rim area. Thus, the concentration of mineral particles
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Fig. 7. Silt-sandy rim, tear-off and pulling struc-
tures: (a, b) specimen no. 4716/5272 (a, plan
view; b, drawing); (c) specimen no. 4716/5289,
a section of a sandy rim; and (d) specimen
no. 4716/5290; all scale bars represent 1 cm.

occurred at the margin of Dickinsonia. Many specimens of the
Lyamtsa locality are lacking a mineral rim; in others, it is present
only at one edge or at the posterior end (specimen no. 4716/5191).
Only a few, it seems, had a more or less complete ring (specimen
no. 4716/5272, 4716/5175). A specimen associated with several
silty rings and arcs was also found (no. 4716/5252, see below).
These differences can be explained by assuming that the accumu-
lation of silt particles took place beneath the body of Dickinsonia,
and the animals at that moment still had an opportunity to move.
Some of the individuals remained in one place from the very begin-
ning of the taphonomic event until the precipitation of the bulk of
the sandy sediment; the silty suspension did not get under their
bodies in these cases. Others moved at various distances, crawling
onto the surface of the microbial mat sprinkled with silty or sandy
grains. The displacement was either insignificant, to a short dis-
tance less than the length of the body, which led to the formation
of a fragmentary rim at one edge of the imprint, or to the entire
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Fig. 8. Silt-sandy rim, tear-off and pulling struc-
tures, feeding traces: (a-d) specimen no. 4716/
5252: (a) plan view; (b) drawing; (c) a fragment
of a sandy rim (an area with an irregular distribu-
tion of clastic material is shown in the frame with
magnification); and (d) the posterior end of the
body and the poorly developed feeding trace. (e)
An isolated feeding trace, Epibaion axiferus,
specimen no. 4716/5003. Photographs (d, e)
were made with the coating with ammonium
chloride; all scale bars represent 1 cm.

length of the organism and further, as a result of which more or less
complete rings were formed. The location of the rim or its part
beyond the bounds of the imprint of the Dickinsonia body is
explained by the displacement of the entire body or only the cor-
responding portion of its margin along the bedding plane. At the
same time, various grooves and ridges could appear on the surface
of the rim (specimen no. 4716/5272) representing the halo of
irregularities described above, probably formed when the body
of Dickinsonia was pulled along the mucus (Fig. 7a, b).

The silty rings and arcs in specimen no. 4716/5252 (Fig. 8) are
fanned out and form a sequence reflecting at least five episodes of
the formation of these structures during the movement of the ani-
mal. Based on the fact that the first two rings are quite distinct and
complete, Dickinsonia began to create them on the surface already
covered with silt (Fig. 8a, b). From the place of creation of the first
ring to the final place of burial, the animal moved, turning its front

https://doi.org/10.1017/S0016756821000194 Published online by Cambridge University Press

1127

(b)

Pulling structures of the
lifted body edge

Feeding trace

- Feeding trace

end, first anticlockwise and then clockwise, and shifted on about half
of its width. The left parts of the third and fourth rings are pale and
poorly visible since there was a shortage of silty material that was
brushed off the surface of the mat during the formation of the first
and second rings. For the same reason, the left half and the central
part of the body imprint completely lack silt particles, since they
were cleaned at least five times. In contrast, on the right side of
the imprint, the concentration of mineral particles is increased since,
at each shift of the body, the particles from the previous accumula-
tions were added to the newly collected particles. Furthermore,
sandy grains were added to the silty material between the third
and fifth (the final one) stops, which are no longer arranged in
bands, but instead form bundles and thin ridges elongated along
the isomers (Fig. 8c). The cast of the feeding trace extends to the
posterior end of the body imprint. Based on the width of the meta-
isomers (structural units of a feeding trace), the trace could belong to


https://doi.org/10.1017/S0016756821000194

1128

the same Dickinsonia individual (Fig. 8d). The trace is poorly devel-
oped. Based on other more distinct traces from the same burial event
horizon, it belongs to the ichnospecies, Epibaion axiferus (Ivantsov
& Malakhovskaya, 2002) (Fig. 7e). It seems that Dickinsonia moved
from this last feeding place of its life to the place where it began to
create silty rings. Since the front end of the feeding trace is covered
by the body imprint, the distance covered by the animal was also
short and did not exceed its body length.

4.d. Escape traces

The studied samples show that the stretching of various parts of the
Dickinsonia body occurred along their own, sometimes curvilinear,
trajectories and over different distances. The complex of multidi-
rectional pulling and tearing structures could form a separate com-
pact fossil. Its cast, preserved at the base of the layer, looks like a
shallow depression and is oval in shape as a whole, corresponding
to the original position of the Dickinsonia body on the surface of
the microbial mat (Fig. 9). This completed, fully formed structure is
not accompanied by an imprint of the body, at least in the part,
located at the bottom of the layer. It consists of fragments of the
pulling and tearing structures that are separated by more or less
deep grooves. One of these grooves extends into the overlying
sandstone, where it develops into a joint plane, intersecting the
bedding (Fig. 9b) and fixed by a thin coat of clay. It seems that
the groove and the joint plane continuing it marks a place where
Dickinsonia enters the sediment and trace the movement through
it. In general, this entire complex of fossil structures can be classi-
fied as an escape trace (fugichnia) of Dickinsonia.

The completed escape traces were found in the L2(XII) burial
event horizon only in the area with a minimum thickness of the sand
layer. Imprints of medium and large bodies are extremely rare there
(Table 1). It can be assumed that Dickinsonia from Lyamtsa with a
body length of more than 18 mm, when buried under a sediment layer
of about 3 cm (excluding diagenetic shrinkage), retained the ability to
move and could get out to the seafloor surface, but it lost this ability
with a layer thickness of about 15 cm or more. Dickinsonia with a
body length of less than 14 mm was unable to move even when
the sediment layer was 3 cm in thickness.

5. Discussion

In the L2(XII) burial event horizon, the sharp inconsistency in the
orientation of long axes of the gutters and the direction of the
transfer of sandy material that filled these gutters indicates that,
at the initial moments of the layer formation, two events separated
in time happened: (1) the disruption of the continuity of the micro-
bial mat and erosion of the underlying silty sediment; and (2) the
sand precipitation, the filling of the gutters formed during the first
event and the formation of a cross-bedded lower part of the layer. It
can be assumed that the first event led to the mobilization of fine
mineral grains. Due to their adhesion to organic materials, the
structures described here were able to be preserved. The second
event led to the burial of the living Dickinsonia. In the places where
the layer of the precipitated sediment was rather thin, large indi-
viduals were able to get out from under it, leaving traces of move-
ment and escape.

The flow force during the formation of the L2(XII) burial event
horizon was strong. In the beginning, it was sufficient for the local
rupture of the microbial mat with the formation of gutters and later
for the transfer of large clay pebbles; this is not a single observation.
During the formation of the Z2(III) burial event horizon of the
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Zimnie Gory locality, a flow tore off large pieces of the microbial
mat with an area of tens of square metres and, at the remaining
areas, the mat was lifted up with rolled-up edges (Ivantsov,
2011a). However, even in this case, Dickinsonia, along with a num-
ber of other organisms, remained on the surface of the mat. There
are cases when the flow, without displacing Dickinsonia specimens
themselves, lifted up parts of their bodies and deposited sediment
under the raised areas (Evans et al. 2015). Such resistance to trans-
fer is hardly possible for organic bodies lying freely on the sea bot-
tom, the density of which approaches the density of the water
(Schopf & Baumiller, 1998; Retallack, 2007). The distribution of
large objects along the fossiliferous bed L2(XII) is characteristic.
There were imprints of soft-bodied organisms on the bottom of
the layer, and above them there were clay pellets (the initial density
of which was obviously higher than that of the organic bodies).
Above all these, there were redeposited fragments of the microbial
mat (the density of the substance of which was probably of the
same order as in the organisms). The pellets and pieces of microbial
mat are positioned according to the expected difference in their
density, while the imprints are located where we would expect
to find quartz pebbles, rather than the bodies of non-skeletal
organisms. The ability of Dickinsonia and other macroorganisms
of the Flinders—Belomorian fossil community to resist the transfer
and upwards movement of suspended matter cannot be explained
by anything other than the adhesion. A very rare case is described
(two specimens per several thousand known from South Australia
and the White Sea region) when the body of Dickinsonia was torn
into two parts, and both parts remained lying side by side (Gehling
et al. 2005; Evans et al. 2019b; Droser et al. 2020). The reason why
the torn-off fragment was not carried away by the flow of water or
sandy suspension remains unknown.

A notable feature of the L2(XII) burial event horizon is depressions
from clay pellets visible at the base of the fossiliferous layer (Fig. 2b). The
pellets themselves (they are mudstone lenses at the moment) lie within
the layer near its base. The depressions were formed during the dehy-
dration and contraction of the pellets. At the same time, the volume
reduction was accompanied by the upwards rise of mainly the lower
surface of the pellet (Bobrovskiy et al. 2019). The rise phenomenon
was also responsible for the unusually deep imprints of the soft bodies
of Ediacaran organisms. The upwards movement, against the force of
gravity, can be explained by the “floating’ of relatively less dense organic
materials compared with the sandy sediment (the Dickinsonia bodies
and the mass of the microbial mat located under it).

On each medium and large sample we studied from the L2(XII)
burial event horizon, in addition to the body imprint there is an
imprint of some thin structure that rose above the substrate as a
constituent element. It is difficult to dispute that it and the struc-
tures associated with it belong to some specific Dickinsonia speci-
men. In our conclusion, all of them were formed due to the mucous
secretions of Dickinsonia itself (Fig. 4). It is difficult to imagine that
such an ‘ephemeral’ unstable and flexible material as mucus could
be a source of the formation of sufficiently distinct imprints with
deep and well-defined details. That is why one of the authors of this
article suggested that, in the case of the formation of fossil traces of
the movement of various Ediacaran organisms, mineral particles
were added to the mucus (Ivantsov, 2009, 2010; Ivantsov et al.
2019b). The presence of such mineral particles, namely, grains
of silt and sandy size, is now revealed for the Lyamtsa imprints,
which became possible due to the application of the method of gen-
tle washing of samples. The authors are not aware of any other
hypotheses about the primary composition of the material from
which these structures could be created.
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Fig. 9. Escape traces of Dickinsonia: (a, b, d-g) fully formed; and (c) incomplete. (a, b) Specimen no. 4716/5266 (a, plan view; b, cross-section along the line 1-2); arrows point to
the furrow and the jointing surface, tracing the place of entry and passage of Dickinsonia through the sediment. (c) Specimen no. 4716/5268; one of the stages of the formation of
an escape trace, when the body imprint is surrounded on all sides by pulling structures, and its peripheral part is lifted into a sandstone layer. (d) Specimen no. 4716/5267; (e)
specimen no. 4716/5264; (f) specimen no. 4716/5067; and (g) specimen no. 4716/5006. All photographs, except for (c), were made with the coating with ammonium chloride; all

scale bars represent 1 cm.

Mucus is used by many modern invertebrates, including those
with a rather simple structure, as an intermediary material in contact
with the substrate during movement and adhesion (Smith, 1991,
1992; Davies & Case, 1997; Whittington & Cribb, 2001). It would
therefore not be a long stretch to assume that Dickinsonia was able
to secrete mucus and used it for the same purposes. Fossil structures
similar to imprints of a mucous film and stretching structures were
described in the literature for Dickinsonia and related organisms as
a trace of contraction, and as the last feeding trace, respectively
(Wade, 1968; Seilacher, 1989; Ivantsov, 2011a, 2013; Evans et al.
20194, b). Both structures were formed by the body of Dickinsonia,
which was in a position slightly different from the final imprint, or
had a larger area. It has been shown that the feeding trace was created
by a living organism that expanded over the surface of the microbial
mat (Ivantsov, 2011a, 2013; Evans et al. 2019a), while the trace of con-
traction was presumably left by a dead body compressed during post-
mortem dehydration (Wade, 1968; Seilacher, 1989; Gehling et al.
2005). Each of these two types of trace fossils is a cast of the imprint
of the ventral surface of the organism on the microbial mat. Both of
them are represented on the bottom of the fossil-bearing layer in pos-
itive and slightly convex relief. The grooves on them are casts of the
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grooves of the Dickinsonia body, along which the isomer boundaries
pass and they extend these boundaries outwards. In contrast to these
two types of trace fossils, the imprint of the supposed mucus film with
a halo of grooves is pressed into the surface of the fossil-bearing layer,
that is, it has a concave and negative relief. The halo is often developed
only at one margin of the body imprint, while the feeding traces and
the traces of contraction surround a body from all sides. In the case of
a fully developed escape trace there is no body imprint at all near a
group of stretching and lift-off structures, inconsistent with a contrac-
tional mechanism of formation. The orientation of the grooves of the
halo and of the boundaries separating the isomers on the body imprint
is often markedly different (Fig. 5d, e). This implies that the body
changed its position after the formation of the structures. The number
of furrows on the stretching structures can be significantly higher than
the number of the corresponding isomers of the adjacent body area.
Moreover, only a few of the linear depressions of the halo can be cor-
related with isomer boundaries. Loop-shaped, Y-shaped and more
complex grooves and depressions, often obliquely arranged to one
another, curved and intersecting, do not find a direct correspondence
with the known morphology of the ventral side of Dickinsonia. But
such grooves (recall that the initial structures were ridges on the
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surface of the mat) could represent threads of mucus stretching
behind various relief elements of the margin of the Dickinsonia body,
as well as of its ventral and even dorsal sides.

Fedonkin (2002) interprets the contraction trace as an imprint of a
soft body extending beyond the carapace, representing the main part of
the Dickinsonia fossil remain. The pulling and tear-off structures resem-
ble the body imprint even more since, in contrast to the contraction
trace, they are preserved in the same negative relief. We cannot offer
a criterion for reliably distinguishing a mucous membrane from a thin
outgrowth of a soft body using an imprint. Indirect evidence of differ-
ence, such as a predominant arrangement of the structures at one of the
body margins, a variety of surface relief, a clear correspondence between
the external contour of the deformed body part and the contour of the
pulling structure, can be disputed. Even the escape trace can be inter-
preted as a body imprint from which the carapace was ripped off.
However, according to our data, the dissected structure of
Dickinsonia did not represent a shield or carapace. It had a shape of
a thin-walled sack and was externally covered with an integument layer
(Ivantsov et al. 2019¢). With such structure, the presence of extensive
outgrowths capable of being pulled under the body is unlikely.

We would prefer not to enter into extensive polemics with
Retallack here. Dickinsonia, as it appears in our works, is not com-
parable with any lichen either in structure (a three-dimensional
body with a basement membrane and ectodermal tissue;
Ivantsov et al. 2019¢) or in the growth mode (which is based on
the addition of elements at one end of the body; Ivantsov et al.
2020). An affinity with lichens is also made unlikely from the pre-
sumed composition of the substance (high cholesteroid content;
Bobrovskiy et al. 2018) as well as the ability to move (chains of vari-
ous traces; Ivantsov et al. 20190; this study). Nevertheless, the fur-
rows of the pulling and tear-off structures may resemble rhizoids of
lichens or liverworts. However, if we assume that these are the
imprints of the torn-off rhizoids themselves, then the absence of
the ends with which they attached to the thallus will remain
unclear. These furrows cannot be traces of rhizoids pulled out of
the substrate since they are preserved in negative relief, the same
as the body remains.

Evans et al (2015) explained the lift of the body edge of
Australian Dickinsonia by a mechanical effect of the lateral pressure
of the water flow on it. In the study of the Lyamtsa locality, we did
not measure the orientation of the raised areas relative to the direc-
tion of the palaeoflow. However, the lift of the two opposite body
edges, as demonstrated for example in specimen no. 4716/5165
(Fig. 6a), the lift of the body edge in one direction accompanied
by pulling of the other edge in the opposite direction, as in specimen
no. 4716/5209 (Fig. 5d), and the slit-like shape of the bend of the
same specimen is difficult to explain by the impact of the flow alone.
On the material of L2(XII) burial event horizon, we did not find evi-
dence confirming an extraneous effect on the body of Dickinsonia.
However, we do not state that the lift of the body edge could not be
done by the flow. After all, the force of its pressure was sufficient to
rupture sections of the mat, form gutters and move muddy pebbles.
For example, the fact that Dickinsonia continued to move with one
lifted edge may be an indication of external influence on that edge.
However, according to our hypothesis, most of the stretching and
lift-off structures recorded for the samples from L2(XII) burial event
horizon were formed as a result of the independent movements of
living Dickinsonia. These movements could be performed by the
animals in the course of attempts to avoid burial. In the same
way, we previously interpreted rough folds covering the imprints
of bodies specifically as a consequence of the attempts to avoid burial
(Ivantsov, 2011a).
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Fig. 10. Distribution of the structures by sectors of the Dickinsonia body. The num-
bers correspond to the number of detected cases.

The lifted areas are most characteristic of the anterior sectors of the
Dickinsonia body (Fig. 10). The stretching structures are more evenly
distributed, with a slight predominance of the posterior sectors over
the anterior ones. A number of specimens clearly show the opposite of
the arrangement of the arcs of the mineral rim and wide stripes of the
stretching structures (Fig. 7d). Apparently, the anterior part of the
Dickinsonia body was more mobile, capable of making movements
in various directions and planes, while the posterior part was more
inclined to passive movement along the surface of the substrate.
This is consistent with the visible anteroposterior body asymmetry
of Dickinsonia and related organisms, and with data on the preferred
orientation of these animals during movement (Gehling et al. 2005;
Ivantsov, 2011a, 2013; Evans et al. 2019a).

The formation of the rim of silty-sand particles around the body of
Dickinsonia was probably a by-product of the adhesion of the organism
to its substrate, the microbial mat. Moreover, this process was also due
to mucus. In the process of adhesion, modern organisms use mucus as a
glue to increase adhesion to the substrate, or as a sealer to maintain
negative pressure under the foot (Smith, 1991, 1992; Davies & Case,
1997; Whittington & Cribb, 2001). In this case, the negative pressure
is created by the muscles that rise the centre of the foot from the sub-
strate (Smith, 1991; Davies & Case, 1997). We assume that Dickinsonia
also used mucus as a sealer. However, it created the underpressure in a
peculiar way via a centrifugal dispersion of the mucus film. Mineral par-
ticles moved along the way with the mucus and accumulated at the
margins of the body. The rhythmic alternation of concentric stripes
can be seen on sample no. 4716/5252 (Fig. 8c). They are represented
by wide light-coloured stripes that are enriched in silty particles, and
narrow dark stripes that are depleted in silty particles. This alternation
possibly reflects the wavelike nature of the radial movement of the
material under the body of Dickinsonia. The mineral rim is the most
pronounced at the lateral margins of the body (Fig. 10). This can be
explained by the greater length of the isomers in the middle part of
the body and, accordingly, the larger area from which the mineral par-
ticles were collected.

The mineral rings and arcs, as well as the imprints of a hypothetical
mucous membrane, are therefore traces of Dickinsonia’s adhesion to
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the substrate. Apparently, they were able to fossilize only in the excep-
tional case of the L2(XII) burial event horizon. Specimen no. 4716/
5252 demonstrates at least four unfinished adhesion attempts, the first
of which were made while the surface of the microbial mat was
covered with the silty particles. The presence of a small amount of
sandy material in the latest rims probably indicates that, by the time
of their formation, there were changes during the taphonomic event,
and sandy grains were beginning to be added to the precipitated silt
material, which subsequently resulted in mass precipitation of the
sand and the final burial of Dickinsonia. A visual representation of
the efficiency of the adhesion of Dickinsonia to the substrate is speci-
men no. 4716/5268 (Fig. 9¢), in which all marginal areas were lifted
into the overlying sediment and the central part of the body still
remained on the bedding plane.

The ridges, described as the locomotion traces of intravitally dam-
aged Dickinsonia specimens, are similar to the ridges of the stretching
structure formed behind the non-deformed specimens, but are higher
and wider due to the concentration of the material that composed
them in the deformed parts of the body. The lift-off structure often
develops into the pulling structure, which is equally often limited
to the lifted margin of the body. These structures can record one proc-
ess of the Dickinsonia movement. Many Dickinsonia imprints are
asymmetric to some extent. One or more of their sectors turns out
to be wider or longer than the sectors opposite to them across the
longitudinal axis. For example, the front right side of specimen
no. 4716/5252 is stretched compared with the front left side.
Moreover, the direction in which the stretching occurred coincides
with the direction of movement of this individual (Fig. 8a, b). It
can be assumed that, when moving along the surface of the mat,
Dickinsonia carried forward a certain part of the body (mainly from
the anterolateral sectors), somehow fixed it in a new place and then
pulled the rest of the body to it. A series of closely located mineral arcs
at one end of the body and an associated series of pulling structures at
the opposite end, both visible on specimen no. 4716/5290 (Fig. 7d),
may reflect the intermittent nature of the movement. Although the
end bearing a sub-triangular lobe was at the forefront of the move-
ment, each specific impulse could not be performed exclusively by
the anterior sectors, but this was possible by any of the anterolateral
sectors. There is one extremely deformed specimen in our collection,
in which a significant part of the body was lost during the lifetime.
Based on the trajectory of the traces left by this specimen, the anterior
end in the direction of movement was located in the left anterolateral
sector of its body (Fig. 3d).

The lifting into the overlying unconsolidated sediment was
probably carried out in the same way. The covered Dickinsonia
contracted some part of its body, lifted and pushed it up, where
it was fixed and pulled up the rest of the body. It is possible that
the area raised by the stream could give rise to this movement.
This hypothesis connects all the described structures.

6. Conclusion

Only a few of the researchers of the Ediacaran biota currently
doubt the mobility of Dickinsonia. Perhaps only G. Retallack
remains faithful to the hypothesis of their attachment, still consid-
ering these organisms as terrestrial fungi or lichens, overgrowing
hypothetical Ediacaran palaeosols (Retallack & Broz, 2020), despite
the growing criticism of these views (Waggoner, 1995; Sperling &
Vinther, 2010; Callow et al. 2013; Evans et al. 2015, 2019g; Tarhan
et al. 2015; Liicking & Nelsen, 2018). However, Dickinsonia indi-
viduals were clearly adhered at the time of their burial, as evidenced
by the location of their fossil remains on the bottom of the layer
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and their ability to resist flow (Retallack, 2007; Ivantsov, 2011a;
Evans et al. 2015). At the same time, Dickinsonia was a mobile ani-
mal. The dataset on the feeding traces (Ivantsov & Malakhovskaya,
2002; Gehling et al. 2005; Ivantsov, 2011a; Evans et al. 2019a),
extended by the structures interpreted as locomotion traces
(Ivantsov et al. 2019b and this study), the structures of pulling
the body over the surface of the substrate and the escape traces,
as well as the recorded successive attempts of adhesion, provide
convincing evidence for this. It turns out that Dickinsonia and
the organisms close to it were sometimes mobile and sometimes
adhered. This double modality of behaviour is characteristic of ani-
mals living in an environment of frequent changes in hydrody-
namic activity. It is unlikely that this change was associated with
relatively rare catastrophic storms. It is obvious that we must
reconsider our understanding of the preferred depth of the
Dickinsonia habitats, with their transfer to shallower environments
above the fair-weather wave base.

The movement intermittency and the ability of Dickinsonia to
push its body through unconsolidated sediment may serve as a new
argument in favour of the assumption that these animals had mus-
culature. Previously, this assumption was made after an analysis of
compression wrinkles, sometimes observed on the imprints, and
extended chains of feeding traces formed by Dickinsonia
(Gehling, 1991; Gehling et al. 2005; Evans et al. 2019a).
However, this musculature was apparently rather weak and, with
the thickness of the burial sediment of > 15 cm, even relatively
large specimens of Dickinsonia lost the opportunity to free them-
selves and escape to the surface.

Acknowledgments. The authors are very grateful to AL Nagovitsyn
(Arkhangelsk Regional Lore Museum, Arkhangelsk, Russia). Thanks to his
extremely careful attitude to fossil remains and thoughtfulness it became pos-
sible to discover the structures described here. The authors are grateful to S
Jensen (Universidad de Extremadura) and GE Budd (Uppsala University) for
their valuable and constructive comments that improved the quality of the
paper. Fieldwork and preparation of the fossil material were carried out with
the support of the grant for the fundamental research on the topic of the state
assignment of Paleontological Institute, Russian Academy of Sciences, “The
Emergence of Life, the Formation of the Biosphere, and the Development of
Ancient Biotas’. Laboratory and theoretical studies were supported by the
Russian Science Foundation (RSF) (MZ, grant no. 19-14-00346).

References

Bobkov NI, Kolesnikov AV, Maslov AV and Grazhdankin DV (2019) The
occurrence of Dickinsonia in non-marine facies. Estudios Geoldgicos 75, €096.

Bobrovskiy I, Hope JM, Ivantsov AY, Nettersheim BJ, Hallman C and
Brocks JJ (2018) Ancient steroids establish the Ediacaran fossil
Dickinsonia as one of the earliest animals. Science 361, 1246-49.

Bobrovskiy I, Krasnova A, Ivantsov AY, Luzhnaya (Serezhnikova) EA and
Brocks JJ (2019) Simple sediment rheology explains the Ediacara biota pres-
ervation. Nature Ecology & Evolution 3, 582-9.

Bottjer DJ and Clapham ME (2006) Evolutionary paleoecology of Ediacaran
benthic marine organisms. In Neoproterozoic Geobiology and Paleobiology
(eds S Xiao and AJ Kaufman), pp. 91-114. Netherlands: Kluwer Press.

Brasier MD and Antcliffe JB (2008) Dickinsonia from Ediacara: a new look at
morphology and body construction. Palaeogeography, Palaeoclimatology,
Palaeoecology 270, 311-23.

Callow RH and Brasier MD (2009) Remarkable preservation of microbial mats
in Neoproterozoic siliciclastic settings: implications for Ediacaran tapho-
nomic models. Earth Science Reviews 96, 207-19.

Callow RH, Brasier MD and Mcllroy D (2013) Discussion: ‘Were the
Ediacaran siliciclastics of South Australia coastal or deep marine? by
Retallack et al., Sedimentology 59, 1208-36. Sedimentology 60, 624-7.

Conway Morris S (1989) Early metazoans. Science Progress 3, 81-99.


https://doi.org/10.1017/S0016756821000194

1132

Davies MS and Case CM (1997) Tenacity of attachment in two species of lit-
torinid, Littorina littorea (L.) and Littorina obtusata (L.). Journal of
Molluscan Studies 63, 235-44.

Droser ML and Gehling JG (2015) The advent of animals: the view from the
Ediacaran. Proceedings of the National Academy of Sciences 112, 4865-70.

Droser ML, Gehling JG and Jensen SR (2006) Assemblage palaeoecology of the
Ediacara biota: the unabridged edition. Palaeogeography, Palaeoclimatology,
Palaeoecology 232, 131-47.

Droser ML, Tarhan LG, Evans SD, Surprenant RL and Gehling JG (2020)
Biostratinomy of the Ediacara Member (Rawnsley Quartzite, South
Australia): implications for depositional environments, ecology and biology
of Ediacara organisms. Interface Focus 10, 20190100.

Droser ML, Tarhan LG and Gehling JG (2017) The rise of animals in a chang-
ing environment: global ecological innovation in the Late Ediacaran. Annual
Review of Earth and Planetary Sciences 45, 593-617.

Dunn FS, Liu AG and Donoghue PCJ (2018) Ediacaran developmental biol-
ogy. Biological Reviews 93, 914-32.

Dzik J (2000) The origin of the mineral skeleton in chordates. Journal of
Evolutionary Biology 31, 105-54.

Dzik J and Ivantsov AY (2002) Internal anatomy of a new Precambrian dick-
insoniid dipleurozoan from northern Russia. Neues Jahrbuch fiir Geologie
und Paldontologie 7, 385-96.

Evans SD, Droser ML and Gehling JG (2015) Dickinsonia lift-off: evidence of
current derived morphologies. Palaeogeography, Palaeoclimatology,
Palaeoecology 434, 28-33.

Evans SD, Droser ML and Gehling JG (2017) Highly regulated growth and devel-
opment of the Ediacara macrofossil Dickinsonia costata. Plos One 12, 1-15.
Evans SD, Gehling JG and Droser ML (2019a) Slime travelers: early evidence of

animal mobility and feeding in an organic mat world. Geobiology 17, 490-509.

Evans SD, Huang W, Gehling JG, Kisailus D and Droser ML (2019b)
Stretched, mangled, and torn: responses of the Ediacaran fossil
Dickinsonia to variable forces. Geology 47, 1049-53.

Fedonkin MA (1981) White Sea Vendian biota. Proceedings of the Geological
Institute of the Academy of Sciences of the USSR 342, Nauka, 100 pp [in
Russian].

Fedonkin MA (1983) Non-skeletal fauna of Podolian Dniester area. In The
Vendian of Ukraine (eds VA Velikanov, EA Aseeva and MA Fedonkin),
pp. 128-39. Kiev: Naukova Dumka [in Russian].

Fedonkin MA (1990) Systematic description of the Vendian Metazoa. In The
Vendian System 1. Paleontology (eds BS Sokolov and A Iwanowski), pp. 71-
120. Berlin, Heidelberg: Springer-Verlag.

Fedonkin MA (2002) Andiva ivantsovi gen. et sp. nov. and related carapace-
bearing Ediacaran fossils from the Vendian of the Winter Coast, White
Sea, Russia. Italian Journal of Zoology 69, 175-81.

Fedonkin MA, Ivantsov AYu, Leonov MV and Serezhnikova EA (2007)
Dynamics of evolution and biodiversity in Late Vendian: a view from the
White Sea. In The Rise and Fall of the Vendian (Ediacaran) Biota. Origin
of the Modern Biosphere: Transaction of the International Conference of
the IGCP Project 493 (ed. MA Semikhatov), pp. 6-9. Moscow, GEOS.

Gehling JG (1991) The case for Ediacaran fossil roots to the metazoan tree.
Memoir of the Geological Society of India 20, 181-224.

Gehling JG (1999) Microbial mats in terminal Proterozoic siliciclastics:
Ediacaran death masks. Palaios 14, 40-57.

Gehling JG and Droser ML (2009) Textured organic surfaces associated with
the Ediacara biota in South Australia. Earth Science Reviews 96, 196-206.

Gehling ]G, Droser ML, Jensen SR and Runnegar BN (2005) Ediacara organ-
isms: relating form to function. In Evolving Form and Function: Fossils and
Development (ed. D Briggs), pp. 43-66. New Haven: Yale University Press.

Glaessner MF (1959) The oldest fossil faunas in South Australia. Geologische
Rundschau 47, 522-31.

Glaessner MF and Wade M (1966) The Late Precambrian fossils from Ediacara,
South Australia. Palaeontology 9, 599-628.

Gold DA, Runnegar B, Gehling JG and Jacobs DK (2015) Ancestral state
reconstruction of ontogeny supports a bilaterian affinity for Dickinsonia.
Evolution & Development 17, 315-24.

Grazhdankin DV (2003) Structure and depositional environment of the
Vendian Complex in the Southeastern White Sea area. Stratigraphy and
Geological Correlation 11, 313-31.

https://doi.org/10.1017/S0016756821000194 Published online by Cambridge University Press

A Ivantsov and M Zakrevskaya

Grazhdankin DV (2004) Patterns of distribution in the Ediacaran biotas: facies
versus biogeography and evolution. Paleobiology 30, 203-21.

Harrington HJ and Moore RC (1956) Medusa of the Hydroidea. In Treatise on
Invertebrate Paleontology, Part F: Coelenterata (ed. RC Moore), pp. 77-80.
Geological Society of America and University of Kansas Press.

Hoekzema RS, Brasier MD, Dunn FS and Liu AG (2017) Quantitative study of
developmental biology confirms Dickinsonia as a metazoan. Proceedings of
the Royal Society B: Biological Sciences 284, 1-9.

Ivantsov AY (2001a) Traces of active moving of large Late Vendian Metazoa
over the sediment surface. In Ecosystem Restructure and the Evolution of
the Biosphere (eds AG Ponomarenko, AY Rozanov and MA Fedonkin),
pp. 119-20. Moscow, PIN RAS vol. 4 [in Russian].

Ivantsov AY (2001b) Vendia and other Precambrian
Paleontological Journal 35, 335-43.

Ivantsov AY (2008) Proarticulata—a phylum of Metazoan animals that became
extinct in the Precambrian. In Evolutionary Morphology of Animals. A
Contribution to the 100th Anniversary of the Birth of Academician AV
Ivanov. Part I: Proceedings of the St. Petersburg Society of Naturalists,
pp. 32-42. St Petersburg: St Petersburg University series 1, volume 97 [in
Russian].

Ivantsov AY (2009) New reconstruction of Kimberella, problematic Vendian
metazoan. Paleontological Journal 43, 601-11.

Ivantsov AY (2010) Paleontological evidence for the supposed Precambrian
evolution of mollusks. Paleontological Journal 44, 1552-59.

Ivantsov AY (2011a) Feeding traces of Proarticulata — the Vendian Metazoa.
Paleontological Journal 45, 237-48.

Ivantsov AY (2011b) The Zimnie Gory locality of imprints of Vendian
Metazoa, a unique natural site of global importance. Geologist of Ukraine
3-4, 89-98 [in Russian].

Ivantsov AY (2012) Paleontological data on the possibility of Precambrian
existence of mollusks. In Mollusks: Morphology, Behavior and Ecology (eds
A Fyodorov and H Yakovlev), pp. 153-79. New York: Nova Science
Publishers.

Ivantsov AY (2013) Trace fossils of Precambrian metazoans ‘Vendobionta” and
‘Mollusks’. Stratigraphy and Geological Correlation 21, 252-64.

Ivantsov AY and Fedonkin MA (2001) Traces of active movement - final evi-
dence for the animal nature of Ediacaran organisms. In Proceedings of the
International Symposium ‘Evolution of Life on the Earth’. pp. 133-7.
Tomsk: NTL [in Russian].

Ivantsov AY, Fedonkin MA, Nagovitsyn AL and Zakrevskaya MA (2019a)
Cephalonega, a new generic name and the system of Vendian
Proarticulata. Palaeontological Journal 53, 1134-46.

Ivantsov AY and Malakhovskaya YE (2002) Giant traces of Vendian animals.
Doklady Earth Sciences 385A, 618-22.

Ivantsov AY, Nagovitsyn AL and Zakrevskaya MA (2019b) Traces of locomo-
tion of Ediacaran macroorganisms. Geosciences 9, 1-11.

Ivantsov AY and Zakrevskaya MA (2018) The phenomenon of exclusive pres-
ervation of Late Precambrian macrofossils. In Proceedings of the
Paleontological Society, pp. 46-53. Moscow, PIN RAS vol. 1 [in Russian].

Ivantsov AY, Zakrevskaya MA and Nagovitsyn AL (2019c) Morphology of
integuments of the Precambrian animals, Proarticulata. Invertebrate
Zoology 16, 19-26.

Ivantsov AY, Zakrevskaya MA, Nagovitsyn AL, Krasnova A, Bobrovskiy I
and Luzhnaya (Serezhnikova) EA (2020) Intravital damage to the body
of Dickinsonia (Metazoa of the late Ediacaran). Journal of Paleontology
94, 1019-33.

Jenkins RJF (1992) Functional and ecological aspects of Ediacaran assemblages.
In Origin and Early Evolution of the Metazoa (eds ] Lipps and P Signor), pp.
131-76. New York: Plenum Press.

Keller BM and Fedonkin MA (1976) New organic fossil finds in the
Precambrian Valday Series along the Syuzma River. Izvestiya Akademii
Nauk SSSR, Seriya Geologicheskaya 3, 38-44 [in Russian].

Krivosheev VI and Polenov YA (2001) Nonskeletal fauna of the Sylvitsa
group from the Middle Urals. In Materials of the II-nd International sym-
posium ‘Evolution of life on the Earth’, pp. 148-50. Tomsk: Izdat, Nauchno-
technich [in Russian].

Laflamme M, Schiffbauer JD, Narbonne GM and Briggs DE (2011) Microbial
biofilms and the preservation of the Ediacara biota. Lethaia 44, 203-13.

‘arthropods’.


https://doi.org/10.1017/S0016756821000194

Dickinsonia: mobile and adhered

Liicking R and Nelsen MP (2018) Transformative paleobotany. In Papers to
commemorate the life and legacy of Thomas N. Taylor, pp. 551-90. San
Diego, CA: Academic Press.

Mitchell EG, Bobkov N, Bykova N, Dhungana A, Kolesnikov AV, Hogarth
IRP, Liu AG, Mustill TMR, Sozonov N, Rogov VI, Xiao S and
Grazhdankin DV (2020) The influence of environmental setting on the
community ecology of Ediacaran organisms. Interface Focus 10, 20190109.

Narbonne GM (2005) The Ediacara biota: neoproterozoic origin of animals and
their ecosystems. Annual Review of Earth and Planetary Science 33, 421-42.

Retallack GJ (1994) Were the Ediacaran fossils lichens? Paleobiology 20, 523-44.

Retallack GJ (2007) Growth, decay and burial compaction of Dickinsonia, an
iconic Ediacaran fossil. Alcheringa 31, 215-40.

Retallack GJ (2012) Criteria for distinguishing microbial mats and earths. In
Microbial Mats in Siliciclastic Sediments (eds N Noffke and H Chafetz),
pp. 136-52. Tulsa Oklahoma, Society of Economic Paleontologists and
Mineralogists, Special Paper no. 101.

Retallack GJ (2013) Ediacaran life on land. Nature 493, 89-92.

Retallack GJ (2014) Precambrian life on land. The Palaeobotanist 63, 1-15.

Retallack GJ and Broz AP (2020) Arumberia and other Ediacaran-Cambrian
fossils of central Australia. Historical Biology, published online 13 May 2020,
https://doi.org/10.1080/08912963.2020.1755281.

Rozhnov SV (2009) Development of the trophic structure of Vendian and Early
Paleozoic marine communities. Paleontological Journal 43, 1364-77.

Runnegar B (1982) Oxygen requirements, biology and phylogenetic signifi-
cance of the Late Precambrian worm Dickinsonia, and the evolution of
the burrowing habit. Alcheringa 6, 223-39.

Schopf KM and Baumiller TK (1998) A biomechanical approach to Ediacaran
hypotheses: how to weed the Garden of Ediacara. Lethaia 31, 89-97.

Seilacher A (1989) Vendozoa: organismic construction in the Proterozoic bio-
sphere. Lethaia 22, 229-39.

Seilacher A (1992) Vendobionta and Psammocorallia: lost constructions of
Precambrian evolution. Journal of the Geological Society 149, 607-13.

Seilacher A (1999) Biomat related lifestyles in the Precambrian. Palaios 14, 86-93.

Seilacher A (2007) The nature of vendobionts. In The Rise and Fall of the
Ediacaran Biota (eds P Vickers-Rich and P Komarower), pp. 387-97.
Geological Society of London, Special Publication no. 286.

Seilacher A, Grazhdankin D and Legouta A (2003) Ediacaran biota: the dawn of
animal life in the shadow of giant protists. Paleontological Research 7, 43-54.

Smith AM (1991) The role of suction in the adhesion of limpets. Journal of
Experimental Biology 161, 151-69.

https://doi.org/10.1017/S0016756821000194 Published online by Cambridge University Press

1133

Smith AM (1992) Alternation between attachment mechanisms by limpets in
the field. Journal of Experimental Marine Biology and Ecology 160, 205-20.

Sperling EA and Vinther J (2010) A placozoan affinity for Dickinsonia and the
evolution of late Proterozoic metazoan feeding modes. Evolution and
Development 12, 201-9.

Sprigg RC (1947) Early Cambrian (?) jellyfishes from the Flinders Ranges,
South Australia. Transactions of the Royal Society of South Australia 71,
212-24.

Sprigg RC (1949) Early Cambrian ‘jellyfishes’ of Ediacara, South Australia and
Mouth John, Kimberley District, Western Australia. Transactions of the
Royal Society of South Australia 73, 72-99.

Stankovsky AF, Verichev EM and Dobeiko IP (1985) The Vendian of
Southeastern White Sea region. In The Vendian System, Stratigraphy and
Geological Processes (eds B Sokolov and A Iwanowski), v. 2, pp. 67-76.
Moscow, Nauka [in Russian].

Steiner M and Reitner ] (2001) Evidence of organic structures in Ediacara type
fossils and associated microbial mats. Geology 29, 1119-22.

Tarhan LG, Droser ML, Gehling JG and Dzaugis MP (2015) Taphonomy and
morphology of the Ediacara form genus Aspidella. Precambrian Research
257, 124-36.

Tarhan LG, Droser ML, Gehling JG and Dzaugis MP (2017) Microbial mat
sandwiches and other anactualistic sedimentary features of the Ediacara
Member (Rawnsley Quartzite, South Australia): implications for interpreta-
tion of the Ediacaran sedimentary record. Palaios 32, 181-94.

Termier H and Termier G (1968) Evolution et Biocinése: les Invertébrés dans
PHistoire du Monde Vivant. Paris: Masson, 241 pp.

‘Wade M (1968) Preservation of soft-bodied animals in Precambrian sandstones
at Ediacara, South Australia. Lethaia 1, 238-67.

Wade M (1972) Dickinsonia: polychaete worms from the Late Precambrian
Ediacara fauna, South Australia. Memoirs of the Queensland Museum 16,
171-90.

Waggoner BM (1995) Ediacaran lichens: a critique. Paleobiology 21, 393-7.

Whittington ID and Cribb BW (2001) Adhesive secretions in the
Platyhelminthes. Advances in Parasitology 48, 101-224.

Xiao S (2013) Mudding the waters. Nature 493, 28-9.

Zakrevskaya MA (2014) Paleoecological reconstruction of the Ediacaran
benthic macroscopic communities of the White Sea (Russia).
Palaeogeography, Palaeoclimatology, Palaeoecology 410, 27-38.

Zhuravlev AY (1993) Were Ediacaran Vendobionta multicellulars? Neues
Jahrbuch fiir Geologie und Paldontologie, Abhandlungen 190, 299-314.


https://doi.org/10.1080/08912963.2020.1755281
https://doi.org/10.1017/S0016756821000194

	Dickinsonia: mobile and adhered
	1. Introduction
	2. Material and locality
	3. Methods
	4. Evidence of Dickinsonia mobility
	4.a. Long furrows of deformed specimens
	4.b. Halo of grooves
	4.c. Rim of mineral grains
	4.d. Escape traces

	5. Discussion
	6. Conclusion
	References


