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Charniodiscus is one of the most iconic and first described of the Ediacaran frondose taxa.
Since the diagnosis of the holotype of C. concentricus in 1958, the scarcity and poor
preservation of unequivocal specimens has resulted in genus-level taxonomic uncertainty.
Since the recent reinterpretation of C. concentricus as a multifoliate frond, other
Charniodiscus species—all of which are bifoliate—have been left in taxonomic limbo,
with most authors comparing them to the clade Arboreomorpha and also the
Rangeomorpha. Reconsideration of the taphonomy of the holotype of C. concentricus
has revealed that the frond is bifoliate as first described, and also that the frondose portion
was broadly conical rather than planar as previously inferred. The conical frond of
Charniodiscus is thus morphologically quite different from all other frondose taxa within
the Arboreomorpha. Our emendation of the generic diagnosis of Charniodiscus to
encompass bifoliate arboreomorphs with conical fronds without a backing sheet
distinguishes Charniodiscus concentricus and C. procerus from more planar leaf-like
arboreomorphs such as Arborea arborea, A. longa and A. spinosa, all of which have a
distinctive backing sheet. Additionally, we find no evidence of rangeomorph-type fractal
branching in Charniodiscus.
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INTRODUCTION

Charniodiscus Ford, 1958 was one of the first described fossils from the Ediacaran and is one of the
most iconic—and most often illustrated—of the frondose Ediacaran taxa. The type species of the
genus, Charniodiscus concentricus, was described from Charnwood Forest, UK (Ford, 1958)
(Figure 1). C. concentricus was originally described as an organ taxon i.e., the disc part of
Charnia masoni (Ford, 1958), but subsequently as a bifoliate frond with a stem and a basal disc
(Ford, 1963). However, more recently consensus has shifted towards it being a multifoliate frond
(Dzik, 2002; Brasier and Antcliffe, 2009; Liu et al., 2017). The genus has been compared to both the
Rangeomorpha (Brasier et al., 2012) and the Arboreomorpha (Erwin et al., 2011) with current
consensus being that most, if not all, Charniodiscus species are arboreomorphs (e.g., Laflamme et al.,
2018; Dunn et al., 2019). The commonly accepted species of Charniodiscus include C. concentricus
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Ford 1958; C. longus Glaessner and Wade, 1966; C. yorgensis
Borchvardt and Nessov, 1999; C. procerus Laflamme et al., 2004;
and C. spinosus Laflamme et al., 2004 (Figure 2).

The taxonomy of Charniodiscus remains incompletely
resolved in large part due to the complex preservation of the
type species of Charniodiscus (cf. Brasier and Antcliffe, 2009;
Brasier et al., 2012; Figure 3). While some species previously
described as Charniodiscus are currently considered to be
arboreomorphs (e.g., Arborea) (Laflamme et al., 2018; Dunn
et al., 2019), those works have not addressed the morphology
and taphonomy of the type species of the genus directly.
Charniodiscus has been reported to have a worldwide
distribution from sites in: Charnwood Forest, UK (e.g., Ford,
1958; Ford, 1962; Ford, 1963; Wilby et al., 2011); South Australia
(e.g., Glaessner and Daily, 1959; Glaessner and Wade, 1966;
Jenkins and Gehling, 1978; Gehling, 1991; Jenkins,
1992—though most of these occurrences are now considered
to be Arborea); the White Sea region of Russia (Fedonkin, 1985;

Ivantsov, 2016); north-western Canada (Narbonne and
Hofmann, 1987); and Newfoundland, Canada (e.g., Jenkins,
1992; Seilacher, 1992; Hofmann et al., 2008). Charniodiscus is
thus a cosmopolitan taxon whose taxonomy and relationship to
the somewhat similar Arborea is of global relevance. This study
aims to improve palaeobiological understanding of the common
species within Charniodiscus by reconsideration of the
taphonomy and morphology of the type material from
Charnwood Forest, UK, and the abundant Charniodiscus of
the Newfoundland Ediacaran biotas of the Avalon and
Bonavista peninsulas.

Preservation in the Avalon Assemblage
During periods of low sedimentation rates or hiatus, Ediacaran
seafloors were commonly colonized by microbial
matgrounds—likely mainly photosynthetic in shallow marine
settings and chemosynthetic or chemoheterotrophic in deep
marine settings. Matgrounds in waters of all depths in the

FIGURE 1 | Map of some of the most relevant Avalonian fossil assemblages (black circles). (A) General map of Newfoundland, Atlantic Canada. (B) Detail of the
Avalon and Bonavista Peninsulas. (C) General map of the United Kingdom. (D) Detail of England.
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Ediacaran were exceptionally well developed and well preserved,
owing to the rarity of motile macrobionts (e.g., Liu et al., 2010),
macrobioturbation (McIlroy and Logan, 1999), and ecosystem
services like scavenging and grazing (Herringshaw et al., 2017);
this would also have led to the persistence of abundant seafloor
necromass (Liu et al., 2011; McIlroy et al., 2021). The importance
of matgrounds for soft bodied preservation of Ediacaran
organisms has been extensively explored based around the
death mask model of mouldic preservation proposed by
Gehling (1999) and extended to encompass aspects of early
diagenetic mineralization (Mapstone and McIlroy, 2006; Liu,
2016) and preservation as original carbonaceous compressions
(e.g., Steiner and Reitner, 2001; Xiao et al., 2002). The role of
sedimentological parameters as they interface with taphonomic
processes in taphonomy is pivotal but remains under-studied
(Kenchington and Wilby, 2014).

The Avalon Assemblage (Waggoner, 2003) is the oldest of the
Ediacaran assemblages. The earliest known Ediacaran fossils are
from deep marine volcaniclastic settings of the Avalon Terrane in
Newfoundland spanning at least the interval ca. 574–564 Ma
(Matthews et al., 2021) and Charnwood Forest, UK, (Noble et al.,
2015). These successions form part of the peri-Gondwanan
Avalonian volcanic arc system (Murphy et al., 2004; McIlroy
and Horák, 2006; Wen et al., 2020) and predominantly consist of

turbidites and laterally extensive tuffites (McIlroy et al., 1998;
Wood et al., 2003; Matthews et al., 2021). The soft bodied
Ediacaran fossils are typically preserved as impressions on top
of volcaniclastic siltstones, particularly where they are overlain by
tuffites (Narbonne, 2005; Liu et al., 2015; Matthews et al., 2021).
Positive epireliefs are the most common mode of preservation for
stems and some basal discs of frondose organisms, which implies
that they maintained their integrity long enough for lithification
of the overlying tuff. Negative epirelief moulds are typically
associated with the less resistant frondose portions of quasi-
infaunal reclining organisms (permanently affixed to the
seafloor), produced by smothering of matgrounds by dead/
felled erect or recumbent (parallel and elevated above the
seafloor in a windsock-like manner) organisms (McIlroy et al.,
2009) or by sediment-displacing growth of quasi-infaunal
reclining organisms (McIlroy et al., 2020; Taylor et al., 2021;
McIlroy et al., 2021) (Figure 4). Soft bodied Ediacaran
taphonomic style is influenced by a combination of: 1)
differential decomposition rates of labile vs relatively refractory
body tissues; 2) the influence of currents and related sedimentary
processes; 3) body posture in life; and 4) the nature of seafloor
microbial matgrounds associated with the organism in life (e.g.,
Wade, 1968; Gehling, 1999; Narbonne, 2005; McIlroy et al., 2020,
McIlroy et al., 2021).

FIGURE 2 | Casts of relevant Charniodiscus species. (A) C. concentricus holotype (LEIUG 2383) from Charnwood Forest, UK. (B,C) C. procerus and C. spinosus
respectively from the upper part of theMistaken Point Formation (‘‘E’’-surface) at Mistaken Point, Newfoundland. Jesmonite cast of field specimens. (D,E)C. longus cast
(SAM P13777) and C. arboreus (Arborea) cast (OUMNH AW.00043/p) respectively from Ediacara, South Australia. Scale bars 3 cm. Not retrodeformed.
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Aside from the holotype of the type species of Charniodiscus
(Charnwood Forest, UK) most of the specimens of the genus are
known from Newfoundland and have been described from either
Mistaken Point (Laflamme et al., 2004) or the Catalina Dome
(Hofmann et al., 2008). In both locations, the top surfaces of the
basal discs and stems—as well as the junction between
them—are commonly preserved as positive epireliefs whereas
the frondose portions commonly lie beneath the ambient
bedding plane. This suggests preservation by matground
smothering (McIlroy et al., 2009; Figure 4) with sharp ridges
occurring due to post-mortem sediment infiltration between
frondose elements. In the younger Charnian assemblage of the
UK the Ediacaran biotas are typically preserved as very low
negative and positive epirelief impressions on fine-grained
surfaces under a thin tuffaceous layer (Brasier and Antcliffe,
2009; Wilby et al., 2011), like the Conception-type preservation
(Narbonne, 2005). This assemblage shares some genera with
Newfoundland, but like Newfoundland also includes several
endemic taxa.

Previous Taphonomic/Morphological
Consideration of the Charniodiscus
concentricus Holotype
The Arboreomorpha (Erwin et al., 2011; cf. the Frondomorpha of
Grazhdankin, 2014) encompasses numerous frondose species
that lack the fractal-like branching of the Rangeomorpha
(Narbonne, 2004; Brasier and Antcliffe, 2004, Brasier and
Antcliffe, 2009). Arboreomorphs are characterized by
arboreomorph branching architecture in which rows of
primary branches project from the central stalk extending to
an outer rim and may have transverse structures called second
order branches (Laflamme and Narbonne, 2008; Erwin et al.,
2011). The clade encompasses two genera, Charniodiscus and
Arborea, whose taxonomic relationship has hitherto been
confused. Some authors have considered Arborea to be a
junior synonym of Charniodiscus on the basis of similar gross
morphology (Glaessner and Daily, 1959; Jenkins and Gehling,
1978). The Newfoundland Charniodiscus species (C. spinosus, C.

FIGURE 3 | Preservation of the holotype of C. concentricus (LEIUG 2383) from Charnwood Forest, UK. (A) Differential branch folding; underfolded (orange),
overfolded (yellow), outfolded (blue and purple) and infolded (green). (B) Interpretive drawing of the fossil showing features preserved in different bedding planes; main
bedding plane (yellow), above bedding plane (brown), and non-fossiliferous sediment (dotted brown pattern). Scale bar 3 cm. Not retrodeformed.
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procerus and C. arboreus) have been attributed to the
Arboreomorpha, but not closely related to the type species of
Charniodiscus (e.g., Laflamme et al., 2004; Hofmann et al., 2008;
Liu et al., 2015), however, there has been no attempt to formally
move these taxa out of Charniodiscus. These taxonomic
interpretations are further confused by differing opinions on
the morphology and taphonomy of the holotype of
Charniodiscus concentricus (Dzik, 2002; Brasier and Antcliffe,
2009). It has been suggested that C. concentricus is a multifoliate
rangeomorph rather than an arboreomorph, albeit without
observable rangeomorph branching (undivided and furled
morphology cf. Brasier and Antcliffe, 2009; Brasier et al.,
2012), which we do not consider to be objectively testable.

Charniodiscus concentricus is a soft-bodied unipolar,
lanceolate to ovate frondose organism consisting of a
segmented frond and a cylindrical stem, which is associated
with a basal disc (e.g., Brasier and Antcliffe, 2009; Figure 2A).
The term holdfast is not used herein as it implies a biomechanical
function that cannot be unequivocally demonstrated. The frond
presents 30 to 50 primary branches attached to both sides of the
stem in either alternating or opposing arrangements. The primary
branches of C. concentricus have secondary order bar-like
transverse structures (e.g., Laflamme et al., 2004) (Figure 3A).
There is also a pronounced curvature to the primary branches,
and a notable decrease in branch width and length towards the
frond apex (which has been considered a species-level difference
between C. concentricus and Arborea (Jenkins and Gehling, 1978;
Laflamme et al., 2004). The widely accepted multifoliate nature of
C. concentricus (Dzik, 2002; Brasier and Antcliffe, 2009,

Figure 12) is currently considered to be one of the
fundamental differences between Charniodiscus and Arborea
spp. (Liu et al., 2017; Dunn et al., 2019).

The holotype of C. concentricus combines both positive and
negative epirelief impressions and includes some preservation on
the tuffaceous siltstone that is at a level slightly above the main
microbially-dominated bedding plane associated with the basal
disc (Figure 3B). Both the basal disc and the stem are preserved in
low positive epirelief, although the latter may be a partially
collapsed remnant of what was originally a cylindrical
structure. The central and distal-most sections of the frond are
preserved in negative relief but at a level slightly above the main
bedding plane, while the proximal arcuate subparallel primary
branches are in negative epirelief on the same surface as the basal
disc and stem (Brasier and Antcliffe, 2009; Figure 3B).

Historical Reasoning for A Multifoliate
Charniodiscus concentricus
Explanation of the biostratinomy of the Charniodiscus type
species as a bifoliate frond in which the bottom-left part of
the frond was overfolded (Jenkins and Gehling, 1978, Figures
4X,Y) has more recently been superseded by a multifoliate model
(Dzik, 2002; Brasier and Antcliffe, 2009, Figure 12). The
multifoliate model invokes the presence of at least three foliate
sheets of primary branches resembling rangeomorph branching
(Brasier and Antcliffe, 2009; Brasier et al., 2012).

The acceptance of the multifoliate nature of the holotype of the
type species of Charniodiscus resulted in taxonomic

FIGURE 4 | Preservation style observed in Ediacaran organisms in Avalonia. (A): Felling of an undetermined erect stemmed frond. (B): Transversal cut of the felled
frond preserved between the underlying volcaniclastic siltstone and the overlying tuffite; close-up shows features preserved in positive and negative reliefs and
smothered matground. (C): Resulting reliefs in the underlying volcaniclastic siltstone and their counterparts in the tuffaceous layer.
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inconsistencies regarding the other bifoliate species of the genus
(Laflamme et al., 2018). Moreover, since there is no evidence to
support fractal branching architecture, assignment of the genus to
the Rangeomorpha (undivided rangeomorph branching of
Brasier et al., 2012) is unsupported. The Newfoundland
species of Charniodiscus have remained within the genus,
despite the inferred multifoliate nature of the type species
(Laflamme and Narbonne, 2008), but have also been
considered to be separate from Arborea based on branching
criteria of Brasier et al. (2012). The need to unravel this
taphonomic, and taxonomic, tangle has been mentioned in the
literature by numerous authors (e.g., Brasier and Antcliffe, 2009;
Liu et al., 2015; Laflamme et al., 2018; Wang et al., 2020) but
remains unresolved.

A NEW TAPHONOMIC UNDERSTANDING
OF THE CHARNIODISCUS
CONCENTRICUS HOLOTYPE
The 8 or 9 most apical primary branches of the holotype are
negative epireliefs that are short, narrow, and rounded close to the
axis and are directed slightly towards the frond base. There is no
central stem preserved at the tip owing to the fact that the
branches are impressed into sediment lying atop the plane of
the inferred axial stem (Figure 3A—green). These apical

branches do not have any preserved transverse ornament,
which is typical of some branches of the holotype. These
transverse branches could have escaped preservation thus their
actual existence cannot be ruled out. The arrangement of the
branches is consistent with infolding of originally curved
branches resulting in the impression of the interior surface of
the branch into the sediments overlying the stem. This type of
infolding preservation is also common in specimens attributed to
C. arboreus from the Catalina Dome by Hofmann et al. (2008),
(Figure 16 7–8).

The longer arcuate branches immediately adjacent to the apex
of the holotype of C. concentricus are strongly curved and slightly
imbricated towards the tip; there is no evidence of a clearly
preserved axial stem, which may also be buried in this portion of
the fossil (Figure 3A —blue, purple). We consider that branch
curvature is due to the outfolding collapse of a sub-conical frond
(Figures 5D–I). The strongly curved branches have sharp
transverse ridges formed by sediment infilling the gaps
between the transverse second order branches. Since these
branches are outfolded, it would suggest that in life the
external surfaces of the primary order ridge-like branches are
what would be impressed into the sediment, and thus that the
external surfaces were covered in transverse ridges. The curved
portion of the outfolded set of branches on the right is observed in
a slightly higher plane than the ambient plane
(Figure 3—purple).

FIGURE 5 | Taphonomic stop-motion model of the holotype of C. concentricus showing different branch folding. (A–C) underfolding of proximal-most branches.
(A–I) infolding of distal-most branches. (D–I) outfolding of bottom-right and central branches. (F–I) overfolding of bottom-left branches.
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Our study of the holotype supports the interpretation of the
bottom-left proximal region of the frond being folded across the
central axis (Jenkins and Gehling, 1978, Figures 4X,Y), albeit with
some modifications. We interpret the first set of proximal
branches (Figures 3A— orange) as being underfolded beneath
the stem (Figures 5A–C). Evidence for this underfolding comes
from: 1) the underfolded branches being the topographically
lowest structures preserved in the holotype; and 2) the absence
of a preserved stem, which would have lain above the underfolded
branches and could not therefore have been impressed into the
sediment.

The presence of underfolding is important for considering the
life attitude of the organism because, in order to be able to
underfold the branches, the stem cannot have lain upon the
sediment surface in life. This leaves an erect or recumbent lifestyle
as the only realistic modes of life. Additionally, underfolding
would have necessarily occurred prior to the felling of the frond.
Of the branches preserved in the proximal part of the frond, these
are the only ones to preserve obliquely orientated secondary units
in the inner surface of the branches.

The second set of proximal branches on the left-hand side of
the fossil are preserved as impressions in sediment that lay at a
higher level than the stem (Figures 3A—yellow) and above the
ambient bedding plane (Figure 3B). The branches preserved at
this higher level are the basis for inferring that Charniodiscus was
a multifoliate frond (Dzik, 2002; Brasier and Antcliffe, 2009).
However, we follow Jenkins and Gehling (1978) in considering
that these branches were swept across the axis from left to right
such that the bases of the branches are approximately aligned
with the position of the stem, which we infer lay at a lower level
below the sediment that casts the branches (Figures 5F–I). The
sediment on top of the stem was either present inside the
subconical frond during life, or shortly after death/felling, but
before collapse and complete burial of the frond. In our model the
stem is not preserved due to its position at a level below the rock
surface (Figure 3B). The apparently smooth surface of the distal
branches (Figures 3A—green) suggests that the inner surface of
the branches may have been unornamented in the arcuate portion
of the sub-conical frond.

EVIDENCE FOR CHARNIODISCUS BEING A
COLLAPSED SUB-CONICAL STRUCTURE

The marked curvature of the outfolded branches of C.
concentricus, the straight basally-directed infolded branches of
the tip, and the preservation of sediment atop the central axis of
much of the frond is most consistent with the frond being a
collapsed sub-conical structure with a more flattened side
adjacent to the stem (Figure 2A). The curvature of the
branches suggests that the tips of the branches met in an
apically-directed zipper-like fashion on the front side of the
sub-conical frond. Actualistic modeling of the frond branches
as they are preserved in the holotype is consistent with the tips of
the branches meeting in a chevron-like seam when reconstructed
(Figure 5A). Since the bases of the branches meet the axis at
nearly 90o it seems logical that these branches have not been

greatly modified by compression; this suggests that the basal
portion of the branches were rather flat, producing a flattened
base to the sub-conical frond (Figures 5–7).

The pronounced curvature of the apical branches is a
prominent feature of Charniodiscus concentricus and a
significant difference between it and Arborea (Jenkins and
Gehling, 1978; Laflamme et al., 2004). Other arboreomorphs
with strongly curved branches in the Avalon assemblage
include Charniodiscus procerus (Laflamme et al., 2004;
Figure 6) and another un-named Charniodiscus species with
broad strongly arcuate branches (Figure 7). We consider all of
these forms to be species of Charniodiscus and each of them
probably had a similar conical frond without a “backing sheet”
(sensu Dunn et al., 2019).

Arboreomorphs without pronounced branch curvature
include: Charniodiscus arboreus (sensu Hofmann et al., 2008,
fig. 16 7–8); C. longus (Figure 2D); C. oppositus; and C. spinosus
(Figure 2C). Most if not all of these taxa also have a prominent
backing sheet and are thus likely to be species of Arborea.

We thus consider that there are two different unipolar bifoliate
frond morphologies within the Arboreomorpha: 1) sub-conical
fronds with arboreomorph branching and no backing sheet, typical
of Charniodiscus; and 2) planar fronds with a prominent backing
sheet on one side and arboreomorph branching on the other,
which are attributable to Arborea.

SYSTEMATIC PALAEONTOLOGY

Phylum Indet.
Clade Arboreomorpha.
Genus Charniodiscus Ford 1958.

Type species. — Charniodiscus concentricus, described from
the Charnian Supergroup of the UK (Ford, 1958).

Emended generic diagnosis. — Unipolar frondose
arboreomorphs with basal disc, stem, a bifoliate frond without
a backing sheet and loosely constrained branches. The bases of
the branches are commonly straight and attached to the stem at
nearly right angles but are distally curved forming a sub-conical
frond in life. Outer surface of the branches of the sub-conical
frond has transverse ridges orthogonal to the long axis of the
branches. The internal surface of the branch has similar oblique
ridges close to the junction with the stem.

Discussion. — The species of Charniodiscus considered valid
herein are C. concentricus and C. procerus. The status of C.
yorgensis requires restudy of the type material that is beyond
the scope of this study. All other taxa hitherto attributed to
Charniodiscus (C. arboreus, C. longus, C. oppositus, and C.
spinosus) should likely be considered to be species of Arborea
but require further study and comparison with the type species
(cf. Laflamme et al., 2018; Wang et al., 2020). The branches of C.
concentricus are considered to be homologous with the pea-pod-
like units of Arborea (cf. Dunn et al., 2019).

Charniodiscus concentricus Ford 1958.
Emended specific diagnosis. — Charniodiscus with basal disc,

stem, and a bifoliate frond, lacking a supporting backing sheet,
composed of approximately 25 independent branches that were
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strongly curved inward and upward in life to form a sub-conical frond,
which becomes lanceolate to ovate upon collapse/compression.

Description. — Charniodiscus concentricus has a round basal
disc bearing concentric rings without a prominent central boss, from
which a broad stem emerges. The stem is short (∼4 cm) and relatively
poorly preserved in the holotype. The primary arboreomorph branches
are attached to the lateral margins of the stem. The impression of the
frond is bifoliate and lanceolate to ovate in outline (16.2 cm length:
6.3 cm wide). The external distal portion and the internal proximal
section of the primary branches have secondary order transverse bar-
like morphology. There is no evidence of fractal branching pattern
characteristic of the Rangeomorpha.

Discussion. — The junction between the branches and the
stem in the holotype Charniodiscus concentricus is not preserved
except at the base. The stem of the holotype is poorly preserved,
especially in comparison to C. procerus from the Newfoundland

Ediacaran biota (Figure 6). This may relate to a combination of
different tissue composition/resilience and different body
postures in life. Curvature of the branches in C. concentricus
and C. procerus is considerably more pronounced than in other
species of the genus, occasionally leading to compromised
preservation of the branches towards distal sections (Figure 6).

Charniodiscus concentricus has parallel transverse ridges
preserved in the external distal-most section of certain
apical branches and in the internal side of the proximal-
most section of certain proximal branches. However, there is no
evidence of the fractal branching pattern which would be required to
assign the genus to the Rangeomorpha (Brasier et al., 2012).
Additionally, the absence of the prominent backing sheet of
Arborea further distinguishes Charniodiscus from Arborea. Our
reinterpretation of the holotype is significantly different from
previous models (Ford, 1958; Jenkins and Gehling, 1978; Dzik,
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2002; Brasier and Antcliffe, 2009; Brasier et al., 2012) in that the
holotype is herein demonstrated to be bifoliate, non-fractal, lacking the
backing sheets characteristic of Arborea, and having a conical shape
defined by Arboreomorph-type branches (Laflamme and Narbonne,
2008).

MODE OF LIFE OF CHARNIODISCUS
CONCENTRICUS

Reconstructions of most frondose Ediacaran taxa have followed
Glaessner (1984) in depicting them as being erect, pennatulacean-

FIGURE 7 |Charniodiscus sp. from the Mistaken Point Formation (“D” -surface) at Mistaken Point, Newfoundland. (A) field photography of the specimen. (B) Stem
and flat basal section of the branches meeting the central axis at ∼90° in orange; apical section of the branches showing pronounced curvature in red. Scale bars 3 cm.
Field photography. Not retrodeformed.

FIGURE 6 | Charniodiscus procerus from the so-called “Seilacher’s Corner”, upper part of the Mistaken Point Formation (‘‘E’’-surface) at Mistaken Point,
Newfoundland. (A) cast. (B) Basal disc, stem and flat basal section of the branches meeting the central axis at ∼90° in orange; apical section of the branches showing
pronounced curvature in red. Scale bars 3 cm. Jesmonite cast of field specimen. Not retrodeformed.
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like organisms and the coining of descriptive terms such as stems,
basal disc, and frondlets belies attempts to draw analogies to extant
taxa (e.g., algae). This imparts an implicit bias towards
palaeobiological reconstructions presenting many Ediacaran
organisms as having an erect mode of life. This standard
paradigm has recently been challenged (McIlroy et al., 2020,
McIlroy et al., 2021), in an assertion that the null hypothesis for
orientation should be the preserved (i.e., reclined on the sediment)
position unless there is evidence to the contrary.

Arboreomorphs generally possess well-preserved basal discs,
possibly representing anchoring structures that were partially
immersed in the sediment (Burzynski and Narbonne, 2015;
Tarhan et al., 2015). Some discs have folds consistent with
originally inflated bodies that eventually experienced collapse
(Dunn et al., 2019; McIlroy et al., 2021) which might imply the
presence of some form of cnidarian-like hydrostatic skeleton in
life. Since some species of Charniodiscus and Arborea commonly
have poor preservation of the stem, this can be taken to suggest
that: 1) the stem did not lie upon the seafloor surface during
preservation (i.e., stems arched upward due to the displacement
of the frond allowing deposition of sediment between the stem
and the bedding plane; Figure 4); or 2) stems of some taxa
decayed more rapidly than the other tissues. The stem of the
Charniodiscus concentricus holotype is remarkably flat, and
relatively poorly preserved. The stem, as previously
interpreted, is apparently offset from the axis of the frond. We
consider that this is an artifact of the underfolding of the branches
under the stem, which obscures one margin of it (Figure 3A).
There is no evidence of swing marks associated with the holotype
unlike some frondose taxa (Jensen et al., 2018) and only erect
(e.g., Glaessner and Daily, 1959; Glaessner, 1984) or recumbent
(Laflamme et al., 2018) modes of life are consistent with
underfolding and the commonly poor preservation of the
stem. The impression of the upper parts of the branches into
sediment that lay above the level of the stem strongly suggests the
presence of sediment above the stem before post-mortem collapse
of the frond. This taphonomic mode is consistent with a curved
front surface to the bifoliate frond.

Additional evidence for sub-conical frondose arboreomorphs
comes from the recent discovery of a specimen of Charniodiscus
sp. preserved in full relief in a thin Tc sand unit immediately above
the Spaniard’s Bay assemblage in Newfoundland (Narbonne et al.,
2009; Brasier et al., 2013). The three-dimensional morphology of the
Charniodiscus frond can be inferred from the well-preserved
collapsed sub-conical frond with indication of the transverse
cross section (Figure 8). The frond is characterized by basally-
directed infolding collapse of the frond with the junctions between
the tips of opposing primary branches being well preserved. This
mode of infolding collapse is also seen in the very tip of the holotype
of C. concentricus and the partial fill of the originally sub-conical
Spaniard’s Bay specimen above the level of the stem is similar to that
of parts of the holotype (Figures 3A—green). The primary branches
of the Spaniard’s Bay Charniodiscus have no evidence for fractal
rangeomorph branching, further supporting the non-rangeomorph
nature of Charniodiscus.

The most common Avalonian arboreomorph with strongly
curved broad branches isCharniodiscus procerus (Laflamme et al.,

2004, Figure 3A) which has a central triangular section
adjacent to the stem that is typically well preserved as deep
negative epireliefs (Figures 6— orange). In well preserved
material, the arcuate portion of branches extends from the
triangular portion in a manner similar to the more numerous
very narrow branches close to the tip of C. concentricus. The
distal curved portion of the primary branches of C. procerus
(Figures 6— red) are interpreted—by analogy with C.
concentricus and C. sp. from Spaniards Bay—as casts of the
impressions made by the external surfaces of the curved
portion of the conical frond that we consider to be typical of
Charniodiscus.

In contrast to the flattened stem of C. concentricus and the
poorly preserved stem of other Arboreomorphs and
Rangeomorphs in the same Newfoundland assemblages
(Laflamme et al., 2004; Laflamme et al., 2012), the stem of C.
procerus is generally well preserved and covered in matground
textures (Figure 6) and even other reclining taxa such as
Fractofusus. As such it would seem that C. procerus
conforms to the null hypothesis of McIlroy et al. (2020),
McIlroy et al.(2021) that unless there is positive evidence to
support an erect mode of life, the stem of the frond should be
considered to have lain on or in the seafloor during life. However,
the presence of a specimen of Fractofusus below the frond of one
specimen may also suggest that the frondose portion may have
been erect arising from the end of the reclined stem, only falling
post-mortem onto the seafloor on top of the aforementioned
Fractofusus (Figure 6). A second hitherto undescribed
Charniodiscus with highly curved broad primary branches
with transverse ornament is also present in the Newfoundland
assemblage (Figure 7).

PALAEOBIOLOGICAL MODEL OF
CHARNIODISCUS

The original cnidarian affinities of frondose Ediacaran organisms
(e.g., Charnia and Bragdatia) have recently been questioned (e.g.,
Brasier and Antcliffe, 2004; Narbonne, 2004, Narbonne, 2005;

FIGURE 8 | Charniodiscus sp. from Spaniard’s bay, Newfoundland. (A)
Overlying siltstone. (B) collapsed sub-conical frond preserved in sandstone.
(C) cross section view. (D) underlying siltstone. Scale bar 1 cm. Field
photography. Not retrodeformed.
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Antcliffe and Brasier, 2008), though their utility as functional
morphological analogs may still be valid (Dunn et al., 2019). If
Charniodiscus is accepted as a sub-conical stemmed frondose
arboreomorph, then it might function biomechanically erect in
the water column like most pennatulaceans (cf. Kushida et al.,
2020, Figure 2A) in which case it might draw water up through
the cone by Bernoulli effect. The same morphotype might also be
an adaption to funnel water if held in a recumbent or reclined
position parallel to the seafloor, either with the cone directed into
or away from the current. If held in a recumbent or reclining
position the broad end of the cone would face into the current in
the manner of a windsock. In erect or seafloor-parallel recumbent
positions, the frond would be exposed to the water column as a
foliate feeding structure. This could result in ecological benefits
from resource partitioning and reduced competition in
ecosystems with crowded lower tiers. Both absorption of
dissolved matter and filter feeding strategies are congruent
with tiered epifaunal models (Clapham and Narbonne, 2002;
Ghisalberti et al., 2014).

While presumed erect or recumbent positions are plausible
body postures for some taxa, it remains uncertain for some others
which pose important challenges to the interpretation of
Ediacaran tiering models (McIlroy et al., 2021). The stems that
connect holdfasts and fronds in arboreomorphs (e.g. Arborea, C.
concentricus, C. spinosus) are poorly preserved (Figure 2). This is
likely due to the arching of the stem as fronds are felled from their
erect or recumbent position onto the seafloor (cf. Glaessner and
Daily, 1959; Glaessner, 1984; McIlroy et al., 2021). In contrast, C.
procerus generally has a long well-preserved stem with a
semicircular cross section and no supporting evidence for
erect or recumbent stem positions (Figure 6). This suggests
that in life the stem of C. procerus lay flat on the seafloor
implying exposure of the lower surface to sedimentary
microbial ecosystems and pore water hypoxia (cf. Dufour and
McIlroy, 2017). The stem could have therefore had other
functions than merely structural support, possibly establishing
symbiotic relationships with chemosynthetic, sulphur-oxidising
bacteria to mitigate the elevated toxicity (McIlroy et al., 2021).
Whether the stem of a Charniodiscus was reclined on/in the
sediment or held in a recumbent position just above it, there is
significant potential for sediment to become trapped inside the
sub-conical frondose portion. This is especially true during
periods of rapid sediment influx, accumulating at a level above
the stem and into which the distal portion of the branches might
become impressed (Figures 3A—green).

C. procerus shows flat proximal sections of the primary
branches meeting the central axis at nearly right angles
providing support for the distally curved section of the same
branches in a similar fashion to other Charniodiscus specimens
(Figures 7, 8). These branches were curved inward and apically
directed, forming a reclined sub-conical or erect frondose portion
whose lumen would be exposed to the water column. The sub-
conical structure would funnel water in a similar manner as in
seafloor-parallel recumbent positions.

It has been considered that Ediacaran fronds with primary
branches annexed together or having a “backing sheet” could not
have fed like the Pennatulacea, which require water flow between

primary branches (Seilacher, 1992). Our functional
morphological understanding of Charniodiscus concentricus as
a recumbent (sediment-parallel) or erect frond allows funneled
flow between the branches of the frond, which was held slightly above
the benthic boundary layer. The branches of C. concentricus are
interpreted as fascicled, loosely constrained branches not supported
by a backing sheet of tissue similar to some Shibatan charnids (Xiao
et al., 2021,Figures 5C–E) orArborea spp.However, due to the lack of
preserved specialized zooids or feeding structures, the feeding
mechanisms of Charniodiscus and other arboreomorphs remain
uncertain but may have included osmotrophy and/or filter feeding
(Laflamme et al., 2018).

Taxonomic Consideration of Other
Charniodiscus Species
Throughout the ∼35 My of evolutionary history of the Ediacaran
biota we observe a contrast between highly unique morphological
disparity (Shen et al., 2008) and low taxonomic diversity
(Waggoner, 2003). This has led to the creation of numerous
monospecific genera, a lack of unified consensus regarding higher
taxonomic ranks (Xiao and Laflamme, 2009), and genus and
clade-level taxonomic inconsistencies (Brasier and Antcliffe,
2009; Liu et al., 2015; Laflamme et al., 2018; Wang et al., 2020).

Cladistic classification for Ediacaran macrofossils based on
branching architecture, body symmetry, and growth parameters
(Erwin et al., 2011) recognized the clade Arboreomorpha, which
encompasses bifoliate fronds bearing annexed primary branches
attached to a dorsal sheet. Those primary branches were
considered to have orthogonal teardrop-shaped secondary
branches. All species of Charniodiscus and Arborea were included
in this clade except for C. concentricus. Dececchi et al. (2017)
supported Erwin et al. (2011), using autapomorphically-constructed
clades, in the recognition of the clade Arboreomorpha, which was
defined as having spherical to hemispherical secondary branches with
no further orders of branching and lacking amodular petalodium.We
consider these transverse ridges to be semicircular. Arboreomorpha
was also reported to show conserved inflating growth patterns and
diagnostic numbers of branches (Laflamme et al., 2004).

In the light of our work there are several bifoliate planar
arboreomorphs that require further taxonomic revision,
including:

1) C. longus Glaessner and Wade, 1966 (formerly Rangea longa
and Glaessnerina longa; Fedonkin et al., 2007), an elongate
and lanceolate frond bearing at least 40 primary branches and
uniform secondary subdivisions without a preserved stem or
basal disc (Glaessner and Wade, 1966; Laflamme et al., 2004;
Wang et al., 2020). The branching is clearly Arborea-like and
there appears to be a prominent backing sheet (Figure 2D),
indicating that it should likely be considered as Arborea longa.

2) The endemic Newfoundland species C. spinosus, which has a
backing sheet, a stem that is typically poorly preserved, and an
apical spine. Careful photography of the branching allows the
recognition of Arborea-like branches (Figure 2C), suggesting
that this species should also be included in Arborea, as
Arborea spinosa.
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3) Material from the Bonavista Peninsula of Newfoundland
described as C. arboreus and C. sp. by Hofmann et al.
(2008) bear little resemblance to the type material of
Arborea (Glaessner and Wade, 1966) in being non-tapering
without prominent holdfasts or robust stems. Specimens from
Bonavista are commonly preserved in a manner akin to the tip
of C. concentricus (i.e., collapse infolding) and should likely be
retained within Charniodiscus, probably as a distinct species
with fewer branches than the holotype.

CONCLUSION

The inferred multifoliate nature of the holotype of Charniodiscus
concentricus (Dzik, 2002; Brasier and Antcliffe, 2009) made
it considerably different from all the other (bifoliate) species
of the genus. Newfoundland species of Charniodiscus have
hitherto been retained in the genus, but separated from
Arborea based on the inferred rangeomorph-like branching
architecture of Charniodiscus (Brasier and Antcliffe, 2009).
Our taphonomic and morphological reinterpretation of
Charniodiscus concentricus allows the resolution of existing
taxonomic inconsistencies. The pronounced curvature of the
outfolded branches, taken alongside the straight basally-
directed infolded collapsed branches of the tip, the observed
differential branch folding, and the preservation of sediment
atop the central axis of much of the frond suggests that
the frond was a bifoliate collapsed sub-conical structure with
apically directed branches meeting in an-echelon fashion
characterized by Arborea-type branching lacking a continuous
sheet of tissue.

Based on the poorly preserved stem in Charniodiscus
concentricus—likely due to the arching that would occur during
the felling of the frond to the seafloor from its erect or recumbent life
position—and the underfolding of the branches under the stem we
infer an erect or recumbent lifestyle as the only plausible options for
life attitude. C. concentricus as reconstructed herein (Figure 5) could
have functioned biomechanically either erect in the water column
like a cone on a stick, similar to the mode of life of many
pennatulacean cnidarians, or if held in a recumbent position
parallel to the seafloor the cone might have functioned to funnel
water over and possibly between the branches.

Charniodiscus procerus generally has high relief well-preserved
stems with no additional evidence for erect or recumbent body
postures in life. This is likely due to a dominantly reclining
position of the organism, which would have had the stem laid
upon or even partly embedded within the matground. This
challenges the paradigm that all Ediacaran stemmed taxa were
erect fronds in the water column (e.g. Vixseboxse et al., 2021).
Similarly, the distal curved portions of the primary branches of C.
procerus are interpreted—by analogy with C. concentricus and C.
sp. from Spaniards Bay—as casts of the impressions made by the
external surfaces of the curved portion of the conical frond
smothering the surrounding matground due to post-mortem
outfolding.

We propose emendation of the generic diagnosis of
Charniodiscus to encompass bifoliate arboreomorphs with sub-

conical petalodiums, while retaining Arborea for the
bifoliate planar arboreomorphs with a backing sheet. As such we
infer two distinct frond morphologies: 1) sub-conical fronds with
arboreomorph branching which we consider to be typical
of Charniodiscus; versus 2) planar foliate sheets of the
genus Arborea in which the arboreomorph branching is
considered to be on the front surface. Our model supports
the retention of both Charniodiscus and Arborea, solving
the existing taxonomic inconsistencies. Additionally, we find no
evidence of rangeomorph-type fractal branching in Charniodiscus
and thus reject its inclusion in the Rangeomorpha.

The non-vertical (recumbent or reclining) life attitude invoked
for Charniodiscus spp. herein is based on our improved
taphonomic understanding of the genus and is consistent
with other proposals for Ediacaran fronds (Laflamme and
Narbonne, 2008; Laflamme et al., 2018). We also note here
that the presence of a backing sheet in Arborea spp. would
be a significant impediment to flow increasing the aspect
ratio of the frond. This suggests that it might also be an
adaptation to modify the life attitude of Arborea spp. to
become recumbent in a current, allowing for current
orientation of the frond and increased turbulent flow over the
frond surface.
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