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The origin of animals: Can
molecular clocks and the fossil
record be reconciled?
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The evolutionary emergence of animals is one of the most
significant episodes in the history of life, but its timing
remains poorly constrained. Molecular clocks estimate that
animals originated and began diversifying over 100 million
years before the first definitive metazoan fossil evidence in
the Cambrian. However, closer inspection reveals that clock
estimates and the fossil record are less divergent than is
often claimed. Modern clock analyses do not predict the
presence of the crown-representatives of most animal phyla
in the Neoproterozoic. Furthermore, despite challenges
provided by incomplete preservation, a paucity of phylo-
genetically informative characters, and uncertain expecta-
tions of the anatomy of early animals, a number of
Neoproterozoic fossils can reasonably be interpreted as
metazoans. A considerable discrepancy remains, but much
of this can be explained by the limited preservation potential
of early metazoans and the difficulties associated with their
identification in the fossil record. Critical assessment of both
records may permit better resolution of the tempo and mode
of early animal evolution.
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Introduction

The apparent absence of a fossil record prior to the appearance
of trilobites in the Cambrian famously troubled Darwin. He
wrote in On the origin of species that if his theory of evolution
were true “it is indisputable that before the lowest [Cambrian]
stratum was deposited ... the world swarmed with living
creatures.” Furthermore, he could give “no satisfactory answer”
as to why older fossiliferous deposits had not been found [1]. In
the intervening century and a half, a record of Precambrian
fossils has been discovered extending back over three billion
years (popularly summarized in [2]). Nevertheless, “Darwin’s
dilemma” regarding the origin and early evolution of Metazoa
arguably persists, because incontrovertible fossil evidence for
animals remains largely, or some might say completely, absent
from Neoproterozoic rocks [3]. The conventional interpretation
of the metazoan body fossil record is that it documents an abrupt
(in geological terms) appearance of animals around the base of
the Cambrian Period 541 million years ago (Ma) — the “Cambrian
Explosion” hypothesis. By around 520 Ma, virtually all of the
animal phyla with recalcitrant tissues that one might expect to
become fossilized are represented in the fossil record, as
revealed by Lagerstatten such as the exceptionally preserved
Chengjiang biota [4] (Fig. 1 summarizes major Ediacaran and
early Cambrian fossil assemblages). However, this body fossil
record is at odds with molecular clock analyses (Fig. 2), which
consistently indicate that Metazoa originated somewhere
between 850 and 650 Ma in the Tonian or Cryogenian intervals,
before diversifying through the Cryogenian and the Edia-
caran [3, 5-7].

Fossil dates for the origin of a group are likely to be
younger than well-calibrated molecular dates. The oldest
fossil occurrence of a lineage typically reflects, at best, the
time at which a population of organisms possessing a
diagnostic set of morphological characters had become
abundant, stable, and sufficiently geographically widespread
for a number of individuals to be preserved, recovered, and
identified by palaeontologists. In contrast, the molecular date
represents the time at which the lineage became genetically
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Figure 1. Summary of major Ediacaran and early Cambrian fossil
assemblages. For the Lantian and Weng’an deposits blue circles
represent likely ages and grey bars represent the range of
uncertainty in these age estimates. SSFs, Small Shelly Fossils; SCFs,
Small Carbonaceous Fossils.

isolated, and is necessarily earlier [8]. Early attempts at clock
analyses were often based on poorly justified single calibra-
tion points that failed to accommodate phylogenetic and
dating uncertainty, and produced divergence dates that were
consistently too old [9]. However, more recent relaxed clock
methods [3, 6] yield divergence estimates that are in closer
agreement with fossil constraints on clade age [10, 11].
Importantly, these same methods consistently provide
estimates for the origin of animals that are over one hundred
million years before the oldest widely accepted animal fossils.
This raises questions regarding the extent to which the early
fossil record of animals is incomplete or has been misinter-
preted, and the extent to which methodological issues prevent
molecular clocks from resolving the timing of early animal
evolution.

Claims of animals from the Neoproterozoic are plentiful,
some perhaps made in response to molecular clock pre-
dictions that animals were present prior to the Cambrian.
Reports of Neoproterozoic crown-group animals (members of
the group that contains all the descendants of the last
common ancestor of living animals) include members of
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crown-bilaterian phyla [12, 13], bilaterians [14-16], cteno-
phores [17], cnidarians [18-21], eumetazoans [18, 22], and
sponges [23-25]. Stem-group animals (organisms that are not
in the animal crown-group, but are more closely related to it
than to the nearest living relatives, the choanoflagellates)
have also been reported [26, 27]. Here we critically evaluate
these claims, and assess whether the fossil evidence and
molecular clock estimates can be reconciled.

Is there a Neoproterozoic fossil record
of animal evolution?

A number of records have the potential to inform on animal
evolution in the Neoproterozoic interval during which
metazoans are suggested to have diversified by molecular
clocks. We consider the merits of the most widely cited claims
in reverse chronological order, extending from the latest
Ediacaran back through the Neoproterozoic. Where appropri-
ate, we consider the body fossils within Lagerstatten or biotic
assemblages that represent exceptionally preserved marine
communities of similar age and/or depositional environment.
We consider the case for assigning fossils to stem-, crown-,
and total-group definitions of clades. A crown-clade is
comprised of its living members, their last common ancestor
and all fossil descendants of that ancestor, while the stem is
comprised of all fossil species outside the crown that are more
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Figure 2. The mismatch between the fossil and molecular clock
records of early animal evolution. The phylogeny follows [6]; note that
ctenophores, the phylogenetic position of which is contentious, were
not included. Dark blue bars represent well-accepted reports of fossils
that can be assigned to extant animal phyla, which are limited to the
Cambrian; ranges mainly follow [3]. Pale blue bars represent the range
of molecular clock estimates for the origins of major clades obtained

in [6]; note that the origin of eumetazoans is always inferred to predate
the Ediacaran and the origins of bilaterians, protostomes, deuteros-
tomes, ecdysozoans and lophotrochozoans are always inferred to
predate the Cambrian. The righthand column shows the first evidence,
as interpreted here, for major clades in the geological record: Metazoa
=635 Ma, possible biomarker evidence, alternatively 565 Ma eumeta-
zoan trace fossils; Eumetazoa = 565 Ma, trace fossils; Bilateria = 555
Ma, trace fossils; Protostomia =540 Ma, helcionellids, protocono-
donts; Deuterostomia =530 Ma, echinoderm plates.

closely related to this crown clade than to any other; the total-
group is comprised of the crown plus the stem, and
assignment to this more universal clade is usually employed
to reflect ignorance as to whether a fossil species belongs to
the stem or crown-clade [28].

The Nama biota

The latest Ediacaran Nama biota (550—541 Ma; [29, 30]) is best
known from Namibia, but representative taxa have also been
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found elsewhere. It includes Cloudina, Namacalathus,
Sinotubulites, and Namapoikia, all of which have been
interpreted as animals with biomineralized skeletons
[16, 31-36]. These organisms are often associated with tubular
organisms possessing lightly biomineralized or chitinous
exoskeletons such as Corumbella, Vendoconularia, and
Gaojiashania [37-39].

Cloudina (Fig. 3A) is a millimeter-scale tubular fossil
composed of a series of nested calcite funnels, which are
occasionally branched [35, 40]. It shows possible evidence for
flexible deformation [31], but individual funnels were
sufficiently rigid in life to have seemingly been bored by
other organisms [41], and to have formed reefs (e.g. [34]).
Cloudina has been compared to polychaetes [13, 35] on the
basis of similarities in overall morphology, microstructure,
and evidence for asexual reproduction by budding. However,
these features are also consistent with an interpretation as a
cnidarian-like organism [19, 31, 42]. Evidence for budding [35]
and hexagonal symmetry [36] are compatible with a total-
group cnidarian and, therefore, a crown-eumetazoan affinity.
However, corroborative evidence is required to confirm this
suggestion, as may be provided by data on the histology of the
tube wall. In the interim, it is difficult to constrain the affinity
of Cloudina with any degree of confidence.

Namacalathus (Fig. 3B) is an enigmatic goblet-shaped
organism that consists of an enclosed hollow “cup” that has
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Figure 3. Putative Ediacaran animal body fossils from the Nama
biota (A-C) and the soft-bodied Ediacaran macrobiota (D-H).
A: Cloudina. B: Namacalathus. C: Corumbella. D: Dickinsonia. E:
Kimberella. F: Haootia. G: Eoandromeda. H: Palaeophragmodictya.
Image credits: Bengtson and Yue [39] (A); A. Knoll and W. Watters
(B); L. Parry (C); A. Liu (D, F); A. Ivantsov (E); Tang et al. [16] (G);
Gehling and Rigby [24] (H). Scale bar: (A) 0.3mm; (B) 5.5mm; (C)
3mm; (D) 5mm; (E) 5mm; (F) 20mm; (G) 4 mm; (H) 17 mm.

multiple apertures and is attached to a stalk. The cup
apertures include a circular opening at the top, and between
five and seven symmetrically arranged openings in the
facetted sides [16, 32]. Namacalathus has generally been
interpreted as a protist [43] or as an animal possibly with
cnidarian or stem-eumetazoan affinities [32, 44], but has most
recently been reinterpreted as a total-group lophotrochozoan
based on its three-layered wall with a foliate structure, and
speculative evidence for columnar inflections in the walls and
bilaterally symmetrical buds [16]. This latter interpretation is
intriguing, but it is difficult to reconcile with the typically
hexaradial symmetry of the cup, which is arguably more
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consistent with a cnidarian affinity. It is difficult to constrain
the affinity of Namacalathus with confidence. Namapoikia, an
encrusting organism from the same assemblage, formed
mounds up to one meter in diameter. It displays similarities to
chaetetid sponges or colonial cnidarians [44], but possesses
no characters diagnostic of any particular eukaryotic group.

Corumbella (Fig. 3C) is known from <550 Ma Ediacaran
deposits in Brazil, the USA, and Paraguay [45], and is a tubular
organism whose distal regions have an approximately square
cross-section and rounded corners. It is typically 20-25 mm in
diameter and up to 80 mm in length, has fourfold radial symmetry
with each face being annulated, and a longitudinal groove that
runs down the midline of each face [37]. The tube is composed of
polygonal organic plates with pores and papillae [45]. The
morphology and tube construction are strikingly similar to both
the extant scyphozoan cnidarian Nausithoe, and the extinct
conulariids, which have been interpreted as scyphozoans [46].
Paraconularia, which occurs with Corumbella in Brazil, is also
closely comparable to conulariids [47]. Corumbella and Para-
conularia are plausibly interpreted as total-group cnidarians and,
thus, Ediacaran crown-eumetazoans.

Bioessays 39, 1, 1600120, © 2016 The Authors BioEssays Published by WILEY Periodicals, Inc.
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The soft-bodied Ediacaran macrobiota

This global assemblage of soft-bodied organisms is found in
sedimentary strata of ~579-541Ma. There is currently little
consensus regarding the phylogenetic affinities of many taxa
within this biota, but they have often been interpreted as early
animals [48], though see [49]. The biota encompasses a range
of taxa with tubular, frondose, modular, and sheet-like
morphologies, and it is now widely acknowledged that these
are unlikely to comprise a clade [14]. Perhaps the most
prominent candidate metazoan among the biota is Kimberella
(Fig. 3E), the oldest records of which are dated to between
558 Ma +1Myr and 555.3Ma4-0.3Myr [50]. Kimberella has
been considered to be: a mollusc or mollusc-like bilaterian
[12]; a stem-group mollusc [51]; a “trochophore animal of a
pre-molluscan stage” [52]; or a mollusc-like animal [3]. Some
have considered its identification as an animal to be
sufficiently secure to use Kimberella as a calibration point
for the minimum age of crown-Metazoa, crown-Protostomia,
and crown-Lophotrochozoa in molecular clock analyses [53].
Kimberella exhibits bilateral symmetry and anterior-posterior
polarity, and its overall form is indeed mollusc-like, with
structures resembling both a foot and a mantle [12, 52, 54],
which appear to reflect differentiation of tissues within the
organism. The association of Kimberella with fan-shaped
scratch-like markings composed of paired ridges on bedding
planes (the latter interpreted as trace fossils produced by a
radula; [52, 54-56]), has provided further evidence to suggest
that Kimberella was a motile, heterotrophic, muscular
organism. However, there remain unresolved questions
regarding how these scratches were formed and by what
kind of structure [57], and there is insufficient evidence to test
whether the structure that produced them was homologous
with a molluscan radula. The presence of differentiated
anterior-posterior anatomy and bilateral symmetry, compara-
tively large size, a possible radula-like structure, and evidence
of movement suggest that Kimberella was a total-group
bilaterian. Suggestions of a more derived affinity place too
much credence on the inference of a molluscan radula, and
the nature of the mantle-like structure.

The iconic Dickinsonia (Fig. 3D) is another widely
discussed possible metazoan. Known from Russia and
Australia, the oldest Dickinsonia specimens associated with
a radiometric date, from the White Sea, are slightly older
than 558 Ma + 1 Myr [50]. Dickinsonia is a flat, approximately
elliptical organism with a morphologically differentiated
growth axis. It is divided into discrete elongate “units” that
cross the midline (Fig. 3D), imparting a bilateral symmetry on
the organism [15]. Most large specimens of Dickinsonia have
undergone post-mortem contraction, which may be due to
muscular contraction but could alternatively result from
hydrostatic processes in a fluid-filled organism [58]. Gold
et al. [15] presented evidence that they interpret as showing
that Dickinsonia grew by terminal addition, and argued,
based on character state reconstruction, that this mode of
growth is a synapomorphy of Bilateria. However, there are
differences between terminal addition in most extant
bilaterians and that seen in Dickinsonia. In bilaterians,
somites are usually added at a subterminal position (ahead
of, for example, the telson in arthropods). If the smallest
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units in Dickinsonia were added last (as assumed in [15]),
then they are added in a genuinely terminal position, and
Dickinsonia development would thus be inconsistent with
that seen most frequently in extant bilaterians. A bilaterian
affinity may or may not be at odds with the interpretation of
Dickinsonia as a placozoan-grade organism [59], depending
on the phylogenetic position of Placozoa [60, 61], though
recent analyses have tended to place Placozoa outside
Bilateria [60]. Serial Dickinsonia impressions named
Epibaion are associated with some specimens [55], and have
been interpreted as evidence for movement and for external
digestion of the underlying microbial mat through the
ventral sole of the organism. If this interpretation is correct,
then Dickinsonia had a combination of movement and
external ventral digestion that is thought to be unique to
placozoans [59]. Evidence for anatomical differentiation,
bilateral symmetry, achievement of large (~50 cm diameter)
size, post mortem contraction, and in vivo movement are
consistent with Dickinsonia being a metazoan, and possibly
even a total-group eumetazoan. However, more derived and
precise phylogenetic hypotheses are currently unsupported.

Eoandromeda (Fig. 3G) is a centimeter-scale organism with
eight spiral arms radiating from a globular central structure [17,
62, 63]. Specimens from black shales in China (~551Ma)
preserved as carbonaceous films show that the arms bore
transverse structures arguably homologous to the comb plates
of ctenophores [17]. In combination with a lack of crown-group
ctenophore characters such as tentacles, statoliths, polar fields,
and biradial symmetry, this feature led to the suggestion that
Eoandromeda is a stem-group ctenophore [17]. There is a lack of
direct evidence that the proposed comb plates were composed of
cilia (which would in any case have a limited chance of
preservation), but their spacing (closely comparable to
ctenophore comb plates), as well as the presence of eightfold
radial symmetry, indicates that the ctenophores are the most
morphologically similar extant group. On the basis of current
evidence, we consider Eoandromeda to be a plausible stem-
group ctenophore and a reasonable candidate for a total-group
animal (potentially more informative, depending on the
placement of ctenophores within Metazoa; see [64]).

Haootia (Fig. 3F) from ~560Ma Ediacaran strata in
Newfoundland, Canada, has been interpreted as a possible
cnidarian [20, 65], and is preserved as sediment moulds of
twisted fibrous bundles that extend into four distinct
bifurcating branches. Its fibrous construction is distinct from
that of all contemporaneous macrofossils currently known
within the Ediacaran macrobiota, and has been tentatively
interpreted as reflecting impressions of muscle fibers
comparable to those of extant staurozoan cnidarians [20].
The interpreted arrangement of muscle fibers has been
contested [66] but the polyp gestalt has not, leaving Haootia
as a credible candidate total-group cnidarian. Corroborative
evidence of theca symmetry and mesentery supports would
add credence to this claim of an Ediacaran cnidarian.

Palaeophragmodictya (Fig. 3H) from ~555Ma rocks in
Australia is perhaps the most widely recognized candidate for a
sponge within the Ediacaran macrobiota [25]. Its overall form
and the presence of radial structures interpreted as a spiculate
mesh have seen it compared to hexactinellid sponges, but the
evidence for mineralized spicules is equivocal [67, 68] and the
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Figure 4. Putative animal body fossils from the Weng’an biota,
Doushantuo Formation (A-C) and Lantian biota (D-E), and Edia-
caran trace fossils interpreted to have been produced by animals
(F-H). A: Embryo-like fossil Tianzhushania. B: Eocyathispongia. C:
Ramitubus. D: Lantiella. E: Xiuningella. F: Putative eumetazoan trace
fossil from Mistaken Point, Newfoundland. G: Helminthoidichnites, a
putative bilaterian trace fossil. H: Archaeonassa, a putative bilaterian
trace fossil. Image credits: J. Cunningham (A, C); Z. Yin (B); S. Xiao
(D, E); A. Liu (F, G); S. Jensen (H). (A) 135 um; (B) 250 um; (C)

170 um; (D) 5.5mm; (E) 3mm; (F) 50 mm; (G) 55 mm; (H) 20 mm.

taxon may be more readily interpreted as decayed attachment
discs from an organism of uncertain affinity [68, 69].
Coronacollina, also from Australia, is reconstructed as a
millimetric truncated cone, associated with putative “spicules”
up to 370 mm in length. It has been compared to the Cambrian to
Lower Ordovician sponge Choia [70], but few specimens exhibit
a consistent relationship between the cone and the linear
spicules. As such, neither Palaeophragmodictya nor Corona-
collina are considered to reflect poriferans, or even metazoans,
on the basis of current evidence.

Weng’an biota

The Weng’an biota of the Doushantuo Formation, South China, is
likely to predate the classical Ediacaran macrobiota [71]. The
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Doushantuo Formation can be dated to 635-551 Ma, and although
the age of the fossiliferous units is poorly constrained within this
interval, they are most likely ~570-600Ma [71]. Algal fossils,
acritarchs, and three-dimensionally phosphatised microfossils
are abundant, and the latter include specimens preserved at a
subcellular level (Fig. 4A) that have been interpreted as embryos
of animals [72] or stem-group animals [26]. These microfossils
exhibit a variety of morphotypes and are among the most
intensively studied of any Precambrian fossils. None of the
characters used to support an animal interpretation, such as Y-
shaped junctions between cells or palintomic cell division, are
unique to animals [73]. Though a stem-group animal interpreta-
tion cannot yet be ruled out, affinities with other eukaryotic
lineages, including algal and protist clades, are at least equally
likely and require further investigation [27, 71, 73, 74].

The recently described Eocyathispongia (Fig 4B) from
Weng’an [23] is three-dimensionally preserved and has a cup-
shaped morphology comparable to extant sponges. It
represents the most plausible report of a sponge from the
Precambrian. However, more analyses and specimens are
needed to test this hypothesis. In particular, high-resolution
tomographic analysis of the walls of the specimen could reveal
whether pores are present, and therefore whether Eocyathi-
spongia could have functioned as a sponge.

Additional tubular microfossils (Fig. 4C) from Weng’an
have been interpreted as eumetazoans or stem-eumetazoans
based on comparisons to tabulate corals [18, 22, 71, 75].
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However, the presence of likely biological structures
preserved in the spaces between the cross walls is
incompatible with a tabulate-like body plan, because in
extant corals these spaces are the empty former living
positions of the polyp [76]. There is thus currently no
justification for interpreting these fossils as animals.

Lantian biota

The Lantian biota is a macrofossil assemblage of algae and
putative animals preserved as carbonaceous compressions
[77, 78]. The age of the biota is poorly constrained. The Lantian
Formation has been correlated with the Doushantuo Forma-
tion (551-635Ma), and the fossiliferous horizons could be as
old as 590-635Ma [78]. However, this is the oldest possible
age, and the unit can only be constrained to >551 Ma if more
conservative correlations are followed. The putative animal
fossils include Lantianella (Fig. 4D), which has similarities to
scyphozoan cnidarians [21, 77, 78], and Xiuningella (Fig. 4E),
which has a gut-like axial trace and an anterior region that
resembles a scalidophoran introvert [77, 78]. However, these
comparisons are based mainly on broad similarities in overall
body shape and in each case a macroalgal interpretation
cannot yet be ruled out [78].

Trace fossils

Perhaps the best fossil evidence for total-group bilaterians in the
Ediacaran comes from trace fossils. In addition to the traces
associated with Dickinsonia and Kimberella, a range of surface
traces and burrows are recognized in late Ediacaran marine
settings. The oldest simple surface traces (Fig. 4F) occur in a
deep-marine deposit at ~565Ma and were produced by an
organism with a circular basal surface, likely a muscular non-
bilaterian eumetazoan employing a mode of locomotion similar
to some extant cnidarians [79, 80]. These traces are followed
~555Ma by abundant meandering, shallow horizontal burrows
of a few millimeters width, created on or just beneath the
sediment-water interface in marine siliciclastic sediments
worldwide (e.g. Helminthoidichnites; Fig. 4G-H; [57, 81]).
Ediacaran ichnofossil assemblages are of low diversity and
exhibit only limited behavioural complexity [81, 82]. Although
non-metazoans (e.g. [83]), and the action of currents on
microbial aggregates [84] can produce surface impressions,
several Ediacaran traces exhibit characters that are consistent
with production by bi laterian animals [85-87]. Trends
identified within Ediacaran ichnofossil assemblages include a
gradual increase in maximum size of traces toward the
Cambrian, and at the end of the interval, the first (very shallow)
burrow systems (e.g. Treptichnus; [81]) and possible bioturba-
tion [88]. A marked increase in ichnofossil diversity, size, and
complexity from the Fortunian onwards clearly documents a
Cambrian radiation of bilaterian clades and behaviours, most
notably those associated with arthropods [81]. However, the
Ediacaran trace fossil record suggests that total-group eume-
tazoans are likely to have been present from 565 Ma onwards,
with total-group bilaterian traces (and thus bilaterian trace-
makers; see [81]) from ~555Ma.

Bioessays 39, 1, 1600120, © 2016 The Authors BioEssays Published by WILEY Periodicals, Inc.
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Biomarkers

Sponges are a basal metazoan group expected to have high
preservation potential given the presence of mineralized
spicules in most extant sponges, including members of the
earliest branching groups [89]. However, the abundant record
of Cambrian sponge spicules [90] and body fossils [91] does
not extend into the Neoproterozoic — Porifera is the animal
phylum with perhaps the least convincing pre-Cambrian fossil
record [68] — despite the observation that molecular clocks
predict crown-sponges to have been present in the Cryoge-
nian [3]. Possible evidence for sponges comes from molecular
biomarkers in rocks from Oman, which suggest that
demosponges were present by 635Ma [92-94]. The sterane
24-isopropylcholesterol (24-ipc) is only known from demo-
sponges and pelagophyte algae [94]. However, the production
of 24-ipc in pelagophytes can be linked to a gene duplication
event that is not thought to have occurred until the
Phanerozoic [94]. Demosponges have, therefore, been consid-
ered the most likely source for the Precambrian 24-ipc record.
Cryostane, a sterane that has been recovered from rocks older
than 740 Ma, has also been tentatively suggested to have been
produced by sponges, but requires further investigation [95].
The credibility of the biomarker records suffers from
similar problems to that of bioclasts recovered from
Cryogenian Trezona Formation limestones in South Australia
and interpreted as sponge-grade animals by Maloof et al. [24].
The case for a sponge affinity for those structures is based
solely on the presence of ~1 mm diameter circular canals that
are compared to sponge ostia. However, in the absence of
corroborative evidence of sponge characters (and the
extraordinary variability of size and morphology amongst
the Trezona assemblage), these features are insufficient to
substantiate a sponge or, indeed, an animal affinity. Similarly,
the biomarkers constitute a single character and, in the
absence of corroborative evidence [96], cannot be considered
sufficient to conclusively demonstrate the presence of
Cryogenian sponges and, therefore, animals [97-99].

Summary of the Neoproterozoic metazoan body
fossil record

We consider that there is good evidence from trace fossils for
the presence of animals by around 565 Ma, and bilaterians by
around 555 Ma. This timeline is supported by plausible reports
of animal body fossils including the possible bilaterian
Kimberella from the Ediacaran macrobiota, also around
555Ma. If Dickinsonia is accepted as a eumetazoan, White
Sea records give evidence of both Metazoa and Eumetazoa at
~558 Ma. The probable cnidarian Corumbella constrains the
minimum age of crown-Cnidaria, ~543 Ma, while Haootia and
Eoandromeda, respectively, offer plausible stem representa-
tives of Cnidaria and Ctenophora at ~560 and 555 Ma. Older
claims for Ediacaran animal fossils do not withstand close
scrutiny, and on the basis of currently available data we do not
consider any reports of animal fossils from the Cryogenian to
be credible. However, biomarkers from Cryogenian rocks
provide some evidence to suggest that sponges may have been
present by ~635 Ma.
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Many of these records are not sufficiently well dated or
phylogenetically constrained to be used effectively in
molecular clock calibration. Nevertheless, this assessment
demonstrates that not only has the gap between the fossil
record and molecular clock estimates narrowed in recent
years, but that the fossil record appears to reveal the broadly
expected pattern of appearance of first Metazoa (~635Ma),
then Eumetazoa (~565-560Ma), and later the Bilateria
(555Ma). We emphasize that these dates represent minimum
ages for the appearance of these groups, and that there are
older, albeit weaker, claims suggestive of even greater
antiquity. However, there remains a genuine mismatch with
molecular clock estimates of the divergence times of these
clades, even in analyses using the most conservative
calibration strategies ([6]; Figure 2). We now explore the
possible reasons for this apparent discrepancy.

Rationalizing mismatch between rocks
and clocks

The rock record does not preserve a uniform
record of time and environments

The non-uniform nature of the fossil record is a potential
barrier to the recovery of early animal fossils. There is a
correlation between the areal extent of rock available for
sampling fossils and the diversity of fossils recovered, per
unit time, through the Phanerozoic [100]. Although quanti-
tative studies have yet to be undertaken in the Precambrian,
it is clear that the rock record from the critical interval
around the Precambrian-Cambrian boundary is less complete
than we might like. In many localities around the world,
shallow-marine Cambrian or Ordovician rocks lie uncon-
formably above Precambrian rocks [101]. This “Great
Unconformity” records a prolonged period of continental
denudation in the latest Neoproterozoic followed by a major
marine transgression, suggesting that many latest Ediacaran
shallow-marine rock sequences - reflecting environments
that may be expected to contain the highest diversity of
animal life — have been eroded away. Moreover, plate
tectonic reconstructions suggest that much of the remaining
sediment deposited during the latest Precambrian and Early
Cambrian would have been subducted or accreted and
destroyed at the Delamerian-Ross subduction zone, which
initiated in the Cambrian [102]. The rock record, and
therefore the fossil record, is probably particularly poor
during the precise interval over which the first animals are
predicted to have diversified and radiated, despite the
apparently excellent potential for soft tissue preservation at
this time [103].

Difficulty in inferring the biology of ancestral
animals makes their fossil remains concomitantly
difficult to identify

We must also consider which criteria are required for us to be
able to identify a Precambrian fossil as an animal, and
whether these criteria are likely to be met. In the case of
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crown-group members of extant animal phyla, identification
should be relatively straightforward, notwithstanding the
usual biases and difficulties associated with interpreting
the fossilized remains of soft-bodied organisms [28, 104]. The
preservation of the combination of biological characters used
to identify these phyla today and in the Phanerozoic fossil
record are sufficient. However, recent molecular clock
analyses estimate that the crown-groups of most animal
phyla did not originate until the Cambrian [3, 6]. The
presence of crown members of most animal phyla in the
Ediacaran is therefore not an expectation of most molecular
clock studies. Palaeontologists should therefore not neces-
sarily expect to be able to assign Ediacaran and Cryogenian
fossils to extant phyla. Rather, molecular clock estimates
predict the existence of stem members of extant phyla in the
late Ediacaran, and stem representatives of aggregate clades
of phyla before this time. If this is the case, identifying where
taxa should lie within such broader groups will be difficult,
since stem representatives of a given animal phylum will, by
definition, lack some or all of its diagnostic characters, and
may also possess derived characters that are absent from the
crown group members [105].

Identifying stem representatives of more inclusive animal
clades, from the stems of superphyla, to stem-Metazoa itself,
must also assume the presence of some but not all of the
characters diagnostic of the crown-group. In practice, such
animals are likely to be very hard to identify, not least
because of the expectation that fewer characters will unite
early branching animal groups, and a current lack of
agreement as to which characters are actually diagnostic of
these major animal clades. Different interpretations of, for
instance, the monophyly [60, 106] versus paraphyly [3, 89,
107] of sponges, the lack of consensus regarding lopho-
trochozoan interrelationships [108], and the phylogenetic
position of placozoans [60, 61] and ctenophores [64, 109,
110], result in different predictions of character distribution
among early animal lineages. For example, if sponges are
paraphyletic, the last common ancestor of Metazoa would
have been a sponge-like animal. Following this inference,
early fossil stem- and crown-metazoans would be anticipated
to be animals with a sponge-like body plan having characters
such as a water canal system. If, on the other hand, sponges
are monophyletic then such characters might be limited to
the sponges and would not necessarily be expected in other
early metazoans, which may have been morphologically
more complex [111]. It is clear that until the phylogenetic
relationships between extant clades are resolved, the
character sets diagnostic of phylum level total-groups will
remain uncertain. Thus, it will not be possible to determine
whether critical fossils should be assigned to the stems of
phyla, or to the stems of more universal clades. Debate over
the affinity of tommotiids [112], Odontogriphus [113], and
Wiwaxia [114] bear witness to this challenge. The problem
may have been further complicated by the use of parsimony-
based phylogenetic methods that can resolve the positions of
fossil taxa with false precision [115].

Comparative molecular developmental biology affords
another approach to inferring the nature of ancient members
of universal clades. For example, some consider that the
ancestral bilaterian possessed the features regulated by the
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genes shared between protostomes and deuterostomes — eyes,
appendages, a heart, metamerism, etc., — or at least the
evolutionary rudiments of these structures [116, 117], though
others argue that the urbilaterian was a much simpler
organism [118, 119]. As evolutionary developmental biology
has matured as a discipline, expectations of one-to-one
genotype-phenotype mapping now appear naive, and the
recent finding that Xenacoelomorpha (xenoturbellids plus
acoelomorph flatworms) is likely to be the sister group of the
remaining bilaterians [119, 120] provides some support for this
view because it suggests that the urbilaterian was probably a
simple animal.

Uncertainties regarding the inferred biology of early
animals are further compounded by the fact that the
characters present in the first animals are predicted to be
simple, open to multiple interpretations when encountered in
fossils, and perhaps subject to convergent evolution.
Moreover, it is not possible to identify most metazoan
synapomorphies in the fossil record because they have no
potential for fossilization (Box 1). Palaeontologists must

Box 1
Identifying early metazoans

It is informative to consider the characters that the first
animals would have possessed, and their potential for
preservation in the geological record and identification
by palaeontologists. Ax [132] listed the autapomorphies
of metazoans as: a gonochoric organism (i.e. one with
only one sex per individual) with diploid body cells,
haploid gametes and a diploid zygote; oogenesis with
one fertilizable egg and three abortive polar bodies;
spermatogenesis with four identical sperm developing
from one spermatocyte; sperm with a head containing
the nucleus, a middle piece with four mitochondria and
two centrioles at right angles, and a terminal filament
with one cilium; impermeable cell-cell connections;
radial cleavage; extracellular matrix with collagen
fibrils; and a flat crawling blastaea in the adult stage
with somatic differentiation into outer ciliate cells and
inner aciliate cells. If we adopt this definition of a
metazoan, we can infer that the urmetazoan would
likely have had few fossilizable characters. Though
there are exceptional instances of some such charac-
ters being preserved [133, 134], the only one with a
reasonable chance of preservation is radial cleavage,
given the peculiar record of embryo-like fossils from the
Ediacaran [26, 72]. Moreover, the urmetazoan was
probably a simple organism, and even if it were
preserved and recovered, there would be great
difficulty in identifying it as an animal over any other
multicellular eukaryote, of which there are many. This
point is particularly pertinent given that fossil and
molecular evidence reveals that other extant (and
perhaps some extinct) multicellular eukaryotic clades
were also evolving and diversifying rapidly during the
Neoproterozoic (reviewed in [135]).

Bioessays 39, 1, 1600120, © 2016 The Authors BioEssays Published by WILEY Periodicals, Inc.

J. A. Cunningham et al.

therefore consider not only the primitive morphologies of
early animals, but also how to discriminate them from other
eukaryotic clades, when attempting to interpret problematic
fossils from the Neoproterozoic.

The precision of molecular clocks and fossil
calibrations are closely correlated

We have so far focused on problems with interpreting the
fossil record, and the issues that must be considered when
dealing with enigmatic fossils of possible animals. Doubtless,
disagreement between the rock and clock records stem also
from the molecular clock methods used to resolve early animal
divergences. The molecular clock struggles fundamentally to
resolve early animal divergences because of phylogenetic
uncertainty, difficulties in selecting an appropriate rate
model, and sequence saturation. The manner in which the
fossil record is interpreted to derive probabilistic calibrations
on clade ages is of particular significance since researchers
differ in which fossil evidence they accept, and have different
views on how the remaining data constrain the possible ages
of clades [6]. However, integrating the impact of all of these
factors on divergence estimates [6] shows that while they
conspire to yield increasingly imprecise estimates (i.e.
increasingly broad probabilistic estimates of clade age), they
do not alter the conclusion that metazoans originated by the
Cryogenian and diversified prior to the Cambrian. Even if the
rate of evolution was elevated during the early diversification
of animals [121, 122], or if the evolution of higher taxa such as
Panarthropoda was to be limited to the Phanerozoic [121], a
deep Neoproterozoic history is required to account for the
radiation of early animal clades [123].

Future advances may improve molecular clock dates, but
there is a limit to how much precision can be achieved through
the addition of sequence data, and this asymptote has already
been reached [6]. While increasing the volume of sequence
data has beneficial statistical effects in estimating rate, it can
also lead to increasingly precise but inaccurate divergence
time estimates (i.e. the span of the estimate narrows but does
not include the true clade age) when combined with incorrect
fossil calibrations [124]. Therefore, further precision can only
be achieved, while maintaining accuracy, by increasing the
precision with which fossil evidence informs clade age [124].
Alternative approaches to calibration, like the fossilized birth-
death model [125], total evidence dating [126], and their
combination [127, 128], may overcome uncertainty in the
phylogenetic affinity of both living and fossil lineages, but
these methods are currently experimental, some yielding
clade ages that vastly exceed those based on conventional
node-calibration [129].

Conclusions and prospects

A number practical measures can be identified to overcome
the interconnected limitations of the fossil and molecular
records. Palaeontologists must improve understanding of
known fossils and refine methods for interpreting stem-animal

1600120 (9 of 12)

d

sAesso Maino



0
>
@
)
)
o)
=

Q2
>
@)

o

J. A. Cunningham et al.

taxa and distinguishing them from other multicellular
eukaryotes. Neoproterozoic stratigraphy requires greater
resolution and, within this framework, time intervals and
environments that are under-represented by fossils must be
targeted for sampling. The resulting advances in our
understanding of the fossil record will improve calibration
points for molecular clock analyses. Much effort has been
expended in attempting to resolve the early branching order in
metazoan phylogeny, but the relationships within groups
such as the Lophotrochozoa and Ecdysozoa remain largely
unresolved (though the situation in Lophotrochozoa is
beginning to improve [130, 131]).

Nevertheless, though there is a discrepancy between
molecular clock analyses and the rock record regarding the
origin of animals, it is not as great as generally perceived. The
latest molecular clock analyses estimate that animals evolved
by ~650Ma and, while Neoproterozoic fossils cannot
generally be assigned to extant metazoan phyla, there is
biomarker evidence suggesting that animals may have been
present by ~635Ma, and reasonably convincing fossil
evidence from 565Ma onwards. Both records confirm that
animals were present prior to the Cambrian, and therefore that
the origin and early evolution of animals in the “Cambrian
Explosion” was neither Cambrian nor explosive. It is likely
that the mismatch between fossil-based interpretations and
molecular clock estimates result from all of the factors
discussed above. Indeed, the problems associated with
preserving and identifying early animals effectively predict
a significant mismatch between molecular clock estimates and
the fossil record. Thus, accepting their limitations, both
molecular clocks and the fossil record provide an accurate, if
not precise, timescale for animal evolutionary history. The
research directions we outline will fundamentally improve our
knowledge of Neoproterozoic animal evolution, facilitating
tests of hypotheses on the causes and consequences of this
formative event.

Acknowledgments

We are very grateful to James Gehling, Andrey Ivantsov, Soren
Jensen, Andrew Knoll, Luke Parry, Wesley Watters, Shuhai
Xiao, and Zongjun Yin for providing fossil images. JAC and
AGL acknowledge support from Natural Environment Re-
search Council (NERC) Fellowships [grant numbers NE/
J018325/1 and NE/LO11409/1]. SB and JAC acknowledge
funding from the Danish National Research Foundation
[DNRF53] and the Swedish Research Council [2013-4290].
PCJD was supported by a Royal Society Wolfson Merit Award,
a Leverhulme Trust Research Fellowship and a NERC standard
grant [NE/F00348X/1]. We thank Matthew Wills and three
anonymous referees for their comments, which helped to
improve the manuscript.

The authors have declared no conflict of interest.

References

1. Darwin C. 1859. On the Origin of Species by Means of Natural
Selection, or the Preservation of Favoured Races in the Struggle for Life.
London: John Murray.

1600120 (10 of 12)

10.

11.

12.

13.

14.

15.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

Prospects & Overviews B B

. Knoll AH. 2003. Life on a Young Planet: The First Three Billion Years of

Evolution on Earth. Princeton, Oxford: Princeton University Press.

. Erwin DH, Laflamme M, Tweedt SM, Sperling EA, et al. 2011. The

Cambrian conundrum: early divergence and later ecological success in
the early history of animals. Science 334: 1091-7.

. Hou X, Aldridge RJ, Bergstrom J, Siveter DJ, et al. 2004. The

Cambrian Fossils of Chengjiang, China: The Flowering of Early Animal
Life. Malden, assachusetts, Oxford: Blackwell.

. Peterson KJ, Butterfield NJ. 2005. Origin of the Eumetazoa: testing

ecological predictions of molecular clocks against the Proterozoic fossil
record. Proc Nat/ Acad Sci USA 102: 9547-52.

. dos Reis M, Thawornwattana Y, Angelis K, Telford MJ, et al. 2015.

Uncertainty in the timing of origin of animals and the limits of precision in
molecular timescales. Curr Biol 25: 2939-50.

. Fortey RA, Briggs DEG, Wills MA. 1997. The Cambrian evolutionary

‘explosion’ recalibrated. BioEssays 19: 429-34.

. Benton MJ, Donoghue PC. 2007. Paleontological evidence to date the

tree of life. Mol Biol Evol 24: 26-53.

. Graur D, Martin W. 2004. Reading the entrails of chickens: molecular

timescales of evolution and the illusion of precision. Trends Genet 20:
80-6.

Jarvis ED, Mirarab S, Aberer AJ, Li B, et al. 2014. Whole-genome
analyses resolve early branches in the tree of life of modern birds.
Science 346: 1320-31.

dos Reis M, Inoue J, Hasegawa M, Asher RJ, et al. 2012.
Phylogenomic datasets provide both precision and accuracy in
estimating the timescale of placental mammal phylogeny. Proc R
Soc Lond B Biol Sci 279: 3491-500.

Fedonkin MA, Waggoner BM. 1997. The Late Precambrian fossil
Kimberella is a mollusc-like bilaterian organism. Nature 388:
868-71.

Glaessner MF. 1976. Early Phanerozoic annelid worms and their
geological and biological significance. J Geol Soc London 132:
259-75.

Xiao S, Laflamme M. 2009. On the eve of animal radiation: phylogeny,
ecology and evolution of the Ediacara biota. Trends Ecol Evol 24: 31-40.
Gold DA, Runnegar B, Gehling JG, Jacobs DK. 2015. Ancestral state
reconstruction of ontogeny supports a bilaterian affinity for Dickinsonia.
Evol Dev 17: 315-24.

. Zhuravlev AY, Wood RA, Penny AM. 2015. Ediacaran skeletal

metazoan interpreted as a lophophorate. Proc R Soc Lond B Biol Sci
282: 20151860.

Tang F, Bengtson S, Wang Y, Wang XL, et al. 2011. Eoandromeda and
the origin of Ctenophora. Evol Dev 13: 408-14.

Liu PJ, Xiao SH, Yin CY, Zhou CM, et al. 2008. Systematic description
and phylogenetic affinity of tubular microfossils from the Ediacaran
Doushantuo Formation at Weng’an, South China. Palaeontology 51:
339-66.

Vinn O, Zaton M. 2012. Inconsistencies in proposed annelid affinities of
early biomineralized organism Cloudina (Ediacaran): structural and
ontogenetic evidences. Carnets Géol 3: 39-47.

Liu AG, Matthews JJ, Menon LR, Mcliroy D, et al. 2014. Haootia
quadriformis n. gen., n. sp., interpreted as a muscular cnidarian
impression from the Late Ediacaran period (approx. 560 Ma). Proc R Soc
Lond B Biol Sci 281: 20141202.

Van lten H, Leme JD, Marques AC, Simoes MG. 2013. Alternative
interpretations of some earliest Ediacaran fossils from China. Acta
Palaeontol Pol 58: 111-3.

Xiao SH, Yuan XL, Knoll AH. 2000. Eumetazoan fossils in terminal
Proterozoic phosphorites?. Proc Natl Acad Sci USA 97: 13684-9.

Yin Z, Zhu M, Davidson EH, Bottjer DJ, et al. 2015. Sponge grade
body fossil with cellular resolution dating 60 Myr before the Cambrian.
Proc Natl Acad Sci USA 112: E1453-E60.

Maloof AC, Rose CV, Beach R, Samuels BM, et al. 2010. Possible
animal-body fossils in pre-Marinoan limestones from South Australia.
Nature Geosci 3: 653-9.

Gehling JG, Rigby JK. 1996. Long expected sponges from the
Neoproterozoic Ediacara fauna of South Australia. J Paleontol 70:
185-95.

Hagadorn JW, Xiao S, Donoghue PCJ, Bengtson S, et al. 2006.
Cellular and subcellular structure of Neoproterozoic animal embryos.
Science 314: 291-4.

Chen L, Xiao S, Pang K, Zhou C, et al. 2014. Cell differentiation and
germ-soma separation in Ediacaran animal embryo-like fossils. Nature
516: 238-41.

Donoghue PCJ, Purnell MA. 2009. Distinguishing heat from light in
debate over controversial fossils. BioEssays 31: 178-89.

Bioessays 39, 1, 1600120, © 2016 The Authors BioEssays Published by WILEY Periodicals, Inc.



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44.

45.

46.

47.

48.

49.
50.

51.
52.
53.

54.

55.

Bioessays 39, 1, 1600120, © 2016 The Authors BioEssays Published by WILEY Periodicals, Inc.

Prospects & Overviews

Waggoner B. 2003. The Ediacaran biotas in space and time. Integr
Comp Biol 43: 104-13.

Boag TH, Darroch SAF, Laflamme M. 2016. Ediacaran distributions in
space and time: testing assemblage concepts of earliest macroscopic
body fossils. Paleobiology FirstView 1-21.

Grant SW. 1990. Shell structure and distribution of Cloudina, a potential
index fossil for the terminal Proterozoic. Am J Sci 290-A: 261-94.
Grotzinger JP, Watters WA, Knoll AH. 2000. Calcified metazoans in
thrombolite-stromatolite reefs of the terminal Proterozoic Nama Group,
Namibia. Paleobiology 26: 334-59.

Wood RA, Grotzinger JP, Dickson JAD. 2002. Proterozoic modular
biomineralized metazoan from the Nama Group, Namibia. Science 296:
2383-6.

Penny AM, Wood R, Curtis A, Bowyer F, et al. 2014. Ediacaran
metazoan reefs from the Nama Group, Namibia. Science 344:
1504-6.

Hua H, Chen Z, Yuan X, Zhang L, et al. 2005. Skeletogenesis and
asexual reproduction in the earliest biomineralizing animal Cloudina.
Geology 33: 277-80.

Cortijo I, Marti Mus M, Jensen S, Palacios T. 2010. A new species of
Cloudina from the terminal Ediacaran of Spain. Precambrian Res 176:
1-0.

Babcock LE, Grunow AM, Sadowski GR, Leslie SA. 2005.
Corumbella, an Ediacaran-grade organism from the Late Neoproter-
ozoic of Brazil. Palaeogeogr Palaeoclimatol Palaeoecol 220: 7-18.
Ivantsov AY, Fedonkin MA. 2002. Conulariid-like fossil from the
Vendian of Russia: a metazoan clade across the Proterozoic/Palaeozoic
boundary. Palaeontology 45: 1219-29.

Cai Y, Hua H, Zhang X. 2013. Tube construction and life mode of the
late Ediacaran tubular fossil Gaojiashania cyclus from the Gaojiashan
Lagerstatte. Precambrian Res 224: 255-67.

Germs GJB. 1972. New shelly fossils from Nama Group, south west
Africa. Am J Sci 272: 752-61.

Bengtson S, Yue Z. 1992. Predatorial borings in late Precambrian
mineralized exoskeletons. Science 257: 367-9.

Wood R, Curtis A. 2015. Extensive metazoan reefs from the Ediacaran
Nama Group, Namibia: the rise of benthic suspension feeding.
Geobiology 13: 112-22.

Seilacher A, Grazhdankin D, Legouta A. 2003. Ediacaran biota: the
dawn of animal life in the shadow of giant protists. Paleontol Res 7:
43-54.

Wood RA. 2011. Paleoecology of the earliest skeletal metazoan
communities: implications for early biomineralization. Earth-Sci Rev
106: 184-90.

Warren LV, Pacheco MLAF, Fairchild TR, Simoes MG, et al. 2012. The
dawn of animal skeletogenesis: ultrastructural analysis of the Ediacaran
metazoan Corumbella werneri. Geology 40: 691-4.

Van Iten H, Leme J, Simoes MG, Marques AC, et al. 2006.
Reassessment of the phylogenetic position of conulariids (?Edia-
caran-Triassic) within the subphylum Medusozoa (Phylum Cnidaria).
J Syst Palaeontol 4: 109-18.

Van Iten H, Leme JM, Pacheco MLAF, Simoes MG, et al. 2016.
Origin and early diversification of Phylum Cnidaria: key macrofossils
from the Ediacaran system of North and South America. In Goffredo S,
Dubinsky Z, ed; The Cnidaria, Past, Present and Future: The World of
Medusa and Her Sisters. Cham: Springer International Publishing. p.
31-40.

Narbonne G, Xiao S, Shields G, Gradstein F, et al. 2012. The
Ediacaran period. In Gradstein FM, Ogg JG, Schmitz M, Ogg G, ed;
Geologic Timescale. Cambridge: Cambridge University Press. p.
413-435.

Antcliffe JB, Brasier MD. 2008. Charnia at 50: developmental models
for Ediacaran fronds. Palaeontology 51: 11-26.

Grazhdankin D. 2004. Patterns of distribution in the Ediacaran biotas:
facies versus biogeography and evolution. Paleobiology 30: 203-21.
Vinther J. 2015. The origins of molluscs. Palaeontology 58: 19-34.
Ivantsov AY. 2011. Paleontological evidence for the supposed
Precambrian occurrence of mollusks. Paleontol J 44: 1552-9.

Benton MJ, Donoghue PCJ, Asher RJ, Friedman M, et al. 2015.
Constraints on the timescale of animal evolutionary history. Paleontol
Electron 18.1: 1-06.

Fedonkin MA, Simonetta A, Ivantsov AY. 2007. New data on
Kimberella, the Vendian mollusc-like organism (White Sea region,
Russia): palaeoecological and evolutionary implications. Geo Soc
London Spec Publ 286: 157-79.

Ivantsov AY. 2011. Feeding traces of Proarticulata—the Vendian
Metazoa. Paleontol J 45: 237-48.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

J. A. Cunningham et al.

Gehling JG, Runnegar BN, Droser ML. 2014. Scratch traces of large
Ediacara bilaterian animals. J Paleontol 88: 284-98.

Budd GE, Jensen S. 2015. The origin of the animals and a ‘Savannah’
hypothesis for early bilaterian evolution. Biol Rev, in press. DOI: 10.1111/
brv.12239

Seilacher A. 1989. Vendozoa—organismic construction in the Protero-
zoic biosphere. Lethaia 22: 229-39.

Sperling EA, Vinther J. 2010. A placozoan affinity for Dickinsonia and
the evolution of late Proterozoic metazoan feeding modes. Evol Dev 12:
201-9.

Pick KS, Philippe H, Schreiber F, Erpenbeck D, et al. 2010. Improved
phylogenomic taxon sampling noticeably affects nonbilaterian relation-
ships. Mol Biol Evol 27: 1983-7.

Srivastava M, Begovic E, Chapman J, Putnam NH, et al. 2008. The
Trichoplax genome and the nature of placozoans. Nature 454:
955-60.

Zhu MY, Gehling JG, Xia SH, Zhao YL, et al. 2008. Eight-armed
Ediacara fossil preserved in contrasting taphonomic windows from
China and Australia. Geology 36: 867-70.

Tang F, Yin C, Bengtson S, Liu P, et al. 2008. Octoradiate spiral
organisms in the Ediacaran of South China. Acta Geol Sin-Engl 82:
27-34.

Pisani D, Pett W, Dohrmann M, Feuda R, et al. 2015. Genomic data do
not support comb jellies as the sister group to all other animals. Proc
Natl Acad Sci USA 112: 15402-7.

Liu AG, Matthews JJ, Menon LR, Mcliroy D, et al. 2015. The
arrangement of possible muscle fibres in the Ediacaran taxon Haootia
quadriformis. Proc R Soc Lond B Biol Sci 282: 20142949.

Miranda LS, Collins AG, Marques AC. 2015. Is Haootia quadriformis
related to extant Staurozoa (Cnidaria)? Evidence from the muscular
system reconsidered. Proc R Soc Lond B Biol Sci 282: 20142396.
Muscente AD, Michel FM, Dale JG, Xiao SH. 2015. Assessing the
veracity of Precambrian ’sponge’ fossils using in situ nanoscale
analytical techniques. Precambrian Res 263: 142-56.

Antcliffe JB, Callow RHT, Brasier MD. 2014. Giving the early fossil
record of sponges a squeeze. Biol Rev 89: 972-1004.

Serezhnikova EA. 2007. Palacophragmodictya spinosa sp. nov., a
bilateral benthic organism from the Vendian of the Southeastern White
Sea Region. Paleontol J 41: 360-9.

Clites EC, Droser ML, Gehling JG. 2012. The advent of hard-part
structural support among the Ediacara biota: Ediacaran harbinger of a
Cambrian mode of body construction. Geology 40: 307-10.

Xiao S, Muscente AD, Chen L, Zhou C, et al. 2014. The Weng’an biota
and the Ediacaran radiation of multicellular eukaryotes. Nat Sci Rev 1:
498-520.

Xiao SH, Zhang Y, Knoll AH. 1998. Three-dimensional preservation of
algae and animal embryos in a Neoproterozoic phosphorite. Nature 391:
553-8.

Huldtgren T, Cunningham JA, Yin C, Stampanoni M, et al. 2011.
Fossilized nuclei and germination structures identify Ediacaran ’animal
embryos’ as encysting protists. Science 334: 1696-9.

Butterfield NJ. 2011. Terminal developments in Ediacaran embryology.
Science 334: 1655-6.

Chen JY, Oliveri P, Gao F, Dornbos SQ, et al. 2002. Precambrian
animal life: probable developmental and adult cnidarian forms from
southwest China. Dev Biol 248: 182-96.

Cunningham JA, Vargas K, Liu P, Belivanova V, et al. 2015. Critical
appraisal of tubular putative metazoans from the Ediacaran Weng’an
Doushantuo biota. Proc R Soc Lond B Biol Sci 82: 20151169.

Yuan X, Chen Z, Xiao S, Zhou C, et al. 2011. An early Ediacaran
assemblage of macroscopic and morphologically differentiated eukar-
yotes. Nature 470: 390-3.

Wan B, Yuan X, Chen Z, Guan C, et al. 2016. Systematic description of
putative animal fossils from the early Ediacaran Lantian Formation of
South China. Palaeontology 59: 515-32.

Collins AG, Lipps JH, Valentine JW. 2000. Modern mucociliary
creeping trails and the bodyplans of Neoproterozoic trace-makers.
Paleobiology 26: 47-55.

Liu AG, Mcliroy D, Brasier MD. 2010. First evidence for locomotion in
the Ediacara biota from the 565 Ma Mistaken Point Formation,
Newfoundland. Geology 38: 123-6.

Mangano MG, Buatois LA. 2014. Decoupling of body-plan diversifica-
tion and ecological structuring during the Ediacaran-Cambrian transi-
tion: evolutionary and geobiological feedbacks. Proc R Soc Lond B Biol
Sci 281: 20140038.

Jensen S, Droser ML, Gehling JG. 2006. A critical look at the Ediacaran
trace fossil record. In: Xiao S, Kaufman AJ, ed; Neoproterozoic

1600120 (11 of 12)

0

sAesso Maino



0
>
@
)
)
o)
=

Q2
>
@)

o

J. A. Cunningham et al.

83.
84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.
102.

103.

104.

105.

106.

107.

108.

1600120 (12 of 12)

Geobiology and Paleobiology. Dordrecht: Springer Netherlands. p.
115-57.

Matz MV, Frank TM, Marshall NJ, Widder EA, et al. 2008. Giant deep-
sea protist produces bilaterian-like traces. Curr Biol 18: 1849-54.
Mariotti G, Pruss SB, Ai X, Perron JT, et al. 2016. Microbial origin of
early animal trace fossils? J Sediment Res 86: 287-93.

Jensen S, Droser ML, Gehling JG. 2005. Trace fossil preservation and
the early evolution of animals. Palaeogeogr Palaeoclimatol Palaeoecol
220: 19-29.

Chen Z, Zhou C, Meyer M, Xiang K, et al. 2013. Trace fossil evidence
for Ediacaran bilaterian animals with complex behaviors. Precambrian
Res 224: 690-701.

Carbone C, Narbonne GM. 2014. When life got smart: the evolution of
behavioral complexity through the Ediacaran and early Cambrian of NW
Canada. J Paleontol 88: 309-30.

Rogov V, Marusin V, Bykova N, Goy Y, et al. 2012. The oldest evidence
of bioturbation on Earth. Geology 40: 395-8.

Sperling EA, Robinson JM, Pisani D, Peterson KJ. 2010. Where's the
glass? Biomarkers, molecular clocks, and microRNAs suggest a 200-
Myr missing Precambrian fossil record of siliceous sponge spicules.
Geobiology 8: 24-36.

Carrera MG, Botting JP. 2008. Evolutionary history of Cambrian
spiculate sponges: implications for the Cambrian evolutionary fauna.
PALAIOS 23: 124-38.

Rigby JK. 1983. Sponges of the Burgess Shale (middle Cambrian),
British Columbia. Palaecont Can 2: 1-05.

Love GD, Grosjean E, Stalvies C, Fike DA, et al. 2009. Fossil steroids
record the appearance of Demospongiae during the Cryogenian period.
Nature 457: 718-21.

Love GD, Summons RE. 2015. The molecular record of Cryogenian
sponges — a response to Antcliffe (2013). Palaeontology 58: 1131-6.
Gold DA, Grabenstatter J, de Mendoza A, Riesgo A, et al. 2016. Sterol
and genomic analyses validate the sponge biomarker hypothesis. Proc
Natl Acad Sci USA 113: 2684-9.

Brocks JJ, Jarrett AJM, Sirantoine E, Kenig F, et al. 2016. Early
sponges and toxic protists: possible sources of cryostane, an age
diagnostic biomarker antedating Sturtian Snowball Earth. Geobiology
14: 129-49.

Gold DA, O’Reilly SS, Luo G, Briggs DEG, et al. 2016. Prospects for
sterane preservation in sponge fossils from museum collections and the
utility of sponge biomarkers for molecular clocks. B Peabody Mus Nat Hi
57: 181-9.

Antcliffe JB. 2013. Questioning the evidence of organic compounds
called sponge biomarkers. Palaeontology 56: 917-25.

Antcliffe JB. 2015. The oldest compelling evidence for sponges is still
early Cambrian in age - reply to Love and Summons (2015).
Palaeontology 58: 1137-9.

Brocks JJ, Butterfield NJ. 2009. Biogeochemistry: early animals out in
the cold. Nature 457: 672-3.

Smith AB. 2001. Large-scale heterogeneity of the fossil record:
implications for Phanerozoic biodiversity studies. Philos Trans R Soc
Lond B Biol Sci 356: 351-67.

Peters SE, Gaines RR. 2012. Formation of the 'Great Unconformity’ as
a trigger for the Cambrian explosion. Nature 484: 363-6.

Dalziel IWD. 2014. Cambrian transgression and radiation linked to an
lapetus-Pacific oceanic connection? Geology 42: 979-82.

Callow RHT, Brasier MD. 2009. Remarkable preservation of microbial
mats in Neoproterozoic siliciclastic settings: implications for Ediacaran
taphonomic models. Earth-Sci Rev 96: 207-19.

Sansom RS, Gabbott SE, Purnell MA. 2010. Non-random decay of
chordate characters causes bias in fossil interpretation. Nature 463:
797-800.

Budd GE, Jensen S. 2000. A critical reappraisal of the fossil record of
the bilaterian phyla. Biol Rev 75: 253-95.

Philippe H, Derelle R, Lopez P, Pick K, et al. 2009. Phylogenomics
revives traditional views on deep animal relationships. Curr Biol 19:
706-12.

Sperling EA, Pisani D, Peterson KJ. 2007. Poriferan paraphyly and its
implications for Precambrian palaeobiology. Geo Soc London Spec
Publ 286: 355-68.

Telford MJ, Budd GE, Philippe H. 2015. Phylogenomic insights into
animal evolution. Curr Biol 25: R876-R87.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

Prospects & Overviews B B

Ryan JF, Pang K, Schnitzler CE, Nguyen AD, et al. 2013. The genome
of the ctenophore Mnemiopsis leidyi and its implications for cell type
evolution. Science 342: 1242592.

Moroz LL, Kocot KM, Citarella MR, Dosung S, et al. 2014. The
ctenophore genome and the evolutionary origins of neural systems.
Nature 510: 109-14.

Ferrier DEK. 2015. The origin of the Hox/ParaHox genes, the Ghost
Locus hypothesis and the complexity of the first animal. Brief Funct
Genomics 15: 333-41.

Murdock DJ, Bengtson S, Marone F, Greenwood JM, et al. 2014.
Evaluating scenarios for the evolutionary assembly of the brachiopod
body plan. Evol Dev 16: 13-24.

Butterfield NJ. 2006. Hooking some stem-group ’'worms’: fossil
lophotrochozoans in the Burgess Shale. BioEssays 28: 1161-6.
Zhang Z, Smith MR, Shu D. 2015. New reconstruction of the Wiwaxia
scleritome, with data from Chengjiang juveniles. Sci Rep 5: 14810.
O’Reilly JE, Puttick MN, Parry L, Tanner AR, et al. 2016. Bayesian
methods outperform parsimony but at the expense of precision in the
estimation of phylogeny from discrete morphological data. Biol Lett 12:
20160081.

de Robertis EM. 1997. The ancestry of segmentation. Nature 387: 25-6.
Knoll AH, Carroll SB. 1999. Early animal evolution: emerging views
from comparative biology and geology. Science 284: 2129-37.
Hejnol A, Martindale MQ. 2008. Acoel development supports a simple
planula-like urbilaterian. Philos Trans R Soc Lond B Biol Sci 363:
1493-501.

Cannon JT, Vellutini BC, Smith J, Ronquist F, et al. 2016.
Xenacoelomorpha is the sister group to Nephrozoa. Nature 530:
89-93.

Rouse GW, Wilson NG, Carvajal JI, Vrijenhoek RC. 2016. New deep-
sea species of Xenoturbella and the position of Xenacoelomorpha.
Nature 530: 94-7.

Lee MSY, Soubrier J, Edgecombe GD. 2013. Rates of phenotypic and
genomic evolution during the Cambrian explosion. Curr Biol 23:
1889-95.

Levinton J, Dubb L, Wray GA. 2004. Simulations of evolutionary
radiations and their application to understanding the probability of a
Cambrian explosion. J Paleontol 78: 31-8.

Erwin DH. 2015. Early metazoan life: divergence, environment and
ecology. Philos Trans R Soc Lond B Biol Sci 370: 20150036.

dos Reis M, Donoghue PCJ, Yang Z. 2016. Bayesian molecular clock
dating of species divergences in the genomics era. Nat Rev Genet 17:
71-80.

Heath TA, Huelsenbeck JP, Stadler T. 2014. The fossilized birth-death
process for coherent calibration of divergence-time estimates. Proc Nat/
Acad Sci USA 111: E2957-66.

Ronquist F, Klopfstein S, Vilhelmsen L, Schulmeister S, et al. 2012.
A total-evidence approach to dating with fossils, applied to the early
radiation of the Hymenoptera. Syst Biol 61: 973-99.

Gavryushkina A, Heath TA, Ksepka DT, Stadler T, et al. 2016.
Bayesian total-evidence dating reveals the recent crown radiation of
penguins. Syst Biol.

Zhang C, Stadler T, Klopfstein S, Heath TA, et al. 2016. Total-
evidence dating under the fossilized birth-death process. Syst Biol 65:
228-49.

O’Reilly J, dos Reis M, Donoghue PCJ. 2015. Dating tips for
divergence time estimation. Trends Genet 31: 637-50.

Kocot KM. 2016. On 20 years of Lophotrochozoa. Org Divers Evol 16:
329-43.

Laumer CE, Bekkouche N, Kerbl A, Goetz F, et al. 2015. Spiralian
phylogeny informs the evolution of microscopic lineages. Curr Biol 25:
2000-6.

Ax P. 1996. Multicellular Animals: A New Approach to the Phylogenetic
Order in Nature. Berlin, London: Springer.

Bomfleur B, Mors T, Ferraguti M, Reguero MA, et al. 2015. Fossilized
spermatozoa preserved in a 50-Myr-old annelid cocoon from
Antarctica. Biol Lett 11: 20150431.

Schweitzer MH, Zheng W, Cleland TP, Bern M. 2013. Molecular
analyses of dinosaur osteocytes support the presence of endogenous
molecules. Bone 52: 414-23.

Knoll AH. 2014. Paleobiological perspectives on early eukaryotic
evolution. Cold Spring Harb Perspect Biol 6: pii: a016121.

Bioessays 39, 1, 1600120, © 2016 The Authors BioEssays Published by WILEY Periodicals, Inc.



