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ABSTRACT

The end-Neoproterozoic transition marked a gradual but permanent shift between distinct configurations of Earth’s
biosphere. This interval witnessed the demise of the enigmatic Ediacaran Biota, ushering in the structured trophic
webs and disparate animal body plans of Phanerozoic ecosystems. However, little consensus exists on the reality,
drivers, and macroevolutionary implications of end-Neoproterozoic extinctions. Here we evaluate potential drivers
of late-Neoproterozoic turnover by addressing recent findings on Ediacaran geochronology, the persistence of clas-
sical Ediacaran macrobionts into the Cambrian, and the existence of Ediacaran crown-group eumetazoans. Despite
renewed interest in the possibility of Phanerozoic-style ‘mass extinctions’ in the latest Neoproterozoic, our synthesis
of the available evidence does not support extinction models based on episodic geochemical triggers, nor does it
validate simple ecological interpretations centred on direct competitive displacement. Instead, we argue that the pro-
tracted and indirect effects of early bilaterian innovations, including escalations in sediment engineering, predation,
and the largely understudied impacts of reef-building, may best account for the temporal structure and possible
selectivity of late-Neoproterozoic extinctions. We integrate these processes into a generalised model of early
eumetazoan-dominated ecologies, charting the disruption of spatial and temporal isotropy on the Ediacaran benthos
as a consequence of diversifying macrofaunal interactions. Given the nature of resource distribution in Ediacaran
ecologies, the continuities among Ediacaran and Cambrian faunas, and the convergent origins of ecologically
disruptive innovations among bilaterians we suggest that the rise of Phanerozoic-type biotas may have been
unstoppable.
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I. INTRODUCTION

The Ediacaran Biota encompasses a heterogenous suite of
macroorganisms appearing in the fossil record around
575 million years ago (Ma), during the Ediacaran period
[~635-539 Ma (Darroch et al., 2018; Bowyer et al., 2022)]
and generally occurring in benthic settings dominated by bac-
terial matground ecologies (Gehling, 1999). Classic Ediacaran
soft-bodied macrofossils, henceforth informally referred to as
‘Ediacarans’, comprise disparate frondose, modular, and
lobate body plans (Fig. 1) conventionally thought to have
become extinct, or at least to have faded from ecological
dominance, in the terminal Ediacaran (Darroch et al.,
2018; Hoyal Cuthill, 2022). Due to a scarcity of obvious
homologies with living taxa, their constructional morphol-
ogy and phylogenetic placement have proved notoriously
controversial (e.g. Seilacher, 1989; reviewed in Runnegar,
2022). However, recent analyses based on exceptionally
preserved soft tissues (Hoyal Cuthill & Han, 2018) and
developmental patterns (Dunn, Liu & Donoghue, 2018;

Dunn et al.,, 20195, 2021; Dunn, Liu & Gehling, 2019q)
suggest that at least some Ediacarans may lie on the stem
of Eumetazoa — the clade of tissue-grade animals compris-
ing the vast majority of present-day metazoan biodiversity
(Runnegar, 2022). As the earliest credible palacontological
window on animal evolution, the Ediacaran Biota illuminates
its tempo and mode, helping to reconcile fossil evidence
with molecular clocks hinting at a cryptic Neoproterozoic
(~1000-539 Ma) history (Cunningham et al., 2017; Yang
et al., 2007).

This Neoproterozoic rise of animals unfolded amid some
of the most pronounced biogeochemical upheavals in Earth
history (Butterfield, 20155). Establishing whether the
Ediacarans’ demise marks the first observed eukaryotic mass
extinction (Laflamme et al., 2013) is critical to map the
impacts of such events on the evolution of the biosphere,
and their role in the appearance of modern, animal-
dominated ecologies amid the ensuing Cambrian Explosion
(Marshall, 2006; Butterfield, 2011). The Cambrian Explosion
witnessed some of the most radical remodelling of food webs,

Fig. 1. Representative specimens of Ediacaran soft-bodied organisms. (A) Rangeomorpha: cast of the Charnia mason: holotype
(LEIUG 232) from the Charnwood Forest, UK (Avalon assemblage) showing nested branching frond elements departing from a
semi-rigid central axis. (B) Erniettomorpha: Plerinidium simplex, a recumbent three-lobed erniettomorph, from the terminal
Ediacaran Nama Group of Namibia (Nama assemblage). (C) Arboreomorpha: Arborea arborea (SAM P19690a) from the Ediacara
Member of the Rawnsley Quartzite (White Sea assemblage), South Australia, showcasing tubular frond elements and an
articulated holdfast for anchorage to the substrate. (D) Dickinsoniomorpha: Dickinsonia costata (SAM PG4742) from the White Sea
of Australia. This representative dickinsoniomorph had a flattened, quilted-mat-like ‘segmented’ body plan. (E) Erniettomorpha:
Ernietta plateauensis, from the Nama Group. The upper body of this organism comprises at least one layer of tubes defining a
broadened bilobed frill, which surrounded a central opening. Below an equatorial seam, the tubes assemble into a basal sac-like
anchor. Scale bars = 10 mm. Institutional abbreviations: LEIUG, Leicester City Museum; SAM, South Australia Museum.
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ocean ventilation, life-sediment interactions, and developmental
and behavioural modes in Earth history, precipitating
changes that laid the evolutionary and ecological ground-
work for the modern biosphere (Erwin & Valentine, 2013;
Butterfield, 2011). If these changes were set in motion by
unpredictable episodes of biotic ‘reset’ like the mass extinc-
tions punctuating the Phanerozoic (Hull, 2015) the emerging
evidence for continuity between the Ediacaran and
Cambrian worlds (Wood et al., 2019) may be called into ques-
tion, strengthening the case for the Cambrian Explosion as
an evolutionary ‘singularity’ (Butterfield, 20154) precipitated
by unique geological contingencies. Therefore, the disap-
pearance of the Ediacaran Biota offers a virtually unique
opportunity to tackle evolutionary questions at a planetary
scale. We do so by evaluating the tempo and mode of the
transition between Ediacaran and Phanerozoic biotas based
on recent multidisciplinary findings.

First (Section II) we assess the degree to which traditional
Ediacaran macrofossil ‘assemblages’ record biotic turnover
around the close of the Neoproterozoic. We then integrate
the geochemical proxy record of Ediacaran redox and car-
bon cycle perturbations (Section III) with recent geochrono-
logical data to assess whether these Earth systems ‘anomalies’
emerge as strong candidate extinction drivers. Then, we dis-
cuss how the traditional alternative to abiotic explanations
for Ediacaran extinctions, the ‘biotic replacement’ model
(Laflamme et al., 2013; Darroch et al., 2018), may be refined
in light of emerging evidence from the fossil record
(Section IV) and highlight persisting uncertainties and prom-
1sing research avenues under this hypothesis (Section V). In
particular, we single out bilaterian diversification as a
persistent and highly consequential trend in Ediacaran
macroevolution, grounded in fundamental features of
resource distribution in late-Neoproterozoic ecosystems and
their information landscape (Section V). By mapping these
evolutionary changes in their geobiological context, we set
out to offer an updated view on the timing, drivers, and
implications of the Ediacaran—Cambrian transition, a global
and permanent ‘stable state shift’ (Butterfield, 2011) at the
roots of the modern biosphere.

II. THE NATURE AND REALITY OF EDIACARAN
‘ASSEMBLAGES’

To address questions concerning the tempo, mode, and
drivers of the late-Neoproterozoic turnover, resolving tempo-
ral succession within the Ediacaran biota is key. Traditionally,
the Ediacaran Biota has been partitioned into three taxonom-
ically distinct ‘assemblages’ (Fig. 2; Waggoner, 2003). The
‘Avalon’ assemblage mostly comprises frondose rangeo-
morphs and arborecomorphs (Darroch et al., 2018) together
with probable early poriferans (Suarez & Leys, 2022) and
cnidarians (Dunn et al.,, 2022). The ‘White-Sea’ assem-
blage is significantly more taxonomically and ecologically
diverse, encompassing disparate soft-bodied taxa such as
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erniettomorphs, the motile dickinsoniomorphs and
bilateralomorphs (Darroch et al., 2018), and diverse radial
multilobed forms (Cracknell et al., 2021; Rahman
et al., 2015) together with the earliest documented bilater-
ian animals (Fedonkin & Waggoner, 1997; Jensen,
Droser & Gehling, 2006; Evans et al., 2020). This picture
contrasts with a significant reduction in the diversity and
disparity of Ediacarans in the ‘Nama’ assemblage, which
terminates at the Cambrian boundary. In this assemblage
erniettomorphs, rangeomorphs, and arboreomorphs co-
occur with an expanded range of tubicolous metazoan bio-
mineralisers and bilaterian ichnofossils (Boag, Darroch &
Laflamme, 2016; Darroch et al., 2018). Finally, although
most of the Nama Ediacarans disappear near the
Cambrian boundary some frondose and modular body
plans have been suggested to persist until at least 518 Ma
(Zhao et al., 2022; Hoyal Cuthill, 2022), attesting to late-
surviving Ediacaran-grade animals in the midst of the
Cambrian Explosion (Fig. 2).

While variously interpreted as a product of palacobiogeo-
graphical (Meert & Lieberman, 2008) ecological (Grazhdankin,
2004), or taphonomic (Narbonne, 2005) overprints, the dis-
crepancies between at least some Ediacaran assemblages
most likely yield a genuine evolutionary signal (Garbone
et al., 2015). The taxonomic differences between Avalonian
and White Sea biotas may mostly reflect bathymetric rather
than temporal variation: the two assemblages overlap chron-
ostratigraphically and occur in distinct depositional contexts,
with the Avalon typically restricted to deep-water settings
(Boag et al., 2016; Bowyer et al., 2022). However, the distinc-
tiveness of White Sea and Nama assemblages cannot be fully
attributed to palacoenvironmental variation. Facies poten-
tially denoting estuarine and shoreface settings suggest that
White Sea communities (McMahon et al., 2020) thrived in
disturbed nearshore environments reminiscent of classic
Nama localities (Darroch et al., 2016; but see Gehling &
Droser, 2013) and bathymetric overlap has been confirmed
by comprehensive multivariate analyses (Boag et al., 2016).
Further, both lithology and location of provenance are gen-
erally poor predictors of association between Ediacaran taxa
(Boag et al., 2016; Muscente ¢t al., 2019), ruling out first-order
taphonomic and palacogeographical controls.

Overall, although a second-order ecological overprint
cannot be excluded, the taxonomic discrepancies between
White Sea, Nama, and Cambrian communities probably dis-
close a temporal succession reflecting three chapters in the
decline of Ediacarans (Muscente ef al, 2019; Bowyer
et al., 2022) and the diversification of the animal phyla. The
first, at ~550 Ma, is the transition from diverse White Sea
ecologies to the ‘depauperate’ Nama assemblage. The sec-
ond records the decline of Nama Ediacarans around
the Ediacaran—Cambrian boundary, ~539 Ma. Finally,
the last Ediacarans may have become extinct no earlier
than the Cambrian Series 2, Stage 3, and possibly per-
sisted up until 508 Ma (Conway Morris, 1993; Jensen,
Gehling & Droser, 1998; Hagadorn & Waggoner, 2000;
Hagadorn, Fedo & Waggoner, 2000; Shu et al., 2006;
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Fig. 2. Ediacaran geochemistry and biotic change, after Darroch ¢ al. (2018) and including faunal data from Penny e al. (2014),
Wang et al. (2021), Hoyal Cuthill (2022), and Dunn et al. (2022). Stromatoverss is included as tentatively related to rangeomorphs
based on Hoyal Cuthill & Han (2018). Uncertainty in the temporal range of Dickinsonia in the Shibantan Lagerstitte is indicated
by the corresponding error bar (Xiao e al., 2021). Stratigraphic and carbon isotope (8'°Ci o) data from model B in Bowyer et al.
(2022). Names of negative carbon isotope excursions follow the nomenclature established therein: BANE? marks the basal Nama
negative 8 “C,,, excursion, A0 and A4 mark negative 8'3C .y, excursions with radiometric ages inferred from the Ara Group,
Oman. In is equivalent to the basal Cambrian carbon isotope excursion (BACE) (Bowyer et al., 2022). The pre-Shuram BAINCE
is the Baiguoyuan negative carbon isotope excursion (Zhu et al., 2013). Ma, million years ago.

Hoyal Cuthill & Han, 2018; Zhao et al., 2022; Hoyal
Cuthill, 2022). This downfall in three acts — which cannot be
explained as the result of taphonomy or limited
sampling — requires a historical and evolutionary explanation.

III. QUESTIONING ABIOTIC ‘CATASTROPHES’

The mass extinction events recorded in the Phanerozoic — up
to six in total (Dal Corso et al., 2020) — were initiated by over-
whelmingly abiotic triggers (Bond & Grasby, 2017), raising
the possibility that Ediacaran extinctions can be explained
by similarly episodic environmental ‘catastrophes’. This
hypothesis is currently undergoing a renaissance, fuelled in
large part by the study of late Ediacaran proxies for massive
geochemical alterations and their putative coincidence with

biotic turnover (e.g. Yang et al., 2021; Evans et al., 2022).
However, the geochemical record indicates that a consensus
on environmental ‘catastrophes’ as the drivers of Ediacaran
extinctions is premature. Instead, their tempo and mode, as
reflected by isotopic proxies, suggest that extrinsic abiotic
triggers imparted at most second-order control on the late-
Ediacaran turnover.

The timing of Ediacaran extinctions and geochemical
anomalies (Fig. 2) offers equivocal support for causal links.
Some episodes of Ediacaran turnover did overlap with mas-
sive carbon cycle perturbations, reflected in negative carbon-
isotope excursions (NCIEs). A globally correlative ‘basal
Nama’ negative excursion (BANE) around 550 Ma broadly
coincides with the appearance of skeletal metazoans and bila-
terian burrows in Namibia, South China, and Brazil (Yang
etal., 2021). The ‘basal Cambrian carbon isotope excursion’
(BACE), which occurs near the close of the Neoproterozoic
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at ~539 Ma (Bowyer ¢t al., 2022), similarly accompanies the
transition between Nama and Cambrian-type faunas.
However, the largest Ediacaran NCIE, the Shuram anom-
aly, has been bracketed by radioisotopic dating between
~574.0 and ~567.3 Ma — well before both Ediacaran
extinction pulses, and overlapping in time with the Avalon
biota (Rooney e al, 2020). The correlation between
Ediacaran extinctions and carbon cycle anomalies is further
weakened by putative ~546.5 Ma and ~541 Ma NCIEs
(Fig. 2), neither of which heralds significant turnover pulses
(Bowyer et al., 2022).

Possible associations between Ediacaran NCIEs and
classic mass extinction ‘horsemen of the apocalypse’, such
as volcanism and anoxia (Bond & Grasby, 2017), are also
equivocal. §*°"U proxies suggest that the Basal Nama NCIE
coincided with a shift towards widespread anoxia, which per-
sisted throughout the terminal Ediacaran (Zhang et al., 2019).
However, the same §°*%U proxies suggest that the Shuram
anomaly may have been coupled to an episode of widespread
ocean oxygenation (Zhang et al., 2019; L1 et al., 20205). A
smaller, transient rise in oxygen levels is also registered
around the base of the Cambrian (Zhang ef al., 2019).
Therefore, the causal links between NCIEs and Ediacaran
redox fluctuations, if any, remain ambiguous. A potential
stratigraphic correlation between the BACE and Laurentian
volcanic outgassing (Hodgin et al., 2021) is interesting and
requires further study, especially given the tight coupling of
Phanerozoic volcanism, anoxia, and mass extinctions
(Bond & Grasby, 2017) and possible isotopic evidence of
widespread marine anoxia in terminal Ediacaran oceans
[e.g. Tostevin et al., 2019; Li et al., 2020a; but see Wet ¢t al.
(2023) for contrasting indicators of widespread oxygenation].
Nonetheless, the proposed causal links between anoxia and
Ediacaran extinctions are at odds with persistent, widespread
oceanic euxinia throughout the diversification of the
Ediacaran Biota (e.g. Sahoo ¢t al., 2016; Cherry et al., 2022)
and evidence of rangeomorphs and arboreomorphs thriving
in at least transiently anoxic settings (Cherry et al., 2022; Boag
et al., 2018). Interpretations of the BACE as the signature of
an ‘extinction trigger’ also conflict with its timing. In Siberia
(Zhuravlev & Wood, 2018; Bowyer et al., 2022) and South
China (Cai ¢t al., 2019) the diversification of Cambrian-type
faunas began before the BACE (Zhuravlev & Wood, 2018).
Similarly, Namibian strata comprising both macrofossils
and uranium isotope-yielding carbonates reveal that depau-
perate Nama communities dominated by skeletal metazoans
appeared before the onset of a possible terminal Ediacaran
pulse of anoxia (Tostevin et al., 2019).

What’s more, even if we allow a link between Ediacaran
anomalies and extinctions the direction of causality is ambig-
uous, given the powerful top-down effects of biology on
ocean chemistry. This is particularly relevant to cases in
which the onset of biotic turnover may have preceded the
geochemical anomalies (Tostevin et al., 2019; Zhuravlev &
Wood, 2018; Cai et al., 2019; Bowyer et al., 2022) described
above. Suspension-feeding animals exert top-down control
on ocean ventilation by enhancing advective mixing and
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dissolved organic carbon (DOC) removal (Butterfield,
2009). Externally opening compartments with putative cili-
ary pumping in rangeomorphs (Butterfield, 2020) and the
fluid-dynamics of radialomorphs (Rahman et al, 2015;
Cracknell e al, 2021) and erniettomorphs (Gibson
et al., 2019; Darroch et al., 2022) suggest suspension feeding
(although see Darroch et al., 2023a), with possible commensa-
listic aggregates (Gibson e al., 2019; Darroch et al., 2022)
enhancing vertical mixing while exploiting turbulence for
nutrient advection. If ocean oxygenation during the Shuram
NCIE (Zhang et al., 2019) stemmed at least in part from the
assembly of the poriferan (Suarez & Leys, 2022) and eume-
tazoan (Butterfield, 2020) DOC-removal pumps, its disruption
in ‘depauperate’ late-Ediacaran communities might have pro-
moted a shift from oxygenated, low-suspended-carbon to
turbid, stratified anoxic waters.

The late-Ediacaran bioturbation surge (Cribb et al., 2019)
may have imparted additional redox forcing. Enhanced bio-
turbation disrupts organic carbon burial and non-linearly
increases sediment retention of phosphorus. Both mecha-
nisms could promote anoxia (Van De Velde ¢ al., 2018; but
see Laakso et al., 2020), which may in turn precipitate nitro-
gen limitation by favouring nitrate-reducing bacteria
(Tyrrell, 1999). Nitrogen or, perhaps more plausibly,
phosphorus (Xiang et al., 2018) limitation itself may
have driven the decline in primary productivity proposed
by Brasier (1992) to account for late-Neoproterozoic
NCIEs. Alternatively, by contributing to the oxidation of sedi-
mentary pyrite and sulfate production, stepped-up bioturbation
around the White Sea-Nama and Ediacaran-Cambrian
boundaries may have promoted the anaerobic oxidation of
DOC and ensuing precipitation of authigenic carbonate,
offering another causal driver of NCIEs (Muscente
et al., 2018). These processes suggest that Ediacaran commu-
nities actively reshaped ocean geochemistry rather than wax-
ing and waning at its mercy, and may at least partly explain
the erratic carbon isotope perturbations characterising the
latest Neoproterozoic (Yang et al., 2021). Given the possibility
of such reverse causality, putative ‘abiotic’ extinction triggers
might at least in part be nothing but geochemical manifesta-
tions of a build up of large-scale biotic impacts.

Finally, the signal from the Ediacaran—Cambrian fossil
record itself appears increasingly incompatible with abrupt,
externally triggered mass extinctions. Whilst the evidence
for biotic decline between the White Sea and Nama assem-
blages remains robust (Bowyer et al., 2022), their taxonomic
overlap has considerably increased with enhanced sampling
(Boag et al., 2016; Bowyer et al., 2022). Classic White Sea taxa
such as dickinsoniomorphs (Xiao ¢t al., 2021; Wang et al., 2021)
and Rimberella (Vaziri, Majidifard & Laflamme, 2018) are
now described from Nama-interval assemblages in multiple
continents, confirming a protracted decline. Further, incr-
eased within-community structuring and narrower niche
breadths in the Nama assemblage suggest a refinement of
ecological partitioning relative to the White Sea (Eden,
Manica & Mitchell, 2022). This emerging picture strongly
contradicts post-catastrophe ‘recolonisation’ scenarios
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predicting a prevalence of ‘disaster taxa’ — the generalist,
ecologically tolerant ‘weedy’ organisms dominating mass
extinction aftermaths (Sahney & Benton, 2008) — in the
Nama, highlighting instead a remarkable continuity of
niche contraction and specialisation trends across the late
Ediacaran and early Phanerozoic (Eden et al., 2022). The
increasingly well-documented presence of conulariids
(Leme, Van Iten & Simoes, 2022), protoconodonts,
anabaritids, and other distinctively Cambrian metazoans
close to the nadir of the BACE (Bowyer et al., 2022; Topper
et al., 2022), and that of both soft-bodied (Hoyal
Cuthill, 2022) and biomineralised (Cai et al., 2017; Han
etal., 2017; Yang et al., 2016; Park et al., 2021) Ediacaran
survivors into the Phanerozoic also clashes with expecta-
tions of a radical biotic reset near the Cambrian boundary.
Together with a lack of unambiguous mass extinction
triggers, the gradual phase-out of Ediacaran ecologies sug-
gests that environmental catastrophes are in themselves
insufficient to account for end-Neoproterozoic extinctions
and the rise of Phanerozoic biotas.

IV. ENEMIES WITHIN? REFRAMING ‘BIOTIC
REPLACEMENT’

The traditional alternative to ‘catastrophe’ hypotheses
centred on abiotically driven Ediacaran mass extinctions
has been the ‘biotic replacement’ hypothesis (Laflamme
et al., 2013), which entails ecological displacement of Ediacarans
by crown-group eumetazoans, cast as ecological or morpho-
functional innovators which eclipse the Ediacaran biota
through predation, competition, or ecosystem engineering
(Laflamme et al., 2013; Darroch et al., 2015). While we argue
that biotic replacement still represents a credible primary
driver of Ediacaran extinctions, recent palacontological evi-
dence requires refinement of this model. In particular,
new data have shown a long coexistence of Ediacarans
and crown-group eumetazoans, which coincides with the
increasingly apparent continuity in ecological and evolu-
tionary trends spanning Ediacaran assemblages and the
Neoproterozoic—Cambrian boundary.

The notion of a ‘Garden of Ediacara’ (McMenamin,
1986) devoid of predation suggests at once a sharp disconti-
nuity between late-Neoproterozoic and Phanerozoic ecolo-
gies and an intuitively appealing ‘overkill” scenario of biotic
replacement, in which the rise of carnivorous cnidarians
and bilaterians overwhelmed and rapidly extirpated the
non-mineralised Ediacaran biota. Similarly, ecospace take-
over by Nama eumetazoans may be taken to imply a
competitive advantage over the comparatively ‘ineffectual’
and ‘static’ niche occupancy of Ediacarans (Schiffbauer
et al., 2016). However, recent fossil discoveries demonstrate
the coexistence of Ediacarans and crown-group eumetazoans
as early as the Avalon (Dunn et al., 2022) and perhaps as late
as the mid-Cambrian (Zhao et al., 2022; Hoyal Cuthill,
2022). Meanwhile, other findings dramatically expand their
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known range of interactions in the White Sea assemblage,
at the ecological apex of the Ediacaran Biota (Tarhan
et al., 2018, 2015; Droser, Tarhan & Gehling, 2017; Bowyer
et al., 2022). These discoveries suggest that models of whole-
sale biotic replacement are no longer tenable, and that a
higher-resolution picture of Ediacaran ecological interac-
tions is needed to explain late-Neoproterozoic extinctions.

The rise of crown-group eumetazoans, and particularly
the evolution of coelenterate-grade predators, stands among
the proposed biotic drivers of late-Ediacaran extinctions.
Darroch et al. (2016) suggested that Nama-aged plug-shaped
burrows (Fig. 3A), interpreted as the product of early antho-
zoans, reflect the emergence of predatory cnidarians.
Harvesting of hypothetical larvae of Ediacarans in suspen-
sion was thus proposed as a possible driver of the decline of
Ediacarans. However, caution must be exercised when infer-
ring the life habits of Ediacaran cnidarians by direct analogy
with living predatory forms: extant carnivorous cnidarians
are partly the product of hundreds of millions of years of
co-evolution with animal zooplankton (Brasier, 2009), and
some living anthozoans feed on phytoplankton (e.g. Fabricius,
Genin & Benayahu, 1995). Moreover, this hypothesis must
contend with the presence of a large, potentially predatory
(Dunn et al., 2022; Schiftbauer, 2022; Laflamme, 2022)
cnidarian, Auroralumina (Fig. 4E), already in the Avalon-aged
Charnwood Forest deposit (Dunn ¢ al., 2022). The phyloge-
netic placement of Auwroralumina, a probable stem-group
medusozoan (Dunn et al., 2022), suggests that the diversifica-
tion of crown-group cnidarians was already underway amid
the Ediacaran Biota’s earliest burst of diversification (Fig. 2;
Shen et al., 2008). This is consistent with the discovery of
conulariids, another group of probable medusozoans
(Dunn et al., 2022; Leme et al., 2022), in terminal Ediacaran
strata (Leme et al., 2022). Moreover, under most possible
topologies of the metazoan tree of life (e.g. Dohrmann &
Worheide, 2013; Pisani ¢t al., 2015; Whelan, Kocot &
Halanych, 2015; Laumer et al., 2018; Schultz et al., 2023)
the medusozoan affinities of Auroralumina imply that members
of — minimally — the stem-group of Bilateria must also have
been coincident with the Avalon assemblage. Despite
uncertainty surrounding the inter-relationships of the non-
bilaterian animal lineages, there remains only one plausible
topology — where placozoans form a sister group to
bilaterians — in which Avalonian cnidarians would not also
require Avalonian bilaterians. This result is rarely recovered
by molecular phylogenetic analyses and enjoys at best weak
statistical support (e.g. Collins, 1998; Silva, Muschner &
Bonatto, 2007). Therefore, the presence of cnidarians in
the Avalon assemblage likely indicates that bilaterians were
also present. Coupled with the evidence for ‘Cambrian
Ediacarans’ (Hoyal Cuthill, 2022), this suggests a possible
~50 million year (Myr) (or longer) coexistence of Ediacarans
and total-group Bilateria.

Predatory activity by emerging bilaterians has also been
proposed as a key driver of Ediacaran extinctions
(e.g. Gehling & Droser, 2018). However, early bilaterians
increasingly appear to have been an integral component of
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Fig. 3. Terminal Ediacaran ichnofossils, biomineralisers and tube-dwelling epifauna. (A) Plug-shaped Beigaueria burrows from the Nama
Group (Farm Nudaus, Nudaus Formation), preserved on bed top. (B) The treptichnid Streptichnus narbonnei NESM-F-626) from the upper
Spitskop Member (Farm Swartpunt) of the Nama Group preserved on bed underside, showing distinctive rope-like morphology and
arrangement of burrows radiating from central points. (C) Parapsammichnites (Nama Group, Feldschuhhorn Member) preserved on bed
top. (D) DSC0026 Gagjiashama cyclus, a soft-bodied epibenthic tubelike organism, from the late-Ediacaran Gaojiashan Lagerstitte
(Dengying Formation) of South China. (E) GSNF314A, a bedding plane from Zebra River (Nama assemblage, Zaris Formation,
Namibia) showing fragmentary biomineralisers, most likely in the form of bioclasts. (F, G) Enlarged views of GSNI314A showing
biomineralised cloudinid tubes in cross section. (H) Conotubus hemiannulatus, a weakly mineralised tubular organism, collected in the
Gaojiashan Lagerstatte. (I) Specimen of the tube-dwelling metazoan Saarina (USNM-WCF_005_01) from the late-Ediacaran Wood
Canyon Formation of Nevada. Scale bars = 10 mm. Institutional abbreviations: DSC, Shaanxi Natural History Museum; GSNF,
Geological Society of Nevada; NESM, Museum of the Geological Survey of Namibia; USNM, Smithsonian Institution, National
Museum of Natural History.

those same White Sea communities in which the Ediacaran  (Fig. 4D) almost certainly represents a total-group bilaterian
biota reached the apex of its diversity. Despite early sugges- (Fedonkin & Waggoner, 1997; Butterfield, 2006). The evi-
tions of a cnidarian affinity, the slug-like animal Rimberella ~ dence marshalled in support of spiralian or even molluscan
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Fig. 4. The rise of eumetazoans in the Avalon and White Sea assemblages. (A) SAM P42142, sandstone slab from the White Sea
assemblage of South Australia preserving Helminthoidichnites undermat trails in negative epirelief, with centimetric rule for scale.
(B) Enlarged view of the area adjacent to the rule in A. (C) ‘Arborea’ (?Pambikalbae), an enigmatic multi-vaned frond from the
White Sea of Australia, with an associated Helminthoidichnites-type ichnofossil (white arrow). (D) Kimberella quadrata (OUMNH.PAL-
AT.00279/p), an enigmatic mollusc-like bilaterian from the White Sea of South Australia and Russia. (E) Plastotype (GSM
106119) of Auroralumina attenboroughii, a probable stem-group medusozoan cnidarian from Charnwood Forest, UK (Avalon

assemblage). Scale bars=10mm (C, D) and 50 mm (E).

Institutional abbreviations: GSM, British Geological Survey,

Nottingham; OUMNH, Oxford University Museum of Natural History; SAM, South Australia Museum.

affinities for this organism is debated (reviewed in Budd &
Jensen, 2017), but raises the possibility that major bilaterian
superphyla had already diverged by the time of the White
Sea assemblage, in accordance with molecular clock predic-
tions (e.g. dos Reis ¢t al., 2015). If so, their limited body fossil
presence would suggest that most representatives of these
superphyla were either anatomically and functionally indis-
tinguishable from classic Ediacarans or diminutive and mor-
phologically inconspicuous — as potentially exemplified by
Tkaria (Evans et al., 2020). Nonetheless, the bilaterian ichno-
fossil Helminthoidichnites is common in White Sea localities
(Fig. 4A—-C; Jensen et al., 2006). Although their scalloped
aspect hints at musculature and a coelom displacing sedi-
ment by peristalsis (Evans et al., 2020), these shallow hori-
zontal traces are not compatible with destructive
matground-mining (Gehling & Droser, 2018; Droser
et al., 2017). Instead, the heterogeneity generated by
dynamic macrofaunal interactions — including bilaterian
matground engineering — may have fostered the diversity
of White Sea Ediacarans (Droser ¢t al., 2017), promoting
the spread of evolutionary innovations such as motility to

access and exploit variegated resource patches (Mitchell
et al., 2020; Ivantsov & Zakrevskaya, 2023).

More broadly, it is increasingly apparent that ecological
relationships between Ediacarans and other metazoans are
not readily explained by simple antagonism. The White
Sea biota flourished on ‘textured organic surface’ (TOS)
matgrounds — organosedimentary consortia of bacteria,
protozoa, and agglomerations of tubular metazoan proble-
matica like Funisia (Tarhan et al., 2018). The latter frequently
associate with Aspidella holdfast clusters, suggesting that fron-
dose Ediacarans preferentially colonised matgrounds stabi-
lised by metazoan aggregates (Tarhan et al., 2015). Hence,
the question is not how other emerging animal clades ‘out-
competed’ (Grazhdankin, 2014) the Ediacarans with whom
they formed complex mixed ecosystems, but whether this
dynamic equilibrium collapsed from within.

Shallowly buried Ediacaran macrofossils crosscut by
Helminthoidichmites scavengers (Gehling & Droser, 2018) offer
a window onto how the resource heterogeneity char-
acterising White Sea communities may have ultimately
initiated such a ‘collapse’. As per Budd & Jensen’s (2017)
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‘Savannah Hypothesis’, dead Ediacarans embodied
concentrated hotspots of organic carbon that could be
harvested by displacing overlying sediment and biofilm
veneers. Such Ediacaran ‘whale-fall’ scavenging may have
fostered the bilaterian transition from epimat grazing to
shallow-sediment penetration (Budd & Jensen, 2017). In turn,
by mixing superficial sediments with oxygen and organics,
bioturbation may have established bridgeheads for deeper,
substrate-destabilising forms of matground mining previously
precluded by sharp intra-mat and intra-sediment redox gra-
dients (Budd & Jensen, 2017; Gehling & Droser, 2018), even
though extensive sediment column oxygenation by bioirriga-
tors probably did not occur until the mid-late Cambrian
(Cribb et al., 2023). Recent findings conform well to the pre-
dictions of this model, supporting a protracted escalation in
late-Ediacaran bilaterian ecosystem engineering.

In particular, the 551-543 Ma Shibantan Lagerstitte of
South China can be convincingly interpreted as ‘transitional’
between the White Sea and Nama assemblages on both geo-
chronological and biostratigraphic grounds (Xiao et al., 2021;
Wang et al., 2021). Shibantan bedding planes are charac-
terised by high horizontal bioturbation intensity together
with much sparser vertical burrows. In some cases, both
horizontal and vertical components co-occur within the
same traces, presumably reflecting epibenthic locomotion
interspersed with under-mat feeding (reviewed in Xiao
et al., 2021). Isotopic proxies suggest that infaunal bur-
rowers in the Shibantan may have substantially increased
sediment porewater oxygenation (Huang ¢ al., 2022; Xiao
et al., 2021), agreeing with ichnofossil evidence. Further-
more, Yilingia body fossils (Chen et al., 2019) and trackways
showing possible evidence for paired appendages (Chen
et al., 2018) confirm the existence of decimetre-scale, appar-
ently metameric late-Ediacaran bioturbators already up to
~10 Myr before the Ediacaran-Cambrian boundary
(Xiao et al, 2021; Wang e al, 2021). Meanwhile,
North American ichnofossils — including oblique predator
or suspension feeder-type burrows co-occurring with
dickinsoniomorphs — betray a gradual escalation in biotur-
bation diversity and intensity starting in White Sea commu-
nities (Carbone & Narbonne, 2014; Carbone et al., 2015). In
at least some settings, this expansion of bioturbation may
even have taken the form of vertical burrowing, as sug-
gested by centimetre-sized, U-shaped Mongolian ichnofos-
sils which might date to the White Sea interval (Oji
et al., 2018). Taken together, these findings contradict the
claim that significant increases in bilaterian complexity
and ecosystem engineering only manifest in already ‘depau-
perate’ classic Nama localities, and hence could not con-
tribute to White Sea—Nama turnover (Evans et al., 2022).

Nonetheless, bilaterian traces in classic late-Nama localities
record a further escalation of ecosystem engineering, herald-
ing the rise of ‘wormworld” (Schiffbauer et al., 2016).
Contra Tarhan et al. (2018), Namibian Nama-group ichno-
fossils do reflect significantly more intrusive bioturbation modes
relative to White Sea communities (Cribb et al., 2019). Diverse
Nama ichnotaxa show sediment penetration in addition to
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movement along the sediment-water interface, with abundant
mat grazers potentially contributing to expose the substrate
to burrowers (Turk et al, 2022; Darroch et al., 2021).
Horizontal trails increase in complexity and diversity and
are joined by abundant plug-like Conzichnus and Bergaueria bur-
rows potentially produced by cnidarians (Fig. 3A; Darroch
et al., 2021). Significantly, centimetre-wide, high-relief sub-
horizontal Parapsammichmtes (Fig. 3C) also record sediment
‘bulldozing’” with active tunnel backfilling (Buatois &
Mangano, 2018). In support of models suggesting self-
amplifying bioturbation depth »a sediment mixing or irriga-
tion (Herringshaw, Callow & Mcllroy, 2017; Budd &
Jensen, 2017), Ediacaran burrowing reached its acme in the
uppermost Nama group in the form of treptichnids
(Fig. 3B; Darroch et al., 2021; Turk et al., 2022). These arcu-
ate burrows radiate vertical probes reminiscent of Cambrian
and Recent priapulids (Jensen & Runnegar, 2005; Vannier
et al., 2010), embodying a new, matground-destabilising bio-
turbation mode qualitatively distinct from any associated
with White Sea or Shibantan bilaterians. This Namibian bio-
turbation surge matches the ichnofossil signal from North
America (Carbone & Narbonne, 2014; Tarhan e al., 2020),
South America (Parry et al, 2017), Europe (Hogstrom
et al., 2013), and China (Weber, Steiner & Zhu, 2007), and
in light of'its global spread and consistency it deserves serious
scrutiny as an extinction driver (Darroch et al., 2018, 2021;
Turk et al., 2022).

It has been argued that biotic replacement is unlikely to
explain Ediacaran turnover, and particularly White
Sea—Nama extinctions (Evans et al., 2022), because it would
require prolonged co-occurrence of bilaterian ichnofossils
with soft-bodied taxa. However, evidence for precisely such
a prolonged co-occurrence has also been suggested to make
replacement-driven extinctions unlikely (Eden ef al., 2022).
Both objections cannot be valid at once. The second objec-
tion is tangential to the question: escalation and innovation
in bilaterian ecosystem engineering, rather than the appear-
ance of the first bilaterian trace fossils per se, underpin biotic
replacement models (Darroch et al., 2023b). The first
objection would be more serious, but is inconsistent with
palacontological support for a protracted co-occurrence
(e.g. Carbone & Narbonne, 2014; Xiao et al., 2021; Bowyer
et al., 2022) as documented above, and with contemporary
evidence for ecosystem engineering driving catastrophic
shifts in community composition on monthly to decadal
timescales (reviewed in e.g. Crooks, 2002; Karatayev,
Burlakova & Padilla, 2002; Matsuzaki et al., 2009). Nota-
bly, these rapid impacts encompass the catastrophic
declines in temperate forest floras attributed to burrowing
by invasive earthworms (Bal, Storer & Jurgensen, 2018;
Frelich et al., 2006) and taxonomic turnover and perma-
nent stable-state shifts in aquatic ecosystems due to bilater-
ian bioturbation (Crooks, 2002; Matsuzaki et al., 2009).
While the evolutionary underpinnings of bilaterian ecosys-
tem engineering may have been assembled gradually,
modern analogues suggest that once in place their impacts
could have been all but geologically instantaneous.
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The timing of Ediacaran extinctions is thus compatible
with ‘biotic replacement’.

Actualistic analogies suggest that the causal mechanisms
by which such a ‘replacement’” may have occurred are varied
and non-mutually exclusive (Fig. 5). In Section V, hypothet-
ical drivers of biotic replacement are discussed, taking into
account their compatibility with the fossil evidence and the
timing of the disappearance of Ediacaran macroorganisms.

V. OPEN QUESTIONS FOR THE ‘BIOTIC
REPLACEMENT’ HYPOTHESIS

(1) Ecosystem engineering and the extinction
selectivity hypothesis

While direct evidence for antagonistic interactions between
Ediacarans and crown-group eumetazoan clades remains
elusive, the relative timing of their respective appearance
and disappearance from the fossil record could hint at possi-
ble extinction mechanisms (e.g. Darroch et al., 2021, 20235).
In particular, the White Sea—INama transition may not have
impacted all guilds equally (Fig. 2; Darroch et al., 2021).
Although terminal Ediacaran remnants suggest a protracted
decline (Wang et al., 2021), dickinsoniomorphs, radialo-
morphs, and bilateralomorphs are conspicuously absent
from classic Nama communities (Darroch et al, 2015,
2021). Notwithstanding their disparate body plans, these
were shallow-water (Eden ¢ al., 2022), prostrate epibenthic
organisms, physically and nutritionally tied to the matgrounds
at the sediment-water interface. Radialomorphs were likely
epibenthic suspension feeders (Rahman ez al., 2015; Cracknell
et al, 2021) or filter feeders obtaining their food from
matgrounds through ciliary transport of suspended organic
particles (Ivantsov & Zakrevskaya, 20215). Putative bilateralo-
morphs like Parvancorina (Paterson et al., 2017) may also have
been passive low-tier suspension-feeders, whereas chains of
positive imprints trailing behind Dickinsonia hint at a motile
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grazer (Sperling & Vinther, 2010; Ivantsov & Zakrevskaya,
2022). Of all Ediacarans, members of this matground-dweller
guild were arguably those interacting most intimately with
bilaterians (e.g. Gehling & Droser, 2018).

Recently, the selectivity of the White Sea—Nama
extinction has been questioned based on assemblage com-
parisons by Evans et al. (2022), who argued for an anoxia-
driven ‘environmental catastrophe’ impacting all guilds
equally. Notably, though, prostrate taxa are not scored as a
distinct category by Evans et al. (2022). Given the greater
proximity of prostrate Ediacarans to oxygen-rich cyanobac-
terial matgrounds (e.g. Gehling & Droser, 2018), their prefer-
ential demise around the White Sea—Nama transition — if
confirmed — could be at odds with anoxia-driven extinction
models. Significant differences in life habit and ecological tier
between White Sea Ediacarans and Nama survivors, current
limitations in taxon sampling and palacoenvironmental reso-
lution, and a non-significant decline of taxa scored as feeding
directly on matgrounds in Evans et al. (2022) also suggest that
extinction selectivity by ecotype may be confirmed by future
studies. Should this be the case, extinction selectivity could
help to hone in on causal links between ecosystem engineer-
ing and Ediacaran turnover (Fig. 5).

In modern ecosystems, sediment-resuspension by bilaterian
burrowers can displace low-tier suspension feeders by clog-
ging their feeding apparatus (Rhoads & Young, 1970).
High-tier Nama suspension feeders, exploiting nutrients
higher up in the water column (Gibson et al., 2019), may have
been comparatively safe from fouling. However, bilateralo-
morphs, dickinsoniomorphs, and radialomorphs feeding at
the substrate—water interface would have been more severely
impacted by sediment-resuspension. Unlike the surviving
‘prostrate” Ediacaran Pleridinium from the Nama assemblage,
bilateralomorphs and radialomorphs were in all likelihood
not semi-infaunal (Darroch et al., 2022). In addition, the
shallow-water settings in which these taxa lived (Eden
et al., 2022) display the highest intensity of bioturbation
(Darroch ¢t al., 2021) and abundance of skeletal metazoans

Zooplanktonic larvae
(Ediacarans)

\ = trophic exploitation
wA = recruitment

= n» = habitat requirement

=] = habitat disruption

Fig. 5. Schematic illustration of the main hypothesised negative interactions between constituents of the Ediacaran biota and crown-
group eumetazoans. Brown denotes reef-builders, yellow is cnidarian-grade metazoans, red is bilaterians, light blue is prostrate and
motile benthic Ediacarans (radialomorphs, bilateralomorphs, dickinsoniomorphs), and violet is sessile frondose or modular
Ediacarans. Proposed ecological interactions are summarised by symbols in the key on the right. DOC, dissolved organic carbon.
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(Eden et al., 2022) in the Nama assemblage. This indicates a
general proximal-distal trend in the escalation of bilaterian
activity (Fig. 5; Buatois el al., 2020). If confirmed by future
analyses, these patterns may suggest that bilateralomorphs,
dickinsoniomorphs, and radialomorphs were, on several
counts, first in the line of ecological restructuring.

Enhanced bioturbation in the Nama interval also precipi-
tated at least partial matground removal and destabilisation
(Buatois & Mdangano, 2018). Frond holdfasts and Nama ich-
nofossils typically segregate on different facies (Darroch
etal., 2016, 2022; Xiao ¢t al., 2021), agreeing with the prefer-
ence for undisturbed facies shown by modern bioturbation-
intolerant taxa (Rhoads & Young, 1970). Darroch et al.
(2021) suggested that motile Ediacarans able to track intact
substrates were less affected by matground disruption than
anchored fronds. However, White Sea grazers exhibit spatial
patterns compatible with temporary feeding aggregations
and avoidance of previously exhausted patches (Mitchell
et al., 2020). Hence, even partial matground disruption might
have severely restricted or fragmented their feeding-
ranges, exposing grazers to resource depletion and per-
haps impacting them even more severely than anchored
Ediacarans. More speculatively, matgrounds fouled by
recalcitrant sediment may also have become refractory to
surficial digestion and absorption by dickinsoniomorphs
(Sperling & Vinther, 2010).

Those Ediacarans most susceptible to sediment engineer-
ing, resuspension, and any additional bilaterian impacts
might have entirely succumbed to the Wormworld, whereas
higher-tier or deeper-water (Eden et al, 2022) Nama
suspension-feeders may have endured negative trophic inter-
actions and non-linear escalations of ecosystem engineering
up to the ‘ecological tipping point’ (Cairns, 2004) marked
by Cambrian-style mat-mining. Intriguingly, a treptichnid
surge closely accompanies the disappearance of ernietto-
morphs and rangeomorphs in radiometrically dated Nama
sections (Linnemann et al., 2019). In this light, the extinctions
marking the end of the White Sea and Nama assemblages
may grade into a more continuous process of taxonomic
decline, consistent with the faunal overlap between the two
assemblages as well as Cambrian biotas (Eden e al., 2022;
Hoyal Cuthill, 2022).

2) Is bilaterian predation a plausible extinction
| % P
driver?

As in the case of bioturbation, the temporal overlap of White
Sea Ediacarans with crown-group eumetazoans cautions
against models of wholesale ecological displacement of the
Ediacaran biota through predation (e.g. McMenamin, 1986).
However, it also does not exclude an escalation of predation,
particularly among diversifying crown-group bilaterians,
from the set of possible drivers of Ediacaran extinctions
(Fig. 5; Darroch et al., 20235). Unfortunately, the evidence
to test this possibility remains scant.

Diverse Ediacaran macrofossils crosscut by vermiform
traces do show that at least occasional faunivory was already
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well established in White Sea bilaterians. However, all
evidence for bilaterian consumption of Ediacarans is limited
to scavenging, as indicated by the shallow burial of target car-
casses before tunnelling (Gehling & Droser, 2018). Given the
taxonomic range and relative abundance of scavenged
Ediacarans, the coincident lack of evidence for predation
on them might reflect a genuine biotic signal. However such
evidence, including hypothetical indirect signatures of preda-
tion in the form of damage repair (Kenchington, Dunn &
Wilby, 2018), is absent even in the latest Nama interval,
despite the appearance of priapulid-grade burrows suggest-
ing the existence of infaunal predators (Vannier et al., 2010;
Darroch et al., 2021; Turk et al, 2022). Phanerozoic
priapulids, including Cambrian taxa, are known to feed on
detritus or small, epibenthic animals such as molluscs, anne-
lids, brachiopods (Vannier et al., 2010) and possibly cnidar-
ians (Han e al, 2007). By analogy, this suggests that
terminal Ediacaran predation by priapulid-grade burrowers
may have taken place primarily among small bilaterians and
other crown-ecumetazoans rather than at the expense of
large, soft-bodied Ediacarans. Ifit occurred, direct predation
of Ediacarans by priapulid-grade bilaterians may have been
restricted to early developmental stages — a suggestion that,
on the basis of the available fossil data, is untestable.
Despite this lack of evidence and even if Nama priapulo-
morphs did not feed upon Ediacarans directly, the cascading
effects of their predatory activities may have contributed to
the degradation of White Sea-type biotas. In particular, neg-
ative impacts on TOS, which are integral to White Sea ecol-
ogies but virtually absent in the Nama (Tarhan ¢ al., 2018;
Darroch et al., 2021), may have substantially impoverished
late-Ediacaran communities. The inclusion of the putative
tubular cnidarian Arehotuba in the diet of Cambrian priapu-
lids (Han et al,, 2007) suggests that the sessile, tubular
coelenterate-grade metazoans of White Sea TOS consortia
(Tarhan et al., 2018) could also have been targeted by similar
predators, at least in early ontogeny. If so, predatory pressure
might have contributed to the replacement of non-
biomineralised taxa integral to TOS, such as Funisia
(Tarhan et al., 2018; Gehling & Droser, 2018) by skeleto-
nised reef-builders, breaking the integration of sessile meta-
zoans and matgrounds that had fostered the diversity of
White Sea ecologies (Tarhan e al., 2018; Droser
etal.,2017). The fact that bilaterian predation could in prin-
ciple have been a key driver of Ediacaran extinctions, but
one that may permanently escape direct detection in the
fossil record, highlights the need to tackle this hypothesis
though alternative approaches, potentially including theo-
retical modelling based on extant analogue systems and
indirect testing through spatial ecological techniques

(Mitchell et al., 2019, 2020).

(3) The rise of biomineralisers: a role in Ediacaran
extinctions?

Alongside a bioturbation surge and the appearance of possi-
ble priapulomorph burrowers, the Nama interval witnessed a
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global spread of biomineralised taxa (Fig. 3D-I; Penny
et al., 2014; Warren et al., 2017; Cai et al., 2019; Selly
et al., 2020; Turk et al., 2022). Taxonomically overlapping
faunas comprising rangeomorphs, erniettomorphs, and skel-
etal metazoans occur in Namibia (Darroch et al., 2016),
Nevada (Selly et al., 2020), South America (Becker-Kerber
et al., 2017), Iran (Vaziri et al., 2018), and China (Xiao
et al., 2021; Chen et al., 2022). While there is no direct evi-
dence for a predatory overkill of Ediacarans, specimens of
the skeletal metazoan Cloudina occur in the terminal-
Ediacaran of Namibia (Hua, Pratt & Zhang, 2003), Brazil
(Becker-Kerber et al, 2017) and China (Bengtson &
Zhao, 1992). Insofar as they likely represent protective struc-
tures, Cloudina’s multi-layered biomineralised skeleton may
foreshadow the escalatory predator—prey arms races gener-
ally considered a hallmark of Phanerozoic evolution (Hong,
Zhe & Xunlai, 2007; Wood & Zhuravlev, 2012). Support
for this hypothesis comes from Cloudina specimens with shell
perforations (Hua et al., 2003; Becker-Kerber et al., 2017,
Bengtson & Zhao, 1992) that fit diagnostic criteria for pred-
atory boreholes (Schiffbauver et al., 2016; Becker-Kerber
etal.,2017), even though alternative abiotic origins have been
proposed (Debrenne & Zhuravlev, 1997).

The mutual cementation of Cloudina shells is also interpret-
able as an anti-predatory adaptation hindering access and
manipulation (Penny et al., 2014). Together with those of
the skeletal eumetazoan Namacalathus, Cloudina agglomera-
tions laid the structural groundwork for massive, stratified
terminal Ediacaran reefs (Wood & Curtis, 2015). Whereas
scattered Cloudina thickets may represent detritus, and not
pioneer reef-builders (Mehra & Maloof, 2018), microbially
encrusted upright agglomerations are best interpreted as
genuine bioconstructions (Alvaro et al., 2020). In Namibian
Nama localities, thrombolitic clots and stromatolitic laminae
contributed to accrete such structures into large biostromes
and bioherms, their neptunian dykes colonised by additional
biomineralisers like Namapotkia (Penny et al., 2014).

Although their role in the extinction of Ediacarans
remains under-investigated, these early metazoan-
microbialite reefs smothered tracts of coastal benthos with
topographically heterogenous, biomineralised substrates
(Wood & Curtis, 2015) recalcitrant to grazing and possibly
hostile to soft-bodied Ediacarans. Significant negative associ-
ations between Nama biomineralisers and soft-bodied
Ediacarans suggest ecological segregation, but the degree
to which this reflects ecological displacement rather than
environmental preferences or taphonomy remains unclear
(Eden et al., 2022; Darroch et al., 2022). DOC-harvesting
by reef builders might also have precipitated trophic
competition with suspension-feeding Ediacarans (Fig. 5;
Darroch ¢t al., 2022; Butterfield, 2020). Unlike the latter,
reef-top metazoan suspension feeders were plausibly shel-
tered from resuspension fouling by their impervious sub-
strate, as suggested by the dearth of bioturbation
characterising reef carbonates (Darroch et al., 2022). As in
the case of bioturbation — the shallow-water and prostrate
dickinsoniomorphs, bilateralomorphs, and radialomorphs
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(Eden et al., 2022) may have been most severely affected
by this benthic surge of metazoan ecosystem engineering
(Darroch et al., 2022).

(4) Navigating the ‘Wormworld’? Hints from Nama
Ediacarans and Cambrian survivors

In light of the protracted, taxonomically disparate ecological
escalation documented by White Sea and Nama
assemblages, the temporal overlap of bilaterian ichnofossils,
biomineralisers, and Ediacarans helps to refine, but does
not invalidate, the biotic replacement model. Whereas envi-
ronmental catastrophe explanations are inconsistent with the
drawn-out downfall of the Ediacaran biota, a gradual but
escalatory upping of ecological pressure is consistent with
the timing and pattern of its disappearance from the fossil
record. Sparse but intriguing ‘Ediacaran remnants’ from
the Cambrian fit the expectations of such a protracted extinc-
tion (Hoyal Cuthill, 2022).

Frondose or modular architectures directly comparable to
those of bona fide Ediacarans occur in Paramackenzia from the
~518 Ma Chengjiang Lagerstitte (Zhao et al., 2022) and a
suite of fragmentary remains from lower Cambrian strata
worldwide (reviewed in Hoyal Cuthill, 2022). Tentatively,
phylogenetic analyses (Hoyal-Cuthill & Han, 2018) have also
recovered the frondose Stromatoveris from Chengjiang (Shu
etal., 2006) as a close relative of rangeomorphs. The frondose
architecture of the ~508 Ma Burgess Shale Thaumaptilon
(Conway Morris, 1993) is similarly reminiscent of Ediacaran
rangeomorphs and arboreomorphs (Hoyal Cuthill, 2022).
Moreover, the early Cambrian ‘psammocoral’ Spatangopsis
has been suggested to be a modified anchor for a frondose
form, although no frond has been found in association
with this fossil (Savazzi, 2012). With the study of ‘Cambrian
Ediacarans’ still in its infancy after a long history of dismissals
(Hoyal Cuthill, 2022), morphofunctional or ecological infer-
ences are necessarily tentative. Nonetheless, a suite of charac-
ters occurring in at least some of these taxa stands out as
deserving further study.

In addition, described Cambrian Ediacarans typically
show a highly modular construction (Zhao et al., 2022) or
carry multiple, radially arranged fronds or petaloids (Hoyal
Cuthill & Han, 2018; Hoyal Cuthill, 2022). This architecture
is shared by many Nama Ediacarans, such as Swartpuntia,
Rangea, and Pleridimium (Ivantsov & Zakrevskaya, 2021q). It
is possible that instead of representing adaptations to low-
oxygen conditions (Evans e al., 2022) the repetitive body
plans of these Ediacaran taxa offered redundancy in the face
of external insults, including predation or disturbance
(Kenchington e al., 2018) but also encrustation by sessile
eumetazoans (e.g. Hoyal Cuthill & Han, 2018). While cur-
rently speculative, this hypothesis might be tested by search-
ing for further fossil evidence for such interactions, possibly
coupled to signs of overcompensatory growth in response to
damage (Kenchington et al., 2018). Second, many Cambrian
and Nama Ediacarans traded the ‘holdfasts’ of earlier fron-
dose taxa for weighted, sediment-filled anchors. Among these
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are erniettomorphs, Rangea and, more tentatively, Spatangopsis
(Ivantsov et al., 2016; Vickers-Rich et al., 2013; Savazzi,
2012). Notably, this has been suggested to reflect a decrease
in the availability of biomats for holdfast attachment
(Savazzi, 2012) — a proposal yet to be fully tested through
spatial ecology and palacoenvironmental analyses. Third,
several Nama and Cambrian Ediacarans are increasingly
interpreted as semi-infaunal based on palacontological
and sedimentological evidence. These include Pleridinium
(Darroch et al., 2022), Eruetta (Elhiott et al., 2016; Ivantsov
et al., 2016) and possibly Spatangopsis, which may have been
capable of limited upwards motility through sediment
(Savazzi, 2012). The lifestyle of these Ediacarans may thus
suggest considerable tolerance to sediment fouling and even
burial. Amid the aftermath of the Nama bioturbation surge,
the ‘Cambrian agronomic revolution’ (Mangano & Buatois,
2017), this trait might offer another tantalising clue on key
selective pressures acting on the last ‘Ediacarans’ as they
negotiated the dynamic, animal-dominated benthos of the
new acon (Butterfield, 2011).

VI. THE RISE AND RISE OF THE
PHANEROZOIC WORLD

Taken together, the taxonomic, ecological, and macroevolu-
tionary continuities among Ediacaran assemblages and the
Cambrian world appear increasingly robust with enhanced
sampling and novel analytical techniques (e.g. Eden
et al., 2022; Bowyer et al., 2022; Hoyal Cuthill, 2022; Turk
et al., 2022). This does not mean that the possible roles of
extrinsic catastrophic events such as flood basalt volcanism
(Hodgin et al., 2021) in sharpening or accelerating late-
Ediacaran turnover should be dismissed altogether. Rather,
the weight of evidence suggests that such episodic phenom-
ena exerted at most second-order control on an incremental

A

Probability

Possible biosphere states

Giovanni Mussini and Frances S. Dunn

biotic transition (Fig. 6A). This exposes a paradox at the
heart of Ediacaran ‘catastrophe’ proposals: there are no sig-
natures in the Ediacaran record of extrinsic geological events
fundamentally and permanently resetting macroevolution-
ary dynamics. That is, contra Evans et al. (2022, p. 1), there
is no evidence for an Ediacaran mass extinction acting as a
‘significant step in the evolutionary trajectory of life on this
planet’ (Fig. 6B). Even in a scenario where Ediacaran ‘catas-
trophes’ did happen, their superimposition on remarkably
steady macroecological and macroevolutionary trends would
raise the intriguing possibility that geological happenstance
was, to a first approximation, immaterial to the assembly of
the Phanerozoic biosphere (Butterfield, 2011).

The abiotic drivers of well-studied Phanerozoic mass
extinctions, such as the Permo-Triassic (P-Tr) or
Cretaceous—Paleogene (K-Pg) events, can be described as
feedforward (Bogart, 1980; Chakrabarty, 2016), rather than
feedback elements with respect to the course of evolutionary
history: external controls that ‘set’ the conditions for drastic
biotic changes from without, remaining unaffected by the
cascading consequences of the changes themselves. Since
they are removed from evolutionary and ecological feedback
loops, mass extinction drivers like asteroids and supervolca-
noes introduce consequences that could not be predicted
based on their internal dynamics. With respect to the course
of the history of life, they can thus be conceptualised as ‘ran-
dom’ or ‘chancy’ (Gould, 1994).

Accordingly, at least some Phanerozoic mass extinctions
unexpectedly reset macroevolutionary trajectories (Raup &
Sepkoski, 1982) with previously ecologically dominant
groups, such as non-avian dinosaurs or ammonites, disap-
pearing in one fell swoop. Vice versa, previously marginal taxa
diversified spectacularly in the aftermath as a consequence of
changed biogeochemical baselines or release from negative
ecological interactions (Hull, 2015). Sweeping the board
clean of well-established functional types, life-history strate-
gies, and trophic levels typically allows for the evolution of

B

Possible biosphere states

Fig. 6. Alternative probability landscapes of biosphere states through time. (A) In this landscape, over time strong self-reinforcing
biotic feedbacks create a probability landscape increasingly skewed towards a single peak. In this landscape, ‘contingent’
feedforward influences are always of insufficient magnitude to deviate macroevolutionary trajectories permanently away from the
observed biosphere state at #. Under this scenario, the realised state at # coincides with the range of possible states. (B) A rugged
landscape of possible biosphere states: internal self-reinforcing feedbacks are weak and impart only second-order control, with first-
order control exerted by feedforward elements. In this scenario, extrinsic contingencies can tip macroevolutionary dynamics
towards multiple alternative ‘stable state’ outcomes at f,. Blue lines denote realised (continuous) and possible (dashed)
macroevolutionary trajectories, with the timing of geobiologically significant ‘contingencies’ (asteroid icons) indicated by
superimposed blue bars. Realised biosphere states at ¢ are indicated by blue circles, possible biosphere states by empty circles with
dashed outlines.
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radically new actors and attendant morphologies. The Triassic
radiation of diverse upright, marine, and flying diapsids from
sprawling and ecologically marginal ancestors was not
presaged by evolutionary trends during the Permian
(Benton, 2010; Kelley & Pyenson, 2015). Similarly, the post
K-Pg replacement of marine reptiles, ammonites, and non-
acanthomorph fishes by marine mammals and acantho-
morphs marked at once a reset of marine food webs and a
sharp break with previous macroevolutionary trends
(Friedman, 2010; Robertson et al., 2013). The lasting effects
of Phanerozoic mass extinctions reverberate in the phyloge-
netic breadth, biogeography, and macroecology of survivors,
drawing evolutionary trajectories that deviate from a simple
extrapolation of pre-existing tendencies (Fig. 6B; Hull, 2015).

The aftermath of putative Ediacaran catastrophes appears
starkly different. Neither the White Sea—Nama nor the end-
Nama extinctions take the form of radical biotic resets. Nei-
ther heralds a protracted recovery period dominated by
‘strange ecosystems’ witnessing the re-evolution of pre-
extinction-like complexity (Hull, 2015; Eden e al., 2022),
and no abrupt decreases in morphospace occupancy appear
to punctuate the history of the Ediacaran Biota (Shen
et al., 2008). The most compelling case against portrayals of
the Ediacaran Biota as an evolutionary anomaly or failed
experiment (Tarhan ef al., 2018; Dunn & Liu, 2019) has to
do precisely with such continuity (Wood et al., 2019). Virtu-
ally all critical trends in the assembly of Phanerozoic
ecologies — including escalations in bioturbation, biominer-
alisation, niche partitioning, habitat heterogeneity, suspen-
sion feeding, motility, and behavioural and sensory
complexity — continue essentially unimpeded across pre-
sumed Ediacaran mass extinction ‘boundaries’, and their
nitiation does not coincide with them (Butterfield, 2007,
2011; Carbone & Narbonne, 2014; Droser et al., 2017;
Mangano & Buatois, 2017; Tarhan et al, 2018; Wood
et al., 2019; Cribb et al., 2019; Cracknell ¢t al., 2021; Xiao
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et al., 2021; Eden et al., 2022; Bowyer et al., 2022; Nelson
et al., 2022). Bilaterians — arguably the chief architects of
late-Ediacaran ecological restructuring — offer a case in
point. This group likely appeared in the Avalon well before
either Ediacaran ‘mass extinction’ (Dunn et al., 2022), first
rose to obvious ecological significance in the White Sea
interlude (Droser et al., 2017), and continued on a consistent
trajectory of diversification in the Nama, developing verti-
cal burrowing prior to the base of the Cambrian (Xiao
et al., 2021; Carbone & Narbonne, 2014; Darroch
et al., 2021; Turk et al., 2022).

The empirical fit of the ‘Savannah Hypothesis” and other
models centred on habitat heterogeneity as an evolutionary
stimulus for motility and targeted resource acquisition
(Budd & Jensen, 2017; Droser et al., 2017; Mitchell
et al., 2020; Xiao et al., 2021) suggests that the Ediacaran
Biota itself fostered the conditions that made its bilaterian
takeover an ecological inevitability. The pre-metazoan Neo-
proterozoic benthos was, to a first approximation, spatially
1sotropic (Fig. 7A): in the absence of both macroscopic car-
casses (Budd & Jensen, 2017) and zooplanktonic export of
clumped organic carbon (Butterfield, 1997), a homogenous
distribution of resources would have been the norm. Further,
any anisotropies down the sediment column (e.g. in granular-
ity and nutrient or oxygen distribution) were made all but
ecologically inaccessible by matgrounds (e.g. Menon
et al., 2016; Gehling & Droser, 2018). Contra Martinez &
Sprecher (2020), benthic environments are hence not in
themselves anisotropic. Rather, anisotropy is chiefly a biotic
property, first imposed by animals (Fig. 7).

This metazoan imposition of spatial anisotropy on the
Ediacaran—-Cambrian benthos may best be understood as
a two-step process, with the first naturally conducive to
the second. Two-dimensional isotropy was broken first
(Fig. 7B); sessile Ediacarans introduced heterogeneities in
organic carbon distribution, local oxygen concentrations,

t

1

t

2

t

1

Fig. 7. The Ediacaran establishment of benthic anisotropy. (A) The pre-metazoan benthos; (B) the Ediacaran Biota before the advent
of vertical burrowing; (C) the bilaterian-dominated “Wormworld’. Each box (A—C) is divided into two domains (¢ and &) representing
short-term (~10%-10 s) environmental change. The increasing magnitude of temporal anisotropy (B, C) is illustrated by the dashed
arrows between ¢ and %. The magnitude and spread of anisotropy in the three spatial dimensions is indicated by the coloured bars
along the respective axes. ‘Ediacarans’ are marked in violet; bilaterians in red. Violet arrows indicate the withdrawal and
concentration of suspended organic carbon (black dots) by suspension-feeding Ediacarans. Green denotes bacterial mats, light blue
is the water column, and sandy is the sediment column. The colour gradient in the sediment column in C indicates inflow of
oxygen and nutrients zza matground removal and bioturbation, represented by bilaterian burrows.
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and topography to matground ecologies (Budd &
Jensen, 2017; Droser et al., 2017; Tarhan et al., 2018;
Mitchell et al., 2020). Later, the rise of bilaterian burrowing
opened up and expanded vertical anisotropy (Fig. 7C;
Budd & Jensen, 2017; Médngano & Buatois, 2017).

In linking these two phases in the animal construction of
benthic heterogeneity, a third form of anisotropy — in
time, rather than space — may have been crucial. As noted
by Martinez & Sprecher (2020), radial symmetry can only
accommodate slow locomotion, accompanied by low Reynolds
numbers and a corresponding predominance of viscous over
mertial forces. Where the disadvantages of slow locomotion
may be minimal in a homogenous world with continuous
and rarefied resource supplies, its drawbacks become evident
in settings characterised by patchy, time-limited resources.
As predicted by optimal foraging theory, home range sizes
in animals are positively related to rate of movement, and
inversely related to resource density and renewal rates
(Ford, 1983). In the case of Ediacaran organic carbon
hotspots, availability in time would have been limited not
only by sediment burial and overgrowth by matgrounds,
but also by competition with other grazers, decomposers, or
scavengers (Gehling & Droser, 2018; Budd & Jensen, 2017;
Mitchell et al., 2020). Hence, all else being equal, selective
pressures on members of these guilds would have favoured
faster locomotion, translating into increased dominance of
inertial over viscous forces.

In this context, the acquisition of bilaterian-type motility
may have provided a twofold advantage. First, directing
movement along an elongated anteroposterior axis helps to
reduce drag (e.g. Beklemishev 1969; Wainwright 1988),
which increases non-linearly with speed. Second, under an
inertial regime bilaterian locomotion offers a significant
manocuvrability advantage. Streamlining a body plan in
one direction only allows for faster changeovers and more
precise steering of locomotion through the generation of
instantaneous ‘pushing’ surfaces, including in upper sedi-
ment layers and around the sediment-water interface
(Holl6 & Novak, 2012). These mechanical advantages are
pertinent even to a purely two-dimensional, pre-burrowing
world. As such, they may have fostered the evolution of the
bilaterian bauplan in its initial phase.

However, bilaterality comes with a package of exaptations
bound to introduce three-dimensional anisotropy
(Martinez & Sprecher, 2020) into benthic ecologies. The
presence of an anteroposterior axis allows for the segregation
of the mouth and anus at or near opposite poles, ejecting
waste in an animal’s wake rather than in its path. This
removes an obvious impediment to substrate penetration
and allows feeding to be coupled to effective locomotion
through sediment (Holland, 2015). The secondary reacquisi-
tion of bilaterality by a radial ancestor in infaunal sea urchins
offers a case in point (Saucede, Mooi & David, 2003). Distrib-
uting musculature along the bilaterian anteroposterior axis
enables peristalsis — the transmission of waves of muscle con-
traction parallel to the direction of motion. Peristalsis under-
pins burrowing in disparate extant bilaterians and is inferred

Giovanni Mussini and Frances S. Dunn

to have been present already in White Sea tracemakers
(Dorgan, 2018; Evans et al., 2020). Moreover, the reduced
cross section offered by an elongated anteroposterior axis
minimises friction per unit of body mass, lending itself to
efficient sediment penetration (Hollé & Novak, 2012).
These innovations explain why bilaterians, rather than
coelenterate-grade animals, have a near-monopoly on deep
burrowing and global sediment mixing (Holland, 2015).

With the advent of shallow burrowing (Gehling &
Droser, 2018; Budd & Jensen, 2017), bilaterian locomotion
coupled to faster access to ephemeral resources a capacity
to stave off their sequestration by substrates. That is, by
enabling sediment penetration burrowing extended the time-
frame in which resource hotspots remained within reach of
bilaterians to the post-burial phase (Fig. 7B). In doing so, it
offered a twofold response to temporal anisotropy. In
accordance with the idea of a cascading amplification of bio-
turbation (Herringshaw et al., 2017; Budd & Jensen, 2017,
Cribb et al., 2019), the ensuing escalation of two-dimensional
anisotropy and its expansion into the three-dimensional
realm may have been self-sustaining within a very broad
parameter space. As Ediacaran ‘whale falls’ (Budd &
Jensen, 2017) or other carbon hotspots on matgrounds con-
ceivably became the focus of greater competition as bilater-
lans became more ecologically prevalent, shallow
burrowing may also have provided a means to access
resources sheltered from epifaunal competitors. Computa-
tional and robotic simulations (Hayes, 2003; reviewed in
Carbone & Narbonne, 2014) indicate that selective pressures
for feeding efficiency would be expected to promote progres-
sive increases in ichnofossil complexity to maximise the sur-
face area to path length ratio. The driver for this trend is
the necessity to maximise the harvesting of resources concen-
trated around the sediment-water interface (as in grazing,
scavenging, or superficial deposit-feeding) while minimising
the time and energy spent foraging. This theoretical scenario
matches palacontological evidence for progressively tighter
and more organised meanders in bilaterian ichnofossils,
and the eventual appearance of vertical burrowing amid
escalating resource competition among surface-dwelling tra-
cemakers (Carbone & Narbonne, 2014).

The spatial anisotropies of the bilaterian umwelt are nec-
essarily mirrored at the neuroanatomical level. Bilaterians
naturally tend to encounter stimuli along the direction of
motion. This promotes the packing of receptors and associ-
ated neural units at the rear of the animal in a self-amplifying
process, whereby increased clustering of neurons begets fur-
ther packing of sensors at close range (Martinez &
Sprecher, 2020). The origins of bilaterian central nervous
systems and cephalisation may best be understood by situat-
ing this feedback process in a competitive scenario, where the
ability to confront anisotropies offers an increasingly critical
fitness advantage. In this light, the Ediacaran escalation of
motility and sensory complexity documented by Carbone &
Narbonne (2014), and the subsequent Cambrian explosion
of bilaterian behaviours (Mcllroy & Brasier, 2017) are pre-
dictable from first principles given two-dimensional
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anisotropy and a non-limiting supply rate of evolutionary
novelties. This model is consistent with the seemingly irre-
pressible amplification and diversification of the bilaterian
presence across Ediacaran ‘mass extinction’ boundaries.
Moreover, it agrees with evolutionary—developmental evi-
dence suggesting that nerve cords and condensed anterior
portions of the nervous systems evolved convergently at the
base of several major bilaterian phyla, which most likely
diverged during the late Ediacaran (Dunn e al, 2014;
Gavilan, Perea-Atienza & Martinez, 2016; Martin-Duran
et al., 2018; Martin-Duran & Hejnol, 2021).

If the anisotropic scenario is correct, the demise of the
Ediacaran Biota as a distinctive grade of ecological
organisation — an essentially two-dimensional benthic realm,
coupled to inconspicuous or absent infaunal, nektonic, and
possibly zooplanktonic components (Butterfield, 1997) — may
also have been predictable from first principles. The plausibil-
ity of this scenario can be tested from a phylogenetic angle.
Sessile and radially lobate Ediacarans may define a grade of
organisation spanning the eumetazoan stem-group (Dunn
et al., 2018; Evans, Droser & Erwin, 2021). If so, early stem-
group bilaterians and their last common ancestor with
cnidarians were most likely coelenterate-like rather than
bilaterian-like (Manuel, 2009; Hejnol & Pang, 2016;
Butterfield, 2020), and — in accordance with the ichnofossil
record (Liu, Mcllroy & Brasier, 2010; Menon, Mcllroy &
Brasier, 2013) — the origin of focussed, polarised bilaterian-
type locomotion postdated that of the Ediacaran Biota in the
Avalon assemblage. If so, the anisotropies established in the
Biota itself would emerge as credible drivers of bilaterian ori-
gins and innovation. This scenario would be reinforced by evi-
dence for multiple, independent origins of bilaterian-like
locomotion among Ediacaran animals, including dickinsonio-
morphs, ‘bilateralomorphs’, and bona fide bilaterians. Indirect
support comes from the evolutionary—developmental evidence
for convergent origins of a through-gut and neural centralisa-
tion among extant bilaterians (Hejnol & Martindale, 2008;
Hejnol & Pang, 2016; Gavildn et al, 2016; Cannon
et al., 2016; Nielsen, Brunet & Arendt, 2018; Nielsen, 2019;
Martin-Duran & Hejnol, 2021; but see Kapli &
Telford, 2020). Vice versa, evidence for a bilaterian-like eume-
tazoan common ancestor (Finnerty, 2003) coupled with a
derived status for Ediacarans (e.g. as total-group cnidarians;
Butterfield, 2020) would sideline the ecological importance
of the Ediacaran Biota in the construction of the bilaterian
bauplan. At present, the weight of the evidence suggests that
at least some Ediacarans did populate the eumetazoan stem-
group (Dunn et al., 2018, 20194,6, 2021; Hoyal Cuthill &
Han, 2018; Runnegar, 2022). However, disentangling the
topology of Ediacaran interrelationships, in addition to their
broad placement in the animal tree of life, remains crucial.

The context independence of the principles of
macroscopic motion, optimal foraging theory, and
information-processing architectures raise the possibility that
the disruption of isotropy is a universal requirement for the
emergence of bilaterian-type locomotion and neural centra-
lisation. If so, the Ediacaran Biota was the polar opposite of
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an anomaly in the evolution of complex life (Tarhan
etal.,2018; Dunn & Liu, 2019). Rather, it is hard to envisage
how anything comparable to the Phanerozoic biosphere
could have developed in the absence of the Biota or a func-
tional equivalent thereof. Valuable and ephemeral resource
hotspots in an otherwise uniform world may have been indis-
pensable for focussed, directional movement and its cascade
of behavioural innovations to arise in the first place. With the
imposition of two-dimensional and temporal anisotropy on
the Ediacaran benthos the stage for the Cambrian Explosion
may have been all but set, in line with the inconsequentiality
of proposed Ediacaran mass extinctions. By the same token,
the popular notion of Ediacaran catastrophes ‘liberating’
vacant niches for the Cambrian Explosion (Hsu et al., 1985)
arguably rests on a misconstruction. Niches do not exist in
an abiotic vacuum, and in both ecological and phylogenetic
terms the Ediacaran Biota was almost certainly much more
of a cradle than a roadblock for the Cambrian Explosion.
Once stripped of its macrobiota and attendant richness of
TOS and heterogenous matgrounds, Neoproterozoic oceans
offered very little on which a hypothetical metazoan radia-
tion could have been engineered and sustained. Large-scale
analyses of temporal co-occurrence in fossil taxa (Hoyal
Cuthill, Guttenberg & Budd, 2020) underscore this point,
contradicting ‘vacant-ecospace’ narratives. Mass extinctions
and comparable ‘mass radiations’ — including the Cambrian
Explosion — are generally decoupled, and radiations may
themselves precipitate quick turnover as niches are forged
and dismantled by evolving organisms. It is such destructive
creation, rather than creative destruction (Hoyal Cuthill
et al., 2020), that may best explain the decline and fall of
the Ediacarans.

VII. CONCLUSIONS

(1) The long fuse of the Cambrian Explosion was lit on the
Ediacaran benthos. Far from being an ecological impedi-
ment, the Ediacaran Biota at the height of its diversity prob-
ably fostered the evolution of the eumetazoan engineers that
would ultimately precipitate its downfall.

(2) The impacts of bioturbation, predation, biomineralisa-
tion, and the creation of new habitats by early bilaterians
all deserve further investigation as possible drivers of termi-
nal Ediacaran turnover, which increasingly emerges as more
protracted than traditionally assumed.

(3) Catastrophic abiotic events analogous to those that pre-
cipitated Phanerozoic mass extinctions may have accelerated
or amplified late-Ediacaran turnover, but the patterns and
tempo of end-Neoproterozoic biotic change suggest that they
were largely immaterial to the structuring of the Phanerozoic
biosphere.

(4) The ‘destructive creation’ accompanying the diversifica-
tion of crown-group eumetazoans and the decline of the
Ediacaran Biota finds no true parallels in the subsequent
539 million years. Explanations centred on Phanerozoic
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analogues fail to recognise the Ediacaran hourglass neck as a
macroecological and macroevolutionary revolution, terra-
forming marine ecosystems past irreversible tipping points.
(5) The implications of end-Neoproterozoic extinction
dynamics are far-reaching. Instead of representing historical
accidents, the fall of the Ediacarans and the emergence of
Phanerozoic ecosystems hint at a key role for endogenous,
self-sustaining eco-evolutionary cascades in shaping the his-
tory of the biosphere.
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