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The Ediacara Biota—the oldest communities of complex, macroscopic fossils—consists
of three temporally distinct assemblages: the Avalon (ca. 575-560 Ma), White Sea
(ca. 560-550 Ma), and Nama (ca. 550-539 Ma). Generic diversity varies among assemb-
lages, with a notable decline at the transition from White Sea to Nama. Preservation and
sampling biases, biotic replacement, and environmental perturbation have been proposed as
potential mechanisms for this drop in diversity. Here, we compile a global database of the
Ediacara Biota, specifically targeting taphonomic and paleoecological characters, to test
these hypotheses. Major ecological shifts in feeding mode, life habit, and tiering level
accompany an increase in generic richness between the Avalon and White Sea assemblages.
We find that ~80% of White Sea taxa are absent from the Nama interval, comparable to
loss during Phanerozoic mass extinctions. The paleolatitudes, depositional environments,
and preservational modes that characterize the White Sea assemblage are well represented
in the Nama, indicating that this decline is not the result of sampling bias. Counter to
expectations of the biotic replacement model, there are minimal ecological differences
between these two assemblages. However, taxa that disappear exhibit a variety of morpho-
logical and behavioral characters consistent with an environmentally driven extinction event.
The preferential survival of taxa with high surface area relative to volume may suggest that
this was related to reduced global oceanic oxygen availability. Thus, our data support a link
between Ediacaran biotic turnover and environmental change, similar to other major mass
extinctions in the geologic record.
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Soft-bodied fossils of the Ediacara Biota comprise the oldest communities of macroscopic
organisms, including animals, and are critical for understanding the advent and diversifi-
cation of complex life (1, 2). However, equally important are the dynamics that lead to
the disappearance of such animals (3—6). Two major drops in diversity of the Ediacara
Biota have been recognized, an initial decrease between the White Sea and Nama
assemblages and a second across the Ediacaran—Cambrian boundary (Fig. 1 and ref. (5)).
Although these events may be related, they are separated by more than 10 My and vary
in magnitude and taxa impacted. The exceptional conditions required to preserve the
Ediacara Biota also leave uncertainty around potential taphonomic biases that may
contribute to such patterns. Diversity crises shaped the course of evolution in the Phaner-
ozoic. Thus, a comprehensive understanding of each of these Ediacaran events is critical
to determine the fate of Earth’s early animals.

Similar mechanisms have been proposed for losses of diversity during both the
White Sea—Nama and Ediacaran—Cambrian transitions. One suggestion is that taxa did
not go extinct but instead are not preserved in subsequent intervals (the “Cheshire cat”
model of ref. (3)). Biases may include differences in the paleolatitudes and paleoenvir-
onments sampled as well as variable taphonomic windows preserving fossils from each
assemblage (7). Alternatively, these events may represent true extinctions triggered by
either biotic or abiotic factors or some combination thereof (3, 5). The biotic replace-
ment model, generally attributing the demise of the Ediacara Biota to competition
with more advanced “Cambrian-style” metazoans, focuses on the impact of bioturba-
tors as indicated by increases in trace fossil diversity (e.g., ref. (8)). Such ecosystem
engineers are proposed to have fundamentally changed carbon packaging and fluid
transport in the latest Ediacaran (3, 4, 8-10). Alternatively, the catastrophic extinction
model posits that a major environmental perturbation led to the rapid loss of a variety
of Ediacara taxa (3, 5) supported by geochemical data for environmental conditions,
such as changes in oxygen availability (e.g., ref. (11)).

Here, we use a holistic approach, combining the distribution, taphonomy, and ecology
of constituent taxa, to investigate changes in the Ediacara Biota through compilation of
global occurrence data. Specifically, we test for potential sampling biases in the form of
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Significance

Mass extinctions are well
recognized as significant steps in
the evolutionary trajectory of life
on this planet. Here, we document
the oldest known extinction of
animals and test for potential
causes. Our results indicate that,
like younger diversity crises, this
event was caused by major shifts
in environmental conditions.
Particularly, we find support for
decreased global oxygen
availability as the mechanism
responsible for this extinction.
This suggests that abiotic controls
have had significant impacts on
diversity patterns throughout the
more than 570-My history of
animals on this planet.
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Fig. 1. Raw generic diversity (black squares), bootstrapped diversity (gray
triangles), bootstrapped (42) per taxon extinction rate (solid blue), and
origination rate (dashed green). Error bars represent 1 SD. For bootstra-
pping analysis, database occurrences were randomly subsampled to
50 occurrences.

major differences in the paleolatitudes, facies associations, or
preservational modes that could account for apparent changes in
taxonomic composition. Based on the lack of correlation between
these factors, we then investigate paleoecological trends through
the Ediacaran under the assumption that, as with other diversity
crises in the fossil record (12), patterns of selectivity across these
intervals should reflect the factors responsible for such change.
Analysis was conducted by comparing differences between the
three assemblages—necessarily representing time-averaged groups
of organisms on the order of millions to tens of millions of
years—as in previous studies (e.g., refs. (3, 5, 13)). However, we
also examined patterns of change involving taxa that survived and
went extinct at the end of the White Sea assemblage to investigate
changes on relatively shorter geologic timescales.

Results

We find support for a significant drop in diversity between the
White Sea and Nama assemblages, consistent with previous
reports (5, 6, 13). Specifically, of the 70 genera identified from
the White Sea interval, only 14 are recognized in the Nama
assemblage, indicating the (geologically) rapid loss of ~80% of
constituent organisms. The transition between these assemblages
involved both elevated extinction and decreased origination rates

(Fig. 1).

Sampling Biases: Paleogeography, Paleoenvironments, and
Preservation. Using recent continental reconstructions (14), we
find that changes in paleogeographic distribution do not match
diversity trends (Fig. 24, SI Appendix, Fig. S1, and (7)). Localities
containing fossils attributed to the White Sea assemblage occur
preferentially at low latitudes (<~30°N or S). Those containing
the Avalon and Nama assemblages are more broadly distributed;
however, Nama localities are similarly concentrated at low lati-
tudes. Controversy exists regarding the mechanisms behind plate
motion and, thus, the exact continental configurations during the
Proterozoic (e.g., refs. (14, 15)). However, given the distribution
of localities associated with each assemblage over multiple paleo-
continents, these changes do not appear to impact our results and
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would likely only increase the latitudinal heterogeneity of both the
White Sea and Nama assemblages.

While the Avalon assemblage occupies comparatively deep
depositional environments, both the White Sea and Nama assemb-
lages are characterized by relatively shallow paleoenvironments, pri-
marily attributed to the inner and middle shelf (Fig. 2B). There is
a consistent increase in the No. of distinct taphonomic modes in
successively younger assemblages (Fig. 2C). Importantly, preserva-
ton in siliciclastic sediments as casts and molds accounts for the
highest diversity of White Sea taxa and is well represented in the
fossil record of both the Avalon and Nama assemblages.

Paleoecology. We find significant differences in the feeding
mode, life habit, ecological tier, and maximum body size
between the Avalon and White Sea assemblages (Table 1).
These changes, at least in part, reflect the advent and diversifi-
cation of mobile taxa that fed directly on organic mats in
the White Sea assemblage (e.g., Dickinsonia and Kimberella
(1, 2)). Such taxa occupy the lowest ecological tier and typically
reach smaller maximum sizes compared with the large, upright,
sessile fronds that dominated the Avalon assemblage (Fig. 3).
In contrast, there are no significant paleoecological difference
between the White Sea and Nama assemblages except with
repect to surface area relative to volume (Table 1 and Fig. 3).
These trends hold irrespective of controversies over inferred
feeding modes (e.g., whether rangeomorphs are interpreted as
osmotrophs or suspension feeders; SI Appendix, Table S1).
Taxa that survived the White Sea—Nama transition preferen-
tially exhibit morphologies that maximize surface area relative
to volume, as previously recognized (13); reached higher
ecological tiers; and attained greater maximum sizes. While
there are uncertainties associated with these interpretations
(e.g., whether erniettomorphs are considered to exhibit high
surface area relative to volume), various treatment confirms the
preferential survival of taxa that maximize cell contact with

seawater (SI Appendix, Table S2).

Discussion

Global occurrence data for the Ediacara macrobiota systematically
demonstrate that changes in diversity cannot be attributed to sam-
pling biases, consistent with previous suggestions (6, 7, 9, 16).
Specifically, the paleolatitudes, paleoenvironments, and preserva-
tional modes characteristic of the White Sea assemblage are well
represented at Nama-aged fossil localities. Variable sampling and
reporting make the integration of abundance data into a global
database, such as the one constructed here, difficult (although see
refs. (17, 18) for comparisons of a few key localities). However, at
classic localities in both South Australia and Russia, occurrence
data indicate that fossils of the White Sea assemblage are found
throughout stratigraphic packages several 10’s to more than
100 m in thickness (19, 20), potentially representing a period of
more than 4 My (21). Less than 20% of such taxa have been
recognized in the variety of fossil-rich deposits younger than
~550 Ma. Thus, the decline in diversity between these assemb-
lages is indicative of an extinction event, with the percentage of
genera lost comparable to that experienced by marine invertebrates
during the “Big 5” Phanerozoic mass extinctions (22, 23).

Biotic Replacement versus Environmental Catastrophe
during the White Sea-Nama Transition. Patterns of selectivity
during periods of biotic turnover reflect the underlying causes
of such change (e.g., ref. (12)). The paleoecological data com-
piled here provide the opportunity to test for such trends.
Despite clear differences between the Avalon and subsequent
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Fig. 2. Paleogeographic distribution of fossil localities (A) within the three assemblages of the Ediacara Biota based on continental configurations by
Merdith et al. (14) and pie charts with the distribution of paleoenvironments (B) and modes of preservation (C) sampled for each assemblage, with “n”
referring to the No. of formations/facies sampled in each time bin. See S/ Appendix, Fig. S1 for locality labels.

assemblages, we find no statistically significant distinctions in
life mode, feeding habit, tiering, or body size when comparing
taxa from the White Sea and Nama intervals (Table 1 and Fig. 3).
Biotic replacement by ecosystem engineers is proposed to have
preferentially impacted sessile, suspension feeding organisms
reliant on specific nutrient supply pathways (3, 8, 10). If such
changes were responsible for the loss of White Sea taxa, we would
expect to see shifts in the ecologies of Ediacaran organisms that

Table 1. Epps-Singleton P values comparing the Avalon
(A), White Sea (WS), and Nama (N) assemblages as well
as all WS assemblage taxa to those that went extinct
(Ext) and those that survived (Sur) into the latest
Ediacaran

A-WS WS-N  WS-Ext WS-Sur
Feeding mode <<0.001 0.33 0.95 0.22
Life habit <<0.001 0.06 0.92 0.05
Ecological tier 0.002 (-) 0.24 0.59 0.004 (+)
Max body size (mm) <<0.001 (—=) 0.08 0.53 0.006 (+)
Min body size (mm) 0.16 0.14 0.73 0.08
SAV <<0.001 (=) 0.006 (+) 0.71 <<0.001 (+)

Bold indicates statistical significance (P < 0.05). Signs in parentheses indicate the
direction of significant change for size-based variables (e.g., negative change in
ecological tier indicates that taxa from the Avalon assemblage occupy higher ecological
tiers than those from the White Sea).

PNAS 2022 Vol.119 No.46 2207475119

persisted into the Nama interval. Instead, our data indicate that
all feeding modes and life habits were subject to similar levels of
extinction during this event, inconsistent with expectations of the
biotic-replacement hypothesis.

Additional evidence suggests that ecosystem engineers were
unlikely to have caused the drop in diversity leading to the Nama
assemblage. Evidence for such behavior is recorded by trace fossils,
and previous studies document the evolution of burrowing activi-
ties through the late Ediacaran (4, 8-10). The White Sea interval
is characterized by simple horizontal trails (e.g., refs. (9, 24)),
which would have had limited impacts on Ediacaran ecosystems.
Increased activity and complexity of ecosystem engineers are not
observed until the time of the already depauperate Nama assem-
blage (8, 10), postdating the White Sea—Nama transition. Darroch
et al. (5) convincingly argue that biotic replacement is a geologi-
cally slow process, requiring temporal overlap between ultimately
successful organisms and those they drive to extinction. Thus,
although potentally relevant for the demise of the Ediacara Biota
more than 10 My later, such activity is unlikely to have been
responsible for the event that led to the loss of most of the White
Sea assemblage.

Ubiquitous organic mats characteristic of this period were
integral to the Ediacara Biota, especially mobile mat feeding
organisms that diversified in the White Sea assemblage
(e.g., ref. (2)). The decline of mats in the Paleozoic is directly
tied to the proliferation of efficient bioturbating animals in the
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Fig. 3. Stacked bar histograms for the Avalon (A), White Sea (WS), and Nama (N) assemblages for various ecological metrics, including surface area relative
to volume (SA:V). Values in parentheses indicate the total No. of taxa for which a given metric was assigned.

late Ediacaran and into the Cambrian (9, 25). Thus, another
possible explanation for the demise of the White Sea assem-
blage is the loss of such habitats, for which they were specifi-
cally adapted. Although there is evidence for a decrease in the
total proportion of taxa that fed directly on mats in the
Nama assemblage (Fig. 3), this does not represent a statistically
significant decline (Table 1). Furthermore, such taxa were not
preferentially impacted during the White Sea—Nama extinction.
Sedimentological evidence suggests that shallow marine envi-
ronments characterized by organic mats were present during
the Nama assemblage (4, 26) and likely continued into the
early Cambrian (9, 27). Thus, these habitats were still available
long after this event.

The only significant change identified here between the White
Sea and Nama assemblages is an increase in taxa whose morpholo-
gies exhibit clear adaptations to maximize surface area relative to
volume. Uncertainty regarding the reconstructions of certain
morphogroups may impact the significance of these trends
(SI Appendix, Table S2). However, high surface area to volume
ratios are positively correlated with survivorship of this extinction,
regardless of how such taxa are classified. By maximizing the rela-
tive proportions of cells in direct contact with seawater, high-
surface-area taxa would have been comparatively better adapted to
survive in low-oxygen environments (e.g., refs. (13, 28)).
This group is dominated by large, upright frondose organisms
(e.g., Arborea, Charnia, Rangea, and Swartpuntia), which likely
contributed to the preferential survival of taxa reaching greater
ecological tiers and maximum body size.

The link between biodiversity crises and environmental
change is well established (e.g., refs. (29, 30)). The ultimate
causes of mass extinctions include major drivers, such as bolide
impacts, eruption of large igneous provinces, and/or tectonic
shifts, which produce major changes in redox state, tempera-
ture, and/or oceanic pH, leading to diversity decline (e.g., refs.
(18, 30)). While our data do not provide direct information
on the ultimate driver of this event, the broad range of paleoe-
cologies impacted across the White Sea—Nama extinction is
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consistent with the predicted effects of a catastrophic environ-
mental perturbation. The preferential survivorship of taxa
whose morphologies suggest tolerance of low-oxygen condi-
tions may indicate that anoxia was the proximal factor respon-
sible for this decline in diversity. This is congruent with
previously proposed links between decreased global oxygen
availability and a drop in diversity between the White Sea and
Nama assemblages (13) and the hypothesis that major mass
extinctions in early animals are directly linked to fluctuations
in global redox conditions (31). Recent identification of a
potentially global carbon isotope excursion at ~550 Ma (21)
further supports a major environmental shift during this transi-
tion, potentially related to fluctuating redox conditions. While
uncertainty of timing and difficulties estimating background
extinction rates during the Ediacaran leaves characterization as
a true “mass extinction” equivocal (22), this nevertheless repre-
sents the earliest extinction in the fossil record of macroscopic
animals.

The Nama Assemblage and the Ediacaran-Cambrian Transition.
Our data do not directly address what happened to the Edia-
cara Biota following the White Sea—Nama extinction event.
Previous studies demonstrate that, in addition to low overall
species richness, Nama-aged communities can be characterized
by high dominance and relatively simple ecological interactions
compared with the rest of the Ediacara Biota, especially the
White Sea assemblage (2, 32, 33). Comparison of the No. of
paleocontinents and paleoenvironments in which representa-
tives from each assemblage are found may support preferred
survivorship of taxa with broader paleogeographic distributions
and environmental tolerance across the White Sea—Nama
extinction (87 Appendix, Table S3). This is consistent with the
Nama assemblage representing generalist taxa that survived a
major environmental perturbation, a common pattern observed
in the Phanerozoic (34), and/or stressed conditions during the
latest Ediacaran (5, 16, 33). The latter may be supported by
geochemical evidence for fluctuating redox conditions during
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the last 10 My of the Proterozoic (11, 35, 36). Additional stress
during the Nama assemblage may further be attributed to
increases in ecosystem engineering discussed above.

Most taxa from the Nama interval did not survive into the
Cambrian, although there are a few exceptions (e.g., ref.
(37)). Within the Ediacara Biota, candidate sponges, cteno-
phores, cnidarians, and bilaterians have all been proposed
(1, 2, 38). Thus, despite the extinction of specific genera, these
clades must have persisted into the Phanerozoic. It is possible
that other characters—in addition to high cell contact with sea-
water—allowed certain metazoans to preferentially survive redox
stress during the latest Ediacaran (e.g., ref. (11)). For example,
trace fossil evidence suggests that the White Sea bilaterian Zkaria
was able to target preferentially oxygenated habitats (39, 40).
These taxa may have proliferated during this interval, eventually
surviving the Ediacaran—Cambrian transition, as suggested by
increased trace fossil diversity and complexity coincident with
the appearance of skeletonized forms and the depauperate Nama
assemblage (4, 8, 10). However, such patterns and whether
latest Ediacara soft-bodied taxa were replaced by these more-
complex metazoans (4, 9), impacted by additional environmen-
tal perturbation near the Ediacaran—-Cambrian boundary
(11, 41), or some combination thereof (8, 10) require further
evaluation.

Materials and Methods

We compiled a database of Ediacaran fossil occurrences from the available
literature (Dataset S1). Because we are primarily interested in the fate of
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soft-bodied Ediacaran animals, we excluded microfossils, algae, biominer-
alized taxa, and trace fossils (see S/ Appendix for detailed information on
what was included and data standardization). A unique entry was created
for each fossil occurrence, including information regarding the locality,
stratigraphy, lithology, preservational mode, and interpreted depositional
setting. We also recorded the life habit, feeding mode, tiering level, body
size (maximum and minimum), and relative surface area to volume of taxa
based on previously published interpretations when available. Origination
and extinction rates were calculated following established protocols (42).
Recent continental reconstructions (14) were used to map paleogeographic
locations (Fig. 2A). We used the Epps-Singleton two-sample test to evalu-
ate the null hypothesis that assemblages represent random samples of the
same distribution, with P < 0.05 indicating significantly different distribu-
tions. This test was chosen based on applicability for both continuous
(e.g., body size) and ordinal (e.g., feeding mode) variables (43). We deter-
mine whether the mean and 95% Cls for significant changes in ecological
tier, size, and surface area relative to volume increased or decreased
between assemblages. To investigate potential patterns related to changes
at the end of the White Sea assemblage, we also compared this entire
group with taxa that survived into the Nama assemblage, as well as
those that went extinct. All statistical analysis was conducted using the
freely available PAST software (https://www.nhm.uio.no/english/research/
infrastructure/past/).

Data, Materials, and Software Availability. All data are included in the
manuscript and/or supporting information.
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