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INTRODUCTION: The Proterozoic Eon [2500 to
539 million years ago (Ma)] in Earth history is
marked by numerous transformative evolution-
ary, environmental, and tectonic events. However,
a comprehensive quantification of Proterozoic
eukaryote fossil diversity is lacking, hamper-
ing analysis of the global patterns and mech-
anisms of Earth-life coevolution in this important
eon. Here we report a high-resolution analysis
of the diversity and evolutionary dynamics of
Proterozoic and early Cambrian (539 to 509 Ma)
eukaryotes based on a global compilation of
fossil data. This result provides opportunities
to test various hypotheses about the coevolution
of the Proterozoic biosphere and geosphere.

RATIONALE: The graphic correlation program
Constrained Optimization (CONOP) was used to
optimize correlations across fossiliferous sec-
tions and to develop the best-fit composite se-
quence of the first and last appearances of fossil
species. The CONOP computation was supple-
mented by geologically correlatable events and
time-calibrated by radiometric ages. The diver-
sity of Proterozoic and early Cambrian eukaryote
fossils was then calculated from the composite
sequence, with various sensitivity tests to assess
the impact of uncertain age estimates, ambigu-
ous taxonomic assignments, putative eukaryotic
affinities, and fossil sampling biases on the esti-
mate of global species richness.
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Evolutionary patterns and dynamics of Proterozoic and early Cambrian eukaryotes. (Top) Taxonomic
richness of eukaryotic fossils (sketches depict representative fossils). (Bottom) Species origination and
extinction rates. Note scale change at 100 on the vertical axis. Vertical light-gray, blue, and dark-gray bars
denote the “Boring Billion,” glacial intervals, and the buffer zone due to edge effects, respectively. Cry.,
Cryogenian; Ed., Ediacaran; €, Cambrian; O, Ordovician; Cl, confidence interval; Myr, million years.
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RESULTS: The results confirm the Cryogenian
Period (~720 to 635 Ma) as a major divide in
Proterozoic eukaryote evolution. The species rich-
ness of eukaryote fossils remained consistently
low and relatively static with small-scale fluctua-
tions before the Cryogenian but increased rap-
idly and experienced more dynamic changes
in the Ediacaran (~635 to 539 Ma) and early
Cambrian periods. Similarly, species origination,
extinction, and turnover rates were low before
the Ediacaran Period but were much higher and
showed greater variation afterward. The accel-
erated evolutionary dynamics are exemplified
by the rapid rise and fall of various groups of
Ediacaran eukaryotes, including the rapid de-
cline of a group of Ediacaran microfossils known
as the Doushantuo-Pertatataka acritarchs (DPAs)
after the Gaskiers glaciation (~581 to 580 Ma), the
subsequent diversification of the Ediacara biota
that is represented by Ediacara-type macro-
fossils and includes some of the earliest known
macroscopic animals, and double extinctions
at ~551 Ma and 542 to 539 Ma that led to the
demise of the Ediacara biota.

CONCLUSION: The quantitative results provide
critical insights into the coevolution of Earth
and life in the Proterozoic Eon. The contrasting
evolutionary patterns of eukaryotes before and
after Cryogenian glaciations indicate that global
glaciations played an important role in the macro-
evolution of Proterozoic eukaryotes. The static
diversity pattern before the Cryogenian Period
echoes the “Boring Billion” (~1800 to 800 Ma),
which is characterized by stability in the global
carbon cycles. Considering that major eukaryotic
groups may have diverged in the “Boring Billion,”
there must have been a long delay before Pro-
terozoic eukaryotes rose to ecological and tax-
onomic dominance. In the Ediacaran Period, the
rapid disappearance of DPAs that began during
the Gaskiers glaciation represents the earliest
mass extinction of eukaryotes in the Proterozoic
Eon, probably due to global cooling. The rise of
macroscopic animals and their traces coincided
with the nadir of the Shuram excursion (574 to
567 Ma) that represents the largest perturbation
to the carbon cycle in Earth history, indicating
a possible causal relationship between oceanic
oxygenation and the rise of macroscopic animals.
The double extinctions in the late Ediacaran Pe-
riod represent the first documented mass ex-
tinctions of animals. These evolutionary events
highlight the complex interplay in the Protero-
zoic Earth-life system.
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The global diversity of Proterozoic eukaryote fossils is poorly quantified despite its fundamental
importance to the understanding of macroevolutionary patterns and dynamics on the early Earth.
Here we report a new construction of fossil eukaryote diversity from the Paleoproterozoic to early
Cambrian based on a comprehensive data compilation and quantitative analyses. The resulting
taxonomic richness curve verifies Cryogenian glaciations as a major divide that separates the “Boring
Billion” and Ediacaran periods, with the former characterized by a prolonged stasis, and the latter

by greater diversity, more-rapid turnover, and multiple radiations and extinctions. These contrasting
evolutionary patterns and dynamics provide a framework to test competing hypotheses on biosphere

and geosphere coevolution in the Proterozoic Eon.

uantifying the global diversity of fossils

can reveal the evolutionary trajectory of

life () and inform causal relationships

between biotic turnover and environ-

mental changes (2, 3), as exemplified by
the well-known mass extinctions and associated
environmental perturbations in the Phanerozoic
Eon (2, 4-7). The Proterozoic is also marked by
transformative tectonic and environmental
changes, including the assembly and disassem-
bly of supercontinents (8), major shifts in at-
mospheric and oceanic chemistry (9), and the
most extensive icehouse climate (10). However,
quantitative understanding of global fossil di-
versity of Proterozoic life, particularly eukary-
otes, remains incomplete, limited in scope,
and plagued with inconsistent taxonomic treat-
ments and poorly defined age constraints. These
deficiencies render the Proterozoic evolution-
ary history a largely qualitative narrative, sub-
stantially limiting our ability to decipher the
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evolutionary patterns and dynamics of early
eukaryotes and the coevolution between the
Proterozoic biosphere and geosphere.

In the past few decades, there have been sev-
eral attempts to explore the Proterozoic diver-
sity patterns of eukaryotic fossils using metrics
of binned taxonomic richness (71, 12), morpho-
logical disparity (13, 14), and within-assemblage
diversity (12, 15, 16). However, because they did
not leverage stratigraphic occurrence data, these
assessments were compromised by coarse and
uneven age bins. The lack of statistical tests on
the effects of sampling biases further complicates
the interpretation of the quantitative results
(17). Moreover, notable expansions of Protero-
zoic paleontological and geochronological data
in the past decade [e.g., (18-20)] (figs. S1 to S3)
necessitate a reassessment of Proterozoic bio-
diversity on the basis of a more comprehensive
database and advanced analytical techniques
such as the Constrained Optimization (CONOP)
algorithm, which has been shown to substan-
tially improve the quantification of Phanerozoic
(2, 21) and Neoproterozoic (17) fossil diversity.
By incorporating biostratigraphic, chronostrati-
graphic, chemostratigraphic, and lithostrati-
graphic data from all target sections, CONOP
has the advantage of circumventing the need
for age constraints on all sections and thus in-
cluding undated or poorly dated fossiliferous
sections in the correlation (22). As a result, the
temporal resolution of the resulting composite
section, and hence that of biodiversity patterns
and dynamics, can be substantially improved by
CONOP computation (2).

Here we report a new construction of fossil
eukaryotic species richness over the Proterozoic
and early Cambrian using a parallel comput-
ing implementation of the CONOP program
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(CONOP.Para). Based on a global compilation
of fossil eukaryotes and thorough analyses to
address sampling biases and various uncertain-
ties in taxonomic assignments, phylogenetic in-
terpretations, and radiometric dates, our study
generated a high-resolution diversity curve of
Proterozoic eukaryotic fossils, providing a valu-
able window onto evolutionary patterns and
dynamics of early eukaryotes. These results offer
opportunities to test various hypotheses about
the coevolution of the Proterozoic biosphere
and geosphere.

Results
The best-fit composite sequence

The dataset [data S1 (23)] covered the Protero-
zoic and early Cambrian, comprising 263 strat-
igraphic sections, 15 pseudosections, and 13,658
events (i.e., local or section-level occurrences of
stratigraphic features regarded as time mark-
ers). Of these events, there were 12,820 local
first appearance datum (FAD) and last appear-
ance datum (LAD) records of 2731 species as-
signed to four eukaryotic fossil groups [data S1
(23)], 185 radiometric ages [220 events; some-
times, one radiometric age is assigned to mul-
tiple sections that can be correlated with a high
level of confidence, e.g., the 635 million year
(Myr) age from the top of the Doushantuo cap
dolostone], 35 biozonal species with 52 FAD
and LAD occurrences (210 events), 10 sedimen-
tological mark beds (135 events), 22 geochemical
excursions including the rise, peak, and fall
of each (202 events), and 36 pseudoevents
(71 events). Of the 2731 species, 776 were classi-
fied as unicellular eukaryotes, 206 as multicellu-
lar or coenocytic eukaryotes, 1617 as animal
body fossils, and 132 as animal trace fossils.
The best-fit composite sequence was based
on the CONOP solution with the lowest re-
quired adjustment of all local ranges (Fig. 1A).
It consists of 1258 fossiliferous temporal levels
[i.e., counting points in (2), or temporal levels
with one or more FADs or LADs] in the study
interval between 2087 and 509 million years
ago (Ma) (excluding the buffer zone; Fig. 1A).
Hence, the nominal total average temporal
resolution is (2087 - 509 Ma)/1258 = 1.25 Myr,
with the average temporal resolution in the
Proterozoic, pre-Ediacaran, Ediacaran, and early
Cambrian at ~2.17, ~6.57, ~0.19, and ~0.06 Myr,
respectively. These are all nominal average tem-
poral resolutions given the existences of large
variations in different Proterozoic periods.

General trajectory of diversity pattern

The species richness curve confirms the Cryo-
genian Period as a major divide in the diver-
sity pattern of early eukaryotic fossils (24). In
the pre-Cryogenian Proterozoic, roughly cor-
responding to the “Boring Billion” (25) or
“Balanced Billion” (26) from ~1800 to ~800 Ma,
taxonomic richness was consistently low and
relatively static (Fig. 1, A and B). Small-scale
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Fig. 1. Biodiversity trajec-
tory of eukaryotic fossils
from the Paleoproterozoic
to early Cambrian. (A) Genus
and species richness curves,
first and last occurrences

of species, and Proterozoic
radiometric ages applied in
the Bayesian age-depth
model of this study. See
figs. S9 and S10 and data
S2 (23) for data plotted in
this figure. The median ages
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bar at the right of the panel marks the buffer zone reflecting the edge effect (see materials and methods). (C) Stacked species richness of major eukaryotic groups
in Ediacaran—early Cambrian (635 to 509 Ma). Purple horizontal bars denote the three Ediacara-type macrofossil assemblages: Avalon, White Sea, and Nama
assemblages. The Chengjiang spike is truncated, but its value can be seen in (A). Cl, confidence interval; Cry., Cryogenian; Ed., Ediacaran; €, Cambrian; O, Ordovician;
For., Fortunian; A2, A3, and A4, Cambrian Ages 2, 3, and 4, respectively.

changes did occur in the “Boring Billion,” in-
cluding a slow but steady increase in species
richness from the Paleoproterozoic to the Tonian.
There are also several stepwise increases in the
late Paleoproterozoic, early and late Mesopro-
terozoic, and late Tonian. Species richness then
slightly dropped before the Tonian-Cryogenian
boundary and again in the terminal Cryogenian
Period.

Eukaryotic fossil diversity climbed rapidly
and experienced more dynamic fluctuations
in the Ediacaran Period. A species-richness peak
occurred in the early Ediacaran, followed by a
substantial decline beginning at the Gaskiers
glaciation (~581 to 580 Ma) (27), with a loss of
~64% species in the following ~8 Myr. This was
followed by another sharp increase peaking at
~557 Ma and two decreases starting at ~551
and ~544 Ma (Fig. 1C), leading to a diversity
nadir at the Precambrian-Cambrian boundary
(~539 Ma). The species richness recovered rap-
idly in the early Cambrian, with an unprece-
dented richness in Cambrian Age 3. Genus-level

Tang et al., Science 386, eadm9137 (2024))

richness shows patterns and trends similar
to those of species-level richness, with an ex-
pectedly lower number of genera than species
(Fig. 1A).

Partition of species richness among major
eukaryotic groups

The four major eukaryotic fossil groups in our
dataset (i.e., unicellular eukaryotes, multicel-
lular and coenocytic algae, animal body fossils,
and trace fossils) exhibit different richness
patterns over the study interval (Fig. 1, B and
C). Unicellular eukaryotes and multicellular or
coenocytic eukaryotes dominated the eukary-
otic fossil diversity, and their richness patterns
were similar to those of total eukaryotic spe-
cies richness before the Gaskiers glaciation. The
species diversity of unicellular eukaryotic fossils
then experienced an unprecedented 70% de-
cline in the next ~8 Myr, remained stable there-
after until another minor decline near the
Precambrian-Cambrian boundary, and grad-
ually rebounded in the early Cambrian (Fig. 1C).

20 December 2024

In contrast, the fossil richness pattern of multi-
cellular or coenocytic eukaryotes only experi-
enced a minor decline at 544 to 539 Ma. The
initial rise of animal body fossils after the
Gaskiers glaciation was followed by a nota-
ble increase in species richness peaking at
~557 Ma and two subsequent drops in the late
Ediacaran. Animal body fossil diversity re-
bounded immediately after the Ediacaran-
Cambrian boundary and had stepwise increases
thereafter, with a richness peak in Cambrian
Age 3. Finally, animal trace fossils first appeared
around the same time as the first macroscopic
animal body fossils. However, their species rich-
ness remained relatively low, with two small
rises before the Ediacaran-Cambrian bound-
ary, followed by minor fluctuations in the early
Cambrian (Fig. 1C).

Diversity dynamics

Multiple metrics of evolutionary rates have
been quantified to evaluate diversity dynamics
of Proterozoic eukaryotes (Figs. 2 and 3 and
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Fig. 2. Biodiversity dynamics of
Proterozoic eukaryotes. (A) Origi-
nation and extinction rates measured A
at species per bin (= 0.5 Myr). Note
scale change at 100 on vertical axis.
(B) Proportional origination and
extinction rates measured at per
capita species per bin (= 0.5 Myr).
(C) Proportional diversification and

Mesoproterozoic

Boring Billion

Species originations per 0.5-Myr
Speciés extinctions per 0.5-Myr

A A

turnover rates per bin (= 0.5 Myr).

(D and E) Mean longevity of all, new, B
and extinct species. (F) Species/genus
ratio. Vertical bars and abbreviations
are the same as in Fig. 1. Paleop.,
Paleoproterozoic. See data S2 (23) for
data plotted in this figure.
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figs. S4 to S5). Specifically, both the origination
and extinction rates were low (<15 species per
0.5 Myr) before the Ediacaran and approached
zero during much of the middle Mesoprotero-
zoic owing to the dominance of long-ranging
species and the relatively low number of FAD
and LAD occurrences. In contrast, the two metrics
showed much greater variations in the Ediacaran
and early Cambrian. Additionally, the origina-
tion rate was generally higher than the extinc-
tion rate in the early Ediacaran but frequently
lower than the extinction rate after the Gaskiers
glaciation (Fig. 3B and fig. S5). During the early

Tang et al., Science 386, eadm9137 (2024))

Cambrian, however, the origination rate was
slightly greater than the extinction rate, par-
ticularly in Cambrian Age 1 and Age 3.

The per capita, or proportional, origination
and extinction rates showed several phases.
The late Paleoproterozoic is characterized by
large-amplitude fluctuations, with the propor-
tional origination rate generally higher than the
proportional extinction rate. The Mesoproterozoic-
to-Cryogenian is characterized by long-term stasis,
with extremely low values of both rates, except
for several minor fluctuations in the early and
latest Mesoproterozoic and the late Tonian.

20 December 2024

And the Ediacaran-to-early Cambrian is char-
acterized by rapid and large fluctuations of
both rates, with relatively low values in early
Ediacaran but much higher values after the
Gaskiers glaciation (Figs. 2B and 3C). Sim-
ilarly, both proportional diversification and
turnover rates fluctuated prominently in the
late Paleoproterozoic and subsequently became
relatively static until the Ediacaran Period. These
two rates became more dynamic in the Ediacaran,
particularly after ~581 Ma (Figs. 2C and 3D),
indicating accelerated evolutionary dynamics
after the Gaskiers glaciation.
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Fig. 3. Fossil eukaryote dynamics and 5'3C.y, of the Ediacaran and early Cambrian periods. (A) Species richness curves of major eukaryotic groups. This
figure plots the same data as does Fig. 1C, but the curves are plotted individually rather than cumulatively as in Fig. 1C. The total species richness of the Chengjiang
spike is truncated, but its value can be seen in Fig. 1A. (B) Origination and extinction rates measured in species per time bin (= 0.5 Myr). Note scale change at
100 on vertical axis. (C) Proportional origination and extinction rates in per capita species per time bin. (D) Proportional diversification and turnover rates in per capita
species per time bin. (E) 8" Cearp profile (57, 73). BACE, basal Cambrian excursion. Vertical bars and abbreviations are the same as in Fig. 1.

The mean longevity of all taxa was inversely
correlated with the species richness change,
manifested as a first-order decreasing trend
from the Paleoproterozoic to early Cambrian

Tang et al., Science 386, eadm9137 (2024))

(Fig. 2D). This observation suggests that the
average longevity of all taxa declined through
time, a trend also observed in previous studies
[e.g., (I12)]. The mean longevity of new taxa

20 December 2024

also showed a generally decreasing trend in
the study interval (Fig. 2E), suggesting that
species that originated earlier tend to have
longer stratigraphic ranges than those that

4 0of11
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came later. In contrast, the mean longevity of
extinct taxa had extremely low values before the
early Mesoproterozoic (>~1450 Ma), gradually
increased between ~1450 Ma and ~610 Ma, and
subsequently decreased sharply after ~610 Ma
(Fig. 2E), mainly because of the preferential
extinction of species with long stratigraphic
ranges. The longevity patterns are consistent
with other evolutionary dynamics measured
in origination, extinction, and turnover rates
(Fig. 2, A to C), which all showed an overall
increasing trend from the Paleoproterozoic
to early Cambrian.

The species/genus ratio varied mostly be-
tween 1.2 and 1.5 before the Ediacaran and
subsequently rose to between 1.5 and 2.2 in the
early Ediacaran (Fig. 2F). The ratio declined
considerably after ~581 Ma (Gaskiers glacia-
tion) and fluctuated between 1.3 and 1.6 in the
late Ediacaran and early Cambrian by 509 Ma.
It is noteworthy that the species/genus ratio
and the species richness pattern showed sim-
ilar trends in the early Ediacaran, indicating
that rapid within-genus origination and ex-
tinction contributed substantially to the eu-
karyotic radiation and subsequent extinction
in the early Ediacaran. This observation sug-
gests that species-level richness can provide
additional information about biodiversity analy-
ses that may be concealed in genus-level rich-
ness. Alternatively, the increase in species/genus
ratio in the early Ediacaran could be a taxo-
nomic artifact due to excessive species split-
ting. Finally, although the diversity reached an
unprecedented level in Cambrian Age 3, the
species/genus ratio was relatively low, indicat-
ing that the apex of the Cambrian explosion
was mainly contributed by the rapid origina-
tion at the genus level, consistent with the tra-
ditional view that the Cambrian explosion was
focused on high taxonomic levels (28).

Assessment of biases

A total of 12 independent CONOP runs were
conducted to assess the robustness and stabil-
ity of the best-fit composite sequence. These
CONOP runs generated 12 nearly equally well-
fit solutions and were time-calibrated using the
Bchron Bayesian age-depth model and biozone
species described in the materials and methods.
The species richness patterns of these solutions
are indistinguishable (fig. S6A), suggesting that
the optimization was stable and the patterns
of fossil diversity are robust.

The veracity of the species richness patterns
was evaluated using multiple sample-standard-
ization techniques, including bootstrapping
(Fig. 1A), rarefaction analyses (fig. S6B), and
section number standardization (fig. S6C). The
bootstrapping analysis showed that the best-
fit richness curve from CONOP analysis of the
full dataset was within the 95% confidence in-
terval (Fig. 1A). Additionally, the rarefied rich-
ness curves, even when the sample size was
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reduced to 200, captured the main features of
the richness curve derived from CONOP analysis
of the full dataset (fig. S6B). The standardized
diversity curve (i.e., normalized against the num-
ber of sections) showed no notable changes from
the species richness curve derived from CONOP
analysis of the full dataset (fig. S6C), even though
there are some fluctuations in the number of
sections through time. This observation suggests
that the general trajectory of the richness curve
was not strongly influenced by the uneven num-
ber of sections. Therefore, these statistical tests
suggested that the richness curve reconstructed
from the best-fit composite sequence was robust
and the effect of uneven sampling was minimal.

In addition, sensitivity tests were applied to
include or exclude fossils with ambiguous taxo-
nomic assignments (fig. S7A), controversial eu-
karyotic affinities (fig. S7B), or extremely short
stratigraphic ranges mostly attributable to the
Lagerstitte effect [fig. S7C; see the supplemen-
tary text in the supplementary materials (29)].
The result shows that the best-fit composite
sequence of the dataset without open nomen-
clatures (e.g., Xx sp., Xx Sp. A, Xx sp. B, etc.) gave
diversity patterns similar to those of the full
dataset (fig. S7A), suggesting that the inclusion
of open nomenclatures in our dataset did not
systematically bias the total species diversity
pattern. Similarly, a reanalysis of the full data-
set excluding taxa tagged as “possible eukar-
yotes” (e.g., leiospheres and other simple forms)
resulted in a similar fossil diversity pattern (fig.
S7B). Besides, the temporal trends of the mean
longevity for all, new, and extinct taxa and the
origination and extinction rates did not change
notably when the dataset was culled to exclude
fossils with controversial eukaryotic affinities
(i.e., tagged as “possible eukaryote”) (fig. S4.).
The sensitivity test of the Lagerstitte effect
showed that the prominent Chengjiang spike
disappeared when short-lived taxa were ex-
cluded from the analysis (fig. S7C), suggesting
that this spike was likely an artifact of excep-
tional preservation and intensive sampling of
the Changjiang biota; however, all other features
of the fossil curve remained the same, including
the notable diversity increase in Cambrian Age 3
(fig. S7C), confirming the Cambrian radiation
event. Thus, these analyses suggest minimal
impact of fossils with ambiguous taxonomic
assignments, controversial eukaryote affini-
ties, and Lagerstitte effect on the general pat-
terns of fossil diversity dynamics of Proterozoic
eukaryotes.

Finally, an analysis of rock abundance was
conducted to test preservational biases re-
lated to sedimentary processes (fig. S8). The
rock abundance analysis showed little over-
all correlation between fossil species diver-
sity and Macrostrat rock abundance when all
data were pooled together [Pearson correlation
coefficient () = ~0.06; fig. S8]. When viewed
separately, there was a strong positive corre-
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lation in the early Cambrian and a strong nega-
tive correlation in the late Paleoproterozoic-
early Mesoproterozoic (fig. S8). It is uncertain
what these correlations mean, although it has
been suggested that the positive correlation
in the early Cambrian may have resulted from
a common cause: major sea level rise and
continental-scale transgression related to global
tectonics (e.g., breakup of Gondwana) may have
flooded large areas of continental shelves, creat-
ing accommodation for sediment accumulation
and shelf environments where animal diversi-
fication occurred (30).

The generally low fossil diversity in the
Mesoproterozoic-Cryogenian and the three
plateaus in the fossil species richness curve
(i.e., ~1400 to 1100 Ma, ~1000 to 890 Ma, and
~'720 to 650 Ma,; Fig. 1, A and B) warrant fur-
ther discussion. In principle, such plateaus can
be driven by incomplete fossil preservation,
poor sampling, or low turnover rate. Indeed,
the number of species first and last occurrences
is low in the Mesoproterozoic-Cryogenian rela-
tive to that of Ediacaran-Cambrian, and partic-
ularly low in the intervals matching the three
plateaus (Fig. 1A), consistent with a role of poor
preservation or sampling. However, the origi-
nation, extinction, and turnover rates are also
low in the Mesoproterozoic-Cryogenian relative
to that of Ediacaran-Cambrian, and particularly
low in the intervals matching the three plateaus
(Fig. 2, A to C), suggesting that long-ranging taxa
are at least partially responsible. In addition,
thick shale and mudstone suitable for the fossil
preservation are known in the Mesoproterozoic—
Cryogenian (31-34) (fig. S8A), but fossiliferous
strata from these intervals are generally domi-
nated by long-ranging taxa (35-39). More im-
portantly, our bootstrapping and rarefaction
analyses showed that variations in incomplete
fossil preservation or sampling alone do not
account for the first-order trend of the species
richness curve (Fig. 1A and fig. S6B). Thus, these
observations indicate that the low levels of eu-
karyotic fossil occurrences likely reflect a genu-
inely low fossil diversity in the Mesoproterozoic-
Cryogenian.

We note that Proterozoic eukaryotes were
dominated by nonbiomineralizing organisms.
Thus, many of them were not fossilizable and
therefore left no fossils. While their potential
biases cannot be assessed by post hoc analy-
ses, there are no compelling reasons to believe
that such biases are systematic or responsible
for the observed patterns. The fossilization of
Proterozoic nonbiomineralizing eukaryotes re-
quires broadly similar taphonomic conditions.
This broad uniformity stands in contrast to the
taphonomic disparity seen in the Phanerozoic
fossil record, where most fossils are skeletal and
Lagerstétten such as the Chengjiang biota can
have a prominent effect (fig. S7C). Thus, while
the Proterozoic fossil record is poor, perhaps
it is more or less uniformly poor throughout
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the entire eon. If so, the richness pattern re-
vealed in our fossil diversity curve is informa-
tive. Nonetheless, we emphasize that the focus
of this study is eukaryotic fossil diversity, which
is the only available proxy for the diversity of
early eukaryotes.

Discussion

A Cryogenian divide

The quantitative results indicate that global
glaciations played a first-order control on the
macroevolution of Proterozoic eukaryotes. The
evolutionary patterns and dynamics of Protero-
zoic eukaryotes are markedly different be-
fore and after Cryogenian glaciations (Figs.
1A and 2). The differences are highlighted by
the notably low fossil diversity, origination rates,
and extinction rates before the Cryogenian rel-
ative to those after, quantitatively confirming
previous suggestions that Cryogenian glacia-
tions served as a major divide in the macro-
evolution of early eukaryotes (24, 40). This first-
order pattern is also consistent with biomarker
data and morphological disparity of Protero-
zoic eukaryotes (13, 4I), which point to a pro-
found ecological revolution of primary producers
in the late Cryogenian Period (41) and a sub-
stantial expansion of eukaryotic morphospace
in the Ediacaran (13, 42). Within the Ediacaran
Period, a secondary divide is the Gaskiers gla-
ciation, which was probably a regional event
(27) but was associated with major decline in
eukaryotic fossil diversity and ushered in much
greater origination and extinction rates (Fig. 3,
AtoC).

Other Proterozoic tectonic, environmental,
and ecological events (43) may have also tem-
porally coupled with the evolutionary tempo of
early eukaryotes (Fig. 4), although the tem-
poral resolution of these events is still poor,
preventing their precise correlation with biodi-
versity events and exploration of causal rela-
tionships. Nonetheless, our quantitative analysis
confirms a possible correlation of the Meso-
proterozoic stasis of eukaryote biodiversity
(Fig. 4H) with the formation of the Rodinia
supercontinent (Fig. 4A), stable atmospheric
PO, (partial pressure of oxygen) levels (Fig. 4B),
largely invariant carbonate carbon isotope
(8Ceau) values (Fig. 4C), relatively low [Mo]
in fine-grained sediments (Fig. 4D), scarcity of
large phosphorite deposits (Fig. 4E), atmo-
spheric and oceanic redox proxies (e.g., Fig. 4F),
and the dominance of phototrophic bacterial
biomarkers (Fig. 4G). Such coordinated stasis
of multiple proxies suggests that the Earth
system may have been at a long-term equilib-
rium (26), despite the appearance of evolu-
tionary novelties in this time period (Fig. 4H).
In contrast, all these proxies show large-scale
variations after the “Boring Billion” and par-
ticularly in the Ediacaran and early Cambrian
periods (Fig. 4), suggesting stronger perturba-
tions to the Earth system.

Tang et al., Science 386, eadm9137 (2024))

The “Boring Billion”

The fossil species diversity pattern provides
valuable perspectives on the evolutionary tra-
jectory of eukaryotes during the “Boring Bil-
lion” (~1.8 to 0.8 billion years ago). It has long
been argued that the “Boring Billion” is dis-
tinguished by a prolonged evolutionary stasis
(12, 25), which may have been coupled with
stability in 8®Cey, (9, 25), crustal dynamics (43),
redox state of surface environments (9), and
planetary climate (44) (Fig. 4, A to F). However,
recent paleontological, molecular clock, and geo-
biological advances suggest that complex eu-
karyotes may have a deep root in the “Boring
Billion” (45) (Fig. 4, G and H). For example, an
array of multicellular macrofossils have been
discovered during this interval, including the
earliest multicellular red and green algae at
~1 billion years ago (19, 46). Consistent with
these paleontological records, recent molec-
ular clock analyses show that major eukaryotic
clades diverged during the “Boring Billion,”
although these predictions usually come with
large error bars (47, 48). In addition, a recent
biomarker analysis indicates that stem-group
eukaryotes may have a deep root in the Meso-
proterozoic (41). Thus, multiple independent
lines of evidence suggest that important evolu-
tionary events of eukaryotes occurred in the
“Boring Billion” (45). It is important to point
out, however, that evolutionary innovations
and phylogenetic divergences do not neces-
sarily translate into taxonomic diversity and
ecological impact on the Earth system unless
they are scaled up globally. Thus, the low fossil
diversity documented in this paper (Fig. 1A),
as well as the limited ecological abundance and
morphological disparity of eukaryotes in the
“Boring Billion” relative to the Ediacaran and
Cambrian periods (13, 4I), can be reconciled
with Mesoproterozoic evolution of important
eukaryote clades by invoking a long delay from
phylogenetic divergence to ecologic and taxo-
nomic dominance (24, 49).

The Cryogenian biosphere

The CONOP results shed new light on the bi-
ological response to Cryogenian glaciations (10).
Regardless of whether the two Cryogenian
glaciations (i.e., the Sturtian and Marinoan
glaciations) represent hard or soft Snowball
Earth (50), they would have had a strong im-
pact on the biosphere, particularly eukaryotic
life, which managed to survive these glacia-
tions (57). The investigation of biological re-
sponse to the Snowball Earth events, however,
is hampered by the dearth of Cryogenian fos-
sils. There are so far only 24 named eukaryotic
species reported from Cryogenian sediments,
along with several unnamed eukaryotic taxa and
additional bacterial microfossil taxa (20, 36, 52)
(table S1). The CONOP analysis shows that,
in addition to the fossils reported from the
Cryogenian sediments, 53 additional eukary-
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otic species ranged through and thus survived
the Cryogenian glaciations (table S1). These spe-
cies belong to several groups of eukaryotes, in-
cluding the spiny acritarchs Cymatiosphaeroides
kullingii, Eotylotopalla delicata, Caudosphaera
expansa, and Germinosphaera sp.; and the mul-
ticellular or coenocytic eukaryotes Horodyskia
minor, H. moniliformis, Parmia anastassiae,
and Jacutianema solubila [see the supplemen-
tary text in the supplementary materials (29)].
Although these are necessarily morphospecies,
they have relatively complex morphologies that
facilitate taxonomic identification and are less
likely to represent evolutionary convergence.
Hence, the Cryogenian biosphere probably
comprised heterotrophic eukaryotes, benthic
macroalgae, planktonic microalgae, and pho-
tosynthetic bacteria, some of which must have
survived the Cryogenian glaciations. This con-
clusion is further supported by the evolution-
ary continuity of suprageneric groups, such as
red and green algae, whose fossils are found
both before and after the Cryogenian Period
(19, 41, 46). Further evidence for the survival of
red algae is offered by the presence of their bio-
markers before and after the Cryogenian (47).

Ediacaran evolutionary dynamics

The accelerated evolutionary dynamics in the
Ediacaran Period is exemplified by the rapid de-
cline in fossil diversity starting at the Gaskiers
glaciation, representing the earliest mass extinc-
tion of eukaryotes documented in the Protero-
zoic. This extinction was mainly driven by the
rapid disappearance of Doushantuo-Pertatataka
acritarchs (DPAs, morphologically complex
organic-walled microfossils conventionally in-
terpreted as unicellular eukaryotes), resulting
in the disappearance of 70% of fossil species
between 581 and 573 Ma (Figs. 1 and 3A). Al-
though several previous studies argued that
some DPAs may have extended to the late
Ediacaran (53, 54), their diversity is exceed-
ingly low (55). It is unlikely that this extinction
is a preservational artifact, because phosphor-
ites, chert nodules, and mudstones or shales,
which archive early Ediacaran diversity of DPAs,
are also known in the late Ediacaran but pre-
serve few or no DPAs [e.g., (56)].

The triggers for the DPA extinction event
remain obscure. Some have proposed that the
ventilation of deep oceans during the Shuram
excursion ~574: to 567 Ma (57, 58) and the eco-
logical expansion of animals may have played
key roles in driving DPA disappearance (59).
However, our analysis showed that the onset
of this extinction at ~581 Ma predated the
Shuram excursion and the first appearance
of macroscopic animal fossils (57) (Fig. 3E)
but was temporally coupled with the Gaskiers
glaciation (27) (Figs. 1, A and C, and 3E), con-
sistent with the hypothesis that global cooling
could have been a trigger for DPA extinc-
tion (59).
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Our study provides important constraints
on the evolutionary tempo of early animals.
There has been considerable debate on molec-
ular clock estimates of metazoan divergence
time (60, 61), which necessarily predates the
ecological expansion and taxonomic diversifi-
cation of animals documented in the fossil
record. The diversification of Ediacara-type

Tang et al., Science 386, eadm9137 (2024))

macrofossils, most of which have been inter-
preted as stem-group and even crown-group
animals (62), and the appearance of animal
trace fossils soon after the extinction of DPAs
opened a new chapter of Ediacaran eukaryotic
evolution, one characterized by the rise of mac-
roscopic animals. This evolutionary event coin-
cides with the nadir of the Shuram excursion
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(Fig. 3), an event proposed to have been driven
by deep ocean ventilation [(58, 63), but see (64)].
This temporal association is consistent with a
possible causal relationship between oceanic
oxygenation and the rise of macroscopic ani-
mals, as has been previously suggested (65).
The CONOP results also provide quantita-
tive insights into the evolutionary tempo of
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Table 1. The earliest known fossil occurrences of major eukaryotic lineages and evolutionary

innovations shown in Fig. 4H.

Lineages or evolutionary events

Fossils or biomarkers

Age (Ma) Reference

Fungi Ourasphaira 1013-892 (78)
Green algae (Chlorophyta) Proterocladus ~1000 (19)
Rhodophyta Bangiomorpha 1047 (46, 79)
Tests of possible foraminifera 659-645 (10, 80)
Rhizaria Vase-shapeq mllcrofossﬂ 789-729 @1
Melicerion
Amoebozoa Vase-shaped microfossils 789-729 81, 82)
Stramenopiles Jacutianema >1109 (83)
Ediacara biota (29) 574 (65)
Metazoans Trace fossils 574 (65)
Chengjiang biota ~520 (84)
Ellbaryayon Perforation_ on orggnic-walled 1013-892 (85)
microfossils
Eukaryotic epibionts Dark discoid structures on Tawuia 1000 (86)
Eukaryotic biomineralization Apatitic-scale microfossils ~810 (87)
Multicellular or coenocytic eukaryote Tawuia ~1600 (88)

the three assemblages of Ediacara-type macro-
fossils, that is, the Avalon (~575 to 560 Ma),
‘White Sea (~560 to 550 Ma), and Nama (~550 to
539 Ma) assemblages (Figs. 1C and 3A). Previous
attempts to estimate the diversity of Ediacara-
type macrofossils were based on genus-level
occurrence data binned in the three above-
mentioned assemblages (42, 66), necessarily
with coarse temporal resolution. In contrast,
the CONOP computation reported here was
built on species-level data with more thorough
assessment of sampling biases and much bet-
ter temporal resolution. The CONOP results
show that the first decline in the diversity of
Ediacara-type macrofossils occurred by the
end of the White Sea interval (~551 Ma), with a
51% drop in species richness in 0.7 + 1.1 Myr,
followed by another drop of 79% near the
Precambrian-Cambrian boundary (~542 to
539 Ma). Together, these two events resulted
in an 85% loss of total species richness since
the White Sea interval and represent the first
two documented mass extinctions in the his-
tory of animals (66). Finally, the CONOP re-
sults show a strong correlation in fossil species
richness between total eukaryotes and animals
in the late Ediacaran, with other eukaryotic
fossils remaining relatively stable in species
richness (Fig. 3A), indicating that Ediacaran
animals (mostly represented by Ediacara-type
macrofossils) contributed to eukaryote diver-
sity but did not drive diversification of non-
animal eukaryote diversity through positive
ecological interactions. In contrast, fossil spe-
cies richness of animals and unicellular eu-
karyotes increased in tandem in the early
Cambrian, indicating that Cambrian animals
may have accelerated the diversification of
nonanimal eukaryotes through positive eco-
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logical interactions such as grazing and pre-
dation (40) and highlighting the ecological
differences between Ediacaran and Cambrian
faunas.

Materials and methods summary

The following is a brief summary of the mate-
rials and methods. Please see the full materials
and methods in the supplementary materials
for more details.

Data compilation and filtering

The database comprises Proterozoic-Cambrian
paleontological, geochronological, lithostra-
tigraphic, and geochemical data acquired from
the literature up to July 2023 [figs. S1 to S3; data
S1 (23)], supplemented with additional Cambrian
and Ordovician data from OneStratigraphy
(http://onestratigraphy.ddeworld.org). Key ra-
diometric ages, sedimentological marker beds,
geochemical excursions, and fossil occurrences
with convincingly eukaryotic affinity were in-
cluded in our dataset along with their strati-
graphic depth information in each section. To
avoid inflation of species richness, synonyms,
ontogenetic variations, and taphonomic alter-
ations were carefully examined. Published taxa
with taxonomic identifications only above the
genus level were excluded from the dataset.
Species in open nomenclature were generally
excluded, although some open nomenclatures
of Ediacara-type macrofossils and acritarchs,
which were often reported only at the genus
level or as open nomenclatures, were assessed
on a case-by-case basis. Species were tagged as
“likely eukaryotes” and “possible eukaryotes,”
which were used in sensitivity tests for uncer-
tainty in phylogenetic interpretations. Addi-
tionally, a network analysis was conducted to

20 December 2024

detect isolated sections or cluster of sections
that shared no taxa with others. These sections
were excluded from the dataset and CONOP
analysis as they provide no useful information
to inter-section correlation (fig. S3). Finally,
the time interval after Cambrian Age 4 (i.e.,
<509 Ma) was treated as a buffer zone owing
to incomplete biostratigraphic data, which in-
duces edge effects of the dataset (17, 67).

CONOP computation

CONOP was used to optimize correlations
across all studied sections and to develop the
best-fit composite sequence for all studied
species. Given that our dataset comprises hun-
dreds of sections, representing various sam-
pling intensity and sedimentary rates, the “level”
option was used in the CONOP computation
so that the calculation was conducted on the
basis of sampling levels. More methodological
details of CONOP analysis and unbinned rich-
ness calculation have been thoroughly described
in previous publications (2, 6, 22).

To test the stability of the CONOP solution
and the robustness of the fossil species diver-
sity pattern, multiple independent CONOP runs
were conducted using the full dataset (fig. SGA).
Additionally, we conducted an independent
CONOP run using a culled dataset with all open
nomenclatures excluded (fig. S7A, yellow curve)
to test whether the inclusion of open nomen-
clatures or ambiguous species identifications
(such as xx sp., Xx sp. A, xx sp. B, etc.) in our
dataset would systematically bias the results of
species diversity pattern. This sensitivity test
was supplemented by a post-CONOP sensitiv-
ity test, in which the open nomenclatures were
removed from the best-fit composite sequence
(Fig. 1A) to generate a new richness curve (fig.
S7A, green curve).

Fossil groups

For convenience of communication, all eu-
karyotic taxa in our dataset were divided into
four major groups: (i) unicellular eukaryotes
that consist of single-celled eukaryotes of mi-
croscopic size; (ii) multicellular or coenocytic
eukaryotes that are composed of multicellular
and large unicellular eukaryotes presumably
with multiple nuclei; (iii) animal body fossils that
include the majority of Ediacara-type macro-
fossils and tubular fossils; and (iv) animal trace
fossils.

In addition, to test the potential impact of
phylogenetically equivocal taxa on the eukary-
otic fossil diversity patterns, all fossil taxa in
our dataset were tagged as likely eukaryotes or
possible eukaryotes [data S1 (23)], and a sen-
sitivity test was conducted by excluding “pos-
sible eukaryotes” from the best-fit composite
sequence (Fig. 1A), resulting in a new fossil spe-
cies diversity curve (fig. S7B). In this way, the
potential influence of phylogenetically equiv-
ocal taxa on the fossil diversity curve could be
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assessed by a comparison between the total
and culled richness curves (fig. S7B).

Age constraints and models

The ordination of fossil events in CONOP com-
putation was supplemented and time-calibrated
by additions of associated radiometric ages,
sedimentological marker beds, and §"Ceay,
excursions. Given that Cambrian sequences
are generally well constrained by biozones
(68), we also used Cambrian biozonal species,
in addition to the above-mentioned proxies,
for age constraints. Ultimately, a total of 35
biozonal species in their globally recognized
chronostratigraphic order (68) were chosen
to constrain the timeline for Cambrian events
(fig. S10).

To construct an age model that takes into
consideration the uncertainty of radiometric
ages, we applied Bchron Bayesian interpolation
statistics to build a probabilistic age-depth
model based on the radiometric ages, their un-
certainties, and their associated stratigraphic
position in the composite sequence of the
optimal CONOP solution (Fig. 1A), as per the
algorithm of Haslett and Parnell (69). The age-
depth model was conducted using R package
Bchron (http://cran.r-project.org/web/packages/
Bchron/index.html), which predicted the age
and its associated 95% confidence interval for
each temporal level in the composite sequence
(Fig. 1A and fig. S9).

Statistical test on sampling bias

There are three major sources of sampling bias
in our study: sampling incompleteness due to
incomplete fossil preservation and sampling,
uneven fossil sampling among different sec-
tions and among different time intervals, and
uneven supporting sections or sequences be-
tween different time intervals. To evaluate these
biases, we carried out the following three sta-
tistical tests, with singletons (whose FAD and
LAD are in the same temporal level) excluded
from these analyses. (i) To test the potential
influence of sampling biases, 1000 iterations
of bootstrap analyses were conducted on the
basis of the best-fit composite sequence from
the CONOP analysis. A 95% confidence inter-
val was generated from the bootstrap analysis
to illustrate the robustness of richness pat-
terns (Fig. 1A). (ii) To evaluate the influence of
uneven fossil sampling intensity among geo-
logical intervals, 1000 iterations of rarefaction
analyses were applied to nonsingleton species
at local sections scaled to the CONOP result,
following methods described in (70) (fig. S6B).
(iii) To evaluate the influence of variable section
numbers in different time intervals, a 10-Myr
sliding bin calculation technique was used to
generate a standardized or normalized diver-
sity curve (fig. S6C). Technical details of boot-
strapping, rarefaction, and standardization
are described in the materials and methods

Tang et al., Science 386, eadm9137 (2024))

section of the supplementary materials and
in previous publications (2, 6).

In addition, to test whether Lagerstétten (e.g.,
the Chengjiang biota, which tends to contain a
large number of taxa with short stratigraphic
ranges) may have biased the richness patterns of
eukaryotic fossils, a new fossil diversity construc-
tion (fig. S7C) was conducted by excluding short-
ranging taxa (<0.1 Myr) from the best-fit CONOP
composite sequence underlying Fig. 1A. Also, to
test whether the uneven availability of sedimen-
tary rocks through time may have affected the
diversity pattern of early eukaryotic fossils, a
comparison has been made between the fossil
diversity and rock availability during the study
interval. Two rock databases were used for this
purpose: Macrostrat (https://macrostrat.org)
and the published database of Ronov (77).

Species diversity dynamics

An array of diversity dynamic metrics were
calculated on the basis of the best-fit compo-
site sequence constructed by CONOP compu-
tation, including rates of origination, extinction,
proportional origination, proportional extinc-
tion, proportional diversification, proportional
turnover, mean species longevity, and species/
genus ratio on a controlled uniform time bin
(Figs. 2 and 3 and figs. S4 and S5). These metrics
were calculated following Deng et al. (6). Brief-
ly, the origination and extinction rates were
calculated from the number of new species
(V,) and extinct species (V) in each of a series
of time bins. The results are reported as the
number of species per bin. The proportional
origination (P,) and extinction (P,) rates were
calculated by dividing the N, and N, by the
total number of species in the corresponding
time bin and reported as fraction per bin. The
proportional diversification (P4) and turnover
(Py) rates were assessed using the following
equations: Py= P,— P; P,= P,+ P.. In addition,
three types of mean longevity were estimated
on the basis of the best-fit composite sequence,
including mean longevity of total, new, and
extinct species at each temporal level (72). The
longevity of each species L = AgeF - AgeL,
where AgeF and AgeL represent the age of the
first and last appearances, respectively. The
mean longevity represents an aggregation
comprising the mean longevity of the cohort
of species in each temporal level. For the mean
longevity of new taxa (or extinct taxa), only the
species that originated (or went extinct) at the
respective temporal level were used in the cal-
culation. Calculation of these metrics was re-
peated with “possible eukaryotes” excluded (fig.
S4). Finally, the species/genus ratio was gener-
ated by using the genus richness to divide the
species richness at each temporal level (Fig. 2F).
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