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The Ediacara biota represents the ﬁrst complex macroscopic organisms in the geological
record, foreshadowing the radiation of eumetazoan animals in the Cambrian explosion.
However, little is known about the contingencies that lead to their emergence, including the
possible roles of nutrient availability and the quality of food sources. Here we present
information on primary producers in the Ediacaran based on biomarker molecules that were
extracted from sediments hosting Ediacaran macrofossils. High relative abundances of algal
steranes over bacterial hopanes suggest that the Ediacara biota inhabited nutrient replete
environments with an abundance of algal food sources comparable to Phanerozoic ecosystems. Thus, organisms of the Ediacara biota inhabited nutrient-rich environments akin to
those that later fuelled the Cambrian explosion.
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Results and Discussion
Geological context of Ediacaran deposits of the White Sea area.
Due to the mild thermal history of Ediacaran deposits in the
White Sea area, Ediacaran macrofossils co-occur there with
extremely well preserved biomarkers22,23, offering a unique

0

N

Po

he appearance of the ﬁrst macroscopic, morphologically
complex organisms in the late Ediacaran (~571–541 million years [Ma] ago) was the onset of one of the most
important biological transitions in Earth’s history. However, it
remains unclear which environmental, ecological and evolutionary factors accompanied the emergence of large animal-like
organisms, and how these various factors interacted. The most
popular models connect the appearance and ecological success of
animals with rising atmospheric oxygen concentrations in the
Neoproterozoic1–3. Yet, molecular oxygen as a limiting resource
faces several challenges. While increasing oxygenation of deep
marine waters in the Neoproterozoic broadly coincides with the
appearance of macroorganisms in such environments4, suitably
oxic conditions were probably established in well aerated surface
environments hundreds of millions of years earlier5–9. Moreover,
cyanobacterial mats are ubiquitous in shallow-marine environments in the Proterozoic and would have provided stable ecospace with elevated oxygen concentrations for organisms with
mat-related lifestyles far back in Earth history10,11.
An alternative environmental factor that may have constrained
the timing of eumetazoan emergence and radiation is nutrient
availability, including bio-limiting elements and efﬁcient carbon
sources supplied by primary producers. The abundance of different classes of primary producers in Precambrian oceans can be
tracked using molecular fossils, or biomarkers12–14. The most
common biomarkers are alteration products of membrane lipids
such as hopanols found in numerous aerobic bacteria, including
cyanobacteria, and sterols produced by algae and other eukaryotes. During sedimentary diagenesis, hopanols are transformed
into hydrocarbon hopanes, while sterols yield fossil steranes.
Hopanes and steranes are extracted from ancient sedimentary
rocks using organic solvents and quantiﬁed using gas
chromatograph-mass spectroscopy. The proportion of hopanes
(H) over steranes (S), the H/S ratio, can be used as an estimate for
the relative ﬂux of bacterial versus eukaryotic organic matter to
bottom sediments, and thus as a ﬁrst-order approximation for the
relative importance of algal versus cyanobacterial biomass, among
both benthos and plankton12–14. The transition from bacteria- to
eukaryote-dominated primary production in the oceans, recorded
by biomarkers, occurred ~650-635 Ma15 ago and may have been
crucial for the success of most macroscopic heterotrophs15,16.
The Ediacara biota represents the ﬁrst global appearance of
large heterotrophic organisms, including animals, in the fossil
record, and thus reﬂects aspects of the ecology and evolution of
early animals. Recent studies have reported biomarkers from
Ediacaran sediments of the East European Platform (EEP) with
H/S ratios that are high relative to typical Phanerozoic marine
conditions17,18. Consequently, it has been suggested that Ediacaran macroorganisms preferentially inhabited oligotrophic
environments and used bacteria as their main energy source, as
either food or symbionts17,19–21. It is notable, however, that none
of the biomarker data came from localities that preserve Ediacaran macrofossils (Fig. 1), and it remains to be seen whether they
usefully reﬂect ecological circumstances across the whole of the
EEP. In order to resolve the particular circumstances under which
Ediacaran macroorganisms lived, we analyse biomarkers from
sediments with Ediacaran macrofossils from the White Sea area
of the EEP, and show that eukaryotic algae were abundant among
the food sources available for the Ediacara biota.

Fig. 1 Map contrasting the fossil and biomarker localities of this (green)
and previous (orange) biomarker studies at the East European Platform.
The grey symbols indicate known localities of the Ediacara biota where
sediments are too thermally mature to preserve biomarkers. Modiﬁed after
Pehr et al.17 and Sliaupa et al.50.

opportunity to assess the habitat and ecological preferences of
these problematic organisms. The White Sea area offers localities
with the most diverse and abundant Ediacara biota in the world,
including various members of the White Sea, Avalon and Nama
assemblages24–27. All sediments from the Lyamtsa and Zimnie
Gory localities (Fig. 1) were originally deposited in shallowmarine environments and preserve evidence for persistent and
pervasive microbial mats28.
The distribution of Ediacaran macrofossils within the White Sea
area sections is largely controlled by taphonomy—the fossils are
best preserved at the soles of sandstone layers, but less abundant
fossils of poorer quality are scattered throughout the entire
sedimentary succession25,27. To get a full picture about the
distribution of primary producers in depositional environments
associated with the Ediacara biota, samples collected from the
entire section exposed in the studied localities were analysed for
biomarkers (including 52 samples from fossiliferous intervals and
six samples from adjacent stratigraphic levels devoid of fossils).
Most organic geochemical studies analyse centimetre-scale
sedimentary rock samples, thus averaging ecological signals across
substantial periods of time, and potentially missing ecologically
distinct endmembers. To ensure that we indeed capture the exact
ecological environment of organisms of the Ediacara biota, we
analysed sediments immediately beneath and above surfaces with
Ediacara biota fossils at millimetre resolution. As organisms of the
Ediacara biota are preserved in situ, biomarkers extracted from
clay underneath the fossils represent the substrate they were living
on. Sandstones above fossils normally represent storm deposited
material28; biomarkers extracted from these sandstones presumably average the biomass of the local environment, but may also
contain material transported from adjacent settings. Speciﬁcally,
we analysed two surfaces in the Lyamtsa locality that contain
abundant Dickinsonia, Parvancorina and Palaeopascichnus fossils,
and well-studied surfaces in the Zimnie Gory, known as Z1(I) and
Z11(XXII), which contain Andiva, Archaeaspinus, Armilifera,
Aspidella, Brachina, Charniodiscus, Cyanorus, Cyclomedusa,
Dickinsonia, Inaria, Ivovicia, Kimberella, Onega, Ovatoscutum,
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Paleophragmodictya, Paravendia, Parvancorina, Tamga, Temnoxa,
Tribrachidium and Yorgia27.
Thus, this study looks at biomarkers representative of
environments for a broad range of species of the Ediacara biota
with variable feeding strategies, including burrowers (e.g.
Sabellidita, Calyptrina)29,30, mat-scrapers (e.g. Andiva, Dickinsonia, Kimberella) and potentially ﬁlter- or osmotroph-feeding mat
stickers (Arborea, e.g. Charniodiscus). It was impossible to obtain
biomarker data from particular sections and time intervals that
only contain a single assemblage of the Ediacara biota24 due to
their high thermal maturity (e.g. Newfoundland, United Kingdom, or Namibian sections). However, allowing for some
extrapolation, the data collected in the current study provide
information about the local ecological environment of representative organisms of all three existing Ediacara biota assemblages,
which otherwise occur in a wider temporal and palaeogeographic
context.
Hopane/Sterane ratios and primary producers from the
Tonian to Phanerozoic. To place the Ediacaran biomarkers from
the White Sea area into a broad temporal context, Fig. 2 summarizes data for bacterial hopanes and algal steranes from the
Tonian to the present. Based on biomarkers, bacteria were the
only notable primary producers in Paleo- and Mesoproterozoic
oceans31. Primitive eukaryotic sterane signatures emerged
~900–800 Ma ago15,32, although the overall H/S ratio remained
high (70% of values are H/S > 29.5, and steranes are below
detection limits in 43% of samples that contain hopanes).
Moreover, it is unclear whether steranes in Tonian sediments are
derived from algae or other organisms15. The ﬁrst signs of
unambiguous algal productivity occurred in a single sample
assigned to the Cryogenian, around 650 Ma, and started to be a
dominating signal from the very beginning of the Ediacaran, close
to 635 Ma15,33. This ‘rise of algae’ was marked by an order-ofmagnitude drop in H/S ratios and the emergence of a nearmodern sterane diversity (Fig. 2a, b). Phanerozoic sediments, in
contrast to the Tonian, mainly demonstrate continuously low H/S
values, (H/S = 0.5–5 range accounts for 70% percentile with the
mode at 1.3), indicating that algae have been key primary producers for the past 541 million years.
The Ediacaran, however, yields bitumens with H/S signatures
resembling both the Tonian and Phanerozoic. Sediments from the
Oman Salt Basin and the Siberian platform demonstrate H/S
values similar to the Phanerozoic (Fig. 2c, d) (H/S = 0.75–1.4
range accounts for 70% percentile with the mode value 1.3). By
contrast, bitumens from the Ediacaran interior seaway of the
EEP17 include numerous elevated H/S values up to 119 (H/S =
1.5–12.5 range accounts for 70% percentile with several modes,
and median value 7.7), values otherwise typical for the Tonian
(Fig. 2f). It has been suggested17 that the elevated H/S values in
the interior seaway of the EEP, just as those from the Tonian15,16,
might reﬂect a strong predominance of bacteria among primary
producers, potentially due to regionally oligotrophic conditions,
thus highlighting a high spatial heterogeneity in primary
producer communities in Ediacaran marine environments
(though see Supplementary Note 2)17.
Based on the H/S data from global Ediacaran sediments, the
Ediacara biota might have either inhabited newly established
algae-rich environments15,16 or, conversely, thrived in nutrientdepleted ecosystems dominated by bacterial primary productivity
akin to the Tonian or Mesoproterozoic17,20. If latter hypothesis is
correct, then the diet and ecology of organisms of the Ediacara
biota must have been very distinct from most Phanerozoic
animals17,19,20, and it would invalidate the premise that the
emergence of abundant algal food sources was crucial for the
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ecological success of eumetazoan animals. Biomarker data from
sediments directly associated with Ediacara biota fossils can shed
light on this dispute.
Primary producers at the Ediacara biota localities. The clay and
sandstone material directly surrounding Ediacara biota fossils in
the White Sea sections demonstrate low H/S ratios (H/S = 2.5–5)
(Fig. 3). The overall H/S values from the whole set of White Sea
area sediments vary slightly more broadly (H/S = 1–7 range
accounts for 70% percentile with the mode value 3.3, n = 59;
Fig. 2e). The H/S value for the only sample that has been reported
from the Ediacara biota localities in Arctic Siberia (H/S = 2.7)34
falls near the mode value for the White Sea area, although it is
impossible to judge whether this sample is representative of the
whole section. These H/S values suggest that the Ediacara biota
inhabited environments with near-modern ﬂuxes of bacterial
versus eukaryotic biomass (Fig. 3). Moreover, steranes of the
White Sea area are strongly dominated by stigmastanes (C29
(%) = 75 ± 9% of C27–C29 sterane homologues; n = 59). The C29
predominance among steranes in the White Sea area is characteristic of Ediacaran biomarker signatures and likely reﬂects
predominance of green algae among eukaryotes35. The mode of
H/S value in the White Sea area is somewhat elevated in comparison to the Phanerozoic (Fig. 2c, e). This elevation may reﬂect
a stronger relative contribution of planktonic cyanobacterial
biomass than the average Phanerozoic, but is more likely associated with benthic cyanobacterial mats that are widespread in
White Sea sediments and generally abundant in Ediacaran
shallow-water environments36,37. Regardless, Ediacaran macroorganisms of the White Sea area inhabited environments that
were orders of magnitude enriched in algal relative to bacterial
food sources when compared with the Tonian, and in this respect
similar to Phanerozoic marine habitats.
Primary producers and early animal evolution. The rise of algae
650-635 Ma has changed the ecosystems on our planet forever,
although the trigger for this phenomenon is unclear. It has been
proposed that a potential increase in nutrient levels in the oceans
at that time could have made algae more competitive relative to
photosynthetic bacteria15,16, or alternatively that protistan
eukaryotes or bacteriovorous sponge-grade animals effectively
reduced bacterial biomass, thus providing ecospace for
algae6,7,33,38–40. Whatever the causes for the proliferation of
planktonic algae, their biomass may have fuelled the radiation of
eumetazoan animals by increasing the efﬁciency of nutrient and
energy transfer to higher trophic levels based on larger cells sizes
compared with bacterial phytoplankton, and by supplying fast
sinking food particles to benthic animal communities at the sea
ﬂoor15,16. However, this is to ignore that microbial mats were
present in the oceans long before algal food became available.
With the discovery of a motile lifestyle among the earliest
branching Eumetazoa (Placozoa and Ctenophora41), pervasive
cyanobacterial mat coverage in well-oxygenated shallow-water
environments would have provided ample resources for metazoan
proliferation. Yet, the vast majority of extant eumetazoan animals
prefers a eukaryote-dominated diet; with rare exceptions, eumetazoans are not sustained by purely bacterial food sources42,43. A
preference for a eukaryotic diet may thus be the ancestral state of
Eumetazoa, possibly due to the high nutritional quality of algal
biomass.
Based on sedimentological evidence28 and biomarker data
presented here, the Ediacara biota of the EEP inhabited wellmixed oxygenated shallow-water environments with levels of
potential algal food supply comparable to the Phanerozoic. This
observation in the White Sea area is consistent with a recent
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Fig. 2 Timeline through the Neoproterozoic and Phanerozoic and abundance information for hopanes and steranes. a The relative abundance of the
sterane homologues cholestane (C27, green), ergostane (C28, blue) and stigmastane (C29, green). Size of the coloured areas reﬂects relative sterane
abundances. b Evolution of the relative abundance of bacterial hopanes over eukaryotic steranes (H/S) through time (orange = Tonian and Cryogenian;
yellow = Ediacaran (data from Oman and Siberia); blue = Phanerozoic); the scale goes from H/S ~ ∞ (with no steranes detected) to H/S = 0.25, converted
from the S/H ratio values from 0 to 4 in Brocks et al.15. Histograms showing the abundance distribution of H/S values for different periods and locations:
c Phanerozoic biomarker data reported in the literature; d Ediacaran of the South Oman Salt Basin and the Siberian platform; e Ediacaran of the White Sea
area; f previous biomarker analyses on the Ediacaran of the EEP (localities are marked as orange circles on Fig. 1); g Tonian and Cryogenian biomarker data
reported in the literature. Data from the EEP from Pehr et al.17, data for the White Sea this study, all other data recalculated from Brocks et al.15.

spatial analyses of ~570 Ma old Ediacaran ecosystems on the
Avalon Peninsula, overlapping with the White Sea area
taxonomically, that showed that competition for resources was
not the driving factor for local Ediacaran communities44. Unlike
previously predicted17,19,20, bacteria-dominated ecosystems in
Ediacaran marine basins were generally not a cause of the unusual
appearance and ecology of the Ediacara biota. Rather, the
ecological and evolutionary bridge leading from a midProterozoic bacteria-dominated world to the appearance of
Phanerozoic animal-dominated ecosystems was paved with
algae-rich environments akin to those preferred by modern
eumetazoan animals. Although morphologically and possibly
phylogenetically distinct from Phanerozoic animals, the large
organisms of the Ediacara biota were a part of newly established
nutrient and energy-rich environments that later hosted the
Cambrian diversiﬁcation of animal life.
4

Methods

Sample collection. Samples were collected during ﬁeldworks in the White Sea
region (Russia) in 2015–2017 speciﬁcally for biomarker analysis. Samples are
coming from around 40 m thick stratigraphic interval of Lyamtsa and Arkhangelsk
Beds (Ust-Pinega Formation, Redkino Regional Stage) in the Lyamtsa Ediacara
biota locality, and from around 120 m thick interval of Vaysitsa, Zimnie Gory (UstPinega Formation, Redkino Regional Stage) and Erga beds (Mezen Formation,
Kotlin Regional Stage) in the Zimnie Gory locality. Samples were collected avoiding
weathered zones and cracks and were immediately wrapped in pre-baked aluminium foil (300 °C, 9 h) and packed in calico bags under strict avoidance of
contamination.
Deposits in the Lyamtsa and Zimnie Gory localities of the Ediacara biota are
mainly represented by clay and mm-scale heterolithic interlamination of clay,
siltstone and sandstone, with occasional 0.5–10 cm, sometimes up to 60 cm thick
sandstone lenses and layers. In the Zimnie Gory locality, nearly every siltstone and
sandstone, including mm-thick lenses in the interlamination, has a microbial mat
impression at the base; in Lyamtsa, these impressions are relatively rarer, and some
surfaces are erosional. Fossils are typically preserved at the base of sandstone layers
with microbial mat impressions, however some species are also sometimes found
within clay23,45. Samples include sediments immediately (within the ﬁrst
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Fig. 3 Examples of Ediacaran macrofossils from the White Sea Area and associated H/S ratios from sediments immediately over- and underlying the
fossils. a Aspidella and Kimberella from the Z11(XXII) surface (Zimnie Gory, photo by E. Uryvaeva); b Andiva from the Z1(1) surface (Zimnie Gory), the
surface also contains Archaeaspinus, Armilifera, Brachina, Charniodiscus, Cyanorus, Cyclomedusa, Dickinsonia, Inaria, Ivovicia, Kimberella, Onega, Paravendia,
Parvancorina, Temnoxa, Tribrachidium, Yorgia27; c Dickinsonia (Lyamtsa); d Palaeopascichnus (Lyamtsa). n.m., not measurable.
millimetres) underlying (clay) and overlying (typically sandstone) surfaces with
Ediacara biota fossils, as well as 59 samples from sedimentary layers throughout the
exposed sections that are not known to contain fossils. Ediacaran macroorganisms
are found in situ, therefore biomarker composition of clays they were living on was
taken as the closest approximation of environments the Ediacara biota inhabited.
Sandstones overlying the fossils are mostly of storm origin28 and would contain
reworked organic matter deposited in the environments with the Ediacara biota,
but might also contain material transported from other environments.
Sample preparation and extraction. Samples were prepared in an ultra-clean
facility dedicated to trace biomarker analysis at the ANU. To identify and eliminate
any surﬁcial trace contaminants, the clay was analysed using the so-called
exterior–interior protocol46–48. The outer 3–4 mm of the sample were removed
using a micro drill (Dremel® 400 Series Digital, Mexico) with a combusted (290 °C,
9 h) and solvent cleaned saw nozzle and represented the exterior (‘E’) portion.
Analysis of the last saw-blade solvent rinse conﬁrmed that it was free of detectable
contaminants. The exterior and the interior portions of the clay sample were
ground to powder (>240 mesh) using a steel puck mill (Rocklabs Ltd, Onehunga,
New Zealand). The mill was cleaned using dichloromethane and methanol, and by
grinding combusted (600 °C, 9 h) quartz sand. As the samples were collected from
outcrops into aluminium foil and cotton bags, which has been proven to prevent
contamination23, for ten samples both interior and exterior portions were analysed
as control; for the rest, we analysed only interior portions, but exterior portions
were kept in case there is any contamination in the analysed exterior portions or
increased maturity parameters in these samples.
Bitumen was extracted from rock powder using an accelerated solvent extractor
(ASE 200, Dionex, USA) with DCM: methanol (9:1), reduced to 100 µl under a
stream of nitrogen gas. All solvents used in the study were 99.9% grade (UltimAR®;
Mallinckrodt Chemicals, St. Louis, MO, USA); all glassware was cleaned by
combustion at 300 °C for 9 h. An extract was then fractionated into saturated,
aromatic and polar fractions using micro-column chromatography over annealed
(300 °C; 12 h) and dry packed silica gel (Silica Gel 60; 230– 600 mesh; EM Science).
Saturated hydrocarbons were eluted with 1 dead volume (DV) of n-hexane,
aromatic hydrocarbons with 4.5 DV of n-hexane: DCM (1:1) and the polar fraction
with 3 ml DCM: methanol (1:1). An internal standard, 18-MEAME (18methyleicosanoic acid methylester; Chiron Laboratories AS), was added to the
saturated and aromatic fractions for quantiﬁcation. The samples were analysed and
quantiﬁed by gas chromatography–mass spectrometry (GC–MS).
Gas chromatography–mass spectrometry (GC–MS). GC–MS analyses were
carried out on an Agilent 6890 gas chromatograph coupled to a Micromass
Autospec Premier double sector mass spectrometer (Waters Corporation, Milford,
MA, USA). The GC was equipped with a 60 m DB-5 MS capillary column
(0.25 mm i.d., 0.25 μm ﬁlm thickness; Agilent JW Scientiﬁc, Agilent Technologies,
Santa Clara, CA, USA), and helium was used as the carrier gas at a constant ﬂow of
1 ml min−1. Samples were injected in splitless mode into a Gerstel PTV injector at
60 °C (held for 0.1 min) and heated at 260 °C min−1 to 300 °C. For full scan,
selected ion recording and metastable reaction monitoring (MRM) analyses, the
GC oven was programmed from 60 °C (held for 4 min) to 315 °C at 4 °C min−1,
with total run time of 100 min. All samples were injected in n-hexane to avoid
deterioration of chromatographic signals by FeCl2 build-up in the MS ion source
through use of halogenated solvents49. Steranes were quantiﬁed in MRM mode in
M+ → 217 and hopanes in M+ → 191 transitions relative to the C27 Tm hopane
isomer content. The C27 Tm hopane isomer content was quantiﬁed in a full-scan
mode (m/z 191) relative to the 18-MEAME internal standard (m/z 340). Peak areas

are uncorrected for differences in GC–MS response. Quantiﬁcation errors were
calculated as a function of a peak area established for the GC–MS used in this
study22.
Laboratory system blanks. Comprehensive, accumulatory system blanks were
performed covering all analytical steps including extraction, fractionation and
instrumental analysis. For this purpose, a combusted (600 °C, 9 h) sand was ground
to powder and extracted using the methodologies and identical tools
described above.
Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability
All data required to understand and assess the conclusions of this research are available
in the main text and supplementary materials. Rock samples, extracts and digital raw
GC–MS data are stored at the Australian National University.

Received: 6 March 2019; Accepted: 13 February 2020;

References
1.
2.

3.
4.
5.

6.
7.
8.
9.
10.
11.

12.

13.

Nursall, J. Oxygen as a prerequisite to the origin of the Metazoa. Nature 183,
1170 (1959).
Reinhard, C. T., Planavsky, N. J., Olson, S. L., Lyons, T. W. & Erwin, D. H.
Earth’s oxygen cycle and the evolution of animal life. Proc. Natl Acad. Sci. USA
113, 8933–8938 (2016).
Knoll, A. H. in Origin and Early Evolution of the Metazoa (eds Lipps J.H. &
Signor P.W.), 53–84 (Springer US, 1992).
Canﬁeld, D. E., Poulton, S. W. & Narbonne, G. M. Late-Neoproterozoic deepocean oxygenation and the rise of animal life. Science 315, 92–95 (2007).
Mills, D. B. & Canﬁeld, D. E. Oxygen and animal evolution: did a rise of
atmospheric oxygen “trigger” the origin of animals? BioEssays 36, 1145–1155
(2014).
Butterﬁeld, N. J. Animals and the invention of the Phanerozoic Earth system.
Trends Ecol. Evol. 26, 81–87 (2011).
Butterﬁeld, N. J. Oxygen, animals and oceanic ventilation: an alternative view.
Geobiology 7, 1–7 (2009).
Lyons, T. W., Reinhard, C. T. & Planavsky, N. J. The rise of oxygen in Earth’s
early ocean and atmosphere. Nature 506, 307–315 (2014).
Mills, D. B. et al. Oxygen requirements of the earliest animals. Proc. Natl Acad.
Sci. USA 111, 4168–4172 (2014).
Gingras, M. et al. Possible evolution of mobile animals in association with
microbial mats. Nat. Geosci. 4, 372 (2011).
Olson, S. L., Kump, L. R. & Kasting, J. F. Quantifying the areal extent and
dissolved oxygen concentrations of Archean oxygen oases. Chem. Geol. 362,
35–43 (2013).
Brocks, J. J. et al. Early sponges and toxic protists: possible sources of
cryostane, an age diagnostic biomarker antedating Sturtian Snowball Earth.
Geobiology 14, 129–149 (2016).
Peters, K. E., Walters, C. C. & Moldowan, J. M. The Biomarker Guide, Vol. 2
(Cambridge University Press, 2005).

NATURE COMMUNICATIONS | (2020)11:1261 | https://doi.org/10.1038/s41467-020-15063-9 | www.nature.com/naturecommunications

5

ARTICLE

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-15063-9

14. Knoll, A. H., Summons, R. E., Waldbauer, J. R. & Zumberge, J. E. in Evolution
of Primary Producers in the Sea (eds Falkowski, P. G. & Knoll, A. H.) 133–163
(Academic Press, 2007).
15. Brocks, J. J. et al. The rise of algae in Cryogenian oceans and the emergence of
animals. Nature 548, 578–581 (2017).
16. Brocks, J. J. The transition from a cyanobacterial to algal world and the
emergence of animals. Emerg. Top. Life Sci. 2, 181–190 (2018).
17. Pehr, K. et al. Ediacara biota ﬂourished in oligotrophic and bacterially
dominated marine environments across Baltica. Nat. Commun. 9, 1807 (2018).
18. Goryl, M., Marynowski, L., Brocks, J. J., Bobrovskiy, I. & Derkowski, A. Exceptional
preservation of hopanoid and steroid biomarkers in Ediacaran sedimentary rocks
of the East European Craton. Precambrian Res. 316, 38–47 (2018).
19. Kaufman, A. J. in Chemostratigraphy Across Major Chronological Boundaries,
Vol. 240 (eds Sial A.N., Gaucher C., Muthuvairavasamy R. & Ferreira V. P.),
115–142 (American Geophysical Union and John Wiley and Sons, Inc., 2018).
20. Sperling, E. A. & Stockey, R. G. The temporal and environmental context of
early animal evolution: considering all the ingredients of an “explosion”.
Integr. Comp. Biol. 58, 605–622 (2018).
21. Dufour, S. C. & McIlroy, D. Ediacaran pre-placozoan diploblasts in the
Avalonian biota: the role of chemosynthesis in the evolution of early animal
life. Geol. Soc., Lond., Spec. Publ. 448, 211–219 (2017).
22. Bobrovskiy, I. et al. Ancient steroids establish the Ediacaran fossil Dickinsonia
as one of the earliest animals. Science 361, 1246–1249 (2018).
23. Bobrovskiy, I., Hope, J. M., Krasnova, A., Ivantsov, A. & Brocks, J. J. Molecular
fossils from organically preserved Ediacara biota reveal cyanobacterial origin
for Beltanelliformis. Nat. Ecol. Evol. 2, 437–440 (2018).
24. Grazhdankin, D. Patterns of distribution in the Ediacaran biotas: facies versus
biogeography and evolution. Paleobiology 30, 203–221 (2004).
25. Fedonkin, M., Ivantsov, A. Y., Leonov, M. & Serezhnikova, E. The rise and fall
of the Vendian (Ediacaran) biota. Origin of the modern biosphere. In
Transaction of the International Conference on the IGCP Project, 6–9.
26. Martin, M. W. et al. Age of Neoproterozoic bilatarian body and trace fossils,
White Sea, Russia: implications for metazoan evolution. Science 288, 841–845
(2000).
27. Ivantsov, A. Yu. Unique natural world heritage—Zimnie Gory locality of the
impressions of the Vendian multicellular animals. Geolog Ukrainy 3, 89–98
(2011). [in Russian].
28. Grazhdankin, D. Structure and depositional environment of the Vendian
Complex in the southeastern White Sea area. Stratigr. Geol. Corr. 11, 313–331
(2003).
29. Sokolov, B. In Proceedings of the IPU, International Geological Congress,
79–86.
30. Moczydłowska, M., Westall, F. & Foucher, F. Microstructure and
biogeochemistry of the organically preserved Ediacaran metazoan Sabellidites.
J. Paleontol. 88, 224–239 (2014).
31. Gueneli, N. et al. 1.1-billion-year-old porphyrins establish a marine ecosystem
dominated by bacterial primary producers. Proc. Natl Acad. Sci. USA 115,
E6978–E6986 (2018).
32. Hoshino, Y. et al. Cryogenian evolution of stigmasteroid biosynthesis. Sci.
Adv. 3, e1700887 (2017).
33. van Maldegem, L. M. et al. Bisnorgammacerane traces predatory pressure and
the persistent rise of algal ecosystems after Snowball Earth. Nat. Commun. 10,
476 (2019).
34. Duda, J.-P., Thiel, V., Reitner, J. & Grazhdankin, D. Opening up a window
into ecosystems with Ediacara-type organisms: preservation of molecular
fossils in the Khatyspyt Lagerstätte (Arctic Siberia). PalZ 90, 659–671 (2016).
35. Kodner, R. B., Pearson, A., Summons, R. E. & Knoll, A. H. Sterols in red and
green algae: quantiﬁcation, phylogeny, and relevance for the interpretation of
geologic steranes. Geobiology 6, 411–420 (2008).
36. Seilacher, A. Biomat-related lifestyles in the Precambrian. Palaios 14, 86–93
(1999).
37. Gehling, J. G. & Droser, M. L. Textured organic surfaces associated with the
Ediacara biota in South Australia. Earth-Sci. Rev. 96, 196–206 (2009).
38. Butterﬁeld, N. J. Oxygen, animals and aquatic bioturbation: an updated
account. Geobiology 16, 3–16 (2018).
39. Lenton, T. M. & Daines, S. J. The effects of marine eukaryote evolution on
phosphorus, carbon and oxygen cycling across the Proterozoic–Phanerozoic
transition. Emerg. Topi. Life Sci., ETLS20170156, https://doi.org/10.1042/
etls20170156 (2018).
40. Nettersheim, B. J. et al. Putative sponge biomarkers in unicellular Rhizaria
question an early rise of animals. Nat. Ecol. Evol. 3, 577–581 (2019).
41. Simion, P. et al. A large and consistent phylogenomic dataset supports
sponges as the sister group to all other animals. Curr. Biol. 27, 958–967 (2017).

6

42. Cruz-Rivera, E. & Paul, V. J. Feeding by coral reef mesograzers: algae or
cyanobacteria? Coral Reefs 25, 617–627 (2006).
43. Cruz-Rivera, E. & Paul, V. in Proceedings of the 9th International Coral Reef
Symposium, 515–520.
44. Mitchell, E. G. & Kenchington, C. G. The utility of height for the Ediacaran
organisms of Mistaken Point. Nat. Ecol. Evol. 2, 1218–1222 (2018).
45. Ivantsov, A. Y., Gritsenko, V. P., Konstantinenko, L. I. & Zakrevskaya, M. A.
Revision of the problematic Vendian macrofossil Beltanelliformis
(=Beltanelloides, Nemiana). Paleontol. J. 48, 1415–1440 (2014).
46. Brocks, J. J., Grosjean, E. & Logan, G. A. Assessing biomarker syngeneity using
branched alkanes with quaternary carbon (BAQCs) and other plastic
contaminants. Geochim. et Cosmochim. Acta 72, 871–888 (2008).
47. Schinteie, R. & Brocks, J. J. Evidence for ancient halophiles? Testing biomarker
syngeneity of evaporites from Neoproterozoic and Cambrian strata. Org.
Geochem. 72, 46–58 (2014).
48. Jarrett, A. J. M., Schinteie, R., Hope, J. M. & Brocks, J. J. Micro-ablation, a new
technique to remove drilling ﬂuids and other contaminants from fragmented
and ﬁssile rock material. Org. Geochem. 61, 57–65 (2013).
49. Brocks, J. J. & Hope, J. M. Tailing of chromatographic peaks in GC–MS
caused by interaction of halogenated solvents with the ion source. J.
Chromatograph. Sci. 52, 471–475 (2014).
50. Sliaupa, S., Fokin, P., Lazauskiene, J. & Stephenson, R. A. The Vendian-early
palaeozoic sedimentary basins of the East European Craton. Geol. Soc., Lond.,
Mem. 32, 449–462 (2006).

Acknowledgements
We thank P. Rychkov, A. Ivantsov, A. Krasnova, E. Luzhnaya and A. Nagovitsyn for their
help in the ﬁeld, N.J. Butterﬁeld for his helpful feedback on the manuscript. The study is
funded by Australian Research Council grants DP160100607 and DP170100556 (to J.J.
B.), Russian Foundation for Basic Research project no. 17-05-02212A (to I.B). I.B.
gratefully acknowledges the Australian Government Research Training Program stipend
scholarship.

Author contributions
I.B. designed the study, analyzed biomarkers and interpreted the data; J.M.H. helped with
biomarker analysis; I.B. and E.G. collected samples; I.B. and J.J.B. wrote the manuscript,
with contributions from all authors.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467020-15063-9.
Correspondence and requests for materials should be addressed to I.B. or J.J.B.
Peer review information Nature Communications thanks Charlotte Kenchington and
the other, anonymous, reviewer(s) for their contribution to the peer review of this work.
Reprints and permission information is available at http://www.nature.com/reprints
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional afﬁliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.
© The Author(s) 2020

NATURE COMMUNICATIONS | (2020)11:1261 | https://doi.org/10.1038/s41467-020-15063-9 | www.nature.com/naturecommunications

