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Abstract: Animal diversification across the Ediacaran-Cambrian transition was a crucial event in
Earth history, fundamentally altering our planet and its biosphere. However, Ediacaran fossil
assemblages show limited overlap with those from the Cambrian, obscuring the critical interval
when the animal phyla were diversifying. We report a new terminal Ediacaran fossil assemblage
preserved as carbonaceous films from the Jiangchuan Biota, Yunnan, Southwest China. This
assemblage diverges from co-eval sites, preserving Ediacaran body fossils alongside recognizable
non-bilaterians and bilaterian body and trace fossils. These include diverse vermiform animals and
the oldest deuterostomes (stem-group ambulacrarians). Our discovery provides insight into the
radiation of Bilateria, the most diverse and disparate animal clade.
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Main Text:

The terminal Ediacaran Jiangchuan Biota from Eastern Yunnan, China is known to be fossiliferous, with diverse
macroalgae (/) (fig. S1) as well as Ediacaran-type and problematic macrofossils (e.g. Alienum, Lobodiscus,
Cycliomedusa) (2-4). It occurs in the middle to upper part of Jiucheng Member of Dengying Formation, above the last
occurrence of the tubular fossil Shaanxilithes, see Supplementary Material for the age constraints (Fig. 1A). We report
new exceptionally preserved soft-bodied fossils from the type locality at Qingshuigou and a new section Shanglijiao
(Fig. 1A). These fossils include over 700 specimens, encompassing macroalgae (fig. S1) and animals (Fig. 2-3),
including bilaterian body fossils (Fig. 3). Animal fossils exhibit morphological and taxonomic diversity, with a high
proportion of new taxa, and preserve feeding structures (Fig. 3A-E, F-G, M-P), locomotory organs (e.g. Fig. 2E-G)
and guts (Fig. 3H, fig. S2A-B, F, H). They are derived from subtidal mud- and siltstones (Fig. 1)(5), with exceptional
preservation likely facilitated by rapid burial; fossils occur at the base of event beds (Fig. 4A-D) and some taxa are
demonstrably buried in situ. Fossils are predominantly carbonaceous films supplemented by pyritization and
phosphatization (Fig. 4, fig. S3), broadly consistent with Cambrian Burgess Shale-type preservation rather than typical
Ediacara-style preservation (6) (Fig. 1B).

Animal fossils typical of late Ediacaran assemblages are scarce in both diversity and abundance. The radialomorph
Lobodiscus (2) has previously been described at Qingshuigou, and we report an additional specimen of a
morphologically distinct radialomorph from Shanglijiao (Fig. 2LJ). This fossil is discoidal in shape and possesses
radially arranged arms (protrusions/grooves), one of which is curved and extends to the distal margin of the specimen
- the off-center position of the radiating arms may reflect an oblique burial angle. Four protrusions appear to be
arranged in pairs, each consisting of two connected branches surrounding a central depression. Finer structures are
present between these protrusions in one region of the specimen (Fig. 2J). The curved nature of the single complete
protrusion is similar to the curvature of arms in Tribrachidium, whereas the possible linear structures running
inbetween the protrusions are more similar to Lobodiscus (2). However, our specimen does not appear to show triradial
symmetry unlike 7ribrachidium and Lobodiscus. It exhibits tetraradial symmetry like Conomedusites (7) but with

unequal lobes.

Six specimens resemble Haootia quadriformis, interpreted as a cnidarian, with tetraradial symmetry and
fibrous/corrugated features inferred to be muscle fibers (Fig. 2A-D) (8, 9). Two of these specimens are complete with
additional incomplete fragments (fig. S4). As with Haootia, these new specimens are stalked with an inferred open
goblet-shaped calyx and terminal ‘arms’, although only two arms are visible. If present, additional arms may have
been obscured by burial. Although body symmetry in our specimens is unknown, considerable variation in body
symmetry has been reported in early cnidarian groups, including biradial symmetry (/0). The specimens are ~20 mm
in width and 15 mm along the presumed oral-aboral axis, approximately half the size of H. quadriformis. Filamentous
elements are arranged similarly between H. quadriformis and our new specimens, highlighted at the base of the calyx
running parallel to the axis of the stalk and then diverging into the arms of the calyx (Fig. 2B-C). The width of the
fibers (100-200 pm) and their spacing (~100-300 um) are comparable to H. quadriformis, where they are ~100-600
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pm and ~200-1000 pm respectively (8). The base of the organism (Fig. 2D) flares terminally but shows no evidence
of an enlarged holdfast (8) or pedicle-like structure (9) as in H. quadriformis. Our specimens likely represent a new

taxon differ from H. quadriformis as well as the co-occurring Mamsetia manunis.

Other non-bilaterian animal fossils are similarly rare in abundance and diversity. One specimen (Fig. 2E-G) is
consistent with the morphology of Cambrian ctenophore fossils (//, 12). The specimen is ~18 mm long and ~10 mm
wide, within the range of Cambrian ctenophores (12-75 mm long and 6-50mm wide) (//, /3). The body constricts at
~12 mm from its apical end to form an oral region, comparable to the oral skirt seen in scleroctenophores and fossils
like Ctenorhabdotus from the Cambrian Burgess Shale and Marjum formations (/2). Candidate ctenes are preserved
in discrete longitudinal rows perpendicular to the long axis, with ~7 visible longitudinal ribbon-shaped features 1 mm
in width and with regular transverse bands. This arrangement is comparable to ctenes in fossil ctenophores, and the
number visible suggests a total in excess of the 8 rows possessed by crown group ctenophores, but consistent with
Cambrian taxa (//, 12). Although repeated linear features are also present in the Haootia-like specimens, they are
carbonaceous, present across most of the body and occurr as transverse and longitudinal features with different
orientations in different regions. The only other specimen with consistent linear features is the Mackenzia-like fossil

(Fig. 2H), in which they are arranged parallel to the body axis, unlike in both Haootia-like and ctenophore fossils.

Two elongate and superimposed specimens exhibit a cylindrical morphology with traversing longitudinal stripes (Fig.
2H). These stripes are uniform in width with distinct convex-concave relief, likely reflecting a modular construction.
This morphology is comparable with Cambrian mackenziids, although Jiangchuan specimens are smaller (~18 mm
long, <3 mm wide compared to 25-200 mm long and 9-34 mm wide) (/4). The specimens preserve a circular aperture
at their apex, arguing against an algal affinity. Some flabellate algae (e.g., Flabellophyton) possess longitudinal
striations but never exhibit convex-concave relief, nor do they adopt a cylindrical form—their morphology typically

tapers from base to apex at a fixed angle (/5).

The most numerous bilaterian fossil (185 specimens, table S1) is an elongate worm with a basal holdfast disc, terminal
mouth and eversible anterior structure (Fig. 3A-E). The most complete specimen has a vermiform body ~61 mm long
and 2.0-2.7 mm in diameter, with a holdfast ~15 mm in diameter (Fig. 3A). There is a spectrum of preservation from
fragments of the oral end (fig. S2B-F, H), holdfasts with incomplete bodies (fig. S2G, I) and the body in association
with the holdfast. Isolated holdfasts are also present and are comparable to Cycliomedusa jiangchuanensis, previously
reported from Jiangchuan(4), in bearing a central carbonaceous ring structure at the junction between the body (when
present) and holdfast (e.g., fig. S31). C. jiangchuanensis likely represents an isolated holdfast structure. In some
specimens, the body and holdfast are preserved in different layers within event beds, indicating in sifu burial during
an obrution event. The body margins are smooth and lack appendages. A dark band along the body is consistent with
a gut (e.g. fig. S2A, B, F, H), but the presence and position of an anal opening is unknown. The organism could likely
plasticly deform as specimens possess anterior ends at varying stages of eversion, culminating in a narrow and tongue-
like (Fig. 3D, E) structure with a presumed feeding function. Elemental mapping demonstrates the anterior is enriched

in carbon (fig. S3B, C). When the elongate structure is contracted, the anterior body is trumpet-shaped and blunt,
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becoming more bulbous when the structure is everted (Fig. 3B-E). The specimen with the longest everted structure is
posteriorly incomplete, so the total extended length relative to the body cannot be determined, but in this specimen
the structure is ~40 mm long, approximately 12 times the width of the body. This organism is likely a total group
bilaterian: modifications of the anterior end of the digestive tract to form a pharynx are present in non-bilaterians, but
in these groups, they are not eversible (/6). The ability to evert and retract such a feeding structure would require
mesodermal musculature not present outside Bilateria but the fossil lacks synapomorphies of any extant bilaterian
clade. An enlarged anchoring structure in such a macroscopic, free-living and presumably macrophagous animal is
unusual. Although posterior adhesion structures are present in many extant bilaterian worms, they are most common
in parasites (/7) or meiofauna (/8), with tube building or infaunality adaptations to sessile modes of life in large-
bodied extant taxa. This body plan may represent an adaptation to a sessile mode of life in anactualistic sea floor

environments (/9).

A sausage-shaped vermiform animal is reported from one specimen (part and counterpart) (Fig. 3F, G). It has a circular
terminal opening (Fig. 3H), interpreted as a mouth, with a dark, slender band through the interior of the body along
its length, most likely representing a gut. As in the specimens with the eversible anterior, carbon is enriched at the
anterior end and in the gut (fig. S3D, E). The body of the figured specimen is strongly curved, potentially indicating

body contraction after death/during burial.

Four specimens (Fig. 3M-R, fig. S5) show anatomical features compatible with stem ambulacrarian cambroernids
almost only known from the Cambrian (20). One specimen (Fig. 30-P) is similar to Herpetogaster (21), the earliest-
diverging cambroernid (20). The specimen shows a coiled body with a slight invagination/constriction at one end,
separating the head region from a larger trunk. The head region is flanked by simple, unbranched to minimally-
branched tentacles, differing from the elaborate, branching tentacles in all Cambrian Herpetogaster (21). At least four
tentacles can be distinguished using SEM backscatter (Fig. 30, Q). In other specimens the tentacles are present, but
difficult to delineate (Fig. S5G). One specimen (Fig. 30, P) closely compares to H. collinsi from China (22), which
has a slender stalk with no terminal disc. Additionally, H. colllinsi from China shows limited evidence of internal
body regionalization — unlike specimens from the Burgess Shale and Nevada (22, 23). Another specimen (Fig. 3M-
N) shows a thicker and shorter stalk that flares proximally (with a width of 0.2-1.0mm) before meeting the body in
the middle of the trunk, like the stalk of Phogites, another cambroernid taxon (21). However, Phlogites exhibits a cup-
shaped body, unlike the curved body of this Jiangchuan specimen. Our Jiangchuan specimens are smaller in size than
most other Cambrian Herpetogaster fossils, with an overall length of no more than 20 mm; the latter are usually more
than 20 mm, but Herpetogaster from the Balang Formation in South China is consistent in size with the Jiangchuan
fossils (21, 22).

Finally, we report elongate, tubular fossils with distinctive, regular oval-shaped holes running along their length (Fig.
3I-L). Similar features are present in the Cambrian Margaretia dorus, most recently interpreted as a dwelling-tube for
enteropneust hemichordate worms (24). Our two most complete specimens are 25-30 mm long and 2-4 mm wide (Fig.

31, J). M. dorus from the Burgess Shale is larger, exceeding 5 cm in length (24), but smaller conspecific specimens
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are known from other sites, e.g. specimens 50-120 mm from the Wheeler and Spence shales (25). The perforations in
our specimens are longer (0.5-4.5 mm) than they are wide (0.3-0.7 mm) and, although smaller in size, have an aspect

ratio comparable with M. dorus from the Burgess Shale (24) and other localities in North America (25, 26).

Macroalgae are taphonomically distinct from these specimens interpreted as animals, displaying more extensive
carbonaceous preservation (Fig. 4H, fig. S1A-F) with sharper boundaries to the surrounding matrix (Fig. 4E, fig. S1A-
C, G, H). Within most of ~500 macroalgal fossil specimens examined, typically discrete, tessellating, polygonal
fragments of carbon indicate a relatively thick carbon film that cracked due to shrinkage (Fig. 4H), consistent with an
original macromolecular composition that was more decay resistant. The preservation of macroalgae resembles that
of algae from Cambrian deposits with Burgess Shale-type preservation such as Fuxianospira and Sinocylindra from
the Chengjiang Biota (27, 28). Some specimens, we interpret as cambroernid bilaterians, do show moderately
enhanced carbonaceous preservation and cracked carbon films (Fig. 4J, fig. S3F-G), likely indicative of a
taphonomically resistant composition that contrasts with the other animal taxa, intermediate between that observed in
macroalgae and other bilaterian fossils. Enhanced carbonaceous preservation is also seen in cambroernids from
Cambrian fossil deposits (22). The animal fossils further exhibit morphological features that are unknown in living
and fossil algae, including tapering feeding tentacles (including in the cambroernids) and an eversible feeding
structure. Several morphotypes exhibit a range of aspect ratios indicating contractile, flexible bodies with tissues that

are able to deform in a way that is incompatible with an algal affinity (e.g. Fig. 3A-E).

Discussion

The late Ediacaran (~575-539 Ma) records the first definitive animal fossils (29), heralding a radiation that transformed
our planet’s biosphere and biogeochemistry (30). Locomotion traces confirm a radiation of bilaterian animals also
during this time (/9), but body fossil evidence for Ediacaran bilaterians is meagre, with only four controversial genera,
Yilingia, Kimberella, Ikaria and Uncus (31-35). Body fossils of free-living bilaterians in the Jiangchuan Biota suggests
a potentially diverse assemblage of bilaterians, including possible makers of these long-known Ediacaran trace fossils
(19). Although bilaterian trace fossils are not found in horizons containing the new body fossils in Jiangchuan, trace
fossils of comparable size are known from proximal horizons (fig. S6). Furthermore, the terminal mouth of one of our
new specimens (Fig. 3H) may place it among cycloneuralian worms (36), which are implicated as makers of early

bilaterian trace fossils (37).

The occurrence of total-group ambulacrarians in the Jiangchuan Biota extends the fossil record of crown-group
deuterostomes into the Ediacaran, with cambroernids demonstrating the presence of stem-group ambulacrarians and
the Margaretia-like tubes suggesting the presence of enteropneust hemichordates, implying that total-group
pterobranchs had also diverged by this time. Previously, the oldest unambiguous fossil evidence for ambulacrarians
were fragmentary Cambrian remains of Sokoloviina (38) interpreted as a pterobranch. Potential Ediacaran tunicates
are known (39, 40), but remain controversial (4/). A problematic fossil known from a different Jiangchuan locality

has been tentatively compared to vetulicolians, interpreted as chordates, but this comparison is preliminary (3, 42).
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The new Jiangchuan specimens close the gap between the body fossil record of protostomes (3/) and deuterostomes

for the first time and confirm that the ambulacrarian bodyplan became fixed in the Ediacaran.

Beyond bilaterians, the discovery of a ctenophore is consistent with Ediacaran occurrences of other non-bilaterian
animals, including cnidarians (8) and sponges (43), and the putative placozoan-grade of some Ediacaran taxa (44).
Eoandromeda has been interpreted as a ctenophore (45), but this has been disputed (46) and it has been interpreted as
benthic rather than pelagic (47), questioning the identification of locomotory comb rows. Attenborites janeae may be
pelagic with a radially symmetrical and globose body, but despite being a candidate ctenophore known specimens do
not resolve its phylogenetic affinities (48, 49). The presence of a ctenophore fossil with many features of the Cambrian
ctenophore body plan suggests major events in ctenophore evolution had already taken place, including colonization

of the water column, by the terminal Ediacaran.

The significant differences in biotic composition and diversity among terminal Ediacaran fossil assemblages from
South China (fig. S7) indicate either spatial heterogeneity in the composition of communities or taphonomic variation
—a modified “Cheshire Cat” hypothesis (50). The Cheshire Cat hypothesis suggests that Ediacaran macrofossils only
seem to go extinct before the Ediacaran-Cambrian boundary because the anactualistic environments (matgrounds (/9))
in which they lived diminished. The new Jiangchuan animal fossils, dominated by bilaterians of apparently diverse
affinities, with rarer fossils more typical of late Ediacaran deposits, could be described as a ‘Cambrian-type’
assemblage from the late Ediacaran. A dominantly bilaterian assemblage may not been discovered from the late
Ediacaran until now due to the paucity of carbonaceous compressions from this time, hinting at a broader taphonomic

bias (51).
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Fig. 1. Geological map and stratigraphic column of the Jiangchuan Biota. (A) Locations of fossil sites and
geological context of the Fuxian Lake area (left), and stratigraphic column of the Ediacaran Jiucheng Member of the
Dengying Formation, showing the distribution of macroalgae, metazoans, Shaanxilithes and trace fossils (right). The
column includes U-Pb zircon ages from (52).(B) Preservation mode of the Jiangchuan biota in comparison to other
late Ediacaran fossil assemblages from South China, plotted against geological time and the global carbon isotope
record from (53).
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Fig. 2. Non-bilaterian animals from the Jiangchuan Biota. (A-D) Specimens of Haootia-like organism and Haootia
quadriformis from Newfoundland. (A) YNGIP 90301 and (D) YNGIP 90302 are from the Jiangchuan Biota with (C)
showing the filamentous construction of the base of the specimen in (A). (B) The base of the specimen of the paratype
of Haootia quadriformis from the Fermeuse Formation of Newfoundland, Canada. Its filamentous construction is
similar to the anatomy of YNGIP 90301. (E-G) YNGIP 90303, a putative ctenophore. (E) Part illuminated directly
from above. (F) RTI image using normal visualization. (G) Detail image of ctenes, with individual combs highlighted
with white arrowheads. (H) Specimen YNGIP 90304 comparable to Mackenzia known from the Chengjiang Biota.
(I-J) YNGIP 90305, a radialomorph, using normals visualization from an RTI dataset, arrows indicate the positions
of the radial protrusions (J). Abbreviations: ap — aperture, ct — ctenes, hf — holdfast, os — oral skirt.
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Fig. 3. Bilaterian fossils from the Jiangchuan Biota. (A-E) Sessile, vermiform animal with attachment disc. Oral
projection visible in (A) YNGIP 90306, (C) YNGIP 90308 and (E) YNGIP 90310 everted from the body to different
degrees. (B) YNGIP 90307 shows a fully contracted oral region, (C) shows the initial stages of eversion, (D) YNGIP
90309 shows partial eversion and (E) YNGIP 90310 shows full eversion. (F-H) Part and counterpart of YNGIP
90311, a sausage-shaped vermiform animal with terminal mouth. (H) Close-up of the white box in (G), showing the
possible mouth and gut. (I-L) YNGIP90312 (I) and YNGIP90313 (J), Margaretia-like animal now known as a
dwelling-tube for enteropneust hemichordate worm. (I) and (J) show complete specimens. (K) represents the
holdfast preserved in the counterpart of (I). (L) shows the close-up of the white box in (J), exhibiting perforations.
(M-R) YNGIP90314 (M-N) and YNGIP90315 (O-P), deuterostome animals similar to the cambroernid
Herpetogaster. (M-N) shows an animal with a similar stalk region to the cambroernid Phogites. (O-P) shows an
animal very similar in morphology to Herpetogaster. (Q-R) Backscattered electron image of the head (Q) and
tentacles (R) of (O) under SEM. Note that the asterisk (*) in Q highlights a region where the carbon film is absent
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but retained in the counterpart (see panel P). Abbreviations: gu - gut hf — holdfast, mo — mouth, pf — perforations,
prb — proboscis, te — tentacles.
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Fig. 4. Taphonomy of the Jiangchuan Biota. (A) Macroalgal fragment fossils preserved along bedding (indicated
by black arrows), where specimens represent counterparts of the same fossil. (B) Polished slab on the lateral view of
the macroalgal specimen (A) (the side pointed by black arrow), where the white arrow denotes top, yellow triangle
shows the fossil-bearing horizon, white box indicates the fossil (A) and black box highlights graded bedding with
black triangle indicating fining upward direction. (C) Backscattered electron image of the region outlined by the white
box (B). (D) Energy dispersive X-ray spectroscopy map of carbon (C). (E-G) Macroalgae Tawuia YNGIP90316 (E),
sessile vermiform animal fossil YNGIP90307 (F) and Cambroernids YNGIP90314 (G). (H-J) Carbon maps of the
regions outlined by white boxes in (E-G).
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