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Abstract. Ecdysozoa (molting animals) represent one of the most diverse and ecologically successful animal
groups in both extant and fossil ecosystems. This study presents new microfossil cuticular evidence from the
lower Cambrian (∼ 535 Ma) Yanjiahe Formation (southern China) for ecdysozoan diversity during the Fortunian
Stage. Six forms are recognized mainly based on their ornamented cuticular patterns, as well as characters of
spines and sclerites, including potentially new scalidophorans and possible fragments of appendage-bearing
panarthropods. The fossil assemblage, preserved through phosphatization, includes specimens exceeding 2 mm
in size and displays a wide array of cuticular ornamentations organized into three main categories: spiny/sclerite-
bearing fragments, appendage-like elements, and other undetermined cuticular remains. Remains of possible
appendages (e.g., panarthropods) provide tentative but potentially key insights into the tempo of ecdysozoan
radiation. The diversity of cuticular structures suggests the co-occurrence of diverse ecdysozoan body plans
during the Fortunian, paralleling the early radiation of other metazoan lineages.
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1 Introduction

Ecdysozoa (molting animals), including Cycloneuralia and
Panarthropoda, represent one of the most diverse and eco-
logically successful animal groups, both in extant ecosys-
tems and the fossil record (Nielsen, 2012; Brusca et al., 2016;
Wang et al., 2023a). Their monophyly is strongly supported
by multiple lines of molecular and morphological evidence
(Aguinaldo et al., 1997; Giribet and Edgecombe, 2017; Kapli
et al., 2021), with molecular clock estimates consistently
placing their evolutionary origin in the late Ediacaran Period
(Erwin et al., 2011; Rota-Stabelli et al., 2013; Carlisle et al.,
2024).

The earliest traces of ecdysozoan activity are recorded in
ichnofossils from the terminal Ediacaran to the early Cam-
brian. A key example from the Ediacaran–Cambrian bound-
ary is Treptichnus pedum (Seilacher, 1955; Vannier et al.,
2010): it is a complex three-dimensional burrow system
widely attributed to vermiform bilaterians, likely priapulid-
like worms. Its appearance marks the onset of sustained ver-
tical bioturbation, an ecological shift often termed the “Sub-
strate Revolution” (Bottjer et al., 2000; see also Chen and
Liu, 2025). In addition to these burrows, potential evidence
for early bilaterian appendages emerges in the upper Edi-
acaran. Trackways in the Shibantan biota (Three Gorges area,
southern China) exhibit locomotion patterns suggestive of
paired appendages (Chen et al., 2018b). This interpretation
is further supported by younger Terreneuvian trace fossils
with morphology more indicative of limb-bearing panarthro-
pods. Notable examples include the resting trace Rusophycus
avalonensis (Crimes and Anderson, 1985) and the repetitive
scratch traces of Monomorphichnus and cf. Allocotichnus dy-
eri, both documented from Fortunian phosphorites in south-
ern China, Kazakhstan, and the Newfoundland area, Canada
(Zhu, 1997; Weber et al., 2013; Gougeon et al., 2025; Zhang
et al., 2025). Nevertheless, the precise identity of the trace-
makers, whether panarthropods or other appendage-equipped
animals, remains unresolved. A notable temporal gap per-
sists between these early trace fossils and the first unambigu-
ous body fossils of panarthropods, which do not appear until
Cambrian Stage 3 (Mángano and Buatois, 2014; Edgecombe,
2020).

Ecdysozoan body fossils from the Ediacaran are rare and
controversial (Zhang and Shu, 2021; Howard et al., 2022), al-
though recent studies have proposed potential candidates of
the Ecdysozoan body fossil in southern Australia (e.g., Un-
cus dzaugisi; Hughes et al., 2024; Liu, 2025). The lower
Cambrian Kuanchuanpu Formation (ca. 535 Ma) has yielded
a remarkable diversity of ecdysozoans, dominated by scali-
dophoran worms preserved in three dimensions via sec-
ondary phosphatization, alongside numerous other taxa and
undetermined forms (e.g., Liu et al., 2014, 2018; Zhang et al.,
2015, 2018; Shao et al., 2020a, b; Zhang, 2022; Qin et al.,
2023a, b). This assemblage includes at least nine formally
named genera and species, as well as over 10 undescribed

forms (Liu et al., 2014, 2018; Zhang et al., 2015, 2018; Shao
et al., 2020a, b; Qin et al., 2023a, b). The taxonomic diver-
sity of ecdysozoans in the Kuanchuanpu Formation can be
summarized into four main categories: (1) sac-like forms,
exemplified by Saccorhytus coronarius (Han et al., 2017;
Liu et al., 2022); (2) putative kinorhynch-like taxa, including
Eokinorhynchus and Zhongpingscolex (Zhang et al., 2015;
Shao et al., 2020a, b); (3) vermiform groups lacking exten-
sive sclerites and spines, represented by Eopriapulites (Liu et
al., 2018); and (4) vermiform groups exhibiting diverse scle-
rite and spine morphologies, such as Xinliscolex, Qinscolex,
Shanscolex, and Dahescolex (Zhang, 2022; Liu et al., 2018;
Shao et al., 2020a, b). A notable feature of these assemblages
is the absence of panarthropods, except possible lobopodi-
ans (Yang et al., 2024). So far, no unambiguous fragmentary
cuticular elements or articulated appendages that would re-
veal the presence of euarthropods have been found before
the Cambrian Stage 3 (Edgecombe and Legg, 2014). Nev-
ertheless, these exceptionally preserved fossil assemblages
provide unparalleled insights into the early evolutionary his-
tory of Ecdysozoa (Edgecombe and Legg, 2014; Chen et al.,
2018b, 2019; Wang et al., 2025a, b).

Early scalidophorans exhibit a remarkable diversity of
cuticular features – such as scalids, pharyngeal teeth, and
trunk sclerites – and grew by molting, as evidenced by well-
preserved exuviae (Wang et al., 2019, 2020). Saccorhytus
coronarius, an iconic member of the Kuanchuanpu fauna
initially interpreted as a basal deuterostome (Han et al.,
2017), is now confidently placed in the ecdysozoan stem-
group (Liu et al., 2022) and may represent the larval stage
of a scalidophoran (Vannier, 2024). Recent discoveries of
Beretella spinosa, exhibiting similar morphology, have led
Wang et al. (2024) to suggest a new phylum, Saccorhytida,
for these taxa. Recently, Liu et al. (2025) described Sac-
cus xixiangensis and Saccus necopinus from the lowermost
Kuanchuanpu Formation, which show close affinities to Sac-
corhytus and may represent either stem-group or total-group
ecdysozoans. Notably, soft tissues and internal organs are
rarely preserved in Kuanchuanpu animals. However, Wang et
al. (2025b) described the oldest known ventral nerve cord in
scalidophorans from this biota, represented by an unpaired
linear feature running along the trunk, which has direct
equivalence in modern priapulids and nematodes. Fossilized
embryos provide additional valuable information on the on-
togeny of early ecdysozoans, particularly scalidophorans,
with Markuelia from the Cambrian Stage 2 (Siberia) being
one of the best-studied examples (Dong et al., 2004, 2010;
Maas et al., 2006; Haug et al., 2009; Zhang et al., 2011;
Steiner et al., 2020).

It is important to note that “Orsten”-type fossils are dom-
inated by micro- and millimetric organisms, some of which
may have belonged to meiofauna (Maas et al., 2006). Sec-
ondary phosphatization favors the preservation of small or-
ganisms, leading to a potential bias in the fossil record, as
larger organisms are less likely to be preserved (Zhang et
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al., 2018, 2021; Yu et al., 2022). The aim of the present
study is to evaluate early ecdysozoan diversity through the
analysis of abundant, exceptionally preserved cuticular re-
mains recovered from the lower Yanjiahe Formation in the
eastern Three Gorges area (∼ 535 Ma). Previous investiga-
tions in this region have reported a diverse assemblage of
fossils, collectively referred to as the Yanjiahe biota. These
include organisms preserved in silty mudstone and small
shelly fossils found in intraclastic dolostone (Guo et al.,
2009, 2014). Phosphatized microfossils, such as cnidarians
and Beretella spinosa of the phylum Saccorhytida, have ad-
ditionally been documented from the upper part of the Yan-
jiahe Formation (e.g., Guo et al., 2020; Song et al., 2024;
Wang et al., 2024). A specimen of Saccorhytus has also been
identified in the lower part of the formation (Steiner et al.,
2020). Despite these findings, the lower Yanjiahe Formation
remains relatively underexplored. In this work, we present a
substantial collection of “Orsten”-type fossils isolated from
the lower Yanjiahe Formation through acetic acid macera-
tion. Although fragmentary, some specimens exceed 2 mm in
size and display distinct ornamentation patterns rarely docu-
mented in contemporaneous assemblages, such as possible
appendages. This new material offers valuable data for refin-
ing our understanding of ecdysozoan diversity and provides
important clues about their early evolution prior to the main
phase of the Cambrian radiation.

2 Geological background

The South China Craton, situated along the northern mar-
gin of East Gondwana during the Ediacaran–Cambrian tran-
sition (Metcalfe, 2013; Wang et al., 2023b), comprised the
Yangtze and Cathaysia blocks separated by the Jiangnan
basin (Wang and Li, 2003; Fig. 1A). Its paleogeography fea-
tured a complex mosaic of shallow to deep marine envi-
ronments (Chen et al., 2018a). The Three Gorges area on
the northern Yangtze Platform preserves a well-exposed and
continuous stratigraphic record of this interval (Guo et al.,
2009, 2014). Here, the Huangling anticline contains a com-
plete Ediacaran–Cambrian boundary succession (Steiner et
al., 2007; Fig. 1B), beginning with Cryogenian glacial de-
posits and progressing through Ediacaran carbonates (Chen,
1984). The uppermost Ediacaran Dengying Formation con-
sists of thick dolostones deposited under restricted shallow
marine conditions (Zhu et al., 2003, 2007).

A significant lithological shift marks the base of the over-
lying Yanjiahe Formation (Wang et al., 1998), characterized
by mixed carbonate-siliciclastic rocks and chert-dolomite in-
terbeds (Ishikawa et al., 2008; Steiner et al., 2020). At the
classic Gunshi’ao section, the Yanjiahe Formation is 54.4 m
thick and divided into eight lithologically distinct beds
(Fig. 2; Chang et al., 2019), beginning with sandy dolostones
and shales (Bed 1) and progressing through intervals domi-
nated by chert-dolomite interbeds (Beds 2–3), phosphatic in-

traclastic dolostones (Bed 4), and chert-carbonaceous shale
alternations (Bed 5), culminating in limestones with siliceous
nodules and phosphatic intraclastic limestone (Beds 6–8).
The correlative succession at the Muyangxi section is par-
tially covered, exposing only strata equivalent to the upper-
most Bed 3 through the lower Bed 5 of the Gunshi’ao section,
with the fossiliferous horizons occurring within the intraclas-
tic dolostone unit (Bed 4). At the Gunshi’ao and Muyangxi
sections, the lower Yanjiahe Formation contains fossiliferous
horizons correlative with the SSF1 small shelly fossil zone
and the AHC acritarch assemblage (Guo et al., 2014; Ahn
and Zhu, 2017; Chang et al., 2019; Steiner et al., 2020; Zhang
et al., 2022, 2025a; Fig. 1C). Radiometric dating constrains
the formation to between approximately 540 and 526 million
years (Condon et al., 2005; Okada et al., 2014; Lan et al.,
2017; Linnemann et al., 2019; Zhang et al., 2022), coincid-
ing with the basal Cambrian carbon isotope excursion and a
major faunal turnover marking the rise of Cambrian ecosys-
tems (Zhu et al., 2007; Peng et al., 2012; Wang et al., 2012;
Steiner et al., 2020).

3 Materials and methods

Fossil material for this study was obtained from the siliceous-
phosphatic dolostone in Bed 4 in the Yanjiahe Formation at
the Muyangxi section in the Three Gorges area. Approxi-
mately 2000 kg of rock was collected from this horizon for
the extraction of three-dimensional small shelly fossils. Lab-
oratory processing was carried out at the Palaeontology Lab-
oratory of Chengdu University of Technology, where sam-
ples were subjected to sequential acetic acid (7 %–10 %) di-
gestion over a period of approximately 2 months, with the
acid refreshed at regular 72 h intervals. Following complete
carbonate dissolution, the residues were wet-sieved through
a graded mesh series (10 to 200 mesh), air-dried, and sub-
sequently examined under a binocular microscope for man-
ual specimen recovery. For detailed morphological charac-
terization, selected fossils were sputter-coated with a gold-
palladium alloy and analyzed using a field emission scanning
electron microscope. Linear dimensions were measured from
the least-deformed specimens with the aid of image analysis
software (CorelDRAW X7). All illustrated and studied spec-
imens are housed in the collections of the Institute of Sedi-
mentary Geology at Chengdu University of Technology.

4 Results

We present a description of secondarily phosphatized
“Orsten”-type fossils recovered from the lower Cambrian
(ca. 535 Ma) Yanjiahe Formation exposed at the Muyangxi
section in the eastern Three Gorges area, southern China. The
collection includes numerous specimens exceeding 2 mm in
size, exhibiting complex and well-preserved cuticular mi-
crostructures. While many specimens are fragmented, the
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Figure 1. (A) Late Ediacaran–early Cambrian paleogeographic reconstruction of the South China Craton (modified after Gao et al., 2021);
the black square highlights the study area in the Yangtze Block. (B) Geological map of the Three Gorges area (Hubei Province), including the
location of the Muyangxi and Gunshi’ao sections (modified after Guo et al., 2009). (C) Lithostratigraphy of the Muyangxi and neighboring
Gunshi’ao section, including the fossiliferous level studied here and the biozones SSF1 (Anabarites trisulcatus–Protohertzina anabarica
assemblage zone) and AHC (Asteridium–Heliosphaeridium–Comasphaeridium acritarch assemblage zone) (modified after Chang et al.,
2019; Zhang et al., 2025a). Fm.=Formation.

high fidelity of preservation enables detailed morphologi-
cal comparison with established faunas from other local-
ities, such as the Kuanchuanpu biota (Liu et al., 2022).
Based primarily on distinct cuticular ornamentation pat-
terns, and spine and sclerite morphology, the studied fossils
are categorized into six forms, which are broadly grouped
into three morphological categories: cuticular fragments
that exhibit appendage-like structures (illustrated in Figs. 2
and 6E, F), cuticular fragments bearing prominent spines
or isolated sclerites (Figs. 3, 4, and 5A–C) and other un-
determined “cuticular” fragments (illustrated in Figs. 5D–
M and 6A–D, G–N). The taxonomic differentiation among
these forms is principally founded on the morphology of
micro-ornamentation, which includes features such as tuber-
cular protrusions, polygonal reticulation, spines of various
shapes, and undulating surface patterns. A simple summary
of the key cuticular features across different forms can be
found in Table S1 in the Supplement.

5 Morphological description

Measurements are provided in Table S2.

5.1 Cuticular with appendage-like fragments

Form A

Figs. 2 and 6E, F

Materials. Four specimens.

Description. The cuticle displays a vermiform morphol-
ogy, appearing either C-shaped (Figs. 2A, B, and 6E, F)
or cylindrical (Fig. 2C and D) in cross-section depending
on preservation state. Two types of ornamentation can be
found on these specimens. The first ornamentation consists
of broad, sinuous ridges measuring 52–279 µm in width
(mean 105.7 µm, n= 13), oriented obliquely at approxi-
mately 30° (Fig. 2E and F, arrows) to 90° (Fig. 6E and F,
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Figure 2. Cuticular Form A. (A, B) No. MYX-YJH-1-019. (C, D) No. MYX-YJH-1-079. (E, F) Detail of Form A in (A), showing the
broad, sinuous ridges on the cuticle (arrows), oriented obliquely at approximately 30° to the long axis. (G) Detail of Form A in (A), showing
finer, more uniform striations on the cuticle. (H) Detail of Form A in (G), showing finer, more uniform striations with subtle undulations
and bifurcations (arrow). (I) Detail of Form A in (A), showing the smaller-diameter tubular branches extending laterally from the main
cylindrical body. (J) Detail of Form A in (A), showing that finer, more uniform striations can also be found on the branches. (K,) Detail
of Form B in (A), showing weak polygonal patterns (arrow). Among them, (G) and (H) are the backscattered electron image, while all the
others (including images in all other figures) are secondary electron images. Unlabeled scale bar= 500 µm.

arrows) to the long axis. These ridges show irregular pat-
terns, occasionally bifurcating or merging. The second or-
namentation is composed of finer, more uniform striations
(Fig. 2G–H and K, arrows) ranging from 4.8 to 6.2 µm in
width (mean 5.2 µm, n= 20), which generally follow the
orientation of the ridges but display subtle undulations, bi-
furcations (Fig. 2G–H and K, arrows), and localized transi-
tions to weak polygonal patterns (Fig. 2L, arrow) with long
axes measuring 4.4–9.8 µm (mean 6.5 µm, n= 8). A distinc-
tive feature of Form A is the presence of smaller-diameter
tubular branches extending laterally from the main cylindri-
cal body (Fig. 2I and J). The external surface shows mini-
mal taphonomic deformation, with ridge patterns faintly vis-
ible on the internal surface while striations remain restricted
to the exterior. All of these branches are incompletely pre-

served, measuring 279 µm in length and 118 µm in width for
the specimen in Fig. 2A and B, which has only one branch
on the left, and 72 and 132 µm in length and 133 and 116 µm
in width for the specimen in Fig. 2C and D, which displays
two branches. Form A is notably characterized by the com-
plete absence of spines, tubercles, or sclerites, distinguish-
ing it from most other cuticular types described in this study.
Furthermore, some cuticle specimens show no fine striations
or branching patterns. Nevertheless, they can be readily at-
tributed to this form based on their distinctive C-shaped con-
tours and broad, undulating ridges, spaced 552–654 µm apart
(mean 594.4 µm, n= 4), which also run obliquely across the
surface of the cuticles. The maximal size of this form is about
3.1 mm (Fig. 7; Table S2).
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Figure 3. Cuticular Form B. (A, B) No. MYX-YJH-1-2407013. (C, D) Detail of Form B in (A), showing spines on the trunk and branches.
(E, F) Detail of Form B in (A), showing tubular, hollow branches extending laterally at ∼ 18° from the trunk. (G, H) Detail of Form B
in (B), showing closely packed polygonal ornamentation that forms distinct rings around spine bases. (I, J) Detail of Form B in (B), showing
a proximal-to-distal density gradient of the spines on the branch, with cuticle ornamentation transitioning from polygonal reticulation to fine
longitudinal striations; a single terminal spine occurs on the truncate-conical tip. Scale bar (unlabeled)= 500 µm.

Comparisons. While the broad ridges superficially resem-
ble the transverse annulations seen in some worm-like or-
ganisms, their oblique orientation (approximately 30° to the
long axis) and irregular patterns argue against their inter-
pretation as true annulation or segmentation. Similar ridge
patterns have been described in other cuticular fossils (see
figs. 3A and 5B in Zhang et al., 2021). The finer striations,
however, likely represent primary biological structures. The
surface ornamentation, characterized by fine parallel wavy
striations, roughly resembles cuticular structures observed in
Yicaris dianensis (Zhang et al., 2007), the earliest reported
crown-group crustacean discovered in the Yu’anshan For-
mation (Cambrian Series 2, Stage 3) of Yunnan, China, al-
though its drop-shaped pores (Zhang et al., 2007, 2021) are
absent in our specimens. Comparable micro-ornamentation
also occurs in cnidarian periderms and some earliest ecdyso-
zoan cuticles, including the W-shaped striae on the cuticle

of Saccorhytus. The localized development of the polygonal
pattern in our specimens may tentatively support an ecdyso-
zoan affinity, although this interpretation requires further ev-
idence. The laterally positioned tubular structures resemble
appendages of some panarthropods (see Zhang et al., 2007).
More detailed discussion can be found in Sect. 6.2.

Occurrence. Lower part of the Yanjiahe Formation,
Muyangxi section, eastern Three Gorges area, Cambrian For-
tunian.

Form B

Fig. 3

Materials. One specimen.

Description. This fragmented specimen represents a com-
pressed trunk segment, with its original three-dimensional
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Figure 4. Cuticular Form C. (A) No. MYX-YJH-1-083; (B) no. MYX-YJH-1-039; (C) no. MYX-YJH-1-054; (D) no. MYX-YJH-1-074;
(E) no. MYX-YJH-1-25095. (F) Detail of Form C in (A), displaying larger elements comprising tubular spines with dome-shaped bases
(arrow a) and coniform spines featuring depressed funnel-shaped bases (arrow b) on the molded counterparts of the cuticle. (G) Detail of
Form C in (F), also showing larger elements that comprise tubular spines with dome-shaped bases (arrow a) and coniform spines featuring
depressed funnel-shaped bases (arrow b) on the molded counterparts of the cuticle. (H) Detail of Form C in (F), showing pliable longitudinal
striations that may extend into the dome-shaped bases (arrow a) of the spines. (I) Detail of Form C in (B), showing the tubular shape of
the larger spines (arrow a) and the depressed funnel-shaped bases of the coniform spines (arrow b). (J) Detail of Form C in (B), showing
interspinal cuticular regions appearing exceptionally flexible, displaying a hierarchical reticulated pattern that consists of smaller irregular
ridge-defined polygons superimposed by larger orbit-like meshes. (K) Detail of Form C in (C), showing larger coniform spines (arrows) on
the cuticle. (L) Detail of Form C in (K), showing smaller irregular ridge-defined polygons and smaller coniform spines (arrows) found on the
cuticle. (M) Detail of Form C in (D), showing relatively regularly distributed perforations on the inner side of some coniform spines (arrow).
Unlabeled scale bar= 500 µm.

morphology significantly altered during preservation
(Fig. 3A and B). Notably, however, the internal body
cavity maintains sufficient structural integrity to allow clear
observation (Fig. 3A). Segmentation of the trunk is evident,
allowing for the identification of three individual annuli
or zonites (Fig. 3A and B). The segments are subequal in
length (ca. 1.13 mm). Pronounced constrictions occur at
the segment boundaries, affecting both the external and
internal morphology (Fig. 3A and B). The specimen exhibits
a uniform morphology across its circumference, with no

discernible differentiation between dorsal and ventral sides
(Fig. 3A and B). Dense ornamentation of spines, ranging in
length from approximately 100 to 190 µm (mean 138 µm,
n= 12), adorns the trunk surface. The spines are conical
to blade-like in shape, with their apices curved slightly
outward. Furthermore, they exhibit a weak preferential
orientation along the trunk’s longitudinal axis, possibly
aligned toward the inferred posterior direction (Fig. 3C–I,
arrows). Spine morphology is consistent across both sides
of the fossil, with no discernible difference in form. The
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Figure 5. Cuticular forms C–E. (A–C) Form C, A, no. MYX-YJH-1-115; (B) no. MYX-YJH-1-303; (C) no. MYX-YJH-1-187; (D) Form D,
no. MYX-YJH-1-25196. (E) Subtype 1 of Form E, no. MYX-YJH-1-068. (F) Detail of Form C in (A), showing a “cowboy hat”-shaped
base of the smaller hook-like spines. (G) Detail of Form C in (A), showing the smaller hook-like spine (arrow). (H) Detail of Form C
in (B), showing discoid basal expansions of the smaller coniform spines (arrows). (I) Detail of Form C in (C), showing coniform spines
with the depressed funnel-shaped bases (arrows). (J) Detail of Form C in (C), showing more regular polygonal structures on the cuticle
of some foliated specimens. (K) Detail of Form C in (D), showing small polygonal ornamentations and a ridge-like bulge (arrow) on the
cuticle. (L) Detail of Form C in (D), showing small polygonal ornamentations (arrow a) and circular pores or pits (arrow b) on the cuticle.
(M) Detail of subtype 1 of Form E in (E), showing relatively uniformly distributed papillate knobs on the cuticles. Each knob consists
of a hemispherical apex and a broad base, with adjacent papillate knobs separated by pentagonal or hexagonal boundaries (arrow in M).
Unlabeled scale bar= 500 µm.

cuticle exhibits a well-defined sculpturing of closely packed
polygonal units. The maximal size of the polygonal or-
naments is about 3.6 to 5.4 µm (mean 4.7 µm, n= 17).
Each polygon features a central concavity encircled by a
faintly elevated rim, with adjacent units sharing these raised
margins (Fig. 3G and H). The polygonal ornamentation
of the cuticle is particularly well defined around the spine
bases, creating a consistent ring that demarcates their points
of attachment (Fig. 3G and H, arrows).

The specimen is characterized by lateral branch-like struc-
tures (Fig. 3A, B, E, F, I, and J). Although preserved on

only one side, their morphology suggests an original bilateral
symmetry. Each branch originates from the presumed poste-
rior margin of its segment. The most completely preserved
branch is about 1 mm in length, extends laterally at approx-
imately 18° to the trunk axis, and appears oriented posteri-
orly. This orientation is consistent with the general alignment
of the trunk spines (Fig. 3A, B). The branch is tubular, hol-
low, and circular in cross-section. It tapers distally from a
broader proximal region near the trunk (Fig. 3E, F, I, and J,
arrows). The incompletely preserved distal extremity sug-
gests a truncate-conical termination, which may have borne
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at least one terminal spine, now represented only by its basal
remnant (Fig. 3J, arrow). An examination reveals no appar-
ent dorsoventral asymmetry on the branch as well. A second
branch on the same side is preserved only at its base; its ori-
entation appears consistent with the more complete branch
(Fig. 3E and F, arrows). Spines on the branch match those of
the trunk in morphology; however, their distribution shows a
pronounced proximal-to-distal gradient, with density gradu-
ally declining until they are absent near the tip (Fig. 3I and J).
In addition to the spines, the branch cuticle shows a corre-
sponding change in ornamentation. Proximally, it displays
polygonal reticulation, which transitions distally into fine,
closely spaced longitudinal striations that extend almost to
the tip (Fig. 3J). The size of this form is about 2.7 mm (Fig. 7;
Table S2).

Comparisons. Form A and Form B are morphologically
distinct beyond their shared feature of symmetrical lateral
branches. Form B displays clear, well-defined segmentation
with boundaries perpendicular to the longitudinal axis, while
segmentation in Form A is ambiguous and any divisions are
irregularly oriented. The trunk surfaces differ fundamentally.
Form A entirely lacks spines and shows a pattern of bifur-
cating ridges, whereas Form B is densely spinose with a
polygonal reticulate ornament. Furthermore, the branches of
Form B are more robust and bear longitudinal striations, a
transition not seen in Form A. The tubular and lateral na-
ture of these structures suggests a potential comparison to the
lobopodous limbs of early panarthropods (Lerosey-Aubril
and Ortega-Hernández, 2022; Yang et al., 2024). This inter-
pretation is based on a shared, simplified tubular construc-
tion seen in fossils like phosphatized lobopodians (Maas et
al., 2007). The comparison, however, is not straightforward.
Unlike typical lobopods, these structures lack diagnostic fea-
tures such as transverse annulations, constrictions, or any
form of internal subdivision. Interpreting these structures as
annelid parapodia is unlikely because they lack the flatten-
ing or lobation typical of such appendages. A comparison to
the setae of palaeoscolecids is also difficult, as our specimen
is both more robust and lacks the defining annular rings of
that group (Xian et al., 2024a). The segmentation and lat-
eral branches of Form B invite comparison with extant ki-
norhynchs, where the trunk segments could be analogous to
zonites and the branches to spines. If valid, this interpretation
would suggest the specimen is phylogenetically closer to the
kinorhynch crown-group than stem taxa like Eokinorhynchus
rarus (Zhang et al., 2015). However, key differences chal-
lenge this view, as the branches are more robust and inte-
grated, resembling flexible body extensions rather than sim-
ple spines. Given these unresolved questions, determining its
precise taxonomic placement and evolutionary role will re-
quire additional fossil evidence.

Occurrence. Lower part of the Yanjiahe Formation,
Muyangxi section, eastern Three Gorges area, Cambrian For-
tunian.

5.2 Cuticular fragments with spines and sclerites

Form C

Figs. 4 and 5A–C, F–J

Material. Seventeen specimens.

Description. This is the most abundant form in our ma-
terials (Fig. 8). These fragments also display two distinct
preservation modes: molded counterparts showing inverted
topographical relationships (Fig. 4A and B) and secondary
permineralized specimens retaining original surface relief
(Fig. 5C). At least four morphologically distinct spine types
can be recognized on the relatively large cuticular fragments.
The majority of spines are fractured, making it difficult to
obtain accurate measurements of their key morphological
parameters. Larger elements comprise tubular spines (likely
longer than 397.6 µm in height, n= 6) with dome-shaped
bases (not less than 164.8 µm in maximal width, n= 2;
Fig. 4A–C and F–H, arrows a; Fig. 4K, arrows) and coniform
spines (likely longer than 221.2 µm in height, n= 4) featur-
ing depressed funnel-shaped bases (not less than 197.5 µm in
maximal width, n= 3; Fig. 4A, B, and F–I, arrow b; Fig. 5I,
arrows). Smaller elements include coniform spines (not less
than 111.2 µm in height, n= 7) with flared trumpet-shaped
bases (not less than 179.1 µm in maximal width, n= 7;
Fig. 4D, E, and M, arrow) and blade- or hook-like spines
(not less than 326.3 µm in height, n= 2, Fig. 5A and G, ar-
row) exhibiting characteristic “cowboy hat” (Fig. 5A and F)
or discoid basal expansions (not less than 471 µm in maximal
width, n= 1; Fig. 5B and H). All spines are hollow (Fig. 4F–
I and M). Relatively regularly distributed perforations can be
observed on the inner side of some coniform spines (Fig. 4M,
arrow). Their spatial distribution shows no discernible pat-
tern at this stage. In molded specimens, continuous polygonal
ornamentation (2.4–9.7 µm in maximal width, mean 5.3 µm,
n= 173) extending from spine shafts to funnel bases can
be found on the inner side of the spines (Fig. 4F, G, and I,
arrows b). Generally, the morphological characteristics and
maximum of width of the polygons vary across different
regions, ranging from 4.45 to 7.54 µm (Fig. 4F, G, and I,
arrows b). The transitional zones between spines and cu-
ticle exhibit plicated longitudinal striations (inter-striation
spacing: 3.5–8.7 µm, mean 5.3 µm, n= 18) that display pro-
nounced folding deformation (Fig. 5F–H). However, this fea-
ture could also relate to deformation caused by a change
in the angle of the spine during the preservation process,
which pulled the cuticle, as not all spine bases exhibit sim-
ilar plicated structures at their connection points with the
cuticles. Dome-shaped bases display relatively less distor-
tion compared to their funnel-shaped counterparts (Fig. 5H,
arrows). Interspinal cuticular regions appear exceptionally
flexible, displaying a hierarchical reticulated pattern consist-
ing of smaller irregular ridge-defined polygons (between 3.6
and 19.7 µm in maximal width, mean 9.7 µm, n= 32) super-
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Figure 6. Cuticular forms A, E, and F. (A) Subtype 2 of Form E, no. MYX-YJH-1-234. (B) Subtype 1 of Form F, no. MYX-YJH-1-24137.
(C) Subtype 1 of Form F, no. MYX-YJH-1-25010. (D) Subtype 2 of Form F, no. MYX-YJH-1-25085. (E, F) Form A, no. MYX-YJH-1-
25444. (G) Detail of subtype 2 of Form F in A), showing the relatively uniformly distributed papillate knob structures but lacking broad
bases and polygonal boundaries. Note that the papillate knobs of Form E (subtype 2) should be a thin and hollow exhibit from the broken
part (arrow). (H) Detail of subtype 2 of Form E in (A), showing the relatively uniformly distributed papillate knob structures but lacking
broad bases and polygonal boundaries. The apices of the papillate knob exhibit irregular morphologies, with some specimens tapering into
pointed spines (H, arrow a) while others develop shallow depressions (H, arrow b). (I, J) Detail of Form F (subtype 1) in (B), showing
densely and uniformly distributed short coniform spines, as well as the twisted and folded features of the cuticle. (K, L) Detail of Form F
(subtype 1) in (C), also showing densely and uniformly distributed short coniform spines, as well as the twisted and folded features of the
cuticle. (M, N) Details of Form F (subtype 2) in (D), showing the hook-like spines of the cuticle. Note that the tip of the spines is blunt and
rounded. Unlabeled scale bar= 500 µm.

imposed with larger orbit-like meshes (25–40 µm in maximal
width, mean 30.2 µm, n= 29; Fig. 4J and L). One partic-
ularly instructive inverted specimen shows circular depres-
sions at the center of each orbit-like structure, likely rep-
resenting attachment points for the smaller coniform spines
(Fig. 4L, arrows). More regular polygonal structures (Fig. 5J
and K) occur on the cuticle of some foliated specimens
(Fig. 5C and J). The maximum of size of this form is about
4.3 mm (Fig. 7; Table S2).

Comparisons. The polygonal ornamentation suggests pos-
sible ecdysozoan affinities (Mussini and Butterfield, 2025),
with particular morphological parallels worth noting. The
larger-sized, blade-like spines resemble some SSFs such as
the Protohertzina unguliformis and Mongolodus longispi-
nus, and chaetognath grasping spines (Vannier et al., 2007).
The smaller-sized, blade- or hook-like spines with distinc-
tive basal expansions are conversely reminiscent of hooks
found on the introvert or trunk of putative Cambrian stem-
group scalidophorans and kinorhynchs from the early Cam-
brian (e.g., Eokinorhynchus rarus; Zhang et al., 2015; Shao

J. Micropalaeontology, 45, 455–474, 2026 https://doi.org/10.5194/jm-45-455-2026



L. Zhang et al.: Cuticular microfragments from the lower Cambrian Yanjiahe Formation, China 465

et al., 2020a, b) and on the introvert of fossil and living pri-
apulids (Mussini and Butterfield, 2025). In particular, large
conical sclerites associated with polygonal cuticular pat-
terns are known in Scalidodendron (SCFs, e.g., Scalidoden-
dron crypticum; Mussini and Butterfield, 2025). Compara-
ble falcate, hook-like sclerites were likewise present in Cam-
brian palaeoscolecids, located either on the introvert or trunk
(Mussini and Butterfield, 2025). The dome-shaped bases of
some coniform spines bear striking similarity to the basal
structures of Saccorhytus-type protrusions (e.g., the large
spine sclerites on the body of Saccorhytus coronarius; see
Han et al., 2017, and Liu et al., 2022).

Occurrence. Lower part of the Yanjiahe Formation,
Muyangxi section, eastern Three Gorges area, Cambrian For-
tunian.

5.3 Other fragments

Form D

Figs. 4 and 5A–C

Materials. Two specimens.

Description. These fragments are preserved in their
molds; their replica casts reveal that Form D is defined
by parallel ridge-like bulges spaced 133–217 µm apart
(mean= 172.6 µm, n= 5), creating at least six distinct re-
gions (Fig. 5D, arrows; Fig. 5K, arrow). Its surface orna-
mentation consists of a polygonal reticulation of 7–15 µm
(mean= 11.2 µm, n= 51; Fig. 4L) units and is further
marked by numerous depressed pores, some displaying con-
centric marginal rings (Fig. 4L, arrows). The largest speci-
men measures about 1.8 mm across (Fig. 7; Table S2).

Comparisons. The cuticular morphology suggests a pos-
sible affinity with vermiform ecdysozoans. The regularly
spaced transverse ridges likely represent trunk annulations,
while the pores or pits may correspond to the setae of some
ecdysozoans (e.g., Xian et al., 2024a). Although contempo-
raneous Scalidophora fossils also display fine annulations
(e.g., Eopriapulites sphinx; Liu et al., 2014), the broader an-
nulations here may instead represent macroannuli. This pat-
tern aligns more closely with certain palaeoscolecids, such
as Paleoscolex, which possess both prominent annulations
and setal structures (Xian et al., 2024a). However, the present
specimens lack the characteristic sclerites or spines of most
palaeoscolecids, which precludes a definitive assignment.

Occurrence. Lower part of the Yanjiahe Formation,
Muyangxi section, eastern Three Gorges area, Cambrian For-
tunian.

Form E

Figs. 5E, M and 6A, G, H

Materials. Two specimens.

Description. These cuticular fragments are characterized
by relatively uniformly distributed papillate knobs (Figs. 5E,
5M and 6A, G, and H). Two subtypes can be recognized in
our material. In subtype 1, each knob consists of a hemi-
spherical apex and a broad base, with adjacent papillate knob
separated by pentagonal or hexagonal boundaries (Fig. 5E
and M). Polygonal fields are irregular and defined by thin
grooves (Fig. 5M, arrow). The papillate knobs measure 21–
32 µm in diameter (mean 25.2 µm, n= 30) with spacings
of 30–65 µm (mean 44.9 µm, n= 49). The subtype displays
comparable papillate knob structures but differs from sub-
type 1 in several aspects (Fig. 6A, G, and H). First, the papil-
late knobs are larger, measuring 38–60 µm in diameter (mean
45 µm, n= 45) and more closely spaced at 51–107 µm inter-
vals (mean 69.7 µm, n= 47). Second, subtype 2 lacks broad
bases and polygonal boundaries (Fig. 6A). Third, the bro-
ken papillate knobs of subtype 2 exhibit a thin and hollow
structure (Fig. 6G, arrow b), which seems to be absent in
the apparently solid papillate knobs of subtype 1. Lastly, the
apices of the papillate knobs of subtype 2 exhibit irregu-
lar morphologies, some of them tapering into pointed spines
(Fig. 6H, arrow a), while others develop shallow depressions
(Fig. 6G, arrow a; Fig. 6H, arrow b). Both subtypes lack addi-
tional cuticular features, and their minimal soft deformation
suggests originally thick, rigid textures. The maximal size of
this form is about 4.9 mm (Fig. 7; Table S2).

Comparisons. Various papillate knob-bearing fossils have
been reported from the Ediacaran to Cambrian, including
acanthomorphic acritarchs (e.g., Bacatisphaera baokangen-
sis in Zhou et al., 2001; and Megasphaera cymbala in
Xiao et al., 2014), putative embryos (e.g., Archaeooides
granulatus in Qian, 1977; and Archaeooides sp. in Pyle et
al., 2006), algae-like forms (e.g., Shaanisphaera in Xian
et al., 2024b; and Qinlingisphaera in Xian et al., 2024b),
and tentative sponges (e.g., Aetholicopalla in Luzhnaya et
al., 2023). These typically exhibit spherical morphologies
with diverse nodules, although some superficial similarities
(e.g., depressions on the nodules; see fig. 6G in Xian et
al., 2024b) may reflect taphonomic artifacts. Among them,
Megasphaera cymbala (Xiao et al., 2014) strongly resem-
bles subtype 1 as both are characterized by polygonal sculp-
ture with papillate knobs. However, all the above-mentioned
taxa are markedly smaller (generally < 1 mm) than the stud-
ied fragments (1.17–2.51 mm in axis length). Similar cones
and polygonal patterns also occur on arthropod cuticles or
compound eyes in fossil specimens from Cambrian Stage
3 or younger deposits (e.g., Zhang, 1987; Paterson et al.,
2011; Lee et al., 2011; Zhang et al., 2021). This cuticular
structure also shows some resemblance to putative mollusks
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Figure 7. Maximum of size of fragments assigned to each individual fossil form. Detailed data are provided in Table S1.

Figure 8. Relative abundance of each form in the cuticle assemblage. Proportions reflect both specimen size and frequency within the
assemblage, with the largest segment representing the most dominant form (e.g., Form B) and the smallest segments indicating rare forms.
Due to widespread twisting and folding of specimens, proportions are approximate, as precise measurements were challenging. Quantitative
data are provided in Table S2.

reported from the upper Shuijingtuo Formation (Cambrian
Stage 3) (see fig. 4C in Zhang et al., 2021), although major
differences are evident. The Shuijingtuo specimens exhibit
pocket mark-type protrusions that are considerably less reg-
ular in morphology and significantly larger in individual size
compared to the well-defined nodules described here. Simi-
lar “ornamented plates” also occur in the Wernecke Moun-
tains of eastern Yukon Territory, northwestern Canada (see

figs. 8.11–8.19 in Pyle et al., 2006). Some undetermined
specimens (e.g., fig. 8.18 in Pyle et al., 2006) may share the
same characteristics as seen in Form E.

Occurrence. Lower part of the Yanjiahe Formation,
Muyangxi section, eastern Three Gorges area, Cambrian For-
tunian.
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Form F

Fig. 6B–D and I–N

Materials. Five specimens.

Description. These cuticular remains bear densely and
uniformly distributed short coniform to hook-like spines
(Fig. 6B–D and I–N). As for Form E, two subtypes can be
distinguished. In subtype 1, spines have a consistent shape
(Fig. 6B, C, and I–L), with base widths of 29–51 µm (mean
39.4 µm, n= 79) and heights of 36–44 µm (mean 40.4 µm,
n= 7). Spacing ranges from 39 to 115 µm (mean 64 µm, n=

60). All these cuticular elements exhibit wrinkling to vary-
ing degrees, with some specimens being intensely crumpled
and folded (Fig. 6I–L). Specimen sizes are notably large,
with axes measuring 1.92 and 4.32 mm. Some specimens are
strongly crumpled (e.g., Fig. 6B), which suggests an original
centimetric size. Subtype 2 is characterized by beak-shaped
spines (Fig. 6D, M, and N). These spines are arranged in an
orderly pattern, with interspinal spacing of 27–69 µm (mean
47.8 µm, n= 50) and width of the spine base ranging from
31 to 59 µm (mean 46.6 µm, n= 29). The spines are hook-
like, resembling a bird’s beak, but, unlike the former, their
tips are blunt and rounded (Fig. 6M and N). The curved out-
line of the beak-shaped spines is largely consistent (Fig. 6M
and N). No primary features other than spines are observed.
The maximal size of this form is about 8.6 mm (Fig. 7; Ta-
ble S2).

Comparisons. Various Ediacaran to Cambrian organisms
possessed spine-like structures especially comparable to sub-
type 1 (e.g., acanthomorphic acritarchs, Sterocapsoides wen-
ganensis in Xiao et al., 2014; and Mengeosphaera reticulata
in Xiao et al., 2014). However, the pronounced wrinkling and
crumpling state of the specimens suggests that this type of
cuticle was less rigid than that of Form E. Notably, the spine
morphology and distribution pattern show remarkable simi-
larities to Saccorhytus coronarius (Han et al., 2017) from the
Fortunian Kuanchuanpu Formation, although the spines of
Saccorhytus are typically more slender. This similarity might
suggest a close phylogenetic relationship, potentially placing
Form F among basal ecdysozoans. However, the organisms
represented by Form F may have been substantially larger
(potentially close to centimeter-scale Fig. 7) than Saccorhy-
tus (approximately 1 mm), implying that saccorhytids possi-
bly had larger members.

Occurrence. Lower part of the Yanjiahe Formation,
Muyangxi section, eastern Three Gorges area, Cambrian For-
tunian.

6 Discussion

6.1 Earliest Cambrian ecdysozoan diversity through an
“Orsten”-type preservation window

The Ediacaran and Cambrian radiation events mark a key
period in animal evolution, witnessing the rapid emergence
of fundamental body plans across metazoan lineages (Erwin,
2006). Among these, the Ecdysozoa stand out as both mor-
phologically diverse and ecologically significant (Butterfield,
2003). Critical insights into the early evolution of this clade
during the earliest Cambrian come from two key taphonomic
windows: “Orsten”-type preservation through early diage-
netic phosphatization and small carbonaceous fossil (SCF)
assemblages that capture delicate cuticular structures (Maas
et al., 2006; Butterfield and Harvey, 2012; Slater et al.,
2017, 2018; Slater and Bohlin, 2022; Mussini and Butter-
field, 2025). The integrated evidence from “Orsten”-type fos-
sils and SCFs suggest that ecdysozoans diversified during the
Fortunian, paralleling the radiation of lophotrochozoans that
began in the Terreneuvian (Zhang et al., 2014; Slater and
Bohlin, 2022).

The phosphatization process represents a particularly valu-
able taphonomic pathway (Schiffbauer et al., 2014), with the
rapid crystallization of phosphate minerals preserving excep-
tional soft tissue details ranging from cellular to subcellular
levels (Raff et al., 2008; Yin et al., 2014, 2017; Sun et al.,
2020, 2021). The fragments in this work display two dis-
tinct preservation modes: the secondary permineralized spec-
imens retain original surface relief (e.g., Figs. 2A and 3G–J)
and molded counterparts show inverted topographical rela-
tionships (e.g., Fig. 2B and D). The first mode corresponds
to classic “Orsten”-type preservation, producing phosphatic
replicas of cuticular surfaces that appear as crumpled films
showing external ornamentation but lacking internal lami-
nar structure or soft tissue information (Maas et al., 2006).
The second mode often preserves specimens as impressions
within larger phosphatic grains. This preservation type super-
ficially resembles the exuviae of some ecdysozoans (Wang
et al., 2019, 2020), as shed cuticles can also display inverted
topographic relationships relative to the original surface fea-
tures. However, the fossils described here differ markedly
from exuviae in their substantial thickness (e.g., Fig. 2B
and D). We therefore interpret them not as molted cuticles but
as molds formed by the impression of the organism’s surface
onto the surrounding phosphate matrix (e.g., collophanite).

Comparative analysis indicates that our collection con-
tains six potential ecdysozoan taxa. Within these materials,
forms C, E, and F (Figs. 4, 5A–C, E, and 6A–D) could po-
tentially belong to sac-like form ecdysozoans, while forms A
and D might be attributed to the vermiform organism (Figs. 2,
5D, and 6E, F), with some members possibly bearing limb-
(Form A) or setae-like (Form C) structures. More impor-
tantly, many specimens exceed 2 mm even in the fragmented
state (e.g., Form F; Fig. 7), which suggests that some early
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ecdysozoans could attain centimeter sizes. The systematic
excavation of additional “Orsten”-type fossils promises to
reveal key paleobiological and paleoecological details from
macrofaunal specimens.

The early representatives of Ecdysozoa exhibit three fun-
damental body architectures: an ancestral sac-like form ex-
emplified by Saccorhytida (Han et al., 2017; Liu et al., 2022;
Steiner et al., 2020; also see Vannier, 2024, and possibly here
forms C, E, and F), a vermiform organization (e.g., Eopria-
pulites; Slater et al., 2018; Slater and Bohlin, 2022; Qin et
al., 2023a, b, and possibly here Form D), and panarthropods
with limbs or appendage-bearing constructions (Yang et al.,
2024; Wang et al., 2025a, and possibly here Form A). In-
tegrated analysis of both body and trace fossils reveals that
these distinct forms emerged during the initial phase of the
Cambrian explosion (Wang et al., 2025a). The Fortunian fos-
sil record, especially the “Orsten”-type fossils in the Yan-
jiahe (Fig. 8) and the Kuanchuanpu formations, documents
this early diversification (Zhuravlev et al., 2011; Daley et
al., 2018; Steiner et al., 2020; Aria, 2022; Kihm et al., 2023;
Wang et al., 2025a; this study).

6.2 Morphological affinities and evolutionary
significance of Form A: a tentative
appendage-bearing Ecdysozoan

Based on the evidence presented here, forms A, B, and D
all exhibit lateral branches that vary in size (Figs. 2, 3,
and 4D, L). We interpret the branches of Form B as likely
representing a form of cuticular spine of the stem-group ki-
norhynch, rather than true appendages or analogous struc-
tures (Fig. 3). In Form D, the branches are notably finer
and more delicate, suggesting that they may correspond
to setae or similar small cuticular projections of a vermi-
form animal (Fig. 4L). In contrast, the branches observed
in Form A display morphological features more consistent
with appendage-like structures, potentially indicating a func-
tional or developmental differentiation from the other forms
(Fig. 2). The primary trunk of Form A exhibits broad, al-
though occasionally irregular, transverse annulations on their
cuticles. Their consistent width along the body axis in multi-
ple specimens, as opposed to random, post-mortem wrinkles,
indicates that these are likely primary anatomical structures,
not taphonomic artifacts (Figs. 2 and 6E, F). Similar trans-
verse annulations, although often more pronounced, are char-
acteristic of many Cambrian lobopodians (e.g., Utahnax van-
nieri; Lerosey-Aubril and Ortega-Hernández, 2022). These
annulations imply a degree of body flexibility, yet their rel-
atively shallow depth in Form A may suggest a body wall
with constrained pliability compared to some lobopodians.
This could be an adaptation for increased structural integrity,
possibly related to a hydraulic skeleton or serving a protec-
tive function in the absence of dorsal spines or sclerites.

Further cuticular detail is provided by a network of finer,
elongated, sometimes bifurcating or anastomosing striations
(Fig. 2G, H, and K). Comparable micro-ornamentation is
known in some lobopodians and early arthropods (Zhang et
al., 2007, 2021), potentially representing an integumentary
adaptation to balance the mechanical demands of a pressur-
ized hydrostatic skeleton with the flexibility required for lo-
comotion.

The most significant and diagnostic structures are the
paired, lateral tubular projections (Fig. 2A, B, I, J, and L).
Their general form is reminiscent of the lobopodous ap-
pendages of onychophorans and stem-group arthropods
(Maas et al., 2007; Zhang et al., 2016). However, critical dif-
ferences are noted. The appendages of Form A lack the trans-
verse annulations and terminal claws typical of many walk-
ing lobopods (Lerosey-Aubril and Ortega-Hernández, 2022).
More importantly, their apparent lateral, rather than ventro-
lateral, insertion on the trunk is a distinctive feature. This lat-
eral insertion argues against a primary function in substrate-
based, weight-bearing locomotion (Yang et al., 2024). In-
stead, it suggests a role in paddling or sediment manipu-
lation, possibly indicative of a crawler rather than walker
lifestyle (Maas et al., 2007; Lerosey-Aubril and Ortega-
Hernández, 2022; Yang et al., 2024). This morphology dis-
tinguishes them from the ventrally located, biramous parapo-
dia of annelids and the dorsoventral body flaps of radiodonts
and some lobopodians (Maas et al., 2007; Lerosey-Aubril
and Ortega-Hernández, 2022). A superficial resemblance ex-
ists to the sensory setae, tractable spines, tubules, or dermal
papillae of palaeoscolecidan worms or lobopodians (Maas et
al., 2007; Zhang, 2022; Xian et al., 2024a), but the structures
in Form A are proportionally much larger and arranged in a
distinct, paired serial pattern (Fig. 2A and B).

In summary, Form A is characterized by a cylindrical, an-
nulated, vermiform body bearing serial pairs of lateral, tubu-
lar, and likely soft-bodied appendages. Although the frag-
mentary nature of these specimens limits definitive taxo-
nomic placement, their morphology presents a compelling
suite of characters that invite comparison with early ecdyso-
zoans, particularly stem-group panarthropods. If this inter-
pretation is correct, these fossils would represent some of the
earliest direct body fossil evidence of appendages in total-
group Ecdysozoa, with a Fortunian age aligning temporally
with early Cambrian trace fossils (e.g., Rusophycus avalo-
nensis, Monomorphichnus, and Allocotichnus dyeri) poten-
tially attributed to appendage-bearing animals (Zhu, 1997;
Weber et al., 2013; Gougeon et al., 2025; Zhang et al.,
2025b). While alternative trace-makers (e.g., annelids) for
these ichnofossils cannot be ruled out, the co-occurrence
of these traces with the fossils with appendages suggests
a Fortunian expansion of motile, appendage-bearing bilate-
rians (Yang et al., 2024; Xian et al., 2026). Current con-
sensus posits that the panarthropod phyla (Euarthropoda,
Tardigrada, Onychophora) evolved from a paraphyletic as-
semblage of soft-bodied, lobopodian-grade organisms bear-
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ing appendages (Zhang et al., 2011). The key evolutionary
transition from an annulated, soft-bodied lobopodian bau-
plan toward the fully segmented, sclerotized, and articulated
body of crown-group euarthropods fundamentally involved
the modification of soft, annulated lobopods into jointed,
sclerotized appendages. However, the deeper phylogenetic
origins of lobopodians themselves, specifically their deriva-
tion from a priapulid-like common ancestor in the ecdyso-
zoan tree, remain a major unresolved question (Budd, 1996;
Ortega-Hernández, 2016; Daley et al., 2018). The fossils
documented here as Form A may offer valuable insights into
this earlier phase of ecdysozoan evolution. Their unique mor-
phological combination of an annulated trunk paired with lat-
eral, non-annulated appendages could represent a primitive
grade within lobopodians, a distinct early-diverging ecdyso-
zoan lineage, or even a stem-group priapulid exhibiting un-
usual lateral structures. Given the fragmentary nature of the
material, a definitive taxonomic assignment cannot be es-
tablished with certainty. Nevertheless, Form A contributes a
novel and puzzling data point to our understanding of early
panarthropod and ecdysozoan morphological disparity. It re-
inforces the notion that the Fortunian witnessed not just the
first appearance of biomineralized skeletons but also a crucial
period of innovation in soft-bodied anatomy, including the
early evolution of appendages (Lerosey-Aubril and Ortega-
Hernández, 2022).

7 Conclusions

The “Orsten”-type fossils from the early Cambrian pro-
vide crucial evidence for the rapid diversification of ecdyso-
zoans during the Fortunian. Our study identifies six forms
representing at least four distinct ecdysozoan taxa, includ-
ing potential scalidophorans and sac-like organisms, with
some specimens exceeding 2 mm in size, indicating that
early ecdysozoans had already attained large body scales.
The widespread development of spines and sclerites across
these lineages underscores their adaptive importance, likely
serving not only for protection but also for anchoring
and other ecological functions. Of particular significance is
Form A, which exhibits trunk annulations and paired lat-
eral appendages, suggesting a lobopodian-grade body plan
and highlighting early morphological experimentation. Ul-
timately, ecological expansion appears to have been driven
by key innovations such as the evolution of locomotory
appendages in panarthropods. Collectively, evidence from
“Orsten”-type fossils and small carbonaceous fossils (SCFs)
illustrates a dynamic and multifaceted ecdysozoan radiation
during the earliest Cambrian, reinforcing the complexity and
tempo of early metazoan evolution.
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