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a b s t r a c t

Caryosyntrips is a relatively rare but long-lived and geographically widespread radiodont genus with
specimens reported from Cambrian Stage 4 to the Drumian of Gondwana and Laurentia. Most of the
currently known specimens are from the Wulian to Drumian deposits of North America and only one
specimen is known from Stage 4 of Gondwana. Here, two new specimens are reported. The first one is a
C. cf. Caryosyntrips serratus appendage from the Malong Biota of China (Cambrian, Series 2, Stage 3),
which also represents the first reported occurrence of Caryosyntrips from China. The second appendage is
from the Spence Shale Member (Cambrian, Miaolingian, Wuliuan) of Utah, USA and shares characters
with both Caryosyntrips camurus and Caryosyntrips durus. This new specimen indicates that characters
previously used to diagnose species might instead reflect intraspecific variation, however confirmation of
this depends on discovery of new material. These new finds increase the temporal range of the genus
into Cambrian Stage 3 and the specimen from the Malong Biota significantly increases the geographical
range of the genus, with its first occurrence in China. In addition to the description of the new material
we also discuss the function of the appendages in Caryosyntrips and the ecology of the genus.
© 2025 Elsevier Ltd. All rights are reserved, including those for text and data mining, AI training, and

similar technologies.
1. Introduction

Exceptionally preserved fossils from Fossil-Lagerst€atten (sensu
Kimmig and Schiffbauer, 2024) are key for understanding the
evolution of life. In the Cambrian these deposits are especially
abundant (Muscente et al., 2017), and the abundance of panar-
thropods makes Fossil-Lagerst€atten from this time interval partic-
ularly interesting in the study of their early evolution. Among the
earliest panarthropods to appear in the fossil record are radiodonts
ropod appendage evolution
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(Daley et al., 2018). These animals are some of the largest and best
known animals from Cambrian Fossil-Lagerst€atten, with over 25
formally described genera (Wu et al., 2021; Potin and Daley, 2023;
and references therein), and are the earliest diverging euarthropods
with arthropodized appendages (e.g., Daley et al., 2009; Legg et al.,
2013; Vinther et al., 2014; Ortega-Hern�andez, 2016; Zeng et al.,
2020; O’Flynn et al., 2023). Radiodonts are extremely diverse and
represent a large set of feeding ecologies, from apex-predators,
sediment sifters to filter feeders (e.g., Daley and Budd, 2010;
Daley et al., 2013; Vinther et al., 2014; Lerosey-Aubril and Pates,
2018; Moysiuk and Caron, 2019; De Vivo et al., 2021; Potin and
Daley, 2023).

One radiodont taxon that has been considered an apex predator
based on its frontal appendage morphology and size is Caryosyn-
trips (Daley and Budd, 2010; Pates and Daley, 2017). This taxon,
which is only known from its appendages and some fragmentary
carapace material, has been reported from the major Wuliuan and
Drumian assemblages of Laurentia (Spence Shale, Burgess Shale,
a mining, AI training, and similar technologies.
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Wheeler Formation, and Marjum Formation) and in Gondwana
from the Stage 4 Valdemiedes Formation of Spain. The most com-
plete specimen is a connected pair of Caryosyntrips serratus ap-
pendages attached to partial carapace material from the Burgess
Shale (Daley and Budd, 2010). However, specimens are relatively
rare, and no material posterior to the appendages and partial
carapace have yet been described. The incomplete nature of the
material, and distinct nature of the appendages means that Car-
yosyntrips has not been assigned to any of the four radiodont
families (Pates and Daley, 2017; Potin and Daley, 2023), and in some
phylogenetic analyses has not been recovered within monophyletic
Radiodonta (Moysiuk and Caron, 2021; Zeng et al., 2022). Confir-
mation that Caryosyntrips is indeed a radiodont requires the dis-
covery and description of the rest of the body, especially in light of
recent descriptions of deuteropods with radiodont-like feeding
appendages (e.g., O'Flynn et al., 2020, 2024; Zeng et al., 2020).

Here, we describe two new Caryosyntrips appendages. The first
one is a C. cf. C. serratus appendage from the Malong Biota of China
(Cambrian, Series 2, Stage 3), which also represents the first re-
ported occurrence of Caryosyntrips from China. The second
appendage is from the Spence Shale Member (Cambrian, Miaolin-
gian, Wuliuan) of Utah, USA, and shares characters with both Car-
yosyntrips camurus and Caryosyntrips durus. These specimens
provide fresh insights into the distribution of the genus, more in-
formation on the diversity of two important Cambrian fossil de-
posits, and additional information on the ecology and systematics
of Caryosyntrips.

2. Material and methods

2.1. Geological setting

2.1.1. Malong Biota
The specimen from the Malong Biota was collected by Xianfeng

Yang from the lower part of the upper Hongjiangshao Formation
(Cambrian, Series 2, Stage 3, Yiliangella-Zhangshania Biozone) at the
Langzan locality (GPS: 25.317, 103.436), Yunnan Province, China
(Fig. 1A). The Malong Biota is slightly younger than the Chengjiang
Biota, but also preserves exquisite 2D compression fossils (Luo
et al., 2008; Ding et al., 2020). The exposure at the new locality is
approximately 20 m thick, consisting mainly of greyish-black
mudstones in the lower to middle part and interbedded siltstones
and mudstones in the upper part. The top of the section is missing
at this locality and the bottom is not exposed. The specimen was
collected from the lower part of the exposure in the greyish-black
mudstones (Fig. 1B). The Hongjiangshao Formation has been
interpreted as a nearshore, supralittoral to subtidal zone, sand
mudflat to inner shelf environment (Luo et al., 2008; Wu et al.,
2021). The lithology of the rock hosting the Caryosyntrips spec-
imen, indicates that it was likely deposited on the inner shelf.

2.1.2. Spence Shale
The Caryosyntrips appendage from the Spence Shale was

collected by Paul Jamison from the lower cycle 3 (Liddell et al.,
1997; Kimmig et al., 2019) of the Spence Shale Member
(Cambrian, Miaolingian, Wuliuan, Glossopleura walcotti Biozone),
Langston Formation, at the Miners Hollow locality (GPS:
41.602, �112.033), Box Elder County, Utah (Fig. 1C).

At the Miners Hollow location, on the west flank of the Wells-
ville Mountains north of Brigham City, Utah, the Spence Shale is a
dark grey to brown calcareous shale with interlayered lime
mudstone units, the exposure is about 59 m thick (Fig. 1D). The
Spence Shale overlies the Naomi Peak Limestone Member and is
itself overlain by the High Creek Limestone Member (Maxey, 1958;
Liddell et al., 1997; Kimmig et al., 2019). The Spence Shale is
2

interpreted as a shelf environment of a rimmed carbonate platform
(Kimmig et al., 2019).

2.2. Photography

At the YKLP (Yunnan Key Lab for Palaeobiology, Yunnan Uni-
versity, Kunming, China) the fossil was photographed immersed in
ethanol, under polarized or cross-polarized illumination, using a
Canon EOS 5D digital SLR camera mounted with a Canon 50 mm
macro lens. Close-ups were captured using a Leica DFC 500 digital
camera mounted on a Leica M205-C stereoscope.

At the SMNK the fossil was photographed immersed in ethanol,
under polarized or cross-polarized illumination, using a Canon EOS
R5 digital cameramounted with a Canon EF 100 f/2.8 Macro IS USM
lens. Close-ups were captured using a Keyence VHX 7000 digital
microscope.

The color, contrast, and brightness of the images were adjusted
using Adobe Photoshop. Line drawings were made with Adobe
Illustrator. Specimen measurements were made from photographs
in ImageJ (Schneider et al., 2012).

2.3. Terminology

The terminology used in our descriptions broadly follows Guo
et al. (2019) and Lerosey-Aubril et al. (2020) for frontal append-
ages. Additional terminology relating to Caryosyntrips frontal ap-
pendages follows Pates and Daley (2017) and Pates et al. (2021b).

2.4. Repositories and institutional abbreviations

BPM, Back to the Past Museum, Cancún, Mexico; KUMIP, Divi-
sion of Invertebrate Paleontology, Biodiversity Institute, University
of Kansas, Lawrence, USA; MPZ, Museo de Ciencias Naturales de la
Universidad de Zaragoza, Spain; ROM, Royal Ontario Museum,
Toronto, Ontario, Canada; SMNK-PAL, Division of Palaeontology,
Staatliches Museum für Naturkunde Karlsruhe, Karlsruhe, Ger-
many; UMNH, Natural History Museum of Utah, University of Utah,
Salt Lake City, Utah, USA; YKLP, Yunnan Key Lab for Palaeobiology,
Yunnan University, Kunming, China.

3. Results

Superphylum PANARTHROPODA Nielsen (1995).
Order RADIODONTA Collins (1996).
Family uncertain.
Genus Caryosyntrips Daley and Budd, 2010.
Type species. C. serratus Daley and Budd (2010), from the

Wuliuan Burgess Shale, British Columbia, Canada.
Diagnosis. A radiodont with 14 podomeres per frontal

appendage, which are elongated and tapering in outline. A pair of
endites extends from the ventral surface of each podomere. Ap-
pendages have a convex bell-shaped proximal margin, a terminal
spine protrudes from the distal end in some species (Pates and
Daley, 2017).

Occurrence. Hongjiangshao Formation, South China (Cambrian
Series 2, Stage 3); Valdemiedes Formation, Spain (Cambrian, Series
2, Stage 4); Spence Shale Member, Langston Formation, Utah, USA
(Cambrian, Miaolingian, Wuliuan); ‘Thick’ Stephen (Burgess Shale)
Formation, British Columbia, Canada (Cambrian, Miaolingian,
Wuliuan); Wheeler Formation, Utah, USA (Cambrian, Miaolingian,
Drumian); and Marjum Formation, Utah, USA (Cambrian, Miaolin-
gian, Drumian).

Remarks. The specimen from theMalong Biota extends the time
range for Caryosyntrips and its type species C. serratus into
Cambrian Stage 3 and the geographical range into equatorial peri-



Fig. 1. Geography, geology, and stratigraphy of the Malong Biota at Langzan, Yunnan Province, China and the Spence Shale at Miners Hollow, Utah, USA. A, Map of Yunnan showing
specimen location (red star); B. Simplified stratigraphic column of the exposed upper Hongjiangshao Formation at Langzan, indicating the sample horizon (red arrow); C, Map of
Utah showing specimen location (red star); D, Simplified stratigraphic column of the Spence Shale Member at Miners Hollow, indicating the sample horizon (red arrow) (modified
from Kimmig and Selden, 2020).
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Gondwana.
Caryosyntrips cf. C. serratus Daley and Budd (2010).
(Fig. 2AeH)
Type specimens. Holotype: ROM 57161 (Daley and Budd, 2010,

text-fig. 5A). Paratypes: ROM 59497e59499, 59502. All appendages
from the Wuliuan ‘Thick’ Stephen (Burgess Shale) Formation,
British Columbia, Canada.

Material. YKLP 14589 (part), 14590 (counterpart), isolated par-
tial appendage.

Diagnosis. Caryosyntrips with one pair of distally pointing
endites on each podomere. Endites are less broad than for other
3

Caryosyntrips species. A single row of small curved dorsal spines,
spaced 1 mm apart, point distally. Distalmost podomere ends in
recurved terminal spine (modified from Pates and Daley, 2017).

Occurrence. YKLP 14589 (part), 14590 (counterpart), originates
from the Hongjiangshao Formation, South China (Cambrian, Series
2, Stage 3)

Description. Isolated partial appendage, preserving 12 podo-
meres elongated and tapering distally. Number of podomeres
inferred from the number of endites as podomere boundaries
cannot be clearly observed. Preserved as part and counterpart. The
preserved portion of the appendage measures 32.3 mm in length



Fig. 2. Caryosyntrips cf. C. serratus from the Malong Biota, Hongjiangshao Formation at Langzan, Yunnan Province, China. A, YKLP 14589, part; B, Interpretive drawing of A; C, YKLP
14590, counterpart; D, Interpretive drawing of C; E, Close-up of the dorsal spine attachment in the middle of the appendage; F, Close-up of the dorsal spine attachment at the
proximal end of the appendage; G, Close-up of the paired endites in the middle of the appendage; H, Close-up of the distal end of the appendage. Abbreviations: ds, dorsal spine; en,
paired endites. Numbers in A indicate podomeres. Scale bars: 10 mm (A, C), 1 mm (EeH).
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along the dorsal margin, and 8.1 mm at its widest point. The angle
between the dorsal and ventral surface is 15�. The most proximal
portion of the appendage is missing, while the distal end preserves
the base of a single terminal spine.

A pair of elongated triangular endites extends from the ventral
surface of each podomere. In addition to the single terminal spine,
the specimen preserves 11 pairs of endites. In most of the endites,
only one can be seen, but in the 4th, 5th, and 9th the pair is visible
(Fig. 2A and B). The endites (length 1.9e3.3 mm, Fig. 2AeB, GeH;
width 1.1e2.5 mm, Fig. 2AeB, GeH) are spaced about 1.4 mm apart.
Most of the endites are curved, with the point orientated towards
the proximal margin.

The presence of a row of dorsal spines, spaced about 2.5 mm
apart, is interpreted based on the presence of small circles (Fig. 2E
and F). Similar small circles have previously been interpreted as
spine attachment points (Pates and Daley, 2017). The exact number
of dorsal spines is difficult to discern, based on the preservation of
the specimen.

Remarks. The specimen is tentatively assigned to C. serratus,
4

based on its outline, the paired endites, the presence of a terminal
spine, the row of small spine attachments along the dorsal margin,
and the slightly curved dorsal margin.

Caryosyntrips sp.
(Fig. 3AeF)
Material. SMNK-PAL 73172, isolated partial appendage, no

counterpart.
Occurrence. SMNK-PAL 73172 originates from lower carbonate

cycle 3 near the middle of the Spence Shale, Wuliuan Spence Shale
Member (G. walcotti Biozone) of the Langston Formation, Miners
Hollow locality (GPS: 41.602, �112.033), Wellsville Mountains, Box
Elder County, Utah.

Description. A partial Caryosyntrips appendage with ten podo-
meres preserved. Number of podomeres inferred from the presence
of nine endites, as the boundaries separating the podomeres cannot
be discerned. Specimen measures 55.9 mm along the dorsal
margin, and is 15.2 mmwide at its widest point. The proximal part
of the appendage is missing. The angle between the ventral and
dorsal surfaces is 17�.
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Large endites (length 1.9e3.3 mm, Fig. 3AeEeF; width
1.6e3.6 mm, Fig. 3AeEeF) spaced between 3.0 and 4.1 mm apart.

There are six preserved spines on the dorsal surface of the
appendage, which are shorter than the endites (length 1.0e1.5 mm,
Fig. 3AeC; width 0.8e1.2 mm, Fig. 3AeC). They are spaced between
3.0 and 3.6 mm apart.

Remarks. This specimen displays similarities with C. camurus
and C. durus. A triangular outline to the appendage is shared with
the latter, while a more slender distal three podomeres is shared by
the former (Pates and Daley, 2017). Similar distorted distal portions
of Caryosyntrips appendages have also been reported in C. camurus
(Pates and Daley, 2017). The presence of large dorsal spines along
most of the preserved dorsal margin distinguishes this specimen
from C. camurus specimens from the Burgess Shale. Only a single
specimen with small dorsal spines on the distalmost podomeres
has been described in C. camurus from Canada (Pates and Daley,
2017: Fig. 4E), contrasting to the single C. camurus specimen from
the Spence Shale where dorsal spines of a similar size to the endites
are present on its distalmost three podomeres (Pates and Daley,
2017: Fig. 4C). However, spines are found along more of the dor-
sal margin of this new specimen than any previous C. camurus,
instead drawing comparisons with C. duruswhere spines are found
on the seven most distal podomeres (Pates and Daley, 2017). Dorsal
spines in this new specimen are smaller relative to endites than in
the two known C. durus from the Wheeler Formation, where they
are very similar in size to the endites. Similarly, no row of small
spines e or circular spine attachment points e can be observed in
this new specimen, providing another difference between this
specimen and C. durus from the Wheeler Formation.

In summary, this new specimen shares features with C. camurus
and C. durus as previously diagnosed. It is possible that the presence
of large dorsal spines and the absence of a row of small spines
Fig. 3. Caryosyntrips sp. from the Spence Shale Member, Langston Formation at Miners Hollo
dorsal spines; D, Close-up of the paired endites; E, Close-up of the proximal end of the appen
paired endites. Numbers in A indicate podomeres. Scale bars: 10 mm (A), 5 mm (CeF).
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unites the two Spence Shale Caryosyntrips specimens as a distinct
species, however it is also possible that it indicates that characters
previously used to diagnose three species of Caryosyntrips reflect
intraspecific rather than interspecific differences (see section 4.3).
For now, we leave this specimen in open nomenclature pending
further fossil discoveries.

4. Discussion

4.1. Geographic distribution of Caryosyntrips

Konservat-Lagerst€atten (Seilacher, 1970; Kimmig and
Schiffbauer, 2024) provide the best information of the distribu-
tion of radiodont taxa in time and space, as they are the only de-
posits to preserve exceptionally preserved fossils. Caryosyntrips is
distributed over large geographic and temporal range (Fig. 4,
Table 1), and the most cosmopolitan species is C. serratus. The
specimen described herein from the Malong Biota increases the
temporal range of the species to Cambrian Stage 3 and the last
reported specimens have been reported from the Drumian of Utah
(Pates and Daley, 2017; Lerosey-Aubril et al., 2020; Pates et al.,
2021b). Pates and Daley (2017) speculated that Caryosyntrips
might have originated at high latitudes in Gondwana based on the
presence of Caryosyntrips cf. C. camurus in the Valdemiedes For-
mation of Spain, however, the Malong Biota specimen does not
support this hypothesis, as it shows that Caryosyntrips was already
living in more equatorial latitudes in Cambrian Stage 3. However,
an origin in Gondwana, as has been suggested is still plausible,
unless specimens are recovered from older deposits in Laurentia. It
also appears as if the genus did not survive into the Ordovician, as
the last known occurrence is in the Drumian Marjum Formation of
Utah, USA (Pates et al., 2021b).
w, Utah, USA. A, SMNK-PAL 73172, part; B, Interpretive drawing of A; C, Close-up of the
dage; F, Close-up of the distal end of the appendage Abbreviations: ds, dorsal spine; en,



Fig. 4. Global distribution of palaeocontinents in the early Cambrian and occurrences of Caryosyntrips appendages. See Table 1 for details of occurrence data. Map adapted from
Slater et al. (2017) and Sun et al. (2024).

Table 1
Occurrences, specimens, and specimens of Caryosyntrips

Cambrian
Stage

Species Member/Formation Country Collection Numbers References Number in
Fig. 4

Stage 3 C. cf.
C. serratus

Hongjiangshao Formation China YKLP 14589(p)/14590(cp) This study 1

Stage 4 C. cf.
C. camurus

Valdemiedes Formation Spain MPZ 2009/1241 Pates and Daley (2017) 2

Wuliuan C. camurus Spence Shale Member, Langston
Formation

USA KUMIP 314275 Pates and Daley (2017) 3

Wuliuan C. sp. Spence Shale Member, Langston
Formation

USA SMNK-PAL 73172 This study 4

Wuliuan C. serratus ‘Thick’ Stephen (Burgess Shale)
Formation

Canada ROM 57161, 59497e59499, 59502,
59600

Daley and Budd (2010); Pates and Daley
(2017)

5

Wuliuan C. camurus ‘Thick’ Stephen (Burgess Shale)
Formation

Canada ROM 59500, 59501, 59503, 59598,
59599

Daley and Budd (2010); Pates and Daley
(2017)

6

Drumian C. durus Wheeler Formation (Drum
Mountains)

USA KUMIP 314070, 314071 Pates and Daley (2017) 7

Drumian C. serratus Wheeler Formation (House Range) USA KUMIP 415223, UU18056.37 Pates and Daley (2017); Lerosey-Aubril
et al. (2020)

8

Drumian C. camurus Marjum Formation USA BPM1100, UMNH.IP 6122 Pates et al. (2021b) 9
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The Caryosyntrips appendage from the Spence Shale is the sec-
ond occurrence of the genus in the Spence Shale Member, the new
specimen comes from the same interval as the previous specimen,
6

the carbonate cycle 3 at the Miners Hollow locality. The new
specimen, with its combination of characteristics, highlights the
importance of the Spence Shale. If assigned to C. durus, as
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supported by the presence of more than three large dorsal spines,
this new discovery would demonstrate the critical role of the
Spence Shale in preserving taxa that are otherwise restricted to the
Wuliuan Burgess Shale or the Drumian Wheeler and Marjum For-
mations (Kimmig et al., 2019). Alternatively, it would provide
important data on the morphological variation within the genus,
only possible by the higher resolution geographic and temporal
sampling of targeting many Konservat-Lagerst€atten.

4.2. Caryosyntrips feeding ecology

The feeding appendage in radiodonts were located adjacent to
the mouth and likely actively involved in the feeding process (e.g.,
Whittington and Briggs, 1985; Collins, 1996; Daley et al., 2009;
Daley and Budd, 2010; Daley and Edgecombe, 2014; De Vivo et al.,
2021; Bicknell et al., 2023). While suspension-feeding and sedi-
ment sifting have been suggested as feeding modes for hurdiid and
tamisiocaridid radiodonts with appendages bearing elongated
endites (Daley et al., 2013; Vinther et al., 2014; Lerosey-Aubril and
Pates, 2018; Pates et al., 2018; De Vivo et al., 2021; Potin et al.,
2023), other radiodonts with elongated frontal appendages and
shorter endites such as Amplectobelua, Anomalocaris and Car-
yosyntrips have been suggested to be active hunters and grasp and
potentially crush their prey (e.g., Daley and Budd, 2010; Daley and
Edgecombe, 2014; Pates and Daley, 2017; Potin and Daley, 2023).

Based on the Burgess Shale specimens of C. serratus Daley and
Budd (2010) suggested, that Caryosyntrips appendages likely did
not have the same flexibility and range of motion as Anomalocaris
appendages. This was inferred from the consistent straight dorsal
and ventral margins of the known appendages, and the usually
weak or missing podomere boundaries and arthrodial membranes.
Indeed, in the specimenwhere arthrodial membrane is most visible
e the holotype of C. serratus (Daley and Budd, 2010, text-fig. 5A) e
arthrodial membranes are only visible in the ventral half of the
appendage. All specimens of Caryosyntrips that have been
described since then also display consistently straight dorsal and
ventral margins (Pates and Daley, 2017; Lerosey-Aubril et al., 2020;
Pates et al., 2021b; this study), supporting the original hypothesis,
and indicating that it is valid for all species within the genus.
However, Pates and Daley (2017) suggested that there might have
been differences in the prey that Caryosyntrips species targeted,
indicated by differences in dorsal spine morphology and arrange-
ment, and endite morphology. They suggested that C. durus had the
most rigid frontal appendages, but also the most robust ones, and
for that reason likely targeted more robust prey. This hypothesis is
supported by range of motion studies of Anomalocaris canadensis
feeding appendages, complemented by finite element analysis,
interrogating raptorial predation in this taxon (De Vivo et al., 2021;
Bicknell et al., 2023). A. canadensis appendages were flexible and
able to grasp prey of varying sizes and morphologies, however,
appendages were not able to exert high levels of force onto prey
due to high levels of strain on their elongate endites (Bicknell et al.,
2023). For these reasons Bicknell et al. (2023) suggested, that
A. canadensismust have fed on soft-bodied animals, as its oral cone
was also likely not strong enough to break biomineralized exo-
skeletons (Daley and Bergstr€om, 2012). While an oral cone is un-
known in Caryosyntrips, the appendages of this taxon differ from
those of A. canadensis in a number of important ways. In particular,
Caryosyntrips appendages would have been much less flexible on
account of the lack of clear arthrodial membrane between podo-
meres, while the endites of this genus are much shorter, and more
robust (Daley and Budd, 2010; Pates and Daley, 2017). These fea-
tures hypothetically suggest, that Caryosyntrips appendages were
more suitable for exerting high levels of force onto prey than
anomalocaridid radiodonts, thus Caryosyntrips might have been
7

able to target more robust prey than radiodont species with more
flexible appendages and more elongate spines. This increased
robustness would comewith the trade-off of reduced flexibility and
thus dexterity, and indicates that Caryosyntrips occupied an
ecological niche unique among radiodonts, and perhaps Cambrian
predators more broadly.

4.3. Morphological variation in Caryosyntrips: inter or intra
specific?

As the new Spence Shale specimen (SMNK-PAL 73172) in-
corporates a number of characteristics shared between C. camurus
and C. durus, it is possible that the characters used to diagnose three
species of Caryosyntrips are a consequence of the limited sample of
21 specimens collected thus far. Pates and Daley (2017) distin-
guished species primarily on the arrangement and morphology of
dorsal spines: absent in C. camurus, a single row of small dorsal
spines in C. serratus, and one large dorsal spine per podomere
alongside a row of small dorsal spines in C. durus. The new Spence
specimen shows a further combination (large dorsal spines only,
with the small row of dorsal spines known in C. durus absent),
while as previously noted some C. camurus display dorsal spines on
the distal three podomeres (Pates and Daley, 2017). Thus, the
diagnostic framework of Pates and Daley (2017) cannot be strictly
applied to this new specimen. One optionwould be the diagnosis of
a new species, which would unite the Spence specimens in pos-
sessing large dorsal spines and no small dorsal spines. However, the
two specimens differ in the number of large spines, as well as finer
details of spine and endite morphology. A second option is to
consider variation in endite and dorsal spine morphology and
arrangement as intraspecifc, rather than interspecific, variation.
Variation in auxiliary spine morphology, arrangement, and size has
been observed in other radiodont frontal appendages, such as
hurdiids (e.g., Daley et al., 2013). When considered in the context of
the shelly fossil record, where sample sizes of thousands of speci-
mens are possible (unfeasible for non-biomineralized fossils such
as Caryosyntrips), increased sampling has demonstrated that fea-
tures used to diagnose species or even genera can instead represent
end-members of morphological variation within a single taxo-
nomic unit (e.g. Sheldon, 1987). Thus, additional material of Car-
yosyntrips are required from more localities as well as from Miners
Hollow in order to determine if variation currently treated as
interspecific is in fact intraspecific. As the appendages were critical
for feeding and likely inform on the type of prey Caryosyntrips was
targeting (section 4.2), variation in appendage morphology of these
apex predators may also inform on differences in the broader
ecology of these sites.

4.4. Radiodonts of the Malong Biota and Spence Shale

In the Malong Biota, radiodont appendages are rare and other
than the herein described Caryosyntrips appendage all other radi-
odonts have been considered to represent a species of Anomalocaris
(Zhang et al., 2001; Luo et al., 2008; Zeng et al., 2014; Jiao et al.,
2021; Wu et al., 2021). This apparent rarity of radiodont species
in the Malong Biota might be due to the suggested shallow-water
depositional environment (Luo et al., 2008; Ding et al., 2020),
however, the Caryosyntrips appendage appears to come from the
slightly deeper water deposits of the Hongjiangshao Formation,
likely the inner shelf. The shallower-water deposition might also
explain the lack of hurdiids in the Malong Biota, as it has been
suggested that they might have a preference for deeper water en-
vironments (Wu et al., 2022, 2024). Alternatively, a collection bias
towards other groups or smaller collecting efforts compared to
other Cambrian deposits might explain the low abundance of
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radiodonts (e.g., Whitaker and Kimmig, 2020), although it is
notable that radiodont appendages and carapaces are often among
the first non-biomineralising taxa to be described from Cambrian
deposits (e.g., Resser, 1929; Mount, 1976; Lieberman, 2003; Pates
et al., 2021a).

Radiodont appendages are among the most common soft-
bodied fossils in the Spence Shale, but most of them represent
hurdiid appendages, belonging to Hurdia and Buccaspinea (Pates
and Daley, 2017; Pates et al., 2018; Kimmig et al., 2019, 2023;
Whitaker et al., 2022). The radiodont appendages are also limited to
the Spence Shale deposits in the Wellsville Mountains (Miners
Hollow, Antimony Canyon) (Pates and Daley, 2017; Pates et al.,
2018; Kimmig et al., 2019, 2023; Whitaker et al., 2022) and High
Creek (Kimmig and Jamison pers. obs.), which represent shelf de-
posits. The lower collecting effort in other areas of the Spence Shale
suggests that the absence of radiodonts from shallower deposits in
the Spence Shale might be an anthropogenic signal, rather than an
taphonomic or biologic signal (Whitaker and Kimmig, 2020).

The low abundance of raptorial radiodonts from both the
Malong Biota and the Spence Shale suggest that these predators
were likely only a small part of the biodiversity in these ecosystems.
However, only larger collecting efforts will lead to a more
comprehensive view of the species and specimen abundances in
these deposits.

5. Conclusion

The herein described specimens extend the geographical and
time range of Caryosyntrips to the Cambrian Stage 3Malong Biota of
China and increase the diversity of Caryosyntrips in the Spence
Shale and Wuliuan Stage, which is the only Cambrian stage where
all three species can be found. However, the presence of only 21
appendages in some of the most prolific radiodont assemblages in
the Cambrian shows how rare Caryosyntrips fossils are, and the
ecology and systematics of this radiodont will remain unresolved
until more complete specimens are found.

CRediT authorship contribution statement

Xianfeng Yang: Writing e review & editing, Writing e original
draft, Visualization, Resources, Project administration, Methodol-
ogy, Investigation, Funding acquisition, Formal analysis, Concep-
tualization. Julien Kimmig: Writing e review & editing, Writing e

original draft, Visualization, Validation, Methodology, Investiga-
tion, Funding acquisition, Formal analysis, Data curation, Concep-
tualization. Stephen Pates: Writing e review & editing, Writing e

original draft, Investigation, Formal analysis. Paul G. Jamison:
Writing e review & editing, Writing e original draft, Resources.
Shuhan Ma: Writing e review & editing, Writing e original draft,
Visualization.

Declaration of competing interest

The authors declare that they have no known competing in-
terests or personal relationships that could have appeared to in-
fluence the work reported in this paper.

Acknowledgements

This paper is a contribution to IGCP668, Equatorial Gondwanan
History and Early Palaeozoic Evolutionary Dynamics. X.Y. was
supported by the National Natural Science Foundation of China
(grant nos. 42162001, 41562001, 41062001) and the State Key
Laboratory of Palaeobiology and Stratigraphy (Nanjing Institute of
Geology and Palaeontology, CAS) (grant no. 103113). S.P. was
8

supported by NERC fellowship NE/X017745/1. We would like to
thank Mathias Viels€acker (SMNK) for assistance with photography
and the reviewers and the Editor for their time and comments.
References

Bicknell, R.D.C., Schmidt, M., Rahman, I.A., Edgecombe, G.D., Gutarra, S., Daley, A.C.,
Melyer, R.R., Wroe, S., Paterson, J.R., 2023. Raptorial appendages of the
Cambrian apex predator Anomalocaris canadensis are built for soft prey and
speed. Proc. R. Soc. B e Biol. Sci. 290, 20230638. https://doi.org/10.1098/
rspb.2023.0638.

Collins, D., 1996. The ‘evolution’ of Anomalocaris and its classification in the
arthropod class Dinocarida (nov.) and order Radiodonta (nov.). J. Paleontol. 70,
280e293. https://doi.org/10.1017/S0022336000023362.

Daley, A.C., Budd, G.E., 2010. New anomalocaridid appendages from the Burgess
Shale, Canada. Palaeontology 53, 721e738. https://doi.org/10.1111/j.1475-
4983.2010.00955.x.

Daley, A.C., Bergstr€om, J., 2012. The oral cone of Anomalocaris is not a classic
‘peytoia’. Naturwissenchaften 99, 501e504. https://doi.org/10.1007/s00114-
012-0910-8.

Daley, A.C., Edgecombe, G.D., 2014. Morphology of Anomalocaris canadensis from
the Burgess Shale. J. Paleontol. 88, 68e91. https://doi.org/10.1666/13-067.

Daley, A.C., Budd, G.E., Caron, J.-B., Edgecombe, G.D., Collins, D., 2009. The Burgess
Shale anomalocaridid Hurdia and its significance for early euarthropod evolu-
tion. Science 323, 1597e1600. https://doi.org/10.1126/science.1169514.

Daley, A.C., Budd, G.E., Caron, J.-B., 2013. Morphology and systematics of the
anomalocaridid arthropod Hurdia from the Middle Cambrian of British
Columbia and Utah. J. Syst. Palaeontol. 11, 743e787. https://doi.org/10.1080/
14772019.2012.732723.

Daley, A.C., Antcliffe, J.B., Drage, H.B., Pates, S., 2018. Early fossil record of Euar-
thropoda and the Cambrian Explosion. Proc. Natl. Acad. Sci. USA. 115,
5323e5331. https://doi.org/10.1073/pnas.1719962115.

De Vivo, G., Lautenschlager, S., Vinther, J., 2021. Three-dimensional modelling,
disparity and ecology of the first Cambrian apex predators. Proc. R. Soc. B e Biol.
Sci. 288, 20211176. https://doi.org/10.1098/rspb.2021.1176.

Ding, Y., Jian-Ni, L., Liu, Y., Chen, F.-F., 2020. Trace fossils from lower Cambrian
Hongjingshao Formation, Yunnan, China: Taxonomy, palaeoecology, palae-
oenvironment. Palaeoworld 29, 649e661. https://doi.org/10.1016/
j.palwor.2020.02.002.

Guo, J., Pates, S., Cong, P., Daley, A.C., Edgecombe, G.D., Chen, T., Hou, X., 2019. A new
radiodont (stem Euarthropoda) frontal appendage with a mosaic of characters
from the Cambrian (Series 2 Stage 3) Chengjiang biota. Pap. Palaeontol. 5,
99e110. https://doi.org/10.1002/spp2.1231.

Jiao, D.-G., Pates, S., Lerosey-Aubril, R., Ortega-Hern�andez, J., Yang, J., Lan, T.,
Zhang, X.-G., 2021. The endemic radiodionts of the Cambrian Stage 4 Guanshan
Biota of South China. Acta Palaeontol. Pol. 66, 255e274. https://doi.org/10.4202/
app.00870.2020.

Kimmig, J., Schiffbauer, J.D., 2024. A modern definition of Fossil-Lagerst€atten.
Trends Ecol. Evol. 39, 621e624. https://doi.org/10.1016/j.tree.2024.04.004.

Kimmig, J., Selden, P.A., 2020. A new shell-bearing organism from the Cambrian
Spence Shale of Utah. Palaeoworld 30, 220e228. https://doi.org/10.1016/
j.palwor.2020.05.003.

Kimmig, J., Pates, S., LaVine, R.J., Krumenacker, L.J., Whitaker, A.F., Strotz, L.C.,
Jamison, P.G., Gunther, V.G., Gunther, G., Witte, M., Daley, A.C., Lieberman, B.S.,
2023. New soft-bodied panarthropods from diverse Spence Shale (Cambrian;
Miaolingian; Wuliuan) depositional environments. J. Paleontol. 97, 1025e1048.
https://doi.org/10.1017/jpa.2023.24.

Kimmig, J., Strotz, L.C., Kimmig, S.R., Egenhoff, S.O., Lieberman, B.S., 2019. The
Spence Shale Lagerst€atte: an important window into Cambrian biodiversity.
J. Geol. Soc. Lond. 176, 609e619. https://doi.org/10.1144/jgs2018-195.

Legg, D.A., Sutton, M.D., Edgecombe, G.D., 2013. Arthropod fossil data increase
congruence of morphological and molecular phylogenies. Nat. Commun. 4,
2485. https://doi.org/10.1038/ncomms3485.

Lerosey-Aubril, R., Pates, S., 2018. New suspension-feeding radiodont suggests
evolution of microplanktivory in Cambrian macronekton. Nat. Commun. 9,
3774. https://doi.org/10.1038/s41467-018-06229-7.

Lerosey-Aubril, R., Kimmig, J., Pates, S., Skabelund, J., Weug, A., Ortega-Hern�andez, J.,
2020. New exceptionally-preserved panarthropods from the Drumian Wheeler
Konservat-Lagerst€atte of the House Range of Utah. Pap. Palaeontol. 6, 501e531.
https://doi.org/10.1002/spp2.1307.

Liddell, W.D., Wright, S.H., Brett, C.E., 1997. Sequence stratigraphy and paleoecology
of the middle Cambrian Spence Shale in northern Utah and southern Idaho.
Brigham Young Univ. Geol. Stud. 42, 59e78.

Lieberman, B.S., 2003. A new soft-bodied fauna: the Pioche Formation of Nevada.
J. Paleontol. 77, 674e690. https://doi.org/10.1666/0022-3360(2003)077<0674:
ANSFTP>2.0.CO;2.

Luo, H.L., Li, Y., Hu, S.X., Fu, X.P., Hou, S.G., Liu, X.R., Chen, L.Z., Li, F.J., Pang, J.Y.,
Liu, Q., 2008. Early Cambrian Malong Fauna and Guanshan Fauna from Eastern
Yunnan, China. Yunnan Science and Technology Press, Kunming [in Chinese
with English summary].

Maxey, G.B., 1958. Lower and middle Cambrian stratigraphy in northern Utah and
southeastern Idaho. Geol. Soc. Am. Bull. 69, 647e688. https://doi.org/10.1130/
0016-7606(1958)69[647:LAMCSI]2.0.CO;2.

https://doi.org/10.1098/rspb.2023.0638
https://doi.org/10.1098/rspb.2023.0638
https://doi.org/10.1017/S0022336000023362
https://doi.org/10.1111/j.1475-4983.2010.00955.x
https://doi.org/10.1111/j.1475-4983.2010.00955.x
https://doi.org/10.1007/s00114-012-0910-8
https://doi.org/10.1007/s00114-012-0910-8
https://doi.org/10.1666/13-067
https://doi.org/10.1126/science.1169514
https://doi.org/10.1080/14772019.2012.732723
https://doi.org/10.1080/14772019.2012.732723
https://doi.org/10.1073/pnas.1719962115
https://doi.org/10.1098/rspb.2021.1176
https://doi.org/10.1016/j.palwor.2020.02.002
https://doi.org/10.1016/j.palwor.2020.02.002
https://doi.org/10.1002/spp2.1231
https://doi.org/10.4202/app.00870.2020
https://doi.org/10.4202/app.00870.2020
https://doi.org/10.1016/j.tree.2024.04.004
https://doi.org/10.1016/j.palwor.2020.05.003
https://doi.org/10.1016/j.palwor.2020.05.003
https://doi.org/10.1017/jpa.2023.24
https://doi.org/10.1144/jgs2018-195
https://doi.org/10.1038/ncomms3485
https://doi.org/10.1038/s41467-018-06229-7
https://doi.org/10.1002/spp2.1307
http://refhub.elsevier.com/S1467-8039(25)00040-4/sref20
http://refhub.elsevier.com/S1467-8039(25)00040-4/sref20
http://refhub.elsevier.com/S1467-8039(25)00040-4/sref20
http://refhub.elsevier.com/S1467-8039(25)00040-4/sref20
https://doi.org/10.1666/0022-3360(2003)077<0674:ANSFTP>2.0.CO;2
https://doi.org/10.1666/0022-3360(2003)077<0674:ANSFTP>2.0.CO;2
http://refhub.elsevier.com/S1467-8039(25)00040-4/sref22
http://refhub.elsevier.com/S1467-8039(25)00040-4/sref22
http://refhub.elsevier.com/S1467-8039(25)00040-4/sref22
http://refhub.elsevier.com/S1467-8039(25)00040-4/sref22
https://doi.org/10.1130/0016-7606(1958)69[647:LAMCSI]2.0.CO;2
https://doi.org/10.1130/0016-7606(1958)69[647:LAMCSI]2.0.CO;2


X. Yang, J. Kimmig, S. Pates et al. Arthropod Structure & Development 87 (2025) 101448
Mount, J.D., 1976. Early Cambrian faunas from eastern San Bernardino County,
California. Bull. South. Cali. Paleontol. Soc. 8, 173e182.

Moysiuk, J., Caron, J.-B., 2019. A new hurdiid radiodont from the Burgess Shale
evinces the exploitation of Cambrian infaunal food sources. Proc. R. Soc. B e
Biol. Sci. 286, 20191079. https://doi.org/10.1098/rspb.2019.1079.

Moysiuk, J., Caron, J.-B., 2021. Exceptional multifunctionality in the feeding appa-
ratus of a mid-Cambrian radiodont. Paleobiology 47, 704e724. https://doi.org/
10.1017/pab.2021.19.

Muscente, A.D., Schiffbauer, J.D., Broce, J., Laflamme, M., O'Donnell, K., Boag, T.H.,
Meyer, M., Hawkins, A.D., Huntley, J.W., McNamara, M., MacKenzie, L.A.,
Stanley, G.D., Hinman, N.W., Hofmann, M.H., Xiao, S., 2017. Exceptionally pre-
served fossil assemblages through geologic time and space. Gondwana Res. 48,
164e188. https://doi.org/10.1016/j.gr.2017.04.020.

Nielsen, C., 1995. Animal Evolution: Interrelationships of the Living Phyla. Oxford
University Press, Oxford, UK.

O'Flynn, R.J., Audo, D., Williams, M., Zhai, D., Chen, H., Liu, Y., 2020. A new euar-
thropod with ‘great appendage’ like frontal head limbs from the Chengjiang
Lagerst€atte, Southwest China. Pal. Electron. 23, a36. https://doi.org/10.26879/
1069.

O'Flynn, R.J., Liu, Y., Hou, X.G., Mai, H.J., Yu, M.X., Zhuang, S.L., Williams, M., Guo, J.,
Edgecombe, G.D., 2023. The early Cambrian Kylinxia zhangi and evolution of the
arthropod head. Curr. Biol. 33, 4006e4013. https://doi.org/10.1016/
j.cub.2023.08.022.

O'Flynn, R.J., Williams, M., Yu, M., Guo, J., Audo, D., Schmidt, M., Mai, H., Liu, Y.,
Edgecombe, G.D., 2024. The early Cambrian Bushizheia yangi and head seg-
mentation in upper stem-group euarthropods. Pap. Palaeontol. 10, e1556.
https://doi.org/10.1002/spp2.1556.

Ortega-Hern�andez, J., 2016. Making sense of ‘lower’ and ‘upper’ stem-group Euar-
thropoda, with comments on the strict use of the name Arthropoda von Sie-
bold, 1848. Biol. Rev. 91, 255e273. https://doi.org/10.1111/brv.12168.

Pates, S., Daley, A.C., 2017. Caryosyntrips: a radiodontan from the Cambrian of Spain,
USA and Canada. Pap. Palaeontol. 3, 461e470. https://doi.org/10.1002/
spp2.1084.

Pates, S., Daley, A.C., Lieberman, B.S., 2018. Hurdiid radiodontans from the middle
Cambrian (Series 3) of Utah. J. Paleontol. 92, 99e113. https://doi.org/10.1017/
jpa.2017.11.

Pates, S., Daley, A.C., Edgecombe, G.D., Cong, P., Lieberman, B.S., 2021a. Systematics,
preservation and biogeography of radiodonts from the southern Great Basin,
USA, during the upper Dyeran (Cambrian Series 2, Stage 4). Pap. Palaeontol. 7,
235e262. https://doi.org/10.1002/spp2.1277.

Pates, S., Lerosey-Aubril, R., Daley, A.C., Kier, C., Bonino, E., Ortega-Hern�andez, J.,
2021b. The diverse radiodont fauna from the Marjum Formation of Utah, USA
(Cambrian: Drumian). PeerJ 9, e10509. https://doi.org/10.7717/peerj.10509.

Potin, G.J.M., Daley, A.C., 2023. The significance of Anomalocaris and other Radio-
donta for understanding paleoecology and evolution during the Cambrian ex-
plosion. Front. Earth Sci. 11, 1160285. https://doi.org/10.3389/
feart.2023.1160285.

Potin, G.J.M., Gueriau, P., Daley, A.C., 2023. Radiodont frontal appendags from the
Fezouata Biota (Morocco) reveal high diversity and ecological adaptations to
suspension-feeding during the Early Ordovician. Front. Ecol. Evol. 11, 1214109.
https://doi.org/10.3389/fevo.2023.1214109.

Resser, C.E., 1929. New lower and middle Cambrian Crustacea. Proc. U. S. Natl. Mus.
2806, 1e26.

Schneider, C.A., Rasband, W.S., Eliceiri, K.W., 2012. NIH Image to ImageJ: 25 years of
9

image analysis. Nat. Methods 9, 671e675. https://doi.org/10.1038/nmeth.2089.
Seilacher, A., 1970. Begriff und Bedeutung der Fossil- Lagerst€atten. Neues Jahrb.

Geol. Pal€aontol. Monatsh. 1970, 34e39.
Sheldon, P.R., 1987. Parallel gradualistic evolution of Ordovician trilobites. Nature

330, 561e563. https://doi.org/10.1038/330561a0.
Slater, B.J., Harvey, T.H.P., Guilbaud, R., Butterfield, N.J., Rahman, I., 2017. A cryptic

record of Burgess Shale-type diversity from the early Cambrian of Baltica.
Palaeontology 60, 117e140. https://doi.org/10.1111/pala.12273.

Sun, H., Zhao, F., Wu, R., Zeng, H., Sun, Z., 2024. Spatiotemporal distribution and
morphological diversity of the Cambrian Wiwaxia: New insights from South
China. Global Planet. Change 239, 104507. https://doi.org/10.1016/
j.gloplacha.2024.104507.

Vinther, J., Stein, M., Longrich, N.R., Harper, D.A.T., 2014. A suspension-feeding
anomalocarid from the early Cambrian. Nature 507, 496e499. https://doi.org/
10.1038/nature13010.

Whitaker, A.F., Kimmig, J., 2020. Anthropologically introduced biases in natural
history collections, with a case study on the invertebrate paleontology collec-
tions from the middle Cambrian Spence Shale Lagerst€atte. Palaeontol. Electron.
23, a58. https://doi.org/10.26879/1106.

Whitaker, A.F., Schiffbauer, J.D., Briggs, D.E.G., Leibach, W.W., Kimmig, J., 2022.
Preservation and diagenesis of soft-bodied fossils and the occurrence of
phosphate-associated rare earth elements in the Cambrian (Wuliuan) Spence
Shale Lagerst€atte. Palaeogeogr. Palaeoclimatol. Palaeoecol. 592, 110909. https://
doi.org/10.1016/j.palaeo.2022.110909.

Whittington, H.B., Briggs, D.E.G., 1985. The Largest Cambrian Animal, Anomalocaris,
Burgess Shale, British-Columbia. Philos. Trans. R. Soc. Lond. B Biol. Sci. 309,
569e609. https://doi.org/10.1098/rstb.1985.0096.

Wu, Y., Ma, J., Lin, W., Sun, A., Zhang, X., Fu, D., 2021. New anomalocaridids (Pan-
arthropoda, Radiodonta) from the lower Cambrian Chengjiang Lagerst€atte,
Biostratigraphic and paleobiogeographic implications. Palaeogeogr. Palae-
oclimatol. Palaeoecol. 569, 110333. https://doi.org/10.1016/j.palaeo.2021.110333.

Wu, Y., Pates, S., Ma, J., Lin, W., Wu, Y., Zhang, X., Fu, D., 2022. Addressing the
Chengjiang conundrum: A palaeoecological view on the rarity of hurdiid radi-
odonts in this most diverse early Cambrian Lagerst€atte. Geosci. Front. 13,
101430. https://doi.org/10.1016/j.gsf.2022.101430.

Wu, Y., Pates, S., Zhang, M., Lin, W., Ma, J., Liu, C., Wu, Y., Zhang, X., Fu, D., 2024.
Exceptionally preserved radiodont arthropods from the lower Cambrian (Stage
3) Qingjiang Lagerst€atte of Hubei, South China and the biogeographic and
diversification patterns of radiodonts. Pap. Palaeontol., e1583 https://doi.org/
10.1002/spp2.1583.

Zeng, H., Zhao, F.C., Yin, Z.J., Li, G.X., Zhu, M.Y., 2014. A Chengjiang-type fossil
assemblage from the Hongjingshao Formation (Cambrian Stage 3) at Cheng-
gong, Kunming, Yunnan. Sci. Bull. 59, 3169e3175. https://doi.org/10.1007/
s11434-014-0419-y.

Zeng, H., Zhao, F., Niu, K., Zhu, M., Huang, D., 2020. An early Cambrian euarthropod
with radiodont-like raptorial appendages. Nature 588, 101e105. https://doi.org/
10.1038/s41586-020-2883-7.

Zeng, H., Zhao, F., Zhu, M., 2022. Innovatiocaris, a complete radiodont from the early
Cambrian Chengjiang Lagerst€atte and its implications for the phylogeny of
Radiodonta. J. Geol. Soc. 180, jgs2021e2164. https://doi.org/10.1144/jgs2021-
164.

Zhang, X.L., Shu, D.G., Li, Y., Han, J., 2001. New sites of Chengjiang fossils: crucial
windows on the Cambrian explosion. J. Geol. Soc. 158, 211e218. https://doi.org/
10.1144/jgs.158.2.211.

http://refhub.elsevier.com/S1467-8039(25)00040-4/sref24
http://refhub.elsevier.com/S1467-8039(25)00040-4/sref24
http://refhub.elsevier.com/S1467-8039(25)00040-4/sref24
https://doi.org/10.1098/rspb.2019.1079
https://doi.org/10.1017/pab.2021.19
https://doi.org/10.1017/pab.2021.19
https://doi.org/10.1016/j.gr.2017.04.020
http://refhub.elsevier.com/S1467-8039(25)00040-4/sref28
http://refhub.elsevier.com/S1467-8039(25)00040-4/sref28
https://doi.org/10.26879/1069
https://doi.org/10.26879/1069
https://doi.org/10.1016/j.cub.2023.08.022
https://doi.org/10.1016/j.cub.2023.08.022
https://doi.org/10.1002/spp2.1556
https://doi.org/10.1111/brv.12168
https://doi.org/10.1002/spp2.1084
https://doi.org/10.1002/spp2.1084
https://doi.org/10.1017/jpa.2017.11
https://doi.org/10.1017/jpa.2017.11
https://doi.org/10.1002/spp2.1277
https://doi.org/10.7717/peerj.10509
https://doi.org/10.3389/feart.2023.1160285
https://doi.org/10.3389/feart.2023.1160285
https://doi.org/10.3389/fevo.2023.1214109
http://refhub.elsevier.com/S1467-8039(25)00040-4/sref39
http://refhub.elsevier.com/S1467-8039(25)00040-4/sref39
http://refhub.elsevier.com/S1467-8039(25)00040-4/sref39
https://doi.org/10.1038/nmeth.2089
http://refhub.elsevier.com/S1467-8039(25)00040-4/sref41
http://refhub.elsevier.com/S1467-8039(25)00040-4/sref41
http://refhub.elsevier.com/S1467-8039(25)00040-4/sref41
http://refhub.elsevier.com/S1467-8039(25)00040-4/sref41
http://refhub.elsevier.com/S1467-8039(25)00040-4/sref41
https://doi.org/10.1038/330561a0
https://doi.org/10.1111/pala.12273
https://doi.org/10.1016/j.gloplacha.2024.104507
https://doi.org/10.1016/j.gloplacha.2024.104507
https://doi.org/10.1038/nature13010
https://doi.org/10.1038/nature13010
https://doi.org/10.26879/1106
https://doi.org/10.1016/j.palaeo.2022.110909
https://doi.org/10.1016/j.palaeo.2022.110909
https://doi.org/10.1098/rstb.1985.0096
https://doi.org/10.1016/j.palaeo.2021.110333
https://doi.org/10.1016/j.gsf.2022.101430
https://doi.org/10.1002/spp2.1583
https://doi.org/10.1002/spp2.1583
https://doi.org/10.1007/s11434-014-0419-y
https://doi.org/10.1007/s11434-014-0419-y
https://doi.org/10.1038/s41586-020-2883-7
https://doi.org/10.1038/s41586-020-2883-7
https://doi.org/10.1144/jgs2021-164
https://doi.org/10.1144/jgs2021-164
https://doi.org/10.1144/jgs.158.2.211
https://doi.org/10.1144/jgs.158.2.211

	Novel information on Caryosyntrips based on new appendages from China and the USA
	1. Introduction
	2. Material and methods
	2.1. Geological setting
	2.1.1. Malong Biota
	2.1.2. Spence Shale

	2.2. Photography
	2.3. Terminology
	2.4. Repositories and institutional abbreviations

	3. Results
	4. Discussion
	4.1. Geographic distribution of Caryosyntrips
	4.2. Caryosyntrips feeding ecology
	4.3. Morphological variation in Caryosyntrips: inter or intra specific?
	4.4. Radiodonts of the Malong Biota and Spence Shale

	5. Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	References


