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Radiodonts, a clade of Cambro-Devonian stem group euarthropods, have
classically been regarded as nektonic apex predators. However, many
aspects of radiodont morphology and ecology have remained unclear
because of the typically fragmentary nature of fossil material. Here, we
describe a new hurdiid radiodont based on abundant and exceptionally
well-preserved fossils from the Burgess Shale (Marble Canyon area, British
Columbia, Canada). Cambroraster falcatus gen. et sp. nov. is characterized
by an extra-large horseshoe-shaped head carapace, bearing conspicuous posterolateral spinous processes, and partially covering a short trunk with eight
pairs of lateral flaps. Each of the pair of frontal appendages possess five
mesially curving rake-like endites equipped with a series of anteriorly
directed hooked spines, altogether surrounding the oral cone. This feeding
apparatus suggests a micro to macrophagous sediment-sifting feeding ecology. Cambroraster illuminates the evolution of Hurdiidae and evinces
the exploitation of the diversifying infauna by these large and specialized
nektobenthic carnivores in the aftermath of the Cambrian explosion.

1. Introduction
Radiodonts, emblemized by Anomalocaris, are some of the most iconic
soft-bodied Cambrian animals. Members of this group are typified by large
compound eyes, a single pair of arthrodized frontal appendages, a mouth
surrounded by a circlet of toothed plates and a series of flexible lateral swimming flaps [1]. Considering their phylogenetic position in the euarthropod
stem group [2], the radiodont body plan has the potential to reveal much
about the early evolution of the most diverse animal phylum. However, even
in Konservat Lagerstätten, in particular Burgess Shale-type deposits, articulated
body remains are exceedingly rare. Only the most heavily sclerotized body
parts—either the frontal appendages, oral cone or head sclerites—are known
for the majority of described species, usually as isolated elements.
The paucity of complete, articulated material has resulted in an emphasis on
frontal appendage morphology for inferring both radiodont phylogeny and
modes of life. Primarily on this basis, four major groups have been distinguished. These are the anomalocaridids, amplectobeluids, tamisiocaridids
and hurdiids [3–7]. Anomalocaridids and amplectobeluids have highly dextrous appendages with clear adaptations for raptorial grasping of prey [6].
Hurdiids appear to be set apart from the other groups by a fundamental
morpho-functional divide [8], although their feeding ecology has been less
clear. Recently, a strong argument has been made that the large hurdiid Aegirocassis was a suspension feeder, based on its specialized frontal appendage
morphology [4]. Other hurdiids have been speculated to have engaged in a
wider range of feeding modes, from using their opposing appendages to masticate large prey [1], to scavenging [2] or sediment sifting [9], although detailed
functional comparisons have yet to be drawn. Considering the relatively limited
© 2019 The Author(s) Published by the Royal Society. All rights reserved.
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Superphylum Panarthropoda Nielsen, 1995
Order Radiodonta Collins, 1996
Family Hurdiidae Lerosey-Aubril & Pates, 2018
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knowledge of the morphology of these animals, the potential
for bias in interpretations of their ecology and phylogeny is
significant.
Here, we describe a new hurdiid radiodont based on
exceptionally abundant and well-preserved fossil material
from the Burgess Shale (British Columbia) including a
complete articulated individual, several probable moult
assemblages and dozens of isolated elements. This new
taxon provides fresh insights into the evolution of the hurdiid
body plan and the important ecological roles played by
members of this group.

(a) Etymology

(a) Fossil material
Specimens of Cambroraster falcatus gen. et sp. nov. representing at
least 140 individuals were collected in situ and from talus
material, and are housed at the Royal Ontario Museum (ROM),
Invertebrate Palaeontology section (ROMIP; see electronic supplementary material, tables S1 and S2). Dozens of
disarticulated elements may cover single bedding surfaces
(figure 1j; electronic supplementary material, table S2). Select
specimens were mechanically prepared and then photographed
under direct or cross-polarized lighting conditions [10]. For comparative purposes, we also re-examined fossil material of Hurdia,
Peytoia, Stanleycaris and Anomalocaris housed at the ROM and
Smithsonian National Museum of Natural History (NMNH).

(b) Phylogenetic analyses
We compiled a matrix composed of 34 taxa and 72 characters
(substantially modified from that originally published in [3]; see
electronic supplementary material). The tree was rooted at the
lobopodian Hallucigenia sparsa based on its consistently recovered
basal divergence compared to the radiodont–euarthropod split
[11,12]. Mesquite 3.4 [13] was used for constructing the morphological matrix and tracing character evolution, and FigTree 1.4.3
[14] was used for visualizing the trees.
The characters were partitioned into neomorphic and transformational character groups [15,16]. Model testing was
conducted in IQ-Tree 1.6.9 [17]. Model selection was limited to
the Mk model [18] using the command ‘-m testmerge -mset
MK’. The two-partition scheme was retained and the Mkv
model with equal state frequencies and equal within-partition
rates (MK + FQ + ASC) was selected for both partitions.
Bayesian analysis was conducted in MrBayes 3.2.6 [19] using
model settings equivalent to those selected in IQ-Tree (LSET
coding = variable rates = equal PRSET symdirihyperpr = fixed
(infinity)). Rates were allowed to vary between partitions
(PRSET ratepr = variable). Four runs, each with four parallel
chains, were set for 3 000 000 generations with a sample taken
every 1000 generations. Burn in fraction was set to 20%. Convergence was indicated by standard deviation of split frequencies
approaching 0.01, PSRF close to 1.00 and estimated sample
sizes > 200 for all parameters (corroborated graphically in
Tracer 1.6 [14]). Parsimony and maximum-likelihood analyses
were also performed (see electronic supplementary material).
Feeding ecology was generalized as one of three functional
categories (suspension feeder, micro to macrophagous sediment
sifter, macrophagous raptorial predator; see Discussion and electronic supplementary material for list of references). These
ecological characters were then traced onto the Bayesian tree
using Mesquite’s Trace Character History option with parsimony
ancestral state reconstruction.

(b) Type material
Holotype ROMIP 65078 part (figure 1a; electronic supplementary material, figure S2) and partial counterpart
(figure 1b–d), Paratypes ROMIP 65079 (figures 1g–i and 2e;
electronic supplementary material, figure S5C and D),
65081 (figure 1k), 65083 (figure 2f–i; electronic supplementary
material, figure S6), 65084 (figure 2a,b), 65092 (figure 1m).
Other material, see figures 1e,f,j,l and 2c,d,j,k; electronic supplementary material, figures S1, S4, S5 and S7 (also
electronic supplementary material, table S2).

(c) Locality and stratigraphy
Upper part of the ‘Thick’ Stephen (Burgess Shale) Formation,
Cambrian (Miaolingian Series, Wuliuan Stage), Ehmaniella
biozone, from Marble Canyon [20] and Tokumm Creek [21]
sublocalities. We note that specimens previously reported
as Hurdia from Marble Canyon [20] actually represent Cambroraster; Hurdia appears to be absent from this sublocality.
Two poorly preserved partial H-elements, identifiable as
Cambroraster sp., were also recovered; one from Mount Stephen (Collins Quarry) and one from talus material on
Mount Field, extending the earliest occurrence of the genus
lower into the ‘Thick’ Stephen Formation [22].

(d) Diagnosis for genus and species
Hurdiid panarthropod with the following characteristics:
H-element divided into an axial area with a strongly bilobate
posterior margin and wide, downcurving lateral areas
extending posteriorly into spinous processes that reach
approximately as far back as the posterior of the axial area.
Axial and lateral areas separated by deeply incised posterolateral (ocular) notches. Outer edges of the lateral areas
with at least one row of nine backward-pointing spines
which decrease in size anteriorly; inner edges with three
backward-pointing spines. P-elements lenticular, lacking a
posterior notch. Frontal appendages with five elongate
mesially curving endites of subequal length, bearing 20–25
hooked auxiliary spines. Podomeres with smooth outer
margins, except for a tiny axial spine on podomeres 8 and 9.
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Cambro, for Cambrian; raster, for the rake-like morphology of
the frontal appendage endites, especially the strongly curved
auxiliary spines; falcatus, for the sickle shape of the
H-element. The species name also relates to its field nickname
‘spaceship’ in reference to the H-element’s resemblance to the
fictional Millennium Falcon starship in the Star Wars
franchise.
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(d)
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Figure 1. Overview of Cambroraster morphology. (a–d) ROMIP 65078, holotype; (a) part; (b) counterpart, low angle light showing reflective eyes, part traced over in
white; (c,d), close-ups of eyes; (e,f ) ROMIP 65093; (e) overview, showing eight lateral flaps; ( f ) close-up of tail blades (arrows), note internal rays; (g–i) ROMIP
65079; (g) overview, showing H- and P-elements, arrows indicating overfolding of the edge, asterisks indicating small lateral spines; (h) close-up of the H-element
showing reticulate pattern; (i) close-up of reticulation on P-element; ( j ) ROMIP 65080, part of a mass moult slab with numerous disarticulated individuals, including
P- and H-elements and frontal appendages; (k) ROMIP 65081, small H-element showing spinosity of the lateral areas, spines numbered; (l ) ROMIP 65082, Pelement; (m) ROMIP 65092, P-element. a,b,e,g,j,k,m, bars, 20 mm; c,d,f,h,i,l, bars, 5 mm. ey, eye; fa, frontal appendage; He, H-element; lf#, lateral flap
number; ln, lateral notch; lp, posterolateral process; mn, medial notch; bp, bilobate posterior region; Pe, P-element; Pn, P-element neck. (Online version in colour.)

(e) Description
The description of the body and main body parts is mainly
based on the well-preserved and fully articulated holotype
(figure 1a–d; electronic supplementary material, figure S2),
supplemented with observations from other assemblages

(e.g. figure 1e–j) and isolated elements (e.g. figure 1k–m).
The head—defined as the distance between the putative
attachment site of the frontal appendages and the eyes and
posterolateral ocular notches—takes up more than half of
the total body length. The anterior section of the animal,
including 5–6 bands of lamellae, is covered by a large
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Figure 2. Morphology of Cambroraster appendages and oral cone. (a,b) ROMIP 65084; (a) appendage in lateral view; (b) close-up of the distal portion of the
appendage; (c) ROMIP 65080, appendage in frontal view; (d) ROMIP 65085, single endite, arrows indicating spine size alternation; (e) ROMIP 65079, showing
the effect of differing orientation of appendages, note the hooked auxiliary spines (arrow) on the obliquely buried appendage (top); ( f–i) ROMIP 65083;
( f ) overview of oral cone, lateral view; (g) close-up of soft tissue with rows of denticles from boxed area in f; (h) close-up of hooked auxiliary spines on frontal
appendages (arrows); (i) close-up of circumoral teeth from boxed area in f; ( j ) ROMIP 65087, appendages and oral cone; (k) ROMIP 65086, oral cone with serrated
inner plates, four main outer plates indicated with arrows. (a–f,j,k) bars, 5 mm; (g) bar, 1 mm; (h,i) bars, 2 mm. as, auxiliary spines; en, endite; fg, possible foregut
tissue; ip, inner plates; os, outer spine; ot, outer teeth of oral cone; pd#, podomere number; pn, peduncular notch; ts, terminal spine. (Online version in colour.)
tripartite head carapace complex composed of a dorsal Helement and a pair of P-elements (figure 1a,g,l,m; electronic
supplementary material, figure S1A,B). The symmetrical
disposition of the H-element relative to the body in the holotype argues that this represents the original position of this
structure in life. Both the H- and P-elements exhibit a reticulate pattern similar to that described in Hurdia [23], although
the cells range from marginally subhexagonal to elongate
near the centre of the H-element (figure 1g–i; electronic
supplementary material, figures S5 and S7C).
The largest H-element reaches 18 cm in width (electronic
supplementary material, figure S1E), and maximum length of
the animal by extrapolation from the holotype may have been
about 30 cm. The H-element is horseshoe-shaped: rounded
anteriorly and divided into an axial and a pair of wing-like
lateral areas, separated at the posterior by two deeply incised
posterolateral notches (figure 1g–k; electronic supplementary
material, figures S1E,F, S4, S5D and S7C). The notches accommodate the eyes, which are elongate ellipses in dorsal view
(figure 1a–d; electronic supplementary material, figure S2).
The posterior region of the axial area is divided into
two semicircular lobes by a V-shaped medial notch (e.g.

figure 1h,k). The lateral areas extend into posterolateral processes ending in a large spine and adorned on both sides
with rows of marginal spines which decrease in size anteriorly (figure 1a,g,k). The pair of posterolateral processes
does not usually extend beyond the bilobate axial posterior
region, except in one smaller individual (figure 1k),
suggesting potential ontogenetic variation. Three posteromedially directed spines are present on the inner margins of the
posterolateral processes (figure 1g; electronic supplementary
material, figure S5D). At least nine posterolaterally directed
spines line the outer margin (figure 1g,k; electronic supplementary material, figures S5D and S6C). Smaller spines,
seen when the edge of the sclerite is folded over, may represent a second row of spines inserted more centrally on
the lateral areas (figure 1g; electronic supplementary
material, figure S4D).
Crescentic compression artefacts, particularly along the
boundary between axial and lateral areas, suggest that the
H-element was quite convex dorsally, with the lateral areas
likely curving down in life (e.g. figure 1g,k; electronic supplementary material, figure S4). The left and right lateral
areas may differ in shape, even in the same specimen. They
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(f)

4. Results and discussion
(a) Comparative morphology
The discovery of intact specimens and numerous disarticulated
elements prompts detailed comparisons with other hurdiids
and permits a comprehensive reconstruction of Cambroraster
(figure 4; electronic supplementary material, Video). The Helement of Cambroraster is quite differentiated from other
taxa. Hurdia and Pahvantia have posterior notches in their Helements, but these are much smaller than those in Cambroraster
([5,23]; figure 3a). The overall H-element shape most closely
resembles Zhenghecaris from China ([26]; electronic supplementary material, figure S7A,B). In particular, both have a
rounded anterior margin, broad lateral areas extending into
posterolateral spinous processes, prominent posterolateral
notches and an axial area with a bilobate posterior margin.
The placement of Zhenghecaris in our phylogenetic analysis
supports a radiodont affinity (see Phylogenetic results; [26],
contra [27]), providing another faunal link between the
Marble Canyon and Chengjiang biotas [20].
The body form of Cambroraster is comparable to Peytoia,
particularly in the elongation of the head relative to the
trunk [1]. As in Cambroraster, the carapace complex of Peytoia
appears to overlap several anterior segments, with at least the
P-elements projecting as far posteriorly as the first two lamellar bands (figure 3b,c). The same may be true in Aegirocassis,
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within the matrix; their strong mesial curvature becomes
apparent when viewed in the frontal or oblique orientation
(figure 2c–e,j; electronic supplementary material, figure S1I).
Each endite bears a pectinate series of about 20–25 narrow
auxiliary spines, which alternate in size and are strongly
hooked distally (figure 2d,e,h; electronic supplementary
material, figure S6A,B). The endites and auxiliary spines are
always preserved with consistent, smooth margins, and
often with higher fidelity than other parts of the appendage
like the podomeres. This suggests that they were robust,
heavily sclerotized structures. The appendage ends in an
inward-bending distal section consisting of four highly
reduced podomeres (including the terminal one). The last
three podomeres bear unadorned, enditic spines (figure 2b).
The eighth and ninth podomeres each also possess a tiny,
stout outer spine (figure 2b).
Behind the frontal appendages is a large oral cone
(figure 2f,j,k; electronic supplementary material, figures
S1C,D and S6). This structure consists of a convex tetraradial
outer ring of abutting smooth plates, with four large plates
separated by sets of seven small plates. The plates bear up
to three triangular teeth on their oral margins, which are particularly robust on the large plates (figure 2i; electronic
supplementary material, figures S1D and S6C). Within the
oral cavity are a series of at least three tetraradially arranged
rows of serrated plates which converge towards the centre of
the oral cone (figure 2k). The lateral rows appear to imbricate
above the anteroposterior ones. One specimen also preserves
soft tissue extending inward from the base of the oral cone
(figure 2f,g; electronic supplementary material, figure S6).
This tissue is lined proximally with five rows of small denticles. These could potentially represent partially decayed
remains of the foregut with circlets of teeth, comparable
to the tiny pharyngeal spines found in a range of other
ecdysozoans [12,25].

royalsocietypublishing.org/journal/rspb

may be either broad, showing marginal spines (i.e. preserved
flat) or narrow, with a darker zone and fewer or no spines visible (i.e. appearing folded over and compressed vertically, e.g.
figure 1g; electronic supplementary material, figure S4).
These variations are interpreted to represent taphonomic
artefacts mainly due to variations in the angle of burial and
suggest that the H-element in particular was relatively flexible and easily deformed (compare also with similarly
preserved carapaces of Tuzoia; [24]).
The P-elements (figure 1g,l,j,m; electronic supplementary
material, figures S1G,H and S5A,B) consist of a bulbous lenticular posterior portion and an elongate, curving, anterior
neck section. The bulbous portion is more strongly convex
on its ventromedial edge and may have a slight constriction
towards its posterior tip. While not clearly preserved in the
holotype, at least four specimens show a distinct association
of paired P-elements near the anterior margin of the
H-element, suggesting an anterior connection (e.g. figure 1g;
electronic supplementary material, figure S1G,H). This
implies that the bulbous body of the P-elements would
have covered the ventrolateral surfaces of the head, behind
the appendages and oral cone, a condition shared with
Peytoia (figure 3a–c; [2,23]), and likely also Hurdia (see
discussion).
The trunk has a subtriangular cross-section and bears
eight paired lateral flaps (figure 1a,b,e; electronic supplementary material, figures S2 and S3). Arrays of dark bands
traverse from near the midline of the body onto the flaps
(figure 1e; electronic supplementary material, figures S1A–C,
S2 and S3). We interpret these as bands of lamellae, comparable to those in other radiodonts [2]. The flaps are largest
anteriorly, where they nearly reach the posterolateral processes of the H-element, although each represents only
about one-fifth of the total trunk width (figure 1a,b). The
flap size decreases gradually towards the posterior
(figure 1a,b). Anterior to the eight flap-bearing segments,
and to the posterolateral notches in the H-element, are three
segments with smaller lamellar bands (electronic supplementary material, figure S1A,B). There is no evidence that these
are associated with flaps. The terminal end of the trunk
bears a small tail fan, probably composed of two pairs of
elongate posteriorly directed blades with parallel rays
(figure 1a,b,e,f; electronic supplementary material, figure S3).
A dark stain fills the interior of the head and trunk in the
holotype specimen (figure 1a,b; electronic supplementary
material, figure S2). This may represent partially authigenically
preserved remains of internal organs.
The frontal appendages are situated below the H-element,
most probably at the anterior of the head (figure 1a,b,e; electronic supplementary material, figures S2A,B and S3). They
are elliptical in cross-section and consist of 10 podomeres
including the terminal element (figure 2a–c). The proximalmost podomere (the peduncle) is the largest, lacks
outgrowths and has a lateral notch on the proximal margin
(‘pd1’ in figure 2a). Distal to this are five stout podomeres,
each bearing a single broad, elongate endite (‘pd2–6’ in
figure 2a,c–e,j; electronic supplementary material, figures
S1I and S6A,B). These podomeres decrease in height rapidly
distally, which gives the outer surface of the appendage a
distinct curvature. The elongate endites are all roughly
equivalent in length, more than twice the maximum height
of the appendage podomeres. Endites appear straight in lateral view (figure 2a,e) because the distal tips are concealed

(a)

(c)

(b)

(d)
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Figure 3. Comparative morphology of hurdiids. (a) Hurdia triangulata, ROMIP 59255, showing tripartite carapace complex and posteriorly dislocated appendages and
oral cone; (b,c) Peytoia nathorsti, showing elongated head, carapace elements and posteriorly positioned eyes; (b) ROMIP 61127; (c) USNM 274141; (d ) Anomalocaris
canadensis, ROMIP 61668, showing carapace elements, with P-element necks joined, see electronic supplementary material for discussion; (e,f ) ROMIP 60048, Hurdia
sp. appendage, lateral view; (e) overview; ( f ) close-up showing hooked auxiliary spines (arrows); (g) ROMIP 65094, Hurdia sp. appendage, frontal view showing
mesial curvature of the endites; (h) ROMIP 59975, Stanleycaris hirpex appendage showing endites curving mesially into the matrix (arrows). (a–d) Bars, 10 mm;
(e,g,h) bars, 5 mm; ( f ) bar, 1 mm. ms, medial spinous outgrowths, others as in figures 1 and 2. (Online version in colour.)
although the degree of shifting due to post-mortem disarticulation in the published material is unclear [4]. In Hurdia, the
carapace complex has been interpreted as projecting in
front of the head, attaching only narrowly along its posterior
margin [2]. It is noteworthy, however, that all published
Hurdia assemblages show signs of disarticulation [23]. As
seen in Cambroraster assemblages (e.g. figure 1g; electronic
supplementary material, figure 1F), the displacement of the
carapace elements anterior to other body parts like the frontal
appendages is a common configuration in Hurdia (e.g.
figure 3a; possibly related to moulting, see Palaeoecology).
Given the otherwise similar body plans of Cambroraster and
Hurdia, we construe that the head carapace complex of the
latter would have also likely covered the anterior section of
the body in life, and that the appendages and oral cone
were positioned far anterior to the eyes.
As with other elements, the frontal appendages of
Cambroraster exhibit a combination of characters seen in other
hurdiids. Preparation of published ([23], their fig. 12C)
appendages of Hurdia reveals a similar hooked auxiliary
spine morphology (figure 3f–h), although the spines are less
numerous and close-packed than in Cambroraster. The supernumerary auxiliary spines and the extremely elongate
homonomous endites of Cambroraster instead most closely
resemble the condition in Aegirocassis [4], although here,
the auxiliary ‘setae’ are flexible and plumose, rather than
spiniform and sclerotized. As observed in Cambroraster,
re-examination of fossil material of Hurdia, Peytoia and
Stanleycaris (figure 3f–h; see also figures in [9,23,28,29])
as well as figures of Aegirocassis appendages in [4] suggest

similar mesial curvature of the endites, forming a ‘basket’
around the mouth (see electronic supplementary material).
Among hurdiids, only Schinderhannes [30] seems to have
relatively straight endites.

(b) Palaeoecology
The typical rarity of radiodont fossils contrasts with the large
accumulations of Cambroraster discovered in situ on single bedding planes at Tokumm Creek. Paired appendages and
carapace elements in close physical proximity probably represent exuviae of single individuals, suggesting that these
accumulations could be the result of mass moulting (e.g.
figure 1g; electronic supplementary material, figure 1F,G).
Indeed these assemblages satisfy all the criteria for identifying
fossil exuviae with the exception of definitive opened suture
lines [31]. Mass moulting behaviour has been reported in
Cambrian euarthropods from the Burgess Shale [32],
but Cambroraster extends this record back considerably into
the euarthropod stem. Clusters of Anomalocaris appendages
from other localities could represent equivalent mass
moulting events, although the lack of obviously paired appendages make this interpretation less compelling [33]. Gregarious
behaviour in Cambroraster also implies that food sources must
have been locally abundant to sustain these large organisms.
Cambroraster’s morphology is consistent with a nektobenthic lifestyle. The broad, vaulted H-element is convergent
with the head armature of limulids [34], carcinized crustaceans
[35] and ‘filter chamber’ resuspension feeding trilobites [36],
but also the head shields of some ostracoderm fish [37]. Body

(a)

(d)

Figure 4. Artistic reconstruction of Cambroraster. (a) Dorsal view; (b) ventral
view; (c) lateral view; (d ) frontal view. Abbreviations as in figures 1 and 2.
Reconstruction by Lars Fields. See electronic supplementary material for
animation. (Online version in colour.)
forms with large, broad heads, dorsally directed eyes, and relatively reduced bodies tend to be associated with animals that
occupy benthic niches, particularly those that plough through
sediment [34,35]. Inferring a similarly intimate association
with the benthos for Cambroraster is also in line with its
probable feeding ecology, as discussed below.
Interpretation of the feeding habits of Cambroraster comes
mainly from the functional morphology of the frontal appendages and oral cone. Like other hurdiids, Cambroraster bears
only a single pair of feeding appendages, and these are functionally ill-equipped for raptorial manipulation of prey [9].
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Further, the imbricated parallel rows of hooked auxiliary
spines would have interfered with the ability to grasp prey
between adjacent endites. Cambroraster’s appendages also
lack adaptations for suspension feeding. The spacing of
auxiliary spines in Cambroraster indicates that a relatively
large individual (e.g. estimating from figure 2d) could have
trapped organisms perhaps as small as ca 0.5 mm—smaller
than would be possible for Hurdia (ca 2 mm or more in
figure 3f )—but larger than typical particles consumed by suspension-feeding crustaceans [38]. Additionally, suspensionfeeding crustaceans tend to have setae bearing setules or serrations to increase surface area for capture of small particles
[39], contrasting with the robust and unadorned auxiliary
spines present in Cambroraster.
The endites of Cambroraster most closely resemble the
pectinate appendages of various decapod crustaceans and
the comb-like outgrowths on the limbs of some eurypterids,
which are thought to function in raking through sediment
[40,41]. In decapods, each appendage typically bears a single
comb of spines or a pair of occluding combs [41]. The condition
in eurypterids is more similar to Cambroraster, as the appendages may bear more than one pectinate outgrowth arranged
in parallel [40]. Unlike in these taxa, the multiple imbricated
sets of mesially curving combs borne by Cambroraster’s single
pair of frontal appendages form a basket-like trap around the
mouth. This is perhaps most comparable to the arrays of
multiple setose food-handling appendages in particle-feeding
crustaceans like thalassinidean and anomuran decapods
[42,43]. Hooked cuspidate setae in these taxa may be functionally analogous to the auxiliary spines of Cambroraster, although
these structures tend to be much smaller.
The spacing of the auxiliary spines on the endites provides
a minimum bound on prey size; however, the robust circumoral teeth and inner plates in the oral cone, which
presumably played a role in food handling [1,2,23], suggest
that considerably larger organisms may have been consumed
as well. The fine denticles in the foregut of Cambroraster
could be at least functionally comparable to the pharyngeal
microspines known in a range of coarse-particle-feeding
euarthropods [25]. Radiodont oral cones have also been
hypothesized to have enabled suction feeding [23,44]. This
would have been particularly important in hurdiids like
Cambroraster, considering the non-raptorial morphology of
the frontal appendages, and could have facilitated ingestion
of food items of varying sizes. The oral aperture shape of
hurdiids—circular with a planar profile—has been shown to
be adaptative for suction feeding in aquatic vertebrates [45].
As in vertebrates, jaw protrusion could have played a role in
producing suction, although the degree of outward rotation
that hurdiid circumoral plates were capable of remains
unknown [46]. Alternatively, the enlarged heads of hurdiids
may have been associated with an extensive foregut (as potentially seen in figure 2f; electronic supplementary material,
figure S6) which could have functioned in suction generation,
as in extant crustaceans [38]. In any case, hurdiid morphology
suggests that suction feeding may have been a successful strategy long before its convergent involvement in the radiation of
jawed vertebrates [45].
Taking into account all of these aspects, we propose the following sequence of feeding in Cambroraster. First, sediment
was disturbed by lateral sweeping of the frontal appendages
through flexure at the base [1]—presumably facilitated by
the peduncular notch—and spreading of the endites, bringing
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0.90*
0.83*
Habelia

Opabinia
0.51

Kerygmachela

0.98*

Pambdelurion
Aysheaia
Megadictyon
Jianshanopodia
Siberion
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Figure 5. Phylogenetic position of Cambroraster. Bayesian majority rule consensus tree. Numbers at nodes are posterior probabilities; asterisks indicate
nodes also recovered in parsimony, boldface indicates nodes recovered in
maximum likelihood (full trees can be found in electronic supplementary
material). Branch colours represent inferred feeding ecology: dark blue, raptorial macrophagous predator; orange, macro to microphagous sediment
sifter; cyan, suspension feeder; black, unknown or employing a different
mode of feeding. Schinderhannes is tentatively interpreted as a sediment
sifter considering its endite morphology. Ampl., Amplectobeluidae; Ano.,
Anomalocarididae; Isox., Isoxyidae; Tam., Tamisiocarididae. Cartoons of
heads represent Anomalocaris, Schinderhannes and Cambroraster, from
bottom to top; appendages on left omitted.
the auxiliary spines in contact with the substrate. Next the
appendages were drawn backwards, straining food items out
of the sediment slurry and directing them towards the
mouth. The feeding basket formed by the closed appendages,
surrounding the lateral and posterior edges of the oral cone,
would have enabled efficient suction feeding on any captured
infaunal or even larger meiofaunal elements (e.g. [47]). The
close resemblance in the morphology of the endites, and also
the oral cones among hurdiid taxa—such as Cambroraster,
Hurdia, Peytoia, Stanleycaris and possibly also Schinderhannes
[30]—are in line with a hypothesized micro to macrophagous
sediment-sifting mode of feeding in these organisms [9,23].

(c) Phylogenetic results
Our Bayesian tree topology (figure 5) is consistent with other
studies [2,11,12] in recovering a paraphyletic grade of lobopodians and finding radiodonts and isoxyids as more distally
diverging stem-euarthropods ( parsimony and maximum-

(d) Evolution of the hurdiid body plan
Our phylogenetic topology provides a plausible sequence of
character evolution resulting in the specialized hurdiid
body plan, in particular the head. The large tripartite carapace complex is a defining aspect of hurdiid morphology;
however, small sclerites representing probable homologues
of the H- and P-elements have been reported in Lyrarapax
[6,7] and Amplectobelua [49], and are probably also present
in Anomalocaris (figure 3d; electronic supplementary material,
figure S8; contra the interpretation that these structures
represent eyes [50]). In this context, our finding of Schinderhannes as sister to other hurdiids suggests that it represents
a transitional form, bridging the morphological gap between
hurdiids and other radiodonts. Schinderhannes’ [30] comparatively short, trapezoidal-shaped head with anteriorly
positioned eyes is more similar to those of anomalocaridids
and amplectobeluids (compare with [7,50]) than those of
other hurdiids, although its lack of a constricted ‘neck’ separating the head and trunk is a hurdiid apomorphy. The
posterior displacement of the eyes and the enlargement of
the head carapace complex—most extremely elaborated in
Cambroraster—thus appear to represent later shifts in hurdiid
evolution, perhaps linked to increasing specialization to
benthic niches (as discussed above).
Contrasting with its generally plesiomorphic head
configuration, Schinderhannes’ appendages already bear the
typical hurdiid set of five elongate pectinate endites, implying an earlier origin for this morphology. This may be
illuminated by our finding of an amplectobeluid + hurdiid
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0.92*
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Hurdiidae

Hurdia
Peytoia
0.89*
Aegirocassis

likelihood results are largely congruent; see electronic
supplementary material, figures S9 and S10). Monophyletic
Radiodonta is recovered (posterior probability ( pp) = 0.80)
with the exception of Caryosyntrips.
Cambroraster groups within a monophyletic Hurdiidae
( pp = 0.92; see electronic supplementary material). The putative radiodont Zhenghecaris [26] is recovered as its sister
taxon ( pp = 0.96). Hurdia is the sister taxon to this clade
( pp = 0.91) and altogether these are found in a polytomy
with Aegirocassis, Stanleycaris, Pahvantia and Peytoia ( pp =
0.89). Schinderhannes is recovered as the sister taxon to all
other hurdiids ( pp = 0.92). Laminacaris appears as the closest
relative of Hurdiidae ( pp = 0.63), although this result is not
recovered in the parsimony strict consensus tree. Similarly,
in the Bayesian tree, Amplectobelua and Lyrarapax are found
in a polytomy with the clade of hurdiids and Laminacaris, a
novel result, but support is weak relative to other nodes
( pp = 0.56). Other parts of Radiodonta are less resolved.
Tamisiocarididae [3] is recovered as monophyletic ( pp =
0.82). The monophyly of the other proposed families of
radiodonts, the Anomalocarididae and Amplectobeluidae
(sensu [4,6]) cannot be confirmed.
Parsimony ancestral state reconstruction of feeding mode
suggests that a micro to macrophagous sediment-sifting
mode of feeding likely evolved once in the ancestor of Hurdiidae. It also supports the hypothesis that suspension feeding
evolved at least twice, in lineages leading to Aegirocassis
and Tamisiocaris [4]. The ancestral feeding mode for Radiodonta cannot be inferred definitively due to the lack of
resolution around the base of this clade, although raptorial
macrophagous predation is arguably polarized as ancestral
by the isoxyids [48].

this radiation [55]. As large and abundant nektobenthic carnivores, hurdiids like Cambroraster likely had a considerable
impact on the local benthic community through both predation and bioturbation. Cambroraster thus contributes to a
growing body of evidence that radiodonts, and stemeuarthropods as a whole, were far from ‘primitive’; these
organisms exhibited high levels of ecological diversity and
played a broad range of important roles in the first complex
animal communities on Earth.
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