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The origin of mandibulates, the hyperdiverse arthropod group
that includes pancrustaceans and myriapods, dates back to the
Cambrian. Bivalved arthropod groups such as hymenocarines
have been argued to be early mandibulates, but many species
are still poorly known, and their affinities remain uncertain.
One of the most common and globally distributed Cambrian
bivalved arthropods is Tuzoia. Originally described in 1912
from the Burgess Shale based on isolated carapaces, its full
anatomy has remained largely unknown. Here, we describe
new specimens of Tuzoia from the Canadian Burgess Shale
(Wuliuan, Cambrian) showcasing exceptionally preserved soft
tissues, allowing for the first comprehensive reconstruction of
its anatomy, ecology and evolutionary affinities. The head
bears antennae and differentiated cephalic appendages. The
body is divided into a cephalothorax, a homonomous trunk
bearing ca 10 pairs of legs with heptopodomerous endopods
and enlarged basipods, and a tail fan with two pairs of caudal
rami. These traits suggest that Tuzoin swam along the seafloor
and used its spinose legs for predation or scavenging. Tuzoia
is retrieved by a Bayesian phylogenetic analysis as an early
mandibulate hymenocarine lineage, exemplifying the rapid
diversification of this group in open marine environments
during the Cambrian Explosion.

1. Introduction

The origin of mandibulates, the arthropod group that
encompasses myriapods and pancrustaceans, dates back to the
Cambrian period [1-3] but the early evolution of this group
remains a contentious issue [4-6]. Bivalved arthropods, a
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polyphyletic group characterized by their cephalothoracic carapace subdivided into two valves, have [ 2 |
been central to this debate. Some bivalved crustaceomorph larvae from Orsten deposits have been
considered stem-mandibulates [7], but also stem-pancrustaceans or pancrustaceans [8]. The
hymenocarines, another group of Cambrian bivalved arthropods, have been previously considered
early euarthropods [9-11], but have recently been reinterpreted as early mandibulates based on the
presence of putative mandibles and reduced post-mandibular appendages (i.e. maxillae) found in
several species [4,5,12]. These interpretations are providing new views on the early evolution of this
group, although many questions remain [12-14].

A challenge in the study of bivalved arthropods comes from the lack of soft tissues for several species,
in which the carapace is often the only structure preserved [15,16]. The bivalved arthropod Isoxys has
been known for over a century [17] almost entirely from isolated carapaces distributed across the
globe [18], but its phylogenetic affinities and ecology remained unknown for more than 100 years
until further soft tissues were recovered, concluding that Isoxys is a stem-group euarthropod with a
pelagic lifestyle [19-21]. A similar case to Isoxys is the bivalved arthropod Tuzoia Walcott 1912. Tuzoia
was one of the original species described from the Cambrian (Wuliuan) Burgess Shale, known only
from its distinct reticulated large carapace valves and variable spines [22,23]. Since then, Tuzoia has
been found in numerous Burgess Shale-type deposits, representing one of the most widespread
arthropods of the era [24,25]. More than 20 species of Tuzoia have historically been recognized, many
since synonymized or with open nomenclature [25,26]. These species were diagnosed based mainly on
variations in the number, length and positioning of spines along the carapace and their geographical
distribution, making Tuzoia one of the most diverse genera of Cambrian arthropods. Despite its
ubiquity, the preservation of other soft tissues has been extremely scarce. Eyes and eye stalks have
been identified in some specimens [26,27], but their exact position and morphology remain
ambiguous [27,28]. Poorly preserved antennae [25,26] and legs [29-31] have also been reported, but
lack detailed information on their morphology and position, preventing a full reconstruction of Tuzoia.
Based on new specimens with exceptionally preserved soft tissues from the Cambrian Burgess Shale
formation, we present the most comprehensive interpretation of the morphology, phylogenetic affinity
and ecology of Tuzoia to date.
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2. Methods

2.1. Fossil material and locality

This study is based on 11 individuals of Tuzoia preserving soft tissues, four of which have been published
[26,29]. All specimens, possibly representing three separate species (electronic supplementary material,
table S1), are deposited at the Royal Ontario Museum Invertebrate Palaeontology section (ROMIP).
The total number of specimens of Tuzoia in the ROMIP collections is close to 400, but only specimens
presenting soft tissues, besides the carapace, were included in this study. Three specimens come from
classical Burgess Shale localities in Yoho National Park, while the remaining are from more recently
explored localities in Kootenay National Park (electronic supplementary material, table S1). Specimens
are preserved as aluminosilicate two-dimensional compressions [32]. Carapace valves may show
deformation due to compression, which is most visible on the lateral edges of the carapace [33].
Specimens were photographed under direct and cross-polarized light under dry and wet conditions.
Several specimens were prepared using an air-scribe, removing part of the matrix or the carapace to
uncover soft tissues underneath. A list of the current species of Tuzoia is included in the electronic
supplementary material, tables S2 and S3.

2.2. Phylogenetic and morphometric analysis

A morphospace for carapace shapes was built using the R (V4.1.2) packages Mormocs [34] and geomorph
[35] (electronic supplementary material, Analysis 2.1). The morphospace is based on the external outlines
of singular carapace valves in lateral view of multiple bivalved arthropods belonging to the Isoxyidae
and Hymenocarina, traced from previously published images. The analysis contained 20 genera and
63 shapes, with most genera being represented by at least two shapes (see electronic supplementary
material, Files). Hymenocarines were classified into subgroups (e.g. waptiidae). Each valve outline
was reconstructed through an elliptical Fourier analysis under 25 harmonics. A morphospace was
created through a principal component analysis of the carapace shapes to examine variations in shape



and an evaluation of the affinities of Tuzoin was tested through a K-means analysis (electronic B
supplementary material, Analyses 2.1 and table S4).

A phylogenetic analysis was performed based on a modified version of a previously published
panarthropod morphological matrix [14,36]. This dataset, referred to as dataset 1, was pruned to include
only euarthropod and stem-euarthropod species and applicable characters. New hymenocarine
characters and taxa were included from previous publications [37], as well as characters related to the
frontal appendages from a different dataset [38], to a total of 113 taxa (electronic supplementary
material, table S5) and 300 characters. All characters were discrete, binary or multi-state, and equally
weighted. A Bayesian analysis was performed with the Mk model and gamma-distributed rate variation
in MrBayes V3.2 [39]. The analysis employed two runs with four chains for 1.5x 107 generations,
sampling every 100 generations, with 20% of the initial samples discarded as burn-in. Convergence was
evaluated with Tracer V1.7.1 [40]. The size of the eyes (character 7) was measured on specimens of
Tuzoia, and several species of isoxyids and hymenocarines (electronic supplementary material, Analyses
2.2). The same analysis was run using an alternative dataset with a more conservative coding regarding
the anatomy of Tuzoia, leaving all characters of uncertain affinity as unknown and homologizing the
head of Tuzoia to isoxyids, referred to as dataset 2 (electronic supplementary material, Discussion 3.1).
A treespace visualization was created with the R packages ape [41] and phangorn [42], which shows the
number of trees in which Tuzoia and mandibulates form a monophyletic group (electronic
supplementary material, Analyses 2.3).
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3. Results

Systematic Palaeontology

Phylum Arthropoda von Siebold 1848

Order Hymenocarina Clarke, 1882 (emended Raymond 1935)

Family Tuzoiidae Raymond, 1935

Taxa included: Tuzoia Resser 1929, Duplapex Ma et al. 2021.

Emended diagnosis (from [28]): hymenocarine; valves symmetrical in the sagittal axis, generally
amplete to postplete. Valves have at least an anterior and posterior carapace process, a postero-ventral
spine and reticulate ornamentation.

Genus Tuzoia Walcott, 1912

Type species: Tuzoia retifera Walcott, 1912, Middle Cambrian Burgess Shale (Wuliuan), British
Columbia, Canada.

Species included: T. australis, T. bispinosa, T. burgessensis, T. canadensis, T. guntheri, T. jianheensis,
T. lazizhaiensis, T. manchuriensis, T. multispinosa, T. polleni, T. retifera, T. sinensis, T. tylodesa.

Emended diagnosis (from [26]): Tuzoiid with an ocular segment extending beyond the carapace
margin and bearing a pair of elongated peduncular lobes. Carapace bearing a spinose lateral ridge. A
mid-posterior spine (mps) is present in most species. Additional small marginal spines are present in
some species, mostly on the ventro-posterior margin of the carapace. Endopod heptopodomerous with
an elongated basipod: distalmost podomere is claw-shaped, and the second distalmost podomere
always bears a series of spines. At least the first two pairs of legs bear spines on each podomere. The
body terminates into two pairs of caudal rami, one on top of the other, each pair fused into a singular
truncate paddle.

Description

The following description is a composite of several species of Tuzoia (see electronic supplementary
material, table S1).

General habitus: the previous minimum recorded length was 9.8 mm from T. bispinosa from the Kaili
biota [42], and the maximum recorded length was 170-180 mm from Tuzoia sp. from Bohemia [43].
Similar large specimens are known at the Burgess Shale, with T. cf. burgessensis from the Marble
Canyon locality reaching ca 180 mm (ROMIP 63709). Based on this and specimens preserved with a
tail fan from the same locality (figure 1a—f,ik; electronic supplementary material, figures S1 and S2),
and assuming that the ratio between the length of the carapace and tail fan remains constant, the
biggest known Tuzoia could reach ca 210 mm in length.

Head and associated structures: the head extends beyond the anterior edge of the carapace (figures 1a—d;
electronic supplementary material, figures S1 and S2) and bears a series of associated structures
(figures 1, 2 and 3): one pair of unsegmented elongated lobe-like projections between the eyes,
interpreted as peduncular lobes (figures 1a—d, 3e-h; electronic supplementary material, figure S3), and



Figure 1. Morphology of Tuzoia, Marble Canyon specimens. (a) Two specimens (ROMIP 66176.1 and ROMIP 66176.2, T. cf.
burgessensis); (b) full body in ventral view of ROMIP 66176.1 with camera-lucida interpretation (c), showing the head with
stalked eyes and peduncular lobes (d), close-up of the tail fan (ef) and close-up of the legs in wet condition (g); close-up of
the potential antenna in ROMIP 66176.2; (i) specimen in dorsal view (ROMIP65087, T. cf. burgessensis), with close-ups of the
tail fan: part (j) and a composite of part and counterpart (k). Scales: (a—¢i) =50 mm; (d—h,j—k) =10 mm. Abbreviations:
acp, anterodorsal carapace process; an, antenna; ca, carapace; crp, caudal rami process; cr1-2, first or second pair of caudal
rami; en, endopod; ex, exopod; ey, eye; he, head; le, leg; ot, ocular tergite; pl, peduncular lobe; pvs, postero-ventral spine; ts,
terminal segment.

a rounded structure present between the peduncular lobes, a potential ocular sclerite (or ocular tergite,
see Discussion) (figure 1d and 3e-h). Several specimens show an elongated, bilaterally symmetrical
structure with an invaginated anterior margin present on the ventral side of the head (figures 24,b,d;
electronic supplementary material, figure S3e-h). The preservation of this element is similar to the
carapace, indicating that it was strongly sclerotized and is therefore referred to as a sclerotized plate
(see Discussion for potential affinities).

Eyes: eyes are hemiellipsoidal, as long or longer than 5% of the total body length and attach to short,
thick eye stalks that extend along the lateral margins of the head (figures 1la—d, 3e-h; electronic
supplementary material, figures S1 and S3). One specimen shows a differentiated outer ring
(electronic supplementary material, figure S4c) which may be indicative of a separation between the
lenses and crystalline cones and the remaining portion of the eye [44].
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Figure 2. Full body specimen with soft tissues and caudal rami. (a,b) Full specimen in ventral view (ROMIP66300, T. sp) under dry
(a) and wet (b) conditions, showing traces of potential exopods and one pair of caudal rami, highlighted in (c), and a close-up of
the anterior section of the body, with a sclerotized plate (d), Scales: (q,b) = 50 mm; (¢.d) = 10 mm. Abbreviations: cr1-2, caudal
rami pair 1 or 2; cv, carapace valve; ex, exopod; le, leg; s.p, sclerotized plate; tr, trunk.

Antennae: Several specimens show one pair of antenniform structures approximately double the
length of the eye (figures 1k, 3ef; electronic supplementary material, figure S4c). Their segmentation
and exact morphology remain ambiguous, but most probably represent a pair of first antennae.

Post-antennal cephalic appendage: one specimen shows a three-segmented structure close to the head,
with terminal lobes bearing thin curved setae (figure 4be-g), morphologically distinct from the
antennae or legs. These cephalic appendages may correspond to a mandibular palp or to maxillae
(see Discussion).

Cephalothoracic legs: the first one to two pairs of legs are differentiated from the following trunk legs
and are here interpreted as cephalothoracic legs. Their endopod is stout, subdivided into seven disc-
shaped podomeres, wider than longer, which become smaller distally (figures 4cd; electronic
supplementary material, figure S4b,d). The distalmost podomere is shaped into a claw (figures 4cd;
electronic supplementary material, figure S4b,d). The second distalmost podomere is short and bears
6-7 curved to straight spines; the distalmost spines are longer than the remaining ones and are
positioned almost parallel to the terminal claw (figure 4d). The third and fourth podomeres have a
straight to slightly convex ventral margin and bear an indeterminate number of small spines, while
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Figure 3. Specimen showing legs and head. Full specimen in lateral view (ROMIP59978, T. retifera): part (a), and counterpart (b), (c)
close-up of (a) showing the terminal podomeres of several legs; (d) close-up of (b) showing the terminal podomeres of at least four
legs; (¢,f) close-up of (a) showcasing the head and antenniform appendages and camera-lucida interpretation (e); (g,h) close-up of
(b), showing the frontal side of the specimen in dry (g) and wet (h) conditions. Scales: (a,b) =50 mm, (c—h) =10 mm.
Abbreviations: an, antenna; c.a, cephalic appendage; ce, cephalothoracic leg; cv, carapace valve; en, endopod; ex, exopod; ey,
eye; he, head; os, ocular sclerite; p*, podomere; pl, peduncular lobe; s.p, sclerotized plate.

the remaining fifth to seventh podomeres bear a large straight spine located medially, perpendicular to
their ventral surfaces (figure 4c,d). The basipod is highly elongated and bears a series of well-developed
elongated endites that terminate into spinose processes (figure 4c—g). At least two to four endites are
visible, and taking the length of the basipod as a reference, we infer a total of 5 to 6 endites. The
presence of an exopod in these legs is ambiguous.

Trunk and legs: the trunk of Tuzoia is almost entirely covered by the carapace; it is fusiform and large,
and its size increases medially (figures la—c, 2; electronic supplementary material, figure S1).
Segmentation is not discernible from the specimens available, but taking the size of the legs as
approximations, there are most probably 10 pairs of biramous legs which become shorter towards the
anterior and posterior side of the body (figures la—c, 2; electronic supplementary material, figure S1).
Legs are always shorter than the carapace height, so only the anteriormost and posteriormost legs can
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Figure 4. (ephalothoracic area of Tuzoia. (a) Full specimen (ROMIP57446, T. canadensis) showing two valves in dorsal view and soft
tissues located frontally (b,c). These include a differentiated cephalic appendage, also shown in a dose-up (b), a series of
cephalothoracic legs, a trunk leg with an enlarged basipod bearing spines and two potential antennae; (d) close-up of the
distalmost podomeres in a cephalothoracic leg, bearing spines; (e) close-up of the cephalic appendage and the endites,
including part (e), counterpart (laterally mirrored) (f) and camera-lucida interpretation of the part (g). Note how the cephalic
appendage is smaller in size and has curved setae, when compared to the endites. Scales: (a) =50 mm; (¢e—g) =10 mm; (b,
d)=2.5 mm. Abbreviations: an, antenna; ba, basipod; ca, cephalic appendage; ca, carapace; ce, cephalothoracic leg; cv,
carapace valve; et, endite; le, leg; mps, medio-posterior spine; p*, podomere; pvs, postero-ventral spine; sp, spine; st, setae;
un, unknown.

extend beyond the edges of a closed carapace (figures 3a—d, 5a—c; electronic supplementary material,
figure S4f,g). Elliptic impressions suggest the presence of paddle-shaped exopods, indicating that all
legs were most probably biramous (figures 1b,c,g and 2) but their exact morphology remains
ambiguous. All trunk legs are most probably almost identical (figures 3c,d and 5a—e; electronic
supplementary material, figure s4f-g); their endopods have seven disc-shaped podomeres of a similar
size. The distalmost podomere is shaped into a claw (figures 4c, 5cfg,i). The second distalmost
podomere is usually longer than the rest, and bears elongated, straight to anteriorly slightly curved
spines along its ventral margin (figure 5¢). The remaining podomeres are devoid of spines (figures 4c,
5c,f-i), excluding the seventh distalmost podomere, which bears a medial straight spine on its ventral
surface (figure 4c and 5h). The basipod is elongated, unsegmented and bears a singular spine
proximal to the seventh podomere (figures 4c and 5a—h).
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Figure 5. Thoracic legs of Tuzoia. (a) Full specimen in lateral view (ROMIP59978, T. retifera), with camera-lucida interpretation of the
part and counterpart superimposed (b) and a close-up on two trunk legs, showing podomeres and basipod (c); (d) full specimen in
lateral view (ROMIP64835, T. retifera) with camera-lucida interpretation (e), and several close-ups: a trunk leg under wet condition
(f) and dry condition with direct light (g), a further close-up of (), showing the spines of the proximalmost podomere and basipod
(h) and a close-up of (d) showing two trunk legs ending in claw-like podomeres (i). Scales: (a,b,d,e) = 50 mm; (c) = 10 mm; (£g,
) =5 mm; (h) = 2.5 mm. Abbreviations: ba, basipod; ca, carapace; cv, carapace valve; en, endopod; he, head; p*, podomere; sp,
spine.

Tail fan: the trunk becomes thinner posteriorly, extending slightly beyond the posterior margin of the
carapace (figures la—c,e f; electronic supplementary material, figure S1) and terminates into an elongated
structure. This structure could represent the two posteriormost trunk segments or a telson, and bears two
pairs of paddle-like appendages originating dorsolaterally, covering the aforementioned segments
(figure 1i-k). Both pairs of paddle-like appendages are morphologically similar, with the first
extending above the second one; each pair is partly fused into a singular oval paddle that truncates
posteriorly, with its outer margins extending posteriorly into small straight to curved processes, more
prominent in the first pair of paddles than the second pair (figures la—c,efi—k and 2a—c; electronic
supplementary material, figures S1,2). These structures are referred to as caudal rami (but see Discussion).

4. Discussion

4.1. Previous and current interpretations of the morphology of Tuzoia

The new morphological information obtained from Burgess Shale soft tissues facilitates a new
reconstruction of this genus (figures 6 and 7) and confirms, complements or refutes previous
interpretations about Tuzoia and tuzoiids as a whole. Specimens preserving eyes had been previously
reported from the Balang Formation [25], the Emu Bay Shale [27], the Burgess Shale [26] and the
Guanshan Biota [45]. Eye peduncles have been described as long, at least three times longer than the
eye itself [26] and annulated [25,28], being one of the main diagnostic features of Tuzoiidae [28].
Several specimens (figures 1d, 3e-h; electronic supplementary material, figure S3c), as well as
previously published material (Plate 6: Figs. 1 and 2 in [27]), show that the eyes are closely attached
to the cephalon, a condition similar to that in Waptia [12] and that the eye peduncles are just slightly
bigger than the eye itself. Elongated eye peduncles reported in previous descriptions are probably
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Figure 6. Diagrammatic reconstruction of Tuzoia. Diagrammatic reconstruction of Tuzoia in ventral view (a), with the carapace
corresponding to T. burgessensis, this view is a diagrammatic reconstruction that emphasizes the boundary between the
cephalothorax and the trunk. The orientation of the cephalothoracic appendages emphasizes this differentiation, but their
orientation was probably closer to that portrayed in the lateral and anterior view; (b) details of the cephalothoracic and trunk
legs in lateral view and tail fan in dorsal view; (c) lateral view; (d) frontal view. Abbreviations: as in previous figures. Courtesy
of Brittany Cheung.

Figure 7. Artistic reconstruction of Tuzoia. Carapace based on T. burgessensis. Courtesy of Brittany Cheung.

disassociated from the head (Fig. 23: 1-4 in [26]) and show tissues transversal to the eye peduncles
(electronic supplementary material, figure S4a,c), suggesting that these tissues are not part of an eye
peduncle, but belong to other structures (e.g. disassociated tissue from the head, antennae). Therefore,
the eye peduncles are shorter than previously described. Annulated eye peduncles were previously
identified in Tuzoia [25] and Duplapex [28]. In the former, the structure in question is probably not an



eye peduncle: it appears close to the ventral side of the carapace, far from the cephalic region, and its [ 10 |
length is close to 20% of the total length of the carapace, which would make it an extremely long
structure compared to the eye peduncles known in other bivalved arthropods. In Duplapex, the
potential eye peduncles do not bear eyes [28], making their affinity ambiguous. Instead, these
structures are most probably compression artefacts on the carapace margins, similarly present in
Tuzoia (Fig. 24;1 in [26]), which form as the lateral ridge compresses against the lateral margin of the
carapace. Similar compression artefacts appear on the lateral edges of Duplapex, indicating that the full
specimen was heavily dorsally compressed (Fig 4A-C in [28]), and have also been extensively
reported in Tuzoia [33].

Two sclerotized structures are reported here for the first time. Several specimens (figures 1d, 3e-h;
electronic supplementary material, figure S3c) show a rounded lobe between the peduncular lobe. A
similar structure is present in several hymenocarines (e.g. Odaraia, Perspicaris and Waptia [44,46,47]),
which is sometimes referred to as an anterior sclerite [44] or ocular tergite [5], and is also present in
the closely related fuxianhuiids [48]. The anterior sclerite has been suggested to bear soft tissues
underneath [5]. Following this hypothesis, the structure visible in Tuzoia would correspond to these
soft tissues, given that all specimens available that are well-preserved show the head in ventral view.
This would explain why the structure does not appear sclerotized or slightly differentiated from the
remaining soft tissues on the head, as seen, for example, in Perspicaris [46]. The presence of a
differentiated tergite, though, is difficult to infer from the material available here, and, for this reason,
this trait was coded as unknown in both phylogenetic datasets. Another structure, a plate that
appears sclerotized, is present in two specimens in ventral view (figures 2a,b,c and 3e-h). This
structure is morphologically different from the putative anterior sclerite and resembles the hypostome
of fuxianhuiids [48]. The fuxianhuiid hypostome is part of a complex system of sclerites and has also
been interpreted as part of the labrum [14], but has not been observed in hymenocarines. For this
reason, this character is considered dubitative and has not been coded into the phylogenetic matrix
either (electronic supplementary material, Discussion 3.1).

Several structures have been previously interpreted as antennae in Tuzoia [25,26,45]. One specimen of
Tuzoia shows an extremely thin, segmented structure originating close to the eye peduncle (electronic
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supplementary material, figure S4a,c), similar to the flagellate extensions of antennulae or antennae of
some crustaceans [26]. A similar structure was also reported in T. retifera, but this appears poorly
preserved [45]. This structure has not been observed in any other specimen here, and other limb-like
appendages originating from the cephalon, which most probably represent antennae (figure 3e,f), are
comparatively longer and thicker. It is possible that either this flagellate appendage does not belong
to Tuzoia, or that due to its small size and thinness it is rarely preserved. The putative antenna
described by Wen et al. [25] is largely triangular (Fig. 11A, B, E in [25]) and significantly thicker than
the structure described in [26]. The morphology of this potential antenna is not clear from the
published material, and it appears almost on the ventral side of the carapace, far from where the
cephalon would be positioned. Based on its size and placement, then, its interpretation as an antenna
is questionable. The specimens of Tuzoia showcased here show that the appendages are antenniform,
but details on their annulation or exact morphology are unknown. For these reasons, this character is
coded as present in the phylogenetic matrix, but other secondary related characters are considered
unknown.

Posterior to the antennae lies a potential differentiated cephalic appendage. This structure is three-
segmented, short, and bears curved endites on each podomere (figure 4e—g). Similar structures are
preserved in other bivalved arthropods including Waptia [12] and are here also illustrated for the first
time in Canadaspis (figure 8), both of which can be confidently interpreted as mandibular palps. These
structures are also different from the endites connected to the cephalothoracic legs, which are more
elongated than round, and have strong spinose terminations (figure 4e—g). Despite the morphological
similarities, mandibles are not visible in Tuzoia, and neither is a connection between these appendages
and the head. Therefore, the identity of these structures as mandibular palps cannot be ascertained.
For this reason, this and other related characters (e.g. mandibles) were coded as unknown in both
phylogenetic datasets.

The presence of segmentation is not clear from the specimens available; without removal of the
carapace, only specimens in ventral view would be able to show segmentation, but these specimens
are poorly preserved (figure la—c; electronic supplementary material, figures S1 and S3). Specimens of
T. australis show soft tissues belonging to the trunk [27] which may be subdivided into serially
repeated units (see Plate 5:3,4 in [20]). These tissues are difficult to interpret, and serially repeated
units could similarly correspond to the bases of the legs (as in figure la—c,g), instead. The number of
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Figure 8. Mandible and maxillulae in hymenocarines. (a) Canadaspis perfecta (ROMIP61119) in lateral view, with legs exposed and multiple
dose-ups: post-antennular appendages and potential cephalothoracic legs (b), mandible with mandibular palp and maxillula in dry (c) and
wet (d) conditions, mandible showing row of teeth (e); (f) Waptia fieldensis (ROMIP56432) in lateral view, with a close-up of the mandible
and three-segmented mandibular palp under dry and wet conditions (g,h). Scales: (a,f) = 10 mm; (b) =5 mm; (c—eg—h) =1 mm.
Abbreviations: ab, abdomen; dm, dentate margin; ma, mandible; mx, maxilla; m.p, mandibular palp (and segments); st, setae.

legs in Tuzoia was obtained based on the size of the legs relative to the total size of the trunk and leg
impressions in specimens in ventral view (figure 1a—c; electronic supplementary material figure S4f,g),
leading to a total of 12 legs (two cephalothoracic), which could correspond approximately to the
number of trunk subdivisions that can be observed in the specimens of T. australis [27]. Trunk
segments were also reported in T. tylodesa (Fig. 12A-D in [25]): these are weakly preserved and extend
posteriorly beyond the posterior edge of the carapace, similar to Occacaris [49]. The only specimen of
T. tylodesa is ca 30 mm in length, small compared to the majority of specimens of Tuzoia (average
length ca 70 mm, [26]), its carapace lacks a distinct anterior and posterior carapace process, and its
trunk differs from that of Tuzoia, suggesting either that this is a juvenile stage in which relative size of
the trunk compared to the carapace was larger in the initial growth stages of Tuzoia, or that T. tylodesa
belongs to a different genus.

Trunk legs have also been previously reported from other sites [29,30], interpreted as ‘ventral
appendages’ [30]. These are morphologically identical to the trunk legs shown herein, and thus, are
most probably trunk legs displaced ventrally. A series of leg-like traces were also identified in
T. tylodesa [25] preserved as faint red imprints, without clear morphological details. Two sets of legs
are present in Tuzoia: cephalothoracic legs have a basipod with elongated endites (figure 4c,e-g) and
bear spines in all podomeres (figure 4d). This contrasts with the morphology of the legs more
posteriorly, which do not bear spines on all podomeres and their basipod lacks elongated endites
(figures 3h, 4c, 5, 6b). The morphology of the trunk legs is constant across specimens, suggesting that
the lack of endites and spines is not due to a different plane of orientation. Several legs show spines
in both the second distalmost podomere and the basipod, reinforcing the idea that there is a
differentiation between frontal (i.e. cephalothoracic) and posterior legs. This idea is also reinforced by
the fact that both Canadaspis and Waptia have similar differentiated appendages, with their
cephalothoracic legs bearing elongated endites that are not present in the remaining legs [12,50]. In
Waptia, cephalothoracic legs are uniramous, and these could similarly be uniramous in Canadaspis
(figure 8b) and are thus reconstructed as such in Tuzoia (figure 6). The basipod of Tuzoia is not
entirely visible in the specimens available, but, when partly visible, does not show any evident sign of
segmentation, strongly suggesting that this is a singular highly elongated structure (figures 4c, 5c,f,g),
a differentiated, but not subdivided structure. The shape of the exopods in the present reconstruction
was inferred from ellipsoid impressions (figure 1la—c, 2; electronic supplementary material, figure S1),
but the exact morphology of these appendages is unknown. A series of filamentous setae related to
the exopods had been previously reported in Tuzoia (Fig. 24: 1 in [26]). Re-examination of this
material suggests that these are probably taphonomic artefacts present on the surface of the carapace,
rather than distinct carbonaceous structures (electronic supplementary material, figure S4a).

The tail fan of Tuzoia bears two pairs of caudal rami, observed in two specimens (figure 1a,c.ef, i-k;
electronic supplementary material, figure S2). The composite of part and counterpart shows that each
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structure belongs to a different fossil layer (figure 1k). Given that segmentation is not visible among our [ 12 |
specimens, it is unclear whether both pairs of caudal rami originate from the same terminal segment or
each from a different one. One pair of thin, highly elongated posterior appendages has been previously
described in T. parva [22,46], not observed here. The affinities of T. parva are contentious, and similar to
T. tylodesa, could represent a larval stage of Tuzoia or a different genus altogether [22,46].

4.2. Phylogenetic affinities of Tuzoia

It has been previously suggested that Tuzoia may be closely related to the bivalved stem-euarthropod
Isoxys (Isoxyidae) based on the shared presence of reticulation on the carapace, dorsal anterior and
posterior carapace processes and the presence of large eyes [25,26,28,51]. Both genera also experienced
similar preservation biases and were consequently inferred to be pelagic, thus leading to further non-
phylogenetic comparisons [27,52]. Carapace morphology was also used to propose a close relation to
the potential hymenocarine [16] Pseudoarctolepis [51] and crustacean thylacocephalans [53], similarly
based on the shared presence of anterior and posterior dorsal carapace processes. Several of these
features, though, are prone to appear convergently: reticulate patterns are not exclusive to Tuzoia and
Isoxys and can be found across other hymenocarines [46,54] as well as in other arthropods [55].
Similarly, carapace processes are a common adaptation to predatory deterrence and hydrodynamic
streamlining [52], and are also present in several other hymenocarines, as well [5,56]. Whether the
shape of the carapace of Tuzoia closely resembles that of isoxyids is tested here through a carapace
morphospace. The morphospace is able to separate Isoxys from hymenocarines on the first and third
components, and isoxyids appear as a differentiated cluster when the dataset is divided into more
than two clusters (electronic supplementary material, Analyses 2.1). Tuzoia clusters with other
hymenocarines, and its different species are grouped as a distinct cluster when more than five
subdivisions of the dataset are chosen (figure 9). This differentiation is further endorsed by a
previously published carapace morphospace [52] that separated Tuzoia and isoxyids in the second
component and differentiates them into separate clusters.

Isoxyids are characterized by the presence of a pair of strong subchelate appendages of variable
morphology [57,58]: these are generally large compared to the body length, thick, usually subdivided
into few podomeres, and bear distinct spines on their ventral side (and dorsal side in Surusicaris [57]).
Spines can be located on the medio-ventral margin of each podomere (in I. acutangulus) [21],
sometimes with adjacent smaller ones [58] (in I. curvirostratus). In 1. auritus, appendages are highly
elongated and multi-podomerous and could even be classified as antenniform [21]. Tuzoia bears a pair
of antenniform appendages (i.e. the antennae) that do not resemble the frontalmost appendages in
isoxyids; these are short, but not thick, and have no evidence of being subdivided into a few large
spinose podomeres. These appendages are therefore more similar to a euarthropod antenna. On the
other hand, it is also worth noting the variability across isoxyid appendages, especially considering I.
auritus, and how spinose antennae can also be found in some hymenocarines (Clypecaris and
Plenocaris [59,60]).

Further similarities between Tuzoia and hymenocarines (e.g. Waptia) include a pair of peduncular
lobes and a singular potential sclerite present between the eyes [12]. These are non-appendicular
structures found across multiple euarthropods but have not been observed in isoxyids, so far [61]. The
head of Tuzoia is also specialized: it bears one pair of differentiated cephalic appendages (potential
mandibular palps) and at least two pairs of differentiated cephalothoracic legs. Based on their position
as stem-euarthropods, isoxyids have sometimes been reconstructed as lacking differentiation on their
frontal thoracic legs [19,21], but more recent studies show that the frontal legs may be differentiated
into a more specialized head [57,62]. Following this interpretation, it could be argued that the
cephalothoracic legs of Tuzoia could also belong to a specialized isoxyid head. Instead, these legs are
here homologized to the cephalothoracic legs in hymenocarines based on: the potential presence of an
antenna and a differentiated cephalic appendage, and clear euarthropod traits on the legs, including a
strong arthropodization [63], an heptopodomerous endopod [64] and a differentiated basipod [65]. By
contrast, isoxyid legs are usually poorly segmented and sclerotized [57], have multi-podomerous
endopods [62], and their basipod is considered undifferentiated under several different evolutionary
scenarios [65,66]. Dataset 2 was coded to consider the head of Tuzoin homologous to that in isoxyids,
but this did not change the results of the phylogenetic analysis (figure 10). The presence of an
enlarged unsegmented basipod together with an heptopodomerous endopod is though also unique
among hymenocarines.
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Figure 9. Carapace morphospace results. Results from the morphospace containing 63 shapes for a total of 20 genera of bivalved
arthropods. Dataset differentiating hymenocarines (including Tuzoia) from isoxyids (a,b). Results of the K-means clustering results
(seven clusters) shown on the first and second component (a). Isoxyids appear differentiated from hymenocarines in the first and
third component and most of its specimens are clustered together. Tuzoia appears closer to hymenocarines, either in its own cluster
or with other hymenocarines. Dataset differentiating hymenocarine groups (¢,d), including: canadaspidids (Canadaspis), clypecaridids
(Clypecaris, Ercaicunia, Plenocaris), odaraiids (Balhuticaris, Fibulacaris, Jugatacaris, Nereocaris, Odaraia, Pakucaris, Vermontcaris),
pectocaridids (Pectocaris), perspicaridids (Perspicaris), protocaridids (Branchiocaris, Tokummia), tuzoiids (Tuzoia) and waptiids
(Pauloterminus, Waptia). Odaraiids comprise most of the occupied morphospace, and extreme morphologies (e.g. Fibulacaris,
Balhuticaris) carry much of the weight of the component. Silhouettes represent the shapes at the extremes of the components.

Similarly, the tagmatization of Tuzoia is also unique among hymenocarines, and more closely
resembles that of isoxyids: the trunk bears a limited number of legs (ca 10), lacks an abdomen and is
almost entirely covered by the carapace. This contrasts with the highly multi-segmented homonomous
trunk of ‘odaraiids’ and protocaridids [5,67], but also with the trunk of canadaspidids or waptiids,
which bear a limbless abdomen that protrudes extensively beyond the carapace. Most hymenocarines
also bear a single pair of caudal rami (see [4]), with each caudal ramus being independent (although
partly fused in Jugatacaris [68]), but Tuzoia has two pairs of fused caudal rami. This conformation is
also reminiscent to the tail fans present in isoxyids and Erratus with multiple tail flukes and the
posteriormost pair being fused into a singular truncate paddle [21,69].

Our phylogenetic analysis supports a ‘deep-split” scenario [70] using both datasets (figure 10). In this
scenario, the total group Mandibulata and the remaining arthropod groups originate soon after the origin
of the first euarthropods [13]. This result contrasts with previous phylogenetic analyses which indicated
an early branching of megacheirans, artiopodans and panchelicerates, followed by a later origin of the
mandibulate total group [12,14,58], as well as analyses that placed hymenocarines as the earliest
euarthropods [54,65]. The results of the phylogenetic analysis show that Tuzoia most probably belongs
to a paraphyletic Hymenocarina, including the non-bivalved fuxianhuiids, all resolved as early
mandibulates (figure 10; electronic supplementary material, figure S5), with multiple synapomorphic
characters shared with hymenocarines and several others potential convergent with isoxyids
(electronic supplementary material, Discussion 3.2).

Tuzoia appears as the basalmost hymenocarine, but given the low-phylogenetic support across
hymenocarine subgroups, this specific position remains tentative. The deep-split scenario and position
of Tuzoia within Mandibulata are also present in the more conservative phylogenetic dataset
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Figure 10. Phylogenetic analysis and trends in early mandibulate evolution. (a) Simplified version of the results of the phylogenetic
analysis dataset 1, showcasing the position of Tuzoia within a paraphyletic Hymenocarina as an early mandibulate group. The results
of the more conservative dataset (dataset 2) are shown as an inset containing only the closest allied taxa to Tuzoia (see electronic
supplementary material, figure S6 for full tree). The diagrams (right) represent several hypothetical trends across early mandibulate
evolution and the potential position of Tuzoia within these transitions. These include the reduction and integration of thoracic legs
into a head specialized in feeding, the increasing diversity of post-cephalic tagmae and changes in leg morphology from a
heptopodomerous leg with differentiated basipod.

Canadaspis

(dataset 2), which otherwise shows a paraphyletic Isoxyidae (electronic supplementary material, figure
56). The position of Tuzoia as an early mandibulate is present in the majority of trees in both datasets,
based on the treespace visualization (electronic supplementary material, figures S5 and S6).

4.3. Implications in early mandibulate evolution

Finding mandibulate synapomorphies represents a contentious issue; two of the three main mandibulate
groups (myriapods and hexapods) are terrestrial, and thus, their morphology is highly derived from a
marine mandibulate ancestor. Hymenocarines may represent a candidate for a mandibulate stem-
group, but their morphological disparity [13] is becoming increasingly higher as their diversity
increases [37,71], further impeding a clear scenario for the early evolution of mandibulates. The results
of the phylogenetic analysis suggest that the origin of the total group Mandibulata could have been
characterized by a fast radiation of different disparate body plans soon after the origin of
euarthropods. It has been hypothesized that hymenocarines are early euarthropods with convergent
mandibulate traits [11], but our results support hymenocarines as early mandibulates that could have
retained more plesiomorphic characters, instead. Tuzoia is recovered as an hymenocarine, but its body
plan suggests that several isoxyid traits were retained from the stem-euarthropod ancestor or,
alternatively, appeared convergently.
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One of the evolutionary trends of mandibulates is the reduction of thoracic appendages (figure 10), [ 15 |
their specialization and their integration into the head as they acquire a feeding function [5,72]. The
differentiated post-antennular appendage of Tuzoia and cephalothoracic legs illustrate this trend. If
Tuzoia, supported by its isoxyid-like characters, is a basal hymenocarine, this would imply that these
specializations occurred early in the evolution of mandibulates and could be used to define and
determine the origin of Mandibulata. This is not surprising if we consider fuxianhuiids, in which the
specialized post-antennular appendage is reduced and had a feeding function, and the following five
tergites and legs were similarly reduced in size [14]. The head of the ‘odaraiid’ hymenocarines
remains unresolved, but several species already indicate certain post-antennular specializations, such
as the third cephalic appendages of Pakucaris [71] or the thorax of Balhuticaris, in which the legs
become increasingly smaller towards the head and are part of a differentiated unit from the trunk
[37]. This specialization and integration into the head are best seen across hymenocarine taxa with
mandibles and one pair of maxillae such as Canadaspis (figure 8a—e), Waptia (figure 8f-h) or Ercaicunia
[4]. The presence of a mandible has been long recognized as a mandibulate autapomorphy [72-74].
The developmental stages of pancrustacean larvae like Rehbachiella [75] show that the basalmost part
of the leg (the proximal endite or coxa) becomes enlarged and gnathobasic as the remaining parts of
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the legs become reduced and a similar process could have probably occurred at the early stages of
mandibulate evolution. The morphological changes from a thoracic leg to a mandible are currently
not present in the hymenocarine fossil record, and the lack of clear cephalic conformations for many
of its taxa impedes a full reconstruction of this evolutionary transition, though.

Tuzoia’s trunk is short, with few segments, unspecialized and mostly enclosed within the carapace.
This could represent a potential plesiomorphic trait carried from isoxyids or a convergent trait related
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to a similar lifestyle. It is important to note that tagmatization appears to be highly disparate among
hymenocarines [37], even within subgroups with strong monophyletic support [71], suggesting
that this was a highly plastic trait in early mandibulate evolution. Another unique trait of Tuzoia
compared to other hymenocarines and fuxianhuiids is its differentiated, highly elongated,
unsegmented basipod. A differentiated basipod has been proposed as a synapomorphy uniting
mandibulates and arachnomorphs under the hypothesis of hymenocarines being mandibulates [66]
but also as an apomorphy that would only appear in fuxianhuiids, mandibulates and arachnomorphs
if hymenocarines would represent early euarthropods [63-66]. Regardless of different competing
scenarios, if Tuzoia was an isoxyid, this would indicate that full arthropodization of the legs, including
a strong sclerotization, reduction of the endopod into seven podomeres and differentiation of the
basipod, all occurred before the origin of euarthropods. On the other hand, the position of Tuzoia as a
mandibulate best aligns with previously hypothesized evolutionary scenarios for this group. It has
been suggested that the ancestral mandibulate leg had a highly elongated basipod with enditic lobes
along its inner margin, similar to the Cambrian pancrustacean Rehbachiella [72]. The basipod would
later become segmented, differentiating into the coxa and precoxa of extant mandibulates, evinced by
the proximal endite of Rehbachiella [72]. Tuzoia could represent the actual ancestral mandibulate leg
condition, with an elongated basipod either with (in its cephalothoracic legs) or without (in its trunk
legs) developed enditic lobes. The basipod would later become further specialized (e.g. fuxianhuiids
[65]) or multi-segmented (e.g. Waptia [12]) and would finally become constrained into one or two
subdivisions (e.g. Ercaicunia [4]). This scenario also implies that the ancestral mandibulate leg could
have had an heptopodomerous endopod, a character that could also be present in the euarthropod
common ancestor [66]. The multi-podomerous endopods observed in fuxianhuiids [65] and ‘odaraiids’
[71], then, would be the result of a secondary subdivision, rather than representing a more ancestral
trait, as previously hypothesized [65].

Stem-euarthropods such as opabiniids [76], several radiodonts (e.g. Anomalocaris [77]) and some
isoxyids [21,69] are characterized by a tail fan composed of multiple pairs of blade-like tail flukes.
This condition is not present among euarthropods but it is worth noting that radiodonts were not
restricted to this specific condition either, and show widely different types of tail flukes (e.g. Hurdia
[78] and Schinderhannes [79]). This type of tail fan was originally homologized to the caudal rami of
the hymenocarine Nereocaris exilis, which had been interpreted as several pairs of tail flukes and
helped support the position of hymenocarines as early euarthropods [9]. These, however, are probably
a pair of tripartite caudal rami, instead, and thus, a different structure altogether [37]. The tail fan of
Tuzoia and its resemblance to that of isoxyids poses an interesting question. Arthropodization in stem-
euarthropods radiodonts was restricted to the frontalmost pair of legs [80], implying that if the tail of
Tuzoia is homologous, the tail flukes are not arthropodized. The retention of ancestral features can
lead to non-parsimonious character transitions, but cases such as the lobopodous legs of Surusicaris



[57] or the frontal radiodont-like appendages of Kylinxia [58] suggest that these retentions could have [ 16 |
occurred under a scenario with low morphological constraints and low canalization. If that is the case,
it is possible that tail flukes were still present within euarthropods, but were experimenting with a
progressive reduction, as shown by the decreasing number of tail flukes from opabiniids and
radiodonts [76] to isoxyids [21] and to early mandibulates (Tuzoia), as sclerotized structures (exopods
and caudal rami) replaced their swimming function. A potential alternative to this scenario is that the
tail fan of Tuzoia is not homologous to that of isoxyids, but a convergent structure. The tail fan could
represent either two pairs of true caudal rami or one pair of caudal rami together with an extended
telson.

4.4, Palaeoecology
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Previous interpretations of the lifestyle of Tuzoia have been based on patterns of preservation, the shape
of the carapace, its eye size [18] and wide distribution, all potentially indicative of a pelagic lifestyle [26].
Tuzoia carapaces are abundant at the Burgess Shale [26] and other open marine environments (e.g. Kaili
Biota [82,83]), but other soft tissues in these sites are extremely rare. It has been suggested, then, that most
specimens in these sites represent moults or carcasses [84] falling from a pelagic community [26]. The
taphonomic bias against soft tissues present at the Burgess Shale may not be shared across Burgess
Shale-type deposits. In some deposits (e.g. Emu Bay), the proportion of specimens of Tuzoia with soft
tissues (albeit poorly preserved) seems higher, despite a relatively low total number of specimens [27],
which could be related to the higher number of preserved pelagic taxa in this locality [85]. On the
other hand, not only the position in the water column, but also size can play a role in preservation;
large swimming species tend to be rare in Burgess Shale-type deposits and are represented mostly by
carcasses or isolated appendages [55] seemingly because such animals would have been able to
escape burial events more easily. Carapace reticulation can occur irrespective of the lifestyle of the
animal [26], and carapace processes, while having important hydrodynamical roles [86], can also have
defensive roles [87], and are not restricted to pelagic inhabitants [67]. Large eyes can be indicative of a
wide range of vision and light reception, suitable for a pelagic lifestyle [19], but in Tuzoia these are
not placed fronto-ventrally but are rather facing frontally, a condition closer to the benthic Waptia [12].
The worldwide distribution of Tuzoia is not necessarily explained by a pelagic lifestyle [26], either. The
benthic Naraoia was also one of the most widely distributed genera of the Cambrian [24], and
widespread distributions can be easily achieved through larval, planktonic stages [88].

The traits listed previously: taphonomic bias, reticulation, eye size and distribution, then, do not
necessarily imply a strict pelagic lifestyle. The legs of Tuzoia terminate in distinct claw-shaped
podomeres. These terminations are similarly present in extant pancrustaceans that walk on the substrate
or anchor themselves to hard structures (e.g. amphipods, [89]; atyid prawns, [90]; slipper lobsters [91]).
Given that the legs are shorter than the height of the carapace valve, though, the carapace valves must
have been able to partially open, allowing the legs to reach the substrate. The carapace of Tuzoia
presents a medial hinge, indicative that the frontoposterior axis was weakly sclerotized, allowing the
valves to open. After moulting, carapaces with hinge lines would be prone to split, resulting in isolated
valves, abundant in this and other bivalved arthropods of the Burgess Shale [92].

The cephalothoracic frontalmost endopods are stout and bear strong spines, indicative of a predatory
or scavenging function, as previously suggested [93]. These legs do not extend widely beyond the body,
suggesting that they were probably not suited to be used as a raptorial appendage, capturing prey from
afar. The distal claw-shaped podomere and adjacent podomere with elongated spines of Tuzoia could
have been used similar to the pereopods in benthic slipper lobsters [94], which are used to capture
sessile, slow-moving prey or handle carcasses in the proximity. These legs are also reminiscent of the
maxillipeds in several crustacean taxa [95,96], which have a primarily locomotory function but can
also handle prey or tissues and bring them to the mouthparts [97]. Despite this, the paddle-shaped
exopods, the elongated basipod [72] and the large tail fan are indicative that Tuzoia was also an active
swimmer. Benthic extant decapods such as spiny and slipper lobsters [98,99] have similarly wide tail
fans, mostly used for escape reactions, but also make use of their elongated pleon in the process,
while the trunk of Tuzoin is comparatively shorter. The Cambrian radiodont Anomalocaris has a
similarly large triangular tail compared to a comparatively short body and its tail may have assisted
in turning manoeuvres [100]. The tail of Tuzoia could have had a similar function and the lateral
ridges of the carapace could have further assisted in buoyancy and directionality. Altogether, Tuzoia
was probably an active swimmer, but not restricted to a pelagic lifestyle, having instead a broader
nektobenthic predatory or scavenging ecology.
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5. Conclusion

The new reconstruction of Tuzoia makes use of extensive information provided by soft tissues to resolve a
100-year-old question regarding the affinities and ecology of this animal. Tuzoia had a nektobenthic to
pelagic predatory or scavenging role, completing an information gap across multiple Cambrian
communities. Previous comparisons to the stem-euarthropod Isoxys are refuted, arguing for a position
among early mandibulates, instead. Tuzoia illustrates some of the evolutionary trends towards the
origin of mandibulates: the recruitment of thoracic legs into the head through reduction and
specialization, the diversification of trunk tagma and the differentiation of the basipod. On the other
hand, other traits are closer to those in isoxyids, either indicating a case of convergent evolution or
the potential retention of traits from the stem-euarthropod group. Key to this is the position of Tuzoia
within hymenocarines, which remains highly hypothetical: hymenocarines are an increasingly
disparate group with limited information on key diagnostic areas. Their phylogeny, and even their
position in early arthropod evolution, thus remains a highly debated topic [4,101]. The discovery of
more soft tissues and a full comprehension of the anatomical diversity of this group is then the first
essential step to tackling this debate.
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