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ABSTRACT—Stem-gnathostomes are pivotal in reconstructing the evolutionary history of vertebrates but three- 
dimensional data of their body anatomies are currently lacking. Heterostracans, which constitute one of the earliest- 
branching lineages of stem-gnathostomes, present an ideal group to fill this gap as they are more commonly and 
completely preserved than other ostracoderm groups. Here, we reconstruct the first three-dimensional whole-body 
morphology of the cyathaspid heterostracan Anglaspis heintzi, using X-ray computed microtomography. The oral 
apparatus is composed of three oral plate pairs, one pair of lateral oral plates, and bounded by a pair of lateral plates. The 
trunk is formed of a series of heavily ornamented trunk, dorsal ridge, ventral ridge, and ventrolateral scales leading to the 
‘hypocercal’ tail fin composed of numerous tail scales. Our retrodeformed reconstruction reveals a rigid oral apparatus 
incapable of substantial movement, resulting in a short wide gape to the mouth. This oral morphology precludes all 
previously proposed heterostracan feeding modes apart from suspension feeding. These findings contribute to the 
emerging consensus that heterostracans and jawless vertebrates more broadly possessed a greater diversity of feeding and 
swimming ecologies than previously thought.
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INTRODUCTION

Stem-gnathostomes bridge the gap between living jawless 
(cyclostomes) and jawed vertebrates (crown-gnathostomes) 
and play a pivotal role in retracing the evolutionary origins of 
vertebrates. Dominating vertebrate assemblages from the Ordo
vician through to the early Devonian, they offer unique insights 
into the evolution of morphological disparity in the earliest 
members of the gnathostome lineage (e.g., Donoghue et al., 

2000; Ferrón et al., 2020; Keating & Donoghue, 2016). Most of 
these were heavily armored fish (‘ostracoderms’) and their 
rigid carapaces feature heavily in Paleozoic paleobiological, bios
tratigraphic and taxonomic studies (e.g., Ferrón & Donoghue, 
2022; Janvier, 1996; Sallan et al., 2018). However, aside from 
their external head shields, detailed three-dimensional (3D) 
data on their body anatomies are mostly lacking, despite being 
key to new insights into feeding and locomotory strategies.

Heterostracans, one of the jawless stem-gnathostome groups, 
provide an ideal focal group to examine the evolution of ver
tebrate anatomy as their body regions are more commonly and 
completely preserved than any other ostracoderm group and 
they are often interpreted as one of the earliest branching 
lineages of stem-gnathostomes (Purnell, 2001; Sansom et al., 
2015). The vast majority of heterostracan specimens/fossils are 
crushed and substantially disarticulated as well as encased in 
sediment which has, so far, hindered any in-depth visualization 
of the material. As a result, the existing literature is for the 
most part composed of traditional descriptions with magnified 
photos and interpretative drawings, on which reconstructions 
of the morphology are largely based. These reconstructions fail 
to include characterization of the detailed organization of the 
whole body (e.g., Denison, 1964), from which more accurate 
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interpretations of function can be drawn. Rare specimens are 
articulated (e.g., Blieck & Heintz, 1983; Broad & Dineley, 
1973; Gross, 1963; Pernègre 2003; Soehn & Wilson, 1990; 
White, 1935) and may provide insights into heterostracan 
whole body anatomy but these interpretations are constrained 
by partial burial in the surrounding rock matrix. This masks 
important parts of the anatomy, which, in turn, hinders detailed 
full descriptions of specimens or analytical studies including mor
phometrics and consequent morphological variation analyses 
which were previously based on non-retrodeformed specimens 
(Ferrón et al., 2020; Gai et al., 2023).

Aside from the pteraspidid Errivaspis (Mark-Kurik & Botella, 
2009; White, 1935), the whole-body morphology of heterostracans 
is best known in cyathaspidids (Denison, 1964). Within the Cyathas
pididae, Anglaspis is the textbook representative and known from 
hundreds of isolated dorsal shields distributed around museum col
lections in North America and Europe (Blieck & Heintz, 1983). 
Three exceptionally preserved specimens of Anglaspis heintzi pro
vided the basis for the whole-body illustrations of Anglaspis (Blieck 
& Heintz, 1983; Kiaer, 1932) but were limited to the morphology 
visible on the surface of the fossils. Using X-ray computed microto
mography, these specimens provide a unique opportunity to study 
three-dimensionally preserved material and unlock the morphology 
of this archetypal cyathaspidid heterostracan. The main purpose of 
this study is to characterize and generate models of the head and 
tail regions of Anglaspis heintzi to reconstruct the first three-dimen
sionally articulated body of a heterostracan with all dermal 
elements arranged in life position. The reconstructions of these 
specimens allow for hypotheses for feeding and swimming in 
these early vertebrates to be tested and proposed/refined; as an 
example, 3D morphology of the oral region provides information 
about the size of the oral cavity, and the shape and function of 
the oral apparatus that closes this cavity.

MATERIALS AND METHODS

Specimens and Locality

Anglaspis heintzi (Blieck & Heintz, 1983) specimens PMO 
D382a-b and D384 are housed in the Natural History Museum 
in Oslo, Norway. Specimen PMO D382a-b consists of a single 
small block containing two articulated three-dimensional speci
mens of Anglaspis heintzi. The rostral regions of the specimens 
were cut and lost during historic collection of the block but the 
remaining head regions as well as the tails are preserved. Speci
men PMO D384 includes the rostral portion of the three-dimen
sional head of one Anglaspis heintzi specimen. All specimens 
were collected from the lower Devonian outcrops of the Fraen
kelryggen Formation (Red Bay Series, Lochkovian) in the north
west of Spitsbergen between 1909 and 1928 (Blieck & Heintz, 
1983; Kiaer & Heintz, 1935). The Fraenkelryggen predominantly 
consists of fluvial deposits with some marine influences (Harland, 
1997; Plotnick, 1999). Specimen PMO D384 was found in the Pri
maeva horizon of the Fraenkelryggen Formation, while the 
horizon of PMO D382 is not known.

Terminology

There is a lack of consistency in the terminology applied to het
erostracan oral anatomy. In order to stabilize this, we largely 
follow the terminology of Randle and Sansom (2017). For the 
anatomical axes of the animal as a whole we follow the terminol
ogy introduced by Dearden et al. (2024): we use dorsal/ventral in 
the dorsoventral axis, rostral/caudal for the sagittal axis, and 
dextral/sinistral for the transverse axis. When describing the 
oral plates, we use lateral/medial to describe lateral positions of 
the oral plates relative to the sagittal axis, ad/aboral to describe 
the surfaces of plates relative to the mouth, and proximal/distal 

to refer to positions on the oral plates relative to their articula
tion with the ventral plate (proximal = near the ventral plate). 
Similarly, trunk and tail terminology in heterostracans and 
stem-gnathostomes is far from consistent, specifically with 
regards to the tail fin. Multiple terminologies have been 
adopted previously and are summarized in electronic sup
plementary material table S1. Here, we use ‘lobes’ to describe 
the subdivision of the tail fin, but do not differentiate the tail 
fin into dorsal/ventral lobes (fin ‘rays’ covered by larger scales 
that form the upper and lower portion of the tail) and digitations 
(intermediate fin ‘rays’ with smaller scales which support the fin 
web) as we observed no evidence for these as defined by Mark- 
Kurik and Botella (2009). For the trunk terminology, we largely 
follow Janvier (1996).

Computed Tomography

Anglaspis heintzi PMO D384 was scanned using a Nikon Metrol
ogy XTH 225ST X-ray CT machine fitted with a reflection target at 
the XTM Facility, Palaeobiology Research Group, University of 
Bristol. For D384, we first scanned the whole specimen, including 
the preserved caudal portions of the headshield (voltage: 100 kV, 
current: 169 μA, 3141 projections, 1 frame, exposure: 1000 ms, no 
filtration, voxel resolution: 16.92 μm, stack dimensions: 1610 X, 
1588 Y, 1805 Z) (Fig. S1). We conducted a second scan targeting 
the orbital, oral, and pineal regions of the headshield (voltage: 85 
kV, current: 142 μA, 3141 projections, 2 frames, exposure: 1415 
ms, no filtration, voxel resolution: 12.16 μm, stack dimensions: 
1860 X, 1772 Y, 1720 Z). Specimens PMO D382a-b were scanned 
using a Nikon Metrology XTH 225ST 2X X-ray CT machine at 
the Earth Sciences Department of the University of Birmingham. 
The whole block containing the two specimens was scanned with 
a rotating target (voltage: 100 kV, current: 380 μA, 4181 projections, 
2 frames, exposure: 708 ms, filtration: N/A, voxel resolution: 20.49 
μm, stack dimensions: 1248 X, 1905 Y, 2860 Z) (Fig. S5A). The 
resulting image stacks were initially processed in ImageJ 1.53o 
(Schneider et al., 2012) to crop the surrounding areas and 
improve contrast. A smoothing and Gaussian filter were also 
applied to PMO D384 to reduce noise. The stacks were segmented 
in Avizo 2021.1 (ThermoFisher Scientific) and Mimics v.23 (materi
alize) to visualize the 3D morphology. Reconstruction of PMO 
D384 was aimed at segmenting the individual plates and plate frag
ments to allow for retrodeformation. Therefore, the segmentation 
was performed manually using the paint brush and lasso tools 
with contrast thresholding every 10 slices and segmentation was 
completed via AI-assisted interpolation using the web-based appli
cation Biomedisa (Lösel et al., 2020). The inferred materials were 
then reimported to Avizo for manual check and refinement. Speci
mens PMO D382a-b were manually segmented using the threshold
ing, lasso, and livewire tools in Mimics v.23 (materialize) to extract 
the whole tail and fin structures as well as the articulation with the 
dorsal and ventral shield. The resultant 3D surface files were 
exported into and visualized in MeshLab 2022.02 (Cignoni et al., 
2008) and Blender v. 3.4.1 (blender.org).

Reconstruction and Animation

Three-dimensional models of each segmented element or frag
ment of the Anglaspis specimens were imported into Blender for 
retrodeformation and rearticulation (version 3.0.0 for PMO 
D384; version 4.1 for PMO D382a-b). The retrodeformation 
process followed techniques detailed by Lautenschlager (2016) 
and Herbst et al. (2022). The morphology preserved in PMO 
D384 is affected by brittle deformation, resulting in cracks and 
disarticulation, rather than plastic deformation. Techniques 
used here were therefore limited to manual repositioning of 
elements; no techniques involved plastic alteration, rescaling or 
removal of preserved material. The tools used in Blender were 
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limited to rotation and translation to realign elements and the 
use of “Circle Select” followed by the “Mesh > Separate > Selec
tion” sequence in Edit Mode to further separate segmented 3D 
surfaces along breaks to facilitate further realignment and 
more accurate reconstruction. Elements displaying the least dis
placement and those with clearly corresponding break facets or 
articulatory surfaces were realigned first, providing a robust 
basis for further rearticulation of elements. Next, elements with 
less clear articulations were repositioned with reference to 
element identifications and preserved positions in Blieck and 
Heintz (1983) and by the limits defined by the prior well-con
strained retrodeformation. Retrodeformation in PMO D384 fol
lowed the sequence of: dorsal shield, ventral shield, branchial 
plates, suborbital plates, postoral plate, lateral plates, lateral- 
most oral plates, remaining medial oral plates. For the retrodefor
mation of the tail morphology, individual segmented elements of 
PMO D382a were used supplemented by information from PMO 
D382b. The process generally entailed the same steps as outlined 
above. The articulated elements of the caudalmost flank scales 
and the tail fin region were chosen as a starting point as these 
were in natural, in life articulation. Next, the flank scales were 
moved and rotated so that they overlapped as indicated by 
articulation facets identifiable by a break in ornamentation. In 
a similar style, the ventral scales were aligned with partial 
overlap in rostral direction. The width of the ventral scales pro
vided a reference for the mediolateral position of the series of 
flank scales and, thereby, the overall body width. Apart from a 
caudalmost dorsal scale, which was articulated to the fin region, 
only one other disarticulated dorsal scale was preserved. This 
scale was duplicated and scaled to supplement the entire series 
of dorsal scales to articulate with the rostral most dorsal scale 
connecting to the head shield. The tail fin region, although 
mostly complete, contained some gaps at its caudal margin and 
showed moderate deformation. Using a lattice deform modifier 
in Blender, the tail fin was straightened and the missing 
potions filled in by duplicating and scaling parts of the preserved 
region to complete the outline. Given the mode of preservation, 
the exact margin of the fin region is not fully clear beyond a 
‘hypocercal’ arrangement with the ventral part extending 
further than the dorsal part. The outline of the caudal margin 
is only indicative, though. In a final step, head and tail models 
were aligned to create the whole-body reconstruction. The 
most complete head shield elements in PMO D382a were dupli
cated and mirrored to create a bilaterally symmetrical complete 
composite for the reconstruction.

RESULTS

Head and Oral Region

PMO D384 consists of the rostral portion of the headshield of 
Anglaspis heintzi, from the oral region to just rostral to the bran
chial openings, encompassing about half of the total headshield 
length (Figs. 1A, S1). The ventral shield and oral region are 
visible on the surface, along with the margins of the lateral 
plates. The reconstruction further reveals the dorsal shield, the 
branchial and suborbital plates, and the remaining parts of the 
lateral plates which are all well-preserved in the matrix 
(Fig. 1B, C, E–G). The specimen was dorsoventrally flattened 
during diagenesis. The dorsal and ventral shields are fractured 
in large sections but retain their morphological margins 
(Fig. 1B, C). The dorsal and ventral shields of PMO D384 
reveal similar characteristics to previous descriptions following 
the three-dimensional reconstruction, most notably the deep V- 
shaped ornamental ridges (Blieck & Heintz, 1983) (Figs. 1B, C, 
S2). The paired lateral branchial plates have thin but deep orna
mental ridges that run rostro-caudally. The dorsal ridges con
verge towards the anteroventral side of the plate, following the 

edge of the plate that forms a 30° angle (Fig. 1F, G). The 
paired suborbital plates sit on top of this angled margin (Fig. 
1F, G). They also present ornamental ridges running rostro-caud
ally and accommodating the concave shape of the orbital margin. 
This plate likely corresponds to plate “Or(4)” in Blieck and 
Heintz (1983). The internal sides of the dorsal and ventral 
shields, branchial and suborbital plates are mostly smooth with 
some small pits (Fig. 1H).

The oral region includes three pairs of oral plates and a singu
lar postoral plate and is bordered laterally by paired lateral oral 
plates (one per side) (Figs. 1D, S4). These correspond to plate 
“Or(3)” in previous descriptions (Blieck & Heintz, 1983) (Fig. 
S2A). The ornamental ridges of these plates run dorsoventrally 
at a 45° angle, with a lateral margin of the ventral plate dextrally 
and a smaller angle sinistrally. The lateral oral plates are more 
elongated rostro-caudally compared with the oral plates and ter
minate where the ventral and dorsal shields come to form the 
straight oral margins. The internal surface of all of these plates 
is smooth and does not appear to have any visible articulating 
surface, either laterally or proximally with the post-oral plate. 
The oral apparatus of PMO D384 is dextrally composed of 
three damaged small oral plate fragments and sinistrally of 
three more complete oral plates (Figs. 1C, D, S3). This differs 
from previous descriptions (Blieck & Heintz, 1983), which recon
structed only two large oral plates on either side (corresponding 
to “Or(2)” and “Or(1)”) (Fig. S2A). Based on the more complete 
sinistral side, the outermost oral plate (op 3) is larger than the 
others and triangular in shape (Fig. S3). The distal margin of 
op 3 follows the dorsal plate oral margin and tapers off medially. 
The two oral plates (op 1, op 2) medial to this are smaller and 
fragmentary, forming a somewhat triangular shape. The three 
oral plates on the dextral side are reconstructed here as more 
fragmentary when compared with the sinistral side.

The postoral plate, which corresponds to “Or(m)” in Blieck 
and Heintz (1983), is reconstructed as a comparatively reduced 
plate (Figs. 1D, S2A, S3). It has an equilateral triangular shape 
with a large proximal base and distal tip. The classification of 
this plate as a postoral plate is based on its position at the 
center of the mouth and its direct articulation onto the rostral 
margin of the ventral plate (Fig. 1H). The postoral plate is 
smooth on the adoral surface but shows prominent ornamental 
ridges on the aboral side which appear to extend beyond the 
caudal edge of the base. It exhibits steep ridges running along 
the distal and proximal edges of the plate perpendicular to the 
ornamental ridges, with the caudal facet shorter than the 
rostral one. The rostral ridges likely provided articulation sur
faces for the oral plates. The caudal ridge is concave and 
matches the medial rostral indentation present at the leading 
edge of the ventral plate; in cross section the leading edge of 
the ventral shield is wrapped by a sulcus in the caudal margin 
of the postoral plate (Fig. 1H).

Tail

Specimens PMO D382a and PMO382b consist of two almost- 
complete specimens with nearly complete articulated tail trunk 
and tail fin (Figs. 2A, 4, S5A). The caudal halves of the head 
region, including the branchial openings, are preserved in both 
specimens but the suborbital and oral regions are not (Figs. 2B, 
S5B). The headshields are sufficiently well-preserved to identify 
the dorsal and ventral shield, and thus the orientation of the tail 
trunk and fin. The description here is based primarily on PMO 
D382a since it is better preserved (Fig. 2A), but descriptions of 
PMO D382b are added where appropriate (Fig. S5, Fig. 3). The 
dorsal side of the specimens is exposed from the matrix following 
preparations (Fig. S5A). Specimen PMO D382a is additionally 
exposed laterally at the edge of the block.

Schnetz et al.––Anglaspis heintzi 3D morphology (e2476441-3)



FIGURE 1. Anglaspis heintzi PMO D384 head region. A, specimen in situ; B–E, original rendering of head region based on computed tomographic 
data in B, dorsal; C, ventral; D, ventral close-up (dorsal and branchial material removed); E, sinistral rostral-lateral view; F, G, retrodeformed head 
region in F, sinistral rostral-lateral and G, dextral view; H, sagittal cross section showing articulation of the postoral plate and the ventral shield. 
Abbreviations: bp, branchial plate; D, dextral; ds, dorsal shield; lop, lateral oral plate; lp, lateral plate; op, oral plate; ops, oral plates; pop, postoral 
plate; S, sinistral; sop, suborbital plate; vs, ventral shield. Scale bars equal 0.5 cm.
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The tail trunk of PMO D382a is formed of nine dorsoven
trally elongate paired plate segments (=flank scales), which 
do not connect to each other dorsally or ventrally (Figs. 2B– 
F, 4). Six smaller diamond-shaped ventrolateral scales are sand
wiched in between the flank scales sinistrally (Figs. 2D, 4A) 

and five ventrolateral scales dextrally (Figs. 2B–C, 4B). There 
is no ventrolateral scale between the first and second as well 
as second to third flank scale in the dextral series (Fig. 4B), 
while there is no ventrolateral scale between the second and 
third flank scale in the sinistral series (Fig. 4A). Based on 

FIGURE 2. Anglaspis heintzi PMO D382a tail region. A, specimen in situ; B–E, original rendering of the tail region based on computed tomographic 
data in B, dextral including the head shield; C, dextral; D, sinistral; E, ventral; and F, dorsal view; G, H, sinistral dorsal, flank, ventrolateral, and ventral 
ridge scale in G, external and H, internal view; black arrows in B indicate positions of tail lobes, red arrow represents the ‘hypochordal’ lobe. Abbrevi
ations: bp, branchial plate; cl, cloaca; D, dextral; drs, dorsal ridge scales; ds, dorsal shield; fs, flank scale; prs, preanal ridge scale; S, sinistral; tf, tail fin; 
vls, ventrolateral scales; vrs, ventral ridge scales; vs, ventral shield. Scale bar equals 1 cm in A, 3 mm in B–F, and 2 mm in G and H.
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the material presented here, we assume this to be a preserva
tional absence. Specimen PMO D382b only preserves four ven
trolateral scales on either side of the trunk, with no scales 
between the first three flank scales (Fig. S5). The flank scales 
of PMO D382a are bordered dorsally and ventrally by a singu
lar series of smaller dorsal and ventral scales with spiny projec
tions (Figs. 2B–F, 4). The dorsal scales, which represent the 
median dorsal ridge scales sensu Janvier (1996), are overlying 
the flank scales but only the caudalmost scale between the 
end of the tail trunk and the start of the tail fin is preserved 
in PMO D382a (Figs. 2B–D, 2F, 4, S6). The plate is triangular 
in shape and slightly elevated in the center, with a rostro-caud
ally elongated spine. Specimen PMO D382b preserves three 
complete dorsal ridge scales (the rostralmost and two caudal
most scales) as well as four dorsal ridge scale fragments, indi
cating a complete dorsal covering of the tail trunk (Fig. S5C, 
E). The rostralmost and caudalmost scales are shaped similarly 
to the one in PMO D382a. The third scale is shaped more 
square-like and slightly concave in the center but does not 
adorn a rostro-caudally elongated spine (Fig. S5C, E). The 
diagonal of the square is rostro-caudally aligned.

The ventral scales represent a complete series of five smaller 
plates that are preserved filling the gap between the flank 
scales and the ventrolateral scales (Figs. 2B–E, Fig. 3A, C, 
4). Like the dorsal ridge scales, they possess rostro-caudal pro
jections that form a spinose structure. The first four scales have 
been termed preanal ridge scales, while the fifth is referred to 
as the postanal plate by Janvier (1996). The position of the 
anus/cloaca in our reconstruction of Anglaspis would have 
been after the fifth ventral scale, the only position to support 
an opening. Therefore, the first four ventral scales are here 
referred to as ventral ridge scales and the fifth one as 
preanal ridge scale. The spines of the ventral ridge scales 
have an angle of about 20° from the main axis that slightly 
increases towards the caudal scales. The spine of the preanal 
scale is almost parallel to the main axis as shown by the 
rostro-caudal orientation of the ornament and sits at the end of 
the tail trunk where it connects to the tail fin (Fig. 3A). It 
underlaps the more caudal scales considerably and its shape 
relative to the more caudal scales creates a gap in the squama
tion for the cloaca. The ornamentation of the flank, dorsal, 
ventrolateral, and ventral scales consist of ridges running 

FIGURE 3. Reconstruction of Anglaspis heintzi based on specimens PMO D384 and PMO D382a-b combined. A, sinistral; B, dorsal; C, ventral view. 
Scale bars equal 1 cm.
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rostro-caudally (Figs. 2G, 4). The flank and ventrolateral scales 
additionally exhibit comparatively subdued dorsoventrally 
oriented ridges on their leading/rostral edge. The internal sur
faces of the flank segments are overall smooth but show a 
thickening of the medial region at about two-thirds of the 
rostro-caudal length (Fig. 2H). The rostral position of the seg
ments (rostral to the ridge) is thicker than the caudal position. 
This likely represents the articular region between the individ
ual segments and is also visible in PMO D382b.

The tail fin of PMO D382a is complete and composed of at 
least 25 small square and rounded paired flat scales tightly 
fitted together on each side to form the tail shape (Fig. 2B–D). 
The tail fin is laterally compressed and subdivided into four 
lobes (Fig. 2B, see also Table S1 for further details on terminol
ogy), with the ventral lobe extending the furthest caudally (Fig. 

2B–F). The ventral scales that border the tail fin are unpaired 
and have elongated triangular spines running rostro-caudally. 
The tail fin scales exhibit a wrinkled ornament but still preserve 
the rostro-caudal dentine ridges seen in the trunk scale ornamen
tation. The caudal end of the tail fin is not completely intact but 
outlines the overall ‘hypocercal’ tail shape (prominent ventral 
lobe and shorter dorsal lobe). The extension of the notochord 
into the lower lobe of the tail cannot be confirmed from the fos
silized evidence.

DISCUSSION

The three-dimensional data and revision to the anatomy of 
Anglaspis heintzi we present here have a number of implications 

FIGURE 4. Anglaspis heintzi PMO D382a reconstructed trunk squamation, including flank, dorsal ridge, ventrolateral, and ventral scales. A, sinistral 
lateral view; B, dextral lateral view. Abbreviations: D, dextral; drs, dorsal ridge scales; fs, flank scale; prs, preanal ridge scale; S, sinistral; vls, ventro
lateral scales; vrs, ventral ridge scales. Scale bars equal 3 mm. 
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for the paleobiological interpretation of this fish, as well as het
erostracans (and ostracoderms) more broadly.

Oral Apparatus and Feeding Ecologies

Previous reconstructions of Anglaspis and cyathaspids more 
generally have proposed considerable rotation of the oral and 
postoral plates (by ∼55°) based upon the same material 
(Bendix-Almgreen, 1986). The fragmentary preservation of the 
oral plates in PMO D384 makes inferring their exact movements 
difficult. However, the articulation surfaces on the rostral edge of 
the postoral plate suggest the oral plates may have been partially 
articulating with it but also may have expanded outwards at an 
angle around it as seen in Rhinopteraspis (Dearden et al., 
2024). The postoral plate, in contrast, is solidly anchored to the 
ventral shield, and substantial movement of the former is not 
possible given the shape of the articular surface (Fig. 1H). 
Reconstructions of (somewhat) mobile oral plates relative to 
an immobile postoral plate have also recently been highlighted 
in the pteraspidiform Rhinopteraspis (Dearden et al., 2024), 
suggesting that this morphology might be more widespread in 
heterostracans. What is clear, though, is that the plates in Anglas
pis were smaller and more numerous than reconstructed by 
Blieck and Heintz (1983).

The resulting buccal cavity delimited by the ventral and dorsal 
shield would have formed an ellipse as is presented in the recon
struction, with the oral plates limiting but not completely occlud
ing the rostral opening of the mouth. Any potential movement of 
the oral plates would have aided in regulation of the oral aper
ture and might have permitted an increase of water influx to 
the oral cavity. The oral morphology of Anglaspis heintzi as pre
sented here is overall congruent with a microphagous suspension 
feeding strategy and supports previous hypotheses on heterostra
can feeding ecologies (Dearden et al., 2024; Purnell, 2002). 
Another feeding strategy commonly hypothesized for hetero
stracans is deposit feeding, with the fish scooping sediment and 
food particles from the sea floor (White, 1935). This requires sig
nificant movement of the oral plates aided by movement of the 
postoral plate and can be rejected based on our reconstruction 
of the oral apparatus of Anglaspis: movement of the postoral 
plate is severely limited in PMO D384. In addition, Anglaspis 
exhibits strong ornamentation on the ventral surface of its 
body as well as prominent ventral spines, all of which would 
have likely been subjected to considerable wear upon repeated 
contact with the seafloor. Our retrodeformed whole body recon
struction furthermore demonstrates a body shape inconsistent 
with the flat-bottomed body arrangement of demersal ostraco
derms (Fig. 3) (i.e., osteostracans, galeaspids [Janvier, 1996]). 
Thus, the absence of wear and demersal body shape also supports 
rejection of a detritus feeding ecology (Denison, 1973; Purnell, 
2002). Hypotheses of a predatory feeding mode in heterostracans 
have been previously discussed in detail and rejected (Dearden 
et al., 2024; Grohganz et al., 2024a; Purnell, 2002), and we 
cannot find any morphological evidence (i.e., firm biting 
surface, occlusion mechanism, and approach angle of the oral 
plates with the dorsal shield) for such an ecology in Anglaspis. 
Cyathaspids specifically were previously suggested to be macro
phagous feeders capable of a scraping motion (Bendix-Alm
green, 1986), which can be rejected based on our findings as it 
would have required considerable outward movement of the 
postoral and oral plates and visible wear on these plates.

The morphology and arrangement of the oral plates and the 
resulting size and shape of the oral cavity in Anglaspis heintzi 
is difficult to compare with other cyathaspids due to the wide
spread lack of detailed information on the 3D morphology of 
the latter. From the 2D information available, cyathaspid oral 
systems range from a single plate in Poraspis (Eliott & Petriello, 
2011) to multiple-plated structures in taxa such as Capitaspis 

(Elliott & Petriello, 2013) and Allocryptaspis (Elliott et al., 
2004); Anglaspis also shows the multi-plated morphology (as pre
sented here). Outside of the cyathaspids, heterostracan oral mor
phologies are best known in the pteraspidiform clade (Dearden 
et al., 2024:fig. 5; Grohganz et al., 2023, 2024a, b). Oral plate mor
phologies and numbers conform more closely in pteraspidiforms, 
consisting of multiple pairs of elongated, finger-like oral plates 
with a caudal alignment of a hook-like structure (e.g., Rhinopter
aspis [Dearden et al., 2024:fig. 5], Mylopteraspidella [Stensiö, 
1964], Protopteraspis [Kiaer, 1928], and Errivaspis [White, 
1935]). However, this is not universal as varied morphologies 
are found within the group in taxa such as Drepanaspis (Gross, 
1963) and Doryaspis (Pernègre, 2003), indicating some disparity 
in feeding structures. Athenaegis, which constitutes the oldest 
articulated heterostracan known to date, is regularly placed as 
an outgroup to both cyathaspids and pteraspids (Elliott et al., 
2021; Randle & Sansom, 2016, 2017). The oral apparatus of Athe
naegis has been interpreted previously as pteraspid-like, compris
ing a series of finger-like plates arranged in a fan-like structure 
(Soehn & Wilson, 1990). The oral structures of tesselate and pro
blematic heterostracans, which fall outside of cyathaspidids, 
Athenaegis, and pteraspidiforms, are currently unknown. A 
framework for comparing homologies of individual plates in het
erostracans, specifically cyathaspids and pteraspids, is lacking and 
difficult to establish (see Elliott et al. [2021] and Randle & 
Sansom [2017] for the most recent phylogenetic analyses). More
over, among these varied taxa, only the oral apparatus of Rhi
nopteraspis has been investigated in 3D, with only minor ability 
of plate movement resulting in a restricted mouth gape 
(Dearden et al., 2024).

Trunk Squamation in Heterostracans and Stem-Gnathostomes

The data of Anglaspis presented here provide the best-charac
terized record of an articulated trunk and tail squamation in a 
heterostracan. Few trunk squamations are known in heterostra
cans; those that are preserved fall into one of two broad cat
egories, which may be phylogenetically informative. The first of 
these can be seen in Errivaspis waynensis, one of the most 
widely illustrated pteraspidiforms, which has diamond-shaped 
body scales and dorsal and ventral rows of enlarged median 
scales (White, 1935). This pattern appears to be fairly conserved 
in pteraspidiforms including Doryaspis (Pernègre, 2003), Protas
pis, Lampraspis, and Cardipeltis (Denison, 1971) and is also 
present in Athenaegis (Soehn & Wilson, 1990). In contrast, in 
the second of these categories, the flank squamation of cyathas
pids instead tends to comprise larger rod-shaped scales as seen 
in Anglaspis (Fig. 4), although with some variation in organiz
ation (e.g., Nahanniaspis, Dinaspidella, Torpedaspis [Broad & 
Dineley, 1973; Dineley & Loeffler, 1976]). In tesselate heterostra
cans such as Lepidaspis, the body squamation comprises tesserae 
distinct from those of the head and also includes median ridge 
scales (Dineley & Loeffler, 1976). Anglaspis shows that hetero
stracan flank scales had specialized overlap surfaces, identifiable 
by abrupt termination of the ornamental ridges, although 
nothing as complex as the scale pegs identified in mandibulate 
gnathostomes (Cui et al., 2019, 2023, 2025). Although the mor
phology of the scales is variable, a commonality of these hetero
stracan trunk squamations are dorsal and ventral rows of spinose 
median ridge scales that continue along the dorsal and ventral 
edges of the tail (Denison, 1971).

More broadly, stem-gnathostome trunk squamation is variable 
and seems unlikely to carry a phylogenetic signal (Gai et al., 
2023). Osteostracans have rod shaped flank scales of variable 
lengths, dorsal scutes associated with fins and ventrolateral 
ridge scales (Janvier, 1985; Ritchie, 1967; White & Toombs, 
1983). Rare articulated galeaspids have small diamond-shaped 
flank-scales and dorsal scutes (Gai et al., 2022, 2023). Thelodonts 
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are microsquamose with no evidence for enlarged ridge scales 
(e.g., Märss & Ritchie, 1997), while anaspids have highly pat
terned splint-shaped scales (e.g., Blom, 2012). Mandibulate 
stem-gnathostomes have smaller plate-shaped scales, and also 
have scutes associated with the dorsal and ventral midlines 
including fins (Wang & Zhu, 2022; Cui et al., 2023). Commonal
ities within these include median rows of scutes, which in more 
crownward taxa become associated with dorsal fins (Gai et al., 
2022; White & Toombs, 1983; Wang & Zhu, 2022). Specialized 
areas surrounding the anal vent are present in Anglaspis and 
galeaspids, Tujiaaspis (Gai et al., 2022), and in mandibulate 
stem-gnathostomes (Cui et al., 2023).

Comparisons of Tail Anatomy in Stem Gnathostomes

The tail of Anglaspis is reconstructed in this study as being 
four-lobed and asymmetrical with the ventral lobe larger than 
the dorsal lobes and extending caudally. This confirms most 
previous reconstructions of Anglaspis (Blieck & Heintz, 1983; 
Denison, 1971; Janvier, 1996; Kiaer, 1932) but rejects others 
that suggested a ‘trilobated’ tail (Blieck & Heintz, 1983). 
However, although an extension of the notochord into the 
lower ‘hypochordal’ lobe of the tail seems likely, the absence 
of soft tissue anatomy prevents confirmation of this diagnostic 
feature of hypocercal tail morphology (Denison, 1971, but see 
discussion in Mark-Kurik & Botella, 2009). A ‘hypocercal’ tail 
has been considered as present in most heterostracans but a 
variety of tail morphologies have been documented, including 
near symmetrical ‘forked’ forms (Pellerin & Wilson [1995] in 
the irregulareaspid cyathaspids Nahannaspis and Dinaspidella; 
Denison [1966, 1971] in Cardipeltis) and digitated asymmetri
cal forms (Mark-Kurik & Botella [2009] in Errivaspis).

The distribution of tail morphologies within stem-gnathos
tomes has been the subject of much discussion (e.g., Gai et al., 
2023; Pradel et al., 2007), although many of these broader treat
ments adopt a single morphology as being representative of the 
whole group, obscuring the variation that is evident within het
erostracans. Assumptions of such uniformity influence body 
shape and subsequent morphological variation analyses (e.g., 
Ferrón et al., 2020), as well as swimming abilities (Denison, 
1971; Ferrón & Donoghue, 2022). The ‘hypocercal’ tail of Anglas
pis was likely an adaptation to allow for a significant lift to occur 
with forward motion, facilitating movement away from the sea
floor in the absence of paired fins (Denison, 1971; Kermack, 
1943), and again contrary to hypotheses of detritus-feeding. 
Recent analyses have additionally shown that the cephalic 
shield in pteraspidiform heterostracans enhances vortex lift 
forces during forward swimming, comparable to delta wings, 
allowing for better exploitation of the water column (Botella 
et al., 2024). Gai et al. (2023) used a ‘hypocercal’ condition for 
‘pteraspidomorphs’ (= in part to heterostracans) and estimated 
their swimming speed to fall in among other groups of jawless 
armored fishes such as the Anaspida and Galeaspida.

Tail structure seems to carry clearer phylogenetic signal than 
trunk squamation in early vertebrates. Hypocercal tails, where, 
as noted, the notochord deflects into the ventral lobe, are 
present in galeaspids (Gai et al., 2022, 2023), some thelodonts 
(Märss & Ritchie, 1997), anaspids (e.g., Blom, 2012), Sacabam
baspis (Pradel et al., 2007), as well as some heterostracans. 
Hypercercal tails (with the notochord extending into the dorsal 
lobe) are present in all known mandibulate gnathostomes (e.g., 
Coccosteus Miles & Westoll, 1968) and osteostracans, which 
seems to reflect a clear phylogenetic transition (Pradel et al., 
2007). It has been suggested that unusual diphycercal tails in 
some heterostracans and thelodonts (Pellerin & Wilson, 1995, 
Wilson & Caldwell, 1993) represent an intermediary between 
these (Pradel et al., 2007). Phylogenetic bracketing (following 
the evolutionary hypothesis of Reeves et al., 2023) and the 

presence of hypocercal tails with digitations in the more 
derived galeaspids (Gai et al., 2022, 2023) suggest that these 
diphycercal tails are more likely modifications of the hypocercal 
condition.

CONCLUSION

The majority of studies on the anatomy of stem-gnathostomes 
have largely relied on inferences from compressed and largely 
two-dimensional fossils. Using X-ray computed microtomogra
phy and retrodeformation techniques, we have reconstructed 
the whole-body anatomy of the cyathaspid heterostracan Anglas
pis heintzi, offering a new perspective on the three-dimensional 
bauplan of stem-gnathostomes. The oral apparatus of Anglaspis 
heintzi is composed of three pairs of oral plates, one postoral 
plate, one pair of lateral oral plates and bounded by one pair 
of lateral plates. A reduced postoral plate supports an articula
tion of the oral plates. Our retrodeformed reconstruction 
reveals a narrow gape of the mouth, with the oral structures 
capable of limited movement. Out of the previously proposed 
feeding modes for heterostracans, our new data exclude all but 
a suspension feeding style, similar to the pteraspid Rhinopteras
pis (Dearden et al., 2024). The tail of Anglaspis heintzi is 
formed of a series of heavily ornamented trunk, dorsal ridge, 
ventral ridge, and ventrolateral scales preceding a four-lobed 
‘hypocercal’ tail fin, which in itself is composed of more than 
25 scales on either side. The ‘hypocercal’ tail of Anglaspis 
heintzi allowed for lift during forward motion in the absence of 
paired fins, supporting a suspension feeding mode. Our results 
highlight the importance of high-resolution CT-scanning for 
allowing new and detailed visualizations of the morphology of 
these key fossils in the evolution of vertebrate anatomy. These 
also unlock future research directions such as functional analyses 
to test various feeding mode hypotheses, including range of 
motion (ROM) and computational fluid dynamics (CFD). The 
findings presented here contribute to the emerging consensus 
that heterostracans exhibited a far greater disparity of their 
whole-body anatomies than previously thought, highlighting 
that feeding and swimming ecologies were already diverse in 
these early vertebrates.
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