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Reconstructing Dunkleosteus terrelli (Placodermi: Arthrodira): A
new look for an iconic Devonian predator

Russell K. Engelman

ABSTRACT

Dunkleosteus is a widely-recognized prehistoric organism, yet its life appearance,
paleobiology, and even basic morphology remain poorly understood. A new recon-
struction of D. terrelli is presented here based on examination of complete, three-
dimensionally mounted dermal skeletons and a review of available paleontological evi-
dence. Despite the post-thoracic body of D. terrelli being poorly known, its morphology
and body shape can be constrained based on preserved elements and conserved ana-
tomical patterns seen both within arthrodires and across fishes more broadly. Trunk
armor proportions, estimated body length, and the locations of the fin bases suggest D.
terrelli had a relatively stout, deep trunk. Its trunk armor is apomorphically deep among
arthrodires, resulting in a body shape reminiscent of other pelagic vertebrates (lam-
nids, thunnins, ichthyosaurs). The anterior trunk is stiffened due to the interlocking ven-
tral shield plates and fused spine restricting lateral motion, and its anatomy suggests
extremely large lateral trunk muscles and a well-developed horizontal septum, compat-
ible with thunniform swimming. Body depth is positively allometric in D. terrelli, resem-
bling other arthrodires. Eubrachythoracid arthrodires likely had incomplete lateral lines.
The pectoral fin base of Dunkleosteus is located at an extreme anterior position on the
body, and the pelvic girdle is unusually small. Arthrodires appear more disparate in
body shape than previously assumed, and many taxa may have been well-adapted to
active nektonic life, though their rigid dermal armor and generally stocky bodies imply
swimming kinematics unlike most living fishes. Many questions about their biology and
biomechanics remain unanswered, representing ideal targets for future research.
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INTRODUCTION

The Late Devonian (Famennian) arthrodire
placoderm Dunkleosteus terrelli is a flagship taxon
for Paleozoic vertebrate paleontology. Best known
from the Cleveland Shale Member of the Ohio
Shale (hereafter the Cleveland Shale) of Ohio,
USA, this fish has fascinated people for over 150
years due to its blade-like gnathal plates and
extensive dermal armor (Newberry, 1873). How-
ever, in spite of this, Dunkleosteus terrelli remains
poorly understood as an organism. This is primarily
because despite its heavily ossified skull and trunk
armor, the endoskeleton of this taxon is mostly
composed of cartilage (with a thin, external layer of
perichondral bone; Johanson et al.,, 2019; van
Mesdag et al., 2020), resulting in the dermal armor
being the only elements usually preserved in the
fossil record (Figure 1). Some specimens occa-
sionally preserve endoskeletal elements, including
the pectoral fin (Carr et al., 2010), synarcual
(Johanson et al., 2013), anteriormost vertebrae
(Johanson et al., 2019), and pelvic girdle (present
study), but the post-pelvic body remains unknown.
This greatly limits available morphological informa-
tion for this taxon (Heintz, 1932; Carr et al., 2010;
Ferron et al.,, 2017a; Engelman, 2023a, 2023b),
and has resulted in a large number of uncertainties
and misconceptions regarding its morphology, size,
and paleobiology.
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Reconstructions of Dunkleosteus vary wildly
in their anatomy, often differing dramatically in fin
position/morphology, head shape, location of the
gill opening, distribution of integument and soft tis-
sues, and body length/shape (Figure 2). This vari-
ability is driven by artistic license, believed to be
afforded by the assumption that “nothing is known
of Dunkleosteus beyond the ‘head” (often mistak-
enly including the trunk armor as part of the head),
leaving the rest of the animal’'s anatomy up for
debate. In many cases this results in depictions of
Dunkleosteus whose anatomy directly contradicts
features observable from fossils (Figure 2), such
as inaccurately treating the trunk armor as an oper-
culum and/or part of the head, restoring Dunkleos-
teus with a pointed shark-like snout, or dislocating
the pectoral fin from its known position within the
pectoral fenestra (Carr et al., 2010). Reconstruc-
tions of Dunkleosteus are often claimed to be mod-
eled after other, more complete arthrodires
(especially Coccosteus cuspidatus; see Heintz,
1932; and discussion in Ferrén et al., 2017a). How-
ever, there has been no formal attempt to deter-
mine how the comparative anatomy of these forms
map onto taxa like Dunkleosteus.

Heintz (1931b, 1932) published a formal
reconstruction of the armor of Dunkleosteus terrelli,
which has not been superseded by later authors
and has served as the basis for most subsequent
reconstructions. However, when compared to well-
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FIGURE 1. Skeletal reconstruction of Dunkleosteus terrelli, showing the distribution of dermal bone (blue) and peri-
chondrally ossified cartilage (yellow). Light blue = cranial elements; dark blue = postcranial trunk armor. Skull is par-
tially transparent to show locations of neurocranium and gill arches, highlighting how the head anatomy of
Dunkleosteus compares to other fishes. The scapulocoracoid and cleithrum/anterior lateral plate of the trunk armor
are highlighted to show location of head-trunk boundary. Neurocranium and branchial skeleton reconstructed after
osteological correlates and other arthrodires in Heintz (1932), Stensidé (1963), Miles and Westoll (1968), Johanson
(2003), and Carr et al. (2009). Other cranial cartilages (e.g., palatoquadrate, Meckel's cartilage) omitted for clarity. For
homologies between placoderm plates and the bones of other gnathostomes see Johanson (2003), Zhu et al. (2013),

and Zhu et al. (2016a).
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FIGURE 2. Common errors in reconstructions of Dunkleosteus. None of the depicted features are currently supported
by Dunkleosteus fossils or comparative patterns in arthrodires. Errors relating to oral tissues or armor integument not

depicted for clarity.

preserved, three-dimensionally mounted speci-
mens of D. terrelli in the Cleveland Museum of Nat-
ural History (CMNH), this reconstruction
significantly differs in its proportions and is missing
several plates (Figure 3). Heintz (1932: p. 115-116,
123) was aware of the CMNH specimens but
explicitly did not consider them in his study to avoid
scooping his colleague Jesse Hyde, who at that
time was working on a series of monographs
describing the CMNH Cleveland Shale collection.
Instead, Heintz’'s study focused on Dunkleosteus
material from the American Museum of Natural
History (AMNH), which are mostly isolated plates
and/or from juveniles (Hussakof, 1905: p. 27; 1906;
Dean, 1909a; Heintz, 1932: p. 116; Engelman,
pers. obs.) limiting the amount of data Heintz had
on the proportions of adult individuals to inform his
reconstruction. Hyde never completed his intended
monographs on the Cleveland Shale fauna (Morris,
1937: 168-169), and the morphology of the near-
complete Dunkleosteus specimens at the CMNH
remains almost undescribed. Certain features of
these specimens have been briefly mentioned in
later studies (Dunkle and Bungart, 1942, 1946;
Heintz, 1968; Anderson and Westneat, 2007),
though primarily in relation to other topics of inter-
est. Other studies on Dunkleosteus were agnostic
to this taxon’s comparative anatomy and/or body
shape (Anderson and Westneat, 2007, 2009; Carr,
2010; Snively et al., 2010; Ferroén et al., 2017a) or
focus on specimens preserving endochondral ele-
ments (Carr et al., 2010; Johanson et al., 2013;
Johanson et al., 2019). Heintz’'s (1932) monograph
remains one of the most important papers ever
published on Dunkleosteus, but additional material
collected over the last 90 years has substantially

expanded our understanding of this taxon’s anat-
omy.

Engelman (2023a) presented a life recon-
struction of Dunkleosteus terrelli in association with
their research on this taxon’s body size (Appendix
1). That study did not go into detail on the anatomi-
cal basis for their reconstruction, instead deferring
to a future manuscript devoted to that topic: the
present contribution. This goal can be further bro-
ken down into three main objectives:

1) present additional evidence for the shorter,
stockier body plan of Dunkleosteus terrelli
proposed by Engelman (2023b), drawn
from comparative anatomy and examina-
tion of original Dunkleosteus material
rather than allometric size estimates.

2) provide a detailed overview of available
evidence for the life appearance of Dunkle-
osteus, in the hope of providing a guide to
paleoartists to help standardize depictions
of this species.

3) highlight new research directions raised by
this research and other recent studies sug-
gesting many eubrachythoracid arthrodires
had well-developed nektonic habits (Carr,
2010; Carr et al., 2010; Ferron et al.,
2017a; Jobbins et al., 2022; Engelman,
2023b; Jobbins et al., 2024), which have
important implications for the swimming
kinematics and general paleobiology of
these animals.

MATERIALS AND METHODS

The present reconstruction of Dunkleosteus
(Figure 4) is largely based on specimens from the
Cleveland Museum of Natural History (CMNH).
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FIGURE 3. Reconstructions of the head and thoracic armor in Dunkleosteus terrelli. A, reconstruction in Heintz
(1931b, 1932). B, CMNH 5768, with some plates (i.e., anterior lateral) restored after other specimens. The ventral
shield is slightly retrodeformed to account for crushing. Head shield sutures not depicted as they are mostly obliter-

ated by retrodeformation. Dashed lines represent lateral

line canals. C, closeup of B denoting major plates and ana-

tomical structures discussed in this study. Scale bar applies only to C. Abbreviations: ADL, anterior dorsolateral; AL,
anterior lateral; ASG, anterior supragnathal; AVL, anterior ventrolateral; branch., branchial opening; IG, infragnathal;
ling. proc., linguiform process of suborbital MD, median dorsal; obst. proc., obstantic process of anterior lateral; PMV,
posterior median ventral; PVL, posterior ventrolateral; SM, submarginal plate; SO, suborbital.

These include five near-complete, three-dimen-
sionally mounted heads and thoracic armors
(CMNH 6194, CMNH 7424, CMNH 6090, CMNH
7054, and CMNH 5768, from smallest to largest),
representing associated plates from single individ-
uals (Figure 5). These specimens span an ontoge-
netic series ranging from juveniles (CMNH 6194

and CMNH 7424), to subadults or young adults
(CMNH 6090 and CMNH 7054), to large, likely
mature adults (CMNH 5768). CMNH 5768 is
among the upper fifth percentile of the extensive
CMNH hypodigm (600+ specimens) in terms of
overall size, though a few slightly larger individuals
up to 20-25% larger in linear dimensions (CMNH
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FIGURE 4. Life reconstruction of an adult Dunkleosteus terrelli, based primarily on CMNH 5768 with missing elements

restored after CMNH 6090 and CMNH 7054.

5936, CMNH 7568, CMNH 9951) do exist (Engel-
man, 2023b). The sample size of D. terrelli is large
enough to suggest these individuals are probably
close to the maximal size achieved by D. terrelli in
the Cleveland Shale (Mallon and Hone, 2024),
though the average large individual is closer in size
to CMNH 5768 than these “supergiants”. These
factors suggest CMNH 5768 should be representa-
tive of the size and proportions of an adult D. ter-
relli. Anatomical observations were made either
from the original material or 3D digital models
uploaded by the Cleveland Museum of Natural His-
tory to Morphosource (https://www.morpho-
source.org/teams/000373825) and the University
of Michigan Museum of Paleontology UMORF
(rf.ummp.lsa.umich.edu/wp/specimen-data/?Mod-
el_ID=1336). Observations were made prior to the
remounting of CMNH 5768, CMNH 6090, and
CMNH 7424 in late 2022/2023.

The CMNH mounts were created in the 1920-
30s by retrodeforming complete but crushed and
disarticulated individuals (Chapman et al., 2006; J.
Tait, pers. comm. September 2022). The propor-
tions of these mounts are consistent between
specimens and resemble undistorted, three-dimen-
sionally preserved Dunkleosteus material from
Morocco (e.g., GPIT/PD/9; Rucklin and Clément,
2017: fig. 5), suggesting they accurately reflect the
proportions and anatomy of this species with mini-

mal taphonomic/reconstructive distortion. The
numerous sutures, articulations, and contacts
between elements of arthrodire armors greatly limit
possible distortion in reconstructions, as incorrect
retrodeformation would prevent proper articulation
between plates (see discussion in Heintz, 1932: p.
153-158). Specifically, the paired cranio-thoracic
joints between the head shield and anterior dorso-
lateral plates must be horizontally oriented or else
their hinge-like motion is impossible (ibid). The
spacing and orientation of these articulations deter-
mines the width and cross-sectional shape of the
trunk armor, meaning if the head shield and ante-
rior dorsolateral plates are preserved the general
shape of the trunk armor can be reconstructed with
a reasonable degree of accuracy (Heintz, 1931b,
1932; Young, 2005).

The plates of the CMNH mounts generally
articulate properly, especially in the trunk armor.
Some minor distortion can be identified when one
specimen’s morphology differs from the remaining
three, but this has little effect on the proportions or
overall shape of the animal. Relevant exceptions
are noted where appropriate (see “Ventral Shield”
and “Potential Errors in Armor Reconstruction of
CMNH 5768”). For the ventral shield, which was
never physically retrodeformed in the CMNH speci-
mens (see “Ventral Shield”), two attempts were
made to retrodeform the ventral shield based on
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A CMNH 7424

B CMNH 6090

FIGURE 5. Ontogenetic series of near-complete mounted specimens of Dunkleosteus terrelli (progressively older/
larger individuals from left to right) showing increasing trunk height, mouth size, and pectoral fenestra size with age.
Sutures of head shield elements and between spinal/anterior lateral plates not shown because they have generally
been obliterated through historical retrodeformation or otherwise obscured. Specimens depicted as close to the origi-
nal mounts as possible, except for retrodeformation of the unnaturally flattened ventral shield, fixing the anterior lat-
eral of D, and occasionally restoring damage on the plates from their bilateral counterpart. Hatched areas represent
plates absent bilaterally and reconstructed after their sutures/interactions with other elements and other individuals.

either visual approximation or using a curve modi-
fier in Blender 3.5. This results in a ventral shield
similar to CMNH Dunkleosteus material that pre-
serves uncrushed plates and the three-dimension-
ally preserved dunkleosteoid Eastmanosteus
calliaspis (Dennis-Bryan, 1987).

Additional observations were made on other
less complete or unmounted Dunkleosteus speci-
mens and isolated plates housed at the CMNH, as
well as Dunkleosteus specimens at the American
Museum of Natural History (AMNH), Cincinnati
Museum Center (CMC), and the Natural History
Museum of London (NHMUK) (Appendix 2).
Observations of non-Dunkleosteus arthrodires
were drawn from the previously published literature
or specimens housed at the aforementioned insti-
tutions as well as the Field Museum of Natural His-
tory (FMNH), Musée d’Histoire naturelle de

6

Miguasha (MNHM), National Museum of Scotland
(NMS), or Royal Ontario Museum (ROM) (Appen-
dix 2). Data for extant fishes were collected from
the previously published literature or from exam-
ination of skeletonized or fluid-preserved speci-
mens in the collections of the CMNH, Florida State
Biodiversity Collection (FSBC), or Ohio State Uni-
versity Museum of Biodiversity (OSUM) (Appendix
2). Several additional morphometric comparative
analyses on pre-pectoral length, pectoral fin base
size, pre-pelvic length, snout-vent length, and cau-
dal peduncle height were conducted using these
specimens and the previously published literature.
These analyses and details on their methodology
were conducted in R 4.3.1 (R Core Team, 2020)
and can be found in Appendix 3. Raw measure-
ment data and references can be found in Appen-
dix 4 and Appendix 5, respectively.
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FIGURE 6. Phylogenetic position of Dunkleosteus within Arthrodira. Underlined taxa are represented by complete
body outlines or extensive post-thoracic remains. Eubrachythoraci, the main clade of interest, is highlighted in gray.
Phylogeny based on Dupret et al. (2007), Zhu and Zhu (2013), Zhu et al. (2016b), Qiao et al. (2016), Boyle and Ryan

(2017), Jobbins et al. (2022), and Zhu et al. (2022).

Dunkleosteus is phylogenetically bracketed by
arthrodires known from body outlines or extensive
post-thoracic remains (Figure 6). This means fea-
tures consistently present across Arthrodira also
likely occur in Dunkleosteus unless directly contra-
dicted by fossils (Bryant and Russell, 1992; Wit-
mer, 1995). Anatomical features in extinct
organisms can be inferred using one of three crite-
ria: 1) direct fossil evidence, 2) phylogenetic brack-
eting, and 3) indirect evidence like form-function
relationships and paleoenvironment (Bryant and
Russell 1992). These lines of evidence form a
decreasing gradient of certainty, with the latter
always deferring to the former if available. When
direct evidence and/or phylogenetic bracketing
result in multiple equally likely interpretations, indi-
rect evidence such as functional patterns and
paleoenvironment can be used to identify the most

likely alternative. A list of the major features con-
sidered and the evidence used to support them
can be found in Table 1.

Anatomical terminology for arthrodire plates
follows Heintz (1932), Miles and Westoll (1968),
Denison (1978), and Miles and Dennis (1979).
Plate abbreviations in Figure 3C and elsewhere fol-
low Miles and Dennis (1979). Homologies between
placoderm plates and elements in other gnatho-
stomes follow Zhu et al. (2013) and Zhu et al.
(2016a). “Trunk armor” is used here to refer to the
combined thoracic and ventral shields (Figure 3C),
though in most non-eubrachythoracid arthrodires
the thoracic and ventral shields do not form sepa-
rate structures (Miles, 1969). Broader anatomical
terminology for fishes follows standard ichthyologi-
cal definitions (Compagno, 1984; Hubbs et al.,
2004). Fineness ratio (f) is calculated as precaudal
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TABLE 1. Overview of the major anatomical conclusions drawn in this manuscript, and the evidence (direct, compara-
tive, functional) used to support them.

Feature

Direct Evidence

Comparative Anatomy

Functional Morphology/
Biomechanics

Body Length
of 3-4m

Deep trunk

Trunk
becomes
deeper
throughout
ontogeny

Spine located
at a relatively
high position
on the trunk

Anteriorly stiff
spine

Absence of
scales

Incomplete
lateral line

Sclerotic rings
at or near
surface of eye

Location of
dorsal fin

Comparatively
anterior
position of
pectoral fin

Pectoral fin
base shows
positive
allometry
relative to
body length

Pelvic located
at posterior
end of ventral
armor

Small pelvic
fins

Scaling from OOL, posterior
ventrolateral plate, etc.

Head is distinctly dorsoventrally
expanded compared to other
arthrodires, trunk armor much
deeper than long

Trunk armor becomes comparatively
deeper in ontogenetic series of
Dunkleosteus

Dorsoventrally high cranio-thoracic
joint, ridge for horizontal septum on
posterior dorsolateral

Partially fused anterior axial
skeleton, ventral shield does not
allow lateral flexure, head and trunk
armor cannot separately move
laterally

Possible scaleless skin in CMNH
8735

Main trunk canal does not extend to
end of trunk armor, unlike non-
eubrachythoracid arthrodires and
other placoderms

Extent of armor and carinal process
mean dorsal fin cannot be dorsal to
center of mass

Pectoral fin base preserved in situ in
CMNH 8982 and CMC VP8294

Pectoral fenestra becomes larger
relative to head and ventral armor
throughout ontogeny

Pelvic radials at posterior end of
ventral armor in CMC VP8294

Pelvic girdle preserved in
association with several specimens

Scaling from other arthrodires, locations of
pectoral and pelvic girdles and size of ventral
shield consistent relative to total length in
arthrodires

Head and armor of Dunkleosteus is distinctly
taller compared to other arthrodires, primarily
differ in height rather than overall proportions

Other placoderms show similar pattern
across ontogeny

Foramen magnum and cranio-thoracic joints
located at same level in arthrodires

Scales consistently absent in
eubrachythoracid fossils, even when
preserved in other fishes

Other eubrachythoracid arthrodires show a
similar condition

Sclerotic rings covered in dermal
ornamentation in most arthrodires

In other arthrodires dorsal fin is invariably
posterior to carinal process/submedian
dorsal plate

Pectoral fenestra extends more anteriorly on
dermal skeleton than other
eubrachythoracids

Pachyosteomorphs show larger pectoral fins
than coccosteomorphs or sharks, thus large
pectoral fin in adult Dunkleosteus is not
unusual

Pelvic girdle is invariably located at posterior
end of ventral armor in arthrodires

Pelvic girdle is much smaller than in other
arthrodires

Small gill chamber
compared to body size,
pectoral fin position as % of
total length limited before
animal becomes unstable
swimmer

Incomplete lateral lines
common, convergent trait in
living fishes

Dorsal fin located dorsal to
center of mass in most
nektonic vertebrates

Pectoral fin origin is
unusually anterior
compared to other fishes at
any estimated length

Pectoral fin shows positive
allometry when compared
to sharks
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Functional Morphology/

Feature Direct Evidence Comparative Anatomy Biomechanics
Caudal — Arthrodires, even Amazichthys, seem to Pelagic fishes tend to have
peduncle have thicker peduncles than modern fishes narrow caudal peduncles
thickness
Larger ventral High position of spine requires larger Amazichthys has a comparatively larger Larger ventral lobe is

lobe of caudal caudal lobe for fin to function
fin compared

to sharks

Lateral caudal —

keels?

Thunniform Deep, rounded trunk relative to —
body shape length, small pelvic fins, well-

developed pectoral fins, stiffened
anterior spine with well-developed
markers for horizontal septum.

ventral lobe than sharks

needed to keep caudal
margin out of wake from
deep body

Repeated, independent evolution in oceanic Lateral caudal keels
vertebrates, including arthrodires
(Amazichthys)

present in most pelagic
fishes

Dunkleosteus is common in
open water habitats with
anoxic bottoms
uninhabitable by non-
nektonic organisms

TABLE 2. Definitions for life habits used in this study, along with example taxa. Note “pelagic” is preferred over “oce-
anic” because some lacustrine fishes inhabit open water habitats and behave similarly to oceanic pelagic fishes. Syn.

= synonym.
Term Definition Examples
Benthic Spend large amounts of time on the bottom of bodies of water carpet sharks (Orectolobiformes), gobies
and are often poor or infrequent swimmers (Gobiiformes),
eels (Anguilliformes),
many catfishes (Siluriformes)
Demersal Capable of swimming but typically live close to the sea floor.  groupers (Serranidae),
Often live in and around complex environments like pike (Esocidae),
underwater vegetation, coral reefs, or rock crevices. Syn.: some requiem sharks (e.g., Triaenodon),
epibenthic dogfish and allies (Squaliformes),
hexanchiforms (Hexanchiiformes)
Neritic Actively nektonic organisms, but typically live relatively close many salmon/trout (Salmonidae),
to the substrate such as in coastal waters or continental shelf. some requiem sharks (e.g., Carcharhinus),
Often inhabit the water column immediately above the many carangids (Carangidae)
substrate. Syn.: “coastal pelagic”, littoral, “near shore”
Pelagic Inhabits open waters far from any substrate. Typically tunas/many mackerels (Scombridae),

specialized for prolonged or fast swimming. Often oceanic but billfishes (Istiophoriformes),

may inhabit large lakes or rivers. Syn.: oceanic,

oceanodromus

lamnid sharks (Lamnidae),
emerald shiners (Notropis atherinoides)

length/body depth, as in many prior studies (e.g.,
Aleev, 1969). Note that some studies prefer to use
an alternative method calculating fineness ratio rel-
ative to mean body diameter (Walker et al., 2013),
but the simpler method is used here to more read-
ily enable comparisons between taxa. There is little
difference if using these alternate methods except
the f values for adult Dunkleosteus are brought
slightly closer to values seen in other arthrodires (f
~ 3.0-3.5), due to the former having trunks that are
slightly deeper than wide (see below).

Fishes in this study are described in terms of
one of four life habit categories: benthic, demersal,
neritic, and pelagic (Table 2). These represent

broad, widely-recognized divisions within the spec-
trum of fish locomotor behavior and life habits, and
are easily recognized based on functional morphol-
ogy and body shape. However, because the
boundaries between certain functional groups or
their terminology are sometimes inconsistent, they
are defined here to make their use clear to the
reader. Particular attention is drawn to “pelagic”
versus “neritic” fishes. Both are nektonic but differ
significantly in functional anatomy and body shape.
These differences, such as adaptations for pro-
longed, rapid swimming, are thought to be driven
by biomechanical and adaptational challenges to
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A

FIGURE 7. A, reconstruction of Coccosteus cuspidatus. B, photograph of ROM VP 52664, the specimen used to cre-
ate A. Soft tissue outline of the caudal fin in B partially modeled after Squalus and Cephaloscyllium, two extant sharks
with analogous life habits. B provided courtesy of the Royal Ontario Museum, used with permission.

living in the open ocean (Allen and Cross, 2006;
Helfman et al., 2009).

Habitus categories for extinct taxa follow the
previously published literature. Conclusions in
those studies were largely based on functional
morphology and paleoenvironment (Dean, 1909b;
Harris, 1951; Miles and Westoll, 1968; Trewin,
1986; Compagno, 1990; Carr, 1995, 2010; Jobbins
et al., 2022). Previous studies have considered
Dunkleosteus a nektonic, pelagic cruiser (Carr,
2010; Ferrén et al., 2017a) based on paleoenviron-
mental data. The Cleveland Shale is a black shale
with a distinct absence of bioturbation or benthos,
suggesting a highly stratified water column inhab-
ited by nektonic organisms living over an anoxic
bottom (see below, and Carr, 2010), implying
Dunkleosteus was a strongly nektonic and likely
pelagic animal. Paleoenvironmental data were not
used to reconstruct body form unless otherwise
specified, and when discussing the overall paleobi-
ology of this taxon features lacking direct positive
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or negative constraints from fossil data were not
considered to avoid circular reasoning.

Reconstruction of Coccosteus cuspidatus

The reconstruction of Coccosteus cuspidatus
used here (Figure 7) was modeled after Miles and
Westoll (1968) with modifications. Complete speci-
mens of C. cuspidatus (e.g., ROM VP 52664, Fig-
ure 7B) show key differences from the classic Miles
and Westoll (1968) reconstruction. These include a
shorter abdomen and caudal fin relative to the
head and trunk armor (Appendix 6), and a more
anterior position of the pelvic girdle (see also Trina-
jstic et al., 2015, who made a similar observation
regarding the latter). Many specimens examined
by Miles and Westoll (1968) only preserved part of
the post-thoracic body, which may account for this
discrepancy, though at least some of their speci-
mens show a more anterior pelvic girdle similar to
the material examined here (Miles and Westoll,
1968: pl. 5-9). The armor of that reconstruction is



also slightly distorted (sheared and flattened) com-
pared to more complete specimens, which may be
due to being reconstructed from crushed speci-
mens prior to the description of three-dimensionally
preserved armor in the Gogo arthrodires that could
be used as a guide. The reconstruction in Miles
and Westoll (1968) was modified here to include
data from these newer, better-preserved speci-
mens (particularly ROM VP 52664).

The shape of the dorsal fin follows Greenfield
(2020) but with a lower aspect ratio. Greenfield
(2020) modeled his fin shape after the carpet
sharks Chiloscyllium and Orectolobus, but these
taxa have two small dorsal fins whereas Coccos-
teus has a single dorsal fin with a long base, result-
ing in an abnormally tall dorsal fin if the shape in
these chondrichthyan taxa is uncritically applied to
Coccosteus. The shape shown here more closely
resembles the dorsal fin traces figured in Trewin
(1986). The sharper heterocercal angle of the cau-
dal fin and more prominent hypochordal (ventral)
caudal lobe are based on ROM VP 52664 (Figure
7B), as well as other specimens of Coccosteus
(see “Caudal Fin”).

Paleoenvironmental Context of the Cleveland
Shale

The paleoenvironment of the Cleveland Shale
provides important, independent lines of evidence
constraining Dunkleosteus' likely body shape. Carr
(2010) previously argued Dunkleosteus was a nek-
tonic, pelagic cruiser based on the paleoenviron-
ment of the Cleveland Shale; this section largely
builds on those arguments and the reader is highly
encouraged to read Carr (2010) for further details
on that study.

The Cleveland Shale is a fine-grained black
shale interpreted as representing an open water,
offshore environment (Lewis and Schwietering,
1971; Hlavin, 1976; Hansen, 1996; Carr, 2010;
Baird et al., 2023 and references therein; but see
Dunkel et al., 2022 for an alternate opinion) with a
vertically stratified water column separated into an
oxygenated surface layer and a dysxoic to anoxic
bottom (Rimmer et al., 2010; Martinez et al., 2019).
The anoxic zone in some areas spanned nearly 80
km in width based on the geographic extent of the
Cleveland Shale perpendicular to the paleo-coast-
line in Appalachia (Prosser, 1913; Lewis and
Schwietering, 1971; Daeschler and Cressler, 2011;
Baird et al., 2023). This extent is probably an
underestimate, as the lateral margins of the black
shale appear to have been removed by erosion
(Baird et al., 2023). This differs from some other
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dysaerobic Paleozoic fossil sites, where the anoxic
zone is geographically restricted and immediately
distal to otherwise oxygenated waters (Zorn et al.,
2005; Gaines, 2014) allowing benthic and demer-
sal organisms to be transported into the area and
preserved.

The anoxic benthic zone of the Cleveland
Shale is thought to have been uninhabitable to
benthic or demersal organisms. The soft, fine-
grained muds that made up the seafloor would
have further excluded benthic life, especially large,
benthic fishes (Wignall, 1993; Carr, 2010). These
factors are thought to be responsible for the high-
quality preservation of vertebrate remains in this
unit, with organisms sinking into the anoxic zone
from the oxygenated surface waters (Hansen,
1996; Carr and Jackson, 2008; Carr, 2010; Braun
et al., 2014). Benthic and demersal organisms are
nearly absent except for rare, hypoxia-tolerant lin-
gulid brachiopods (Hlavin, 1976; Dunkel et al.,
2022; Baird et al., 2023). Most preserved inverte-
brate taxa are nektonic species, including thylaco-
cephalans (Williams, 1990; Saja and Hannibal,
2018) and ammonoids (House et al., 1986). Biotur-
bation is near-absent (Dunkel et al., 2022), and
vertebrate fossils lack encrusting epibionts (Carr,
2010; Engelman, pers. obs.). Remains of fishes in
the Cleveland Shale are often articulated or at least
associated (Dunkle and Bungart, 1945; Dunkle,
1947; Carr, 2010; Carr et al., 2010; Braun et al,,
2014) with many chondrichthyans even showing
extensive soft-tissue preservation (Dean, 1894,
1902, 1909b; Harris, 1951; Braun et al., 2014;
Tomita, 2015), suggesting an absence of benthic
scavengers. These factors further suggest the
absence of benthic fauna in the Cleveland Shale
reflects a real phenomenon and is not caused by
reducing conditions destroying invertebrate
remains.

The Cleveland Shale fish fauna is also indica-
tive of a pelagic environment. Over 65 species of
fishes are known from this unit (Carr and Jackson,
2008; Carr, 2018), mostly pachyosteomorph
arthrodires (28 species) and chondrichthyans (32
species) along with 4 species of actinopterygians
and one sarcopterygian (Carr and Jackson, 2008).
All taxa with preserved fin outlines or body fossils
show strongly nektonic body plans, often with
pelagic specializations such as caudal keels
(Dean, 1909b; Harris, 1951; Dunkle, 1964; Dunkle
and Schaeffer, 1973; Compagno, 1990; Carr et al.,
2010). Cleveland Shale arthrodires generally show
features suggestive of nektonic habits such as
reduced armor, large pectoral fenestra, and large
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orbits (Miles, 1969; Carr, 1995). Otherwise com-
mon benthic or demersal Devonian fish groups are
rare or absent, including antiarchs, ptyctodonts,
and non-eubrachythoracid arthrodires. Sarcoptery-
gians, another group often interpreted as benthic
or demersal and associated with coastal or fresh-
water habitats (Andrews and Westoll, 1970; Camp-
bell and Barwick, 1988; Long, 1991; Ahlberg, 1992;
Johanson and Ahlberg, 1998; but see Frey et al..
2018), are only represented by a single specimen
of the dipnoan Ctenodus wagneri (Newberry, 1889;
Carr and Jackson, 2008; see Kemp, 1996, regard-
ing taxonomy). Some specimens of the onycho-
dontiform Onychodus ortoni have been described
from the underlying Huron Shale Member, leading
Babcock (2024) to suggest the Huron and Cleve-
land Shale may have been more oxygenated and
inhabited by more benthos than previously thought,
given onychodonts have traditionally been inter-
preted as benthic or demersal (Andrews et al.,
2005). However, undescribed pelagic onycho-
donts from black shales in Morocco (Frey et al.,
2018) indicate that late Devonian onychodonts had
expanded into pelagic niches, and thus their pres-
ence in the Huron Shale does not necessarily indi-
cate oxygenated conditions. Coccosteomorph
arthrodires (generally regarded as more demersal
than pachysteomorphs; Miles, 1969; Carr, 1995)
are present but rare, represented by taxa such as
“Coccosteus” cuyahogae (Hlavin, 1976; Carr and
Jackson, 2008). However, Hlavin (1976) notes sim-
ilarities between “C.” cuyahogae and the possible
pachyosteomorph “Heintzichthys” mixeri (Hussakof
and Bryant, 1918), making it unclear if coccosteo-
morphs are present in the Cleveland Shale at all.
The fauna of the Cleveland Shale suggest this
taphocoenosis represents an epipelagic, open
ocean ecosystem effectively captured in isolation,
with the local environment excluding influences
from more coastal habitats. Similar paleoenviron-
mental conclusions have been reached for other
Devonian black shales (e.g., the Maider Basin of
Morocco; Frey et al., 2018) based on the abun-
dance of pelagic organisms and rare-to-absent
benthos.

Dunkleosteus terrelli is the most common ver-
tebrate fossil in the Cleveland Shale, representing
20% of all vertebrate specimens and 32% of all
vertebrate material identifiable to genus in the
CMNH collections (n = 680; A. McGee and C. Col-
leary, pers. comm. June 2022). This is undoubtedly
influenced by collections bias as large arthrodire
plates are easier to recognize in the field (Dunkle
and Bungart, 1945; Carr and Jackson, 2008; A.
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McGee, pers. comm. 2022). However, the sheer
number of specimens collected still suggests D.
terrelli was relatively common within the Cleveland
Shale paleoenvironment. Dunkleosteus fossils do
not vary in abundance across the anoxic zone
(Carr, 2010), with many specimens being found
close to the center of the laterally extensive black
shale deposits (e.g., at Black River, Rocky River).
This would require a significant amount of trans-
portation either in vivo or postmortem if the organ-
isms originally inhabited coastal regions, and if this
was the case Dunkleosteus fossils would be
expected to be most abundant closer to the paleo-
coastline (which is not the case; Carr, 2010). The
presence of Dunkleosteus specimens with associ-
ated plates and a lack of abrasion further suggests
they were not washed into the basin after death
(Carr, 2010). Dunkleosteus fossils from the Cleve-
land Shale span a wide range of sizes and ontoge-
netic stages, suggesting these animals spent most
of their lifespan in the local area rather than being a
demersal/benthic taxon that only migrated into/
through oceanic habitats to breed, like some fresh-
water eels (Anguillidae). This all agrees with
broader conclusions about Cleveland Shale tapho-
nomy, which suggests fossils in this unit represent
local animals preserved with limited post-mortem
transportation (Carr, 2010; Braun et al., 2014).

The above evidence indicates Dunkleosteus
terrelli was a common, autochthonous inhabitant of
the Cleveland Shale area, not a benthic or demer-
sal taxon that occasionally wandered into the area
or had its remains transported there postmortem
(see Carr, 2010 for a more extensive discussion).
Given the extensive, inhospitable anoxic seafloor,
Dunkleosteus could not have survived in this area
unless it was nektonic (as argued by Carr, 2010),
limiting this taxon to body shapes seen in highly
nektonic, neritic to pelagic taxa. The abundant,
widespread distribution of Dunkleosteus within the
anoxic zones (whose oxygenated upper layers can
be thought of as epipelagic zones in isolation)
strongly implies pelagic habits. Despite this, most
of the conclusions presented here about Dunkleos-
teus' pelagic habits and body shape are drawn
from data independent from the Cleveland Shale
paleoenvironment unless otherwise specified. The
broader point is that evidence from both compara-
tive anatomy and paleoenvironment favor the pre-
sented body shape of Dunkleosteus.

Institutional abbreviations. AA.MEM.DS, Univer-
sité Cadi Ayyad, Marrakech, Morocco; AMNH,
American Museum of Natural History, New York,
New York, USA; CMC, Cincinnati Museum Center,



Cincinnati, Ohio, USA; CMNH, Cleveland Museum
of Natural History, Cleveland, Ohio, USA; FMNH,
Field Museum of Natural History, Chicago, USA;
FSBC, Florida State Biodiversity Collection, St.
Petersburg, Florida, USA; GPIT, Institut fir Geow-
issenschaften, Eberhard Karls Universitat Tibin-
gen, Tubingen, Germany; LDUCZ, Grant Museum
of Zoology, University College, London, U.K.; MCZ,
Museum of Comparative Zoology, Harvard, Massa-
chusetts, USA; MHNM, Musée d’'Histoire naturelle
de Miguasha, Nouvelle, Quebec, Canada; MNHN,
Musée National d’Histoire Naturelle, Paris, France;
MZL; Musée Cantonal de Zoologie, Lausanne,
Switzerland; NMS, National Museum of Scotland,
Edinburgh, UK; NHMUK, Natural History Museum,
London, UK.; NMP, National Museum of Victoria,
Melbourne, Australia; ROM, Royal Ontario
Museum, Toronto, Ontario Canada; USNM, Smith-
sonian National Museum of Natural History, Wash-
ington, D.C., USA; WAM, Western Australian
Museum, Perth, Western Australia, Australia.

LIFE APPEARANCE OF DUNKLEOSTEUS
TERRELLI

Length and Body Shape

Length. Body size estimates of Dunkleosteus have
been poorly constrained until recently due to the
rarity of post-thoracic material. Historical length
estimates have ranged from 4.5-6 m (15-20 ft)
at the low extreme (Newberry, 1889; Carr, 2010;
Long, 2010) to 8-10 m (26-33 ft) at the upper
(Romer, 1966; Sallan and Galimberti, 2015; Ferrén
et al., 2017a). These studies, with the exception of
Hussakof (1905) and Ferrdn et al. (2017a), do not
report their data or methods, and thus their length
estimates are not reproducible. Some estimates
are implied to be calculated by scaling from Coc-
costeus cuspidatus (compare with Titanichthys in
Dean, 1909c), but which elements were scaled to
produce estimates for Dunkleosteus are not speci-
fied and attempts to replicate these methods gen-
erally produce much shorter lengths (Engelman,
2023b: p. 39 and tab. 3). More recent studies sam-
pling both arthrodires known from whole body fos-
sils and a broad sample of 971 living fish species
strongly suggest traditional lengths for Dunkleos-
teus are overestimates (Engelman, 2023a, 2023b).
The reader is referred to those studies for further
details, but their findings will be briefly summarized
for context.

Head-trunk proportions appear to be strongly
constrained in fishes (Engelman, 2023a, 2023b). In
particular, the anteroposterior length of the head
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excluding the snout (i.e., “orbit-opercular length” or
OOL) strongly correlates with overall length (r2 =
0.947; Engelman, 2023b), predicting total length
within £17.6% of the actual value across fishes.
OOL scales isometrically with body length within
arthrodires and across fishes more generally, with
arthrodires and eugnathostomes following the
same allometric regression line. This relationship is
consistent across fishes spanning a wide range of
body sizes, from the ~1 cm Paedocypris and Prio-
charax to 5-9 m Rhincodon, Cetorhinus, and
Megachasma, making extrapolation error unlikely.
OOL predicts total length within £12.5% of actual
length in complete arthrodires. The reliability of this
metric is further supported by the conserved
anteroposterior location of several key anatomical
landmarks, such as the positions of the glossopha-
ryngeal and vagus nerves (both associated with
the gill chamber), across arthrodires and other
gnathostomes (Carr et al., 2009: p. 797-798). This
indicates the underlying anatomy of the head such
as the location of the brain, head-trunk boundary,
and gill chamber is consistent across these groups,
despite superficial differences in external morphol-
ogy (Figure 8; see also “Branchial Opening”,
below).

OOL produces lengths of about 3.0-3.4 m for
subadults to typical adults of Dunkleosteus terrelli,
with the largest individuals estimated to measure
approximately 4.1 m long (Engelman, 2023b). Mar-
gins of error in these methods mean lengths as
high as 3.8/4.5 m for average/maximum adult indi-
viduals of D. terrelli (respectively) remain possible,
but lengths greater than +8-10% (30—40 cm) of the
estimated value are unlikely (Figure 9, see also
Engelman, 2023b). Such lengths would require D.
terrelli to exhibit proportions significantly outside
the range of head-trunk proportions seen in non-
anguilliform fishes, including other arthrodires
(Engelman, 2023a). Historical length estimates for
D. terrelli require a head only 8% of total length
versus 18-30% like in most non-anguilliform fishes
(Engelman, 2023a). By contrast, OOL results in D.
terrelli having a relative head size much closer to
other fishes, though still below average (~18% total
length).

Fork length (length to the notch in the poste-
rior margin of the caudal fin) and precaudal (= stan-
dard) length correlate closely with total length (r2 ~
0.96-0.99; Engelman, 2023b), and therefore can
be estimated if approximate total length is known.
While anteroposterior lengths of the body must be
determined indirectly, body depth and width can be
measured from the trunk armor of mounted speci-
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A eubrachythoracid arthrodire

post. exp.

B eugnathostome (neoselachian shark)

neurocranium
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FIGURE 8. Endoskeletons of a eubrachythoracid arthrodire (A) and a eugnathostome (B), showing how anteroposte-
rior locations of major features are conserved despite the presence of dermal armor. Dotted lines represent orbit-oper-
cular length. A based on Miles and Westoll (1968) and Young (2010: fig. 1a), as well as specimens of Coccosteus
cuspidatus examined directly; B after Compagno (1999) with caudal skeleton modified from Little and Bemis (2004)
and Moreira et al. (2019). Abbreviations: branch. arches, branchial arches; hy. arch, hyoid arch; man. arch, mandib-
ular arch; pec. girdle, pectoral girdle; pelv. girdle, pelvic girdle; post. exp., posterior expansion of the neurocranium

over the branchial chamber.

mens. With values for the dimensions of the three
major body axes, a well-constrained reconstruction
of the body shape of D. terrelli can be created (Fig-
ure 4).

Body Shape. This reconstruction of Dunkleosteus
has a relatively deep trunk, ~25-28% total length in
subadult to adult individuals (fineness ratio or f =
2.66-3.18). This appears to be an apomorphy of
Dunkleosteus terrelli, supported by several lines of
evidence. Arthrodires generally have stockier bod-
ies than eugnathostomes (Engelman, 2023b), but
the trunk of Dunkleosteus is unusually deep even
among arthrodires. This is evident when scaling
the trunk armor of various eubrachythoracid arthro-
dires to the same anteroposterior length; under
these conditions the trunk armor of Dunkleosteus
stands out as considerably deeper than most other
taxa (Figure 10). Deep trunk armors are consis-
tently present in all large (inferred subadult to
adult) specimens of D. terrelli, suggesting these
proportions cannot be attributed to an incorrect
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reconstruction of the trunk armor. These propor-
tions are not seen in trunk armors of other rela-
tively large, pelagically-interpreted arthrodires, like
Amazichthys, Bungartius, and Heintzichthys (Fig-
ure 10F-H, see also Appendix 7). The arthrodire
most closely resembling Dunkleosteus in terms of
its trunk armor proportions is the dunkleosteoid
Eastmanosteus calliaspis (Figure 10D), which has
a more robust trunk than other Gogo forms yet
lacks the highly elongate ventral shield of many
aspinothoracidans. This suggests the deep trunk of
Dunkleosteus may represent an extreme endpoint
of a broader trend within dunkleosteoids.

The high depth/length ratio of the trunk armor
in Dunkleosteus appears driven by an expansion in
dorsoventral height relative to other arthrodires,
rather than an anteroposterior shortening. When
the dermal skeleton of Dunkleosteus is scaled to
the same head length as complete arthrodires like
Coccosteus (and to a lesser degree Amazichthys),
the ventral shield ends at a similar anteroposterior



Est. + %PE
383cm

(possible, but results in relatively anterior
position of pelvis and anus, at upper
limits of head-trunk proportions in
non-anguilliform fishes)

Minimum Height Maximum Height
(most taxa except those with  (few fishes have dorsal caudal lobes
rounded caudal fins have taller than the dorsal fin except
fin spans at least equal some very narrow-bodied taxa;

to trunk height) e.g., Acanthocybium)

341 cm
(best estimate, though
could be slightly longer, thoracic body unusually short)
mostly agrees with
proportions of other elements)
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FIGURE 9. Uncertainties in reconstructions of Dunkleosteus terrelli. A, range of possible sizes in the dorsal lobe of the
caudal fin, based on extant fishes. B, possible range of body lengths based on + percent error in OOL, modified from

Engelman (2023b: supplementary file S5).

position relative to total length (Engelman, 2023b:
fig. 11), indicating the trunk armor is not greatly
reduced in anteroposterior length compared to
other arthrodires. Similarly, a Dunkleosteus-like
dermal armor can be produced from a generalized
eubrachythoracid by simply expanding the body
dorsoventrally (Appendix 8). Aside from features
differentiating coccosteomorphs from pachyosteo-
morphs (presence of a posterior spine on the
median dorsal plate, reduced nuchal gap), the
overall shape of the armor and the anteroposterior
location of major landmarks like triple junctions
between plates are similar. Dunkleosteus also has
a relatively deep head among eubrachythoracid
arthrodires, whether scaled by the total height of
the skull or the height of the cranium to the ventral
margin of the cheek unit (Appendix 7). Because
relative cranial and trunk heights in fishes are
closely correlated (Ward and Mehta, 2010; Engel-
man, 2023b), this further supports the idea that
Dunkleosteus had a deep trunk.

Available evidence does not support the idea
that the thoracic and ventral shield of Dunkleosteus
were both anteroposteriorly shortened. This would
require the thoracic shield, ventral shield, and head
to all be shortened relative to total length to near
identical degrees without any difference in their
proportions relative to one another, which is highly
unlikely. Similarly, a longer, narrower body for
Dunkleosteus requires distorting or ignoring ana-
tomical proportions and relationships otherwise
consistent among arthrodires, such as the associa-
tion between the pelvic girdle and end of the ven-
tral shield (see below).

The trunk armor of Dunkleosteus remains
unusually deep even when scaled against other
anatomical metrics, such as head length or the
length of the posterior ventrolateral plate of the
ventral shield (Appendix 7). Indeed, dimensions of
the ventral shield provide a useful independent test
for the body shape as reconstructed here. Ventral
shield length is consistently around 30-33% total
length in brachythoracid arthrodires known from
complete remains (Appendix 6). These include
Holonema westolli (30.4%), Coccosteus cuspida-
tus (30-32%), Incisoscutum ritchei (~34%), and
Amazichthys trinajsticae (29.6-31.6%). Extensive
data for the coccosteids Dickosteus and Wat-
sonosteus are unavailable, but examination of
available specimens (NHMUK PV OR 49663, NMS
1987.7.118, NMS G.1995.4.2) suggest proportions
similar to Coccosteus. Unpublished material of
Dickosteus and Watsonosteus have ventral shields
that are 32.4% and 32.8% total length and a head
+ trunk armor that represents 49.5% and 45.2%
total length, respectively (R. Jones and M. New-
man, pers. comm. June 2024).

Specimens of Millerosteus (FMNH PF 1090,
NMS 1859.33.986, NMS 1965.37.1) seem to show
a proportionally longer ventral shield than other
arthrodires (~40% total length), but these speci-
mens may not be complete. Assuming the pre-
served length of these specimens represents total
length requires Millerosteus to have an incredibly
short post-thoracic body (~1/3 total length), with
almost no space for a functional caudal fin. The
post-thoracic axial skeleton of these specimens is
not well defined, and it is possible much of the cau-
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COCCOSTEOMORPHA
A Coccosteus cuspidatus B compagopiscis croucheri C Plourdosteus canadensis
early Middle Devonian (Eifelian), freshwater demersal latest Middle/earliest late Devonian (Givetian/Frasnian), early Late Devonian (Frasnian), marine demersal

marine demersal or neritic

‘v

s

(="

DUNKLEOSTEOIDEA
D Eastmanosteus calliaspis E Dunkleosteus terrelli (cMNH 7054)
latest Middle/earliest late Devonian (Givetian/Frasnian), late Late Devonian (Famennian), marine pelagic

marine neritic

ASPINOTHORACIDI
F Heintzichthys gouldii G Bungartius perissus H Amazichthys trinajsticae
late Late Devonian (Famennian), marine pelagic late Late Devonian (Famennian), marine pelagic middle Late Devonian (Famennian), marine pelagic

FIGURE 10. Trunk armors of eubrachythoracid arthrodires scaled to the same ventral shield length, showing the pro-
portionally deeper trunk armor of Dunkleosteus. A, Coccosteus cuspidatus (drawn from Miles and Westoll, 1968 and
ROM VP 52664); B, Compagopiscis croucheri (modified from Gardiner and Miles, 1994); C, Plourdosteus canadensis
(modified from Vézina, 1988); D, Eastmanosteus calliapsis (modified from Dennis-Bryan, 1987); E, Dunkleosteus ter-
relli (CMNH 7054, a small adult); F, Heintzichthys gouldii (modified from Carr, 1991); G, Bungartius perissus (modified
from Dunkle, 1947); H, Amazichthys trinajsticae (modified from Jobbins et al., 2022). Dotted line in D-H, represents
posterior margin of pectoral fenestra. Lines at far right represent trunk height of D. terrelli for easy comparison. The
posterior dorsolateral is slightly restored for crushing in D to better represent the typical morphology of D. terrelli.
Trunk canal in Bungartius omitted due to uncertain morphology (Dunkle, 1947: p. 110). Scale equals 10 cm.

16



dal skeleton may be missing or hidden under
matrix. The specimen NHMUK PV P16795 sug-
gests this is the case. This specimen’s ventral
shield is ~41% of its preserved length, but the
specimen is clearly not complete as preserved,
being broken off approximately at the level of the
caudal peduncle (Trinajstic et al., 2015: fig. 15A).
The ventral shield length relative to precaudal
length in this specimen is similar to other arthro-
dires (Appendix 6).

The ventral shield is proportionally shorter rel-
ative to total length (25% TL) in the more basal
(non-brachythoracid) arthrodire Cowralepis
(Ritchie, 2005), but this appears to be driven by the
extremely long caudal fin of this taxon (Appendix
6). Other landmarks like the relative locations of
the caudal peduncle, pelvis, and ventral shield
appear consistent with other arthrodires. It is possi-
ble the unusual proportions of Cowralepis relative
to other arthrodires are driven by ecology, some
benthic sharks like nurse (Ginglymostoma cirra-
tum) and zebra (Stegostoma tigrinum) sharks are
known to have unusually long caudal fins relative
to precaudal length. Ritchie (2005) also notes the
armored proportion of Cowralepis is positively allo-
metric across ontogeny, which appears primarily
driven by a shortening of the caudal fin. If scaled to
precaudal length, the relative length of the ventral
shield of Cowralepis (38.0-41.5%) is similar to
other arthrodires (Holonema, 40.4%; Coccosteus,
38.4-41.4%; Millerosteus, 41.3%; Incisoscutum,
42.3%; Amazichthys, 37.4-38.1%; Appendix 6).

Overall, ventral shield length seems to corre-
spond relatively closely with total length in
eubrachythoracid arthrodires, and appears to scale
close to isometry. This conserved proportion might
be expected, given the ventral shield may function
as an protective cover for the visceral cavity (Trina-
jstic et al., 2022b). OOL-based length estimates for
Dunkleosteus (particularly for CMNH 5768, 6090,
and 7054) also result in a ventral shield length
~30-32% total length (Figure 4, Appendix 7),
resembling other arthrodires. Length estimates as
low as 3.8 m (the upper end of the margins of error
in Engelman, 2023b) would result in an unusually
short ventral shield among arthrodires. Even if
Dunkleosteus was assumed to have a shorter ven-
tral shield with proportions similar to Cowralepis it
would not be possible to replicate total lengths of
6—10 m suggested by prior studies. Similarly, even
if for the sake of argument the ventral shield is
assumed to show slight negative allometry relative
to total length (~27% total length), this would still
only result in lengths of 3.8 m for CMNH 5768 and
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4.76 m for CMNH 5936 (assuming this specimen is
25% larger than CMNH 5768 in linear dimensions).

The posterior ventrolateral plate of the ventral
shield provides another potentially useful size
proxy, as this plate has been noted to scale near-
isometrically in arthrodires (Trinajstic, 1995; J.
Long, pers. comm. February 2022). This may be
because this plate spans the bases of the pectoral
and pelvic girdles, and thus its size is highly cor-
related with trunk length and by extension body
size. Posterior ventrolateral plate length in Dunkle-
osteus is comparable to other arthrodires when
scaled by OOL-estimated body length (Appendix
7). These methods, along with scaling based on
other dimensions of individual plates (see Engel-
man, 2023b), suggests OOL-based body length
estimates — and the deeper body fineness ratio
resulting as a consequence of this — approximate
the actual values for Dunkleosteus.

This deeper body plan remains consistent
even under greater lengths for Dunkleosteus ter-
relli. A length of 3.8 m for CMNH 5768, at the upper
end of the possible lengths in Engelman (2023b),
only results in an f of ~3 (Figure 9, Appendix 3: fig.
4.2). This results in a head around 16% total
length, close to the most extreme head-trunk pro-
portions in non-anguilliform fishes (e.g., Acantho-
cybium, Coryphaena, Scomberomorus), making
greater lengths for Dunkleosteus unlikely. Indeed,
a length of 3.8 m results in an unusually short ven-
tral shield and anterior position of the paired fins
and cloaca (see below and Figure 9), suggesting it
may be an overly generous estimate.

The low fineness ratios calculated for Dunkle-
osteus terrelli are not unusual when compared to
well-preserved eubrachythoracid arthrodires. Coc-
costeus cuspidatus (ROM VP 52664, Figure 7) has
an f of ~3.6 and no greater than 3.8. Incisoscutum
has an f of ~3.8-3.9 (Trinajstic et al., 2013: fig. 1).
Amazichthys has a reconstructed f of ~3.7-3.9
(Jobbins et al., 2022: figs. 9-10; Engelman, 2023b:
fig. 11C) but this value could be as high as 4
depending on how the trunk armor is recon-
structed, fitting with the comparatively elongate
trunk of this taxon. However, the fineness ratio of
Dunkleosteus is still comparatively lower than
these taxa due to its proportionally deeper trunk.
All of these values for arthrodires are much lower
than the theoretical optimum f of 4.6 (Alexander,
1967) and are distinctly below-average among
fishes (Appendix 3: fig. 4.1), though fusiform fishes
with fineness ratios similar to Dunkleosteus do
exist (e.g., Bramidae, Hyperoglyphe spp., Serrani-
dae, some Thunnus spp.). These values are also
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significantly lower than fineness ratios for elasmo-
branchs (x = 6.42, n = 162, range = 3.46-14.76;
Appendix 3: table 4.1), further supporting the con-
clusions of Engelman (2023b) that eubrachytho-
racid arthrodires and sharks are not comparable in
body shape.

Trunk armor and torso shape in arthrodires
appear to be correlated. This is evident in the few
arthrodire taxa known from body outlines (Miles
and Westoll, 1968; Jobbins et al., 2022), and is
supported by arthrodire soft tissue anatomy (Trina-
jstic et al., 2013; Trinajstic et al., 2022b). Previ-
ously, these features had been treated as
unrelated, with remarkably little discussion over
how the trunk armor might reflect body shape. This
is one reason why the trunk armor in many earlier
reconstructions of Dunkleosteus appears poorly
integrated into the overall body (Figure 2). This cor-
relation has significant implications for future
research, as it provides new avenues for studying
the trunk morphology of arthrodires in taxa where
postcranial elements other than the trunk armor
are unknown (i.e., most of them).

A short, deep body for Dunkleosteus is further
supported by other anatomical landmarks such as
the probable location of the pelvic girdle and clo-
aca. The pelvic girdle of arthrodires (when known)
is invariably located at or near the posterior end of
the ventral shield, and this also appears to be true
for Dunkleosteus (see “Pelvic Fins” below). In most
non-acanthopterygian fishes (including complete
arthrodires) prepelvic length is ~45-50% total
length (with most taxa having a value between 35—
55% total length; Figure 11B; Appendix 3: section
4.5), and the pelvic fins are just posterior to the
center of mass (Lauder and Drucker, 2004; Stan-
den, 2008). These relationships are relatively con-
served among non-acanthopterygian fishes
(Appendix 3: section 4.5), even in groups with
wildly disparate body shapes such as the elongate-
bodied Chirocentridae (prepelvic length = 42%
total length) and Ichthyodectiformes (prepelvic
length = 45% total length) or the discoid Lampridae
(prepelvic length = 41% total length) and Ser-
rasalmidae (prepelvic length = 39% total length).
This consistency may be driven by developmental
and/or biomechanical constraints, but pelvic fin
function in non-acanthopterygians remains poorly
understood (Harris, 1938; Lauder and Drucker,
2004; Standen, 2008). By contrast, an anterior
position of the pelvic fins (< 35% total length) is a
derived state restricted to several neoteleost lin-
eages (Acanthopterygii and some Aulopiformes
and Paracanthopterygii; Yamanoue et al., 2010;
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see also Appendix 3). In these taxa anterior migra-
tion of the pelvic fin is correlated with a more dorsal
position of the pectoral fins aligned with the center
of mass, a greater emphasis on pectoral fin oscilla-
tion in propulsion and steering, and the combined
use of the pectoral and pelvic fins in braking (Har-
ris, 1953; Lauder and Drucker, 2004; Yamanoue et
al., 2010), seemingly driven by developmental
changes relative to the ancestral gnathostome con-
dition (Tanaka, 2011). Dunkleosteus and most
arthrodires do not exhibit these features, making a
more anterior position of the pelvic girdle unlikely.

Similarly, the posterior end of the visceral cav-
ity and cloaca in arthrodires appear to be located
just posterior to the ventral shield, based on arthro-
dires with preserved organs from the Gogo Forma-
tion (Trinajstic et al., 2022b) and a specimen of
Heintzichthys gouldii with gut contents partially
expelled from the body cavity postmortem (AMNH
FF 2826; Dean, 1896; Engelman, 2023b: p. 34—
35). The cloaca is also interpreted to end behind
the ventral shield in Sigaspis (Goujet, 1973) and
Kujdanowiaspis (Stensi6, 1963; Dupret, 2010)
based on scalation patterns and ventral shield
shape. This strongly suggests the ventral shield
represents an external protective cover for the vis-
ceral cavity, with ventral shield length approximat-
ing visceral cavity length. Goujet (1984: p. 205-
206) questioned if this applied to eubrachythoracid
arthrodires based on the relationship between the
ventral shield and pelvic girdle in Rhachiosteus
(Miles, 1966) and the position of the pelvis in Coc-
costeus as reconstructed by Miles and Westoll
(1968). These are resolved respectively in “Pelvic
Fins” below and “Reconstruction of Coccosteus
cuspidatus” above, eliminating this potential dis-
crepancy and suggesting the end of the ventral
shield does indeed correlate with vent position in
eubrachythoracids.

The proportion of snout-vent length to total
length is remarkably conserved across gnatho-
stomes, consistently representing ~50% of total
length (Appendix 3: section 4.3). Chondrichthyans
and osteichthyans do not significantly differ in vent
position relative to total length (Appendix 3: section
4.3.2). The position of the pelvic and anal fins rela-
tive to the cloaca differs between these groups, but
appears to represent a rearrangement of fin bases
around a conserved vent position (Appendix 3: fig.
4.4). In chondrichthyans the cloaca is associated
with the pelvic fin and claspers, but in extant oste-
ichthyans is closer to the anal fin origin. The pres-
ence of claspers near the pelvic fins indicate
arthrodires were similar to chondrichthyans in the
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pre-pectoral length N Species
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Eastmanosteus - 1 1
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Arthrodira - B 7

Other Elasmobranchii - .—¢ 140
Alopias - = = . 3

Deep Sea Squaliformes - { o= s 33

Holocephali - 6
Sarcopterygii - % 3

Basal Actinopterygii - 13
Ichthyodectiformes - ? 8

Basal Teleostei - @—— 15
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Stem Euteleostei - -@ 24
Aulopiformes, Gadiformes - e} 13
Beloniformes - @ 13
Other Acanthopterygii - =1 : 350
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Pre-Pelvic Length (as percent of total length)

FIGURE 11. Relative pre-pectoral (A) and pre-pelvic (B) length as a proportion of total length in Dunkleosteus, other
arthrodires, extant fishes, and the extinct, hyper-elongate Ichthyodectiformes. Estimated arthrodire lengths in A
based on OOL, only complete arthrodires considered in B. For pre-pelvic length, values in Dunkleosteus are approx-
imated based on the length to the end of the ventral shield given the condition in CMC VP 8294. * - data graphed
using individual specimens rather than species averages, to better show the consistency in this feature across speci-
mens. Black dashed line in A is average of all taxa, whereas in B represents average value for non-acanthoptery-
gian, gadiform, aulopiform fishes. Modified from graphs and analyses in Appendix 3, raw data in Appendix 4.
Silhouette of Rhizoprionodon terranovae provided under CCO by Nathan Hermann on Phylopic.

position of the cloaca relative to the fins (Miles and tion. The claspers of arthrodires appear to be non-
Westoll, 1968; Goujet, 1973: p. 84; Ahlberg et al., homologous with those of chondrichthyans (Trina-
2009; Long et al., 2009; Trinajstic et al., 2015; Tri-  jstic et al., 2015), but are still close to the pelvis in a
najstic et al., 2022b; see also Figure 7B here), manner analogous to these taxa (Ahlberg et al.,
given the claspers must be near the vent to func-  2009; Trinajstic et al., 2015). In Coccosteus cuspi-
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A CMNH 7424, juvenile

B CMNH 6090, subadult

30cm

C CMNH 5768, adult

FIGURE 12. Life reconstructions of the ontogenetic series of Dunkleosteus terrelli in Figure 5, showing how fineness
ratio increases with body size and results in adults having a more thunniform body plan.

datus and Incisoscutum ritchei the cloaca is esti-
mated to be around 50% total length based on
clasper position (Appendix 3), similar to extant
eugnathostomes. The present reconstruction of
Dunkleosteus results in a similar position of the clo-
aca.

These comparative patterns support the body
shape for Dunkleosteus proposed here. Breaking
any of these proportional relationships, as would
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be required by a longer trunk, results in a shape
strongly deviating from the basic arthrodire body
plan, and there is currently no anatomical evidence
D. terrelli was an outlier in these relationships.

Body Shape Ontogeny. The trunk armor of
Dunkleosteus became deeper throughout ontog-
eny (Figure 5). Small Dunkleosteus specimens
(CMNH 6194 and CMNH 7424) have shallow trunk
armors (20% of estimated body length, 1.12 times
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FIGURE 13. Cross-sectional reconstruction of the trunk of Dunkleosteus in posterior view, showing how the position of
the spine and horizontal septum (based on the location of the cranio-thoracic joint and internal ridge on the posterior
dorsolateral) results in extremely large lateral trunk musculature. Neural and haemal arch morphology modeled after
Johanson et al. (2019) and van Mesdag et al. (2020). Presence and extent of transverse abdominal musculature fol-

lows Trinajstic et al. (2013).

head length, f ~ 3.5 in CMNH 6194 and 3.85 in
CMNH 7424), intermediate-sized specimens
(CMNH 6090 and 7054) have deeper bodies (25%
of estimated length, 1.35—-1.45 times head length, f
= 2.92-3.18), and CMNH 5768 has a trunk armor
height that is at least 28% estimated total length
and 1.55 times head length (f = 2.66), using the
shallowest possible interpretation of the body
armor (see below). Greater possible estimates of
thoracic depth in CMNH 5768 potentially result in
trunk heights up to 1.85 times head length. Other
specimens of D. terrelli follow this pattern. CMC
VP8294 and CMNH 8982, although not three-
dimensionally mounted, have narrower trunk
armors similar to CMNH 69144 and CMNH 7424
(approximate f for CMC VP8294 using methods
similar to other specimens ~3.6-3.8). USNM V
21314 and the mounted specimen described by
Stetson (1930) represent larger, older individuals
and show deeper trunk armors more similar to
CMNH 5768, CMNH 6090, and CMNH 7054. The
ventral shield also appears to become proportion-
ally broader throughout ontogeny. This suggests
Dunkleosteus showed positive allometry in body
fineness, with adults having deeper bodies and
potentially a more thunniform shape than juveniles
(Figure 12). Many fishes show slight positive allom-
etry in relative body depth and girth (Jones et al.,
1999; Froese, 2006; Engelman, pers. obs.), though
in extant fishes these changes are usually driven

by soft tissues and not reflected in their bony anat-
omy.

The cross-sectional shape of the trunk armor
also changes across ontogeny in D. terrelli. The
trunk armor of CMNH 6194 and CMNH 7424 is
nearly circular cross-section with a depth/width
ratio close to 1, similar to coccosteomorphs.
CMNH 6090 and CMNH 7054 have armors that are
ovate and slightly deeper than wide, with depth/
width ratios of 1.21-1.29 (Figure 13; Engelman,
2023a: fig. 1A). Other specimens of Dunkleosteus
(e.g., CMC VP8294, CMNH 5768, CMNH 8982,
USNM V 21314) seem to follow this correlation
between cross-sectional shape and size. CMNH
5768 as mounted has a wider, near-circular cross-
section, but this appears to be inaccurate and due
to many of the lateral trunk shield plates being
reconstructed (see “Potential Errors in Armor
Reconstruction in CMNH 5768”, below); the spac-
ing between the plates of the ventral shield sug-
gests a narrower trunk similar to CMNH 6090 or
CMNH 7054. This narrower cross-section means
the frontal area of Dunkleosteus is less than tradi-
tionally assumed (i.e., f calculated from mean body
diameter is 3.3-3.5 for CMNH 6090 and CMNH
7054 versus 2.92-3.18 if calculating based on
maximum body height), reducing issues with drag
that would arise if considering body shape using
traditional mounts of CMNH 5768. Notably, sub-
adult/adult Dunkleosteus only have a mediolater-
ally narrow body relative to the subcircular cross-
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sections of coccosteomorph arthrodires and chon-
drichthyans (Appendix 9). The trunk in these speci-
mens is still significantly wider than in most
teleosts, which have trunk height/width ratios close
to 2. Adult/subadult Dunkleosteus have a cross-
sectional shape more similar to extant non-teleost
actinopterygians and tuna-like scombrids (Thunnini
and Sardini), as well as other pachyosteomorph
arthrodires (Appendix 9). Pachyosteomorphs in
general seem to differ from coccosteomorphs in
showing a mediolaterally narrower trunk (see also
Gross, 1932). Overall, these patterns support the
idea that ontogenetic changes in body shape in D.
terrelli are driven by a dorsoventrally deepening of
the body.

Similar ontogenetic patterns occur in other
placoderms. In Gogo coccosteomorphs like Com-
pagopiscis, the body armor becomes distinctly
deeper and wider with age (Trinajstic and
McNamara, 1999; Trinajstic and Hazelton, 2007).
This results in juvenile specimens having relatively
slender and narrow trunk armors compared to
adults (Gardiner and Miles, 1994; Long, 1994),
much like Dunkleosteus. Dunkleosteus also
resembles Compagopiscis in the head shield
becoming increasingly broader across ontogeny.
The head shield in the smallest individuals of D.
terrelli (CMNH 6194, CMNH 7424) is longer than
wide (length/width =1.25), head shield length/width
ratios in intermediate-sized specimens (CMNH
6090, CMNH 7054) are close to 1:1, and head
shields in the largest specimens (CMNH 5768) are
wider than long (length/width = 0.77) (Appendix
10). This suggests similar ontogenetic and allome-
tric patterns are operating across both taxa, with
the broadening of the head shield in Dunkleosteus
reflecting broadening of the body.

Similarly, in E. calliaspis, the largest individu-
als have the proportionally deepest trunk armors,
regardless of whether trunk height is scaled by the
length of the head, infragnathal, nuchal, or anterior
ventrolateral plates (see Dennis-Bryan, 1987: tab.
2). This pattern also occurs in some non-arthrodire
placoderms like the antiarch Bothriolepis, where
juveniles are relatively slender-bodied and adults
are much wider and squatter (Stensio, 1948;
Downs et al., 2011: fig 9, but see Werdelin and
Long, 1986), though Hemmings (1978) reported
the antiarch Pterichthyodes became more elongate
with age. Positive allometry of trunk height and/or
width throughout ontogeny may characterize all
arthrodires, if not all placoderms.

These patterns do not represent negative
allometry of the head and trunk armor relative to a
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conserved body shape. That requires an unlikely
scenario where the head and trunk armor show
near-identical, negative allometries with no change
in the relative proportions of plates. The anteropos-
terior location of major anatomical landmarks and
triple junctions between plates remain conserved
across ontogeny in Dunkleosteus, the armor simply
deepens dorsoventrally. Negative allometry of the
trunk armor would also require significant negative
allometry of elements otherwise known to scale
isometrically in arthrodires, like the posterior ven-
trolateral plates (Trinajstic, 1995). It would also
require the end of the ventral shield — and thus
pelvic girdle — be positioned increasingly anterior
throughout ontogeny, which is not seen in other
arthrodires or basal eugnathostomes like sharks
(Garrick, 1982, 1985; Engelman, 2023b). A far
more parsimonious explanation is the body armor
of Dunkleosteus simply became deeper with age,
especially given similar patterns are present in
other placoderms.

Potential Errors in Armor Reconstruction of
CMNH 5768. The reconstruction in this study is pri-
marily based on CMNH 5768, the only mounted
specimen of a large, adult Dunkleosteus terrelli at
the CMNH. This mount is missing several lateral
trunk plates, including the posterior dorsolateral,
posterior lateral, and anterior lateral plate (Figure
5D), which are replaced by sculpted elements.
This, along with the mount being created by retro-
deformation of a crushed specimen, means further
examination is necessary to determine if its armor
proportions are reliable.

The absence of anterior lateral and spinal
plates in CMNH 5768 is a significant concern.
These plates connect the thoracic and ventral
shields, and thus are important in defining the
height of the trunk. The suture between the ante-
rior lateral and anterior dorsolateral plates as origi-
nally mounted is oriented at a shallow, anteriorly
inclined angle (Appendix 1A). This is unlike CMNH
6090, CMNH 7054, and CMNH 7424 where this
suture is much more oblique (Figure 5A-C). Exam-
ination of CMNH 5768 finds the preserved anterior
dorsolateral plate has a sharply angled contact for
the anterior lateral plate, similar to other speci-
mens, but this suture is obscured by the recon-
structed anterior lateral plate. Restoring the
anterior lateral plate based on the morphology
seen in other specimens results in a less postero-
dorsally protruding median dorsal and anterior dor-
solateral plates, reducing the trunk height of CMNH
5768 by up to 20 cm. This interpretation is followed
in the present reconstruction compared to that in



Engelman (2023b) (Appendix 1). One caveat is
some large, isolated anterior lateral plates of
Dunkleosteus (AMNH FF 5, CMNH 7054) seem to
seem to show a posterior wing at their contact with
the anterior dorsolateral plate, which could result in
a shallower angle of this suture (Hussakof, 1906:
fig. 19), but this is not entirely clear.

Outside of the orientation of the suture
between the anterior lateral and anterior dorsolat-
eral plates, other dimensions of the reconstructed
anterior lateral plate, and thus the deep trunk of
CMNH 5768, appear accurate. CMNH 5768 pre-
serves the skull and gnathal plates, median dorsal
plate, anterior dorsolateral plate and a nearly com-
plete ventral shield. The morphology of the anterior
lateral plate is constrained by its interactions with
several of these elements. The obstantic process
of the anterior lateral plate protrudes anteriorly to fit
within the subobstantic fossa of the head shield,
the V-shaped postbranchial embayment of the
anterior lateral plate is occupied by the postsubor-
bital and submarginal plates, the anteroventral
wing of the anterior lateral and interolateral plates
form a trough which limit the position of the mandi-
ble, and the ventral edge of the anterior lateral
plate borders the pectoral fenestra dorsally (Figure
3). These elements strongly constrain the height
and shape of the anterior lateral plate. Additionally,
the preserved cranio-thoracic joint between the
head shield and anterior dorsolateral plates, the
sutures between the anterior dorsolateral and
median dorsal plates, and the width of the ventral
shield greatly constrains the shape of the armor
(see Materials and Methods). This suggests while
the improperly reconstructed suture between the
anterior lateral and anterior dorsolateral plates
exaggerate trunk height, the overall shape of the
trunk is fairly well constrained and remains deep
after this is accounted for. CMNH 7054, a slightly
smaller (~3 m; Engelman, 2023b) individual of D.
terrelli with a complete trunk armor shows a similar
(if slightly shallower) trunk armor to CMNH 5768,
further suggesting the deep trunk of the latter is
accurate.

Regardless of how the anterior lateral is
reconstructed, the thoracic armor of CMNH 5768 is
clearly deep. Scaling the anterior lateral plate of
other specimens of Dunkleosteus (e.g., CMNH
6090 or CMNH 7054) to the size of CMNH 5768
suggests the overall height of the plate is probably
reliable, even if the orientation of the suture with
the anterior dorsolateral plate is questionable.
Even assuming a modified anterior lateral plate
similar to these smaller individuals, maximum tho-
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racic depth in CMNH 5768 cannot be reduced
below 28-30% estimated total length (95-100 cm).
Reducing trunk armor depth further requires an
oblique, anterodorsal-posteroventral contact
between the median dorsal plate and anterior/pos-
terior dorsolateral plates (instead of near-horizontal
like other arthrodires, including other specimens of
Dunkleosteus) or crushing the pectoral fenestra to
the point the scapulocoracoid cannot fit within it.
CMNH 5768 clearly has a deeper thoracic armor
than the smaller CMNH 6090 or CMNH 7054 (in
which body depth is ~25% total length) regardless
of how the armor is reconstructed. This agrees with
the positive allometry in body depth seen in the
remaining specimens of D. terrelli.

Ventral Shield. The ventral shield of Dunkleosteus
is reconstructed as curved, following other arthro-
dires. Historically Dunkleosteus was depicted with
a flat ventral shield (Branson, 1908; Dean, 1909a;
Heintz, 1932: p. 71; see also Figure 3A of this
study), because of its assumed benthic habits (D.
Chapman, pers. comm. 2014; see discussion in
Carr, 2010). However, three-dimensionally Gogo
Formation specimens show the ventral shield of
most eubrachythoracids was anteroposteriorly and
mediolaterally curved, making the trunk armor
ovate in cross-section (e.g., Miles and Dennis,
1979; Gardiner and Miles, 1994). Some demersal
eubrachythoracids (Coccosteus, Millerosteus) do
show slightly flattened ventral shields (Miles and
Westoll, 1968), but not to the degree required by
old reconstructions of Dunkleosteus.

The CMNH Dunkleosteus mounts have a flat
ventral shield, but this is not natural. Cleveland
Shale arthrodire specimens are typically flattened
during fossilization and lose most of their original
curvature (Heintz, 1932: p. 153-159). When the
CMNH mounts were created in the 1920s-1930s,
the preparators attempted to restore this curvature
by physically breaking and resetting the plates into
the proper shape (D. Chapman, pers. comm.,
2014). At that time, the plates of the ventral shield
were not retrodeformed, because of the aforemen-
tioned assumption Dunkleosteus was benthic
(ibid). However, later specimens of Dunkleosteus
(e.g., CMNH 9951) preserve some of the original
curvature and show the ventral shield was slightly
curved, resulting in an ovate cross-section like the
Gogo arthrodires (D. Chapman, pers. comm.,
2014; R. Carr, pers. comm., 2023). Nevertheless,
the ventral shields of the CMNH specimens were
not remounted following this discovery because by
that time retrodeformation was considered too
destructive to the original material (D. Chapman,
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FIGURE 14. Skeletal reconstruction of Dunkleosteus, showing how the morphology of the anterior trunk constrains
the path of the spinal cord to the level of the cranio-thoracic joint (red line). Other post-thoracic structures of interest
are also denoted. Elements known in D. terrelli are in white whereas elements reconstructed after more complete
arthrodires, particularly Coccosteus cuspidatus (see Miles and Westoll, 1968), Heintzichthys gouldii (see Dean, 1896)
and Eastmanosteus calliaspis (see van Mesdag et al., 2020), in gray. Size of the neural and haemal arches based on
their relative size in CMNH 50322 (see Johanson et al., 2019), which results in the reconstructed spinal column hav-
ing a similar post-thoracic vertebral count to Coccosteus (see Appendix 3: section 5.1).

pers. comm., 2014). Retained curvature in less dis-
torted ventral plates of Dunkleosteus suggests
greatest body height was located at the center of
the posterior median ventral plate in the center of
the ventral shield, like other arthrodires. The curva-
ture of these plates suggests posterior to this point
the trunk was already starting to taper towards the
caudal peduncle, supporting the shorter trunk for
Dunkleosteus presented here.

Spinal Posture. The spinal cord of Dunkleosteus
appears to have been located at a relatively dorso-
ventrally high position on the body based on sev-
eral factors. First, in arthrodires the foramen
magnum is located at the same dorsoventral level
as the paired cranio-thoracic joints (Heintz, 1932;
Stensio, 1963; Miles and Westoll, 1968). The
occiput must be at this position to allow motion
across the hinge-like cranio-thoracic joints (Heintz,
1932: p. 196). Because the cranio-thoracic joint of
Dunkleosteus is relatively high on the body, the spi-
nal cord exits the skull at a high position (Figure
14).
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Secondly, spinal cord position is strongly con-
strained by the size of the carinal process (Figure
3). This is a large, bony process of unclear function
(Heintz, 1932; Miles, 1969; Engelman et al., in
press) that projects ventrally from the internal bor-
der of the median dorsal plate. In Dunkleosteus
and some other large arthrodires (Gorgonichthys,
Titanichthys; Dunkle and Bungart, 1940; Boyle and
Ryan, 2017) the carinal process is particularly
large and projects posteriorly beyond the edge of
the median dorsal plate (Figure 14). The spinal
cord must pass beneath the carinal process,
strongly limiting the possible narrowness of the
trunk. The carinal process of Dunkleosteus is of
appropriate size for the spinal cord to travel
beneath this process without significant deflection
(Figure 5), like other arthrodires. In Coccosteus the
carinal process directly articulates with the axial
skeleton via a notch connecting to the neural pro-
cess of the fifth neural arch (Miles and Westoll,
1968: p. 447), meaning spinal cord position is
directly correlated with carinal process morphol-
ogy. However, not all arthrodires exhibit this rela-
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FIGURE 15. Dunkleosteus terrelli (CMNH 7054, with posterior lateral plate and ventral shield partially restored after
CMNH 6090) in internal view, showing the internal ridge on the posterior dorsolateral for the horizontal septum and
rough boundaries of trunk musculature. Boundary between lateral longitudinal bundles and ventral longitudinal bun-
dles/abdominal musculature set at the dorsal border of the pectoral fin base/pectoral fenestra, based on the condition
in chondrichthyans and coccosteomorphs (De luliis and Pulera, 2011; Trinajstic et al., 2013).

tionship; this notch is absent in Dunkleosteus, and
other taxa (mostly aspinothoracidans) have a
nearly vestigial carinal process that would preclude
such a relationship (Dunkle, 1947; Carr, 1991,
1996; Jobbins et al., 2022).

Third, the trunk armor of Dunkleosteus has a
horizontal ridge on the internal face of the posterior
dorsolateral plate (Figure 15; see also Heintz,
1932: pp. 165-166), readily visible in CMNH 6090,
CMNH 7054, and CMNH 7424. This ridge is
located at the same height as the main trunk canal
of the lateral line and the cranio-thoracic joint. The
location of this ridge and its anteroposterior orien-
tation suggests it represents an attachment site for
the horizontal septum, and thus the approximate
position of the spinal cord (Figures 13—15). Analo-
gous attachments for axial connective tissues
occurs in other fishes with dermal plates, such as
seahorses (Syngnathidae) (Neutens et al., 2014).
This ridge is absent in the Gogo arthrodires (K. Tri-
najstic, pers. comm., April 2023), but Gogo speci-
mens with preserved myomeres show the spine
and horizontal septum are located at the same
height as the cranio-thoracic joint and dorsal
branch of the main lateral line canal (Trinajstic et
al., 2013). Miles and Westoll (1968: p. 449) report

preserved traces of the horizontal septum in Coc-
costeus suggesting it is located at the same level
as the spine, as in all other fishes. These features
support the identification of the ridge on the poste-
rior dorsolateral plate of Dunkleosteus as an osteo-
logical correlate of the horizontal septum.

Finally, the anterior spinal column of Dunkle-
osteus is highly rigid and extensively fused, with at
least 12 additional vertebrae partially incorporated
into the synarcual (Johanson et al., 2019), which
itself is composed of ~8—14 undifferentiated verte-
brae (Johanson et al., 2013). This extensive fusion
effectively extends the synarcual almost to the end
of the thoracic shield (Johanson et al., 2019: fig.
1.2). By contrast, the synarcual of Compagopiscis
is composed of only five vertebrae and ends well
beneath the median dorsal plate (Johanson et al.,
2019). The vertebral column of Dunkleosteus also
shows laterally-expanded, anteroposteriorly broad
articular surfaces (Johanson et al., 2019: figs. 2—
3). This would greatly restrict anterior trunk flexion
as the trunk could not bend too far laterally or else
the articular surfaces would overlap, similar to how
large, flattened processes parallel to the axis of
rotation and well-developed zygapophyses restrict
axial motion in other vertebrates (Long, 1987;
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Hebrank et al., 1990; Galis et al., 2014). Thus, the
spinal column of Dunkleosteus is extremely stiff
between the occiput and end of the thoracic armor
(at least), restricting flexion in life (Z. Johanson,
pers. comm., 2023).

These features suggest the spinal cord of
Dunkleosteus was positioned relatively high on the
body, about 66% total body height in smaller indi-
viduals (CMNH 7424) and 75% greatest height in
larger specimens (CMNH 6090 and CMNH 7054).
The high position of the spinal cord and proportion-
ally deep trunk imply relatively large hypaxial and
epaxial muscles (Figures 13, 15), particularly the
lateral longitudinal bundles. In sharks (De luliis and
Pulera, 2011) and smaller arthrodires (Trinajstic et
al., 2013: figs. 1C and S2A) the lateral longitudinal
bundles extend approximately between the hori-
zontal septum and the dorsal border of the pectoral
fin base. In these taxa the lateral longitudinal bun-
dles span about ~1/3 of total trunk height, whereas
in larger individuals of D. terrelli (CMNH 6090 and
7054) this region represents approximately 1/2
total trunk height (Figures 13, 15). The regions for
these muscles in Dunkleosteus compared to
sharks or arthrodires are thus large both relative to
organismal size (whether it is scaled by estimated
total length, head length, or, among arthrodires,
armor length) or in terms of their proportional trunk
height.

In nearly all fishes the spine is near-straight
posterior to the foramen magnum (Figure 8; see
also figures in Gregory and Conrad, 1937; Romeo
and Mansueti, 1962; Cousteau et al., 2008; Kam-
minga et al., 2017; Andrade et al., 2019; Stone and
Shimada, 2019; Bonani Mateussi et al., 2020; Kim
et al., 2021). A slight dorsal curvature sometimes
exists over the ribcage, but typically the foramen
magnum and caudal peduncle are nearly dorso-
ventrally level. The only exceptions are highly com-
pressiform/discoid acanthopterygians and
coelacanths (Lund and Lund, 1984), where the
spine is strongly arched with the caudal peduncle
lower than the occiput. Other compressiform/dis-
coid fishes, like serrasalmids and the “palaeonis-
coid” Dorypterus, lack this feature (Westoll, 1941;
Andrade et al., 2019; Bonani Mateussi et al., 2020;
bony scales make this difficult to evaluate in other
“palaeoniscoids”). Given a near-straight spine is
the plesiomorphic and more widespread condition,
it would also be expected in arthrodires. The cau-
dal peduncle of Dunkleosteus cannot be positioned
significantly lower than depicted in Figure 4 without
significantly arching the spinal cord, unlike nearly
all non-compressiform fishes.
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Some arthrodire reconstructions show a sharp
ventral flexure of the spinal cord posterior to the
occiput and within the trunk armor (Miles, 1966;
Miles and Westoll, 1968; Johanson et al., 2013).
This appears to derive from the reconstruction of
Coccosteus in Miles and Westoll (1968: p. 48),
which is often considered as representative of gen-
eralized eubrachythoracid anatomy. The trunk
armor of this reconstruction is dorsoventrally com-
pressed and geometrically sheared compared to
complete specimens of Coccosteus cuspidatus,
requiring the spinal cord to bend ventrally around
the carinal process to exit the trunk armor. If this
reconstruction is retrodeformed following complete
specimens of C. cuspidatus, the spinal cord can
travel posterior to the foramen magnum in a rela-
tively straight line without unnecessary bending
(Figure 8A). Similarly in three-dimensionally pre-
served eubrachythoracids from the Gogo Forma-
tion, the cranio-thoracic joint (and thus the foramen
magnum) is generally at or below the ventral bor-
der of the carinal process (Dennis and Miles, 1981;
Dennis-Bryan, 1987; Gardiner and Miles, 1990,
1994), and the spinal cord does not need to bend
around it. Any resting flexure of the spinal column
in arthrodires is unlikely.

Scales and Lateral Line

Scales. No visible scales were added to the pres-
ent reconstruction, as most eubrachythoracid
arthrodires were probably scaleless (Stensio,
1963; Carr, 1995; Janvier, 2003; K. Trinajstic, pers.
comm., January 2023). Scales have been reported
for some non-eubrachythoracid arthrodires, like
Actinolepis, Holonema, and Sigaspis (Goujet,
1973; Mark-Kurik, 1985; Burrow and Turner, 1999;
Trinajstic, 1999), but in eubrachythoracids scales
are only known in the early-diverging coccosteo-
morphs Coccosteus and Eldenosteus (Miles and
Westoll, 1968; Johnson and Elliott, 1995; Burrow
and Turner, 1999). The scales of Coccosteus are
extremely small (0.1-0.2 mm in diameter; Miles
and Westoll, 1968), whereas those of Eldenosteus
are much larger (~1 cm in diameter), heavily orna-
mented, and lack areas of overlap despite pertain-
ing to a smaller animal (Johnson and Elliott, 1995).
This morphological disparity makes it unclear if one
or both actually represent scales. Scales are invari-
ably absent in eubrachythoracid specimens from
Gogo (K. Trinajstic, pers. comm., January 2023),
despite being preserved in actinopterygians (Choo,
2012), sarcopterygians (Andrews et al., 2005),
chondrichthyans (Long et al., 2015), and non-
eubrachythoracids (Holonema; Trinajstic, 1999) at



this site. Similarly, scales are not preserved in
association with well-preserved eubrachythoracids
at other localities like the Cleveland Shale. This is
unusual given fossil fishes are frequently associ-
ated with isolated or partially articulated patches of
scales. The consistent absence of scales in
eubrachythoracid fossils (unlike most fossil fishes)
suggests they were probably secondarily lost
within this group.

Possible Dunkleosteus skin fragments do
exist. Jesse Hyde (Hyde in Heintz, 1938: p. 38)
reported possible “Dinichthys” (=Dunkleosteus)
scales in passing, described as “much larger than
those in Coccosteus, but reminiscent of the latter in
shape”. However, figures, specimen numbers, and
evidence referring this material to Dunkleosteus
were not provided. The specimen CMNH 8735 pre-
serves what appear to be pyritized skin fragments
in close association with a Dunkleosteus para-
nuchal, pelvic girdles, and partially articulated Oro-
dus tooth files. These fragments are covered in
fine, unornamented tubercles, the largest being
only ~0.5 mm in diameter, with an overall leathery
texture resembling the skin of catfishes and rays.
However, no clear placoid or rhomboid scales are
present. The texture of this material is similar to
that of purported Coccosteus scales (Miles and
Westoll, 1968: pl. 10E), agreeing with Hyde’s
description and suggesting it represents Dunkleos-
teus skin. However, it cannot be the material
reported by Hyde as it was collected in the 1960s.
It also suggests this material does not pertain to
Orodus, which has prominent rhomboid scales
(Zangerl, 1981: p. 92). This material (and the
“scales” of Coccosteus) significantly differ from the
scales of other arthrodires, which are generally
rhomboid structures with obvious tubercular orna-
mentation (Johnson and Elliott, 1995; Burrow and
Turner, 1999; Trinajstic, 1999). This raises the
question as to whether the “scales” reported for
Coccosteus are actually scales or leathery skin,
though the possibility exists that they represent
microdenticles as seen in some rays. Future
research is needed to confirm whether this material
is genuinely skin, along with a wider search for soft
tissue preservation in other Cleveland Shale
arthrodire remains.

Lateral Line. Dunkleosteus terrelli, as well as most
eubrachythoracid arthrodires, appear to have had
incomplete lateral lines that did not extend the
entire length of its body. Some previous studies
have implied eubrachythoracid arthrodires had
incomplete lateral lines (i.e., Northcutt, 1997), but
did not discuss it in detail. In Dunkleosteus, the
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main trunk canal stops before the end of the trunk
shield in a slight upturn in the center of the poste-
rior dorsolateral plate (Figure 5; see also Heintz,
1932). This would seemingly preclude a lateral line
extending the entire length of the body. Only a sin-
gle main trunk canal is present, whereas in some
other arthrodires like Holonema, buchanosteoids,
and many coccosteomorphs there are multiple
branches of the main trunk canal (Figures 10A-C,
16B—C; see also Miles and Westoll, 1968; Miles
and White, 1971; Gardiner and Miles, 1994; Long
et al., 2014).

A main trunk canal terminating before the end
of the thoracic shield occurs in most eubrachytho-
racids, though additional interspecific variation
exists within this pattern. In coccosteoid coccosteo-
morphs (e.g., Coccosteus, Millerosteus, Plourdos-
teus; Figure 10A, C) the main trunk canal is more
extensive than in Dunkleosteus but still terminates
before the posterior border of the thoracic armor
(Miles and Westoll, 1968; Desmond, 1974; Vézina,
1988). Instead, this canal turns dorsally on the pos-
terior dorsolateral plate and continues onto the
median dorsal plate. In some specimens and/or
taxa, the left and right side of the main trunk canal
are actually in midline contact (Miles and Westoll,
1968; Desmond, 1974; Vézina, 1988). By contrast,
incisoscutoid coccosteomorphs (e.g., Compagopi-
scis; Figure 10B) have a main trunk canal almost
entirely restricted to the anterior dorsolateral plate
(except in Torosteus and Incisoscutum; Dennis and
Miles, 1981; Gardiner and Miles, 1990), though
remnants of the trunk canal are sometimes present
on the median dorsal plate. In camuropiscids the
main trunk canal terminates on the anterior lateral
plate, and thus is considerably reduced compared
to other coccosteomorphs (Dennis and Miles,
1979a, 1979b; Long, 1988). Coccosteomorphs
often show dorsal and ventral divisions of the main
trunk canal, but neither extends beyond the poste-
rior margin of the armor. Based on its shape the
trunk canal in Dunkleosteus is likely homologous
with the dorsal division in coccosteomorphs, with
the ventral division having been lost.

Other dunkleosteoids, including Eastmanos-
teus calliaspis, Kiangyousteus yohii, and dunkleos-
teoid material from Iran that may pertain to
Golshanichthys resemble Dunkleosteus terrelli in
the main trunk canal ending in a slight upturn on
the posterior dorsolateral plate (Figure 10D; see
also Lelievre et al., 1981; Dennis-Bryan, 1987; Zhu
and Zhu, 2013). Kiangyousteus and some speci-
mens of E. calliaspis also preserve remnants of the
main trunk canal on the median dorsal plate

27



ENGELMAN: DUNKLEOSTEUS RECONSTRUCTION

(Lelievre et al., 1981; Dennis-Bryan, 1987; Zhu and
Zhu, 2013), unlike Dunkleosteus. In aspinotho-
racidans (Figure 10F, H) the trunk canal usually ter-
minates on the anterior dorsolateral plate (Carr,
1991, 1994, 1996; Ricklin, 2011; Jobbins et al.,
2022) though in some individuals of Amazichthys it
extends slightly onto the posterior dorsolateral
plate (Jobbins et al., 2022). These patterns (along
with comparisons in non-eubrachythoracids, see
below) suggest an overall reduction in the trunk
canal over arthrodire evolutionary history, reaching
its greatest extreme in aspinothoracidans and
some camuropiscid coccosteomorphs.

Unlike  eubrachythoracids, most non-
eubrachythoracid arthrodires have a main trunk
canal that continues beyond the posterior edge of
the trunk armor (Figure 16). This is present in
groenlandaspids (Ritchie, 1975; Daeschler et al.,
2003; Gess and Trinajstic, 2017), buchanosteoids
(Long et al., 2014), Bryantolepis (Denison, 1962),
and Holonema (Miles and White, 1971; Trinajstic,
1999), among others. When scales are known for
these taxa, they show the main trunk canal was
continuous between the trunk armor and body
squamation (Goujet, 1973; Burrow and Turner,
1999; Trinajstic, 1999; and in undescribed groen-
landaspids, J. Long, pers. comm. March 2023).
Similar patterns occur in non-arthrodiran “placo-
derms” like rhenanidans, antiarchs, Entelognathus,
and seemingly Xiushanosteus (Gross, 1963;
Béchard et al., 2014; Wang and Zhu, 2022; Zhu et
al., 2022; Cui et al., 2023). This further suggests
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the lateral line of eubrachythoracids ended on the
thoracic armor and did not span the entire body.
Non-eubrachythoracid arthrodires lack the
upturned trunk canal seen in many eubrachytho-
racids, but instead often show a distinct “zigzag” of
the trunk canal on the posterior dorsolateral plate
that then continues beyond the armor (Figure 16).
Non-arthrodiran placoderms lack either the
upturned trunk canal or the “zigzag”. This suggests
these features may be phylogenetically relevant
characters, with the initial flexure of the “zigzag” of
non-eubrachythoracid arthrodires being modified
into the upturned posterior canal seen in
eubrachythoracids.

Based on this evidence, most eubrachytho-
racid arthrodires appear to have had incomplete
lateral lines. Incomplete lateral lines are fairly com-
mon among fishes, independently evolving in many
groups (Webb, 1989b). In some extant fishes, the
lateral line may continue beyond the end of the
trunk canal with canal neuromasts being replaced
by superficial neuromasts (Webb, 2014). However,
this is unlikely for eubrachythoracid arthrodires. In
eubrachythoracids the entire trunk canal deviates
from the horizontal axis of the body to terminate on
the dorsum of the trunk armor, rather than main-
taining a consistent path and merely being
replaced posteriorly by superficial neuromasts. The
trunk canal may be further reduced, as in camur-
opiscids and pachyosteomorphs, but this appears
to be the ancestral pattern for this group. The
extensive dermal ornamentation of the trunk armor

C dor

Holonema westolli
L} ant

FIGURE 16. Thoracic armors of non-eubrachythoracid arthrodires scaled to the same armor length, showing the lat-
eral line extending beyond the posterior margin of the thoracic armor (contrast with Figure 10). A, Groenlandaspis rin-

iensis (Groenlandaspidae),

redrawn from Long et al

(1997); B, Parabuchanosteus murrumbidgeensis

(“buchanosteoid”), redrawn from Long et al. (2014); C, Holonema westolli (Holonematidae), redrawn from Miles and
White (1971). Anterior is to the right in all images. Scale equals 10 cm.
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suggests additional trunk canals or superficial neu-
romasts are unlikely to have been present but
overlooked, because such structures would con-
spicuously disrupt dermal ornamentation. A good
example of this are the “pit-line complexes” of
@rvig (1971) , which are externally visible and may
represent osteological correlates of superficial neu-
romasts. However, Q@rvig (1971) only discusses
these structures as present on the head shield; he
does not report them as present on the trunk armor
extending the main trunk canal and the author has
been unable to identify similar structures at the end
of the trunk canal in Dunkleosteus.

A disjunct main trunk canal is possible but
highly unlikely. Disjunct lateral lines are rare in
fishes and most restricted to compressiform perco-
morphs (e.g., Cichlidae, Plesiopidae, Pomacentri-
dae; Webb, 1989a). In these taxa the disruption of
the trunk canal is almost universally located over
the anal fin (Webb, 1989a, 1990b, 1990a), but
eubrachythoracids would require a disruption over
the anterior trunk. Discontinuous lateral lines in
percomorphs are the result of a unique, bidirec-
tional mechanism of trunk canal formation, unlike
the anterior-to-posterior sequence of most fishes
(Webb, 1990b). A disjunct lateral line canal in
eubrachythoracid arthrodires requires invoking
unique anatomical patterns not seen in other
fishes.

The apparent absence of a post-thoracic lat-
eral line in eubrachythoracid arthrodires may relate
to their relatively deep, wide bodies. A wide and
deep body might be expected to create a larger
wake, and thus less pressure differential over the
trailing side (Ristroph et al., 2015). This could
reduce post-thoracic lateral line effectiveness and
select for its loss, but this requires further biome-
chanical testing. The size, morphology, and distri-
bution of lateral line canals in fishes is thought to
significantly correlate with ecology and develop-
mental biology, but the significance of a given mor-
phology is unclear (Webb, 2014). The absence of a
post-thoracic lateral line in Dunkleosteus does not
preclude this taxon from being an active, pelagic
animal. Several extant active pelagic fishes, includ-
ing herrings and anchovies (Clupeiformes) and
adult swordfish (Xiphias gladius) show an even
more extreme condition than most eubrachythorac-
ids in the trunk canal being entirely absent
(Nakamura, 1985; Webb, 2014).

Head and Mouthparts

The cranial osteology of Dunkleosteus terrelli
has been extensively discussed by other research-
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ers (e.g., Heintz, 1932; Dunkle and Bungart, 1942,
1946; Engelman et al., in press; and references
therein), and so will not be discussed in detail here.
Jaw musculature of D. terrelli, which is expected to
have some influence on life appearance, has been
previously discussed by Heintz (1932), Dunkle and
Bungart (1946), Anderson and Westneat (2007,
2009), and Engelman et al. (in press). The present
study primarily focuses on aspects of the cranium
unrelated to jaw function. Whether the armor plates
were visible in living representative of Dunkleos-
teus and the presence or absence of “lips” is an
extensive enough question to deserve separate
treatment, and is not considered here in the inter-
est of space. However, it can be noted this recon-
struction shows the dermal armor as still externally
visible and while the oral region has more soft tis-
sue than often depicted the gnathal plates are still
partially exposed (Figure 4).

One plate that affects life appearance is the
submarginal plate (Figure 3C). This is an elongate,
dermal ossification associated with the hyomandib-
ula located along the posterodorsal margin of the
cheek unit (Gardiner and Miles, 1990; Carr et al.,
2009; Hu et al., 2017). Heintz (1932) was unaware
of the submarginal plate in Dunkleosteus, and
reconstructed the suborbital plate and head shield
in direct contact along the former’s posterolateral
margin (Figure 3A). Most depictions of Dunkleos-
teus have followed Heintz (1932) and therefore
often lack the submarginal plate. The submarginal
of Dunkleosteus is unusually elongate compared to
other arthrodires (L/W ratio > 7.8, versus < 5.5 in
most arthrodires, see Engelman et al., in press),
almost rod-shaped rather than rectangular (Figures
4, 7), and appears to have lacked sutural contacts
with either the head shield or the remaining cheek
plates (Engelman et al., in press).

Mouthparts. The mouth of Dunkleosteus became
larger and more protruding (i.e., terminal) through-
out ontogeny (Figure 5). Several studies have doc-
umented positive mouth allometry in Dunkleosteus
based on changes in the shape of the suborbital
plate (Heintz, 1932), general mouth dimensions
(Engelman, 2023a), and an overall elongation of
the infragnathal across ontogeny (Boyle et al,,
2016; Engelman, 2023b). Arthrodires generally
exhibit positive allometry of the mouth (Trinajstic,
1995; Trinajstic and Hazelton, 2007), which may be
related to the infragnathal growing by apposition of
new bone at the posterior and ventral edges of the
oral region (Qrvig, 1980; Rucklin et al., 2012; Lebe-
dev et al., 2023). Dunkleosteus has a particularly
long cheek unit and jaw relative to other arthro-
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dires. This can be demonstrated quantitatively by
scaling cheek/jaw length against other parts of the
body (Engelman, 2023a), has been noted by previ-
ous authors (Denison, 1978) and resembles pat-
terns in other eubrachythoracids where more
macropredatory species have proportionally longer
cheeks and jaws (Miles, 1969: p. 151; Dennis-
Bryan, 1987: p. 21).

The linguiform process of the suborbital plate,
which indirectly supports with the posterior suprag-
nathals via the autopalatine cartilage (Heintz,
1932; Long, 1995; Engelman et al., in press), also
shows positive allometry, resulting in increasingly
prognathic gnathals throughout ontogeny (Engel-
man et al., in press). The youngest individuals of D.
terrelli (e.g., CMNH 6194, CMNH 7424) have small
linguiform processes (Figure 5A) and supragnath-
als positioned close to the external margins of the
suborbital plate like many Gogo arthrodires (Den-
nis and Miles, 1981; Gardiner and Miles, 1994;
Long, 1995). This process becomes proportionally
larger in subadult/adult individuals of D. terrelli due
to the hypertrophy of the likely m. preorbitalis
(Engelman et al., in press), resulting in the mouth-
parts projecting beyond the external margins of the
suborbital and the anterior border of the supragna-
thals reaching or extending beyond the anterior
end of the head shield in larger individuals (Figure
5B-D). The anterior supragnathals cannot be posi-
tioned more posteriorly, or else their large lateral
ridge conflicts for space with the linguiform pro-
cess, supporting the ontogenetic prognathism seen
in the CMNH material. Increasing prognathism
throughout ontogeny occurs in Incisoscutum ritchei
(Long, 1994: fig. 4), whether it occurs in other
Gogo arthrodires is unclear. The well-developed
linguiform process results in Dunkleosteus having
a terminal mouth versus the subterminal and
slightly superiorly oriented mouth of Coccosteus
and most of the Gogo arthrodires.

Branchial Opening. The musculature of the ven-
tral head and branchial region was restored after
Heintz (1932), Dunkle and Bungart (1946), Long
(1995), and Johanson (2003). The opening for the
gill chamber in Dunkleosteus and other arthrodires
is located in the cleft between the head and tho-
racic armor (Figures 1 and 3). The location of this
feature can be identified by the presence of denti-
cles (postbranchial lamina) on the interolateral
plates representing the posterior face of the gill
chamber (Heintz, 1932: p. 199-202; Miles and
Dennis, 1979; Johanson and Smith, 2003; Carr et
al., 2009). Anterodorsal to this, the cucullaris fossa
of the head shield in some arthrodires (Cowralepis)
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is partially denticulated, suggesting this structure
represents (at least in part) the dorsal border of the
parabranchial cavity (Carr et al., 2009). Sugges-
tions that the parabranchial chambers of arthro-
dires extended posterior to the cranio-thoracic joint
(Stensio, 1963) are not supported by anatomical
features (Johanson and Smith, 2003; Carr et al.,
2009). Many reconstructions of Dunkleosteus
incorrectly reconstruct the location of the branchial
opening due to mistaking the trunk armor as part of
the head (an operculum). This results in the gill
opening either being covered with soft tissue
(Adams, 1919) or depicted as posterior to the trunk
armor (Figure 2; e.g., Garrod, 2021).

In chondrichthyans and osteichthyans the gills
are usually posterior to the cranium, but in arthro-
dires the gills are internal to the cheek and jaws
(Figure 8) (Heintz, 1932; Carr et al., 2009). Glosso-
pharyngeal and vagus nerve position are con-
served across gnathostomes (Carr et al., 2009)
and arthrodires and eugnathostomes show similar
head-trunk proportions (Stensié, 1963: p. 13;
Engelman, 2023a, 2023b). This suggests differ-
ences in cranial morphology between arthrodires
and eugnathostomes are not due to changes in
branchial chamber location, but a posterior expan-
sion of the cranium and cheek plate relative to a
conserved head-trunk boundary (Figure 8; see also
Carr et al., 2009; Young, 2010: fig. 1A). Like most
arthrodires (Miles, 1969), the cheek unit of Dunkle-
osteus (specifically the postsuborbital plate) fits
into the anterior notch of the anterior lateral, form-
ing a pseudo-operculum externally covering the gill
slits in life. This would leave only a single, large
cleft between the head and thoracic armor. The
individual gill slits of arthrodires would not be visi-
ble unless the head was moved from a neutral
position, such as when the mouth was opened.
Eyes and Sclerotic Rings. Dunkleosteus terrelli is
frequently depicted with small, beady eyes, but
orbits in complete specimens are relatively large
(8.1 cm wide in CMNH 5768). Preliminary research
on eye size in arthrodires (Engelman, in prep) sug-
gests orbit size in Dunkleosteus is unremarkably
average among fishes, comparable to a tuna
(Thunnus spp.) of the same body mass. Speci-
mens of Dunkleosteus with associated sclerotic
rings (CMNH 6090, CMNH 6194, CMNH 7424)
show they occupied the entire orbit. The small eyes
in previous reconstructions of Dunkleosteus are
primarily because the historic mount of CMNH
5768 (and by extension its many replicas) has scle-
rotic rings significantly smaller than its orbital diam-
eter (~5.8 cm). These are actually plaster replicas,



A Gyrhhiotrcrl"?helus hydei
CMNH 8055

CMNH 8042

B Stenosteus angustopectus
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FIGURE 17. A-B, Sclerotic rings of aspinothoracidan arthrodires in external view, showing dermal ornamentation. A,
Selenosteus angustipectus (CMNH 8055); B, Gymnotrachelus hydei (CMNH 8042). C, uncrushed sclerotic ring of
Dunkleosteus (CMNH 6194) in side view, showing the natural curvature of this element. Scale equals 1 cm.

likely from a smaller individual. Part of the original
sclerotic rings of CMNH 5768 are preserved on the
ventral surface of the head shield. These frag-
ments are much larger than the sclerotic rings of
the mount and indicate the complete sclerotic ring
would have filled the entire orbit, like other speci-
mens of D. terrelli.

Whether the sclerotic ring of Dunkleosteus
terrelli was visible in life is unclear. Witton (2018)
suggested sclerotic rings in extinct vertebrates
would have been covered by soft tissues in life,
based on the condition in living birds, reptiles, and
fishes. However, unlike living vertebrates, the scle-
rotic rings of most arthrodires have considerable
dermal ornamentation (Dennis and Miles, 1979a,
1980, 1981; Dennis-Bryan, 1987), potentially sug-
gesting a different arrangement. Even some aspi-
nothoracidans with otherwise unornamented
dermal armor like Gymnotrachelus hydei and Ste-
neosteus angustopectus retain prominent sclerotic
ornamentation (Figure 17A-B). Sclerotic ornamen-
tation is usually restricted to a band around the
aperture in eubrachythoracids, but the entire ring
may be ornamented in non-eubrachythoracids
(Heintz, 1933; Goujet, 1984: fig. 19; Burrow et al.,
2005). Dermal ornamentation is typically restricted
to surfaces exposed or near-exposed to the exter-
nal environment in arthrodires, like the external
surface of the dermal armor and the postbranchial
lamina of the gill chamber (Johanson and Smith,
2005), suggesting the sclerotic ring had little to no
external soft tissue. Dunkleosteus and some other
arthrodires (Heintzichthys, Gorgonichthys) lack
sclerotic tuberculation, but this may be due to the
general loss of armor tuberculation in these taxa
rather than a more internally positioned sclerotic

ring. The ornamented sclerotic rings of arthrodires
resemble the denticle-covered eyeballs of whale
sharks (Rhincodon typus), particularly in their dis-
tribution on the orbit’s surface (Tomita et al., 2020:
fig. 2). In R. typus these denticles are suggested to
protect the eye from mechanical damage (Tomita
et al., 2020), and the ornamented sclerotic rings of
arthrodires may have functioned similarly.

The sclerotic rings, like most elements of
Dunkleosteus terrelli, are typically flattened when
preserved. In rare specimens with uncrushed scle-
rotic rings, like CMNH 5074, CMNH 6090, and
CMNH 7424, the rings are cup-shaped and bulge
externally (Figure 17C). Other taxa like Heintzich-
thys (CMNH 5291) and Phlyctaenius (Heintz,
1933) show a similar condition. How this affected
the eye’s life appearance is unclear; it could sug-
gest the eyes were telescoped and bulged out-
wards, or possibly the rings were positioned more
internally and only their outer edges were visible.
Heintz (1933) suggested Phlyctaenius acadicus
had telescoped (= bulging) eyes based on this fea-
ture, but whether this can be applied to
eubrachythoracids is unclear.

Nostrils. Dunkleosteus had two pairs of external
nostrils, like most jawed fishes (Zhu and Ahlberg,
2004). One pair was located between the ventrolat-
eral face of the rostral plate of the head shield and
the anteromedial face of the postnasal plate. The
nostril opening is formed by a well-developed
anteromedial notch in the postnasal plate, which in
other arthrodires has a highly denticulated rim
(Miles and Westoll, 1968). The ventral edge of this
notch forms an interfenestral process separating
the two pairs of nostrils (Miles and Westoll, 1968;
Desmond, 1974; Long, 1995). The second pair of
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FIGURE 18. Photo (A) and line drawing (B) of dorsal fin outline in CMC VP8545, an unidentified aspinothoracidan

from the Late Devonian (Famennian) Chagrin Shale of Ohio. Abbreviations as in Figure 3.

nostrils are identifiable by a broad notch on the
medial face of the ethmoid ossification (Engelman
et al., in press), and are medial and ventral to the
first pair. The number and position of nasal open-
ings in Dunkleosteus resembles other arthrodires
like Mcnamaraspis (Long, 1995) and Latocamurus
(Long, 1988).

The snout of Dunkleosteus is rounded and
blunt. The head shield, suborbital plate, postnasal
plate, and ethmoid cartilages interlock to form a
nearly continuous covering over the anterior face
of the head (Figure 3; see also Engelman et al., in
press). Both pairs of external nostrils open within
this bony covering. The gnathals extend anteriorly
to the level of the nostrils or slightly beyond, result-
ing in no space for a protruding rostrum like in neo-
selachians. Most reconstructions of Dunkleosteus
show a rounded snout, but some show a slightly
pointed, shark-like rostrum extending anterior to
the mouth (e.g., Stensid, 1963, as well as some
other, more recent depictions), which is not sup-
ported by fossils. Stensit (1963) restored arthro-
dires with large, protruding annular cartilages, but
later studies show most arthrodires were snub-
nosed and the annular cartilages simply fit on the
end of the blunt snout without creating a pointed
profile (Miles and Westoll, 1968; Miles and White,
1971; Long, 1995).

Fins

Dunkleosteus terrelli was reconstructed here
with one dorsal fin, one pair of pectoral fins, one
pair of pelvic fins, and one anal fin. Fin number
(with the possible exception of the anal fin) is
highly conserved in arthrodires, despite body out-
lines being known for several distantly related taxa
of varying inferred life habits (e.g., Amazichthys,
Coccosteus, Incisoscutum). In particular, these
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taxa consistently show a single dorsal fin, suggest-
ing arthrodires lacked second dorsal fins. Fin pro-
files in this reconstruction were expanded from
their bases with ceratotrichia, given the presence
of ceratotrichia in the fins of D. terrelli and other
arthrodires (Carr et al., 2010; Greenfield, 2020;
Jobbins et al., 2022). Reconstructions of Dunkleos-
teus often show visible fin rays, an actinopterygian
feature not present in placoderms. There is no evi-
dence for fin spines in arthrodires, though in non-
eubrachythoracids and some coccosteomorphs the
median dorsal, spinal, or posterior ventrolateral
plate may be modified to fulfill a similar role
(Westoll, 1947; Miles and Westoll, 1968; Miles,
1969; Gess and Trinajstic, 2017). These modifica-
tions are not seen in Dunkleosteus.

The fins of Dunkleosteus were reconstructed
with somewhat pointed tips, similar to a shark. This
agrees with the pectoral fin outline reported for
CMNH 8982 by Carr et al. (2010), which has a
somewhat pointed shape (though missing the
extreme tip). Soft tissue fin outlines are virtually
unknown for other arthrodires. Coccosteus speci-
mens are reported to occasionally preserve soft tis-
sue traces (Trewin, 1986: p. 34), but complete fin
outlines have not been described. The aspinotho-
racidan Amazichthys trinajsticae has distinctly
rounded fin tips (Jobbins et al., 2022). While it is
tempting to speculate that rounded fin tips charac-
terize arthrodires more broadly, another aspinotho-
racidan specimen (CMC VP8545, Figure 18)
preserves the carbonaceous outline of a dorsal (?)
fin with a pointed tip, indicating fin tip shape was
variable in these animals.

Dorsal Fin. Dorsal fin elements are unknown for
Dunkleosteus, but the position of this fin can be
constrained by other body elements. In most nek-
tonic vertebrates, such as sharks, cetaceans, and
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FIGURE 19. CMC VP8294, nearly complete juvenile specimen of Dunkleosteus terrelli preserving the pelvic basals
and a partial submedian dorsal plate in situ. A, complete specimen; B close-up of the pelvic basals; C, exposed cross-

section of the pelvic basals.

ichthyosaurs, the dorsal fin is located roughly over
the center of mass to aid as a stabilizer (Aleev,
1969; Fish, 2002; Lingham-Soliar, 2005), though in
some like tarpon (Megalopidae) and Ichthyodecti-
formes the dorsal fin is more posterior. Additionally,
in many tachynektonic acanthopterygians like
scombrids and sphyraenids the anterior spiny dor-
sal is either small and/or folds back during steady
swimming and the soft dorsal (which functionally
analogous to the dorsal fin in other taxa) is located
posterior to the center of mass (Lauder and
Drucker, 2004; Fish and Lauder, 2017). A dorsal fin
located over the center of mass might be expected
for Dunkleosteus, given this taxon has been inter-
preted as a nektonic organism (Carr, 2010; Ferrén
et al., 2017a). However, the location of the dorsal
fin origin is limited anteriorly by the large carinal
process and associated submedian dorsal plate; if
the fin is located too far anterior its basals conflict
for space with these other midline dorsal structures
(Figure 14, compare with Figures 7, 8). The extent
of the carinal process and submedian dorsal plate
prevent the dorsal fin of Dunkleosteus from being
located over the deepest part of the body, unlike
many large marine vertebrates.

A correlation between dorsal fin position and
the morphology of the carinal process/submedian
dorsal plate is supported by the condition in other
arthrodires. Dorsal fin elements are known in sev-

eral coccosteomorphs (e.g., Miles and Westoll,
1968; Desmond, 1974; Dennis and Miles, 1981)
and the aspinothoracidans Amazichthys (Jobbins
et al., 2022), Heintzichthys (Dean, 1896), and pos-
sibly an undescribed selenosteid (CMC VP8545,
Figure 18). In all of these taxa the dorsal fin is pos-
terior to the carinal process. In the latter three taxa,
generally considered as pelagic animals, the dorsal
fin origin is anterior to the pelvic girdle. In Amazich-
thys and CMC VP8545 the dorsal fin origin is
located at the carinal process, while in Heintzich-
thys it is further posterior, closer to the pelvis and
end of the ventral shield. By contrast, in coccosteo-
morphs like Coccosteus (Figure 7, see also Miles
and Westoll, 1968), Dickosteus (NHMUK PV OR
49663), Watsonosteus (NMS G.1995.4.2), Plour-
dosteus (MHNM 02-901), and /ncisoscutum (Den-
nis and Miles, 1981: fig. 21), the dorsal fin origin is
posterior to the pelvis and the center of mass. Dor-
sal fin elements are unknown in the dunkleosteoid
Eastmanosteus but the extent of the thoracic shield
and carinal process would prevent it from being
located over the center of mass (Figure 10D), like
coccosteomorphs and Dunkleosteus. The dorsal
fin in Figure 5 was reconstructed as far anterior as
possible before it conflicted for space with the cari-
nal process and submedian dorsal plate. This
results in a dorsal fin position more similar to
Heintzichthys and Amazichthys while still obeying
the constraints of the thoracic shield.
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Complete submedian dorsal plates are
unknown for Dunkleosteus, but one specimen
(CMC VP8294) preserves a fragment of this plate
in situ (Figure 19). The preserved fragment shows
an articulation with the fossa on the posterior face
of the carinal process like other arthrodires (Miles
and Westoll, 1968), but no other details can be
determined. The posteroventrally protruding shape
of the carinal process in Dunkleosteus means the
articulation between this structure and the subme-
dian dorsal plate is oriented anterodorsally, but
without a complete submedian dorsal plate this sig-
nificance of this morphology is unclear.

The function of the submedian dorsal plate in
arthrodires and its associated soft tissues have not
been extensively investigated. It was clearly not a
basal plate for the dorsal fin, as the submedian
dorsal plate and dorsal fin base are not associated
in most arthrodires (Miles and Westoll, 1968: pl. 5-
9; Dennis and Miles, 1981: fig. 21). Stensi6 (1963)
considered the submedian dorsal plate to support
a second, anterior dorsal fin composed only of cer-
atotrichia, but later analyses found this proposed
fin was actually an artifact of preparation (Miles
and Westoll, 1968: p. 450). Additionally, in early
eubrachythoracids like Millerosteus and Coccos-
teus, the carinal process is near the center of the
median dorsal plate, resulting in the submedian
dorsal plate being internal to this plate and not
exposed to the organism’s dorsum (Miles and
Westoll, 1968; Desmond, 1974: fig. 4). The median
dorsal plate in these taxa also has a long, posteri-
orly projecting spine, further separating the carinal
process and submedian dorsal plate from any
external midline structure (ibid). These features
would make it difficult for tissues to extend from the
carinal process and submedian dorsal plate to
external structures on the dorsal midline of the
body.

The extent of the thoracic armor/size of the
carinal process may constrain dorsal fin position in
arthrodires. Many later nektonic arthrodires have
an anteroposteriorly short thoracic shield (Miles,
1969; Carr, 1995), which could allow the dorsal fin
to be more anteriorly positioned over the center of
mass. Species with a shortened thoracic shield do
not also shorten the ventral shield (Carr, 1995),
indicating this trend is driven by selective pres-
sures acting on the dorsum versus a general
reduction of the trunk armor allowing more of the
trunk to participate in lateral undulation. Many aspi-
nothoracidans, particularly selenosteids, take this
trend even further by greatly reducing the carinal
process and possibly losing the submedian dorsal
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plate (Dunkle, 1947; Carr, 1991, 1996; Jobbins et
al., 2022), and some even show specialized fea-
tures allowing for a more anterior position of the
dorsal fin. Amazichthys has an autapomorphic pos-
terior embayment of the median dorsal plate,
allowing the dorsal fin to extend anterior to the pos-
terior margin of the thoracic armor (Figure 10H;
Jobbins et al., 2022). Similarly, Bungartius has a
“notch” in the posterior end of the median dorsal
plate (Dunkle, 1947: fig. 4). The carinal process of
Bungatrtius is almost vestigial and lacks a clear
facet for the submedian dorsal plate. This suggests
the notch is not related to the usual structures at
the posterior end of the trunk armor in arthrodires,
but based on its position could represent an articu-
lation between the first basal of the dorsal fin and
the trunk armor.

In contrast to these taxa, massive, posteriorly-
projecting carinal processes seem to have inde-
pendently evolved in several large-bodied arthro-
dires, including Dunkleosteus, Gorgonichthys,
Titanichthys, and the Heterostiidae (Dunkle and
Bungart, 1940; Boyle and Ryan, 2017; Schulize
and Cumbaa, 2017). This would prevent the dorsal
fin from being located over the deepest part of the
body/center of mass, despite these taxa (except
Heterostiidae) being considered pelagic. This sug-
gests other factors are selecting for a large carinal
process and overriding selective pressure for a
more anteriorly positioned dorsal fin, potentially
creating an evolutionary trade-off. However, testing
this hypothesis depends on identifying the function
of the carinal process and submedian dorsal plate.
Previous authors have suggested the carinal pro-
cess served as the origin for the m. levator capitis
major, a major jaw opening muscle/cranial elevator
(Heintz, 1932), potentially implying a trade-off
between cranial elevation ability and dorsal fin
position, but later authors doubted this and pre-
served muscle attachment sites show the m. leva-
tor capitis major originates well anterior to the
carinal process (Miles, 1969; Trinajstic et al.,
2013). The function of the carinal process and sub-
median dorsal plate in arthrodires remain unclear.

The dorsal fin outline of Dunkleosteus is
unknown. The few pachyosteomorphs with known
dorsal fins (all aspinothoracidans) show highly
diverse shapes. Heintzichthys has a small dorsal
fin base (comparable in relative size to a tarpon,
Megalops spp.), and the fin outline is not preserved
(Dean, 1896). Amazichthys, on the other hand,
shows a long dorsal fin base (Jobbins et al., 2022),
longer than that of even demersal coccosteo-
morphs, and the fin is tall and rounded similar to a



mahi mahi (Coryphaena spp.). CMC 8545 pre-
serves a small, triangular dorsal (?) fin, similar to a
nektonic shark but smaller and not as tall (Figure
18). Such diversity in dorsal fin shape might be
expected for pelagic arthrodires given the fin shape
diversity seen in living fishes. For the present study
Dunkleosteus was reconstructed assuming a rela-
tively conservative fin size base (similar to a coc-
costeomorph) but with this fin’'s ceratotrichia
forming a triangular shape, given similar dorsal fin
shapes occur in many groups of marine verte-
brates.

Pectoral Fin. The position of the pectoral fin in
Dunkleosteus is well constrained by the pectoral
fenestra between the anterior lateral, spinal, and
anterior ventrolateral plates. Several specimens
even preserve the scapulocoracoid and fin basals
in situ (CMC VP8294, CMNH 8982; see Carr et al.,
2010). The pectoral fin of Dunkleosteus is located
at an extreme anterior position on the body. This is
facilitated by the unusual shape of the anterior lat-
eral plate, which is narrow, strongly L-shaped, and
has an anteriorly projecting ventral wing, allowing
the scapulocoracoid to be more anteriorly posi-
tioned than in other arthrodires (Figure 10).
Approximately half of the pectoral fenestra under-
lies the head, with its anterior border reaching the
level of the suture between the suborbital and post-
suborbital plates of the cheek unit. This results in
the pectoral fin base being largely ventral to the gill
chamber (Figure 5). No other arthrodire shows
such an anteriorly positioned pectoral fin (Figure
10). In most taxa, the pectoral fin origin is at or
near the level of the cranio-thoracic joint and sig-
nificantly posterior to the gill chamber. The only
arthrodire that approaches the condition in Dunkle-
osteus is Eastmanosteus calliaspis, in which the
anterior 1/4th of the pectoral fenestra underlies the
gill chamber (Figure 10D). Some selenosteids may
have shown an analogous condition (Stensio,
1959, 1963).

The prepectoral length of Dunkleosteus terrelli
is proportionally shorter than most extant fishes
(Figure 11A; Appendix 3: fig. 4.8), though still
within the range of variation in other species. Nota-
bly, this is calculated relative to the body length
estimates of Engelman (2023b). Greater body
lengths would make the pectoral fin position even
more extreme; values as low as 4.2 m for typical
adult D. terrelli (e.g., CMNH 5768) produce a sig-
nificantly more anterior pectoral fin than almost any
non-anguilliform fish, living or extinct (Appendix 3:
fig. 4.9). It is possible this is related to the stocky
body plan of D. terrelli. A more anteriorly located
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pectoral fin relative to the center of mass creates a
longer lever arm that allows it to apply more torque
and function as a more effective rudder (Aleev,
1969; Fish, 2002; Fish and Lauder, 2017). Thus,
fishes with comparatively heavyset bodies might
require more anterior pectoral fins for effective
steering. However, the pectoral fins cannot be
located too far anterior on the body or else risk
destabilizing the animal, as the long lever arm
means even slight changes in fin position can cre-
ate large torques (Fish and Lauder, 2017). Tradi-
tional longer-bodied depictions of D. terrelli would
result in the pectoral fin being so far anterior it
potentially makes the animal highly unstable, espe-
cially compared to the reconstruction depicted
here. These factors further support a comparatively
shorter, robust body plan in D. terrelli.

The fins of arthrodires have often been com-
pared to sharks in terms of gross morphology
(presence of basals and ceratotrichia) and function
(Stensio, 1959; Carr, 1995; Carr et al., 2010; Job-
bins et al., 2022). In spite of this, Dunkleosteus dif-
fers from modern sharks in having a proportionally
larger pectoral fenestra (and by extension the pec-
toral fin/fin base) relative to body length. In most
arthrodires the scapulocoracoid fills the entire pec-
toral fenestra/foramen (Carr et al., 2010), and
therefore is a good proxy for pectoral fin base size.
In D. terrelli the pectoral fenestra (measured from
the anterior ventrolateral plate) is about 8.5-10%
total length, whereas in most extant large-bodied
sharks it is about 5-7% total length (Appendix 3).
In CMC VP8294 the articulation facet on the sca-
pulocoracoid is approximately 83% the total length
of this element, though soft tissues may have
expanded the fin base (Stensio, 1959: p. 22-23).
Even if the pectoral fin base of Dunkleosteus did
not occupy the entire pectoral fenestra, the fin was
still relatively large and at the least comparable in
size to modern sharks.

When compared to other arthrodires, the pec-
toral fin base of Dunkleosteus is larger than coc-
costeomorphs (3.9-8.5% total length) but is closer
in size to the pachyosteomorphs Amazichthys,
Brachyosteus, Eastmanosteus, Enseosteus, and
Heintzichthys (8.5—-11.9% total length) (Appendix 3:
fig. 4.15). Based on fin basal count, this appears
due to an increase in pectoral fin base size, rather
than a shorter head and body armor relative to a
conserved pectoral fin size. Pachyosteomorph
arthrodires consistently show 1.3-2 times the num-
ber of fin basals of coccosteomorphs (7-9 basals
versus 12+; Carr et al., 2010: table 2). Dunkleos-
teus actually has one of the highest basal counts
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FIGURE 20. Pectoral fin base length scaled against total length (A) and body mass (B) in Dunkleosteus and extant
nektonic sharks. Pectoral fin base length in Dunkleosteus measured as the length of the pectoral fenestra. B is on a
log4q scale because mass increases cubically relative to pectoral fin base length; similar results are obtained if graph-
ing against the cubic root of body mass (see Appendix 3: fig. 4.14). Graph is zoomed in omitting the outlier Rhincodon
for clarity. For color legend for elasmobranchs, see Appendix 3: fig. 4.12. For additional analyses including other
arthrodires, see Appendix 3: section 4.6. Sources of lengths and weights for Dunkleosteus in Appendix 3 and raw data

in Appendix 4.

among eubrachythoracids, with a minimum of 14—
16 basals identified in two specimens (CMC
VP8294 and CMNH 8982; Carr et al., 2010). This
is actually greater than Heintzichthys, which has
been noted to have an extremely large pectoral fin
base (Carr, 1991, 1995) but a maximum basal
count of 13 (Carr et al., 2010). This agrees with the
observations of previous authors (Stensio, 1959;
Miles, 1969; Carr, 1995), who noted an expansion
in pectoral fin base size in pachyosteomorphs
associated with the pectoral fin opening on the
trunk armor changing from a small, enclosed pec-
toral foramen in to a wide pectoral fenestra. A
broader examination of pectoral fin base size evo-
lution in arthrodires would require greater sampling
of aspinothoracidans, and is beyond the scope of
this study.

The relatively larger pectoral fin base of
Dunkleosteus terrelli appears driven by differences
in body shape between this taxon and modern
sharks. Dunkleosteus has a larger pectoral fin
base than that of sharks if scaling by body length
(Figure 20A), but if scaling by body mass D. terrelli
has a pectoral fin base expected for an animal of
its size (Figure 20B). This suggests the seemingly
larger pectoral fin base of Dunkleosteus is a conse-
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quence of its stockier body. Specifically, because
the pectoral fin plays a role in steering (Aleev,
1969) a more robust body might require a propor-
tionally larger pectoral fin, and thus pectoral fin size
might be expected to scale with body mass rather
than length. A much longer body for D. terrelli
would potentially make the pectoral fin unusually
small relative to length or mass, supporting the
smaller sizes for D. terrelli presented here and
elsewhere (Engelman, 2023b).

The pectoral fin of Dunkleosteus terrelli shows
clear positive allometry. The pectoral fenestra is
about 8% total length and 45% skull length in
smaller specimens (CMNH 7424, CMNH 8982)
and 10% total length and 55% skull length in larger
ones (CMNH 6090, CMNH 5768) (Appendix 10).
CMNH 7054 is an exception, but this may be due
to taphonomic elongation of this specimen’s skull.
This allometry is reflected in the ventral shield, with
the pectoral fenestra representing about 27% total
ventral shield length in CMNH 7424 but 33% in
CMNH 5768. The scapulocoracoid (and thus pec-
toral fin base) fills the entire pectoral fenestra,
meaning larger individuals of D. terrelli had propor-
tionally larger pectoral fins (Figure 20A). This is
unlike sharks, where pectoral fin size remains con-



stant across ontogeny (e.g., Garrick, 1982; Garrick,
1985). This may be because sharks generally
exhibit body shape isometry across ontogeny,
unlike arthrodires. The increasing robustness of
the body across ontogeny may explain the propor-
tionately larger pectoral fins of adult Dunkleosteus.

Carr et al. (2010) describe a specimen of
Dunkleosteus terrelli (CMNH 8982) with a partial
pectoral fin outline and basals articulated with the
scapulocoracoid. This fin has a relatively elongate,
pointed shape with an aspect ratio of ~1.3 (Carr et
al.,, 2010: p. 116). Its shape resembles modern
pelagic chondrichthyans like lamnids and alopiids,
but is somewhat broader at its base. Carr et al.
(2010: p. 120) estimate the pectoral fin span of
CMNH 8982 is roughly twice its thorax width.
Assuming a conserved aspect ratio, the positive
allometry of the pectoral fin base suggests this pro-
portion was maintained across ontogeny in Dunkle-
osteus, despite positive allometry in trunk height.
Carr et al. (2010: p. 120) describe a specimen of
Dunkleosteus marsasi (MNHN-MCD 162) in which
the basals are oriented at a nearly 90° angle to the
anteroposterior axis, which suggests in life the fin
was oriented almost lateral to the body with a near-
straight leading edge, resembling many lamnids.
This is supported by CMNH 8982, whose fin outline
appears to have a straight anterior edge (Carr et
al., 2010). Near-perpendicular basals are not uni-
versal among arthrodires; some taxa like
Heintzichthys have basals oriented at a 130° angle
to the body (Carr et al., 2010: p. 120), suggesting a
posterolaterally oriented pectoral fin in vivo as
seen in life photos of modern carcharhinids (Engel-
man, pers. obs.; P. Sternes pers. comm., Decem-
ber 2023).

The presence of a free posterior edge to the
pectoral fin is unclear, but likely. Early chondrich-
thyans were originally reconstructed with fins pro-
truding directly from the body and lacking a free
end (Dean, 1909b), but this is contradicted by
specimens of Cladoselache (Tomita, 2015) and the
ctenacanths Ctenacanthus and Dracopristis (Hod-
nett et al., 2021). The free posterior end of the fin is
typically located close to the body, and thus can be
easily obscured by the trunk when specimens are
preserved as carbonized body outlines. The
unnamed selenosteid CMC VP8545 possibly pre-
serves a free posterior edge on its putative dorsal
fin (Figure 18). These features suggest free poste-
rior ends of fins may be more widely distributed in
fishes, potentially including arthrodires.

Whether Dunkleosteus had plesodic or aple-
sodic pectoral fins is unclear. A few specimens of
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Dunkleosteus preserve radial elements in addition
to basals, but preservation makes it unclear how
far distally they extended (Carr et al., 2010). The
large, distal articulations on the basals suggest the
radials were well-developed and the fin was robust,
especially compared to arthrodires like Heintzich-
thys (Carr et al., 2010), but this does not determine
how much of the fin was supported by cartilage.
Distal radials have not been described for any
other arthrodire, including Heintzichthys and
Amazichthys (Carr et al., 2010; Jobbins et al.,
2022). The question of plesodic or aplesodic fins in
Dunkleosteus is important because virtually all liv-
ing aplesodic sharks are relatively slow swimmers
(the most active being some squalids) and are
almost entirely non-pelagic (Hoffmann et al., 2020).
This is because plesodic fins are stiffer and func-
tion better as hydrofoils, whereas aplesodic fins
allow the distal fin greater maneuverability and
freedom of motion, and thus generally occur in taxa
living in closed environments (Wilga and Lauder,
2004; Hoffmann et al., 2020). Plesodic fins are a
labile feature, independently evolving in most
clades of tachynektonic chondrichthyans, including
Carcharhiniformes, Lamniformes (Hoffmann et al.,
2020), Symmoriformes (Tomita, 2015), and Ctena-
canthiformes (Hodnett et al., 2021), suggesting
they are not out of the question for Dunkleosteus.
The pectoral fin outline of CMNH 8982 more
closely resembles the pointed fin of plesodic
sharks than the more rounded pectoral fin typical of
aplesodic ones, potentially hinting at a more ple-
sodic fin, but a precise answer is not available at
this time.

Pelvic Fins. Several undescribed pelvic girdles of
Dunkleosteus terrelli exist in the CMNH collections,
some of which have associated basals. A detailed
description of the anatomy of these elements is
currently under preparation. Therefore, only fea-
tures directly related to the life appearance of D.
terrelli, specifically the relative size of the pelvic
fins and their position on the body, are considered
here.

Previous authors have remarked that the pel-
vic girdle of arthrodires is typically immediately
posterior to the end of the ventral shield (Goujet,
1984; Young, 2010; Trinajstic et al., 2015; Wilson,
2019; Engelman, 2023b). A more detailed survey
of this condition in arthrodires with the pelvic girdle
in situ (Table 3) confirms this observation and
shows it to be present in a wide variety of taxa. In
most of these taxa the pelvic girdle is almost in
contact with the posterior end of the posterior ven-
trolateral plates. Specimens of the aspinotho-
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TABLE 3. Arthrodire taxa in which the pelvic girdle is either immediately posterior to or otherwise associated with the

posterior end of the ventral shield.

Taxon Clade Specimens References
Australophyllolepis youngi  Phyllolepida NMP 160732, NMP 160746 Long (1983)
Cowralepis mclachlani Phyllolepida AMF 103753 Ritchie (2005); Carr et

al. (2009)
Sigaspis lepidophora Actinolepidae MNHN-SVD 210 Goujet (1973)

Actinolepis spinosa Actinolepidae

Groenlandaspidae indet.

Holonema westolli

Coccosteus cuspidatus Coccosteid Coccosteomorph

Millerosteus minor Coccosteid Coccosteomorph

Dickosteus threiplandi Coccosteid Coccosteomorph

Watsonosteus fletti Coccosteid Coccosteomorph

Plourdosteus canadensis  Plourdosteid Coccosteomorph

Compagopiscis croucheri

Incisoscutum ritchei

Dunkleosteus terrelli Dunkleosteoid

Heintzichthys gouldii Aspinothoracidan

Amazichthys trinajsticae Aspinothoracidan

Non-Eubrachythoracid Phlyctaeniian —

Non-Eubrachythoracid Phlyctaeniian WAM 96.6.11

Incisoscutoid Coccosteomorph

Incisoscutoid Coccosteomorph

— Mark-Kurik (1985)

J. Long pers. comm.
2023

Trinajstic (1999);
Trinajstic et al. (2015)

FMNH PF 1673, NHMUK PV —
OR43617, NHMUK PV

P.59854, NHMUK PV NHMUK

PV P.61585, P.61589, NHMUK

PV P.61758, NMS 1900.12.12,
NMS 1901.106.1, NMS
2017.41.4, ROM VP 52664

FMNH PF 1089, LDUCZ- Desmond (1974);
V998, NHMUK PV P. 16795,  Trinajstic et al. (2015);
NHMUK PV P.46772, NHMUK van Mesdag (2018)
PV P.47434, NHMUK PV

P.47385, NHMUK PV P.75451,

NMS G.1859.33.994

NHMUK PV OR 49663 —

NMS G.1995.4.2 Other undescribed

specimens, M. Newman
pers. comm. September
2022

MNHM 02-177¢c, MNHM 02- —
901

NHMUK PV P.50947
NHMUK PV P.50934, WAM

Trinajstic et al. (2015)

Dennis and Miles

03.3.28 (1981: fig. 21)

CMC VP8294 Present Study
AMNH FF 2826 Dean (1896)
AA.MEM.DS.8 Jobbins et al. (2022)

racidans Heintzichthys and Amazichthys show a
slight (3-5 cm) gap between the posterior ventro-
lateral plate and pelvic girdle, but the two are still
associated. The ventral shield and/or pelvic girdles
of these specimens appears displaced from life
position, suggesting the gap may be a taphonomic
artifact, especially as the ventral shield is often
pulled anteriorly postmortem in arthrodires (Storrs
et al., 2008; Trinajstic et al., 2022b). Even if a simi-
lar gap is applied to Dunkleosteus it would be less
than 20 cm long (< 5-6% total length) for adult indi-
viduals. Pelvic girdles are known for the dunkleos-
teoid Eastmanosteus calliaspis, but in situ position
was not explicitly described (Dennis-Bryan, 1987).
However, figures in Trinajstic et al. (2007: fig. 11-J)
seem to imply they were located in a similar posi-

38

tion to other arthrodires if accounting for the
“exploded” dermal skeleton. Some of these
reported pelves may represent misidentified clasp-
ers (K. Trinajstic, pers. comm., May 2022; S. van
Mesdag, pers. comm., February 2024). However,
this should not affect interpretations of pelvic girdle
position, as the pelvic girdles of arthrodires are
invariably between the ventral shield and claspers
(Ahlberg et al., 2009; Trinajstic et al., 2015), con-
straining the possible position of the pelvic girdle to
this region. The only arthrodire to exhibit a sizable
gap between the ventral shield and pelvic girdle is
Rhachiosteus pterygiatus, but this appears due to
the holotype and only known specimen lacking all
ventral shield plates except for the anterior ventro-
lateral plate. Miles (1966, p. 380) speculated these
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FIGURE 21. A, pelvic girdle of Dunkleosteus terrelli (CMNH 7054, reversed) in lateral(?) view. B, pelvic girdle of
CMNH 7054 in approximate life position scaled to the rest of the specimen.

plates were secondarily lost in Rhachiosteus, but
the holotype may be immature (Denison, 1978),
and it is possible they were unossified.

Most non-arthrodire placoderms retaining a
complete set of ventral shield plates also show a
close association between the ventral shield and
pelvic girdle, including antiarchs (Zhu et al., 2012),
Xiushanosteus (Zhu et al., 2022), and the maxillate
placoderms Bianchengichthys (Li et al., 2021),
Qilinyu (Zhu et al., 2016a), and Entelognathus (Cui
et al., 2023). Rhenanidans, stensioellids, and ptyct-
odonts have large gaps between the pelvis and
ventral shield (Miles, 1967b; Denison, 1978), but
like Rhachiosteus this is correlated with an
absence or loss of ventral shield plates (especially
the posterior ventrolateral plate) rather than an
anteroposterior shortening of a complete ventral
shield or an obvious change in pelvis position.
When placoderms reduce the extent of their trunk
armor, they consistently do so via the loss of ven-
tral shield plates rather than shortening the ventral
shield as a whole, contra traditional depictions of
Dunkleosteus (Figure 2). Placoderms retaining a
complete set of ventral shield plates invariably
have pelvises closely associated with the end of
the ventral shield.

The pelvic girdle of Dunkleosteus terrelli
appears to have been located at the end of the
ventral shield, as in other arthrodires. CMC
VP8294 preserves what appear to be pelvic fin
basals near the posterior end of the ventral shield.
(Figure 19). These basals are unlikely to be from

the pectoral or dorsal fins as they are much smaller
than the preserved pectoral fin basals and are too
far anterior for anal fin basals. Their position and
size agree with pelvic fin position in other arthro-
dires and the size of the pelvic girdle in Dunkleos-
teus (see below). The girdle itself is not visible, but
may be beneath unprepared matrix near the par-
tially exposed basals or on the missing corner of
the concretion. CMC VP8294 suggests the pelvic
fins of Dunkleosteus, like other arthrodires, were
located at the posterior end of the trunk armor,
lacking even a small gap as potentially seen in
Amazichthys. A significant gap between the ventral
shield and the pelvic fins, common in depictions of
D. terrelli (Figure 2), is unlikely.

At least three specimens of Dunkleosteus ter-
relli, CMNH 6090, CMNH 7054 (Figure 21) and
CMNH 7568, are known to preserve pelvic girdles
associated with partial or complete dermal armor.
The position of these girdles in-situ is not recorded
(A. McGee, pers. comm., June 2023), but collec-
tors in the Cleveland Shale historically only exca-
vated in the immediate area of the body armor due
to difficulties in collecting from steep cliff faces and
riverbanks (Hyde, 1926; D. Chapman and A.
McGee, pers. comm., March 2023). These excava-
tions often stopped once the trunk armor was
exposed assuming the rest of the body was not
preserved, but later fieldwork has found many ele-
ments of the post-thoracic skeleton often were
present further back into the cliff face and were
simply overlooked due to being small and difficult
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to recognize (Carr and Jackson, 2008; G. Kam-
pouris, pers. comms., March 2023). The three
specimens mentioned above were collected in the
1930-40s, suggesting the pelvic girdles were likely
found closely associated with the body armor as in
other arthrodires. If the pelvis of Dunkleosteus was
not associated with the ventral shield in life, it
would have been preserved in isolation from the
dermal skeleton and therefore be unlikely to have
been collected.

The pelvic girdle of Dunkleosteus is invariably
small. The largest are only 20 cm in height (Figure
21), and many are significantly smaller. The avail-
able pelvic girdles cannot all pertain to juveniles, as
they are frequently associated with large individu-
als. The pelvic girdle of CMNH 7054 is 18 cm tall
(6.0% estimated total length), and the pelvic girdle
of CMNH 7568 is 20 cm tall (5.7% estimated total
length), measurements are not available for CMNH
6090. Another specimen, CMNH 9951, likely rep-
resents one of the largest Dunkleosteus individuals
known (comparable to CMNH 5936, estimated
length ~4 m; Engelman, 2023b) based on the size
of its posterior ventrolateral plates (71 and 78 cm,
left and right, respectively in length). This speci-
men has a pelvic girdle only 19 cm in height,
roughly 4.2% estimated length.

The pelvic girdle of Dunkleosteus terrelli is
smaller and less robust than in other arthrodires,
suggesting a smaller pelvic fin. The dunkleosteoid
Eastmanosteus calliapsis has a pelvic girdle with a
height 9.3—10.6% of total length (Appendix 3: sec-
tion 5.2), roughly 1.7 times the relative size of this
element in D. terrelli. E. calliaspis is interpreted as
neritic (Trinajstic et al., 2022a), suggesting the
smaller pelvises of Dunkleosteus may be due to
pelagic habits. This resembles the pelagic aspi-
nothoracidans Amazichthys and Heintzichthys,
which also have relatively small, gracile pelvises
among arthrodires (Appendix 3: section 5.2; Dean,
1896; Carr, 1991; Jobbins et al., 2022). It also
resembles pelagic sharks (e.g., many lamniforms),
which have small pelvic fins relative to non-pelagic
taxa. How to reconstruct the size and shape of the
pelvic fins in Dunkleosteus given the small pelvis
remains unclear. Sharks have elongate basiptery-
gia which allow even small pelvic girdles to support
relatively large pelvic fins (e.g., see figures in
Stone and Shimada, 2019), but elongated basipte-
rygia are unknown in arthrodires. Instead the pelvic
fin basals articulated directly with the girdle (Miles
and Westoll, 1968: fig. 49; Trinajstic et al., 2015),
potentially resulting in a much smaller pelvic fin
base. Fin basals are preserved in association with
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Dunkleosteus pelvises (Williams, 1990: fig. 243),
suggesting the pelvic fins and girdle were not vesti-
gial in this taxon. Nevertheless, how they func-
tioned given their small size is unclear. For the
present reconstruction (Figure 4) pelvic fin shape
was reconstructed using lamnids as an extant ana-
logue, with the caveat their size may be conserva-
tively large.

Claspers. Claspers were likely present in Dunkle-
osteus, given this taxon is bracketed by other
clasper-bearing arthrodires (Figure 6), including
the coccosteomorphs Millerosteus, Coccosteus,
Compagopiscis, and Incisoscutum, the holonema-
tid Holonema, and the phyllolepids Austrophyliole-
pis and Cowralepis (Trinajstic et al., 2015), but
claspers have yet to be described for any pachyos-
teomorph. Further study is needed to determine if
claspers were present in pachyosteomorphs or if
their absence reflects secondary loss.

Anal Fin. Of the five fin loci in this reconstruction
(dorsal, pectoral, pelvic, anal, and caudal), the
presence and morphology of the anal fin is the
most difficult to constrain. Several arthrodires such
as Coccosteus (see Miles and Westoll, 1968), Wat-
sonosteus (NMS  G.1995.4.2), Incisoscutum
(NHMUK PVP 50934 [visible under x-ray, Z.
Johanson and J. Long, pers. comm., February
2022]; WAM 03.3.28), and Plourdosteus (MHNM
02-901) preserve an anal plate where the anal fin
is in other fishes (Figures 7B, 8). Anal plates have
not been identified in any pachyosteomorph,
including Dunkleosteus, Heintzichthys (Carr,
1991), or Amazichthys (M. Jobbins, pers. comm.,
July 2022).

Whether the anal plate actually supported a
fin has been controversial. Basals or fin outlines of
the anal fin are unknown in eubrachythoracid
arthrodires. This includes Amazichthys, though it is
possible the anal fin is simply not preserved in
known specimens (M. Jobbins, pers. comm., July
2022). R. S. Miles suggested the anal fin was
absent in eubrachythoracids (see Miles, 1966;
Miles and Westoll, 1968; Moy-Thomas and Miles,
1971), given the anal plate (= postanal plate of
those studies) had a thin distal edge apparently
lacking articulations for radials. Miles and Westoll
(1968: p. 450) suggested the plate served as an
attachment site for unidentified muscles or rep-
resents a vestigial fin base in eubrachythoracid
arthrodires. Most placoderm workers seem to have
tacitly disagreed with Miles’ assessment and con-
sider an anal fin present in eubrachythoracid
arthrodires (Trinajstic et al.,, 2013; K. Trinajstic,
pers. comm., July 2022), but evidence for this inter-



pretation or a formal rebuttal to Miles’ hypothesis
have not been presented in the literature. An anal
fin is present in the groenlandaspid Africanaspis
(Gess and Trinajstic, 2017). This implies an anal fin
was absent in eubrachythoracid arthrodires it was
a secondary loss. Unfortunately, specimens of Afri-
canaspis do not preserve endoskeletal elements,
obscuring its anal fin morphology. Ultimately the
functional morphology of the anal plate in
eubrachythoracid arthrodires and whether it cor-
relates with an anal fin requires further study.
Dunkleosteus is conservatively reconstructed with
an anal fin here, given it is the general consensus
among arthrodire workers.
Caudal Fin. The caudal fin is inherently the most
speculative aspect of any arthrodire reconstruction.
Caudal fin skeletons have only been reported for
Holonema, Plourdosteus, and the coccosteids from
the Orcadian Basin (Miles and Westoll, 1968;
Vézina, 1988; Trinajstic, 1999; they are currently
unknown for any Gogo eubrachythoracid, see Tri-
najstic et al., 2022a), and soft tissue outlines are
only known for Africanaspis and Amazichthys
(Gess and Trinajstic, 2017; Jobbins et al., 2022).
Although significant advances have been made in
the study of arthrodire caudal fin shape (Ferrén et
al., 2017a; Jobbins et al., 2022), caudal material
has not been described for Dunkleosteus terrelli.
Thus, whereas all other anatomical regions in this
manuscript are at least partly based on data from
Dunkleosteus fossils, caudal fin morphology must
be inferred based on paleobiology and biomechan-
ical or functional comparisons with other fishes,
which fortunately seem to be a much stronger influ-
ence on caudal fin shape than phylogenetic history
(Nursall, 1958; Aleev, 1969; Ferrén et al., 2017a).
The shape of the caudal fin here generally fol-
lows Ferron et al. (2017a), with modifications.
Although Dunkleosteus terrelli is often recon-
structed with an anguilliform or macruriform caudal
fin in older works (Figure 2; e.g., Heintz, 1932),
Ferrén et al. (2017a) demonstrated the caudal fin
of this taxon was most likely lunate. This conclu-
sion was further supported by the discovery of a
lunate fin in the pachyosteomorph arthrodire
Amazichthys (Jobbins et al., 2022). Although the
author agrees with the broader conclusions of Fer-
réon et al. (2017a), methodological issues suggest
the shape predicted in that study may need adjust-
ment. Ferrén et al. (2017a) predicted caudal fin
shape in Dunkleosteus via an allometric regression
analysis derived from geometric morphometric
data in extant sharks, but the only predictive infor-
mation considered from Dunkleosteus were esti-
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mated length (based on upper jaw perimeter) and
inferred pelagic habits (Ferron et al., 2017a: p. 5).
No geometric landmark data from Dunkleosteus
fossils were used in this prediction. Thus, the cau-
dal fin shape predicted by this study is not neces-
sarily the expected caudal fin shape for
Dunkleosteus, but the expected caudal fin shape of
a pelagic shark with a similar-sized mouth to
Dunkleosteus. If Dunkleosteus substantially dif-
fered from sharks in body shape (such as having a
deeper trunk), the predicted caudal fin shape
would need adjustment. This may be one reason
why the caudal fin in the reconstruction presented
by Ferron et al. (2017a: fig. 4B) appears so gracile
and has a small span relative to the animal’s body.

Trunk height and caudal fin span are closely
correlated in marine vertebrates (Aleev, 1969: p.
120-129; Motani et al., 1996; Jobbins et al., 2022)
especially those that use body and caudal fin
(BCF) propulsion, with the caudal fin spans of most
nektonic fishes (e.g., Carcharhiniformes, Carangi-
formes, Istiophoriformes, Lamniformes, Scombri-
dae) being equal to or greater than trunk height.
Exceptions to this pattern are taxa (often discoid
acanthopterygians) that are either partially or
entirely median and paired fin (MPF) swimmers
(Aleev, 1969). This correlation may be due to
wake, with the caudal fin span needing to be close
to trunk height for the fin tips project to beyond the
drag vortices created by the trunk and allow the fin
to function as a rudder (Aleev, 1969: p. 120-121).
The deep trunk of Dunkleosteus would completely
rule out a slightly heterocercal or anguilliform cau-
dal fin for this taxon, typical of reconstructions prior
to Ferron et al. (2017a). Because the thrust gener-
ated by a paddle (caudal fin) is proportional to its
surface area and given the stocky body of arthro-
dires, the caudal fin of Dunkleosteus may also
require a deeper and broader than predicted in
Ferron et al. (2017a) to provide sufficient thrust.
These conclusions are supported by the caudal fin
shape of Amazichthys trinajsticae, which although
superficially resembling a pelagic shark is also rel-
atively broader and taller (Jobbins et al., 2022: p.
16-17).

The caudal fin of Dunkleosteus may also need
to be significantly more homocercal and have a
larger ventral lobe than Ferrén et al. (2017a) pre-
dicted, given the depth of the trunk and dorsoven-
trally high position of the spinal cord. The caudal fin
shape proposed by Ferrén et al. (2017a) results in
a ventral lobe that does not reach the ventral edge
of the trunk, even if caudal fin span is greatly
increased. This is unlike most fishes using BCF
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propulsion and highly forked fins, and would poten-
tially make the ventral lobe unable to escape the
wake produced by a deeper torso (Aleev, 1969: p.
132-134). This is also why the reconstruction in
Engelman (2023b), which uncritically used the
degree of heterocercality proposed by Ferrén et al.
(2017a), has a caudal fin that appears lopsided
(Appendix 1). The only way to retain the caudal fin
shape proposed by Ferrén et al. (2017a) and allow
the ventral lobe to reach the ventral level of the
trunk is to expand the fin until the height of the dor-
sal lobe alone is almost as tall as the entire trunk.
Given the deep trunk of Dunkleosteus, this seems
unlikely. The only way to fix this biomechanical
issue is to restore the caudal fin of Dunkleosteus
with a larger ventral lobe (though still possibly
within the range of variation in ventral lobe size
proposed by Ferrén et al., 2017a: fig. 4A). The
presence of a larger ventral lobe is supported by
living fishes with caudal peduncles higher than the
center of gravity (e.g., Pelecus cultratus, see
Aleev, 1969: fig. 85). These fishes usually compen-
sate for such an arrangement via a larger ventral
lobe, which results in the center of area of the cau-
dal fin remaining at the dorsoventral level of the
center of mass (Aleev, 1969: p. 132-134).
Comparatively larger ventral lobes (relative to
sharks) may characterize eubrachythoracid arthro-
dires more broadly (see also Figure 7). Amazich-
thys is also characterized by a proportionally
deeper ventral lobe than extant sharks, resulting in
its caudal fin shape plotting slightly outside extant
shark morphospace (Jobbins et al., 2022: p. 15—
16). The strongly heterocercal caudal fin and small
ventral lobe of sharks and acipenserids (sturgeons)
may be related to the cambered, ventrally flattened
trunk (used to generate lift; Aleev, 1969), which
means the ventral lobe does not have to be as tall
to reach the ventral margin. Eubrachythoracid
arthrodires generally lack cambered trunks, given
most have a ventrally curved trunk armor (Figure
10; see also Dennis and Miles, 1979a; Dennis-
Bryan, 1987; Gardiner and Miles, 1990, 1994).
Other features such as the insertions of the m.
coracomandibularis and m. coracohyoideus being
dorsally elevated relative to their origins on the
interolateral plate of the trunk armor when the
mouth was closed (see previous citation, as well as
Johanson, 2003; Sanchez et al., 2013) also imply
their head was ventrally curved, not flattened —
contra the condition in sharks and acipenserids.
Arthrodires also generally show a deeper trunk
than sharks and acipenserids (Engelman, 2023b),
which would suggest a broader caudal fin span.
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Some early-diverging eubrachythoracids like Mille-
rosteus and Coccosteus are a partial exception
due to their flatter ventral shield (Miles and Westoll,
1968; Desmond, 1974; Engelman, 2023a), but this
may be driven by their inferred demersal habits
instead of lift (Miles and Westoll, 1968; Trewin,
1986). A relationship between body cambering and
caudal fin shape is further supported by polyodon-
tids and most Paleozoic actinopterygians, which
have non-cambered bodies and caudal fins that
are internally heterocercal but externally homocer-
cal or only slightly heterocercal (Grande and
Bemis, 1991; Schultze et al., 2021). It is also worth
noting that pelagic sharks like lamnids also tend to
have caudal fins that are near-homocercal exter-
nally (Thomson and Simanek, 1977; Sternes and
Shimada, 2020). In this respect paleoenvironment
and the preserved anatomy of Dunkleosteus con-
verge in their suggested caudal fin shape.

Other evidence suggests caudal fins with well-
developed heterocercal angles and/or caudal forks
may have been more widely distributed in Arthro-
dira than previously thought. Arthrodires are fre-
quently reconstructed with weakly heterocercal or
even macruriform caudal fins based on Coccos-
teus cuspidatus (Heintz, 1931a, 1938; Stensio,
1963; Miles and Westoll, 1968). However, the cau-
dal morphology of well-preserved specimens of C.
cuspidatus differs from “classic” reconstructions in
several aspects. This is best demonstrated by
ROM VP 52664, which shows a spectacularly pre-
served caudal skeleton (Figure 7). The caudal fin
of this specimen is noticeably shorter than previous
reconstructions (21.6% total length versus 32%
total length) and has a sharper, more pronounced
heterocercal angle (24.5° versus 18°). Other speci-
mens of C. cuspidatus (NMS 1897.55.6, NMS
1900.12.12, NMS 1901.106.1) show similar pro-
portions (Appendix 6). The caudal skeleton of Coc-
costeus resembles a carcharhinid shark in
exhibiting a well-developed caudal bend. By con-
trast, other shark groups often compared with Coc-
costeus, such as Squaliformes, Heterodontiformes,
or Orectolobiformes, lack a sharp bend in their cau-
dal skeleton, and the heterocercality of the fin is
formed by soft tissue (Compagno, 1984; Little and
Bemis, 2004; De luliis and Pulera, 2011; Motani
and Shimada, 2023). This indicates a more
strongly heterocercal fin in Coccosteus than previ-
ously thought.

ROM VP 52264 shows eight enlarged haemal
spines at the base of the caudal bend, potentially
suggesting a larger ventral (hypochordal) lobe of
the caudal fin in Coccosteus cuspidatus than previ-



ously assumed (Figure 7). Heintz (1938) and Miles
and Westoll (1968: p. 449) also noticed these
structures in their specimens and used them to
suggest Coccosteus had a hypocercal lobe, though
they restored it as extremely small. No reasoning
was given, but this was likely based on the histori-
cal assumption that arthrodires lacked distal radi-
als/ceratotrichia and the smooth gradient in the
height of the haemal spines (see discussion in
Heintz, 1931a, 1938; Carr et al., 2010; Greenfield,
2020). Distal fin cartilages and ceratotrichia have
been since identified in several arthrodire taxa
(Trewin, 1986; Carr et al.,, 2010; Jobbins et al.,
2022), suggesting the caudal fin profiles of arthro-
dires were probably larger than previously thought.
Prominent hypochordal lobes and forked caudal
fins are not reflected in the gross morphology of
the endoskeleton in many extant sharks (Little and
Bemis, 2004; Kim et al., 2013; Moreira et al.,
2019), suggesting a Coccosteus-like caudal skele-
ton does not necessarily imply an anguilliform or
macruriform caudal fin. Indeed, ROM VP 52264
shows a sharp difference in height between the
enlarged haemal spines at the base of the caudal
bend and those further posterior, which could be
interpreted as evidence of a caudal fork (Figure 7),
but this transition is less clear in other specimens
of Coccosteus.

This evidence suggests caudal fins with pro-
nounced heterocercal angles and caudal forks
might be more widely distributed in arthrodires than
once thought. Further examination of haemal
arches in heterocercal fishes might identify fea-
tures useful for determining the presence or extent
of a hypochordal lobe. Examining the caudal skele-
ton morphology of Coccosteus in more detail is
beyond the scope of this study, but current evi-
dence suggests inferences of macruriform, anguilli-
form, or weakly heterocercal caudal fins in
eubrachythoracid arthrodires (i.e., other coccosteo-
morphs) need more rigorous evaluation. In the
case of Dunkleosteus, the anteroposteriorly short,
sharply angled caudal skeleton of Coccosteus fur-
ther argues against an elongate “eel-like” caudal
fin, commonly seen in depictions of D. terrelli prior
to Ferron et al. (2017a).

Arthrodires seem to have proportionally deep
caudal peduncles among fishes. Demersal arthro-
dires like Coccosteus, Plourdosteus, Watsonos-
teus, and Incisoscutum seem to have much deeper
caudal peduncles (~40% greatest body depth) than
sharks with analogous life habits (e.g., Triaeno-
don). Amazichthys also has a deep peduncle,
roughly 40% greatest body depth (Jobbins et al.,
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2022), despite this fish being interpreted as
pelagic. This condition is unusual, as most extant
pelagic fishes have caudal peduncles < 25% maxi-
mum body height, though it resembles megalopids,
rachycentrids, and sphyraenids (Appendix 3: fig.
4.16). The deep peduncle of Amazichthys cannot
be attributed to taphonomic deformation. Assuming
an originally narrow lamnid, scombrid, or istiophori-
form-like peduncle would require the peduncle to
nearly double in height due to taphonomic distor-
tion, which is highly unlikely, especially as a deep
peduncle is present in multiple specimens of
Amazichthys (Jobbins et al., 2022).

The deep peduncle of arthrodires may result
from their generally stocky body plan (Engelman,
2023b). Due to their relatively massive bodies for
their length, the deeper and sturdier peduncle of
arthrodires may provide more force through the
caudal fin and thus more thrust for a shorter, more
massive body. However, the possibility that the
deep peduncle of Amazichthys is reflective of a
megalopid, rachycentrid, or sphyraenid-like mode
of life cannot be ruled out. For Dunkleosteus,
because of its likely pelagic habits (see “Paleoenvi-
ronmental Context of the Cleveland Shale”), the
author reconstructed the peduncle as deeper than
that of extant thunniform taxa but narrower than
other arthrodires. Preliminary data suggest pedun-
cle height is influenced by both phylogeny and
anatomy (Appendix 3: section 4.8.2), confounding
a straightforward estimation of peduncle height in
fossil fishes. Attempting to estimate the peduncle
height of CMNH 5768 without assuming pelagic
habits produces a possible range of 7-30 cm,
roughly 2—9% estimated total length (Appendix 3:
section 4.8.2), which is relatively narrow compared
to the animal’s deep trunk. However, the author
recommends this estimate be considered with sig-
nificant skepticism given the overall imprecision in
this model.

The caudal fin of Dunkleosteus was recon-
structed without a terminal caudal lobe (Figure 2).
Free terminal caudal lobes are present in all mod-
ern (neoselachian) sharks, which represent the
majority of extant heterocercal fishes. However,
they are absent in all other heterocercal fishes,
including the arthrodire Amazichthys (Jobbins et
al., 2022), non-neoselachian chondrichthyans like
Symmoriformes (Dean, 1909b), Eugeneodon-
tiformes (Zangerl, 1981), Ctenacanthiformes (Hod-
nett et al., 2021), and Hybodontiformes (Maisey,
1989), and heterocercal actinopterygians like
“palaeoniscoids” (Schultze et al., 2021), and acip-
enseriforms (Grande and Bemis, 1991). A free ter-
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minal caudal lobe appears to be a neoselachian
apomorphy, and thus unlikely to be present in
Dunkleosteus.

Lateral keels on the caudal peduncle are
unknown in Dunkleosteus but highly likely, given
these structures have evolved independently multi-
ple times in pelagic fishes. These include Chon-
drichthyes (Cladoselache, eugeneodonts, lamnids;
Dean, 1894; Garrick, 1967; Zangerl, 1981), Acti-
nopterygii (scombrids and xiphiids; LaMonte, 1955;
Walters, 1962), and the aspinothoracidan arthro-
dire Amazichthys (Jobbins et al., 2022). This sug-
gests lateral caudal keels are a particularly plastic
trait in fish evolution, agreeing with previous obser-
vations that caudal fin morphology in fishes is more
influenced by function than phylogenetic history
(Nursall, 1958; Ferron et al., 2017a). If Dunkleos-
teus was pelagic as favored here, these structures
were likely present.

DISCUSSION

Paleobiology and Swimming Kinematics of
Dunkleosteus

Body Shape in Dunkleosteus. Multiple lines of
evidence (trunk armor shape, head proportions,
OOL, entering angle, position of the fin bases, etc.;
see present study and Engelman, 2023b) suggest
Dunkleosteus had a relatively stocky body plan
with a deep trunk. Deep trunks and/or stocky bod-
ies occur in a number of fish ecomorphs, but few of
these are associated with open water habitats like
those interpreted for the Cleveland Shale. For
example, groupers (Serranidae), giant sea bass
(Stereolepis), and coelacanths (Latimeria) are
stocky-bodied but are also generally demersal taxa
that remain close to the substrate and rarely range
into open water (Bullock and Smith, 1991; Musick
et al., 1991; Allen and Andrews, 2012). Given the
Cleveland Shale paleoenvironment has been inter-
preted as uninhabitable to non-nektonic organisms
due to its anoxic bottom (see “Paleoenvironmental
Context of the Cleveland Shale”), this constrains
Dunkleosteus to the relative narrow range of body
shapes seen in pelagic fishes and neritic fishes
that sometimes venture into open water habitats
like tiger sharks (Galeocerdo cuvier) and barracu-
das (Sphyraenidae) (Allen and Cross, 2006; Com-
pagno, 2008; Helfman et al., 2009: fig. 18.6).
Among open water fishes, most taxa with relatively
deep trunks and stocky bodies are thunniform spe-
cies, such as thunnins and lamnid sharks (Helfman
et al., 2009: fig. 18.6). The only other pelagic fishes
with deep-bodies are taxa like opah (Lampridae)
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and molas (Molidae), which Dunkleosteus is
unlikely to have resembled as these taxa are highly
specialized MPF swimmers. Within the limited
range of body forms seen in open water fishes, a
thunniform body shape seems most likely for
Dunkleosteus.

Several other features of Dunkleosteus are
potentially suggestive of thunniform locomotion.
The anterior vertebral column is highly stiffened by
partial fusion and extensive lateral articular facets
(Johanson et al., 2019). The trunk would have
been further stiffened anteriorly by the laterally-
inflexible dermal armor, and while dermal armor is
present in all arthrodires the ventral shield of
Dunkleosteus is particularly inflexible laterally due
to extensive interlocking processes between the
anterior and posterior ventrolateral plates (see
below). These patterns broadly resemble other
thunniform vertebrates, which often show adapta-
tions enhancing the rigidity of the anterior vertebral
column and trunk (Fierstine and Walters, 1968;
Motani et al., 1996; Fish, 2002), though the exact
mechanisms used to achieve this differ between
groups. Thunnins use elongate zygapophyses and
restriction of the notochord (Fierstine and Walters,
1968; Baxter et al., 2022), thunnosaurian ichthyo-
saurs use large, discoidal centra (Motani et al.,
1996), cetaceans use highly compressed cervical
and anterior thoracic centra (Fish, 2002), and
Dunkleosteus exhibits partial vertebral fusion and
laterally expanded articular processes. Additional
characters proposed to be useful in identifying
extinct thunniform swimmers are restricted to the
caudal and posterior axial skeleton (Motani and
Shimada, 2023), regions currently unknown for
Dunkleosteus, and thus cannot be evaluated.

The trunk armor of Dunkleosteus suggests the
presence of well-developed axial musculature, with
the area spanned by the lateral longitudinal bun-
dles being particularly large compared to other
arthrodires (Figures 13 and 15). In most fishes the
lateral longitudinal bundles are the main muscles
involved in trunk undulation, suggesting Dunkleos-
teus may have been capable of powerful lateral
flexion of the posterior trunk and tail. Much of this
musculature would have been located anterior to
the end of the ventral shield (Figures 4, 15), some-
what resembling thunnins and lamnids, which
show an anteriorization of muscle mass (especially
red muscle) compared to non-thunniform taxa
(Graham et al., 1983; Carey et al., 1985). However,
it also means much of the musculature in Dunkle-
osteus would be in an area incapable of lateral
undulation due to the inflexible trunk armor and



partially fused spinal column. Extant thunniform
fishes solve similar biomechanical issues of loco-
moting with a stiff body via large, well-developed
lateral tendons and other connective tissues, which
transmit forces generated by muscles in the other-
wise stiff anterior trunk to the posterior trunk and
caudal peduncle (Donley et al.,, 2004; Shadwick
and Gemballa, 2005; Gemballa et al., 2006). The
prominent internal ridge on the posterior lateral in
Dunkleosteus terrelli, currently unique to this taxon,
suggests an unusually well-developed horizontal
septum compared to other arthrodires, with strong
stabilizing connections to the trunk armor. In thun-
nins the horizontal septum is one of the main tis-
sues involved in transmitting force from the anterior
axial musculature to the caudal peduncle (West-
neat et al., 1993), though in lamnids an analogous
function is instead performed by the hypaxial lat-
eral tendons (Donley et al., 2004). This suggests
Dunkleosteus may have resembled some extant
thunniform fishes in having a well-developed hori-
zontal septum that could be used to transmit force
from the anterior to the posterior trunk.

Other lines of anatomical evidence support
pelagic and tachynektonic habits in Dunkleosteus.
These do not directly support a thunniform body
plan, but do suggest the deep trunk of Dunkleos-
teus cannot be attributed to this taxon having a
non-pelagic lifestyle. The small pelvic girdle of D.
terrelli resembles many other pelagic, tachynek-
tonic vertebrate clades (Figure 22) which have
convergently reduced or outright lost the pelvic gir-
dle (e.g., some arthrodires like Amazichthys, Lam-
niformes, Symmoriformes, Eugeneodontida,
Thunnosauria, Cetacea; Zangerl, 1981; Com-
pagno, 1990; Gutarra et al., 2019; Gutarra et al.,
2022; Jobbins et al., 2022), likely because large,
paired fins contribute significantly to drag (Gutarra
et al., 2019; Gutarra et al.,, 2022). The smooth,
unornamented dermal armor of Dunkleosteus
might also be indicative of pelagic habits, as other
arthrodires lacking tuberculated armor (e.g., sele-
nosteids) are interpreted as tachynektonic species.
Notably, virtually all Cleveland Shale arthrodires
have unornamented armor regardless of their phy-
logenetic position, with a few exceptions that are
rare in the fauna (Glyptaspis; Boylan and Murphy,
1978). Cleveland Shale arthrodires appear to rep-
resent at least two independent losses of armor
tuberculation (once in Dunkleosteus terrelli and at
least once in aspinothoracidans; Dennis-Bryan,
1987; Carr and Hlavin, 2010; Zhu et al., 2016b),
further suggesting this is driven by paleobiology
rather than phylogeny. This contrasts with other
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arthrodire faunas (e.g., Gogo, Wee Jasper, the var-
ious Orcadian Basin faunas) in which most if not all
species have tuberculated armor (e.g., Miles and
Westoll, 1968; Desmond, 1974; Dennis and Miles,
1979b; Miles and Dennis, 1979; Dennis-Bryan,
1987; Young, 2004, 2009). This resembles what is
seen in extant fishes, where open water taxa such
as tunas (Thunnini), barracudas (Sphyraenidae),
and tarpon (Megalopidae) have smooth or unorna-
mented dermal skeletons, whereas benthic/demer-
sal fishes or those associated with cluttered
habitats such as gars (Lepisosteidae), sturgeons
(Acipenseridae), pacu (Serrasalmidae), many cat-
fishes (Ariidae, Loricariidae, Callichthyidae, Dora-
didae, Pimelodidae) show ornamented bone
texture (Engelman, pers. obs.). However, a more
in-depth survey of this phenomenon is beyond the
scope of this study.

Biogeography further supports pelagic life
habits for Dunkleosteus. Fossils of Dunkleosteus
have been found in Laurentia, Africa (Morocco),
and Baltica (Carr, 2009; Szrek and Wilk, 2018;
Lebedev et al.,, 2023). The material from Baltica
has been assigned to a distinct species (D. tuder-
ensis; Lebedev et al., 2023), but D. terrelli from
Laurentia and D. marsaisi from Africa may be syn-
onymous (Ricklin, 2002). Some of these land-
masses were potentially separated by ocean
basins during the Late Devonian (Golonka, 2020),
suggesting Dunkleosteus was capable of crossing
the open ocean. Large arthrodires like Dunkleos-
teus, Gorgonichthys, and Titanichthys generally
show wide biogeographical distributions (Carr,
2009; Boyle and Ryan, 2017; Coatham et al.,
2020; Szrek et al., 2021), agreeing with sugges-
tions of ocean-going habits.

Body Shape Evolution in Pelagic Vertebrates.
The stocky body shape interpreted for Dunkleos-
teus relative to other arthrodires is not unusual
among pelagic vertebrates. Body plans with
deeper, stockier trunks and lower fineness ratios
compared to demersal or neritic outgroups have
convergently evolved in a number of thunniform
pelagic vertebrate clades (Figure 22), including
lamniform sharks, two lineages of scombrids (thun-
nins and Gasterochisma) (Block and Finnerty,
1994; Bernal et al., 2001; Donley et al., 2004;
Shadwick, 2005), eosauropterygians (Wintrich et
al., 2017), ichthyosaurs (Buchholtz, 2001; Motani,
2004; Gutarra et al., 2019), and cetaceans (Gin-
gerich, 1998; Bebej and Smith, 2018). Arthrodires
simply appear to be part of this broader trend, with
Dunkleosteus potentially being one of the geologi-
cally oldest examples of a thunniform body plan.
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Non-Pelagic

A Coccosteus

Arthrodira

C Utatsusaurus

Ichthyopterygia

E Scomber

Scombridae

G Carcharias

Lamniformes

B Dunkleosteus

D ophthalmosaurus

F Thunnus

H carcharodon

FIGURE 22. Parallel trends of body fineness evolution in pelagic Arthrodira, Ichthyopterygia, Scombridae, and Chon-
drichthyes (Lamniformes). A-B, Arthrodira; C-D, Ichthyopterygia; E-F, Scombridae; G—H, Lamniformes. In the case
of E, all scombrids are open water fishes to some degree but there is a distinct difference in body shape between
coastal (neritic) non-thunnins like Scomber and oceanic (pelagic) thunnins. Note that while some features in Dunkle-
osteus are well-supported (fineness ratio, pelvic fin size) and others have some anatomical constraints (dorsal fin posi-
tion, caudal fin span), others are inferred approximations requiring further study (caudal peduncle height); see Table 1.
A-B, present study; C-D modified from McGowan and Motani (2003); E, drawn from USNM 25256 in Goode (1884),
published in the public domain by NOAA; F drawn from measurements in Rivas (1955) and Russell (1934); G redrawn
from 153 TL specimen collected by F.H. Mollen (ERB 1183; Mollen, 2019); H drawn from measurements of MZL 23981

in De Maddalena et al. (2003).

Dunkleosteus appears slightly stockier than the
other pelagic taxa in Figure 22, but this may be
because arthrodires are generally stockier and
more robust than other fishes regardless of life
habits (Engelman, 2023b: p. 33-38). Thus, the
shape of Dunkleosteus may reflect selection for a
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shorter, deeper body applied on top of an ances-
trally stocky body plan.

Despite thunniform body plans convergently
evolving in a number of pelagic vertebrates, the
underlying reason for stockier body shapes and
lower fineness ratios in these taxa remains poorly



A Scomber, neritic generalized fusiform taxon

B Thunnus, pelagic endotherm (“tuna-morph”)
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C Acanthocybium, pelagic ectotherm (“mackerel-morph”)

FIGURE 23. Two morphological optima of pelagic fishes compared to a generalized neritic relative, scaled to the
same total length. A, Scomber scombrus, a generalized coastal species; B, Acanthocybium solandrei, an ectothermic
pelagic taxon; C, Thunnus thynnus, an endothermic pelagic taxon. A and C as in Figure 22, B drawn from FSBC

6267.

understood. A short, deep body shape has been
suggested to reduce surface area-to-volume ratio
and therefore drag (Alexander, 1967; Vogel, 2008),
but biomechanical modeling has been equivocal on
this idea (Gutarra et al., 2019). One possibility is
this phenomenon may be driven by endothermy
(Block and Finnerty, 1994). Most pelagic verte-
brates with stocky bodies and high fineness ratios,
including thunnins, Gasterochisma, xiphiids, lam-
nids, cetaceans, ichthyosaurs, and lamprids, are
almost exclusively endothermic (Block and Fin-
nerty, 1994; Bernard et al., 2010; Wegner et al.,
2015), whereas other pelagic vertebrates such as
non-thunnin scombrids (e.g., Acanthocybium,
Scomberomorus), istiophorids, coryphaenids,
other nektonic sharks like carcharhinids, etc., are
predominantly ectothermic and often show elon-
gate body plans (Figure 23). The link between
body shape and thermophysiology is controversial
in fishes (Sternes et al., 2024), but this is primarily
due to regional endothermy being identified in non-
thunniform taxa, there are few if any “false posi-
tives” of ectothermic pelagic fishes with stocky
bodies. This pattern may be due to a squatter, fat-
ter tuna-like body plan being better at retaining
heat due to the square-cube law, and therefore
more optimal for endothermic organisms (Block
and Finnerty, 1994). Size may also play an import-
ant role in determining which of these morphotypes
is functionally optimal. Most tuna-like taxa are rela-
tively large, whereas most ectothermic pelagic ver-
tebrates are smaller (compare the 3.5 m
Dunkleosteus versus 1 m Amazichthys). Because
drag also scales following the square-cube law
(proportional to surface area), larger animals may
be less penalized by drag produced by the higher
fineness ratios of thunniform body plans (Gutarra
et al.,, 2019; Gutarra et al., 2022). Ferron et al.
(2017b) suggested larger body size may also pro-
mote endothermy (and potentially by extension a
thunniform body shape), because it allows large
pelagic animals to range farther to find food to sup-

port their large size. All of these factors may work
together to promote thunniform shapes in larger
pelagic organisms.

Given the evidence suggesting a stocky, likely
thunniform body shape in Dunkleosteus, this taxon
could potentially be the oldest known endotherm.
This would not be the first time endothermy has
been proposed for Late Devonian arthrodires, Fer-
réon et al. (2017b) predicted Dunkleosteus would
eventually be identified as endothermic given most
marine predators of similar size (~1000-10000 kg)
and activity level are regional or whole-body endo-
therms. The question of whether Dunkleosteus
exhibited regional or whole-body endothermy is a
potentially fruitful area for future research, but with-
out more direct evidence (e.g., histology; see Cubo
et al.,, 2020) must be treated as speculative for
now.

Turning Performance in Dunkleosteus. Despite
its short, deep body plan, extensive dermal armor,
and evidence for a stiffened trunk, Dunkleosteus
may have shown comparatively greater maneuver-
ability than extant thunniform taxa. Short, deep
body plans (i.e., low fineness ratios) are often
associated with high acceleration and turning abil-
ity in fishes (Alexander, 1967; Howe et al., 2021). A
short, deep body results in more of the body being
closer to the center of mass, minimizing the
moment of inertia and allowing tighter pivoting on
the animal’s long axis (Alexander, 1967; Webb,
2005). Similarly, a shorter body minimizes turning
drag because parts of the body more distal to the
center of mass move faster when turning, creating
more drag (Alexander, 1967: p. 45). These selec-
tive pressures would potentially be more relevant
for stiffer-bodied organisms (like arthrodires), for
which the ability to bank into a turn (as more flexi-
ble-bodied fishes do; Gray, 1933; Weihs, 1972)
was limited. These biomechanical challenges
would be exaggerated at larger body sizes,
because drag o« surface area « body length?2,
whereas moment of inertia < distal body mass «
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TABLE 4. Pre-pectoral length as a percentage of total length in several nektonic fish clades. Data represent clade
average of species averages to allow equal representation of each species. Ranges represent ranges of species aver-
age for all except Dunkleosteus terrelli, which is represented in terms of individual specimens to highlight the lack of
individual variation in this proportion. Data in Appendix 4, for additional information and analyses see Appendix 3: sec-

tion 4.4.

Taxon Clade # Species #Specimens % Prepectoral Length
Dunkleosteus Arthrodira 1 5 13.1 (11.2-14.6)*
Eastmanosteus Arthrodira 1 1 13.3
Amazichthys Arthrodira 1 1 23.1
Coccosteidae Arthrodira 3 7 20.8 (18.6-23.7)
Incisoscutum Arthrodira 1 2 211
Ichthyodectiformes Osteichthyes 7 7 13.7 (12.1-15.8)
Megalopidae Osteichthyes 2 6 18.5 (17.6-19.4)
Cheirocentridae Osteichthyes 2 8 14.5 (14.3-14.8)
Other Clupeiformes Osteichthyes 17 51 18.6 (15.8-21.8)
Salmonidae Osteichthyes 12 35 18.8 (15.3-22.3)
Lampridae Osteichthyes 4 4 28.3 (27.3-28.8)
Carangiformes Osteichthyes 60 128 21.2 (14.6-27.6)
Istiophoriformes Osteichthyes 10 147 21.1 (18.7-22.7)
Scombridae Osteichthyes 33 106 23.0 (15.1-29.4)
Sphyraenidae Osteichthyes 13 40 25.4 (23.3-28.2)
Carcharhinidae Chondrichthyes 41 234 22.1 (18.1-24.6)
Lamnidae Chondrichthyes 4 31 26.2 (24.8-27.8)
Squalidae Chondrichthyes 15 37 21.8 (18.0-24.8)

body length3. This would potentially result in selec-
tion for increasingly stocky shapes (higher length-
weight relationships) at large body sizes in arthro-
dires to minimize these effects. The stocky body
shape and allometric patterns in trunk armor mor-
phology described here for Dunkleosteus could be
interpreted as supporting this idea.

The large size of the pectoral fin in Dunkleos-
teus terrelli and its comparatively anterior location
on the body would have further enhanced turning
ability. Pectoral fins become more effective rudders
the further anterior they are to the center of mass
(Aleev, 1969; Nakaya, 1995; Fish, 2002), as this
creates a longer lever arm and thus more torque.
Theoretically, turning ability is optimized if the rud-
der is at the anterior tip of the body, yet in most
fishes the anterior extent of the pectoral fin is con-
strained by the length of the snout/head (novelly
solved in Sphyrnidae via the cephalofoil; Nakaya,
1995). Dunkleosteus, with its short snout, deep
head, and anteriorly positioned pectoral fenestra,
had a considerably more anterior pectoral fin than
most extant nektonic fishes (Table 4). Along with
the large size of the fin base, this would have
potentially made this taxon effective at turning.
These specializations may have served to com-

48

pensate for the bulky and relatively stiff trunk, but
the extreme degree of specialization seen in
Dunkleosteus suggests these features may not
have been mutually exclusive. The size of the pec-
toral fins by themselves can also enhance maneu-
verability. The proportionally larger pectoral fins of
humpback whales (Megaptera novaeangeliae)
make them substantially more maneuverable than
other baleen whales, which otherwise tend to swim
in a relatively rectilinear and stiff-bodied fashion
due to sheer size (Fish and Battle, 1995; Fish,
1999). It is possible that the large pectoral fenes-
trae seen in many seemingly nektonic pachyosteo-
morph arthrodires (Stensid, 1959; Miles, 1969;
Carr, 1995), including Dunkleosteus, reflect the
presence of large, mobile pectoral fins which
served to compensate for their stiffened anterior
trunks. Ironically, while modern thunniform swim-
mers like lamnids and thunnins are typically char-
acterized by stiff bodies and poor turning
performance (Blake et al., 1995; Blake, 2004;
Syme and Shadwick, 2011; Downs et al., 2023),
the anatomy of Dunkleosteus suggests it may have
been comparatively better at turning performance
within the adaptive landscape of thunniform body
plans.



The short, deep body of Dunkleosteus also
suggests it was likely capable of faster initial bursts
of acceleration than extant sharks. Deeper bodies
potentially result in more muscle mass relative to
length (Webb, 1978), as well as longer myomeres
relative to body length (Jayne and Lauder, 1994,
1996) and therefore an increase in the force each
myomere can generate. The more posterior posi-
tion of the dorsal fin relative to the center of gravity
in Dunkleosteus is also more biomechanically simi-
lar to “fast-start” predatory fishes capable of high
initial acceleration (e.g., esocids and sphyraenids;
Aleev, 1969; Weihs and Webb, 1983; Drucker and
Lauder, 2001; Maia and Wilga, 2013). This is
thought to be because the more posterior dorsal fin
can stabilize flow over the caudal fin and be
recruited to expand the lateral surface area of the
posterior body oscillated during lateral undulation
(ibid). However, the position of the dorsal fin in
Dunkleosteus may be due to pre-existing con-
straints of the arthrodire body plan (i.e., the devel-
opment of the carinal process) rather than any
selective pressure for high acceleration.

Any morphological specialization creates
tradeoffs. While the available evidence suggests
Dunkleosteus most likely had a thunniform shape,
the comparatively deeper body and larger frontal
profile (as well as the much blunter snout) would
have created more drag than lamnid sharks or
tuna. Thus, when compared to extant thunniform
fishes Dunkleosteus may have performed better at
maneuverability and burst acceleration at the
expense of endurance and sustained swimming
speed (i.e., a sprinter versus long distance pursuit
predator). Arthrodires, like sharks and dolphins,
also lack the bony tails that allow tachynektonic
actinopterygians like scombrids and istophori-
forms to ignore cavitation damage (losilevskii and
Weihs, 2008), further limiting practical maximum
swimming speed. However, the reduced perfor-
mance of Dunkleosteus in sustained swimming
compared to lamnids or tunas should not be taken
as an indication that this animal was a less effec-
tive organism. Rather, these three groups of fishes
all emphasized slightly different adaptational strat-
egies (speed versus maneuverability) within the
broader ecomorphospace of a convergent, thunni-
form body shape.

Obviously, understanding the swimming
behavior and hydrodynamic performance of a
taxon depends on the shape and structure of the
entire organism, rather than evaluating its features
in isolation. Dunkleosteus shows an unusual mix of
features, some of which have differing implications
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for performance. Dunkleosteus has a highly stiff-
ened anterior trunk, well-developed attachments
for a horizontal septum, and (compared to its rela-
tives) a much deeper trunk with expanded areas
for lateral trunk musculature, which are suggestive
of thunniform locomotion and a general resistance
to resistance to roll and pitch. Other features like
small pelvic fins and unornamented armor suggest
tachynektonic habits of some form. However,
Dunkleosteus differs from extant thunniform taxa in
its larger frontal profile, extremely anterior and ven-
tral pectoral fins, and relatively posterior dorsal fin
position. These features would be expected to pro-
mote maneuverability and burst performance at the
cost of increasing drag and instability to yaw
(though the pectoral fins may have also aided in
stabilization). Some of the features that might be
expected to negatively impact performance in
these areas seem to be retained arthrodire plesio-
morphies and thus the result of phylogenetic signal
and/or evolutionary constraints rather than func-
tion. Other features, such as caudal fin morphol-
ogy, cannot be directly evaluated and await the
discovery of more complete material. Neverthe-
less, these features converge to paint a picture of a
taxon that is generally thunniform in shape, but that
seems to occupy a slightly different ecomorpholog-
ical niche than living thunniform species. More
complex, holistic evaluation of Dunkleosteus’
swimming performance would require whole-body
modelling of hydrodynamic function, and awaits
future analysis.

Swimming Biomechanics of Arthrodires

Arthrodire Swimming Behavior. The recognition
that arthrodires, especially Dunkleosteus, exhibited
stockier, more robust body plans than most extant
fishes (Engelman, 2023b, this study) raises ques-
tions about these animals’ swimming kinematics.
Swimming kinematics in arthrodires have rarely
been discussed, given how few species are known
from post-thoracic material (see Miles, 1967a;
Miles and Westoll, 1968; Carr, 1995; Carr et al.,
2010; Ferrodn et al., 2017a; Jobbins et al., 2022 for
exceptions). Arthrodires have historically been
considered anguilliform swimmers (Stensio, 1963;
Miles, 1969; Carr, 1995) but Carr (1995) noted
most arthrodires had to be at least subcarangiform
to carangiform swimmers, as the rigid bony armor
covering the anterior 1/3 to 1/2 of the animal pre-
vented undulation of the anterior trunk. The propor-
tion of the trunk capable of lateral flexion does not
appear to increase across arthrodire evolution
(Carr, 1995: p. 107; see also Appendix 6), even
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though the trunk muscles become less restricted
laterally. Even later pachyosteomorphs with
reduced thoracic shields (Miles, 1969) still have a
ventral shield extending to the level of the pelvis
and vent (Carr, 1995; Jobbins et al., 2022; Trina-
jstic et al., 2022b; Engelman, 2023b), largely limit-
ing lateral undulation to the post-pelvic region. The
anterior trunk of arthrodires does not appear capa-
ble of moving independently of the trunk armor,
given the extensive transverse abdominal muscu-
lature spanning the base of the myomeres and the
internal surface of the posterior ventrolateral plates
(Trinajstic et al., 2013).

There is little evidence the ventral shield was
flexible enough to allow anterior trunk undulations.
Indeed, most incisoscutoid and pachyosteomorph
arthrodires have an interlocking-W-shaped suture
extending across the transverse midline of the ven-
tral shield, formed by large triangular, posteriorly-
projecting processes of the anterior ventrolateral
plate that fit into V-shaped facets on the posterior
ventrolateral plate (Figure 24D-F; see also Dunkle
and Bungart, 1945: fig. 3C; Dunkle, 1947: fig. 5C;
Dennis-Bryan, 1987: fig. 21A; Long, 1988: fig. 9;
Long, 1995: fig. 13; among others). The shape of
this suture would make the ventral shield more
resistant to lateral flexion than in more basal
arthrodires where this feature is absent (Figure
24A—C), such as coccosteids (Miles and Westoll,
1968; Desmond, 1974), Plourdosteus (Vézina,
1988), Holonema (Miles and White, 1971), bucha-
nosteoids (Long et al., 2014), and non-brachytho-
racids (Heintz, 1933; Denison, 1962; Goujet, 1973,
1984; Mark-Kurik, 1985). In Dunkleosteus terrelli
the posteriorly projecting wedge of the anterior
ventrolateral plate is particularly large (Figure
24G-l), and partial fusion of the anterior vertebral
column (Johanson et al., 2019) would have further
restricted anterior trunk flexibility. Thus, the trunk of
Dunkleosteus was extremely rigid, even by arthro-
dire standards.

The laterally inflexible ventral shield may be
one reason for the comparatively wide bodies of
arthrodires. The body plans of most extant fishes
are laterally narrow in profile, as this allows greater
lateral flexibility (Aleev, 1969). Sharks and osteich-
thyans both show low body widths relative to
anteroposterior length, despite being otherwise
dissimilar in body shape (Engelman, 2023b: sup-
plementary figure 7.7). Arthrodires instead show
relative body widths comparable to stockier fishes
like scombrids, siluriforms, and Latimeria, which is
evident even in arthrodires known from complete
remains (e.g., Coccosteus; Miles and Westoll,
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1968). Laterally narrow bodies may enhance trunk
flexibility and turning ability, but if the body is later-
ally inflexible due to pre-existing constraints (i.e.,
the dermal armor) there will be no selective pres-
sure to minimize body width. Indeed, relaxing con-
straints for a narrower body may allow for larger
trunk muscles to help generate more thrust and aid
in flexing the posterior trunk. The absence of a
mediolaterally narrow body shape in some nek-
tonic fishes, like certain catfishes (e.g., Ariidae,
Pimelodidae) and coelacanths, warrants further
functional morphological research.

Although comparisons with thunniform fishes
work well for inferred pelagic arthrodires like
Dunkleosteus, they are more difficult to apply to
non-pelagic species like Coccosteus or Incisoscu-
tum. This is part of a broader problem in arthrodire
paleobiology in that few suitable extant models
exist for the swimming kinematics of these ani-
mals. Most biomechanical studies on fishes have
been conducted on flexible-bodied species (Gray,
1933; Lindsey, 1978; Webb, 1984; Schrank et al.,
1999; Gemballa and Roder, 2004; Di Santo et al.,
2021) or those with entirely rigid trunks (Blake,
1977; Walker, 2000; Hove et al., 2001; Parson et
al., 2011), and these taxa generally show limited
positional variation in axial flexibility. Eubrachytho-
racid arthrodires do not conform to either of these
categories due to their pronounced anteroposterior
variability in trunk stiffness. The anterior trunk of
eubrachythoracids may have been laterally stiff-
ened (particularly at the cranio-thoracic joint), but
their lateral embayed trunk armor and reduced
scalation means the posterior trunk was substan-
tially more flexible than extant fishes with extensive
trunk armor like boxfishes. The closest identifiable
extant analogues for the condition seen in
eubrachythoracids, including an intermediate
whole-body stiffness between rigid-bodied swim-
mers and “typical” fishes along with substantial
anteroposterior variation in trunk stiffness, are,
ironically, tuna (Fish, 1999; Luo et al., 2020; Downs
et al., 2023: fig. 6). Body flexibility has been recog-
nized as an important axis of functional variation in
aquatic vertebrates, but how to recognize, quantify,
and interpret this variation remains poorly under-
stood (Jimenez et al., 2023).

Additionally, most extant fishes with stiff trunks
are exclusively MPF swimmers (Miles, 1967a;
Hove et al., 2001; Blake, 2004; Parson et al., 2011)
or combine BCF swimming with MPF oscillation
(Gordon et al., 2020). By contrast, eubrachytho-
racid arthrodires generally show features consis-
tent with BCF swimming. Complete
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NON-EUBRACHYTHORACI COCCOSTEIDAE
A Phlyctaenius acadicus B Bryantolepis brachycephala C Coccosteus cuspidatus
— 5 in — 2cm
INCISOSCUTOIDEA ASPINOTHORACIDI
D compagopiscis croucheri E Heintzichthys gouldii F Gymnotrachelus hydei

y

A

S —

10cm 5cm

DUNKLEOSTEUS TERRELLI
G composite juvenile H cMNH 6090 I CcMNH5768

a;t § 30cm

FIGURE 24. Ventral shields of arthrodires in external view. A—C, ventral shields of non-eubrachythoracid (A-B) and
coccosteid (C) arthrodires, showing the absence of a posteriorly-projecting triangular process of the anterior ventro-
lateral plate. D-F, ventral shields of incisoscutoid (D) and aspinothoracidan (E—F), showing the prominent, posteri-
orly-projecting process of the anterior ventrolateral plate. G-I, ventral shield of Dunkleosteus terrelli, showing the very
large process. A, Phlyctaenius acadicus (modified from Heintz, 1933); B, Bryantolepis brachycephala (modified from
Denison, 1962); C, Coccosteus cuspidatus (redrawn from Miles and Westoll, 1968); D, Compagopiscis croucheri
(redrawn from Gardiner and Miles, 1994); E, Heintzichthys gouldii (following Carr, 1991); F, Gymnotrachelus hydei
(redrawn from Carr, 1994); G, composite juvenile, after Hussakof and Kepler (1905) and CMNH 7424 and CMNH
8982; H, CMNH 6090; I, CMNH 5768. Dashed lines represent overlap areas between plates, with grey shaded area
representing the overlap between anterior and posterior ventrolateral plates. In D, G, and |, precise internal shapes
were not available, so overlap is approximated.

30cm 30cm
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eubrachythoracids show well-developed tails with
large caudal fins (e.g., Miles and Westoll, 1968;
Jobbins et al., 2022), and their pectoral fin anatomy
and position are similar to sharks, suggesting a
passive role in locomotion (Stensid, 1959; Carr,
1995; Carr et al., 2010; but see also below).
Eubrachythoracids lack features correlated with
MPF swimming, like obliquely oriented pectoral fin
bases located along the dorsoventral midline of the
body as in labriform swimmers (Drucker et al.,
2005) or robust, near-symmetrical dorsal and anal
fins like ballistiform swimmers (Dornburg et al.,
2011). Arthrodires in general show little evidence of
adaptations for MPF swimming, with the exception
of the basal clade Williamsaspididae (e.g., Elvas-
pis) which have been suggested to exhibit a similar
mode of life to modern boxfishes (Ostracioidea)
(Young, 2009). These factors make it difficult to
interpret the functional anatomy of arthrodires,
especially in non-pelagic forms.

Anterior “Tipping”. The unusual body plan of
arthrodires would have created several biome-
chanical challenges not typically seen in living
fishes. Compared to living fishes, arthrodires are
distinctly “front-heavy”, with their dermal armor
asymmetrically distributed around the anterior half
of the body. This results in the center of mass
potentially being significantly anterior to the center
of buoyancy. If not controlled for, this would pro-
duce significant anterior tipping (torque), potentially
causing the animal to face-plant into the substrate
when attempting to locomote. Similar issues occur
in some living fishes (e.g., Cichlasoma; Ting and
Yang, 2008), causing these taxa to adopt a tilted-
downward posture when swimming. In most fishes
the distance between the center of mass and cen-
ter of buoyancy is generally less than 1-3% total
length, and rarely > 5% total length (Aleev, 1969: p.
31), likely for this reason. Even though the armor of
eubrachythoracid arthrodires appears to have
weighed less than traditionally assumed (~7% total
armor-free mass; Engelman, 2023b), this problem
would remain at any value of armor weight or body
length simply because the armor is unevenly dis-
tributed across the body (Gordon et al., 2020; Tri-
najstic et al., 2022b).

There are several possible ways arthrodires
could compensate for this problem. First, this effect
can be lessened if the body is anteroposteriorly
short. This places the center of mass closer to the
center of buoyancy, reducing the lever arm and
thus torque. This could explain why arthrodires
tend to exhibit short and stocky bodies compared
to many other fishes. A short body plan does not
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entirely fix the problem, but does alleviate it. Sec-
ond, an anteriorly located organ of positive buoy-
ancy would negate the negative anterior buoyancy
of the trunk armor, bringing the center of buoyancy
and mass closer together and solving this problem.
Extant fishes with extensive trunk armor (Ostra-
cioidea) compensate for negative buoyancy of their
armor via swim bladders (Hove et al., 2001; Gor-
don et al.,, 2020), which do not appear to have
been present in arthrodires (Trinajstic et al.,
2022b). However, it is possible the significantly
more anterior position of the arthrodire liver com-
pared to sharks (Trinajstic et al., 2022b), roughly in
the center of volume of the thoracic armor, is
related to compensation for the armor weight. Fur-
ther study is needed.

Third, arthrodires could have employed com-
bined BCF + pectoral fin swimming and flapped
their pectoral fins to provide compensatory anterior
lift, similar to what has been proposed for mosa-
saurs (Formoso et al.,, 2019) and what occurs in
extant “front-heavy” fishes (Ting and Yang, 2008).
Carr (1995: p. 107) suggested some aspinotho-
racidans (e.g., Heintzichthys) could have used
combined BCF + pectoral fin swimming given their
large pectoral fin bases, but noted that the distally
tapered basals in these forms contradicted this
idea and suggested they used their fins for steering
and passive lift like sharks. The basals of Dunkle-
osteus are more distally robust than other arthro-
dires (Carr et al.,, 2010), and it is tempting to
speculate this could be related to the pectoral fin
actively providing more anterior lift to a bulky body.
However, this seems unlikely; the ventrolateral
position and horizontal orientation of the pectoral
fenestra/scapulocoracoid in Dunkleosteus resem-
ble sharks, not labriform swimmers (Blake, 2004).
The basals of Dunkleosteus are better interpreted
as supporting a robust (plesodic?) pectoral fin that
did not provide active lift.

Head Oscillation. Lateral head and trunk move-
ments are an important component of locomotion
in most extant fishes. Trunk undulation during BCF
swimming produces lateral motion (yaw) of the
head as a side effect (Lindsey, 1978; Webb, 1984;
Rowe et al., 1993), which is compensated for by
contralateral movement of the head (Webb and
Weihs, 2015; Di Santo et al., 2021). Lateral flexion
of the head and trunk is also critical in initiating and
controlling turns (Gray, 1933; Aleev, 1969; Weihs,
1972). However, in distinct contrast to most mod-
ern fishes, arthrodires were incapable of lateral
flexion of the head and anterior trunk. The occiput
and laterally paired cranio-thoracic joints are



aligned along a single mediolateral axis, with their
ginglymoid shape only allowing dorsoventral cra-
nial elevation (Heintz, 1932: p. 196, figs. 35, 68,
83; Miles and Westoll, 1968: fig. 24B; Miles and
Dennis, 1979: fig. 9). This creates a highly stable
system with three points of articulation incapable of
lateral motion. Experimental manipulations of
three-dimensionally preserved Gogo arthrodires
find lateral motion was impossible across the cra-
nio-thoracic joint (K. Trinajstic, pers. comm., June
2023). The trunk armor would further limit flexibility
of the anterior body. Although some arthrodires
show evidence of small (mm-sized) gaps between
trunk armor plates (Young, 2005: p. 217) likely
filled by cartilage in vivo, these are not large
enough to allow significant flexion of the anterior
trunk.

This means, unlike most fishes, arthrodires
could not laterally flex their head, and thus had no
innate ability to compensate for head yaw pro-
duced by BCF locomotion. This would potentially
impose severe biomechanical penalties, as without
some compensatory mechanism for head yaw, lat-
eral head motion would constantly disorient a
swimming arthrodire. Similarly, arthrodires would
be entirely reliant on using their medial and paired
fins as rudders to initiate and control turns, given
head and anterior trunk flexion were impossible.
The significance of this issue is supported by
aracanid boxfishes, which resemble arthrodires in
having an anteriorly stiffened and laterally inflexible
trunk; these fishes are slow, highly unstable swim-
mers showing high rates of head and trunk yaw
during locomotion (Gordon et al., 2020). This issue
has little effect on fitness in aracanids, which are
demersal fishes that feed on benthic invertebrates
and live in sheltered environments like seagrass
beds and rocky reefs (Matsuura, 2008), but
aracaniform swimming is impractical for large, nek-
tonic organisms that consume other vertebrates
and cannot rely on hiding in seagrass beds or reef
crevices to escape predators. These issues cannot
be explained away by a perceived “primitiveness”
or “inefficiency” of the arthrodire body plan. If this
were not compensated for in vivo, the organism
would not be viable.

In theory, this would support a more thunni-
form shape for many arthrodires. Thunniform
fishes are traditionally thought to show the least
amount of head oscillation by restricting lateral
undulation to the tail, whereas anguilliform fishes
are thought to show the highest (Lindsey, 1978;
Webb, 1984; Di Santo et al., 2021). However, more
recent studies show all methods of BCF swimming
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involve some amount of head oscillation. Thunni-
form fishes swim so frantically they produce a sig-
nificant amount of head yaw despite their stiffened
body, whereas anguilliform and carangiform fishes
are able to compensate for yaw more than previ-
ously thought (Di Santo et al., 2021). Extant fishes
that do have immobile heads and stiff torsos (e.g.,
Chimaeriformes, Aulostomoidea, Ostraciidae;
Miles, 1967a) are almost exclusively MPF swim-
mers that do not employ lateral trunk undulation,
unlike eubrachythoracid arthrodires.

Head oscillation has been previously acknowl-
edged as a biomechanical issue in arthrodires
(Westoll, 1947: p. 384-385; White, 1952; Miles,
1967a: p. 62), though often only in passing and
without proposing a clear biomechanical solution.
The closest any author came was White (1952: p.
290), who agreed it was an issue but considered it
irrelevant to the early, non-eubrachythoracid
arthrodires he was studying because these taxa
were “bottom-haunting and poor swimmers”. How
later eubrachythoracid arthrodires would have
been affected was not discussed. In general, most
studies have deferred discussing this issue
because it was traditionally assumed arthrodires
were poor swimmers. Many arthrodires are now
recognized to show specializations for active, nek-
tonic life, yet still maintained cranio-thoracic joints
and anteriorly stiff trunks (Jobbins et al., 2022),
indicating this issue can no longer be ignored.
Unfortunately, the present author is also unable to
propose a useful solution, only highlight that more
research is needed on this topic.

Selective Pressures of the Arthrodire Body
Plan. The body plan of arthrodires imposed novel
constraints but may have also created evolutionary
opportunities not present in other fishes. The rigid
trunk armor could be co-opted to produce addi-
tional attachment sites for thoracic musculature.
This may have encouraged a squatter body plan by
emphasizing hypertrophy and specialization of the
anterior trunk musculature over general axial elon-
gation. Arthrodire specimens with preserved mus-
cle tissue from the Gogo Formation exhibit
extensive transverse abdominal musculature, oth-
erwise unknown in non-tetrapods (Trinajstic et al.,
2013). These unique pre-pelvic muscles attach to
the trunk armor (the posterior ventrolateral plate),
suggesting the axial musculature in arthrodires
exhibit atypical anteroposterior regionalization
among fishes. The well-developed connection
between the horizontal septum and the trunk armor
on the posterior dorsolateral in Dunkleosteus also
supports this, if the septum is interpreted as trans-
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mitting force from the axial musculature to the
peduncle as in thunnins.

The carinal process of the median dorsal and
associated submedian dorsal plate may also imply
axial musculature regionalization. While these
structures were likely embedded in the epaxial
musculature, their function is unclear. Heintz
(1931b, 1932) proposed the carinal process served
as the origin of the m. levator capitis major, but
Miles (1969) disputed this interpretation. Arthro-
dires with preserved muscle fibers show this mus-
cle originates on the flattened internal face of the
median dorsal anterior to the carinal process (Tri-
najstic et al., 2013). The function of the submedian
dorsal plate is equally unclear. Miles and Westoll
(1968) proposed it may have served as an anchor-
ing point for powerful epaxial muscles, given the
dorsoventrally oriented articulation between the
plate and the carinal process. They suggested this
eased strain on the trunk armor during lateral
undulation by allowing for flexion between the two
plates.

Evolution of Nektonic Habits within Arthrodira

In his initial description of Dunkleosteus ter-
relli, Newberry (1875) wrote:
“We are compelled, however, to regard the
complete and impenetrable armor, and the massive
and formidable jaws of the great Placoderms, as
heavy and rude first models, rather than the light,
elegant, and efficient machines which are the
perfected results of a long process of improvement.
The heavy armor worn by the knights of old has
long since been laid aside, for the mail-clad
warriors of the middle ages would be clumsy and
powerless antagonists to our light-armed troops,
carrying repeating rifles and revolvers, and moving
with the celerity and precision of modern tactics. So
in the progress of ichthyic life, increased
intelligence, rapidity of movement and address,
have proved in the struggle of life more than a
match for the impenetrable but cumbrous defenses
of the sluggish and over-loaded Placoderms.”
Newberry (1875: p. 17).

For nearly 150 years, this idea that arthrodires
were “slow, sluggish swimmers eventually outcom-
peted by faster, more efficient bony fishes and
sharks” has been the dogma in treatments of this
group (Hussakof, 1906; Moy-Thomas and Miles,
1971; Barron and Ettensohn, 1981; Benton, 2005;
Rhodes, 2016; Abel and Grubbs, 2020), with most
authors  historically  regarding nearly all
eubrachythoracid arthrodires, including Dunkleos-
teus, as benthic animals (Stensio, 1963; Miles,
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1969; Denison, 1978; see discussion in Carr,
2010). Even today, there remains a general senti-
ment that even if some arthrodires were pelagic
animals, they must have been poorly adapted to
nektonic life compared to modern marine verte-
brates (pers. comms. of others between 2016 and
2023 to R. Engelman). This assumption is driven
by several factors, including 1) a perceived inferior-
ity and primitiveness of the arthrodire body plan
due to their geologic age and lack of living repre-
sentatives, 2) an idea that Devonian oceans were
lower energy and structured differently from mod-
ern ones, or 3) a belief that arthrodires existed for
such a short geologic time that evolution could not
produce a well-adapted nektonic body plan (again,
compare with Newberry, 1875).

However, evidence has been gradually build-
ing suggesting eubrachythoracid arthrodires (and
Dunkleosteus in particular) were more active,
faster-moving, and more nektonic animals than
previously  thought.  Arthrodires, particularly
eubrachythoracids, have long been noted to show
increasing nektonic specializations over evolution-
ary time (Stensid, 1959, 1963; Miles, 1969; Carr,
1995), though most studies (except Carr, 1995) still
regarded them as near-exclusively benthic. These
specializations include the loss of a dorsoventrally
flattened body plan, expansion of the nuchal gap,
reduction of the lateral trunk armor (particularly the
posterior lateral and posterior dorsolateral plates),
separation of the thoracic and ventral shields via
loss of the contact between posterior ventrolateral
and posterior lateral plates, enlargement of the
pectoral fin base, reduction of the spinal plate (with
its eventual loss in aspinothoracidans), anteropos-
terior reduction of the dorsal thoracic shield (pri-
marily in aspinothoracidans), enlargement of the
orbits, and loss of body squamation (Stensid, 1959,
1963; Miles, 1969; Carr, 1995). Pachyosteomorphs
have also been argued to show reduced bone den-
sity in the vertebral column compared to coccos-
teomorphs (van Mesdag et al., 2020), similar to
how some secondarily aquatic tetrapod groups
show a secondary reversal of pachyostosis with
increasing nektonic habits (Bianucci et al., 2023).
However, the rarity of complete arthrodire fossils
makes it difficult to determine how specialized
these animals were for a nektonic lifestyle com-
pared to other aquatic vertebrates. More recently,
several studies over the last 15 years have pre-
sented evidence suggesting eubrachythoracid
arthrodires were more ecologically diverse than
previously thought and many species (including
Dunkleosteus) were likely active, nektonic animals,



with several potentially being pelagic (Carr, 1995,
2010; Carr et al., 2010; Ferrén et al., 2017a; Job-
bins et al., 2022; Trinajstic et al., 2022a; Trinajstic
et al., 2022b: supplementary information; Engel-
man, 2023b; Jobbins et al., 2024). The present
study and prior work by the present author (Engel-
man, 2023b) adds further support to these conclu-
sions by identifying features directly observable in
fossils of Dunkleosteus (deep torso and likely body
shape, small pelvic girdle) suggesting active,
pelagic habits in this taxon.

Arthrodires are often regarded as early evolu-
tionary experiments that did not exist long enough
to evolve a well-adapted, nektonic body plan, but
this does not agree with the long evolutionary his-
tory of this group. Arthrodires are known from the
entirety of the Devonian period, approximately 59.7
Ma (Carr, 1995; Johnson et al., 2000; Dupret and
Zhu, 2008; Becker et al., 2020), though they likely
have a ghost lineage extending into the Silurian
(Zhu et al., 2013; Zhu et al., 2022). Thus, the evo-
lutionary history of Arthrodira spans roughly the
same length of time as the entire Cenozoic era
(~66 Ma). Within the same time frame, whales
(Cetacea) transitioned from terrestrial mammals
with even fewer initial adaptions for nektonic life
than early arthrodires to highly specialized nektonic
forms, and in fact did so within 8-12 Ma of becom-
ing aquatic (Thewissen et al., 2007; Thewissen,
2014; McGowen et al., 2020). Similar patterns are
seen in ichthyosaurs (McGowan and Motani, 2003;
Jiang et al., 2016; Gutarra et al., 2019) and mosa-
saurs (Lindgren et al., 2007; Madzia and Cau,
2020), which achieve their most extreme degrees
of aquatic specialization in less than 20-30 Ma of
returning to the water. finds Rapid specialization for
nektonic life may be typical for marine vertebrates;
most clades of marine mammals seemingly reach-
ing asymptotic degrees of specialization for nek-
tonic life within 10—12 Ma of entering this adaptive
zone (Uhen, 2022). Although eubrachythoracid
arthrodires are not tetrapods, marine tetrapods
represent a useful analogue for understanding their
evolutionary history, as both evolved nektonic hab-
its from non-nektonic ancestors and may show
analogous functional patterns (e.g., the develop-
ment and secondary loss of bone mass increase
as mentioned above). The primary difference is
eubrachythoracid arthrodires evolved from primar-
ily benthic, detritivorous animals (Miles, 1969;
Young, 2010) rather than descending from a terres-
trial, non-aquatic ancestor. Length of niche occupa-
tion does not guarantee specialization, but based
on the rapid specialization seen in other groups of
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vertebrates and features hinting at nektonic spe-
cializations within Arthrodira, the Devonian lasted
long enough for Late Devonian arthrodires to
develop specialized nektonic body plans. However,
the timing and pattern of this transition needs fur-
ther investigation (see Miles, 1969; Carr, 1995; Zhu
et al., 2016b for prior studies discussing this topic).

The argument that Devonian marine ecosys-
tems significantly differed in trophic structure or
activity levels from modern ones overlooks import-
ant changes in marine ecosystem structure across
this period. Some studies suggest Early and Mid-
dle Devonian marine ecosystems had lower activity
levels than modern ones (Bambach, 1999; Dahl et
al., 2010), but these studies also consider Late
Devonian (Frasnian-Famennian) ecosystems to
have activity levels closer to younger (Carbonifer-
ous and onward) Phanerozoic faunas, particularly
in vertebrate guilds. These changes are reflected
in several evolutionary trends across the Devonian,
including an expansion in vertebrate size and
appearance of vertebrate megafauna (Dahl et al.,
2010; Choo et al.,, 2014; Sallan and Galimberti,
2015; Engelman, 2023b), radiations of ammonoids
and nektonic gnathostomes (Klug et al., 2010),
independent evolution of tachypelagic body plans
in Late Devonian chondrichthyans and arthrodires
(Compagno, 1990; Jobbins et al., 2022), increasing
complexity of aquatic food webs (Chevrinais et al.,
2017), increasing morphological specialization
among gnathostomes (Coatham et al., 2020; Klug
et al., 2023; Jobbins et al., 2024), and the appear-
ance of ecological niches still present in modern
ecosystems like vertebrate megaplanktivores
(Coatham et al., 2020). Overall, Late Devonian
nektonic guilds appear more similar to younger
Phanerozoic faunas than Early-Middle Devonian
ones in their overall structure and degree of spe-
cialization.

The ecological success of arthrodires within
the nektonic adaptive zone also cannot be
explained by incumbency and a lack of competi-
tion. Arthrodires were not the first nektonic, preda-
tory vertebrates. Eubrachythoracids seemingly
diversified in the Eifelian or Givetian (~395-380
Ma; Denison, 1978; Becker et al., 2020), with older
members of this group (non-eubrachythorac-
ids) being predominantly benthic and/or detritivo-
rous (Miles, 1969; Lebedev et al., 2009). Nektonic,
predatory vertebrates were already long estab-
lished by this time, with sarcopterygians and acan-
thodians occupying these niches since the Late
Silurian (~420 Ma; Yu, 1998; Lebedev et al., 2009;
Choo et al., 2014; Blais, 2017). While it could be
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argued armored fishes and eugnathostomes
formed “parallel food webs”, with eugnathostomes
being too fast for armored fishes to catch but
armored fishes being too heavily armored for eug-
nathostomes to eat, this is at odds with extensive
evidence of Eifelian—-Givetian arthrodires (and
other armored fishes) and eugnathostomes prey-
ing on one another (Miles and Westoll, 1968;
Trewin, 1986; Long, 1991; Newman et al., 2021;
Choo et al.,, 2023). Arthrodires were capable
enough nektonic predators to carve out an ecologi-
cal niche in an adaptive zone already occupied by
more typical looking fishes, rather than simply
occupying it due to incumbency.

Similarly, Famennian pelagic pachyosteo-
morph arthrodires coexisted with highly special-
ized, pelagic chondrichthyans (such as
Ctenacanthiformes [e.g., Ctenacanthus], Symmori-
formes [e.g., Cladoselache], Phoebodontiformes
[e.g., Diademodus]; Dean, 1909b; Harris, 1951;
Compagno, 1990; Carr and Jackson, 2008; Frey et
al.,, 2019; Klug et al., 2023) and osteichthyans
(e.g., Tegeolepis; Dunkle and Schaeffer, 1973) for
nearly 13 Ma. Again, the Cleveland Shale shows
extensive evidence that arthrodires and eugnatho-
stomes ecologically interacted with each other as
both predator and prey (Hlavin, 1990; Williams,
1990), meaning arthrodires showed high enough
fitness in pelagic environments to coexist with
these tachynektonic taxa without being driven to
extinction. Carr (1995) suggested possible active
or passive competitive exclusion between arthro-
dires and eugnathostomes during the Famennian,
but a long (13 Ma) period of coexistence argues
against competitive exclusion (Scott and Ander-
son, 2021). Opportunistic replacement may better
explain this pattern, especially given the cata-
strophic Kellwasser and Hangenberg Events
immediately before and after the Famennian which
dramatically reduced Late Devonian arthrodire
diversity (Racki, 2005; Sallan and Coates, 2010;
Kaiser et al., 2016; Xue et al., 2024). This possibil-
ity was also considered by Carr (1995), though
considered a less attractive explanation. The eco-
logical role of arthrodires within Devonian fish fau-
nas requires further study.

CONCLUSIONS

Despite the posterior body of Dunkleosteus
being poorly known, a surprising amount of its
anatomy is constrained by known elements of the
skeleton. The length of the body, shape of the
trunk, and location of the dorsal and pelvic fins is
well constrained by the comparative anatomy of
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arthrodires. Eubrachythoracid arthrodires have a
relatively conserved bauplan allowing body length
and shape to be inferred with some confidence
even when post-thoracic remains are unknown.
Broader adaptational, biomechanical, and propor-
tional patterns across fishes help further refine
these constraints. Building on the results of previ-
ous works (Engelman, 2023a, 2023b), traditionally
proposed lengths of 5-10 m for Dunkleosteus ter-
relli cannot be justified based on available anatom-
ical evidence. There is currently no evidence for
any arthrodire reaching sizes greater than ~4.5 m,
though it is possible very large individuals of Titan-
ichthys may have slightly exceeded this.

The stocky, deep body shape for Dunkleos-
teus proposed by Engelman (2023b) is not unusual
in context. Many pelagic vertebrates show stocky,
deep (thunniform) body plans compared to their
non-pelagic relatives. Dunkleosteus resembles
other placoderms in showing positive allometry in
body depth, body width, and mouth size. This is
partially responsible for the deep trunk of adults.
Other features of the anatomy of Dunkleosteus,
such as the deep trunk armor relative to other
arthrodires, stiffened anterior spine, size and posi-
tion of the pectoral fenestra, and extremely small
pelvis, are suggestive of a highly pelagic thunni-
form body plan.

Dunkleosteus appears to have been an
active, fast-moving animal, as suggested by fea-
tures such as the large zones for lateral trunk mus-
culature. Compared to other thunniform taxa
Dunkleosteus seems to have been better adapted
to short, fast bursts of acceleration and high
maneuverability, but would probably have per-
formed less well in sustained speed and endur-
ance as a tradeoff. This further supports the idea
that arthrodires were much more active animals
than previously thought, and that vertebrates com-
parable in specialization to modern pelagic taxa
had already arisen by the end of the Devonian.

The stocky body plan of arthrodires compared
to living fishes may be driven by biomechanical
challenges created by their unique anatomy. A
short body keeps the center of mass closer to the
center of buoyancy, which would reduce anterior
torque created by the unevenly distributed dermal
armor. It also reduces drag and moment of inertia
when turning, which would be important given the
limited lateral flexibility of arthrodires. Modern
fishes are usually mediolaterally narrow to promote
lateral flexibility and turning ability, but these func-
tional patterns are not applicable to arthrodires as



their body armor already limits lateral flexibility of
the trunk.

Overall, arthrodires challenge our general
understanding of fish swimming biomechanics and
functional anatomy. Most fishes have bodies with
low width-to-length ratios. Arthrodires do not,
though their proportions are similar to some living
fishes like thunnins and catfishes. Most fishes with
stiffened anterior trunks and laterally immobile
heads are MPF swimmers. Arthrodires have these
features but otherwise resemble BCF swimmers.
Most fishes can laterally flex their head to initiate
turns or compensate for head yaw. Arthrodires
could not. Most extant fishes without swim blad-
ders (i.e., sharks) have cambered torsos with flat-
tened bellies to provide lift. Eubrachythoracid
arthrodires did not. Most fishes show a largely uni-
form axial musculature, whereas arthrodires have
a body plan suggesting anteroposterior specializa-
tion and regionalization. Most fishes have long,
pointed snouts, to improve hydrodynamic effi-
ciency. Most arthrodires had blunt, short snouts.
These features are evident in any arthrodire known
from complete body outlines or relatively complete
dermal skeletons (e.g., those in Miles and Westoll,
1968; Jobbins et al., 2022).

Despite this, arthrodires appear to have been
highly competent swimmers, given some show
streamlined body plans with highly lunate caudal
fins similar to modern pelagic cruisers (Jobbins et
al.,, 2022) despite retaining all of the constraints
listed above. Given arthrodires are neither sharks
nor bony fishes and appear to have evolved nek-
tonic habits independently from other eugnatho-
stomes (Miles, 1969; Lebedev et al., 2009), it is
unsurprising they would evolve distinct solutions to
biomechanical problems. Arthrodires challenge our
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understanding of fish biomechanics because they
represent a functional strategy with few living ana-
logues. This suggests arthrodire swimming kine-
matics will be a productive area for future research.
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APPENDICES

APPENDIX 1.

Comparison of reconstructions of Dunkleosteus terrelli in Engelman (2023b) (A) and the present study (B).
Appendices combined in one zipped file that is available to https://palaeo-electronica.org/content/2024/
5307-dunkleosteus-reconstruction.

APPENDIX 2.

Appendix of specimens examined in this study. Appendices combined in one zipped file that is available to
https://palaeo-electronica.org/content/2024/5307-dunkleosteus-reconstruction.

APPENDIX 3.

Supplementary analyses and calculations. Data for this section can be found in Appendix 4 and Appendix 5.
Appendices combined in one zipped file that is available to https://palaeo-electronica.org/content/2024/
5307-dunkleosteus-reconstruction.

APPENDIX 4.

Dataset of 2722 specimens and 913 taxa used to examine proportional prepectoral length, pectoral fin base
size, pre-pelvic length, and snout-vent length in fishes. References cited in this documenfift can be found in
Appendix 5. Appendices combined in one zipped file that is available to https://palaeo-electronica.org/con-
tent/2024/5307-dunkleosteus-reconstruction.

APPENDIX 5.

Literature cited for references in the supplementary information. Appendices combined in one zipped file
that is available to https://palaeo-electronica.org/content/2024/5307-dunkleosteus-reconstruction.

APPENDIX 6.

Caudal fin and body armor measurements of specimens of Coccosteus cuspidatus compared to the propor-
tions in Miles and Westoll (1968), and armor proportions of complete arthrodires relative to total length.
Appendices combined in one zipped file that is available to https://palaeo-electronica.org/content/2024/
5307-dunkleosteus-reconstruction.

APPENDIX 7.

Length-height ratios of various reconstructed arthrodire thoracic armors. Length represents greatest antero-
posterior length, height represents greatest dorsoventral height. Appendices combined in one zipped file
that is available to https://palaeo-electronica.org/content/2024/5307-dunkleosteus-reconstruction.
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APPENDIX 8.

Coccosteus cuspidatus (A) and Dunkleosteus terrelli (B), both scaled to the same head length with A digi-
tally altered to the same trunk height as B, showing how the primary difference in armor shape between
these taxa is in dorsoventral height. Appendices combined in one zipped file that is available to https://
palaeo-electronica.org/content/2024/5307-dunkleosteus-reconstruction.

APPENDIX 9.

Cross-sectional body shape in fishes, measured as body depth/body width. Modified from supplementary
figure 7.5 in Engelman (2023b); data is unchanged from that study except fixing a lapsus where body depth
and width were reversed in Rhynchobatus mononoke. Low outlier for Dunkleosteus is CMNH 7424,
whereas the high outlier in “Other Arthrodires” is Eastmanosteus calliaspis. Data is reported as observa-
tional averages to minimize deviation from prior study. Appendices combined in one zipped file that is avail-
able to https://palaeo-electronica.org/content/2024/5307-dunkleosteus-reconstruction.

APPENDIX 10.

Proportions of the head shield and pectoral fenestra of Dunkleosteus terrelli. Appendices combined in one
zipped file that is available to https://palaeo-electronica.org/content/2024/5307-dunkleosteus-reconstruc-
tion.

79




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


