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Placoderms are an extinct group of early jawed vertebrates that play a
key role in understanding the evolution of the gnathostome body plan,
including the origin of novelties such as jaws, teeth, and pelvic fins. As
placoderms have a poorly ossified axial skeleton, preservation of the mainly
cartilaginous axial and fin elements is extremely rare, contrary to the heavily
mineralized bones of the skull and thoracic armor. Therefore, the gross
anatomy of the animals and body shape is only known from a few taxa, and
reconstructions of the swimming function and ecology are speculative. Here,
we describe articulated specimens preserving skull roofs, shoulder girdles,
most fins, and body outlines of a newly derived arthrodire. Specimens of
the selenosteid Amazichthys tringjsticae gen. et sp. nov. display a skull roof
with reticular ornamentation and raised sensory lines like Driscollaspis, a
median dorsal plate with a unique sharp posterior depression, the pelvic
girdle, the proportions and shape of the pectoral, dorsal, and caudal fins
as well as a laterally enlarged region resembling the lateral keel of a few
modern sharks and bony fishes. Our new phylogenetic analyses support the
monophyly of the selenosteid family and place the new genus in a clade with
Melanosteus, Enseosteus, Walterosteus, and Draconichthys. The shape of its
body and heterocercal caudal fin in combination with the pronounced “lateral
keel” suggest Amazichthys trinajsticae was an active macropelagic swimmer
capable of reaching high swimming speeds.

Selenosteidae, body outline, Morocco, Famennian, geometric morphometrics
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Introduction

Placoderms play a key role in the early evolution of jawed
fish (Jarvik, 1980; Reif, 1982; Janvier, 1984; Young, 1986, 2010;
Forey and Janvier, 1993; Philippe, 1996; Donoghue et al., 2000;
Sansom et al., 2005; Anderson et al., 2011; Kuratani, 2012; Zhu
et al., 2013, 2021; Brazeau and Friedman, 2014, 2015; Giles
et al,, 2015; King et al., 2017). In particular, the origins of jaw
elements and teeth were intensely studied in the past decades
through the Placodermi group (Smith and Johanson, 2003;
Riicklin et al., 2012, 2014; Zhu et al., 2013, 2016; Coatham et al.,
2020; Vagkaninova et al., 2020; Jobbins et al., 2021). Complete
skeletons of some representatives of placoderm clades, such
as the Antiarchi (Long, 1983; Johanson, 1997), Petalichthyida
(Gross, 1961), and Ptyctodontida (Orvig, 1960), are found more
commonly, sometimes even including soft parts (Gardiner,
1984; Young, 1986; Long et al,, 2008). By contrast, skeletons of
Arthrodira are hardly known (Miles and Westoll, 1968; Ahlberg
et al.,, 2009; Carr et al., 2009, 2010; Long et al., 2009; Trinajstic
et al,, 2015; Gess and Trinajstic, 2017; Riicklin et al., 2018).
Consequently, complete skeletons of arthrodires are of great
interest because of their potential to reveal unknown aspects of
their anatomy, including overall proportions, form, and size of
the fins, the structure of the integument, and internal organs as
far as they are preserved.

Accordingly, the complete skeletons of a medium-sized
arthrodire species from the Late Devonian of the Moroccan
Anti-Atlas yield valuable information on various anatomical
details. Here, we introduce the new taxon Amazichthys
trinajsticae gen. et sp. nov. The type material comprises
six specimens, one skull roof, and four more or less well-
preserved skeletons of the early to middle Famennian age. We
document its anatomy and discuss its phylogenetic position
within selenosteids. Moreover, the exceptional preservation of
two of these skeletons enables us to discuss the functional
morphology of the fins and body outline and to hypothesize
about swimming capabilities.

Materials and methods

All specimens were found in the southern part of two
small epicontinental basins, namely the Tafilalt Basin in the
east and Maider Basin in the west of the eastern Anti-
Atlas (Wendt, 1985, 1988, 2021). Late Devonian strata in the
Anti-Atlas yield many fossiliferous layers containing abundant
vertebrates and invertebrates. All the skeletons described here
were extracted from the Thylacocephalan Layer. This layer is
named after its high abundance of thylacocephalan arthropods
(Frey et al,, 2019b; Jobbins et al.,, 2020) and dates back to the
Middle Famennian Maeneceras genozone (Becker et al., 2002).
It crops out at various localities in the southern Maider (Frey
et al,, 2018; Figure 1). The skull roof is the only specimen
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that was not found in the Thylacocephalan Layer, but was
found in Jebel Ouaoufilal, in the Southern Tafilalt, and is of
Famennian age.

In total, three specimens, including two with almost
completely preserved body outlines were excavated by Said
Oukherbouch. An additional one was found by Said but the
plates were indistinguishable and thus were not used in the
study (AA.MEM.DS.11). Two specimens, one collapsed skull
and shoulder girdle and the skull roof, were collected by Moha
Mezane. The holotype AA.MEM.DS.8 comes from Rich Bou
Kourazia (Figure 1). PIMUZ A/I 4773, wrongly numbered as
PIMUZ 36882 in Frey et al. (2019b), was collected at Rich
Bel Ras. AAMEM.DS.10 was recovered from the Khrabis
locality. The skull roof, PIMUZ A/I 5141, was collected at Jebel
Ouaoulfilal, an outcrop from the Famennian layer in the Tafilalt.
PIMUZ A/I 5140 and AA.MEM.DS.9 were collected at Madene
El Mrakib. The specimens are registered in the collections of
the Palacontological Institute and Museum of the University of
Zurich, Switzerland (PIMUZ numbers) and at the Université
Cadi Ayyad, Faculté des sciences et techniques, Département des
sciences de la terre, Laboratoire Géosciences et Environnement
in Marrakech (AA.MEM.DS. numbers), Morocco.

Taphonomy and preservation

The isolated skull roof PIMUZ A/l 5141 is preserved
three-dimensionally as an only slightly compressed element
in limestone. All other specimens are preserved, mostly as
external molds, in large flat nodules like the chondrichthyans
from the same strata and region (Frey et al, 2018, 2019a,b,
2020). The skeletons are partially embedded, lying in and
on large ironstone nodules, which correspond roughly to
the outline of the carcass. We assume that, during decay,
organic matter seeping into the sediment changed the
chemical composition and particularly the pH in such a
way that it fostered the formation of very early diagenetic
pyrite (Frey et al, 2019b). Due to weathering, this pyrite
later became oxidized to hematite, limonite, and other
iron minerals, hence the reddish to yellowish colors. In
some parts, more or less concentric ridges surrounding
the fossils document mineralization fronts (Frey et al,
2019b; Klug et al, 2021). Importantly, this taphonomic
and diagenetic history enabled the preservation of the
body outline including pectoral, dorsal, and caudal fins.
Although not comparable to the preservation of placoderms
from the Frasnian Gogo-Formation of Australia (Ahlberg
et al, 2009; Long et al, 2009, 2015; Trinajstic et
2015, 2022), this concretionary skin outline-preservation is

al.,

unique in its kind. Body outlines are also known from, e.g.,
Early Jurassic ichthyosaurs, but their taphonomic history is
different because the outlines represent the phosphatized cutis
(Lindgren et al., 2018).
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FIGURE 1

Map of the Anti-Atlas with the localities where Amazichthys trinajsticae gen. et sp. nov. specimens were collected

Fossil preparation and casting positives

Very little mechanical preparation was required for most of
the specimens, where thin layers of clays coated parts of the
skeleton. PIMUZ A/I 5140 and AA.MEM.DS.9 were subject to
some preparation using the sandblaster. Merle Greif and Beat
Scheffold made silicon casts of the head and thoracic armor
of AAMEM.DS.8, its pelvic girdle, and scapulocoracoids of
PIMUZ A/I 4773 and AA.MEM.DS.10.

Photography, digital tomography, and
segmentation

Photographs of each specimen, their structures, and
their negatives were taken with a Nikon D2X. Pictures
were processed (grayscale, levels, removing background,
and inverting the positives to have the same direction
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as the negative) for the figures using Adobe Photoshop,
Gimp, and Affinity Designer. Figure 1 was produced
using CorelDraw. AAMEM.DS.11 was CT scanned at
Qualitech in Mégenwil, Switzerland. The specimen was

then segmented using the Mimics v19 software. Virtual thin

sections, segmentation, and 3D model reconstructions
were used to attempt to reconstruct the plates of
AA.MEM.DS.11.

Phylogenetic analysis

(2015).
It contains 98 characters; a few coding errors were corrected.

The character matrix is based on Riicklin et al.

The 28 taxa matrix was converted into a nexus file using
Mesquite (Maddison and Maddison, 2021) and processed in
PAUP (Swofford,
matrix, are available in the Supplementary material.

2003). The list of changes, along with the
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Morphometric analysis of
ecomorphotypes

For comparison with Amazichthys, the morphological
diversity of body and caudal fin outlines of 472 different species
of extant sharks were assessed using a contour analysis (Elliptic
Fourier analysis, EFA) and geometric morphometrics (GM).
Body outlines (excluding the paired, anal, and dorsal fins) were
digitized using TpsDig v.2.26 (Rohlf, 2016) based on lateral-view
illustrations of sharks from Ebert et al. (2013). EFA was then
carried out in the “Momocs” v.1.3.2 package (Bonhomme et al,,
2014) in R (R Core Team, 2020) considering a total number of 25
harmonics, which gather nearly 99% of the cumulative harmonic
power (Supplementary Figure 2) and reconstructs actual
morphologies with high accuracy (Supplementary Figure 3).

Landmark digitization for the GM analysis was also
performed on lateral-view illustrations of sharks from Ebert
et al. (2013) using TpsDig v.2.26 (Rohlf, 2016). Our landmark
configuration included a total of two landmarks of type I (placed
on the lowest point on the dorsal border and the highest point
on the ventral border of the caudal peduncle) and 148 landmarks
of type III that were equally interpolated along the caudal fin
outline. Generalized Procrustes analysis (GPA) was performed
in the “Geomorph” v.4.1.2 R package (Adams et al, 2016) to
remove the variation in translation, rotation, and size from the
original landmark configurations. No sliding methods for Type
IIT landmarks were implemented.

We derived two virtual morphospaces by performing a
principal component analysis (PCA) on the Fourier harmonic
coefficients (for the body outlines) using the “stats” v.4.1.1
R package and on Procrustes shape coordinates (for the
caudal fin outlines) using the “Geomorph” v.4.1.2 R package
(Adams et al,, 2016), where actual specimens were plotted
and colored by ecomorphotypes using the “ggplot2” v.3.3.5 R
package (Wickham, 2016). Considered ecomorphotypes include
macropelagic (i.e., large-sized pelagic species), littoral pelagic
(i.e., generalized feeders and swimmers), benthic (i.e., slow
swimming dermersal and benthic species), and bathic and
micropelagic (i.e., slow swimming deep water species), which
relate to Groups I-IV, respectively, in the well-established
categorization of Thomson and Simanek (1977). We further
calculated average Euclidean distances between Amazichthys
and the different ecomorphotypes using the “stats” v.4.1.1
R package. R code and associated files are available in the

Electronic Supplementary material.

Abbreviations

Abbreviation—PIMUZ,
Institute and Museum, University of Zurich, Zurich,
Switzerland. AA.MEM.DS., Université Cadi Ayyad, Faculté des
sciences et techniques, Département des sciences de la terre,

Institutional Palaeontological

Laboratoire Géosciences et Environnement in Marrakech.
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Systematic paleontology

PLACODERMI McCoy, 1848
ARTHRODIRA Woodward, 1891
SELENOSTEIDAE Dean, 1901b
AMAZICHTHYS gen. nov.

Type and only species included
Amazichthys trinajsticae, new species.

Etymology
Named after the North African ethnic group Amazigh
(Berber), because the new taxon comes from their land.

Diagnosis

Same as type species.

AMAZICHTHYS TRINAJSTICAE sp. nov.

Etymology
Named after Kate Trinajstic (Perth, Australia), who has
contributed greatly to early vertebrate research.

Diagnosis

Plates with reticular ridges forming the ornamentation and
raised sensory lines. The anterior edge of the pineal plate occurs
anterior to the orbit. Median dorsal plate with a depression at
the posterior margin. Marginal plates are in contact with central
plates. Junction of the postorbital, marginal, and central plates
occurs posterior to the anterior margin of the nuchal plate. The
dorsal fin is longer than high with a rounded posterior margin
and begins nearly to the posterior end of the median dorsal plate.
Pectoral fins share the approximate length of the dorsal fin but
are shorter with a broadly rounded tip. The caudal fin has a
dorsal lobe longer than the ventral lobe.

Differential diagnosis

The new genus differs from Stenosteus, Gorgonichthys,
Rhinosteus,  Selenosteus,
Melanosteus, Walterosteus, and Draconichthys in the shallow

Heintzichthys, — Gymnotrachelus,
preorbital plate embayment. In contrast to Rhinosteus,
Driscollaspis, Melanosteus, Enseosteus, and Draconichthys, it
has preorbital plates, which are separated by the rostral and
pineal. The marginal plate of Amazichthys n. gen. does not
form part of the orbit unlike what is observed in Stenosteus,
Rhinosteus, Selenosteus, Melanosteus, Walterosteus, Enseosteus,
and Draconichthys. The angle between the postorbital and otic
branches of the infraorbital sensory line is between 45 and
90°, which is different than in Stenosteus, Gymnotrachelus,
Rhinosteus, Walterosteus, and Enseosteus.

Age

Maeneceras genozone, Thylacocephalan Layer, middle
Famennian, and Late Devonian.
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Localities
Jebel Aoufilal, Rich Bou Kourazia, Rich Bel Ras, Madene FEl
Mrakib, and Khrabis (Eastern Anti-Atlas, Morocco).

Holotype

AAMEM.DS.8 is an almost complete skeleton with the
external mold of the skull roof and partial inferognathal,
near complete thoracic armor, pelvic girdle, with remains of
the vertebral column, a laterally enlarged region similar to a
shark’s lateral keel anterior to the caudal fin of some recent
chondrichthyans or teleosts, and a preserved body outline,
which displays the dorsal, pectoral, and caudal fins.

Paratypes

PIMUZ A/I 5141, a near complete well-preserved skull roof,
possibly lacking the rostral plate. PIMUZ A/I 4773 comprises
the external mold of a thoracic armor, scapulocoracoid, laterally
enlarged region similar to a sharK’s lateral keel, remains of the
vertebral column, and some of the body outline including a
portion of the dorsal fin and a collapsed caudal fin. PIMUZ
A/I 5140 is a partial skeleton including an inferognathal and
the external mold of the thoracic armor and scapulocoracoid.
AA MEM.DS.9 comprises both inferognathals, a partial thoracic
armor, a section of the scapulocoracoid with radials, and some
traces of vertebral elements. AA.MEM.DS.10 includes the mold
of a partially complete thoracic armor, scapulocoracoid, and
some vertebral remains. AA.MEM.DS.11 is a partially preserved
collapsed skull roof and thoracic armor.

Remarks

The skull roof of the holotype shares most characters
with that of PIMUZ A/I 5141, the only specimen from the
Tafilalt, in its stratigraphical position, morphological features,
and ornamentation, indicating that both are from the same
species. The thoracic armor of the other specimens corresponds
well with that of the holotype, thus meaning they are conspecific.
Individual descriptions of each specimen are available in the
Supplementary material.

Description
Body form and proportions

AAMEM.DS.8 and A/I 4773 preserve the body outline
of the animal, including some of the fins (Figure 2).
AA MEM.DS.8 is the most complete specimen and is 87 cm long
and 34 cm high dorsoventrally (Figures 2A,B). It consists of the
external mold of the skull roof and an inferognathal, the left side
of the thoracic armor, both posterior ventrolateral plates, the left
pelvic girdle, and remnants of the left scapulocoracoid and axial
skeleton. It also presents the impressions of both pectoral fins,
a dorsal fin, and the caudal fin with a laterally enlarged region
apparent to a shark’s lateral keel (Bernal et al., 2001; Donley et al,,
2004; Shadwick, 2005) reaching from slightly behind the pelvic
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girdle to the base of the caudal fin. There is neither an anal fin
nor posterior dorsal fin apparent.

PIMUZ A/1 4773 is 77 cm long and 33 cm high from
the top of the dorsal fin remains to the ventral margin
of the ventrolateral plates (Figures 2C,D). It comprises the
external mold of the left side of the thoracic armor, the left
scapulocoracoid, and the caudal fin. It also presents portions of
the axial skeleton and possibly the dorsal fin. A “lateral keel” is
visible, reaching from slightly posterior to the pelvic girdle to the
base of the caudal fin.

Skull roof

The skull roof is best preserved in PIMUZ A/l 5141
(Figure 3). It is 119 mm long and 124 mm wide. All skull
measurements were taken from this specimen and are provided
in Table 1. All of the preserved plates display a tubular ornament
forming reticular ridges, which are about 1 mm wide. Toward
the sutures, the ornament weakens. Sensory lines are bordered
by elevated ridges. The posterior margin is gently concave and
the skull roof tapers anteriorly. The rostral plate is not preserved
but the specimen suggests that it would have been in direct
contact with the pineal plate, separating the left and right
preorbital plates. The pineal plate is large, it occupies about two-
thirds of the area the preorbital does. It has a straight anterior
margin located anterior to the orbit and a “V”-shaped posterior
margin where it meets the central plates. A pineal foramen
is present near the center of the plate. The preorbital plates
are anteriorly concave, with jagged pineal and central contact
margins. The sensory lines form a furrow between elevated bony
ridges, which are about 1 mm wide (Figure 4). The supraorbital
sensory line crosses the surface of the plate and rests above the
dermal ornamentation (Figures 4A,B). The postorbital plates
are “D”-shaped and have a medium-sized postorbital process.
The postorbital plates are longer than the preorbital ones.
Three sensory-line grooves meet at its center of ossification.
The central sensory line curves posteriorly before splitting into
the otic and postorbital branches of the infraorbital canal at
a near 45° angle. The marginal plates are sub-rectangular and
have short contact with the central plates. The post-marginal
canal meets the otic branch of the infraorbital and the main
lateral line on the surface of the marginal plate, the meeting
point is preserved in PIMUZ A/I 5140 (Figure 4C). The central
plates constitute the largest plates of the skull roof. Their lateral
margin possesses two well-defined lobes, one at the anterior and
one at the posterior end. The supraorbital sensory line is well-
defined, but the central sensory-line canal is not. PIMUZ A/I
5141 presents short middle pit lines near the center of the plates.
The paired central plates interlock with one another. The nuchal
plate is triangular in a dorsal view with a concave posterior
margin. The median process and a small right posterior section
are not preserved. The nuchal plate is the second largest plate
of the skull roof, it is deeply emarginated posteriorly and its
anterior margin extends as two small lobes on each side forming
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FIGURE 2
Two main specimens of Amazichthys trinajsticae gen. et sp. nov. The holotype, AAMEM.DS.8 (A), and its line drawing (B), and PIMUZ A/l 4773
and its line drawing (C,D). The scale bar corresponds to 100 mm.
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FIGURE 3

Skull roof and lower jaw of Amazichthys trinajsticae gen. et sp. nov. (A—F) PIMUZ A/l 5141 in dorsal (A), lateral (B), posterior (C), and frontal view
(D). Line drawing of dorsal (E) and lateral-view (F). (G) Nearly complete lower jaws from AAMEM.DS.9 (G). Scale bars correspond to 10 mm. Ce,
central plate; csl, central sensory line canal; ifo.ot, otic branch of the infraorbital sensory line canal; ifo.pt, postorbital branch of the infraorbital
sensory line canal; laf, lateral articular fossa; Mg, marginal plate; mll, main lateral line canal; mpl, middle pit line; Nu, nuchal plate; P, pineal plate;
pap. para articular process; PNu, paranuchal plate; Pro, preorbital plate; Pto, postorbital plate.

an “M” shape. The paired paranuchal plates are a little bit wider
than the preorbital plates and shorter than the central plates.
The main lateral line crosses the dorsal surface from the anterior
margin to the posterior end of the paranuchal plate. There are no
traces of the posterior pit line and occipital cross-commissure.

Inferognathal

Best preserved in AAMEM.DS.9 (Figure 3G) but also
visible in PIMUZ A/I 5140 and as a partial external mold in the
holotype. The bone is rather slender at its biting division and
presents a row of at least four, less than 1 mm high, preserved
teeth. The jaw is higher in the posterior half, i.e., the bony shaft.

Thoracic armor

In lateral-view, the main part of the thoracic armor
of Amazichthys trinajsticae has a rectangular and straight
appearance with subparallel anterior and posterior edges
(Figure 5). Measurements of plate proportions, along with other
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postcranial elements, are shown in Table 2. The single median
dorsal plate is short and broad, square to D-shaped, and has
a ventral keel (Figures 5A,C). The posterior margin forms a
triangular embayment with an angle of 110 degrees at the tip
located nearly halfway from the dorsal and ventral margins.
The median dorsal plate presents an angle of 60 degrees at the
dorsal margin between the left and right sides. The anterior
dorsolateral plate is five-sided, with its posteroventral edge being
the smallest, a sixth the length of the posterior margin. The
main lateral line passes dorsally on the anterolateral margin
to ventrally on the posterior margin and continues to the
posterior dorsolateral plate in PIMUZ A/I 4773 but not in
AA MEM.DS.8 nor PIMUZ A/I 5140. The posterior dorsolateral
plate is elongate, sub-rectangular, and presents an anteroventral
process pointing ventrally. The posterior and ventral margins
of the plate are not well-preserved in all specimens. The
anterior lateral plate is partially preserved, but its contour is
unclear in all specimens with the plate visible and presents a
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TABLE 1 Measurements of the skull roof of Amazichthys trinajsticae
gen. et sp. nov.

PIMUZ A/15141 AA.MEM.DS.8
L W L w
Skull roof 119 124 135 129
Pineal 32 18
Preorbital 28 28
Central 64 35
Postorbital 40 25
Marginal 21 32
Paranuchal 401 34r
Nuchal 46 52
Inferognathal 69 15

Length (L) and width (W) of each best-preserved plate from the skull roof of PIMUZ A/I
5141 and the inferognathal of the holotype AA.MEM.DS.8. Values are in mm. Values in
red are approximations due to an unclear margin.

structure resembling a sensory line in both PIMUZ A/T 4773
and PIMUZ A/I 5140 (Figures 4C,D). The posterior lateral
plate is not discernible. The ventrolateral plates extend much
further posteriorly than the median dorsal plate. The same kind
of dermal ornamentation as on the skull roof is present on the
thoracic armor (Figures 4C-E).

Scapulocoracoid

AA MEM.DS.8 has a circular element resting above the right
PVL that may represent a portion of the right scapulocoracoid. It
is best preserved in PIMUZ A/14773 (left one), AA.MEM.DS.10
(right one), and PIMUZ A/I 5140 (left one) although their
preservation is only partial (Figures 6A-E). It has five
partially preserved basals located posteriorly in PIMUZ A/I
4773 (Figures 6A-C). The articular crest is visible on the
scapulocoracoid’s mid-line along with remnants of radial
articulatory facets but further details such as the number of
facets of their delimitation are not possible. There are two
distinct foramina, one above and one below the mid-line. Their
position suggests these are neurovascular foramina. The partial
scapulocoracoid of AA.MEM.DS.10 is 71 mm long and 33 mm
large and has two partially preserved basals on its margin. It
has six foramina divided into two rows, one representing the
radial articulatory facets and the other neurovascular foramina.
The preserved scapulocoracoid of PIMUZ A/I 5140 is 112 mm
long and possibly up to 44 mm high (Figures 6D,E). It shows
the articular crest with three radial articulatory facets, although
there are more that are not preserved. The remains of five basals
are discernible.

Pectoral fins

AA MEM.DS.8 is the only specimen preserving an outline of
the pectoral fins (Figures 7A-C). They are longer than they are
high. The one preserved ventrally is less than twice as large as
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high and the ventral margin corresponds approximately to the
margin of the nodule. The one preserved above the ventrolateral
plates is about 2.5 times longer than high.

Dorsal fin

The outline of the dorsal fin is visible in the holotype
(Figure 7D). The shape of the dorsal fin is partially preserved
through the margins of the nodule in PIMUZ A/I 4773 but
the dorsal edge is incomplete. Remains of basal fin elements
are discernible in AA.MEM.DS.8, A/l 4773, AAMEM.DS.10,
and PIMUZ A/I 5140. They are located dorsally of the
neural arches and are preserved as a row of elongate external
molds shortly posterior to the dorsal edge of the median
dorsal plate. The preservation of contours is quite poor;
they are best preserved in PIMUZ A/I 4773 (Figures 6FG),
including imprints of 23 ca. 1 mm thick, tubular structures.
PIMUZ A/T 5140 has 19 partial basals preserved with
only the ventral half remaining but no dorsal fin margin
is preserved.

Axial skeleton

In the holotype, a total of 36 remnants of axial skeletal
elements, possibly neural arches, are present posterior to the
dorsal fin. They are scattered and some are only preserved
as slightly lighter colored short rectangular patches. There are
putative remains of the neural arches in PIMUZ A/I 4773. The
preservation is neither sufficient to distinguish the paraphyses
nor articulation between the neural arches.

Pelvic girdle

The imprint of the left mesial side of the pelvic girdle is
preserved halfway between the posterior end of the PVL and the
anterior end of the “lateral keel” in AA.MEM.DS.8 (Figures 6H-
J). The basal plate is short and triangular, with a 25-mm-long
dorsal iliac process and a posteroventral structure. A total of four
preserved radials are attached to the girdle, two shifted by the
dorsal margin and two near the anterior end of the basal plate.

Caudal fin

A heterocercal caudal fin is preserved in AA.MEM.DS.8
(Figure 7F) and PIMUZ A/I 4773, with a dorsal lobe longer
than the ventral one. In the holotype AA.MEM.DS.8, the dorsal
lobe is about 220 mm long, tapering distally, where it ends in
a rounded lobe. The ventral lobe also has a rounded end but is
shorter, 160 mm long.

Remarks
Cranial morphology
The shape of the pineal plate resembles that of

Gymnotrachelus (Denison, 1978; Carr, 1994; Figures 78B,C)
and Pachyosteus (Jackel, 1903; Denison, 1978; Figure 75C), with
its “V”-shaped posterior margin. Unlike other selenosteids, the
anterior margin of the pineal plate is not positioned dorsal to the
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FIGURE 4

mold of PIMUZ A/l 4773 (C—E). Scale bars correspond to 10 mm.

Plate ornamentation of Amazichthys trinajsticae gen. et sp. nov. Reticular ridges and sensory canals on the paranuchal (A), preorbital (B),
anterior lateral (C), anterior dorsolateral and median dorsal plates (D). (A,B) PIMUZ A/l 5141. Panels (C,E) are positives made from the external

orbit, but anterior to it. The preorbital plates are rather similar
in shape to those of Driscollaspis pankowskiorum (Riicklin et al.,
2015). However, the lack of contact between the left and right
plates is different for Driscollaspis, Enseosteus (Jackel, 1919;
Denison, 1978; Figures 75B, 76B; Riicklin, 2011), Rhinosteus
(Jaekel, 1911; Denison, 1978; Figures 75E, 76A; Riicklin, 2011),
Draconichthys (Riicklin, 2011), and Melanosteus (Lelievre et al.,
1987), and is only seen in Selenosteus (Dean, 1901a; Denison,
1978; Figure 78A), Walterosteus, and Gymnotrachelus. The
preorbital plate embayment of the central plate is shallow in
Amazichthys, as in Enseosteus and Driscollaspis. The sensory
lines form a furrow between elevated bony ridges, which is a
feature that has only been documented in Driscollaspis so far
within the Selenosteidae. The division of the central sensory
line into the otic and postorbital branches of the infraorbital
canal with a near 45° angle is as seen in Draconichthys and
Driscollaspis. The marginal and central plates are in contact like
in Driscollaspis, Melanosteus, and Rhinosteus but the contact
is very short relative to other plate contacts in the skull roof
as in Melanosteus. The paired central plates do not extend
posteriorly as a third lobe in the way they do in Pachyosteus,
Driscollaspis, Rhinosteus, and Enseosteus. The middle pit
lines near the center of the central plates of Amazichthys are
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also present in Rhinosteus and Gymnotrachelus although the
position of these pits relative to the skull roof outline is more
central in the new genus. The nuchal and paranuchal plates
of Amazichthys are proportionally as large as the ones of
Driscollaspis and Rhinosteus although they show differences in
shape such as smoother paranuchal contact margins with the
neighboring plates and different anterior and posterior margins
in Amazichthys. The paired paranuchal plates do not possess
a postnuchal process that surrounds the posterior edges of the
nuchal plate. This is a feature that differs from most selenosteids
except for the two derived genera Walterosteus and Enseosteus.
The anterior margin of its nuchal plate shows an alternation
of small concave and convex curves but as they are minor
and balance each other out, this was considered and coded
as straight in the character matrix, such as in Draconichthys,
Gymnotrachelus, and Melanosteus.

Thoracic armor

The concave posterior dorsal margin of the median dorsal
plate is the first record of such shape in the selenosteid family,
and more broadly, the arthrodire group. This is likely caused
by the position of the dorsal fin and its support structures near
the posterodorsal margin of the plate (Figure 2). The anterior
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ventral keel

FIGURE 5

Thoracic armor of Amazichthys trinajsticae gen. et sp. nov. Thoracic armor of AAMEM.DS.8, the holotype (A), PIMUZ A/l 4773 (B), and their
respective line drawings (C,D). The scale bar corresponds to 50 mm. ADL, anterior dorsolateral plate; AL, anterior lateral plate; AVL, anterior
ventrolateral plate; MD, median dorsal plate; PDL, posterior dorsolateral plate; PVL, posterior ventrolateral.

dorsal margin

dorsolateral plate of Amazichthys is morphologically rather
similar to that of Enseosteus. Proportionally to the anterior
dorsolateral plate, the posterior dorsolateral plate is larger in
Amazichthys than in other selenosteids where known, the closest
in this ratio being Enseosteus.

Post-thoracic skeleton

The structures of the axial skeleton in preserved specimens
are unclear. The position and orientation of the lower row of
shorter tubular structures in PIMUZ A/I 4773 (Figures 6FG)
suggest these could be neural arches. The longer tubular
structures observed in that same specimen, and similar
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structures in AAMEM.DS.8, 10 and PIMUZ 5141, could be
other neural arches or basals and radials of the dorsal fin.
This is the first selenosteid of which the scapulocoracoid and
pelvic girdle are described. As in Compagopiscis (Miles and
Westoll, 1968) and Incisoscutum (Dennis and Miles, 1981;
Ahlberg et al,, 2009), the scapulocoraoid is rather elongated
with the articular crest located centrally. The sub-triangular
shape of the pelvic girdle reminds of those of Coccosteus,
Compagopiscis, and Incisoscutum. The ventral margin is rather
linear, and the iliac process is elongated, as in Coccosteus.
Determining with certainty whether this is a left or right
girdle is delicate, however, no structures from the lateral

frontiersin.org


https://doi.org/10.3389/fevo.2022.969158
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/

Jobbins et al.

10.3389/fev0.2022.969158

TABLE 2 Measurements of the postcranial elements of Amazichthys trinajsticae gen. et sp. nov.

AA.MEM.DS.8 PIMUZ A/14773

L H L H
Thoracic armor 181 243 257 217
Median dorsal 80 67 71 63
Anterior dorsolateral 47 49 52 59
Posterior dorsolateral 32 64 27 70
Anterior lateral - - 51 95
Anterior ventrolateral - - 120 27
Posterior ventrolateral ? 39 143 40
Scapulocoracoid 21 36 98 30
Pelvic girdle Basal plate 29 29 - -
Iliac process 25 5 - -

Radials 37 3 - -

Vertebrae Near dorsal fin 2-3 28-29

Near lateral keel 2-3 13

Lateral keel-like structure 211 47 169 40
Dorsal fin 181 88 165 73
Pectoral fin #1 (most 120 71 - -

ventral)

#2 (most dorsal) 131 58 - -

Caudal fin 95 (80%) 336 88 (59%) 224
Body 875 257 (339b) 770 329

Length (L) and height (H) of the thoracic armor and each of its preserved plates, scapulocoracoid, pelvic girdle, vertebrae, structure convergent with a lateral keel, and fins of the holotype
AA.MEM.DS.8 and PIMUZ A/14773. The width of the caudal fin was taken (under H here) near the base of the tail formation. The body height was taken from the tip of the dorsal fin to
the ventral margin of the body. Values are in mm. Values in red are approximations due to an unclear margin. *Measured a third from the tip of the lobe. bFrom the tip of the dorsal fin to

the tip of the outer pectoral fin.

side of the girdle are visible in this specimen, and look
more like a mesial view of the girdle. Thus, we assume
that this section is on the left side of the pelvic girdle
in mesial view. There is a posteroventral structure that
could be interpreted as remnants of the basipterygium in
Amaczichthys. This structure has been observed in the past
in Austrophyllolepis and Incisoscutum (Long et al., 2009) and
presents a similar shape to these arthrodires’ basipterygium.
However, most preserved structures in AAMEM.DS.8 seem
to be from the right side in lateral-view. If the section is on
the right side in lateral-view with a poorly preserved surface,
the structure may also be interpreted as remnants of the
articular crest.

Fins

The dorsal fin is different from what is known from
previously described arthrodires, such as Coccosteus (Miles and
Westoll, 1968) and Africanaspis (Gess and Trinajstic, 2017),
where it is located more posteriorly. In the latter genera,
there appears to be some distance between the posterior
margin of the pectoral girdle and the anterior end of the
dorsalis. The difference in proportions between the pectoral
fins of AA.MEM.DS.8 is likely of taphonomic origin, possibly
linked with the angle of embedding, bending, and compaction
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of the sediment. The caudal fin of PIMUZ A/I 4773 only
shows one lobe. The “lateral keel” appears to be oriented
slightly differently at its posterior end, possibly indicating
that the dorsal lobe flipped downward. This would explain
why the seemingly ventral lobe is as long as the dorsal lobe
in the better-preserved holotype, suggesting that the dorsal
lobe is overlapping with the ventral one. Anterior to the
caudal fin is a “lateral keel.” This structure is preserved in
both specimens with body outline, which suggests this is
not a preservation artefact, but rather a lateral thickening of
soft tissue.

Discussion

Phylogenetic analysis and systematic
position

The phylogeny presented here is based on the emended
character matrix by Riicklin et al. (2015). A few minor errors
were corrected (list of changes in Supplementary material) and
Amazichthys was added. A new character state was introduced
for the character (37), which describes the shape of the posterior
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E articular crest

radial articulatory
facets

radialia

FIGURE 6

~ . arches?

neurovascular foramina?

Post-thoracic structures of Amazichthys trinajsticae gen. et sp. nov. Scapulocoracoid of PIMUZ A/l 4773 (A—C) and PIMUZ A/l 5140 (D,E), basals
of the dorsal fin in PIMUZ A/I 4773 (F,G) and pelvic girdle of AAMEM.DS.8 (H-J). Scale bars correspond to 10 mm.

basals or radials

TSI
N &M@\

ﬂ neural arches or basals
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articular crest?
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end of the median dorsal plate: (0) rounded, (1) spinous or
convex, and (2) depressed or concave. Characters 4, 14, 20, 28,
35, 51, 75, 92, and 93 were ordered, and all other characters
were unordered. All cladograms are based on a parsimony
heuristic search in PAUP with random addition sequence of 10
repetitions and holding 100 trees option. All trees were rooted
using the default option “make outgroup paraphyletic.” There
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are four outgroups in the matrix, Dicksonosteus, Holonema,
Buchanosteus, and Homosteus. The updated character matrix
and character list are available in the Supplementary material.

The analysis of the new matrix resulted in five trees
(Supplementary material) with a tree length of 391 steps,
CI=0.350, and RI = 0.546. Both a strict consensus tree and a 50%
majority rule consensus tree were computed from the analysis
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FIGURE 7

Fins of Amazichthys trinajsticae gen. et sp. nov., AAMEM.DS.8, the holotype. (A), and a close-up in lateral-view of both pectoral fins (B,C), the
dorsal fin (D), a structure apparent to a lateral keel (E), and the caudal fin (F). The scale bar corresponds to 100 mm (same scale for B—E).

(Figure 8). The majority rule consensus tree (Figure 8A)
resolves clade 1, Pachyosteomorphi; clade 2, Aspinothoracidae;
clade 3, Selenosteidae; and suggests a solution for unnamed
clades 4-8. The strict consensus tree (Figure 8B) results
in a polytomy between Rhinosteus, Stenosteus, Driscollaspis,
Selenosteus, clade 4, and clade 7. Clade 7, which includes
Amazichthys, Melanosteus, Draconichthys, Enseosteus, and
Walterosteus, is resolved in both consensus trees.

In the majority rule consensus tree, the monophyly of
clade 3, the Selenosteidae family, is supported by large orbits
[character 28 (2)], the position of the Pro/Pto/C contact over
the orbit [character 33 (1)], the loss of the interolateral branchial
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lamina [character 47 (0)], and the partially closed angle between
the postorbital and otic branches of the infraorbital sensory
canal [character 75 (1)]. The presence of a median hypophysial
vein foramen is also included [character 73 (1)] as support, but
this character is only coded in two selenosteids in the matrix.
Clade 3 is possibly resolved in the strict consensus tree but has a
polytomy with Stenosteus, which sometimes branches as a stem
selenosteid in the previously published phylogenies (Riicklin,
2011; Riicklin et al., 2015).

Clade 5 is resolved by a contact of the preorbital plates
anterior to the pineal plate [character 18 (1)], a suborbital
marginal contact [character 55 (1)], loss of the detent process on
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Phylogenetic analysis of eubrachythoracid arthrodires and the position of Amazichthys trinajsticae gen. et sp. nov. Strict consensus tree (A) and
majority rule consensus tree (B). Clade 7, in which A. trinajsticae is nested, is highlighted by the blue rectangle. 1. Pachyosteomorphi, 2.

Aspinothoracidae, 3. Selenosteidae, 4—8. unnamed groups.

the quadrate [character 58 (0) and only coded in Selenosteus],
and well-bound cheek plates [character 62 (1)]. Additional
support is provided by characters 71 (1) and 74 (1) for clade 4,
but these are coded equally with another character state and only
in two taxa differently, respectively.

Clade 6 is resolved by the external longitudinal lengths of the
central plates longer than that of the preorbital plates [character
15 (2)], along median preorbital plate contact [character 19 (1)],
the marginal plate forming part of the orbit [character 25 (1)]
and the closed angle between the postorbital and otic branches
of the infraorbital sensory canal [character 75 (2)]. Within clade
6, clade 7, Rhinosteus and Selenosteus are a polytomy.

Clade 7 is resolved in both the strict and majority consensus
trees. In the majority consensus tree, it is supported by the
straight shape of the external anterior nuchal border [character
10 (0)], the absence of the postnuchal process of the paranuchal
plate on the dermal surface [character 30 (0)], a median
dorsal plate with a ventral ridge or thickening [character 35
(0)], the presence of a contact between the anterior lateral
plate and the anterior ventrolateral plate [character 38 (1)],
the absence of a submarginal plate that is closely associated
with the hyomandibular [character 59 (0)], the presence of
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a postorbital sensory line on the suborbital plate [character
81 (1)], the closed angle (<90°) between the postorbital and
suborbital branches of the infraorbital sensory line [character
82 (1)], the presence of dermal ornamentation [character 91
(1)] and the position of the posterolateral corner of the skull
[character 92 (0)]. The potential movement of the main lateral
line onto the posterior dorsolateral plate [character 79 (A)] also
provides support; however, it is only coded for Amazichthys,
Rhinosteus, and Gymnotrachelus within the entire selenosteid
family. In the strict consensus tree, clade 7 is also supported
by all the characters cited previously with the addition of a
neurocranial thickening [character 4 (1)], central plates longer
than the preorbital plates [character 15 (2)], and a long median
preorbital plate contact [character 19 (1)]. The parasphenoid
prehypophyseal and posthypophyseal shelf widths are shorter
than their length [character 71 (1)] and the presence of a
parasphenoid ventromedian crest [character 74 (1)] are also
supporting the clade but they are coded in three and two
selenosteids only, respectively.

Within clade 7, Amazichthys is resolved as more stemward
to Melanosteus and the rest of clade 8 and is supported by
five characters in the strict consensus tree: characters 8 (1), 13
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FIGURE 9
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Body outline reconstruction of Amazichthys trinajsticae gen. et sp. nov. based on the holotype AAMEM.DS.8, skull roof PIMUZ A/l 5141 and

PIMUZ A/1 4773.

(1), 25 (0), 63 (0), and 94 (1). In the majority consensus tree,
there are three characters in addition to the ones previously
described for node support: 18 (2), 65 (1), and 75 (1). Two
additional features are not represented in the matrix and
are shared with Driscollaspis and ptyctodonts: ornamentation
formed by tubular reticular ridges and raised sensory lines. In
addition, Amazichthys displays a further autapomorphy, namely
the sharp concave posterodorsal margin of the median dorsal
plate [character 37 (2)], a unique feature within arthrodires.

It is important to note, however, that most selenosteids
are rarely complete and thus many of the characters from the
thoracic armor, particularly the ventral and posterior plates, are
not coded in the majority of selenosteids.

Anatomical reconstruction and
ecomorphology

The Amazichthys reconstruction (Figures 9, 10) is based on
the preserved body outlines of AA.MEM.DS.8 and A/I 4773 as
well as the skull roof PIMUZ A/I 5141. The cheekbone area
and upper jaws of Amazichthys are unknown and, therefore,
remain speculative. Pectoral fins present in AA.MEM.DS.8 were
subjected to some compression and both fins have different
morphologies. However, the right fin, located centrally in the
specimen, is more compressed and wider than the left fin,
located ventrally. This might be partially due to the weight
of the body resting on the fin as it sunk to the seafloor and
became compacted with the surrounding sediment. In this
reconstruction, the outline of the pectoral fin is a combination
of both. The pelvic girdle and its preserved radials were used as
a good basis for the reconstruction of the pelvic fin.

Results of the Elliptic Fourier analyses (EFA) show that
the morphological variation in the body of sharks can be
summarized as changes affecting mainly the body height and
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the relative size of the caudal fin lobes (Figure 11). Thus, PC1
represents changes in the body height, the span of the caudal fin
and the degree of development of the caudal fin’s ventral lobe;
PC2 represents changes in the body height (affecting mostly the
ventral margin) and the degree of development of the caudal
fin’s dorsal lobe; PC3 represents changes in the body height
(affecting mostly the dorsal margin) and the angle of the caudal
fin’s dorsal lobe. PC1, PC2, and PC3 explain the 59, 13, and 6%
of the total variance, respectively. The different ecomorphotypes
cluster as follows: benthic species in the lowest scores of the
PC1, high scores of the PC2, and middle scores of the PC3;
bathic and micropelagic in middle to low scores of the PC1 and
PC2, and middle scores of the PC3; littoral pelagic species in
middle to high scores of the PC1 and PC2, and middle scores
of the PC3; and macropelagic species in high scores of the PC1
and PC3 and low scores of the PC2. Amazichthys is placed in
the highest scores of the PC1, and middle scores of the PC2
and PC3. The analysis of Euclidean distances supports that the
body outline of Amazichthys is morphologically more similar to
those of macropelagic species than to any other ecomorphotype
(Table 3).

Geometric morphometrics analyses revealed that the
morphological variation in the caudal fin of sharks can be
summarized as changes affecting the amplitude and relative size
of the caudal fin lobes (Figure 11). The first two PC axes mirror
the results derived from EFA analysis, representing changes in
the amplitude of the caudal fin and the degree of development
of the caudal fin’s ventral lobe (in PC1), and in the degree
of development of the caudal fin’s dorsal lobe (in PC2). PC3
represents changes in the degree of development of the caudal
fin’s ventral lobe. PC1, PC2, and PC3 explain the 63, 19, and 8%
of the total variance, respectively. The different ecomorphotype
clusters are as follows: Benthic species in the middle to high
scores of the PC1 and PC3, and middle to low scores of the
PC2; bathic and micropelagic in middle to low scores of the
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FIGURE 10
Reconstruction of Amazichthys trinajsticae gen. et sp. nov.

PC1, PC2, and PC3; littoral pelagic species in middle to low
scores of the PC1, and high scores of the PC2 and PC3; and
macropelagic species in the lowest scores of the PC1, and middle
scores of the PC2 and PC3. Amazichthys is placed in the lowest
scores of the PC1, and middle scores of the PC2 and PC3.
The analysis of Euclidean distances supports that the caudal
fin outline of Amazichthys is morphologically more similar to
those of macropelagic species than to any other ecomorphotype
(Table 3).

Morphometric analyses on both body and caudal fin
outlines of living sharks (with EFA and GM, respectively) reveal
a good separation between pre-established ecomorphotypes,
in agreement with previous studies (e.g., Ferron et al, 2017;
Sternes and Shimada, 2020). The location of Amazichthys
within the morphospace derived from the first three PCs
suggests that the body and the caudal fin of this placoderm
are morphologically very close to those of macropelagic sharks,
which is further supported by the Euclidean distances calculated
from the whole multidimensional space (Table 3). It is worth
noting the extreme position of Amazichthys in the PC1 of
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both analyses where this axis represents a gradient toward
increasingly pelagic and active lifestyles, with benthic, bathic
and micropelagic, litoral pelagic, and macropelagic species
gradually distributed from negative to positive scores. In any
case, despite being very close, Amazichthys does not always fall
within the cluster of macropelagic sharks, which might reflect
differences inherent to the placoderm body plan, besides the
impact of the presence of a caudal fin with an exceptionally
large amplitude and well-developed ventral lobe (which might
explain the extreme scores of Amazichthys within the PCl
derived from the EFA). These results support that Amazichthys
had a highly active lifestyle most likely as a pelagic cruiser able
to maintain high swimming speeds. This is further supported
by the (presumed?) presence of caudal lateral keels, a structure
that is exclusive to thunniform aquatic vertebrates such as
tunas (Zhang et al, 2020), lamnid sharks (Bernal et al,
2001; Donley et al., 2004; Shadwick, 2005), cetaceans (Fish,
1998), and ichthyosaurs (Lingham-Soliar and Plodowski, 2007;
Lingham-Soliar, 2016), playing a key role in thrust generation
(Zhang et al, 2020). Additionally, the high aspect ratio is
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FIGURE 11
Principal Component Analysis (PCA) results for the entire shark group and Amazichthys trinajsticae gen. et sp. nov. PCA plots for the first three
PC axes show the distribution of ecological morphotypes based on Thomson and Simanek (1977) using the body outline and the caudal fin.

TABLE 3 Euclidean distances between Amazichthys trinajsticae gen. et sp. nov. and shark ecomorphotypes calculated after principal component
analysis from Elliptical Fourier analyses on the whole body and geometrics morphometrics on the caudal fin.

Elliptic fourier analysis

Geometric morphometrics

Mean SD Mean SD
Benthic 0.22955895 0.021408473 0.703564274 0.130164886
Bathic and micropelagic 0.200466062 0.020608042 0.506220114 0.140578944
Litoral pelagic 0.156868551 0.035520089 0.494326741 0.113165462
Macropelagic 0.099768312 0.022432387 0.240115979 0.039851583

Distances are calculated considering the whole multidimensional space (all PCs).

rather unusual within the placoderm group, where most known
caudal fins are also heterocercal but with a low aspect ratio
such as the arthrodires Coccosteus and Africanaspis. A low
aspect ratio implies low speeds and a lack of ability to
perform bursts of acceleration while a high aspect ratio favors
the opposite (Carr, 1995). This implies a broader variety
of swimming strategies within the group which was not
known before.

Summary

Amazichthys trinajsticae is one of the most complete
selenosteids, although many of the bones are preserved as
imprints only. It displays a novel feature in the median plate of
the thoracic armor, which is unique to the arthrodire group. The
exceptional preservation of a body outline on two specimens
shows that the dorsal fin was placed near the posterior end of
the thoracic armor, which is not the case in the other arthrodires
where the dorsalis is known. Additionally, the combination of
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the caudal fin’s high aspect ratio and the presence of a structure
apparent to a lateral keel suggests Amazichthys was pelagic and
capable of reaching and maintaining high-swimming speeds.
Rare finds such as body or caudal fin outlines, combined with
geometric morphometrics and morphospace visualization and
exploration methods, contribute greatly to our understanding of
stem-gnathostomes lifestyles. Since the Moroccan fauna yields
similar preservation to other placoderms, we expect similar
results to be achieved in the near future.
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