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ABSTRACT—The Devonian–Carboniferous transition represents a fundamental shift in vertebrate faunal composition and
ocean ecology. Tournaisian-aged outcrops of the Horton Bluff Formation from Blue Beach, Nova Scotia capture this moment
and yield a diverse fauna of actinopterygians and other vertebrates. Here, we report an actinopterygian mandible preserved in
3D, representing a new genus and species, Sphyragnathus tyche. This mandible is elongate, deeply curved, and bears a primary
dentition of heterodont fangs. Actinopterygian identity is established by the characteristic ornamentation, dentition, and
overall mandible construction observed in the specimen. Analysis of the relationship between mandible and body length
in Paleozoic actinopterygians establishes S. tyche as a relatively large actinopterygian. Mandible length, curvature, and
fang morphology combine to produce a functionally differentiated dentition with distinct regions for prey capture and
prey processing. Comparison with modern actinopterygians places S. tyche as a back-fanged macrodont, distinguishing it
from front-fanged macrodont actinopterygians of the Late Devonian. This earliest known instance of back-fanged
macrodonty in the actinopterygian fossil record provides further evidence of actinopterygian morphological differentiation
post-Devonian and implies experimentation in feeding mode. Apparent changes in feeding mode are underscored by
analysis of stress distribution across the dentition of Devonian front-fanged macrodont actinopterygians and S. tyche.
Although this specimen is compatible with a previous ‘head-first’ model of morphological diversification in early
Carboniferous actinopterygians, we argue that a ‘feeding-first’ model is a better fit.
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INTRODUCTION

Our understanding of early actinopterygian evolution is in
flux. A direct reading of the fossil record suggests that actinopter-
ygians underwent a diversification during the early Carbonifer-
ous: Devonian actinopterygians are known from a handful of
lineages within broadly similar bodyplans, but Carboniferous
actinopterygians are diverse and morphologically disparate
(Friedman & Sallan, 2012; Henderson et al., 2022). This diversi-
fication has been hypothesized as the consequence of a mass
extinction (termed the Hangenberg) at the end of the Devonian
that selectively affected vertebrates (Sallan & Coates, 2010), but
a specific model of change

¶
—extinction recovery, adaptive radi-

ation, or ecological release—has never been tested (Henderson
et al., 2022). Furthermore, an incomplete fossil record, significant
geographic bias, phylogenetic uncertainty exacerbated by preva-
lent “wastebasket” genera subsuming diverse actinopterygians,

and taphonomic bias raise the possibility that a direct reading
of the fossil record might be misleading and highly sensitive to
new data (Giles et al., 2017; Henderson et al., 2022).

Indeed, recent studies have significantly altered interpret-
ations of Hangenberg extinction selectivity for actinopterygians,
both in terms of morphology and phylogeny. A putative decrease
in actinopterygian mean body size driven by the Hangenberg
extinction (i.e., a Lilliput effect) (Sallan & Galimberti, 2015)
was not replicated by Giles et al. (2023). Instead, Giles et al.
(2023) found that Hangenberg-surviving actinopterygians were
generally mid-sized and that Devonian-Carboniferous actinop-
terygians more broadly experienced a gradual mean body-size
decrease without any sharp change linked to the Hangenberg
extinction. As for phylogeny, the inclusion of newly described
Late Devonian (Giles et al., 2023) and Carboniferous taxa
(Wilson et al., 2018) in phylogenetic analyses has produced topol-
ogies suggesting a more inclusive actinopterygian survivorship
than previously indicated. Although the instability of early acti-
nopterygian phylogenies means these results should be treated
with caution (Giles et al., 2017), the best interpretation of the
current data suggests that a cryptic diversification of Devonian
actinopterygians produced multiple mid-sized Hangenberg-
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surviving lineages (Giles et al., 2023), which underwent more
conspicuous morphological and functional diversification in the
Carboniferous (Henderson et al., 2022; Sallan & Friedman,
2012).
The morphological and functional diversification of Devo-

nian
¶
–Carboniferous actinoptergyians was analyzed by Sallan

and Friedman (2012) under an explicit mass-extinction frame-
work. This analysis used a two-dimensional morphospace to
examine the pattern of morphological change in the early Car-
boniferous actinopterygian and post-Cretaceous acanthoptery-
gian radiations as a test of the ‘general vertebrate model’
(Sallan & Friedman, 2012). The ‘general vertebrate model’ pro-
poses that trait divergences during adaptive radiations proceed in
a predictable sequence: first in traits related to locomotion and
associated with habitat preference, then in feeding-related
cranial morphology, and finally in traits under sexual selection
(Friedman & Sallan, 2012; Streelman & Danley, 2003). Sallan
and Friedman (2012) found that actinopterygian cranial disparity
increased before actinopterygian post-cranial disparity in both
cases, so Sallan and Friedman (2012) hypothesized a head/
feeding-first (and trunk/locomotion-second) model of morpho-
logical diversification for actinopterygians, contradicting the
general vertebrate model.
However, subsequent research has challenged the head-first/

feeding-first model in early Carboniferous actinopterygians by
revealing cryptic and/or unexpected morphological diversifica-
tion. A re-examination of Trawdenia planti with µCT scanning
found that the three-dimensional structure of its pectoral fin
was adapted for rowing and not lift-generation

¶
—a first for acti-

nopterygians (Coates & Tietjen, 2018). Furthermore, the
absence of lift-generation in the pectoral fin of T. planti implies
the presence of a swim bladder to counteract the overall negative
buoyancy of the animal (Coates & Tietjen, 2018). Thus, T. planti
demonstrates significant post-cranial morphological disparity
related to changes in locomotory mode undetectable by two-
dimensional analysis of ecomorphological traits. This is a chal-
lenge for the head-first/feeding-first hypothesis because 1) the
hypothesis depends on a two-dimensional analysis of ecomor-
phological traits that cannot detect the functionally relevant mor-
phological changes displayed by this specimen and 2) the
hypothesis predicts that post-cranial morphological diversity
should be limited and the new locomotory implied by the speci-
men should not be present. Despite lacking a head, the descrip-
tion of a ‘platysomid’ deep-bodied actinopterygian from the
Tournaisian of Nova Scotia also weakened the head-first hypoth-
esis (Wilson et al., 2021). This specimen demonstrated a new acti-
nopterygian bodyplan related to a new locomotory mode and
increased the postcranial morphological disparity known for ear-
liest Carboniferous actinopterygians; this contradicts the predic-
tion of the head-first hypothesis that, whatever the status of the
specimen’s head, this post-cranial disparity and new locomotory
mode should not be present.
The feeding-first hypothesis remains viable despite these chal-

lenges to the head-first hypothesis because the two hypotheses
are overlapping but not equivalent. Sallan and Friedman (2012)
preferred a model where new cranial morphologies were adap-
tations for feeding, but a scenario in which early morphological
adaptations for feeding also appeared in the postcranium is
also possible. Feeding in fish is generally integrated with loco-
motion (Collar et al., 2008; Rice & Hale, 2010). Jaw movement
in fish recruits the pectoral girdle (Lauder, 1980; Schaeffer &
Rosen, 1961). Axial musculature has a critical role in suction-
feeding strikes as well (Camp et al., 2020), with more than 90%
contraction of axial muscles reported in strikes of a diverse
sample of suction-feeding fish (Li et al., 2022). Furthermore,
body shape and locomotory mode have a strong influence on
feeding strike (e.g., Lemberg et al., 2019

¶
; Perevolotsky et al.,

2020
¶
). A head-first, but not feeding-first, model is also logically

possible (if less biologically likely) since the head of fishes must
also be adapted for hydrodynamic (Fletcher et al., 2014), respir-
atory, and sensory roles (Gans & Northcutt, 1983). A neutral
version of the feeding-first hypothesis would predict changes in
both cranial and post-cranial morphology in the absence of any
auxiliary hypotheses.

Based on the hypothesis that early Carboniferous morphologi-
cal diversification in actinopterygians is related to adaptation for
feeding (i.e., the neutral version of the feeding-first hypothesis),
we predict that Carboniferous actinopterygians should have
diverse morphologies related to feeding, including new mor-
phologies not seen in Devonian actinopterygians. At a functional
level, these newmorphologies should augment new feeding strat-
egies, leading to differences in how feeding-related morphologies
are used and differences in feeding-related success. Here, we
describe a new genus and species of actinopterygian with an
elongated jaw bearing large fangs

¶
—characteristic predatory

adaptations in actinopterygians (Barnett et al., 2006; Wainwright
and Bellwood, 2002)

¶
—from the Tournaisian stage of Blue Beach,

Nova Scotia (Fig. 1). First, we estimated the total and standard
lengths of this new taxon to establish its context in actinoptery-
gian body size evolution. Then, we compared this new taxon to
Devonian actinopterygians with elongate, large-fanged jaws
(i.e., macrodonts; Austelliscus ferox [Figueroa et al., 2021]) and
Tegeolepis clarki (Dunkle & Schaeffer, 1973), on an ecomorpho-
logical and functional basis as a preliminary test of the feeding-
first hypothesis. To do so, we placed these taxa into ecomorpho-
logical categories related to feeding behavior (Mihalitsis & Bell-
wood, 2019) and calculated the theoretical distribution of stress

¶
(Cohen et al., 2020a Q5

¶¶
,
¶
2020b Q6

¶
). Under

Q7
¶

the feeding-first hypothesis,
we predicted that this new Carboniferous taxon should belong to
a different ecomorphological category and have a different
theoretical stress distribution compared to Devonian taxa with
elongate jaws and large fangs (i.e., Austelliscus ferox (Figueroa
et al., 2021) and Tegeolepis clarki (Dunkle & Schaeffer, 1973).
The absence of post-cranial material in the specimens analyzed
means that our test of the head-first and feeding-first hypotheses
is incomplete because the relative timing of cranial/post-cranial
morphological diversification cannot be established. Neverthe-
less, this test is still useful because the head-first and feeding-
first hypotheses generate predictions that have an opportunity
to fail if we do not observe differences in mandibular mor-
phology, ecomorphological categorization, or theoretical stress
distribution between the Devonian and Carboniferous actinop-
terygians examined.

GEOLOGIC SETTING

The outcrops at the Blue Beach locality are part of the Horton
Bluff Formation, which is wedged unconformably between rocks
of the underlying Ordovician

¶
–Devonian Meguma Group and the

overlying late Tournaisian Cheverie Formation (Martel et al.,
1993). The geology of the Horton Bluff Formation (HBF) has
been studied intensively for more than a century (see Mansky
and Lucas [2013] for a complete bibliography). The HBF is sub-
divided into four Members

¶
—Harding Brook, Curry Brook, Blue

Beach, and Hurd Creek
¶
—which span the Late Devonian and

early Carboniferous in ascending order (Martel et al., 1993;
Martel & Gibling, 1996; Tang et al., 2024). Only the Blue
Beach and Hurd Creek Members crop out at the Blue Beach
locality, where they have been dated to the middle to late Tour-
naisian (Tn2–Tn3) (Martel et al., 1993) (Fig. 1). These strata bear
substantial structural evidence of landslides as well as soft-sedi-
ment and tectonic deformation, but are highly fossiliferous, pre-
serving diverse plants, invertebrates, fishes, and tetrapods (Tang
et al., 2024). These fossils are usually found among intertidal
debris along the western bank of the Avon River (Anderson
et al., 2015; Mansky & Lucas, 2013).
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The Blue Beach Member has been divided into between four
and seven primary lithofacies, with varying numbers of subfacies
(Mansky & Lucas, 2013; Martel & Gibling, 1991; Tang et al.,
2024). Most recently, Tang et al. (2024) recognized seven
primary lithofacies: black shale, planar siltstone, carbonate, turbi-
dite sandstone and siltstone, wave-ripple sandstone and siltstone,
channel sandstone, and hummocky cross-stratified sandstone
and siltstone. These are organized into repeated cycles, which
make up a generally coarsening-up and shallowing-up sequence
(Martel & Gibling, 1991; Tang et al., 2024). Tang et al. (2024)
established two environmental stages for the Blue Beach
Member comprising 1) an offshore, deepwater environment fluc-
tuating below wave base, and 2) a stage covering the transition
from deepwater to nearshore, wave-dominated environments.
The salinity of the Blue Beach paleoenvironment has been

controversial. Martel and Gibling (1991) originally interpreted
the paleoenvironment as a large freshwater lake. Subsequently,
Tibert and Scott (1999) reinterpreted it as a lagoonal, marginal
marine environment based on the presence of marine invert-
ebrates. Martel and Gibling (1996) revised their interpretation
to include occasional connection of the paleolake to the ocean.
Most recently, Tang et al. (2024) followed this interpretation
and suggested that marine influence was initially intermittent
and later declined.

METHODS

Imaging Methods

JSA photographed NSM 005.GF.045.260 using a Nikon D200
DSLR and a standard optical lens. CDW photographed remaining
specimens using a Sony a5000 mirrorless camera and standard
optical and macro lenses. CDW scanned NSM 005.GF.045.260 in
the McCaig Institute for Bone and Joint Health, University of
Calgary, Calgary, Alberta using a SkyScan 1173 at 130 kV and 61
µA and with a resolution of 69.58 µm. As this specimen was
large, it was scanned twice, iteratively, using the oversize setting

and reconstructed accordingly. Reconstruction was performed in
nRecon 1.6.6.0. We cropped the resulting images in ImageJ to
produce an image stack (Supplementary File 1) that was imported
into Amira 4.4.0 for segmenting. The specimen was downsampled
by a factor of three in the z-axis during the data import phase
(for an initial voxel size of 69.58

¶
× 69.58

¶
× 208.75 µm).We then aver-

aged the data by a factor of two in the other axes during the surface
generation phase, resulting in a 139.16

¶
× 139.16

¶
× 208.75 µm voxel

size for generating the final model (Supplementary File 2).

Size Estimation

We first estimated the total length of Austelliscus ferox, and
Tegeolepis clarki, and the new actinopterygian taxon using the
method and data of Figueroa et al. (2021). This method estimates
total length by multiplying mandible length by the range of ratios
between total length and mandible lengths obtained from lateral
view reconstructions of eight Paleozoic actinopterygians (Sup-
plementary File 3). We measured the mandible length of
NSM.005.GF.045.260 using the measure function in Amira 4.4.0
and took mandible lengths for Austelliscus ferox (Figueroa
et al., 2021),Howqualepis rostridens (Long, 1988), and Tegeolepis
clarki (Dunkle & Schaeffer, 1973) from the literature.

We replicated the linear regression performed by Giles et al.
(2023) between the natural logarithms of mandible and standard
length for 55 specimens covering 20 Paleozoic actinopterygian
taxa. We did an additional linear regression between raw mand-
ible and standard lengths for the same specimens and taxa. We
did both linear regressions in Microsoft Excel Version 2404
Build 16.0.17531.20140 using the Regression function from the
Analysis ToolPak add-in (Supplementary File 3). However, we
only used the raw length data as the basis for length estimations
reported here. The correlation between mandible length and
standard length was slightly lower for the raw data (r = 0.93)
than for the logarithmically transformed data (r = 0.95; Sup-
plementary File 3) but allowed a more intuitive calculation and

FIGURE 1. Map showing the geographic and
geologic context of the Blue Beach locality
modified from Anderson et al. (2015). Purple,
Blue Beach Member of the HBF; green, Hurd
Creek Member of the HBF.

Wilson et al.—New predatory actinopterygian (e2498453-3)

135

140

145

150

155

160

165

170

175

180

185

190

195

Changes
Deleted Text
x

DELETION: Changes: x
Changes
Deleted Text
x

DELETION: Changes: x


representation of the 95% confidence interval. Thus, we esti-
mated the standard length of NSM 005.GF.045.260, Austelliscus
ferox, Howqualepis rostridens, and Tegeolepis clarki from the
raw length data of Giles et al. (2023) using the Forecast.Linear
function and calculated 95% prediction intervals from the under-
lying parameters in Excel (Supplementary File 3).

Ecomorphological Categorization

We assigned NSM 005.GF.045.260, Austelliscus ferox, and
Tegeolepis clarki, to the ecomorphological categories established
by Mihalitsis et al. (2019) for extant piscivorous reefal teleosts.
According to this categorization, actinopterygian mandibles can
be front-fanged macrodont, back-fanged macrodont, or villi-
form/edentulous. Actinopterygians without large fangs on the
mandible

¶
—possessing either many small, uniform teeth or no

teeth at all
¶
—are categorized as villiform/edentulous. Their mand-

ibles are hypothesized to be adapted for capturing and holding
prey, including those with integumentary anti-predator defenses.
Actinopterygians with large fangs on the mandible are distin-
guished based on the position of the largest fangs and interpreted
based on lever mechanics. Actinopterygians with their largest
fangs towards the anterior tip of the mandible are categorized as
front-fanged macrodonts. Their fangs are hypothesized to be
adapted for prey capture, but not processing, since their position
away from the jaw joint (i.e., the fulcrum of the lever) means
they rotate with high speed but low force. This produces a speed
advantage. The smaller teeth posterior to the fangs are hypoth-
esized to grip and cut prey. Actinopterygians with the largest
fangs towards the posterior end of the mandible are categorized
as back-fanged. Back-fangedmacrodonts are the only ecomorpho-
gical category hypothesized to be primarily adapted for prey pro-
cessing by piercing, since the position of their largest fangs close to
the jaw joint means they rotate with low speed but high force (i.e.,
a force advantage). The smaller teeth anterior to the largest fangs
are hypothesized to be used in prey capture.
This categorization remains applicable for the non-neoptery-

gian actinopterygians examined in this study despite significant
phylogenetic distance and morphological differences between
these and the reefal teleosts examined by Mihalitsis et al.
(2019) because it relies on basic lever mechanics common to
jaw closing (i.e., biting). The effect of the mode of prey capture
and the identity of the elements making up the lower jaw
should be minimal so long as the bite can be modeled as a
lever rotating about a fulcrum. Indeed, Mihalitsis and Bellwood
(2021) and Muruga et al. (2022) found that macrodont actinop-
terygians display a range of prey capture and processing beha-
viors. There are even broader functional differences between
villiform Pal

¶
eozoic actinopterygians and villiform teleosts with

derived morphology enabling engulfing feeding behavior (Miha-
litsis & Bellwood, 2019). However, villiform Pal

¶
eozoic actinop-

terygians are still ecomorphologically distinct from macrodont
Pal

¶
eozoic actinopterygians even if they are not engulfers. Never-

theless, we focused on macrodont actinopterygians in this study
to avoid this functional issue.
Mihalitsis and Bellwood (2021), Muruga et al. (2022), and

related studies emphasize that behavioral observation and func-
tional data should be considered in addition to ecomorphological
data for a complete picture of organismal performance, niche,
and the adaptive significance of morphology (Bock, 1977). As be-
havior cannot be observed for this specimen, we calculated a
theoretical stress distribution to test for functional differences.

Theoretical Stress Distribution

We used the “functional homodonty” method of Cohen et al.
(2020a, 2020b), in which tooth size and position estimate stress
on the tooth and, since the stress exerted by a tooth influences

its performance (Cohen et al., 2020b), establish differences in
use. Calculating tooth stress using their method involves measur-
ing the surface area of each tooth, determining the moment of
force applied by each tooth (Formula 1), determining the stress
experienced by each tooth (Formula 2), size-standardizing the
stress (Formula 3), determining the residual stress for each
tooth by subtracting the median from the size standardized stres-
ses (Formula 4), and normalizing the residual stresses to the
median (Formula 5) (Cohen et al., 2020a,

¶
2020b). The formulae,

with x = size standardized stress and x̃ = median stress, are:

Formula 1: force = (distance from jaw tip to jaw joint)∗1N
(distance from tooth tip to jaw joint)

Formula 2: theoretical stress (x) = Flever
tooth surface area

Formula 3: size standardized stress (x) = stress

horizontal jaw length2

Formula 4: size standardized residual stress = x− x̃

Formula 5:median normalized residual stress

= size standardized residual stress
x̃

These formulae differ from the formulae published by Cohen
et al. (2020a), which were misprinted in the proofing stage (K.
Cohen, pers. comm.), but match the formulae contained in
their fig. 1 (Cohen et al., 2020a). They also differ from the for-
mulae published in the manuscript text of Cohen et al. (2020a),
which take the reciprocal of Formula 1 and would yield the
highest forces on the furthest teeth from the jaw joint and vice
versa, which runs counter to basic lever mechanics (Mihalitsis
& Bellwood, 2019) and their results. The order of operations
listed here also differs from the order of operations published
as a lettered list by Cohen et al. (2020a), which is incompatible
with the order of operations stated elsewhere in the paper and
their results.

We measured the jaw tip and tooth tip distances from 3D
models of NSM 005.GF.045.260 (this paper) and Austelliscus
ferox and Tegeolepis clarki (from Figueroa et al., 2021) using
the measure function in MeshLab 2022.02. These specimens
were broken, so the tip distances were measured from the
point on the specimen closest to the presumed jaw joint (i.e.,
the most anterodorsal part of the specimen). This differed from
the methodology of Cohen et al. (2020a, 2020b), which con-
sidered complete jaws, and would bias the analysis towards
higher absolute forces applied to teeth. However, this effect is
mitigated because the analysis considers relative differences
between tooth stress and the position of the tooth relative to
the tip length of the specimen. Relative, not absolute, values
form the basis for comparison between teeth and between taxa.
Additionally, we only considered well-preserved teeth in the
lingual row for this study and excluded broken or damaged
teeth. The functional homodonty method is robust to the
removal of damaged teeth and our results remain comparable
to those of Cohen et al. (2020a). Cohen et al. (2020a) only con-
sidered teeth that were fully ankylosed to the jaw, thus excluding
all teeth undergoing replacement, so their method was designed
to be robust to tooth exclusion. Both extant and fossil fishes may
break or lose teeth during their lives; fossil specimens may
additionally suffer taphonomic tooth damage or loss. Differences
in the source of tooth damage should not bias our results,
although we should expect to see a higher rate of tooth
damage in fossil specimens because of the opportunity for
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taphonomic damage. We only examined specimens with less than
50% of teeth broken and with sufficient tooth coverage to be
representative of the overall dentition.
Paleozoic actinopterygians, including these taxa, have a mar-

ginal dentition (Giles et al., 2017) in addition to their primary
dentary tooth row. We did not measure the marginal dentition
as their small size, position, and likely functional role (Fraz-
zetta, 1988) suggest that they are not primarily involved in
biting and experience a different force regime. We calculated
the surface area of each measured tooth by iteratively deleting
all voxels except for the tooth being measured,
calculating the surface area for the remaining mesh (i.e., the
tooth being measured), and dividing the surface area by two
(since the remaining meshes were hollow and open at the
bottom).
We then calculated the median normalized residual stresses for

each tooth preserved in NSM 005.GF.045.260, Austelliscus ferox,
and Tegeolepis clarki according to our Formulae 1–4 in RStudio
2023.06.0 Build 421 (RStudio Team, 2024) running R. 4.3.1 (R
Core Team, 2024) (Supplementary File 4, 5, and 6). We used
the median normalized residual stress cutoff value of 4.3, estab-
lished by Cohen et al. (2020a), to identify functionally hetero-
dont teeth. That is, teeth that receive 4.3 times above the
median stress for the dentition were found to be functionally
different (Cohen et al., 2020a). We used this value rather than
the lower value of 1.8 obtained by Cohen et al. (2020b)
because the latter was targeted to a single genus (Halichoeres
spp.), whereas the former considered multiple fish groups
(Cohen

¶
et al., 2020a).

Institutional Abbreviations—NSM, Nova Scotia Museum of
Natural History, Halifax, Nova Scotia; RM, Redpath Museum,
McGill University, Montreal, Quebec.

SYSTEMATIC PALEONTOLOGY

OSTEICHTHYES Huxley, 1880
ACTINOPTERYGII Cope, 1889

SPHYRAGNATHUS TYCHE, gen. et sp. nov.
(Figs. 2–5)

Holotype—NSM 005.GF.045.260 was the primary focus, and
initiator, of this study. It comprises the anterior part of an acti-
nopterygian mandible, including the dentary and a set of coro-
noids that cannot be individually distinguished.

Examined Specimens—Recently, we examined all actinopter-
ygian material in the collections of the Blue Beach Fossil
Museum, NSM, and RM for mandibles similar to NSM
005.GF.045.260. We identified three specimens: NSM
007.GF.004.812, 005.GF.045.263, and 005.GF.045.367. These
include the interior cast of a left dentary outlined by dentary
and tooth fragments, a fragmentary dentary and partial cast
of a left dentary, and the interior cast of a right dentary,
respectively. The block identified as NSM 007.GF.004.812 also
includes the impression of a large hyomandibula. Similarly,
the block identified as NSM 005.GF.045.367 includes a
second, straight dentary belonging to a different morphotype.
Only the curved mandibles on these blocks were considered
in this study; specimens were collected from a densely fossili-
ferous layer and the additional material is disarticulated and
only loosely associated.

We also examined the holotype of Acrolepis ‘hortonensis’,
RM 2707, for comparison. RM 2707 represents a symphyseal
fragment from an actinopterygian dentary bearing
large fangs and an associated scale (Dawson, 1868; Gardiner,
1966).

FIGURE 2. Sphyragnathus tyche
¶
gen. et sp. nov., NSM 005.GF.045.260. A, photograph and B, illustration of specimen in lateral view. Abbreviations:

den, dentary; fn, fang. Scale bar equals 15 mm.
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Etymology—Generic name, Sphyragnathus: Sphyra, hammer
(σφῦρα, Greek); and gnathus, jaw (γνᾰθος, latinized Greek).
Alludes to the inferred predatory nature of the taxon.
Specific name, tyche: Refers to the ancient Greek goddess of

fortune, Tyche, for the fortunate circumstances of the fossil’s
discovery.
Diagnosis—Sphyragnathus tyche is identified as actinoptery-

gian based on the presence of the mandibular canal in the
dentary, the organization of teeth into two rows consisting of
lingual fangs and marginal teeth, and vermiform ornamentation
of glossy hypermineralized tubercles. Sphyragnathus tyche differs
from other Paleozoic actinopterygians by the high degree of cur-
vature of the mandible, the pattern of morphological hetero-
donty (small, curved teeth anteriorly grading into large erect
teeth), and the substantial ventral deepening of the dentary in
its posterior extent.
Locality, Horizon, and Age—All fossils examined in this study

were collected from Tournaisian-aged (Tn2–Tn3 palynomorph
stage) outcrops of the Horton Bluff Formation at the Blue
Beach locality (Martel et al., 1993). NSM 005.GF.045.367,
007.GF.004.812, and 005.GF.045.263 were recovered among
undifferentiated tidal debris along the western bank of the
Avon River, so no specific horizon can be defined for these

specimens (Anderson et al., 2015; Mansky & Lucas, 2013).
NSM 005.GF.045.260 was discovered in situ by Sonja Wood and
CFM in a creek along the Blue Beach Road as it approaches
the Blue Beach Fossil Museum. These rocks are among the
southernmost outcrops at the Blue Beach locality and form
the base of the exposed section (Fig. 1) (Anderson et al.,
2015; Mansky & Lucas, 2013). Thus, NSM 005.GF.045.260 can
be confidently placed in the Blue Beach Member of the HBF
as one of the oldest specimens discovered at the Blue Beach
locality.

Description of NSM 005.GF.045.260

General Comments—The mandible is long, slender, and
deeply curved with a dentition of large, heterodont fangs. The
preserved length of the mandible is 101.11 mm. The mandible
is curved along its entire length with its deepest curvature in
the anterior half. The anterior-most point of the dentary is
23.60 mm above the plane of the lowest point along the dentary’s
dorsal margin.

Dentary—The dentary extends the entire preserved length of
the specimen. It is broken into two pieces by a crack running the
length of the specimen (Figs. 2, 3, 4, 5); the ventral lamina of the

FIGURE 3. µCT rendering (top) and interpretative drawing (bottom) of Sphyragnathus tyche
¶
gen. et sp. nov., NSM 005.GF.045.260. in lateral view.

Abbreviations: ?ang, angular (gold); cor, coronoid (dark blue); den, dentary (purple); fn, fang (green); te, marginal dentition (green).
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dentary is folded inwards below the dorsal surface. Because of
the breakage and folding, the thickened ventral part of the
dentary carrying the mandibular canal has been pushed
upwards so that it is at the same level as the dentition (Fig. 3).
However, the preservation of the mandibular canal (Figs. 4, 5)
suggests that the dentary is mostly complete in its ventral
extent, at least posteriorly. An additional fragmented part of
the ventral lamina is pushed anteriorly and overlaps the two
other broken parts of the dentary medially (Figs. 3, 5A). The dis-
tinct rise in the dorsal margin of the dentary just ahead of the
breakage at the posterior end likely marks the beginning of the
rise in the mandible towards the elevated mandibular articular
region common to large macrodont Paleozoic actinopterygians
(Friedman et al., 2024) (Figs. 2, 3). The dentary is shortest and
widest anteriorly, where it forms a thick rounded triangle in
cross

¶
section, but becomes significantly taller and narrower pos-

teriorly (Fig. 3). This gives it a tear-drop aspect in cross
¶
section in

the middle part of its length before becomes more upright and
laminar in its posterior-most extent (Fig. 3).
The convex labial surface of the dentary is well-ornamented

with a glossy hyper-mineralized tissue (Fig. 2). Round tubercles
are concentrated along the dorsal margin of the labial surface
but lengthen into vermiform ridges ventrally (Fig. 2).

The dorsal surface of the dentary bears two rows of teeth
between the small vertical external and internal laminae
(Figs. 2, 5A). The labial row is the marginal dentition: this
comprises small conical teeth set in the external lamina of
the dentary, immediately next to the much larger lingual row
of teeth. The lingual row features 25 tooth sockets; 16 empty
and 9 set with teeth (Fig. 5A). The posterior-most socket is
empty and

¶
is compressed relative to the others in series. The

socket tapers posteriorly, bringing the external and internal
laminae closer together (Fig. 5A). These laminae appear to
be confluent posterior to this socket, suggesting it was the
last in the row before the anterior margin of the adductor
fossa (Fig. 5A).

The large lingual teeth vary considerably in size and shape.
The smallest teeth are located symphyseally and are also the
most curved, almost to the point of appearing doubled over
(Figs. 3, 5A). The greatest degree of curvature is found in
the third most anterior tooth (Fig. 5A). The degree of curva-
ture gradually decreases in more posterior teeth, so the teeth
at the posterior end of the specimen are nearly straight (Figs.
2, 3, 5A). All teeth are curved inward (i.e., point lingually)
except two at the anterior end. The anterior-most tooth
points posteriorly and the next tooth in series points

FIGURE 4. µCT rendering (top) and interpretative drawing (bottom) of Sphyragnathus tyche
¶
gen. et sp. nov., NSM 005.GF.045.260. in medial view.

Abbreviations: ?ang, angular (gold); cor, coronoid (dark blue); den, dentary (purple); fn, fang (green); te, marginal dentition (green). Position of man-
dibular canal indicated by thick, yellow dashed line.
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posteromedially, rotated halfway between the orientation of
the anterior-most tooth and the more posterior teeth in the
series (Fig. 5A). Although more posteriorly located teeth
are always larger than the small and highly curved anterior
teeth, the third tooth from the end of the specimen has the
greatest diameter and height. These large teeth are partially
accommodated by a small, thin shelf formed by the internal
lamina of the dentary (Fig. 5A). However, the lamina
curves around the base of the tooth and ascends, obscuring
its base in medial view (Figs. 4, 5A).
Coronoids—The dentary is contacted along the dorsal

margin of its lingual surface by a thin, incomplete, and dis-
placed coronoid series (Figs. 4, 5A); these become more com-
plete towards the anterior tip of the specimen. Individual
coronoid bones cannot be distinguished. The labial edge of
the coronoid series rests on the internal lamina of the
dentary. The series has collapsed and fallen ventrally along
most of its length so that its labial edge contacts the thicken-
ing for the mandibular canal on the broken and folded up
ventral lamina (Figs. 3, 4, 5A). There is no evidence for the

presence of fangs on the coronoid series; we consider this
to be more likely due to biological absence rather than tapho-
nomic damage.

Angular—A small fleck of bone in the posteroventral part of
the specimen, lateral to the dentary, may represent a broken
portion of the angular (Figs. 3, 4, 5).

Description of NSM 007.GF.004.812

General Comments—NSM 007.GF.004.812 comprises a
partial internal cast of a left dentary surrounded by dentary
fragments. The central part of the specimen appears as a
curved cone marked by parallel lines. The impression of a
single, large, posterior tooth protrudes from its dorsal
surface. Small fragments of dentary fossil material appear
below the cast; the largest, towards the middle of the speci-
men, bears the impression of the mandibular canal. The
overall outline of the dentary appears elongate and curved
(Fig. 6A).

FIGURE 5. µCTrenderings (top) and interpretative drawings (bottom) of Sphyragnathus tyche
¶
gen. et sp. nov., NSM 005.GF.045.260. inA, dorsal and

B, ventral view. Abbreviations: ?ang, angular (gold); cor, coronoid (dark blue); den, dentary (purple); fn, fang (green); pit, replacement pit; te, mar-
ginal dentition (green). Position of mandibular canal indicated by thick, yellow dashed line.
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Description of NSM 005.GF.045.367

General Comments—NSM 005.GF.045.367 comprises a partial
internal cast of a left dentary outlined by dentary fragments; the
largest fragments are in the posterior portion. Two large pos-
terior teeth extend above the dorsal margin. The dentary
appears slender, elongate, and curved (Fig. 6B).

Description of NSM 005.GF.045.263

General Comments—NSM 005.GF.045.263 appears as a
curved cone marked by parallel lines representing an internal
cast of a right dentary. This specimen appears relatively less
curved than the others examined. The dentary outline appears
relatively tall posteriorly and tapers significantly in its anterior
extent (Fig. 6C).

Size Estimates

The total length estimate calculated for Sphyragnathus tyche
(based on NSM 005.GF.045.260) following Figueroa et al.
(2021) was 76.10–97.27 cm (Fig. 7). The standard length estimates
calculated for Sphyragnathus tyche (based on NSM
005.GF.045.260), Austelliscus ferox, Howqualepis rostridens,
and Tegeolepis clarki based on the data of Giles et al. (2023)
were 45.85, 32.22, 29.94, and 84.80 cm, respectively (Supplemen-
tary File 3). These correspond to 95% prediction intervals of

39.60–52.10, 26.66–37.79, 24.46–35.42, and 75.62–94.07 cm,
respectively (Fig. 7; Supplementary File 3).

Ecomorphological Categorization

The large fangs at the posterior end of the mandible establish
Sphyragnathus tyche as a back-fanged macrodont (Figs. 2–5

¶
, 8);

the large fangs towards the mandibular symphysis (Dunkle &
Schaeffer, 1973; Figueroa et al., 2021) establish Austelliscus
ferox and Tegeolepis clarki as front-fanged macrodonts (Fig. 8).

Theoretical Stress Distribution

The median normalized residual stresses ranged from
¶
−0.634

to 7.910 for Austelliscus ferox,
¶
−0.776 to 5.203 for Tegeolepis

clarki, and
¶
−0.470 to 1.305 for Sphyragnathus tyche (Fig. 8, Sup-

plementary File 6). The highest median normalized residual
stresses were found in the posterior-most parts of the jaw and
generally decreased anteriorly (Fig. 8, Supplementary File 6),
matching the general decrease in force exerted on the teeth as
calculated from basic lever mechanics (Supplementary File 6).
The only median normalized residual stresses above the
threshold of 4.3 established by Cohen et al. (2020) were found
for the two most posterior teeth of Austelliscus ferox (7.910
and 5.775) and the most posterior tooth of Tegeolepis clarki
(5.203) (Fig. 8, Supplementary File 6).

FIGURE 6. Large, curved, actinopterygian den-
taries from the Blue Beach locality. A, NSM
007.GF.004.812, internal mold of actinoptery-
gian left dentary and tooth impression sur-
rounded by dentary fragments in left lateral
view; B, NSM 005.GF.045.367, partial internal
mold of actinopterygian left dentary outlined
by dentary and tooth fragments; C, NSM
005.GF.045.263, internal mold of actinoptery-
gian left dentary. Scale bars equal 2 cm.
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DISCUSSION

Morphology and Phylogeny

Status of Sphyragnathus tyche as an Actinopterygian—Mor-
phological evidence indicates Sphyragnathus tyche is an actinop-
terygian. The presence of the mandibular canal within the
dentary is characteristic of actinopterygians (Figueroa et al.,
2021; Gardiner, 1984; Stensio, 1947). The state of other charac-
ters, such as the pattern of glossy hypermineralized ornamenta-
tion and the organized double row of lingual fangs and
marginal teeth add confidence to this assessment (Figs. 2, 3).
Phylogenetic Position of Sphyragnathus tychewithin Actinop-

terygii—Figueroa et al. (2019) discussed the problem of evaluat-
ing the relationships between actinopterygians with conspicuous
predatory adaptations. Large teeth and elongate jaws

¶
—the eco-

morphological hallmarks of predation in actinopterygians
(Barnett et al., 2006; Wainwright & Bellwood, 2002)

¶
—have

repeatedly formed the basis for dubious taxonomic groupings
(e.g., Acrolepidae, Cosmoptychiidae, Pygopteridae, and Rhab-
dolepidae). The fossil record of Carboniferous–Permian large
macrodont actinopterygians was also reviewed by Friedman
et al. (2024) in a study which introduced considerable new μCT
data and anatomical understanding for mandibles from these
taxa. However, the relationships of Paleozoic macrodont acti-
nopterygians have not generally been tested in phylogenetic ana-
lyses (Figueroa et al., 2019).
Despite superficial morphological similarity, there is no appar-

ent relationship between Sphyragnathus tyche and Austelliscus
ferox +Tegeolepis clarki because it lacks the synapomorphies of
these taxa. Notably, Sphyragnathus tyche lacks a constriction of
the mandible before its anterior tip as in Austelliscus ferox (Fig-
ueroa et al., 2019), and the jaw is continuously curved, not
reflexed solely at its anterior tip (Figs. 2, 3, 4). The size, shape,
and position of teeth also differ.Austelliscus ferox and Tegeolepis
clarki are front-fanged macrodonts with conical teeth that are
anteriorly inclined at the posterior of the jaw, but Sphyragnathus
tyche is a back-fanged macrodont with deeply curved anterior
teeth that become conical and upright posteriorly.
Assessing the relationship between Sphyragnathus tyche and

post-Devonian actinopterygians is more difficult. It shares mor-
phological characters in the mandible and dentition with these
taxa: the mandible rises dorsally, presumably towards an elev-
ated articular surface common to large Paleozoic macrodont acti-
nopterygians, and the anterior dentition is curved inwards
towards the lingual side of the jaw as in these taxa (Friedman
et al., 2024). The extreme curvature of the lower jaw combined
with the pattern of morphological heterodonty in Sphyragnathus

tyche distinguish it from the known morphological diversity for
these broader taxa. Sphyragnathus tyche appears somewhat
similar to the lower jaws of Brazilichthys macrognathus, Daemo-
dontiscus harrisae, and Watsonichthys pectinatus but is deeper in
profile, more deeply curved, and has a different dentition. These
apomorphies may distinguish Sphyragnathus tyche from these
taxa, but Sphyragnathus tyche critically lacks synapomorphies
with any well-defined actinopterygian group. Broader reassess-
ment of the relationships of Paleozoic actinopterygians will be
necessary to further elucidate the relationship between Sphyrag-
nathus tyche and ecomorphologically similar forms.

Macrodont Actinopterygians at the Blue Beach Locality—The
actinopterygian mandibles described here represent only part of
the mandibular morphological diversity at the Blue Beach
locality. Our survey revealed abundant large mandibles with
diverse morphology incompatible with Sphyragnathus tyche.
These will be discussed in a planned review of the Horton
Bluff Formation fish fauna. Acrolepis ‘hortonensis’ (Fig. 9) is
clearly distinct from Sphyragnathus tyche

¶
—the profile of the

dentary is straight in its anterior extant and it bears large, straight
fangs suggestive of front-fanged macrodonty (Fig. 9). This taxon
appears in need of revision, but this is beyond the scope of this
work.

NSM 007.GF.004.812, 005.GF.045.367, and 005.GF.045.263
(Fig. 6A, B, C, respectively) are too incomplete to

¶
act as para-

types for or be confidently referred to Sphyragnathus tyche.
However, they match the morphotype of Sphyragnathus tyche.
Large fangs in the posterior part of NSM 007.GF.004.812 and
005.GF.045.263 are compatible with back-fanged macrodonty.

Overall, large actinopterygians with conspicuous predatory
adaptations are a significant and diverse component of the
Blue Beach assemblage. This observation is compatible with
the head-first/feeding-first hypothesis, but we emphasize that
this cannot be tested fully without post-cranial data.

Ecology and Functional Morphology

Size Estimates—Because the mandibles of Sphyragnathus
tyche and Austelliscus ferox used for measurement were incom-
plete, the 95% prediction intervals calculated for standard
length

¶
—39.60–52.10 cm and 26.66–37.79 cm respectively

¶
—rep-

resent a range of minimum possible standard lengths (Fig. 7).
The mandible of Howqualepis rostridens and Tegeolepis clarki
used for the calculation were complete, so the range of standard
length estimates for these taxa (24.46–35.42 cm and 75.62–94.07
cm, respectively; Fig. 6) represent both minimum and
maximum values. Since this should bias Howqualepis rostridens

FIGURE 7. Standard length estimate results, in
cm, for Howqualepis rostridens, Austelliscus
ferox, Sphyragnathus tyche, and Tegeolepis
clarki, and total length estimate results, in cm,
for Austelliscus ferox, Sphyragnathus tyche, and
Tegeolepis clarki. The total length data point
for Howqualepis rostridens is derived from a
direct measurement taken by Figueroa et al.
(2021). Total length estimates are in red, stan-
dard length estimates are in black.
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towards larger size relative to the taxa for which only minimums
were calculated, this reinforces our estimate ofHowqualepis ros-
tridens as the smallest of the taxa measured.
Our absolute minimum total length estimate for Sphyrag-

nathus tyche (76.10 cm) places it as the second largest actinopter-
ygian in the dataset of Sallan and Galimberti (2015). Our
‘maximum minimum’ total length estimate (97.27 cm) closely
approaches the total length cited for Tegeolepis clarki (100 cm),
the largest actinopterygian in the dataset (Fig. 7) (Sallan &
Galimberti, 2015).
We consider our standard length estimates to be more robust

than our total length estimates, since they are based on direct
measurements from fossils or figures of fossils (Giles et al.,
2023), rather than lateral reconstructions (Figueroa et al.,
2021). These corroborate our total length results by estimating
the same relative sizes for each taxon (i.e., Austelliscus ferox <
Sphyragnathus tyche <Tegeolepis clarki; Fig. 7).
Thus, Sphyragnathus tyche is one of the largest actinoptery-

gians known from the Devonian and early Carboniferous
periods and provides evidence large, predatory actinopterygians
were present on either side of the Hangenberg extinction bound-
ary. This observation runs counter to the decrease in body size
hypothesized for this interval by Sallan and Galimberti (2015)
but is compatible with the results of Giles et al. (2023), who
did not find such a decrease in actinopterygian body size.
Ecomorphological Categorization—The early Carboniferous

Sphyragnathus tyche is the earliest occurrence of a back-fanged
macrodont in the actinopterygian fossil record. According to
the interpretation of these categories by Mihalitsis et al. (2019),
this suggests that Sphyragnathus tyche is the earliest known acti-
nopterygian with a mandible with adaptations for prey proces-
sing by piercing as well as prey capture. The shape of the teeth
in Sphyragnathus tyche is compatible with this interpretation.
The deep inward curvature of the anterior teeth would make it
difficult for prey to escape outwards (Figs. 3–5) and the upright
conical posterior teeth appear suited to a role in processing
prey via piercing. This inferred difference in feeding strategy
furthers the expectation that Sphyragnathus tyche should have
a different theoretical stress distribution than the Devonian
taxa examined.
Theoretical Stress Distribution—This prediction is supported

by the theoretical stress distribution. Whereas stresses appear

evenly distributed across the dentition of Sphyragnathus tyche,
the posterior-most teeth of Austelliscus ferox and Tegeolepis
clarki experience stresses several times above the median stress
for the dentition (Fig. 8), exceeding the threshold for functional
heterodonty established by Cohen et al. (2020). Conversely,
Sphyragnathus tyche is a functional homodont according to
their published criteria implying that all teeth in the dentition
are functionally similar (Fig. 8).

We challenge this interpretation of functional homodonty in
Sphyragnathus tyche because the method of Cohen et al.
(2020a, 2020b) only identifies teeth that experience distinctly
high levels of stress. It cannot identify those that experience dis-
tinctly low levels of stress, which Cohen et al. (2020a) agree
should also be considered functionally heterodont. Although
the negative normalized residual stress threshold for functional
heterodonty (

¶
−4.3) implies that low-stress can be identified, a

median normalized residual stress lower than
¶
−1 is impossible.

Combining Formula 3 (residual stress = x− x̃) and Formula 4

(median normalized residual stress = residual stress
x̃

), where x

= size standardized stress and̃x = the median stress for the denti-
tion, yields Formula 5:

median normalized residual stress = x− x̃
x̃

The lowest possible value for stress is 0, since negative stress
cannot occur during biting. In this scenario, and assuming at
least one other tooth in the dentition experiences stress (i.e.,
for x = 0 and x̃ > 0):

median normalized residual stress = (0) − x̃
x̃

median normalized residual stress = − x̃
x̃

median normalized residual stress = −1

Furthermore, the
¶
−4.3 threshold is incompatible with the

thresholding method. Cohen et al. (2020a) generated their

FIGURE 8. Results of theoretical stress distribution analysis for Austelliscus ferox, Tegeolepis clarki, and Sphyragnathus tyche. Values for stress are
given as median normalized residuals. Tooth distance from posterior was determined as the ratio between the distance from the posterodorsal corner
of the mandible to the tip of each tooth and the distance from the distal tip of the mandible to its posterodorsal corner. The solid

¶
gray line represents a

residual stress of 0 (i.e., the median stress for the dentition). The red dashed line represents the functional homodonty threshold value of 4.3 (Cohen
et al., 2020a), data points for median normalized residual stress exceeding this threshold are also colored red. Images below each graph are µCT-based
renderings of the mandibles used for measurement. ‘X’s above teeth indicate teeth that were not used for measurement due to their incompleteness.
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thresholds using k-means clustering, a technique that resolves
data into a user-specified number of clusters, to identify the
threshold. Cohen et al. (2020a) specified two clusters of boot-
strapped residuals with average median normalized residual
stress values of 0.1 for the low cluster (i.e., their functional homo-
donts) and 8.1 for the high cluster (i.e., their high-stress func-
tional heterodonts). There was no cluster of teeth experiencing
large negative values (i.e., low-stress functional heterodonts).
The average between the two clusters determines the threshold
(Cohen et al., 2020a) and this average is solely positive. This con-
clusion seems to be reflected in later work by Cohen et al.
(2020a), who state only the positive value of their functional het-
erodonty threshold (i.e., + 1.8) in their study of Halichoeres spp.
wrasses.
We argue that the functional heterodonty method of Cohen

et al. (2020a, 2020b) captures only part of the functional hetero-
donty concept because it only identifies teeth experiencing dis-
tinctly high stress. Since the force advantage experienced by a
tooth decreases with its distance from the jaw joint, and stress
is the quotient of force and area, the functionally heterodont
teeth identified are relatively small and set towards the posterior
end of the jaw (see figs. 7 and 8 and supplementary figs. 2–5 in
Cohen et al.

¶
[2020a

¶
] and fig. 4 in Cohen et al.

¶
[2020b]). Since

front-fanged macrodonts are characterized by relatively small
posterior teeth (Mihalitsis & Bellwood, 2019), they should be
identified preferentially as functional heterodonts by this
method. Back-fanged macrodonts, with their largest teeth in pos-
ition to receive the highest forces (Mihalitsis & Bellwood, 2019),
should not be identified as functional heterodonts by the method.
This matches our results: the front-fanged macrodonts Austellis-
cus ferox and Tegeolepis clarki had teeth exceeding the functional
heterodonty threshold, and the back-fanged macrodont Sphyrag-
nathus tyche did not (Fig. 8).
The relative low median normalized residual stresses calcu-

lated for the posterior teeth of Sphyragnathus tyche (Fig. 8)
¶
are

compatible with the use of these teeth inferred from the ecomor-
phological categorization. If back-fanged macrodonts, such as
Sphyragnathus tyche, primarily use their posterior teeth for
prey processing by piercing (Mihalitsis & Bellwood, 2019), it
would be counterintuitive for these teeth to experience poten-
tially damaging high levels of relative stress. Instead, the large
size of these teeth likely provides a safety factor so that they
experience less stress than their maximum tolerance (Lungstrom
et al., 2023). The relatively low stresses experienced by the
anterior teeth and the relatively high stresses experienced by

the posterior teeth in the front-fanged macrodonts Austelliscus
ferox and Tegeolepis clarki are also compatible with their
inferred role in prey capture and prey gripping and cutting,
respectively.

We suggest that a revision to the functional heterodonty
method is necessary to capture the full functional heterodonty
concept (Cohen et al., 2020a). However, it is sufficient for the
research objectives of this paper to observe that the significant
difference in the theoretical stress distributions of Austelliscus
ferox and Tegeolepis clarki versus Sphyragnathus tyche matches
our prediction and corroborates the ecomorphological categoriz-
ation of these taxa.

The Devonian–Carboniferous Transition in Actinopterygians

The Feeding-first Hypothesis—Our ecomorphological categ-
orization and analysis of theoretical stress distribution forAustel-
liscus ferox, Sphyragnathus tyche, and Tegeolepis clarki match
our predictions. Important differences in the size and position
of their teeth suggest they differ functionally. The tooth and man-
dibular morphology (back-fanged macrodonty) of Sphyrag-
nathus tyche is a first for actinopterygians in the fossil record,
as is its likely functional adaptation for prey-processing by pier-
cing (Mihalitsis & Bellwood, 2019). The absence of any known
post-cranial material means that Sphyragnathus tyche cannot
provide data on the relative timing of cranial and postcranial
morphological diversification or of functional changes related
to feeding and locomotion. However, it provides a positive
example of new cranial morphology related to feeding in early
Carboniferous actinopterygians, as predicted by the feeding-
first hypothesis. We suggest the broader early Carboniferous acti-
nopterygian fauna overall remains more compatible with a mor-
phologically neutral version of the feeding-first hypothesis. The
earlier-than-expected appearance of deep-bodied actinoptery-
gians runs against the central prediction of the head-first hypoth-
esis but remains compatible with the feeding-first hypothesis
(Wilson et al., 2021), since a deep body enables specific feeding
behaviors in modern actinopterygians (Perevolotsky et al., 2020).

The proliferation of Carboniferous-aged deep-bodied actinop-
terygians may also be associated with the exploration of new prey
types and ecological roles. At least two different groups of deep-
bodied actinopterygian (‘platysomids’ and eurynotids (Friedman
et al., 2018; Sallan & Coates, 2013) convergently developed blunt
dentitions in the early Carboniferous period that probably rep-
resented adaptations for durophagy. Since the earliest known
(Tournaisian) deep-bodied actinopterygian, a platysomid, pre-
serves only its posterior half (Wilson et al., 2021) and the first
blunt actinopterygian dentitions appear in Viséan deep-bodied
actinopterygians (Friedman et al., 2018; Sallan & Coates, 2013),
the relative timing of dentition and body-shape evolution in
deep-bodied fishes is uncertain. Nevertheless, the first appear-
ance of deep-bodied and blunt-toothed, and back-fanged macro-
dont actinopterygians supports the interpretation that the
conspicuous morphological and functional diversification of Car-
boniferous actinopterygians represents adaptation for new pat-
terns of prey use requiring specialized feeding strategies (e.g.,
crushing of benthic hard-bodied prey and capture and processing
of elusive prey). Continued exploration of ecomorphology and
functional morphology, including analytical testing of trait diver-
gence, theoretical analysis and direct performance testing, should
help build our understanding of ecological change in Devonian

¶
–

Carboniferous actinopterygians more broadly.

CONCLUSION

NSM 005.GF.045.260 represents a new genus and species of
actinopterygian, Sphyragnathus tyche, characterized by a long,
curved jaw bearing large, upright fangs posteriorly and smaller

FIGURE 9. Acrolepis ‘hortonensis,’
¶
RM 2707, right actinopterygian

dentary in right lateral view. Scale bar equals 1 cm.
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teeth anteriorly. Sphyragnathus tyche is the second largest acti-
nopterygian known from Devonian and early Carboniferous
times

¶
—larger than Austelliscus ferox but smaller than Tegeolepis

clarki. Despite the superficial similarity in the shared presence of
long jaws and large fangs of these three taxa, Austelliscus ferox
and Tegeolepis clarki belong to different ecomorphological cat-
egories than Sphyragnathus tyche based on the size and position
of their fangs. The different ecomorphological categories for
these taxa suggest they used their jaws differently, which is
borne out by significant differences in stress distribution across
their dentitions. Taken together, these results contribute to an
emerging picture of change in which early

¶
actinopterygians diver-

sified cryptically in the Devonian, survived the Hangenberg
extinction relatively unaffected, and quickly developed new mor-
phologies in the Early Carboniferous as adaptations for feeding.
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