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its bearing on the timescale of holocentroid evolution
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The record of articulated marine fish fossils during the latest Cretaceous and earliest Cenozoic is sparse. The oldest-
known definitive squirrelfishes and soldierfishes, like the first examples of many extant reef-dwelling clades, are known
from early Eocene deposits of Europe. Here, we describe a new genus and species of holocentroid (Teleostei:
Beryciformes: Holocentroidea) based on material from three individuals from early Paleocene (Danian) deposits of New
Jersey, USA using micro-computed tomography. The specimens comprise a three-dimensionally preserved skull and
partial postcranium, plus two isolated neurocrania. The new taxon, †Iridopristis parrisi, possesses a unique combination
of characters, including a heterosulcoid otolith morphology and an edentulous premaxillary tooth-gap, while lacking a
newly proposed character for the remainder of Cenozoic holocentroids: a lamina on the lateral surface of the
anguloarticular, anterior to the jaw joint. Bayesian phylogenetic analysis of morphological, stratigraphical and molecular
data under the fossilized birth-death process finds that the new taxon branches from the holocentrid stem, where it is
joined by two of the three squirrelfish genera from the early Eocene (Ypresian) of Bolca, Italy. We estimate a Danian
divergence between Myripristinae and Holocentrinae, the two reciprocally monophyletic subfamilies of Holocentridae.
Our analysis suggests that several holocentroid lineages crossed the Cretaceous–Palaeogene boundary.

http://zoobank.org/urn:lsid:zoobank.org:pub:0B458336-EFCF-46D0-98D0-CE5AD371D7AF

Keywords: Acanthomorpha; Cretaceous–Palaeogene boundary; squirrelfishes; computed tomography; Bayesian
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Introduction

Holocentridae (squirrelfishes and soldierfishes) com-
prises nearly 90 extant species of primarily reef-dwell-
ing, nocturnal spiny-rayed fishes (Nelson et al., 2016).
Holocentrids are frequently resolved as, or within, the
sister lineage to the species-rich and morphologically
diverse percomorph fishes, a clade comprising approxi-
mately 25% of all vertebrate species (Alfaro et al.,
2018; Betancur-R. et al., 2017; Davesne et al., 2016;
Dornburg et al., 2017; Dornburg & Near, 2021; Hughes
et al., 2018; Miya et al., 2003; Nelson et al., 2016;
Stiassny & Moore, 1992). The group includes two line-
ages of roughly equal species richness: the generally
shallower-water squirrelfishes (Holocentrinae) and the
generally deeper-living soldierfishes (Myripristinae)
(Nelson et al., 2016).
The body fossil record of Holocentroidea (herein

referring to the total-group of Holocentridae and all fos-
sil lineages more closely related to the extant family
than other members of Beryciformes) consists of two

parts, separated by a stratigraphical gap. The first of
these comprises the Eocene–Recent interval, which
yields multiple genera closely associated with – or
clearly belonging within – the holocentrid crown
(Dornburg et al., 2015). The best-known body fossils of
Cenozoic holocentroids come from the famous Eocene
(Ypresian) Lagerst€atte of Bolca, Italy, where the group
is represented by three species: †Eoholocentrum macro-
cephalum (Blainville, 1818), †Berybolcensis leptacan-
thus (Agassiz, 1838) and †Tenuicentrum lanceolatum
(Bassani, 1876) Sorbini, 1975 (Friedman & Carnevale,
2018; Sorbini, 1975a, b, 1979a, b; Sorbini & Tirapelle,
1975). They are joined by additional specimens from
the Eocene of Italy, Florida in the USA and possibly the
UK (Casier & Stinton, 1966; Dunkle & Olsen, 1959;
Marram�a et al., 2021), along with the Miocene of the
Mediterranean Basin (Bassani, 1911). These fossils are
potentially significant in constraining shifting geograph-
ical patterns of marine biodiversity in the Cenozoic
(Dornburg et al., 2015).
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The Eocene and younger set of holocentroid fossils
are separated from an older series of taxa from Late
Cretaceous deposits. These Cretaceous forms are not
members of Holocentridae, and are instead interpreted
as holocentroids. Examples include representatives from
the Cenomanian of Lebanon (Gaudant, 1969; Patterson,
1967), Cenomanian–Turonian of the UK (Patterson,
1964), Turonian of Brazil (Gallo-da-Silva & De
Figueiredo, 1999) and the Santonian of Mexico and the
USA (Alvarado-Ortega & Than-Marchese, 2013;
Bardack, 1976). A 35 Myr gap extending from the mid-
dle of the Late Cretaceous to the early Eocene separates
these two parts of the holocentroid fossil record. This
hiatus reflects the general rarity of articulated marine
fishes around the Cretaceous–Palaeogene boundary
(Argyriou & Davesne, 2021; Patterson, 1993; but see
Carranza-Becerra, 2020, as well as Alvarado-Ortega
et al., 2015). As for other groups of acanthomorphs
(Alfaro et al., 2018; Friedman, 2010), this interval
appears to be an important episode in the evolutionary
history of holocentroids. Information on fossils from
this time is likely to have important implications for the
timing of the origin of Holocentridae and the innova-
tions of its two major lineages, as well as patterns of
phylogenetic survivorship over the end-Cretaceous mass
extinction.
Here we use micro-computed tomography (mCT) to

describe a new genus and species of holocentroid that
falls within this conspicuous stratigraphical gap.
Represented by a nearly complete skull plus incomplete
postcranium and two referred neurocrania from the ear-
liest Paleocene (Danian) of New Jersey, USA, it is the
earliest holocentroid skeleton from the Cenozoic and a
rare example of three-dimensionally preserved marine
teleost remains from the Danian. We include the new
taxon in a combined analysis of extant and fossil holo-
centroids with the goals of inferring its phylogenetic
position and estimating the timescale of holocentroid
evolution.

Material and methods

Specimen imaging
Computed tomography. Materials were imaged using
the Nikon XT H 225 ST industrial CT scanners at the
University of Michigan Department of Earth and
Environmental Sciences CTEES facility and at the
Natural History Museum, London. Reconstructed dataset
segmentation and visualization was carried out using
Mimics v. 19.0 (Materialise, Belgium). Figured bones
were exported as surface (.ply) files and rendered in
Blender v. 2.91 (blender.org). Raw tomograms (.tif),

surface files of segmented elements (.ply format) and
the Materialise Mimics file (.mcs) are available on
Figshare (10.6084/m9.figshare.21754541).

Photogrammetry. Photogrammetric models were gener-
ated at the University of Michigan Research Museums
Center following University of Michigan Online
Repository of Fossils (UMORF) methodology (https://
umorf.ummp.lsa.umich.edu/wp/about/project-methods/).

Institutional abbreviations
Institutional abbreviations follow those of Sabaj (2020).
AMNH FF, American Museum of Natural History fos-
sil fishes, New York, NY, USA; ANSP, The Academy
of Natural Sciences of Philadelphia, Philadelphia, PA,
USA; FMNH, Field Museum of Natural History,
Chicago, IL, USA; FMNH P/PF, Field Museum of
Natural History palaeontological collections, Chicago,
IL, USA; NHMUK P, The Natural History Museum
palaeontological collection, London, UK; NJSM GP,
New Jersey State Museum palaeontological collection,
Trenton, NJ, USA; UMMZ, University of Michigan
Museum of Zoology, Ann Arbor, MI, USA; YPM VP,
Yale University, Peabody Museum of Natural History
palaeontological collection, New Haven, CT, USA.

Dagger symbol
The obelus (†) indicates extinct taxa, following
Patterson and Rosen (1977).

Comparative material
Berycidae. Beryx splendens Lowe, 1834 UMMZ
142822; Centroberyx affinis (G€unther, 1859) UMMZ
216732.

Holocentroidea. Corniger spinosus Spix et al., 1829–
1831 ANSP 144596; Flammeo marianus (Cuvier, 1829)
FMNH 77737; Holocentrus rufus (Walbaum, 1792)
UMMZ 172341; Myripristis murdjan (Forsskål, 1775)
UMMZ 185696; Plectrypops retrospinis (Guichenot,
1853) UMMZ 176518; Pristilepis oligolepis (Whitley,
1941) FMNH 73568; Sargocentron rubrum (Forsskål,
1775) UMMZ 245614; †Berybolcensis leptacanthus
FMNH PF 3215; †Caproberyx superbus (Dixon, 1850)
NHMUK P 5686; †Eoholocentrum macrocephalum
FMNH P 25310, †‘Myripristis’ homopterygius Agassiz,
1839 FMNH PF 3212, 3434.

Melamphaidae. Scopelogadus beanii (G€unther, 1887)
UMMZ 22771, Scopelogadus bispinosus (Gilbert, 1915)
UMMZ 176339.
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Monocentridae. Monocentris japonica (Houttuyn,
1782) UF 159787.

Trachichthyidae. Hoplostethus mediterraneus Cuvier,
1829 UMMZ 20406, Gephyroberyx japonicus
(D€oderlein in Steindachner & D€oderlein, 1883) UMMZ
180097.
In addition to direct examination of fossil material,

we also evaluated some characters based on the follow-
ing descriptions: Patterson (1964); Sorbini (1975a, b,
1979a, b); Stewart (1984).

Phylogenetic analysis
Dataset assembly. The character matrix is adapted from
that of Dornburg et al. (2015), itself a modification of
Stewart’s (1984) phylogenetic analysis of holocentroid
fishes. Stewart’s matrix incorporates characters from
Nelson (1955), Dunkle & Olsen (1959), Patterson
(1968), Woods & Sonoda (1973), Sorbini (1975a, b,
1979a, b), Zehren (1979), Gayet (1980a, b) and Randall
et al. (1982). The Stewart (1984) matrix originally com-
prised 72 characters. Dornburg et al. (2015) added eight
further characters, with codings derived principally from
Moore (1993). Based on our study of the new fossil
taxon, we developed two novel characters and added
them to this matrix. These characters are described in
more detail in the Results section. The final morpho-
logical matrix contains 82 characters across 18 fossil
and living taxa.
A concatenated and aligned molecular dataset com-

prising 23 outgroup species from the families
Polymixiidae, Trachichthyidae and Berycidae, and 43
species of the in-group family Holocentridae were
retrieved from the R package ‘fishtree’ (Rabosky et al.,
2018; Chang et al., 2019). Of the species with morpho-
logical characters scored, only Corniger spinosus and
Pristilepis oligolepis lacked molecular data in this align-
ment. The final molecular alignment comprised the fol-
lowing genes: 12s, 16s, 4c4, coi, cytb, enc1, ficd, glyt,
hoxc6a, kiaa1239, myh6, panx2, plagl2, ptr, rag1, rhod-
opsin, ripk4, sh3px3, sidkey, sreb2, svep1, tbr1, vcpip
and zic1. Indeterminate partitions for the sampled taxa
were manually removed from the original ‘fishtree’
alignment using Aliview (Larsson, 2014), and included
the genes nd2 (alignment positions 8822–9868 in the
‘fishtree’ alignment), nd4 (alignment positions 9869–
11401), and rag2 (alignment positions 15117–16340).
The molecular and morphological matrices were then
manually concatenated in a text editor. Dornburg et al.
(2012) established a new taxonomical framework for
Holocentrinae to address non-monophyly of the genera
Neoniphon and Sargocentron. As such, we use the bino-
mial combinations established by Dornburg et al. (2012)

for members of Holocentrinae, rather than those within
the ‘fishtree’ package.

Parsimony analysis. We analysed the morphological
character matrix under maximum parsimony in PAUP�
v. 4.0a169 (Swofford, 2003). A heuristic search was
performed (addseq¼ random, hold ¼ 5, nreps ¼ 500,
swapping algorithm¼TBR) with unweighted and
unordered characters, and multistate characters set as
variable. Bootstrapping was performed in PAUP� (nreps
¼ 100) to obtain nodal support values, retaining clades
with greater than 50% frequency. The analysis was
rooted on Polymixia berndti Gilbert, 1905 based on
prior hypotheses of acanthomorph interrelationships
(Johnson & Patterson, 1993; Dornburg & Near, 2021).
Bremer support values were manually calculated in
PAUP� by computing a strict consensus tree, then
sequentially increasing the maximum number of steps
per tree kept until all branches collapsed into a poly-
tomy. An agreement subtree was generated in PAUP�
for the most parsimonious trees to determine which taxa
were acting as phylogenetic rogues within the analysis.

Character state optimization. The agreement subtree
generated in PAUP� and a modified morphological
character matrix comprising only those taxa within the
agreement subtree were imported into MacClade
(Maddison & Maddison, 2000) to visualize character
state optimizations.

Bayesian analysis. We used the combined morpho-
logical and molecular dataset to conduct a fossilized
birth-death analysis in MrBayes v. 3.2.7 (Heath et al.,
2014; Huelsenbeck & Ronquist, 2001; Zhang et al.,
2016). Molecular data were split into 34 partitions and a
best fit substitution model was estimated for each parti-
tion in the alignment using PartitionFinder2 (Guindon
et al., 2010; Lanfear et al., 2012, 2017) on the CIPRES
Science Gateway web server (Miller et al., 2010).
Morphological data used the default MrBayes modifica-
tion of the Mkv model (Lewis, 2001) with gamma-dis-
tributed substitution rates. As in parsimony analyses,
Polymixia berndti was assigned as the outgroup.
†Caproberyx was constrained to the in-group compris-
ing trachichthyids, berycids and holocentrids based on a
longstanding hypothesis of holocentroid affinity
(Johnson & Patterson, 1993; Murray, 2016; Patterson,
1964; Regan, 1911). The tree age prior was assigned an
offset exponential distribution between 100.5 and
153Ma. The upper bound is based on the highest poster-
ior density (HPD) intervals of recent node-calibrated
molecular estimates for the age of the acanthomorph
crown (Alfaro et al., 2018; Hughes et al., 2018), while
the lower bound is based on the earliest occurring acan-
thomorphs, deriving from Muhi Quarry of the late
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Albian-age El Doctor Formation in Hidalgo, Mexico
(L�opez-Palomino et al., 2021). Fossil age calibrations
are justified in Supplemental Material – File 1. It is
clear that well-preserved fossil fishes are not uniformly
distributed with respect to stratigraphy, with many
authors noting strong Lagerst€atten effects in the teleost
record (e.g. Patterson, 1993). In the context of our ana-
lysis, the Ypresian deposits of Bolca represent an excep-
tional window of preservation, with three different
holocentroid genera recovered from the same deposit.
To reflect this uneven sampling, we designated intervals
with differing fossilization probabilities before, during
and after the Ypresian. The analysis included two inde-
pendent runs on four chains of 30 million generations
each, with samples being taken every 100 generations.
The first quarter of samples were discarded as burn-in.
Convergence was determined by split frequencies reach-
ing below 0.01, and by visually inspecting the marginal
probability distribution and trace of the analysis in
Tracer v. 1.7.2 (Rambaut et al., 2018).

Geological context

The Hornerstown Formation comprises glauconitic
greensands and includes the Cretaceous–Palaeogene
boundary. The formation extends approximately 150 kil-
ometres from the Atlantic Coast in north-east New
Jersey to the Delaware River in south-west New Jersey
(Fig. 1A). Greensand deposits re-emerge in Delaware
and Maryland, where they are occasionally exposed
along downcutting stream banks (Higgins & Conant,
1986; Tomlinson & Ramsey, 2020). The Hornerstown
Formation ranges in thickness between 1.5 and 7 metres,
and in Sewell, New Jersey overlies the Navesink
Formation of Maastrichtian age, and underlies the
Vincentown Formation of Thanetian age (Owens et al.,
1999) (Fig. 1B). The Hornerstown Formation includes a
10-cm-thick bed known as the ‘Main Fossiliferous
Layer’ (MFL) located 20 cm above the contact with the
Navesink Formation (Gallagher, 2002; Koch & Olsson,
1977; Parris, 1974; Voegele et al., 2021). The specimens
described here were collected by David Parris in 1979
from the MFL exposed in the Inversand Quarry in
Sewell, New Jersey, USA. This locality has since been
acquired by Rowan University and designated as the
Jean and Ric Edelman Fossil Park.
Gallagher (2002) lists the macrofauna within the

MFL of the Hornerstown Formation, including brachio-
pods, bivalves, gastropods, nautiloids, ammonoids, crus-
taceans, chondrichthyans, ray-finned fishes, turtles
(including articulated individuals; Boles, 2016; Ullmann
& Carr, 2021), crocodilians, mosasaurs and birds.

Actinopterygians include the acipenseriform Acipenser,
the aulopiform †Enchodus, and the tselfatiiform
†Bananogmius, along with indeterminate teleost verte-
brae. Additionally, plant material (including casts of
wood-boring bivalves) is found in relatively high abun-
dance approximately 32 cm above the Hornerstown-
Navesink contact (Voegele et al., 2021).
Attempts at radiometric dating of the Navesink,

Hornerstown and Vincentown formations using potas-
sium-argon and rubidium-strontium systems have pro-
vided inadequate age estimates. This is due to
glauconitic units being open systems unfit for radiomet-
ric dating, resulting in systematically younger ages than
anticipated in the light of geological and biostratigraphi-
cal data (Gallagher, 2002; Gallagher & Parris, 1996;
Owens & Sohl, 1973). Historically, the age of the MFL
of the Hornerstown Formation has been contentious due
to varying biostratigraphical (Gallagher, 2002; Gallagher
et al., 2012; Koch & Olsson, 1977) and geological evi-
dence, with working definitions of the MFL itself caus-
ing confusion (Voegele et al., 2021).
Recent evidence suggests that the MFL may comprise

a death assemblage dating to or near the K/Pg extinction
event (Ullmann et al., 2018). Evidence includes shocked
quartz found in burrows at the intersection of the MFL
and the underlying Navesink Formation (Obasi et al.,
2011), and a diffuse iridium layer present midway
through the height of the MFL bed. This suggests the
Cretaceous fauna found within the MFL (e.g. mosasaurs)
is reworked into an in situ Palaeogene fauna (Esmeray-
Senlet et al., 2017). Here, we assume an earliest Danian
age for the holocentroid specimens described here,
accepting the interpretations of Gallagher (1995) and
Kennedy & Cobban (1996) that taphonomically worn
Cretaceous-age taxa have been reworked into an earliest
Cenozoic matrix. The articulation of the holotype speci-
men is inconsistent with such reworking, and thus sug-
gests a Danian age (D. Parris, pers. comm., 2020).
There are previous reports of other, less informative

remains of possible holocentroids from the latest
Cretaceous and earliest Palaeogene deposits of New
Jersey. These include a three-dimensionally preserved
body fossil lacking the skull and caudal regions from
the Maastrichtian ‘lower green sand-bed’ of the
Navesink Formation in Monmouth County, New Jersey,
described by Edward D. Cope (1869) (Rapp, 1946), and
isolated dorsal fin spines, pterygiophores, and opercular
elements collected at the boundary of the Maastrichtian
New Egypt Formation and the Hornerstown Formation
at Crosswicks Creek in Upper Freehold County, New
Jersey (Becker et al., 2009). Cope’s (1869) body fossil
(AMNH FF 7530) is the type of †’Beryx’ insculptus
Cope, 1869, but has no obvious diagnostic characters.
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The isolated dorsal fin elements of Becker et al. (2009)
remain unnamed. Cope (1869) discusses a second speci-
men of his †‘Beryx’ insculptus recovered from the ‘dark
clay marl’ of Hornerstown, New Jersey and subse-
quently sent to Othniel C. Marsh at Yale.
It is unclear whether this second specimen was the

partially articulated skull and postcranium (YPM VP
007260) from the Campanian Marshalltown Formation
in Swedesboro, Gloucester County, New Jersey that was
deposited by Othniel Marsh in 1869 at the Peabody
Museum of Natural History at Yale University.
Unfortunately, this specimen was inadvertently
destroyed and was never formally described. Photos of
the American Museum and Yale Peabody specimens are
available in Supplemental Material Figure 1.

Systematic palaeontology

Infraclass Teleostei M€uller, 1845
Subsection Acanthomorphata Rosen, 1973

Order Beryciformes Regan, 1911 sensu Dornburg &
Near, 2021

Superfamily Holocentroidea Richardson, 1846 sensu
Gayet, 1980b

Genus †Iridopristis gen. nov.

Diagnosis. As for type and only species.

†Iridopristis parrisi sp. nov.
(Figs 2–15)

Figure 1. The geological setting of NJSM GP12145. A, outline of the USA with the state of New Jersey highlighted in black
overlaying map with New Jersey highlighted in grey. Coral highlighting the combined Hornerstown and Vincentown formations.
Fossil locality, the Jean and Ric Edelman Fossil Park, in Sewell marked with a black star. Adapted from Owens et al. (1999) and
Dalton et al. (2014). B, stratigraphical section at the Jean and Ric Edelman Fossil Park. NJSM GP12145 derives from the Danian
portion of the Main Fossiliferous Layer of the Hornerstown Formation. The combined Hornerstown and Vincentown formations are
highlighted in coral. Adapted from Staron et al. (2001).
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Diagnosis. Holocentroid with the unique combination of
the following characters: orbital branch of the supra-
orbital sensory canal with a separate opening from the
main channel of the canal; large supraoccipital crest
which is triangular in lateral aspect and borders the for-
amen magnum; parasphenoid with ventrolateral wings;
lack of a berycimorph foramen in the anterior cera-
tohyal; deeply notched ventral surface of the anterior

ceratohyal to accommodate branchiostegals; elongate
postmaxillary process of the premaxilla; maxillary shaft
approximately cylindrical in cross-section and elongate;
presence of an alveolar platform expanded outwardly at
the symphyseal area of the dentary; distinct edentulous
concavity along the mesial margin of the premaxilla;
unornamented triangular facet present on the posterolat-
eral surface of the maxilla; edentulous ectopterygoid;

Figure 2. Photogrammetric model of the skull of †Iridopristis parrisi, gen. et sp. nov., holotype (NJSM GP12145), Hornerstown
Formation, early Paleocene (Danian), New Jersey, USA.
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Figure 3. Skull and abdomen of †Iridopristis parrisi in left lateral view. Holotype (NJSM GP12145), Hornerstown Formation, early
Paleocene (Danian), New Jersey, USA. A, specimen photograph and B, rendered mCT model. Skeletal regions highlighted as follows:
neurocranium (pink), suspensorium (purple), circumorbitals (coral), jaws (light blue), opercles (light orange), ventral hyoid (light
green), gill skeleton (dark green), pectoral girdle (yellow), abdominal scales (dark orange), vertebral column (red). Arrow indicates
anatomical anterior. Scale bar represents 5 cm.

An earliest Paleocene squirrelfish 7



Figure 4. Skull and abdomen of †Iridopristis parrisi in right lateral view. Holotype (NJSM GP12145), Hornerstown Formation,
early Paleocene (Danian), New Jersey, USA. A, specimen photograph and B, rendered mCT model. Skeletal regions highlighted as
follows: neurocranium (pink), suspensorium (purple), circumorbitals (coral), jaws (light blue), opercles (light orange), ventral hyoid
(light green), gill skeleton (dark green), pectoral girdle (yellow), scales (dark orange), vertebral column (red). Arrow indicates
anatomical anterior. Scale bar represents 5 cm.
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head of quadrate posterior to orbital margin; an unex-
panded otic bulla; an otolith morphology more similar
to that found in holocentrine squirrelfishes (heterosul-
coid) than the specialized phenotype of myripristine sol-
dierfishes; lack of a dorsally projecting lamina directly
anterior to the anguloarticular-quadrate joint on the lat-
eral surface of the anguloarticular; eleven abdominal
centra; cycloid scales with spinoid posterior edge.

Derivation of name. The prefix of the generic name
(Irido-) from the Greek genitive declension of iridis,
meaning ‘rainbow’, and serving as the etymological root
for the element iridium. This refers dually to the mosaic
nature of characters present in the specimen, and for its
occurrence close to the Cretaceous–Palaeogene bound-
ary, known for its famous iridium anomaly (Alvarez
et al., 1980). The suffix -pristis from the Greek for

Figure 5. Referred specimens of †Iridopristis parrisi. NJSM GP12381, Hornerstown Formation, early Paleocene (Danian), New
Jersey, USA, comprising remains of two individuals preserving portions of neurocrania, pectoral girdle, opercular series and vertebral
column. Upper row depicts the left side of specimens, lower row depicts the right side of specimens. A, individual preserving
neurocranium including intact supraoccipital crest, fragments of left hyomandibula, right operculum, both posttemporals, and the first
three vertebral centra; and B, specimen preserving neurocranium including fragmentary supraoccipital crest, right operculum, both
posttemporals, and the first three vertebral centra. Abbreviations: c, centra; fr, frontal; n, neurocranium; op, opercular; pas,
parasphenoid; pt, posttemporal; soc, supraoccipital. Arrows indicate anatomical anterior. Scale bar represents 5 cm.

An earliest Paleocene squirrelfish 9



‘saw’ (entering zoological usage in this context via
Cuvier, 1829), used in the extant holocentrid genera
Myripristis and Pristilepis, and referring to the holocen-
trid affinity for bearing coarse squamation.
The specific name is in honour of David Parris,

Curator Emeritus of Natural History at the New Jersey
State Museum, for his discovery of the specimens
described here, and in appreciation of his life-long devo-
tion to the study of the North American fossil fauna.

Material. Holotype: NJSM GP12145 (Figs 2–4), an
articulated skull preserved in three dimensions plus
incomplete postcranium. Referred specimens: NJSM
GP12381, two isolated neurocrania with associated oper-
cular elements and vertebrae (Fig. 5). Photogrammetric
models of the incomplete postcranium and two referred
neurocrania can be accessed via Figshare (10.6084/m9.
figshare.21754541).

Occurrence. ‘Main Fossiliferous Layer’ of the
Hornerstown Formation in Sewell, New Jersey, USA.

Remarks. NJSM GP12145 is mentioned, but not
described, by Stewart (1996), who considered it an inter-
mediate between Cretaceous and Cenozoic taxa. The void
space of the saccular otoliths of NJSM GP12145 are fig-
ured and described by Schwarzhans et al. (2018), who
aligned the specimen with holocentrine squirrelfishes due
to an absence of the specialized myripristine otolith
morphology described by Schwarzhans (2010).

Description
Neurocranium. The neurocranium of the holotype of
†Iridopristis parrisi is broken in two, but remains in
association. The anterior portion preserves the meseth-
moid, lateral ethmoids, vomer, and part of the parasphe-
noid, and the posterior portion preserves the frontals,
pterosphenoid, parietals, sphenotics, pterotics, epioccipi-
tals, prootics, exoccipitals, basioccipitals, and the
remainder of the parasphenoid (Figs 6, 7). The supraoc-
cipital crest, nasals, basisphenoid, and the most lateral
portions of the left pterotic are not preserved.
The bones making up the ethmoid region are largely

disarticulated, and the nasals are not preserved with the
specimen. The mesethmoid is shattered dorsally and is
disarticulated from the vomer, while the articulations
with the lateral ethmoids are broken but remain in close
physical association. The parasphenoid and vomer are
articulated, although the vomer is displaced left-lat-
erally. Anterior portions of the frontals that would con-
tribute to the dorsal margin of the orbit are entirely
absent. The left frontal is broken anterolaterally where it
would contact the supraorbital shelf in life. The left
pterosphenoid is broken and displaced mesially. A break

separates the anterior and posterior half of the parasphe-
noid at the level of the myodome. The posterior portion
of the parasphenoid remains tightly bound to the prootic
and basioccipital, while the anterior section of the elem-
ent has been shifted dorsally and to the right. There is
no definitive supraoccipital crest preserved in life pos-
ition on the holotype neurocranium. The midline
between the epioccipitals bears a jagged surface and
suggests that a laminar, bony extension was broken
away at this site. Fragments have been reattached in this
area during preparation, but they are incomplete.
Instead, description of the supraoccipital crest is based
on two referred neurocrania designated NJSM GP12381.
The mesethmoid is best-preserved ventrally, though

dorsal pieces are still preserved near the margins of the
lateral ethmoids. The mesethmoid is more posterior rela-
tive to the vomer than would be expected in life, sug-
gesting taphonomical displacement. The ventral process
of the mesethmoid is triangular in ventral view, and
would have articulated with the vomer ventrally.
The lateral ethmoids have a broadly triangular aspect

in anterior view, and are best-preserved along their lat-
eral margins. The lateral ethmoids are smooth along the
orbital margin, with the foramen of the olfactory nerve
visible in posterior view, but obscured in anterior view
by the shattered mesethmoid.
The vomer is firmly attached to the anteroventral sur-

face of the parasphenoid. A triangular knob emerges
from its ventral surface. The dorsal surface of the vomer
bears a large lateral flange on either side. Each curves
mesially towards its counterpart and the anterior margin
of the vomer, forming the notch into which the meseth-
moid would have articulated.
The frontals dominate the dorsal surface of the neuro-

cranium. They are ornamented by protuberances
arranged in linear series that extend the length of the
frontal. These show a radiating pattern, diverging from
one another as they approach the posterior margin of
the bone. Comparable ornamentation is visible on
the referred specimens (Fig. 5; 10.6084/m9.figshare.
21754541), representing key evidence supporting their
attribution to †Iridopristis. The frontals are triangular in
dorsal view, with a deep canal separating them along
the midline. The right frontal bears a supraorbital shelf
laterally which is ornamented with the same protuberan-
ces as the remainder of the frontal. A deep supraorbital
canal divides this shelf from the main body of the
frontal. Each frontal is divided medially by a canal. The
posterior margin of the frontals comprises a ledge that
overhangs the most anterior portion of the parietal. The
parietals are triangular in dorsal view, and their poster-
ior extremities overhang the epioccipitals.
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The sphenotic is anterodorsal to the prootic, postero-
ventral to the frontal, lateral to the pterosphenoid, and
anteroventral to the pterotic. It is bounded dorsally by a
large lateral flange extending posterolaterally from the
margin of the supraorbital shelf towards the exoccipitals.
This extension obscures the anterior facet of the hyo-
mandibular head in lateral view. The hyomandibular
facet extends across portions of the sphenotic, prootic
and pterotic. The pterosphenoid forms the dorsomesial
border of the orbit, is bounded dorsomesially by the
frontal, dorsolaterally by the sphenotic, the prootic

ventrally, and the other pterosphenoid mesially. The left
pterosphenoid appears to be broken away from the
remainder of the braincase, but remains in close
association.
The pterotic articulates with the epioccipitals postero-

mesially, the frontal anteromesially, the sphenotic ante-
romesially, and the prootic ventrally. The posterior
margin of the pterotic comprises the prominent dorsolat-
eral crests on the lateral margins of the skull. The
ventrolateral surface of the pterotic bears an articular
surface accommodating the posterior head of the

Figure 6. Neurocranium of †Iridopristis parrisi. Holotype (NJSM GP12145), Hornerstown Formation, early Paleocene (Danian),
New Jersey, USA. Rendered mCT model in A, right lateral, B, posterior, C, dorsal and D, ventral views. Arrows indicate anatomical
anterior. Scale bar represents 5 cm.
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hyomandibula, with the dilatator fossa present on the
dorsal surface.
The prootic is bounded by the pterosphenoid antero-

mesially, the sphenotic anterodorsally, the pterotic dor-
sally, the exoccipital posterodorsally, the basioccipital
posteroventrally, and the parasphenoid ventrally. The
prootic carries a dorsoventrally oriented flange lateral to
the pars jugularis and posteroventral to the facet for the
anterior head of the hyomandibula. The mesial margin

of the prootic is flanged anterolaterally, and forms the
dorsolateral margin of the myodome.
The epioccipitals articulate with the pterotic anterolat-

erally, the parietals and frontals anterodorsally, and the
exoccipitals posteroventrally. A buttress along each of
the lateral margins of the epioccipital continues ventrally
onto the exoccipital. A trough bearing a raised midline
extends between these buttresses, marking the presump-
tive position of the supraoccipital crest.

Figure 7. Neurocranium of †Iridopristis parrisi. Holotype (NJSM GP12145), Hornerstown Formation, early Paleocene (Danian),
New Jersey, USA. Line drawings of rendered mCT models in A, right lateral, B, posterior, C, dorsal and D, ventral views.
Abbreviations: boc, basioccipital; epo, epioccipital; exo, exoccipital; fr, frontal; hyfa, anterior facet for hyomandibula; hyfd, dorsal
facet for hyomandibula; let, lateral ethmoid; met, mesethmoid; pa, parietal; pas, parasphenoid; pro, prootic; pto, pterotic; pts,
pterosphenoid; soc, supraoccipital; v, vomer. Arrows indicate anatomical anterior. Scale bar represents 5 cm.
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The referred neurocrania preserve the supraoccipital
crest to varying degrees (Fig. 5; 10.6084/m9.figshare.
21754541). Together, they suggest that the crest was
large and triangular in lateral aspect, being overall more
similar to the condition found in myripristines than hol-
ocentrines. The supraoccipital is continuous with the
dorsal margin of the braincase, extending posteriorly
and curving ventrally to form a perpendicular angle
with the dorsal margin of the foramen magnum. The
dorsal margin of the supraoccipital crest is laterally
expanded where it meets the posterior of the braincase;
it is not clear if this is a remnant of a transverse crest or
if it represents the shape of the supraoccipital itself. The
ventral margin of the supraoccipital appears to be in
contact with the foramen magnum – a state that has
been referred to by other authors as a spina occipitalis
(Davesne et al., 2016; Johnson & Patterson, 1993).
The exoccipital is bounded ventrally by the basiocci-

pital, anteriorly by the prootic and pterotic, dorsally by
the epioccipital, and mesially by its counterpart. The
dorsal portion of the exoccipital bears the ventral con-
tinuation of the buttress and trough present on the epioc-
cipital. The lateral margin of the exoccipital forms a
prominent shelf that meets the pterotic anteriorly. The
most posterior portion of the exoccipital bears a large
condyle bounding its counterpart mesially and the
basioccipital condyle ventromesially; collectively these
form the occipital condyle. Each exoccipital bears three
foramina dorsal to the exoccipital condyle, presumably
for passage of the occipital nerves (see Patterson, 1964,
fig. 48 for homologous foramina in the Cretaceous acan-
thomorph †Hoplopteryx lewesiensis [Mantell, 1822]).
The semicircular foramen magnum lies dorsal to the
exoccipital condyles.
The basioccipital is bounded dorsally by both exocci-

pitals, anteriorly by both prootics, and ventrally by the
parasphenoid. The basioccipital condyle spans nearly the
entire width of both exoccipital condyles. The basiocci-
pital condyle is convex, the margins gently curving dor-
sally. Along the ventral midline of the occipital condyle
is a shallow fossa. Anterior to this fossa is a shallow
trough that continues to the boundary of the parasphe-
noid. These features likely accommodated the soft tissue
anatomy of the dorsal aorta in life (see Grande &
Bemis, 1998 for examples in fossil amiids).
The lateral wall of the otic chamber is flat, presenting

no lateral expansion. Portions of the prootic, exoccipital
and basioccipital make roughly equal contributions to
this lateral wall. No clear openings in the otic wall are
present in the holotype specimen, but the referred neuro-
crania appear to bear an opening more reminiscent of
that piercing the otic bullae of living holocentrids.

The parasphenoid is elongate and contacts the basioc-
cipital posteriorly, the prootic posterodorsally, and the
vomer anteriorly. The parasphenoid is approximately tri-
angular in axial cross-section, bearing laterally expanded
flanges along the ventral margin posteriorly. There is no
mesial ascending process at the level of the myodome
that would articulate with the descending process of a
basisphenoid. This is interpreted as taphonomical loss
rather than genuine absence. The posterior margin of the
parasphenoid interdigitates with the ventral surface of
the basioccipital, forming small ridges along the poster-
oventral portion of the neurocranium.

Infraorbitals and sclerotic ossicles. The infraorbitals
comprise the paired lachrymals (IO1), preserved on both
sides of the fossil, and fragments of subocular shelf that
are broken away from more posterior infraorbital frag-
ments. No definitive sclerotic ossicles are evident in
tomograms. Overall, the infraorbital series is poorly pre-
served and disarticulated (Figs 2–4).
The left lachrymal is approximately rhomboidal in lat-

eral view, and bears numerous protuberances on the lat-
eral face. Two grooves extend anteroventrally along the
lateral surface and are connected to one another beneath
a bony bridge. The anteroventral groove spans approxi-
mately one-fourth of the total length of the lachrymal,
and curves dorsally to meet the more posterior groove.
The posterior groove becomes enclosed within the lach-
rymal at three-fourths the total length of the element,
and then re-emerges at the posterodorsal margin. The
mesial surface of the lachrymal possesses a posterome-
sially directed shelf anteriorly emarginated by a dorso-
ventrally flattened flange. The lachrymal is considerably
longer anteroposteriorly than it is tall dorsoventrally.
The more posterior fragments of the infraorbitals are

large, approximately square in shape and bear rugose
ornamentation on their lateral surfaces. The more mesial
fragments of subocular shelf associated with the laterally
facing infraorbitals are relatively thick and concave on
the orbital margin. Individual bones cannot be
identified.

Jaws. The upper and lower jaws are preserved in tight
association, but are described and figured separately for
clarity. The upper jaws consist of the maxillae and pre-
maxillae (Fig. 8A, B). With the exception of the anter-
ior-most quarter of the left example, the supramaxillae
are not preserved with the specimen. The ascending pro-
cess of the premaxillae are not preserved. The shaft of
the left maxilla is shattered at multiple points but
remains articulated. The descriptions are based on the
right upper jaw.
The premaxilla is anteroposteriorly elongate, approxi-

mately three-fourths the total length of the maxilla, and
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tightly associated with the maxilla dorsally. The pre-
maxilla comprises an anterior, dorsally projecting articu-
lar process closely associated with the head of the
maxilla and a more posterior alveolar process that con-
tributes to the oral margin and bears small, rounded
teeth. The premaxillary articular process is rounded and
oblong in lateral view. What remains of the ascending
process is a mesially protruding flange capped dorsally
by an irregular surface. As such, the articular process
spuriously appears as the dominant feature at the anter-
ior end of the premaxilla. The ventral margin of the
ascending process lacks teeth and curves dorsomesially
away from the alveolar process, forming an edentulous
concavity along the ventromesial margin of the premax-
illa. The most anterolateral portion of the alveolar pro-
cess of the premaxilla is laterally expanded to form a
tooth-bearing shelf. The anterior teeth along this shelf
are larger and more rounded than those located poster-
iorly. The alveolar process is deeply grooved dorsally
and accommodates the maxilla. The postmaxillary pro-
cess is approximately twice the height of the underlying
alveolar process and elliptical in mesial view, the pos-
terior margin gently sloping down to the rest of the pos-
terior arm. The remainder of the premaxilla is slender
and terminates at a point posteriorly.
The maxilla is oar-shaped in lateral view. It lies dor-

sal to the premaxilla and lateral to the dentary and

angular. The slender anterior portion of the maxilla
bears a broad, omega-shaped head. This head covers the
posterodorsal margin of the articular process of the pre-
maxilla. A notch posterior to the maxillary head accom-
modates the anterior process of the palatine. A small
rectangular process extends ventrolateral to this groove.
The body of the bone posterior to the maxillary head
consists of an elongate shaft with an approximately
cylindrical cross-section. Small, unorganized protuberan-
ces ornament the lateral surface of this shaft. Posterior
to the shaft the maxilla becomes laterally compressed
and dorsoventrally expanded. This posterior portion is
approximately circular in lateral view and bears orna-
mentation arranged in anteroposteriorly directed rows. A
wedge-like facet at the dorsal interface between the
maxillary shaft and the posterior expansion marks the
articulation area for the supramaxilla(e) (Fig. 8A). The
posterior portion of the maxilla bears a triangular,
anteriorly directed facet (Fig. 8A, labelled ‘mpf’) on the
ventrolateral margin. This facet aligns with the ventral
lamina of the maxilla that articulates with the alveolar
process of the premaxilla.
The mandible comprises the dentary, anguloarticular,

and retroarticular (Fig. 8C, D). The left anguloarticular
is shattered approximately midway along the length, in
line with the breaks on the maxillary shaft. Likewise,
the posteroventral portions of the left dentary have been

Figure 8. Right upper and lower jaws of †Iridopristis parrisi. Holotype (NJSM GP12145), Hornerstown Formation, early Paleocene
(Danian), New Jersey, USA. Rendered mCT models of A, upper jaw in lateral view (maxilla in light blue, premaxilla in dark blue),
B, upper jaw in mesial view, C, lower jaw in lateral view, and D, lower jaw in mesial view. Abbreviations: a, anguloarticular; d,
dentary; m, maxilla; mpf, posterior facet of maxilla; pm, premaxilla; ra, retroarticular; smf, facet for supramaxillae. Arrows indicate
anatomical anterior. Scale bar represents 5 cm.
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broken and disrupted. Approximately one-quarter of the
alveolar platform has broken away midway along the
length of the right dentary. Descriptions below are based
primarily on the right lower jaw.
In lateral view, the anterior portion of the dentary is

rectangular. It bifurcates posteriorly into two tapering
processes. The dentary bears larger, more blunt, conical
teeth anteriorly than along the remainder of the alveolar
platform. These anterior teeth sit on a bulbous region
overhanging the most anterolateral margin of the den-
tary, and align with the mesial edentulous concavity of
the premaxilla. Posteriorly, smaller teeth continue along
approximately half the length of the dentary. The alveo-
lar platform is broken, but remains articulated in both
dentaries. The midlength section of the dentary alveolar
platform is bounded ventrally by a deep fossa. A poster-
odorsally oriented coronoid process lies behind the
alveolar platform. This process slopes upwards at
approximately 140� and constitutes half the total length
of the dentary. The coronoid process rises above the
premaxillary alveolar arm, and is mesial to the posterior
portion of the maxillary arm. The complementary ven-
tral arm of the dentary and the coronoid process
together form a deep posterior socket that accommo-
dates the anterior point of the anguloarticular. The entir-
ety of the ventrolateral surface of the dentary is
ornamented by small, anteroposteriorly aligned

protuberances reminiscent of those found on the fron-
tals. Two oblong pores for the mandibular canal are pre-
sent along this surface, one closer to the anterior margin
of the dentary, and another more elongate one at
approximately the mid-length of the element.
The anguloarticular inserts into the posterior socket of

the dentary, coming to a point anteriorly. The angular
bears well-developed condylar and coronoid processes.
The latter is laminar and is sinusoidal in transverse cross-
section, presumably having accommodated the adductor
mandibulae pars rictalis in life (Datovo & Vari, 2013).
The ventrolateral surface of the angular is ornamented by
the same small, anteroposteriorly directed protuberances
found on the dentary and frontals. This ornamentation
does not continue onto the retroarticular. The right retro-
articular is loosely bound to the right anguloarticular, dir-
ectly beneath the condylar process. It is approximately
triangular in lateral view and, while it is difficult to dis-
cern ornamentation on the right retroarticular, the left ret-
roarticular exhibits a reticulated, maze-like pattern not
evident on other bones.

Suspensorium. The suspensorium comprises the hyo-
mandibula, symplectic, metapterygoid, quadrate, endop-
terygoid, ectopterygoid, and palatine (Fig. 9A, B).
Descriptions below are based on the better-preserved

left side of the specimen.

Figure 9. Suspensorium of †Iridopristis parrisi. Holotype (NJSM GP12145), Hornerstown Formation, early Paleocene (Danian),
New Jersey, USA. Rendered mCT model in A, lateral and B, mesial views. Abbreviations: ecp, ectopterygoid; enp, endopterygoid;
h, hyomandibula; mpt, metapterygoid; pal, palatine; q, quadrate; sym, symplectic. Arrows indicate anatomical anterior. Scale bar
represents 5 cm.
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The left hyomandibula is broken at approximately
mid-height but remains in life position. The hyomandib-
ula is approximately trapezial in lateral view. It is
broader dorsally and tapers to a ventral shaft that articu-
lates with the metapterygoid anteriorly and the symplec-
tic and interhyal ventrally. The mesial surface is
smooth, but the lateral surface bears a pronounced ridge.
This ridge begins one-quarter of the length from the
symplectic and interhyal articulation and continues to
the height of the opercular process, where it turns anteri-
orly to meet the rounded dorsal head that joins the sus-
pensorium with the neurocranium. The opercular
process of the hyomandibula lies along the same antero-
posterior axis as the anterior dorsal head. A dorsally
projecting, triangular lamina extends between the dorsal
head and the opercular process of the hyomandibula,
and is interpreted as a secondary dorsal head. This pre-
sumably articulated with the ventral surface of the pter-
otic in life. Another lamina is present along the ventral
margin of the dorsal head of the hyomandibula, bounded
dorsally and posteriorly by the pronounced ridge along
the dorsoventral midline. The hyomandibular arm termi-
nates ventrally at a head. This ventral head bears an
articular surface, two-thirds of which is occupied by the
interhyal, with the remainder joining the symplectic.
The left metapterygoid is approximately square in lat-

eral view, with the posterior boundary tightly linked
with the ventral arm of the hyomandibula and the sym-
plectic. Ventrally, it joins the dorsal lamina of the quad-
rate. The most posterodorsal portion of the
metapterygoid obscures the hyomandibular shaft in lat-
eral view. The anterodorsal margin of the metapterygoid
is bifurcated, bearing a mesially protruding flange
anteriorly that is approximately half the total height of
the bone.
The quadrate is triangular in lateral view. The poster-

ior margin bears flanges directed posteromesially and
posterolaterally, forming a notch on the mesial surface
that accommodates the symplectic. A two-headed con-
dyle at the ventral corner of the quadrate articulates
with the condylar process of the anguloarticular of the
lower jaw.
The symplectic is rod-like and lies in a notch on the

inner face of the quadrate. Nearly half the total length
of the symplectic extends beyond the dorsal margin of
the quadrate, where the bones curves at an angle of
approximately 120� to follow the posterior margin of
the metapterygoid. The dorsal end of the symplectic
articulates with the ventral arm of the hyomandibula.
The more ventral portion of the symplectic is thin and
tapers to a point, while the dorsal portion is robust with
a blunt termination.

The ectopterygoid includes two arms: one that
extends anteroposteriorly and one that extends dorsoven-
trally. The two arms meet at a gentle angle of approxi-
mately 100�. The posterodorsal margin comes to a point
where the margins of the endopterygoid, quadrate, and
metapterygoid meet. The dorsal arm is fractured anteri-
orly and near the ventral arm, but remains in place.
Tomograms show no obvious signs of dentition along
the mesial margin of the entopterygoid.
The left endopterygoid is shattered and ventrally dis-

placed. However, it remains in close association with
the metapterygoid posteriorly, the palatine anteriorly,
and the ectopterygoid ventrally. The lateral surface of
the endopterygoid contacts the dorsal surface of the
ectopterygoid, and curves mesially to form the thin lam-
ina that defines the floor of the orbital cavity. Dentition
is not apparent in tomograms.
The palatine is approximately triangular in coronal

cross-section. Its ventral margin bears a laterally pro-
truding, dorsoventrally compressed shelf that extends
the length of the bone. The ventrolateral margin of this
shelf bears a field of small teeth. A dorsoventrally com-
pressed anterior palatine process attaches to the main
body of the palatine at the anterior midline of the bone.
The anterior palatine process is strongly turned 45� ante-
rolaterally, wrapping around the dorsal surface of the
maxilla and fitting into the groove posterior to the
omega-shaped maxillary head. The anterior palatine pro-
cess is broken from the body of each palatine, but
remains in close association.

Opercular series. The opercular series comprises the
preopercle, interopercle (Fig. 10A, B), and a dissociated
operculum separate from the skull portion of the speci-
men (Fig. 10C, D). No subopercles are associated with
the specimen. The right preopercle is not preserved with
the specimen, while the left preopercle is broken antero-
ventrally and shattered posterodorsally, with fragments
out of life position. The opercle is only partially intact,
with one large fragment, a smaller fragment glued onto
the primary fragment, and another small loose piece that
is not affixed to the remainder of the element.
Descriptions of the opercular series are based on the left
side of the skull.
The preopercle is boomerang-shaped in lateral view,

with its two arms joining at approximately a 50� angle.
The mesial surface bears no notching or ornamentation.
The anterior margin of the lateral surface of the preop-
ercle bears a smooth, deep groove that accommodates
the ventral arm of the hyomandibula. A ridge located
posterior to this smooth surface bears ornament consist-
ing of small protuberances. A broad groove, spanning
approximately half the width of the preopercle and
floored with smooth bone, lies posterior to this ridge.
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Ornamentation posterior to this groove matches the pat-
tern at the anterior margin of the preopercle.
The interopercle is rhomboidal in lateral view. The

mesial surface is smooth. The anterior and dorsal mar-
gins bear a smooth surface marking the area of overlap
for the preopercle. The ventral portion of the anterior
margin, in close association with the anguloarticular, is
deeply indented. The remainder of the lateral surface is
ornamented in small protuberances.
The operculum bears the opercular facet anteriorly,

where it would have met the hyomandibula. The lateral
surface bears a lineated rugose ornamentation that is
more comparable to the surface texture on the jaws than
on other bones of the opercular series (Fig. 10C). A
prominent ridge lies along the mesial surface, along the
same anteroposterior axis as the opercular facet
(Fig. 10D).

Ventral hyoid arch. The ventral hyoid arch comprises
the dorsal and ventral hypohyals, the anterior and pos-
terior ceratohyals, the branchiostegals, the interhyal, and
the urohyal (Fig. 11); it is intact and mostly preserved

in articulation on both sides of the specimen. The
urohyal has been displaced away from the basihyal, and
the right interhyal is not preserved with the specimen.
Many branchiostegals are broken posteriorly, although
they remain in association with the ceratohyals anteri-
orly. Descriptions of the ventral hyoid arch are based on
the left side of the skull.
The dorsal hypohyal is approximately rectangular in

lateral view, apart from a notch-like canal at the middle
of its ventral margin. The ventral hypohyal has a
rounded anterior margin and bears a posteroventral facet
that articulates with the anterior head of the anterior
ceratohyal. The remainder of the posterior margin of the
ventral hypohyal curves posterodorsally with the articu-
lar surface of the anterior ceratohyal.
The anterior ceratohyal is laterally compressed and

approximately trapezial in lateral dimension. Its anterior
margin slopes down to an anterior head that meets the
ventral hypohyal. The ventral margin bears four notches
marking articulations for branchiostegals. The postero-
ventral corner of the anterior ceratohyal is broken and
displaced mesially. The posterior margin of the anterior

Figure 10. Left preopercle and interopercle of †Iridopristis parrisi. Holotype (NJSM GP12145), Hornerstown Formation, early
Paleocene (Danian), New Jersey, USA. Rendered mCT model in A, lateral and B, mesial views. Photographs of operculum in C,
lateral and D, mesial views. Abbreviations: iop, interopercle; pop, preopercle. Arrows indicate anatomical anterior. Scale bar
represents 5 cm for panels A and B, and 1 cm for panels C and D.
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ceratohyal is flush with the posterior ceratohyal, and
bears no evidence of fusion to the latter. The anterior
ceratohyal is imperforate, instead bearing a deep groove
on the lateral surface extending two-thirds the length of
the bone and continuing onto the posterior ceratohyal.
The posterior ceratohyal is triangular in lateral view

and laterally compressed. The anterior margin is straight
and meets the anterior ceratohyal. A thickened knob at
the posterior tip of the posterior ceratohyal marks the
articular surface for the interhyal. The interhyal is an
oblong rectangle in lateral view. Its ventral tip contacts
the posterior ceratohyal. The interhyal bears a deep fossa
along the ventrolateral margin that is directed anterodor-
sally from the articulation with the ventral facet.
Four branchiostegals articulate with the ventral mar-

gin of the anterior ceratohyal, while an additional three
branchiostegals lie lateral to the anterior ceratohyal and

another two lie lateral to the posterior ceratohyal. The
four branchiostegals that articulate with the ventral mar-
gin of anterior ceratohyal bear pronounced hook-like
processes at their proximal ends. More posterior bran-
chiostegals bear weaker hooks. The branchiostegals pro-
trude laterally along the midline of the anteroposterior
axis, a feature mirrored by a shallow groove along the
mesial surface, defining a chevron-like shape in trans-
verse cross-section. The ventral margin of the branchios-
tegals do not bear any visible spination.
The urohyal is shattered posteriorly. It is approxi-

mately triangular in lateral view (Fig. 11C) and bears an
anteriorly directed dorsal ramus. Lateral flanges extend
from the ventral margin of the urohyal, and taper poster-
iorly. These flanges form a ventrally directed midline
pocket, the inside of which bears four visible notches
(Fig. 11D).

Figure 11. Left ventral hyoid apparatus of †Iridopristis parrisi. Holotype (NJSM GP12145), Hornerstown Formation, early
Paleocene (Danian), New Jersey, USA. Rendered mCT models showing the A, lateral and B, mesial views of the hypohyals,
ceratohyals, interhyal, and branchiostegals, and the C, urohyal in lateral and D, ventral view. Abbreviations: br, branchiostegals;
cha, anterior ceratohyal; chp, posterior ceratohyal; hhd, dorsal hypohyal; hhv, ventral hypohyal; ih, interhyal; uh, urohyal. Arrows
indicate anatomical anterior. Scale bar represents 5 cm.
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Ventral gill skeleton. The ventral gill skeleton com-
prises basibranchials 1–3, hypobranchials 1–3 and cera-
tobranchials 1–5 (Fig. 12A, B). The ventral gill skeleton
is articulated anteriorly and laterally, while the more
posterior and mesial portions are more disrupted. There
is no evidence of the basihyal in tomogram slices; simi-
larly, basibranchial 4 and hypobranchial 4 cannot be
seen or are not readily identifiable in the specimen.
Descriptions of the ventral gill skeleton are based on

whichever branchial bones are most identifiable rather
than those from one side of the specimen.
Basibranchial 1 is short and knob-like, rounded and

thicker anteriorly, tapering posteriorly where it meets
basibranchial 2 and hypobranchial 1. Basibranchial 2 is
more elongate than basibranchial 1, and bears an antero-
ventral arm that is associated with the posterior margin
of basibranchial 1. Basibranchial 3 is taphonomically
shifted ventrally and to the right, and is thickened

Figure 12. Gill skeleton of †Iridopristis parrisi. Holotype (NJSM GP12145), Hornerstown Formation, early Paleocene (Danian),
New Jersey, USA. Rendered mCT models of A, complete gill skeleton in lateral view, including the dorsal and ventral gill skeleton
and associated gill rakers, B, ventral gill skeleton in dorsal view, C, dorsal gill skeleton in ventral view. Ventral gill skeleton in
green, dorsal gill skeleton in olive, gill rakers in lime. Abbreviations: bb, basibranchials; cb, ceratobranchials; eb, epibranchials; hb,
hypobranchials; pb, pharyngobranchials; rk, gill rakers. Arrows indicate anatomical anterior. Scale bar represents 5 cm.
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anteriorly where it meets basibranchial 2. Posteriorly it
tapers to a point.
Hypobranchial 1 is elongate and linear, with an anter-

ior head thinner in transverse cross-section than the
remainder of hypobranchial 1 and curving ventro-
medially to meet the basibranchials. Hypobranchial 2 is
shorter than hypobranchial 1 and similarly possesses an
enlarged anterior head that curves mesially towards the
interface of basibranchial 2 and basibranchial 3. The
ventral surface of hypobranchial 2 is hollowed.
Ceratobranchial 1 is rod-like. Its dorsal surface is

smooth, while its ventral surface is hollowed out, bear-
ing lateral laminae that enclose a longitudinal trough
which would have accommodated the gill filaments in
life. Ceratobranchials 2–4 are broadly similar to CB1.
The right ceratobranchial 5 is rod-like, bearing a dia-
mond-shaped platform on the dorsal surface that spans
three fourths the total length.
Tomograms do not reveal any visible pharyngeal

teeth.

Dorsal gill skeleton. The dorsal gill skeleton comprises
epibranchials 1–4 and pharyngobranchial 3 as a tooth-
plate (Fig. 12A, C). The dorsal gill skeleton is greatly
disrupted from life position on the right side of the
skull. The left side is more intact, remaining in partial
association with the ventral gill skeleton. All descrip-
tions of the dorsal gill skeleton are based on the left
side members.
Epibranchial 1 is elongate and bears a dorsal groove

beginning at the posterior margin and spanning half of
the total length. This groove terminates at an anterodor-
sally facing uncinate process approximately one-third
the total length of epibranchial 1. Epibranchial 2 is
approximately the same length of epibranchial 1 and
bears a dorsal groove that terminates posteriorly, extend-
ing approximately three-fourths the total length of the
element. The mesial margin of this groove bears a lam-
ina that forms part of a broad anterior head that would
articulate with the pharyngobranchials in life.
Epibranchial 3 is approximately two-thirds the lengths
of epibranchials 1 and 2. Epibranchial 3 is elongate and
bears a dorsal groove extending two-thirds the length of
the surface. A large uncinate process approximately
one-third the overall length of the bone projects dorsally
from the middle of the mesial face of epibranchial 3.
The posterior margin of the uncinate process of epibran-
chial 3 bears a thin lamina that extends half the length
to the posterior margin. Epibranchial 4 is more
expanded at its proximal and distal ends than at its mid-
length, where it bears a large uncinate process.
Pharyngobranchial 3 is roughly triangular in ventral

view, and forms a continuous pharyngeal tooth plate
ventrally, though a small taphonomical break separates

the anterior and posterior portions of the element. There
is a posterodorsally directed process on the dorsal sur-
face approximately midlength along the lateral margin
of pharyngobranchial 3. As in extant holocentrids, there
does not appear to be a pharyngobranchial 4.

Gill rakers. Approximately six gill rakers are preserved
in association with the first gill arch (Fig. 12A). These
are elongate, roughly one-third of the total length of
ceratobranchial 1. They are cruciform, with a small
head proximally, two points branching perpendicular to
the main axis, and converging to a point distally.

Pectoral girdle. Preserved portions of the pectoral girdle
include the most dorsal portions of the left supracleithrum
and cleithrum, the ventral portion of postcleithrum 1, the
dorsal portion of postcleithrum 2, fragmentary portions of
the right cleithrum, and the most ventral portions of the
cleithrum on both sides of the specimen (Fig. 13). The
entirety of the pectoral girdle is fragmentary. Descriptions
of the supracleithrum, cleithrum and postcleithrum are
based on the left-side members.
The fragment of the supracleithrum is lateral to the

most dorsal piece of the cleithrum, and is approximately
triangular in shape. The anterior margin of the cleithrum
is nearly vertical, while the posterior margin is approxi-
mately semicircular. The postcleithrum lies mesial and
ventral to the cleithrum. Postcleithrum 1 is broken dor-
sally, appearing almost rectangular in lateral aspect. The
anterior margin is roughly straight, while the posterior
margin is rounded off. The fragmentary piece of post-
cleithrum 2 is approximately triangular.
The ventral portion of the cleithrum is shattered but

individual fragments remain in close association. It is
weakly sinusoidal in dorsoventral cross-section, and fol-
lows the posterior margin of the skull from the edge of
the opercles to the midline. Mesially, the ventral portion
of the cleithrum is curved posteriorly to associate with
its counterpart.

Pelvic girdle. There are no fragments of pelvic girdle
preserved in the holotype or referred material.

Squamation. Cycloid scales with a spinoid posterior
margin are present along the entirety of the holotype
specimen (Fig. 14). These scales are ovoid, with a
height greater than their width. On the skull, scales can
be found lateral to the quadrate and metapterygoid,
between the posterior margin of the maxilla and the
anterior margin of the preopercle, and along the ventral
surface between the angular and subopercle (Fig. 14A).
The scales on the cheek have approximately 20 pro-
nounced, anteroposteriorly-aligned ridges. Anteriorly,
the ridges of the cheek scales coalesce to form a reticu-
lated pattern. The scales on the ventral surface of the
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skull specimen bear fewer spines at the posterior margin
than those on the cheek. The abdomen is covered in
scales larger than those on the head (Fig. 14B).
Spination is numerous, with greater than 25 ridges along
the posterior margins of each scale, though these ridges
are less well developed than those of the cheek scales.
Each scale along the lateral line bears a large anteropos-
teriorly aligned crest, with a pore at the posterior margin
of the anterior overlapping scale. The lateral line aligns
approximately with the height of the vertebral column
for the length of the preserved abdomen.

Axial skeleton. The articulated postcranium of the holo-
type preserves 13 vertebrae in total: a complete series of
11 abdominal vertebrae plus the two anterior-most caudal
vertebrae (Fig. 15). The first centrum lacks a preserved
neural arch or evidence of a broken neural arch, and it is
interpreted as being autogenous as in extant holocentrids.
The remaining neural arches are broken and not diagnostic.
Two small, rod-like epineurals are present anteriorly. The
first three centra bear strongly developed transverse

processes, while the transverse processes of centra 4 and 5
are weakly developed. The remaining centra do not appear
to bear transverse processes. Ribs begin on the third cen-
trum, and appear to be taphonomically absent from centra
8–10. The 11th centrum bears a fragment of the final rib
that may be antero-posteriorly expanded as in extant bery-
cids and holocentrids. Centra 7–11 bear ventrally directed
parapophyses to which ribs would have articulated; these
processes increase conspicuously in length along the series.
A bridge between parapophyses on centrum 9 encloses an
aortic canal, and subsequent centra bear the canal. Haemal
spines begin on the 12th centrum, and are inclined
posteriorly.

Results

New characters bearing on holocentroid
phylogeny
In the course of describing †Iridopristis and reviewing
the anatomy of other berycimorph fishes, we identified

Figure 13. Pectoral girdle of †Iridopristis parrisi. Holotype (NJSM GP12145), Hornerstown Formation, early Paleocene (Danian),
New Jersey, USA. Rendered mCT model in A, left lateral and B, right lateral views. Abbreviations: cl, cleithrum; co, coracoid; pcl,
postcleithrum; scl, supracleithrum. Arrows indicate anatomical anterior. Scale bar represents 5 cm.
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Figure 14. Squamation of †Iridopristis parrisi. Holotype (NJSM GP12145), Hornerstown Formation, early Paleocene (Danian), New
Jersey, USA. Photographs of the A, cheek and B, abdominal squamation. Arrows indicate anatomical anterior. Scale bars
represent 1 cm.

Figure 15. Axial skeleton of †Iridopristis parrisi. Holotype (NJSM GP12145), Hornerstown Formation, early Paleocene (Danian),
New Jersey, USA. Shown in left lateral view. Abbreviations: c, centra; en, epineural; hs, haemal spines; r, ribs. Arrow indicates
anatomical anterior. Scale bar represents 5 cm.
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two additional characters of possible systematic rele-
vance (Figs 16, 17). We added these characters to our
matrix and discuss them in detail here.

Character 81. Shape of saccular otoliths. (0)
Heterosulcoid otolith morphology (sensu Schwarzhans,
1978; Schwarzhans et al., 2017) present in Polymixia, hol-
ocentroid subclade Holocentrinae (Fig. 16D), and
†Iridopristis (Fig. 16A), and is the predominant phenotype
present in percomorphs. (1) Myripristis-like otolith morph-
ology as described by Hecht (1982) and Schwarzhans
(2010), with no rostrum, excisura or antirostrum, and a
sulcus bounding the dorsomesial margin, occasionally
bearing undulatory patterning along the dorsal portion of
the sulcus (as in Myripristis) present in holocentroid sub-
clade Myripristinae (Fig. 16C). (2) ‘O-heterosulcoid’ oto-
lith morphology (‘archaesulcoid’ of Schwarzhans et al.,

2017) present in Beryx and Hoplostethus in the matrix,
representing the generalized ‘berycimorph’ shape (Fig.
16B) common outside of Holocentridae. Gross otolith
morphology can broadly capture taxonomical and func-
tional diversity (Reichenbacher et al., 2007; Tuset et al.,
2016), suggesting that it can be a useful predictor of
phylogenetic relatedness. Here, we put forth that incorpo-
rating this character and the associated character states
would be of use in inferring phylogenetic relationships.
Fossils bearing in situ otoliths are rare (Schwarzhans et al.,
2018), and none of the comparative fossil material exam-
ined possessed preserved otoliths. As such, with the excep-
tion of †Iridopristis parrisi, this character was only scored
for extant taxa. †Iridopristis parrisi shows state 0 for this
character, which was used by previous authors to suggest
an affinity with the holocentroid subclade Holocentrinae
(Schwarzhans et al., 2018).

Figure 16. Variation in saccular otolith morphology among holocentroids and outgroups. Rendered mCT models of saccular otoliths
as a visual explanation of states in Character 81 for A, †Iridopristis parrisi (NJSM 12145), B, Centroberyx affinis (UMMZ 216732),
C, Myripristis murdjan (UMMZ 185696), and D, Sargocentron rubrum (UMMZ 245614). Arrow indicates anatomical anterior.
Images not to scale.
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Character 82. Laminar flange directed dorsally on the
lateral surface of the anguloarticular, immediately
anterior to the anguloarticular-quadrate joint. (0)
Absent (Fig. 17A, B). (1) Present (Fig. 17C, D). The
flange referenced by this character lies at the postero-
ventral base of the coronoid process, and may serve as
an attachment site for the preangular ligament based on
its attachment location in other fishes (Datovo & Vari,
2013). Crown-group holocentrids from both subclades
(Holocentrinae and Myripristinae) possess this flange,
though one specimen of Plectrypops lima (UMMZ
185889) lacks it. In all of these examples, the lower-
most cheek scale slotted into the gap between the main
body of the anguloarticular and the lamina. The charac-
ter is absent in examined specimens belonging to
Berycidae, Melamphaidae, Monocentridae and
Trachichthyidae. †Iridopristis parrisi and †Caproberyx
also lack this flange, but it is present in
†Berybolcensis. It was not possible to score this char-
acter other fossils, including †Tenuicentrum and
†Eoholocentrum, given preservation or inability to dis-
cern state given material available.

Phylogenetic analysis
Parsimony analyses. A parsimony analysis recovers
588 most parsimonious trees of 112 steps. The strict
consensus of these trees is poorly resolved (Fig. 18A).
All holocentroids, with the exception of the putative
member †Caproberyx, fall within a large polytomy.
Beryx is the sister lineage to this holocentroid clade.
Within holocentroids, the only subclades resolved are
(1) a sister-lineage pair of †Tenuicentrum plus
†Berybolcensis; and (2) a clade of extant holocentrines
(Neoniphon, Sargocentron and Holocentrus) plus
†Eoholocentrum on its stem. The holocentroid total
group and extant holocentrines represent the most
robustly supported clades in the tree, both with a
Bremer decay index of 5 and bootstrap support of at
least 90%.
The agreement subtree generated in PAUP (Fig. 18B)

finds the following fossil taxa to be acting as phylogen-
etic rogues within the analysis: †Caproberyx,
†Tenuicentrum, †Berybolcensis, †Holocentrites ovalis
Conrad, 1941 and †Africentrum melitense (Woodward,
1887). The agreement subtree shows two important

Figure 17. Variation in anguloarticular morphology in holocentroids and outgroups. Rendered mCT models of lower jaws as a visual
explanation of character states in Character 82 for A, †Iridopristis parrisi (NJSM 12145), B, Centroberyx affinis (UMMZ 216732),
C, Myripristis murdjan (UMMZ 185696), and D, Sargocentron rubrum (UMMZ 245614). White arrows in (C) and (D) indicate
laminar flange anterior to jaw joint. Central arrow indicates anatomical anterior. Images not to scale.
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features agreed upon by the set of most parsimonious
trees, but obscured by unstable taxa in the strict consen-
sus: (1) the monophyly of extant myripristines
(Myripristis, Ostichthys, Pristilepis, Plectrypops and
Corniger); and (2) placement of †Iridopristis as sister to
holocentrids, on the stem of the extant radiation.

Fossilized birth–death analysis. The Bayesian analysis
expands upon the basic parsimony analysis by sampling
additional extant lineages, as well as including molecu-
lar and stratigraphical data. In addition to inferring pat-
terns of relationships, it further provides an estimate of
divergence times between sampled lineages.
The Bayesian topology is reasonably well resolved,

with a majority of nodes having posterior probabilities
approaching 1. The greatest topological uncertainties typ-
ically relate to nodes subtending one or more fossil line-
ages; several of these nodes are unresolved. However,
clade membership at the broadest level is well supported
for most fossil holocentroids included in the analysis.
Holocentrines and myripristines are reciprocally mono-
phyletic. As in the parsimony analysis, †Eoholocentrum
is a stem holocentrine. †Holocentrites and †Africentrum
are myripristines, resolved on the stem and within the
crown, respectively. As in the parsimony solution, the
Bolca taxa †Berybolcensis and †Tenuicentrum are each
other’s closest relatives. This clade, along with
†Iridopristis, fall within an unresolved polytomy also
including the lineage leading to the holocentrid crown.
We estimate divergence between polymixiids and our

ingroup as 133.4 Mya (95% credible interval [CI]:
107.2–153 Mya) (Fig. 19). This split corresponds to the
acanthomorph crown group in some phylogenomical
analyses (Dornburg & Near, 2021). We estimate the
divergence between Beryciformes and
Trachichthyiformes (here represented by members of
Hoplostethus) occurred at 110.7 Mya (95% CI: 91.4–
132.3 Mya). Crown Beryciformes originated approxi-
mately 95.8 Mya (95% CI: 71.6–117.6 Mya). The last
common ancestor of all holocentroids included in this
analysis dates to 78.2 Mya (95% CI: 63–93.9 Mya),
when †Iridopristis parrisi, †Berybolcensis and
†Tenuicentrum split from the lineage leading to
Holocentridae. We estimate the age of the holocentrid
crown as 61.3 Mya (95% CI: 50.6–75 Mya). The age of
the last common ancestor of all myripristines included
in the analysis is estimated as 40.9 Mya (95% CI: 32.7–
50.7 Mya), with the crown Myripristinae dated to 34.8
Mya (95% CI: 26.7–43.5 Mya). The Ypresian taxon
†Eoholocentrum splits from the crown members of
Holocentrinae at 51.3 Mya (95% CI: 49.4–64 Mya),
with the age of the holocentrine crown estimated as
33.8 Mya (95% CI: 26.7–42.1 Mya).

Character-state mapping. Mapping character states on
the agreement subtree permits identification of possible
synapomorphies of clades consistently recovered across
our analyses. Several characters optimize to the clade
comprising Beryx and Holocentroidea (Fig. 18B, a):
expansion of the last pleural rib in the mediolateral
plane (character 10, state 1); fusion of the second ural
centrum to the combined first ural centrum and first
preural centrum (character 11, state 1); loss of hypural
six (character 12, state 1).
Holocentroidea, including †Iridopristis parrisi (Fig. 18B,

b), is supported by: the presence of a transverse crest of
the supraoccipital (character 2, state 1); a separate opening
for the orbital branch of the supraorbital sensory canal
(character 3, state 1); a ventrolateral ‘winged’ expansion of
the parasphenoid (character 6, state 1); an imperforate
anterior ceratohyal (character 8, state 1); deep notches pre-
sent along the ventral margin of the anterior ceratohyal
(character 9, state 1); an expanded alveolar platform near
the symphysis of the dentary that overhangs the lateral
margin of the element (character 27, state 1); a concave
premaxillary tooth gap at the mesial margin of the premax-
illa, ventral to the ascending process (character 28, state 1).
The clade comprising Holocentroidea to the exclusion

of †Iridopristis parrisi (Fig. 18B, c) is supported by a
dorsally projecting lamina anterior to the jaw joint of
the anguloarticular (character 82, state 1).
Myripristinae (Fig. 18B, d) is supported by: a lateral

connection of the otic bulla to the swim bladder (charac-
ter 50, state 1); a prootic with an elongate process pro-
jecting laterally ventral to the pars jugularis foramen
(character 51, state 1).
The clade comprising Holocentrinae, inclusive of

†Eoholocentrum (Fig. 18B, e), is supported by: an eden-
tulous ectopterygoid (character 30, state 1); 5 spinous
procurrent caudal rays in the upper lobe and 4 in the
lower lobe of the caudal fin (character 31, state 3); 16
preural caudal vertebrae (character 35, state 0).
The clade comprising Holocentrinae to the exclusion of

†Eoholocentrum (Fig. 18B, f) is supported by: the ascend-
ing process of the premaxilla being as long as or longer
than the alveolar process (character 19, state 1); the post-
maxillary process of the premaxilla is anteroposteriorly
short and dorsoventrally high (character 20, state 1); the
first two circumorbitals with a depth to length ratio
between 1:4.5 and 1:7 (character 21, state 1); the shaft of
the maxilla is dorsoventrally deep and anteroposteriorly
short (character 22, state 1); the loss of the expanded
alveolar platform near the symphysis of the dentary (char-
acter 27, state 0); absence of the concave premaxillary
tooth gap at the mesial margin of the premaxilla, ventral
to the ascending process (character 28, state 0); the first
dorsal fin pterygiophore inserts into a pocket on the
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anterior margin of the neural spine of the second vertebra
(character 76, state 1); the lachrymal has a wide-based,
ventrally directed, and short spine (character 78, state 1);
a single preopercular spine (character 79, state 1).

Discussion

Inferred relationships and implications for
character evolution
With respect to relationships among holocentroids, the
results of both our parsimony and Bayesian analyses

show broad agreement with past solutions (e.g.
Dornburg et al., 2015), apart from our addition of
†Iridopristis. The most notable exception is our place-
ment of †Africentrum in a polytomy with the clades
Pristilepis þ Ostichthys and Corniger þ Plectrypops,
rather than as sister to Myripristis as previously reported
(e.g. Dornburg et al., 2015). Dornburg et al. (2015) did
not indicate support for the hypothesized sister-group
relationship between †Africentrum and Myripristis,
although we note that our placement of †Africentrum is
only weakly supported (posterior value of 62) and could
easily change in subsequent analyses. Our placement of
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†Caproberyx is also noteworthy. This Late Cretaceous
taxon is generally regarded as an early holocentroid
(Murray, 2016; Patterson, 1964), but we have found lit-
tle evidence for this placement. Indeed, without con-
straining †Caproberyx to the ingroup it falls into a basal
polytomy. Our constrained analysis places †Caproberyx
as sister to Trachichthyiformes with weak posterior sup-
port (posterior value ¼ 53) (Fig. 19). Past interpretations
of †Caproberyx rely on verbal arguments enlisting a ser-
ies of general traits: a shortened premaxillary process,
lack of a preopercular spine (to align it with myripris-
tines), rudimentary ridges of the frontals, teeth on the
ectopterygoid (to align it with holocentrines), enlarge-
ment of the frontals in relation to all other neurocranial
components, enclosure of the suborbital sensory canal
on the lachrymal (to align it with holocentrids in gen-
eral), as well as a ballooned ‘otic bulla’ (common in
holocentrids, berycids, and trachichthyiforms)
(Patterson, 1964; Regan, 1911). Many of these traits can
be interpreted as plesiomorphic for acanthomorphs in
general, rather than apomorphies that would suggest a
closer affinity to holocentrids for †Caproberyx.
Additionally, †Caproberyx lacks a spina occipitalis, a
character present in †Iridopristis and living holocentrids,
berycids, and trachichthyids – but conspicuously absent
from extant polymixiids and a number of other acantho-
morph lineages (Davesne et al., 2016). Problems sur-
rounding the placement of †Caproberyx likely apply to
other Late Cretaceous acanthomorphs traditionally iden-
tified as ‘holocentroids’ (sensu Patterson, 1993), includ-
ing †Stichocentrus (Patterson, 1967), †Alloberyx
(Gaudant, 1969), †Kansius (Bardack, 1976) and
†Pelotius (Gallo-Da-Silva & De Figueiredo, 1999). In
contrast to the substantial progress that has been made

in placing early fossil representatives of other deeply
diverging acanthomorph groups like percopsiforms
(Murray et al., 2020) and lampriforms (Davesne et al.,
2014; Delbarre et al., 2015), there is little clarity on the
relationships of Cretaceous ‘beryciforms’ sensu lato.
These taxa represent nearly 50% of Late Cretaceous
acanthomorph generic richness (Murray, 2016), and per-
sistent uncertainty surrounding their phylogenetic affin-
ities represent an outstanding gap in our understanding
of the early diversification of spiny-rayed fishes. An
inclusive phylogenetic analysis of early fossil acantho-
morphs – including fossil and modern representatives of
the deepest branching lineages – should be a priority for
future work. Apart from providing insight on the place-
ment of specific fossil taxa, this approach might also
help to clarify relationships among the earliest diverging
extant acanthomorph lineages, which remain an area of
conflict among recent phylogenetic hypotheses
(Cantalice et al., 2021; Davesne et al., 2016).
Our analyses provide a new perspective on previous

verbal assessments of the possibly phylogenetic affin-
ities of the materials formally described here as
†Iridopristis parrisi. In his review of Cretaceous acan-
thomorphs from North America, Stewart (1996) men-
tioned these specimens (specifically referring to NJSM
GP12145), which he considered Maastrichtian in age.
His general assessment of their affinities anticipates our
hypothesis, with the New Jersey fossils in some ways
“intermediate between other Cretaceous holocentrids
and the two Cenozoic subfamilies of Holocentridae”
(Stewart, 1996, p. 392). He also noted that this form
shared a potential synapomorphy with myripristines (not
explicitly mentioned, but we assume it was the
expanded symphyseal margin of the dentary and the

3

Figure 18. Holocentroid relationships inferred from a maximum parsimony analysis of morphological data. A, strict consensus of
588 most parsimonious trees with tree length ¼ 112 steps. Circles at nodes indicate bootstrap support values between 50 (white) and
100 (black). Bremer support indices indicated by numbers adjacent to nodes. †Iridopristis parrisi in bold. B, agreement subtree of
588 most-parsimonious trees with length ¼ 112 steps. Letters at nodes indicate character states supporting clades of interest.
Character states for characters 1–80 described in detail in Dornburg et al. (2015). Characters 81 and 82 new to this paper. Character-
state optimizations keyed to characters at nodes: (a) 10[1], last pleural rib expanded in mediolateral plane; 11[1], second ural centrum
fused to the combined first ural centrum and first preural centrum; 12[1], loss of hypural six. (b) 2[1], transverse crest of the
supraoccipital; 3[1], separate opening of the orbital branch of the supraorbital sensory canal; 6[1], ventrolateral wings of the
parasphenoid; 8[1], anterior ceratohyal with no foramen (closed ontogenetically); 9[1], deep notches on the ventral margin of the
anterior ceratohyal to accommodate branchiostegals; 27[1], alveolar platform expanded near the symphysis to overhang the lateral
margin of the dentary; 28[1], concave premaxillary tooth gap at the mesial margin. (c) 82[1], dorsally projecting lamina anterior to
the jaw joint on the anguloarticular. (d) 50[1], lateral connection of the otic bulla to the swim bladder; 51[1], prootic with an
elongate process projecting laterally ventral to the pars jugularis foramen. (e) 30[0], loss of teeth on the ectopterygoid; 31[3], five
spinous procurrent caudal rays in upper lobe and four in lower lobe; 35[0] 16 preural caudal vertebrae. (f) 19[1], ascending process
of the premaxilla as long as or longer than the alveolar process; 20[1], postmaxillary process of the premaxilla anteroposteriorly short
and dorsoventrally high; 21[1], depth to length ratio of first two circumorbitals between 1:4.5 and 1:7; 22[1], shaft of the maxilla
dorsoventrally deep and anteroposteriorly short; 27[0], loss of alveolar platform expansion near the symphysis to overhang the lateral
margin of the dentary; 28[0], loss of convex premaxillary tooth gap at the mesial margin; 76[1], first dorsal fin pterygiophore inserts
into a pocket on the anterior margin of the neural spine of the second vertebra; 78[1], lachrymal with a wide-based, ventrally
directed, and short spine; 79[1], single preopercular spine in adults.
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edentulous tooth gap along the mesial margin of the pre-
maxilla based on features visible externally), but also
indicated some uncertainty about potential homoplasy in
this or other characters. Stewart (1996) also stated that
these specimens likely belonged to †‘Beryx’ insculptus,
which he regarded as incorrectly attributed to Berycidae.

That species is based on a poorly preserved patch of
scales from the Maastrichtian Navesink Formation and
lacks obvious diagnostic characters (Supplemental
Material Figure 1C), and we do not consider
†Iridopristis parrisi referrable to it. Using lCT to non-
destructively sample the otolith morphology,

Figure 19. Maximum clade credibility tree for a total-evidence analysis of holocentroid interrelationships. Bars at nodes represent
95% HPD (highest posterior density) for node age. Nodal supported indicated as posterior probabilities between 50 (white) and 100
(black). The Cretaceous–Palaeogene boundary is highlighted in red.
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Schwarzhans et al. (2018) provided additional informa-
tion bearing on the Hornerstown holocentroid speci-
mens. They interpreted NJSM GP12145 and GP12381
as belonging to the holocentrine subclade, based on the
generalized otolith morphology in comparison to myri-
pristines (Fig. 16).
As anticipated by Stewart (1996), the identification of

†Iridopristis as a stem holocentrid has important impli-
cations for patterns of character evolution in squirrel-
fishes and soldierfishes. †Iridopristis bears a mosaic of
characters that, while consistent with its placement on
the holocentrid stem, call into question the status of pre-
viously proposed synapomorphies of extant holocentrid
lineages. Most significant are the expansion of the
alveolar platform of the dentary and the premaxillary
tooth gap. Both traits are present in †Iridopristis, but
have been interpreted as myripristine synapomorphies
(Dornburg et al., 2015; Marram�a et al., 2021; Stewart,
1984). Instead, our results suggest that these are more
general features, probably present in the last common
ancestor of Cenozoic holocentroids. Future work should
seek additional morphological evidence for myripristine
monophyly, which is strongly supported by molecular
data. By contrast, character evidence for holocentrine
monophyly (e.g. including an ascending process of the
premaxilla as long as or longer than the alveolar pro-
cess) is unaffected by the combination of characters
apparent in †Iridopristis.
†Iridopristis parrisi bears two noteworthy features

undescribed in other holocentroids and not seen in fossil
relatives: (1) a flat, unexpanded auditory ‘bulla’, and (2)
an unornamented triangular facet on the posterolateral
surface of the maxilla. All extant and three-dimension-
ally preserved fossil berycimorph fishes, with the excep-
tion of †Iridopristis parrisi, bear varying degrees of
‘ballooning’ on the lateral surface of the otic chamber
(Patterson, 1964). However, ‘ballooning’ of the otic
chamber is difficult to assess in somewhat flattened
material of †Tenuicentrum, †Berybolcensis, and
†Eoholocentrum from Bolca. In the case of the facet on
the posterolateral surface of the maxilla, it is notable
that specimens of Myripristis murdjan and Ostichthys
japonicus possess a thin lamina tightly associated with
the maxilla at this same position. In the case of M.
murdjan, this lamina is only apparent in tomographical
sections. †Ctenothrissa radians (Agassiz, 1835) bears a
maxillary facet (Patterson, 1964, p. 232; Fig. 9) remark-
ably similar to the one found on the maxilla of
†Iridopristis (Fig. 8). Patterson refers to this facet as a
groove for the insertion of ligaments associated with the
adductor muscles of the mandible, while Smith
Woodward (1903) suggests that this groove may be a
sensory canal. Neither of these explanations seem likely,

given the thin lamination seen in this location in the
aforementioned extant holocentrids.

Evolutionary timescale
Our estimated timescales broadly match those presented
in earlier analyses, with substantial overlap between
HPD intervals for nodes shared between studies.
Challenges in comparing age estimates for the oldest
nodes in our tree reflect contrasting taxon samples and
fundamental disagreements about branching patterns
deep within acanthomorph phylogeny. Most recent
phylogenetic solutions (Alfaro et al., 2018; Dornburg &
Near, 2021; Hughes et al., 2018) agree that the root
node in our analysis, indicating the divergence between
polymixiids and the clade comprising trachichthyids,
berycids and holocentroids, represents the acanthomorph
crown node. We estimate this divergence as 133.4 Mya
(95% CI: 107.2–153 Mya), which is somewhat younger
than was found by previous authors (Rabosky et al.,
2018: 137.9 Mya (no 95% CI: inferred under likeli-
hood); Alfaro et al., 2019: 139.6 Mya (95% CI: 130.8–
147 Mya); Hughes et al., 2019: 144 Mya (95% CI:
136.8–152 Mya)). Our analysis, which finds
Trachichthyiformes as sister to
BeryciformesþHolocentroidea, matches the topology
presented by Rabosky et al. (2018), although our ana-
lysis does not sample percomorphs. Our inferred diver-
gence time of 110.7 Mya (95% CI: 91.4–132.3 Mya)
between Trachichthyiformes and Beryciformes inclusive
of Holocentroidea is younger than was found by
Rabosky et al. (2018: 124.8 Mya (no 95% CI: inferred
under likelihood)), although that previous age value falls
within the uncertainty for our estimates. Hughes et al.
(2018) recovered a different pattern of relationships
among these groups, finding that a clade comprising
TrachichthyiformesþBeryciformes represents the sister
lineage of HolocentroideaþPercomorpha. Their esti-
mated divergence of 131.9 Mya (95% CI: 126.2–137.6
Mya) between holocentroids and trachichthyiforms is
also older than our estimate for the equivalent node
(Hughes et al., 2019). Likewise, Alfaro et al. (2019)
recovered a topology with Trachichthyiformes as sister
to a clade comprising BeryciformesþHolocentroidea
sister to Percomorpha, and recovered a divergence esti-
mate of 133.5 Mya (95% CI: 121.9–144.3 Mya) for the
equivalent node.
Our estimate for the age of crown-group

Holocentridae (subclades MyripristinaeþHolocentrinae)
of 61.3 Mya (95% CI: 50.6–75.1 Mya) is in close agree-
ment with ages inferred by node-calibrated (Rabosky
et al., 2018: 56 Mya [no 95% CI: inferred under likeli-
hood]; Hughes et al., 2019: 54 Mya [95% CI: 50.2–57.9
Mya]; Alfaro et al., 2018: 61.5 Mya [95% CI: 49–77.6
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Mya]) and tip-dated (Dornburg et al., 2015: 54.7 Mya)
topologies. These studies support an origin of crown
holocentrids postdating the K/Pg extinction. This infer-
ence is broadly consistent with the affinities of most
early Cenozoic holocentroid body fossils, the majority
of which represent stem holocentrids. However, uncer-
tainty surrounding the timing of the split between myri-
pristines and holocentrines means that an earlier
divergence cannot be rejected.
Of existing studies, only Dornburg et al. (2015) sam-

ples holocentrids densely enough to permit detailed
comparison of estimated divergence times within the
clade. Our results agree with most of the node-age esti-
mates presented by Dornburg et al. (2015), with one
conspicuous difference: the divergence between
†Africentrum and its closest living relatives. Dornburg
et al. (2015) found †Africentrum to be the sister lineage
of Myripristis, with the divergence of these lineages
estimated at 15 Mya. We inferred a slightly different
position for †Africentrum as sister to the myripristine
subclade including the genera Pristilepis, Ostichthys,
Corniger and Plectrypops. Our analysis estimates this
divergence at 27.2 Mya (95% CI: 20.2–36.2 Mya). This
deeper divergence reflects a revised tip age for
†Africentrum. Dornburg et al. (2015) applied an age of
�10 Mya for †Africentrum, while we use the earliest
age for the genus (calibrated as a uniform distribution
ranging from 17.154 to 17.466 Mya) based on available
geological evidence.
Our evolutionary timescale is also broadly consistent

with the distribution of holocentroid otoliths, which
offer a semi-independent palaeontological timescale to
that of the body fossils explicitly incorporated into our
analyses. The oldest fossil otoliths attributed to the sub-
family Myripristinae derive from the Ypresian-age
London Clay Formation (Nolf, 2013), suggesting that
myripristines acquired their distinctive otolith morph-
ology (character 81, state 1; Fig. 16C) during, or prior
to, this time interval. Meanwhile, the oldest fossil oto-
liths attributed to Holocentrinae derive from the
Maastrichtian-age Gerhartsreiter Beds (Nolf, 2013;
Schwarzhans, 2010). †Iridopristis parrisi possesses an
otolith morphology that, in isolation, is consistent with
the primitive arrangement retained by Holocentrinae
(character 81, state 0; Fig. 16A, D) (Schwarzhans et al.,
2018), while its morphology taken as a whole suggests
that it is a stem-member of Holocentridae (Fig. 18).
This raises the possibility that Maastrichtian otoliths
attributed to Holocentrinae (i.e. †Sillaginocentrus
aliena [Schwarzhans, 2010], †Traubiella anagoformis
[Schwarzhans, 2010], †Holocentronotus percomorpha
[Schwarzhans, 2010], and †Pfeilichthys pfeili
[Schwarzhans, 2010] [Nolf, 2013; Schwarzhans, 2010])

could, like †Iridopristis, be stem rather than crown
holocentrids.

Patterns of evolutionary diversification and
geographical distribution in holocentroids
Our phylogenetic interpretation of †Iridopristis parrisi
has possible implications for two key aspects of marine
fish evolution in the early Cenozoic: responses to the
K/Pg extinction (Alfaro et al., 2018; Sibert & Norris,
2015) and shifting geographical patterns of marine bio-
diversity (Cowman et al., 2017; Dornburg et al., 2015).
The majority-rule fossilized birth–death topology
implies that several holocentrid lineages survived the
K/Pg boundary (Fig. 19), and indicates that the diver-
gence of Myripristinae and Holocentrinae probably –
but not certainly – occurred in the early Palaeogene.
This result agrees with previous studies where the
Myripristinae and Holocentrinae were resolved as origi-
nating in the wake of the K/Pg extinction event (Alfaro
et al., 2018; Dornburg et al., 2015; Hughes et al., 2018;
Rabosky et al., 2018). The holocentrid lineages repre-
sent an important component of modern reef fish faunas,
the expansion of which in the Paleocene have been
interpreted as being the result of the geographical
expansion of scleractinian corals during this interval
(Bellwood et al., 2017; Price et al., 2014).
†Iridopristis also bears on debates concerning

Cenozoic marine fish biogeography. Most Cenozoic hol-
ocentroid body fossils come from a region around the
contemporary Mediterranean, representing the ancient
West Tethys. This has led some to hypothesize that
modern squirrelfishes evolved in this region (Dornburg
et al., 2015; Marram�a et al., 2021), an interpretation
consistent with a major biogeographical hypothesis plac-
ing the West Tethys as the nexus of marine biodiversity
in the early Cenozoic prior to the establishment of the
contemporary hotspot in the Indo-Pacific by the
Miocene (Renema et al., 2008). This scenario enjoys
support from the fossil record of invertebrates
(Bellwood et al. 2012; Renema et al., 2008; Saulsbury
& Baumiller, 2022), as well as from studies that inte-
grate palaeontological evidence with molecular phyloge-
nies (Cowman et al., 2017; Dornburg et al., 2015;
Siqueira et al., 2019). The geographical patchiness of
the fossil record represents a serious obstacle to evaluat-
ing these hypotheses for fishes. This is amplified by the
stratigraphical and geographical alignment of the
remarkable Bolca fauna with the early Palaeogene West
Tethyan hotspot (Friedman & Carnevale, 2018). While
this exceptional fossil snapshot provides a significant
window into this region during a critical time in the
past, it also dominates our understanding of the early
history of holocentroids and other marine fish groups
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(Dornburg et al., 2015). This problem extends beyond
Bolca, with the European record providing most of the
significant early Cenozoic marine fish faunas repre-
sented by body fossils (Friedman & Carnevale, 2018;
Friedman et al., 2016). As a consequence, there are
comparatively few fossils of early Palaeogene age from
outside the Tethys that can be placed in phylogenetic
trees, raising questions about the relative influence of
biological pattern and sampling bias on biogeographical
hypotheses for marine fishes incorporating palaeonto-
logical data. Fossils provide unique data that can over-
turn inferences of ancestral states, ecologies, and
geographical ranges based on living taxa alone
(Betancur-R. et al., 2015; Finarelli & Flynn, 2006;
Wisniewski et al., 2022). However, the inclusion of fos-
sil data might cause misleading inferences of past ranges
if there are substantial spatial heterogeneities in sam-
pling or major geographical gaps in the record. Recent
biogeographical work on marine invertebrates has
applied taphonomical analogues to help determine
whether the absence of fossils from particular regions
might be meaningful (Saulsbury & Baumiller, 2022),
but this approach has not been applied to fishes.
Detailed accounts of fossils from regions not well repre-
sented in the literature represent an important step in
building a more complete picture of biogeographical
patterns in these groups. By virtue of its geographical
provenance alone, †Iridopristis suggests a more compli-
cated distributional history for early Palaeogene holo-
centroids than past analyses (Dornburg et al., 2015).
However, it is premature to speculate more on aspects
of holocentrid biogeographical history without a better
understanding of the composition of deeper parts of the
stem and the Palaeogene marine fish fossil record out-
side the Tethys more generally.

Conclusions

†Iridopristis parrisi presents as an articulated skull and
abdomen from the early Danian Hornerstown Formation of
New Jersey, USA. Inclusion of the specimen in a phylo-
genetic analysis suggests that it is a stem-member of
Holocentridae, along with the Ypresian-age †Berybolcensis
and †Tenuicentrum. The new species possesses multiple
characters that align it more closely to Cenozoic holocent-
roids than to Cretaceous holocentroids, including: a separ-
ate opening of the orbital branch of the supraorbital
sensory canal, ventrolateral wings of the parasphenoid, an
anterior ceratohyal with no foramen, and deep notches
along the ventral margin of the anterior ceratohyal to
accommodate branchiostegals. Character state optimization
supports character state acquisitions prior to the origin of

†Iridopristis parrisi that have previously been interpreted
as derived states for the subclade Myripristinae: an alveolar
platform expanded near the symphysis to overhang the lat-
eral margin of the dentary, and a concave tooth gap at the
mesial margin of the premaxilla. This finding necessitates
a deeper examination of phenotypic synapomorphies to
support the subfamily Myripristinae. Three-dimensionally
preserved fossil fishes of Danian age are rare, and further
excavation of the greensand formations along the mid-
Atlantic of the USA may offer greater insight into the
faunal composition and evolutionary dynamics during the
critical early Palaeogene history of marine spiny-rayed
fishes.
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