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Abstract

The skeleton of Siluriformes is characterized by several autapomorphies, including secondary absence, extreme modification, and 
purported fusion of several ossifications. Although well documented in adults, information on skeletal development in catfishes is 
relatively sparse and typically focused on particular regions of the skeleton (e.g., Weberian apparatus). To further our understanding 
of the siluriform skeleton, I document the development of the entire skeleton in two ictalurid species, Ictalurus punctatus (channel 
catfish) and Noturus gyrinus (tadpole madtom) from five days pre-hatch to adult. I reexamine the homologies of bones previously 
hypothesized to represent compound elements in catfishes as well as an additional element only known to occur in some ictalurids. 
Development of the skeleton is complete in I. punctatus at 22.4 mm SL and almost complete in N. gyrinus (except dorsal- and 
anal-fin distal radials) at 14.1 mm SL. No signs of ontogenetic fusion were observed in any of the purported compound elements. 
Previous hypotheses of the homology of these elements and of additional ossifications are reviewed in light of developmental in-
formation obtained herein. No dermal parietal component is present at any stage in the so-called parieto-supraoccipital. The bone 
is the supraoccipital which ossifies from two lateral centers of ossification which later fuse, rather than from a median center. The 
‘posttemporo-supracleithrum’ originates from a single center of ossification and represents the supracleithrum. The posttemporal is 
present in ictalurids and many other catfishes as a canal-bearing bone between the supracleithrum and the pterotic, a bone some-
times identified as the extrascapular. The extrascapular is missing in catfishes. Ictalurids have an additional dermal bone above the 
posttemporal, which is either an independently ossifying fragment of the posttemporal or a neoformation restricted to some mem-
bers of this family. The single chondral bone of the pectoral girdle originates from a single center of ossification that represents the 
coracoid. The scapula is missing in catfishes. Dorsal-fin distal radial 2 is absent in catfishes and the foramen of dorsal-fin spine 2 
is formed from modifications to the base of the fin-ray itself. Unlike loricarioid catfishes, the urohyal of ictalurids originates solely 
as an ossification of the sternohyoideus tendons. The anteriormost infraorbital element ossifies from a single center of ossification 
around the infraorbital sensory canal and represents the lacrimal. The antorbital is missing in catfishes. Finally, skeletal development 
of I. punctatus is compared to that available for other otophysans, including the cypriniforms Danio rerio and Enteromius holotaenia 
and the characiform Salminus brasiliensis.
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Introduction

The order Siluriformes (catfishes) are a highly diverse 
(~3900 species, Nelson et al. 2016; Fricke et al. 2022) 
group of otophysan fishes that are distributed in fresh-
waters across the globe and have invaded marine coastal 
waters on two separate occasions (Lundberg et al. 2007). 
Members of this group are found in both pelagic (Reyn-
olds 1971; Kaatz et al. 2010) and benthic environments 
(Paxton 1997; Mistri et al. 2018), with some species ca-
pable of traversing across land to find more suitable hab-
itat (e.g., Clarias gariepinus, Johnels 1957). Catfishes 
also exhibit a wide diversity of life history and reproduc-
tive strategies, ranging from broadcast spawners with 
little or no parental care (Katano 1988; Maehata 2007) 
to nest guarders and mouthbrooders with large eggs, in 
which males protect developing embryos (Mayden et al. 
1980; Barbieri et al. 1992). Given this ecological diver-
sity, it is no surprise that siluriforms also show a remark-
able amount of morphological variation in body shape 
(ranging from anguilliform [e.g., Clariidae; Jansen et al. 
2006] to markedly dorsoventrally flattened [e.g., Aspre-
dinidae, Chacidae; Brown and Ferraris 1988; Carvalho 
and Reis 2020] to thin and elongated, twig-like [e.g., 
Farlowella; Ballen et al. 2016] to shortened and stout 
bodied [Cory doras; Tencatt and Ohara 2016]) and size 
(ranging from greater than 3 meters in Siluris glanis to 
less than 20 mm in some Neotropical catfishes [e.g., Fri-
el and Lundberg 1996; de Pinna and Winemiller 2000; 
Copp et al. 2009]).

Despite this remarkable morphological variation, Silu-
riformes are well characterized as a monophyletic group 
by several derived skeletal characters, including the sec-
ondary absence of several ossifications (e.g., subopercle, 
intercalar) and the extreme modification of others (e.g., 
anteriormost pectoral-fin ray, maxilla, metapterygoid) 
(Fink and Fink 1981). Catfishes also possess several 
ossifications that have been proposed to be the result of 
ontogenetic (developmental) fusion of two bones that 
are separate in other teleosts. For example, the dermal, 
paired parietals and the chondral, median supraoccipital 
are thought to fuse during development to form a single 
bone in the adult, referred to as the parieto-supraoccip-
ital (Arratia 1987). Although some evidence has been 
presented in favor of this hypothesis (Bamford 1948; 
Arratia et al. 1978; Arratia and Menu-Marque 1981; Ar-
ratia and Gayet 1995), it has been formulated based on 
the observation of only a small number of developmental 
stages representing a limited number of species. This is 
also the case for several other skeletal elements that are 
hypothesized to represent compound elements, including 
the posttemporo-supracleithrum (Fink and Fink 1981), 
the scapulocoracoid (Stark 1930; Arratia 2003b), urohyal 
(Arratia and Schultze 1990; Geerinckx et al. 2011), and 
lacrimal (de Pinna et al. 2020). Although the suspected 
compound nature of these elements appears to be gen-
erally accepted among the majority of researchers work-
ing with the catfish skeleton (e.g., Geerinckx et al. 2007; 
Birindelli et al. 2008; Calegari et al. 2019), the homolo-

gy of these “compound” bones has yet to be adequately 
addressed and several independent research groups have 
adopted different terms for these elements (e.g., de Pinna 
et al. 2007; Lundberg et al. 2017; Slobodian and Pastana 
2018), perhaps due to uncertainty regarding homology or 
because of difference of opinion.

The highly modified skeleton of catfishes has been 
the subject of numerous detailed osteological investiga-
tions (e.g., Alexander 1966; Lundberg and Baskin 1969; 
Rao and Lakshmi 1984; Arratia 2003a, b; Huysentruyt 
and Adriaens 2005; Rodiles-Hernández et al. 2005; Egge 
2007; Vigliotta 2008; Britz et al. 2014; Carvalho and 
Reis 2020); however, the majority of these studies have 
focused on adult individuals with relatively fewer exam-
ining the earliest stages of skeletal development (see be-
low). This is surprising given that one potential way to 
resolve homology of controversial elements (including 
the suspected compound ossifications of catfishes) is to 
follow the ontogenetic trajectory of the elements in ques-
tion. Typically, elements which are highly modified in 
adults are conserved in their earliest developmental stag-
es and can be compared to similar developmental stages 
of other taxa in order to determine their homology (e.g., 
Britz and Hoffman 2006; Hoffmann and Britz 2006; Hil-
ton and Johnson 2007; Britz and Johnson 2012). In ad-
dition to furthering our knowledge of the adult skeleton, 
studies of development can also reveal novel morpholog-
ical information for phylogenetic studies (e.g., Johnson 
1983; Johnson and Washington 1987; Kubicek and Con-
way 2016) as well as identify changes in developmental 
timing (i.e., heterochrony; Mabee and Trendler 1996; 
Britz and Conway 2009, 2016; Mattox et al. 2016; Con-
way et al. 2021) that may have played an important role in 
generating the tremendous morphological diversity that 
exists among and between the different groups of bony 
fishes. Though available, studies that have investigated 
skeletal ontogeny in members of the Siluriformes have 
focused only on specific regions of the skeleton, such as 
the cranium (Kindred 1919; Bamford 1948; Geerinckx et 
al. 2007; Huysentruyt et al. 2011), postcranium (Grande 
and Shardo 2002), pectoral-fin spine (Reed 1924; Kubi-
cek et al. 2019), or the Weberian apparatus (Coburn and 
Grubach 1998; Britz and Hoffman 2006; Hoffmann and 
Britz 2006). To date, no single study has investigated de-
velopment of the entire skeleton for a single species of 
catfish.

In order to further our understanding of the catfish 
skeleton, as well as that of bony fishes more generally, I 
investigate skeletal development in the ictalurid catfish-
es Ictalurus punctatus and Noturus gyrinus. I compile a 
sequence of ossification for both species, documenting 
the progression of skeletal development (from the earliest 
stages of ossification through to later stages), and provide 
a high-quality photographic atlas illustrating select as-
pects of skeletal ontogeny for I. punctatus. Additionally, 
the homology of the five bones that have been proposed 
to represent compound elements in ictalurid catfishes (pa-
rieto-supraoccipital, posttemporo-supracleithrum, scapu-
locoracoid, urohyal, and lacrimal) are discussed in light 
of developmental information. Finally, a comparison is 
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made between the ossification sequences produced herein 
for ictalurid catfishes and those available for other mem-
bers of the Otophysi.

Methods

Eggs of Ictalurus punctatus were obtained from the 
Texas A&M Aquatic Research and Teaching Facili-
ty. Eggs were incubated until hatching, at which point 
embryos were moved to 5 gal aquaria where they were 
raised until sampling. Eggs were treated with Paraguard 
(Seachem Laboratories, Madison, GA) to prevent fun-
gus. Embryos or larvae were sampled daily from 5 days 
pre-hatch up to 30 days post-hatch (dph) and every third 
day from 30 dph up to 60 dph. Sampled individuals were 
euthanized with an overdose of tricaine methanosulfate 
(MS222) and subsequently fixed in a solution of 10% 
buffered paraformaldehyde for 24 hr. After fixation, in-
dividuals were transferred to a 70% EtOH solution for 
permanent storage. Adult individuals (N = 8) of Noturus 
gyrinus were collected from the wild (Little Brazos 
River, Brazos Co., TX, USA) and brought back to the 
lab where they were sexed and divided (1–2 females 
per male) between 10 gallon aquaria (pH 7.5–8.0; tem-
perature 26°C ± 1°C). Individuals were fed on a diet of 
decapsulated brine shrimp eggs, crushed blackworm 
pellets, and chopped blackworms and maintained for 
captive spawning. Upon spawning, eggs were collected, 
incubated, and sampled as described above for I. punc-
tatus.

Gross and histological examination

A total of 100 individuals of Ictalurus punctatus (7.7 
mm notochord length [NL] to 44.9 mm standard length 
[SL]) and 120 of Noturus gyrinus (5.4 mm SL to 26.4 
mm SL) were cleared and double-stained (c&s) for bone 
and cartilage examination. Smaller specimens of I. punc-
tatus (< 20 mm SL) were c&s using a modification of 
the acid-free clearing and staining method of Kimmel 
and Walker (2007). Under this protocol, specimens were 
transferred to 90% ETOH solution containing Alizarin 
red S overnight to stain the bones. Specimens were then 
rinsed in 70% ETOH, followed by 50% ETOH for 30 
minutes each to remove excess Alizarin stain from the tis-
sue. The yolk-sac was removed from larval individuals. 
Specimens were next stained for cartilage in a solution 
of 0.02% Alcian Blue/30mM MgCl2/70% ETOH for 1–8 
hrs depending on size before being rinsed overnight in a 
30mM MgCl2/70% ETOH solution. Specimens were next 
rehydrated through a series of ETOH solutions (50%, 
20%) and water before being transferred to a 0.1% tryp-
sin enzyme buffer solution (7:3 ratio of water to saturated 
borax solution) for clearing. The trypsin enzyme buffer 
solution has the added benefit of removing the outer lay-
er of skin, the goblet cells in which take up Alcian blue. 

Specimens were next bleached in a 0.1% KOH solution 
with ~5 drops of 30% hydrogen peroxide under strong 
light until the pigment has been nearly removed. This was 
followed by a rinse in enzyme buffer solution without 
trypsin to remove excess bleaching solution. Specimens 
were next worked through a series of KOH/90% glycerol 
solutions (30%, 50%, 70%) containing Alizarin red S in 
order to re-stain any skeletal elements that had lost stain 
during the c&s process and to ensure no further loss of 
stain. Finally, specimens were transferred to a 90% glyc-
erol solution for permanent storage. Larger individuals of 
I. punctatus (~20 mm SL and larger) and all specimens of 
N. gyrinus were c&s following the protocol of Taylor and 
Van Dyke (1985).

Once c&s, specimens were dissected and scored for 
the presence/absence of 328 (I. punctatus) and 286 (N. 
gyrinus) ossified skeletal elements under a ZEISS Ste-
REO Discovery V20 stereomicroscope. For each individ-
ual specimen, bones were considered present at the first 
sign of alizarin red S staining and absent in the absence 
of alizarin red S staining. In the few cases in which it 
was not possible to confirm through stereomicroscopy 
whether a particular bone was stained with alizarin red S, 
specimens were examined at higher magnification using 
a Zeiss Primo Star compound microscope. The cartilage 
staining of Taylor and Van Dyke’s (1985) c&s protocol 
relies on an acidic solution which has previously been 
reported to negatively affect the staining of bone (Walk-
er and Kimmel 2007), which could hinder the identifi-
cation of bony elements, particularly during the earliest 
stages of development. In order to compensate for this 
as well as ensure that scoring of double-stained individ-
uals was accurate, a small number of individuals of each 
species (45 I. punctatus [8.6 mm NL–21.2 mm SL] and 
38 N. gyrinus [5.8 mm SL–13.1 mm SL]) were cleared 
and single stained with alizarin red S following the pro-
tocol of Taylor (1967), and scored for the presence and 
absence of bone. Bone presence/absence data of skeletal 
elements collected from double- or single-stained speci-
mens were highly congruent and compiled in Microsoft 
Excel©. The length of the smallest individual in which a 
particular ossification was observed amongst the sampled 
individuals (minimum length) and the minimum length at 
which a particular ossification was observed in all sam-
pled individuals (fixed length) was determined for each 
bony element to generate the sequence of ossification for 
the entire skeleton, as well as individual regions of the 
skeleton (Figs. 1–4; following Cubbage and Mabee 1996; 
Bird and Mabee 2003; Mattox et al. 2014). Select indi-
viduals (and dissected parts thereof) were photographed 
using a ZEISS Axiocam MRc5 digital camera attached 
to a ZEISS SteReo Discovery V20 stereomicroscope. 
Heads were removed from select specimens of I. punc-
tatus and prepared for serial sectioning. Dissected heads 
were decalcified and prepared for embedding in paraffin 
following the protocol of Pinion et al. (2021). Sagittal 
sections, 9 µm thick, were cut and affixed to albume-
nized slides. Slides were stained with Eosin and Hema-
toxylin (following Kiernan 1990). Select stained sections 
were photographed using a Zeiss Axiocam MRc5 digital 
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camera attached to a Zeiss Primo Star compound micro-
scope. The adult stage of I. punctatus was examined in 
three specimens (426 mm SL–441 mm SL) prepared as 
dry skeletons, dissected and photographed with a Nikon 
D850 DSL camera equipped with Nikon AF-S Micro 
NIKKOR 60mm lens. All images were processed using 
Adobe Photoshop CS5.1 and Illustrator CS5.1. Termi-
nology of cartilages follows de Beer (1937). Osteolog-
ical terminology follows that of Egge (2007). Weberian 
apparatus terminology follows that of Bridge and Had-
don (1893) and Chranilov (1927) except that the term os 
suspensorium is used in its original sense as defined by 
Sørensen (1890) and the terms inner arm of os suspenso-
rium and outer arm of os suspensorium are used instead 
of os suspensorium and transverse process/parapophysis 
respectively following Fukushima (1992). Pectoral-fin 
spine terminology follows that of Kubicek et al. (2019). 
The caudal-fin skeleton of teleosts, including catfish-
es, has been extensively studied (Lundberg and Baskin 
1969; de Pinna and Ng 2004; Schultze and Arratia 2013; 
Cumplido et al. 2020); however, the homology of the ural 
centra relative to that of other teleosts remains unclear. 
To prevent confusion regarding homology, the two ural 
centra are referred to as the anterior ural centrum and 
posterior ural centrum. The term membrane bone here-
in follows Patterson (1977) and is used to refer to endo-
skeletal ossifications that are not preformed in cartilage. 
Sensory canal pores associated with particular skeletal 
elements were determined by counting individual pores 
in branches of the cephalic sensory canal from anterior to 
posterior. For example, the first anterior most infraorbital 
sensory canal pore was counted as infraorbital sensory 
canal pore 1.

Neuromast staining

Variation in the number and position of canal neuromasts 
was studied in four members of the Ictaluridae (Ameiurus 
melas, Ictalurus punctatus, Noturus gyrinus, Pylodictis 
olivaris) and other catfishes representing the families 
Callichthyidae (Corydoras panda), Loricariidae (Ancis-
trus sp.), Mochokidae (Synodontis nigriventris), Pimelo-
didae (Pimelodus pictus), and Siluridae (Kryptopterus 
vitreolus). Specimens of aforementioned ictalurids were 
collected from the wild (Little Brazos River, Brazos Co., 
TX, USA) and members of other families were obtained 
via the ornamental aquarium fish trade. Canal neuro-
masts were stained in live individuals following the pro-
tocol of Nakae et al. (2012). The staining solution was 
prepared in 400ml volumes (instead of 800ml as recom-
mended by Nakae et al. 2012). Specimens were eutha-
nized immediately after staining in a solution of aquar-
ium water containing a lethal dose of MS222 and then 
observed under a ZEISS SteReo Discovery V20 stereo-
microscope equipped with a Nightsea Stereo Microscope 
Fluorescence adapter (royal blue excitation 440–460 nm 
emission 500 nm LP GFP filter). Resulting images were 
processed using Adobe Photoshop CS5.1 and Illustrator 
CS5.1.

Material examined

The following specimens, listed alphabetically by family, 
genus and species were examined during the course of 
this study. For each species, the collection numbers along 
with the total number of individuals from each lot exam-
ined and the size range of those specimens are listed. Indi-
viduals examined are whole mount c&s unless otherwise 
denoted. Institutional abbreviations follow Sabaj (2020).

Amblycipitidae: Amblyceps cerinum, UMMZ 248835, 2 examined 
(ex.), 67.4–74.1 mm SL; Amblyceps mangois, UMMZ 244866, 2 
ex., 36.5–37.8 mm SL; Liobagrus somjinensis, TCWC uncat., 1 ex., 
42.8 mm SL. — Amphiliidae: Amphilius uranoscopus, CU 93740, 2 
ex., 41.8–55.8 mm SL; CU 95213, 1 ex., 41.7 mm SL. — Ancharii-
dae: Ancharius fuscus, AMNH 93702, 1 ex., 88.4 mm SL. — Ariidae: 
Ariopsis felis, TCWC 19690.02, 2 ex., 61.8–80.7 mm SL; Arius jordani, 
TCWC 19740.01, 2 ex., 50.0–51.1 mm SL; Bagre marinus, TCWC 
547.07, 1 ex., 79.7 mm SL. — Aspredinidae: Bunocephalus sp., TCWC 
19741.01, 2 ex., 33.8–43.4 mm SL; Pseudobunocephalus lundbergi, 
ANSP 168810, 5 ex., 20.1–22.7 mm SL. — Astroblepidae: Astroblepus 
sp., CU 78735, 2 ex., 32.1–54.4 mm SL; CU 78811, 2 ex., 27.8–30.0 
mm SL. — Auchenipteridae: Tatia intermedia, TCWC 19752.01, 4 ex., 
37.6–60.8 mm SL; Trachycorystes sp., FMNH 85945, 3 ex. , 55.7–65.8 
mm SL. — Auchenoglanididae: Auchenoglanis occidentalis, CU 90478, 
2 ex., 26.4–35.8 mm SL. — Austroglanididae: Austroglanis gilli, ANSP 
177966, 1 ex., 71.8 mm SL — Bagridae: Pseudomystus siamensis, CAS 
94782, 5 ex., 35.5–58.0 mm SL. — Callicthyidae: Corydoras panda, 
TCWC 19753.01, 6 ex., 8.7–18.9 mm SL; TCWC 20491.02, 1 stained 
for neuromast (neuro.), 32.0 mm SL. — Cetopsidae: Helogenes marmor-
atus, ANSP 175833, 1 ex., 50.7 mm SL; ANSP 177185, 4 ex., 30.9–36.7 
mm SL. — Chacidae: Chaca chaca, UMMZ 208728, 1 ex., 156.0 mm 
SL. — Clariidae: Clarias batrachus, UMMZ 217578, 3 ex., 99.7–105.2 
mm SL; Clarias gariepinus TCWC 15276.09, 2 ex., 62.5–71.3 mm 
SL. — Claroteidae: Chrysichthys mabusi, CU 91692, 2 ex., 58.0–80.7 
mm SL. — Cranoglanididae: Cranoglanis bouderius, CAS-SU 69758, 
1 ex., 97.0 mm SL. — Diplomystidae: Diplomystes chilensis, AMNH 
55327, 1 ex., 64.4 mm SL; Diplomystes papillosus, CAS 81539, 1 ex., 
118.0 mm SL. — Doradidae: Ossanocora punctata, TCWC 16723.16, 
2 ex., 34.9–51.8 mm SL; Platydoras armatulus, TCWC 19754.01, 1 
ex., , 45.1 mm SL. — Heptateridae: Goeldiella eques, ANSP 177187, 2 
ex., 99.2–104.5 mm SL. — Heteropneustidae: Heteropneustes fossilis, 
CAS 29627, 2 ex., 122.3–123.2 mm SL. — Horabagridae: Horabagrus 
brachysoma, TCWC 19755.01, 2 ex., 53.2–56.1 mm SL. — Ictaluridae: 
Ameirus melas TCWC 15355.08, 1 ex., 66.0 mm SL; TCWC 20490.01, 
1 neuro., 45.0 mm SL; Ictalurus furcatus TCWC 19756.01, 4 ex., 64.9–
70.8 mm SL; Ictalurus punctatus, TCWC 19757.01, 7 ex., 11.7–36.2 
mm SL; TCWC 20490.02, 1 neuro., 60.0 mm SL; TCWC 20491.04, 
100 ex., 7.7 mm NL–44.9 mm SL; TCWC 20491.05, 45 ex., 8.6 mm 
NL–21.2 mm SL; TCWC 20491.06, 1 skeletal preparation (skel), 426 
mm SL; TCWC 20491.07, 1 skel, 436 mm SL; TCWC 20491.08, 1 skel, 
441 mm SL; TCWC 20491.03, 1 pectoral fin sectioned, 30.1 mm SL; 
Noturus flavus UAIC 14314.07, 1 ex., 73.4 mm SL; Noturus gyrinus, 
TCWC 15438.13, 1 ex., 41.5 mm SL; TCWC 19758.01, 6 ex., 8.6–
36.6 mm SL; TCWC 20490.03, 2 neuro., 25.0 mm SL–27.0 mm SL; 
TCWC 20491.10, 120 ex., 5.4 mm SL–26.4 mm SL; TCWC 20491.11, 
38 ex., 5.8 mm SL–13.1 mm SL. Pylodictis olivaris TCWC 7834.10, 1 
ex., 61.1 mm SL; TCWC 20490.04, 1 neuro., 56.0 mm SL. — Kryp-
toglanidae: Kryptoglanis shajii, BMNH uncat., 1 ex., 60.0 mm SL — 
Loricariidae: Ancistrus sp., TCWC 19759.01, 5 ex., 5.6–16.5 mm SL; 
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TCWC 20491.01, 2 neuro., 11.0 mm SL–11.6 mm SL; Hemipsilichthys 
vestigipinnis, USNM 314657, 3 ex., 45.2–59.8 mm SL. — Malapter-
uruidae: Malapterurus oguensis, CU 92271, 1 ex., 49.9 mm SL; CU 
95140, 1 ex., 56.4 mm SL. — Mochokidae: Microsynodontis sp., 
TCWC 19760.01, 1 ex., 26.2 mm SL; Synodontis sp., TCWC 20491.13, 
2 neuro., 24.0 mm SL–25.0 mm SL. — Nematogenyidae: Nematogenys 
inermis, USNM 84343, 1 ex., 25.8 mm SL. — Pangasiidae: Pangasius 
macronema, CAS 29360, 3 ex., 50.5–66.5 mm SL; UMMZ 214029, 2 
ex., 103.9–104.7 mm SL. — Pimelodidae: Pimelodus ornatus, LACM 
41735.022; LACM 41740.015; Pimelodus pictus, TCWC 19761.01, 2 
ex., 33.1–37.6 mm SL; TCWC 20491.12, 1 neuro., 42.0 mm SL. — 
Plotosidae: Plotosus lineatus, FMNH 110269, 5 ex., 21.0–66.7 mm 
SL. — Pseudopimelodidae: Microglanis poecilus, AMNH 54973, 2 
ex., 23.1–23.9 mm SL. — Ritidae: Rita rita, CAS-SU 34866, 1 ex., 
85.0 mm SL. — Schilbeidae: Parailia congica, AMNH 246178, 2 ex., 
60.5–60.8; Parailia pellucida, USNM 229794, 3 ex., 29.9–32.3 mm 
SL; Schilbe intermedius TCWC 15286.18, 3 ex., 57.6–72.7 mm SL. — 
Scoloplacidae: Scoloplax empousa, FMNH 108610, 5 ex., 12.8–19.1 
mm SL. — Siluridae: Kryptopterus sp., TCWC 20491.09, 1 neuro., 
43.0 mm SL; Silurus asotus, ANSP 185139, 3 ex., 51.2–67.5 mm SL; 
Silurus glanis, BMNH 2005.7.5.944–1034, 4 ex., 17.2–85.0 mm SL; 
Wallago attu, CAS 92824, 2 ex., 69.2–71.0. — Sisoridae: Glyptothorax 
sinensis, UMMZ 246438, 1 ex., 60.7 mm SL; Parachiloglanis hodgar-
ti, CAS 50170; KU 29549; KU 40556; Pseudolaguvia kapuri, CAS 
50294, 4 ex., 23.4–26.6 mm SL. — Trichomycteridae: Henonemus sp., 
TCWC 13989.19, 1 ex., 69.7 mm SL; Trichomycterus hasemani, ANSP 
175851, 3 ex., 13.2–13.9 mm SL.

Results

Overview of skeletal development

Approximately 328 and 286 individual elements (not 
including individual fin rays, gill rakers, or parapoph-
yses) are present in the skeleton of Ictalurus punctatus 
and Noturus gyrinus, respectively. The total number 
of skeletal elements considered herein was condensed 
to 143 elements in I. punctatus and 137 elements in N. 
gyrinus by treating multiple serially repetitive elements 
as a single element. This included branchiostegal rays, 
vertebral elements posterior to vertebra 5 (excluding 
parapophyses and ribs) and anterior to preural vertebra 3, 
dorsal- and anal-fin proximal and distal radials (exclud-
ing dorsal-fin proximal radials 1–3), and post-Weberian 
ribs. All elements of the skeleton are ossified by 22.4 mm 
SL in I. punctatus (Fig. 1) and 14.1 mm SL in N. gyrinus 
(Fig. 2). The first bone to appear in both species is the 
cleithrum, which is present in the smallest specimens ex-

Figure 1. Ossification sequence of 143 skeletal elements of 
 Ictalurus punctatus. Black bars along horizontal axis represent 
the length at which a particular ossification is present in all in-
dividuals (fixed). Error bars associated with black bars indicate 
the length at which a particular ossification is present in some 
but not all individuals. Vertical axis represents length in mm 
NL/SL.
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amined (7.7 mm NL in I. punctatus and 5.4 mm SL in N. 
gyrinus) with the maxilla, opercle, dentary and primary 
caudal-fin rays being the next elements to appear. The last 
bones to appear in I. punctatus include hypobranchial 2, 
the anal-fin distal radials, and the suprapreopercle. In N. 
gyrinus, the last bones to appear include hypobranchial 2, 
and the distal radials of the dorsal and anal fins. The dor-
sal- and anal-fin distal radials of N. gyrinus were absent 
from the developmental series compiled for the species 
but are present in larger specimens (36.6 mm SL; TCWC 
19758.01).

Skeletal development of Ictalurus 
punctatus

In the following sections, I provide a detailed overview of 
skeletal development in Ictalurus punctatus. A previous 
description of development for the post-Weberian axi-
al skeleton in I. punctatus was provided by Grande and 
Shardo (2002); however, their descriptions were based on 
18 stages determined by the presence of a single character 
(e.g., presence of hypural 1) and as a result information 
on timing of ossification in particular elements (e.g., anal-
fin proximal and distal radials) was not included. Any dis-
crepancies between our developmental series and the de-
scription of Grande and Shardo (2002) are mentioned in 
the description for the relevant elements. For each region 
of the skeleton, the sequence of ossification for the bony 
elements of that region is provided first, followed by a 
description of development for each individual element 
in that region. Ossification sequences are arranged based 
on the length (NL/SL) at which presence of each element 
becomes fixed. In instances where multiple elements of 
a region become fixed at the same length, elements are 
ordered based on length at first appearance (NL/SL) then 
alphabetically. I conclude each section with a brief over-
view of skeletal development in Noturus gyrinus, includ-
ing the sequence of ossification for the bony elements of 
that region, and make note of any differences identified 
between the two species.

Neurocranium ethmoid region

The most common sequence of ossification: nasal (11.4 
mm SL) – mesethmoid (12.2 mm SL) – lateral ethmoid 
(12.8 mm SL) – vomer (14.5 mm SL) (Figs 5–8).

Nasal. The nasal is a dermal ossification that first appears 
in some individuals of 10.9 mm SL (Figs 5A, 6A, 7A) as 
a thin lamina of bone located laterally to the sphenose p-
talis commissure. As the ossification expands, it becomes 

Figure 2. Ossification sequence of 137 skeletal elements of 
Noturus gyrinus. Black bars along horizontal axis represent the 
length at which a particular ossification is present in all individ-
uals (fixed). Error bars associated with black bars indicate the 
length at which a particular ossification is present in some but 
not all individuals. Vertical axis represents length in mm SL.
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trough-like and extends from just dorsal to the lamina 
orbitonasalis to the anterior border of the ethmoid plate 
(12.2 mm SL; Figs 5B, 6B, 7B). The ossification begins 
to close dorsally forming a tube-like canal; however, a 
distinct opening in the ossification remains anterolateral-
ly (13.3 mm SL; Fig. 5C) which will eventually become 
an opening for supraorbital sensory pore 2.

Mesethmoid. The mesethmoid first appears at 11.9 mm 
SL as a paired perichondral ossification located along the 
anteriodorsal edge of the ethmoid cornua of the ethmoid 
plate. By 13.2 mm SL (Figs 5C, 6C, 7C) the bone ossifi-
cation has expanded ventrally to cover the anteroventral 
edge of the ethmoid cornua at the point of articulation 
with the premaxilla and shortly after, at 14.0 mm SL, the 
perichondral ossification has extended posteriorly along 
the ethmoid cartilage medial to the nasal capsule. The 
two separate ossifications continue to expand and, by 
15.9 mm SL, meet each other medially over the antero-
dorsal surface of the ethmoid plate and fuse. At the same 
size, small flanges of membrane bone have formed from 
the tips of the preethmoid cornua which extend towards 
and are connected to the premaxilla via dense connective 
tissue. At 18.0 mm SL (Figs 5D, 6D, 7D), the meseth-
moid covers much of the ethmoid plate which has begun 
to ossify endochondrally. By 44.9 mm SL (Figs 5F, 6F, 
7F), the mesethmoid is endochondrally ossified and has 
started to form sutures with the frontals and the lateral 
ethmoids posterodorsally; however, a large portion of 
ethmoid cartilage still remains between the mesethmoid 
and the lateral ethmoids medial to the nasal capsules. 
Posteroventrally, the mesethmoid extends dorsal to the 
anteriormost edge of the parasphenoid and the vomer. In 
the adult (426 mm SL; Fig. 8), the mesethmoid has ex-
panded anteriorly along its connection with the premax-
illa with the two extensions of bone almost meeting each 
other medially. The connection with the premaxilla has 
become tight and rigid and is difficult to separate. Pos-
terodorsally, the mesethmoid is strongly sutured to the 
frontals and forms the anterior most border of the anterior 
cranial fontanelle and ventrally has formed an additional 
connection with a small anterior process of the lateral eth-
moids. The mesethmoid has grown in width and extends 
further posteriorly to rim the anteromedial portion of the 
foramen for the passage of the olfactory nerve (I).

Lateral Ethmoid. The paired lateral ethmoid first ap-
pears (12.4 mm SL) as a perichondral ossification of the 
lamina orbitonasalis at its mid-length near the orbitonasal 
foramen. At 13.4 mm SL the ossification has expanded on 
both the anterior and posterior surface of the lamina or-

Figure 3. Ossification sequence of 143 skeletal elements of Ic-
talurus punctatus separated by skeletal region. Black bars along 
horizontal axis represent the length at which a particular ossifi-
cation is present in all individuals (fixed). Error bars associated 
with black bars indicate the length at which a particular ossifi-
cation is present in some but not all individuals. Vertical axis 
represents length in mm NL/SL.
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bitonasalis, which is pierced by the orbitonasal foramen, 
which is now completely surrounded by bone. The lateral 
ethmoid continues to spread towards the taenia margina-
lis anterior and sphenoseptalis commissure dorsally and 
the ethmoid plate ventrally, and extends around the lateral 
edge of the lamina orbitonasalis by 15.9 mm SL. By 18.0 
mm SL (Figs 5D, 6D, 7D) the ossification has continued 
to expand around the posterior border of the olfactory fo-
ramen anteriorly and the anterior border of the preoptic 
fontanelle in the orbit. A thin membrane bone extension 
of the lateral ethmoid has formed along the anterolater-
al margin of the perichondral part of the bone forming 
an anterior rim for the orbit. By 44.9 mm SL (Figs 5F, 
6F, 7F), the lateral ethmoid forms the entire anterior wall 
of the orbit, extending from the ventral surface of the 
mesethmoid and the frontal dorsally to the parasphenoid 
ventrally. Posteriorly it borders the orbitosphenoid, which 
remains separated by the preoptic fontanelle. In the adult 
condition (426 mm SL; Fig. 8), the lateral ethmoid has 
continued to expand anteriorly, now meeting the meseth-
moid anteriorly and completing the ventral border of the 
foramen for the passage of the olfactory nerve (I). Poste-
riorly, the lateral ethmoid has expanded to enclose much 
of the preoptic fontanelle with only a small opening re-
maining; however, in some individuals (Fig. 8) the fonta-
nelle remains relatively large.

Vomer. The dermal vomer first appears in some individu-
als as small as 13.2 mm SL (Figs 6C, 7C) as a thin invert-
ed U-shaped bone located ventrally on the ethmoid plate 
just anterior to the parasphenoid. At 16.5 mm SL, the lat-
eral edges of the vomer have extended further posteriorly 
on either side of the parasphenoid. Medially, the vom-
er has gained a posterior process that extends ventral to 
the parasphenoid and a shorter rounded anterior process. 
In adult specimens (Fig. 8), the vomer lies ventral to the 
overlapping parasphenoid and mesethmoid. The posterior 
extension of the vomer has become much longer giving 
the bone its characteristic T-shape and the ventral surface 
of the bone exhibits sculpturing posteriorly.

Comparison with Noturus gyrinus. The most common 
sequence of ossification for this region in Noturus gyrinus 
is as follows: nasal (7.2 mm SL) – mesethmoid (8.3 mm 
SL) – lateral ethmoid (8.7 mm SL) – vomer (10.5 mm 
SL).

No differences in the sequence of ossification were 
identified between Noturus gyrinus and Ictalurus punc-
tatus in the ethmoid region of the neurocranium, which is 
similar in both species and show no major differences in 
adult morphology.

Figure 4. Ossification sequence of 137 skeletal elements of 
Noturus gyrinus separated by skeletal region. Black bars along 
horizontal axis represent the length at which a particular ossifi-
cation is present in all individuals (fixed). Error bars associated 
with black bars indicate the length at which a particular ossifi-
cation is present in some but not all individuals. Vertical axis 
represents length in mm SL.
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Neurocranium orbital region

The most common sequence of ossification: parasphe-
noid (10.0 mm SL) – frontal (11.3 mm SL) – pterosphe-
noid and orbitosphenoid (13.4 mm SL) (Figs 5–8).

Parasphenoid. The parasphenoid first appears in indi-
viduals of 10.0 mm SL as a thin plate of bone of bone 
running medial to the trabeculae cranii and ventral to a 
portion of the hypophyseal foramen. By 11.3 mm SL, the 
parasphenoid has expanded anteriorly and posteriorly, 
now covering the entirety of the hypophyseal foramen, 
with both ends tapering in width giving the bone a rhom-
boid appearance. Posteriorly it extends across the ven-
tral surface of the otic capsule where it stops ventral to 
the anterior tip of the notochord and anteriorly it reaches 
the point of the lamina orbitonasalis. Two small ascend-
ing processes, represented by thin laminae of bone, have 
formed along the lateral margin near the widest point of 
the bone. At 13.3 mm SL (Figs 6C, 7C), the anterior and 
posterior ends have widened and the posterior margin now 
overlays the anteroventral surface of the basioccipital, in 
line with the notochord. The lateral ascending processes 
have grown larger and are located directly ventral to the 
newly formed pterosphenoid. The anterior margin of the 
parasphenoid extends dorsal to the vomer and reaches 
its anterior edge. At this point, the lateral margin of the 
parasphenoid posterior to the lateral ascending process 
has expanded posterodorsally towards the anteroventral 
border of the prootic. The ascending process continues 
to expand dorsally towards the pterosphenoid, effectively 
separating the optico-trigemino-facial foramen into sepa-
rate optic and trigemino-facial foramina by 21.2 mm SL 
(Figs 6E, 7E) with the posterior process forming an inter-
digitating suture with the pterosphenoid by 42.1 mm SL 
(Figs 6F, 7F).

Frontal. The dermal frontal first appears (10.9 mm SL; 
Figs 5A, 6A, 7A) as a thin ossification around the fron-
tal portion of the supraorbital sensory canal. It is located 
medial to the taenia marginalis and extends on both sides 
of the epiphyseal bar and is more heavily ossified just be-
hind the epiphyseal bar. By 12.2 mm SL (Figs 5B, 6B, 
7B), the frontal runs the length of the taenia marginalis 
reaching the sphenoseptalis commissure anteriorly and 
the anterior end of the otic capsule posteriorly. The un-
derlying bone supporting the supraorbital canal has ex-
panded medially forming a large flat plate of bone. As 
the frontal continues to expand, the canal supporting the 
parietal branch of the supraorbital canal starts to ossify 
(13.2 mm SL; Figs 5D, 6D). At 15.9 mm SL, the fron-
tals meet each other across the midline at the point of 
the epiphyseal bar. Posteriorly, the frontal contacts the 
anterior membrane bone extensions of the supraoccipital 
and anteriorly it almost reaches the mesethmoid. The os-
sification surrounding the supraorbital sensory canal are 
almost completely enclosed at this stage. By 21.2 mm SL 
(Fig.s 5E, 6E), the frontal has formed an interdigitating 
suture with the mesethmoid anteriorly and overlaps the 
anterior margin of the supraoccipital and autosphenotic. 

By 44.9 mm SL (Fig. 5F, 6F), the frontal has started to 
acquire its typical surface sculpturing and expands medi-
ally, reducing the size of the cranial fontanelle. In adults 
(426 mm SL; Fig. 8) the cranial fontanelles are restricted 
to very narrow elongate gaps on the dorsal surface of the 
neurocranium. Additionally, the frontal has ventral exten-
sions of bone which form interdigitating sutures with the 
orbitosphenoid and pterosphenoid.

Pterosphenoid. The pterosphenoid first appears at 12.7 
mm SL as a paired perichondral ossification on the dorsal 
margin of the common foramen for the passage of the 
optic (II), trigeminal (V) and facial (VII) nerves, and be-
comes fixed in development at 13.4 mm SL. By 14.2 mm 
SL, the perichondral ossification has expanded in size to 
become semicircular in shape. Membrane bone processes 
extend ventrally from the perichondral ossification leav-
ing two openings, which (by 15.9 mm SL in most speci-
mens) become surrounded by bone forming the foramina 
for the passage of the ophthalmic branch of the trigeminal 
and facial nerves. The bone continues to expand in all 
directions and by 21.2 mm SL (Figs 6E, 7E) the ventral 
margin almost reaches the ascending process of the paras-
phenoid, creating separate optic and trigemino-facial fo-
ramina. At 42.1 mm SL (Figs 6F, 7F), it meets the frontal 
dorsally and has formed an interdigitating suture with the 
ascending process of the parasphenoid but still remains 
separate from the orbitosphenoid and autosphenotic by a 
strip of cartilage. In the adult neurocranium (426 mm SL; 
Fig. 8), the gap between the pterosphenoid and the orbi-
tosphenoid is closed with the two bones sutured to one 
another and the pterosphenoid is also sutured to a ventral 
extension of the frontal. A bony process has formed on 
the lateral wall of the pterosphenoid where the anterodor-
sal extension of the hyomandibular firmly attaches.

Orbitosphenoid: The paired orbitosphenoid originates at 
12.8 mm SL as a small perichondral ossification along the 
anterior margin of the common foramen for the passage 
of the Optic (II), Trigeminal (V) and Facial (VII) nerves, 
and becomes fixed in development at 13.4 mm SL. The 
perichondral ossification expands across the cartilage an-
teriorly and becomes crescentic in appearance by 14.2 
mm SL. As the orbitosphenoid grows, it eventually meets 
its antimere ventrally and the two elements fuse into a sin-
gle ossification (16.2 mm SL). At 18.0 mm SL (Fig. 6D), 
the orbitosphenoid has spread to the posterior margin of 
the preoptic fontanelle, and by 21.2 mm SL (Fig. 6F) a 
lamina of membrane bone extends anteriorly over part of 
the fontanelle. The orbitosphenoid continues to grow, re-
placing much of the cartilage immediately posterior to the 
lamina orbitonasalis. Interdigitated sutures have started 
to form with the lateral ethmoid anteriorly, dorsal to the 
preoptic fontanelle, the pterosphenoid posteriorly and the 
parasphenoid posteroventrally, dorsal and ventral to the 
optic foramen, respectively. However, much of its respec-
tive border, excluding that with the parasphenoid, remain 
separated by cartilage. In adults (426 mm SL; Fig. 8) the 
cartilage surrounding the borders of the orbitosphenoid 
has been mostly replaced by bone and posterodorsally the 
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orbitosphenoid forms an interdigitated suture with a ven-
tral extension of the vomer. The portion of the preoptic 
fontanelle bordered by the orbitosphenoid has been com-
pletely covered in bone; however, in some individuals a 
small portion of the preoptic fontanelle extends onto the 
area of the orbitosphenoid (Fig. 8).

Comparison with Noturus gyrinus: The most common 
sequence of ossification for this region in Noturus gyri-
nus is as follows: frontal (6.6 mm SL) – parasphenoid 
(7.0 mm SL) – pterosphenoid and orbitosphenoid (9.5 
mm SL).

The only difference in the sequence of ossification 
identified between Noturus gyrinus and Ictalurus punc-
tatus in the orbital region of the neurocranium is that the 
frontal appears before the parasphenoid while in I. punc-
tatus it appears after the parasphenoid. The orbital region 
of N. gyrinus and I. punctatus are otherwise similar, and 
no major differences in adult morphology are observed in 
this region.

Figure 5. Ontogeny of the neurocranium of Ictalurus punctatus in dorsal view. A 10.9 mm SL. B 12.2 mm SL. C 13.3 mm SL. D 
18.0 mm SL. E 21.2 mm SL. F 44.9 mm SL. Abbreviations: *, Accessory posttemporal; Asph, Autosphenotic; Dpto, Dermopterotic; 
EpBar, Epiphysial bar; Epoc, Epioccipital; EthPla, Ethmoid plate; Fr, Frontal; LamOrbN, Lamina orbitonasalis; LE, Lateral eth-
moid; ME, Mesethmoid; Na, Nasal; OtCap, Otic capsule; Pt, Posttemporal; Pto, Pterotic; Soc, Supraoccipital; SphCom, Sphenosep-
talis commissure; TMA, Taenia marginalis anterior; TMP, Taenia marginalis posterior.
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Neurocranium otic region

The most common sequence of ossification: prootic 
(11.7 mm SL) – pterotic (12.2 mm SL) – autosphenotic 
(13.4 mm SL) (Figs 5–8).

Prootic. The paired chondral prootic is one of the largest 
bones in the neurocranium. It first appears at 11.5 mm SL 
as a perichondral ossification on the ventrolateral surface 
of the otic capsule ventral to the utricular capsule, and 
is found in all individuals of 11.7 mm SL or larger. The 
prootic has started to ossify endochondrally and reaches 
the posterior edge of the common foramen for the passage 
of the optic (II), trigeminal (V) and facial (VII) nerves an-
teriorly (13.3 mm SL; Fig. 6C, 7C). It has also expanded 
to cover part of the anterior surface of the anterior ver-
tical semicircular canal and utricular capsule, as well as 
the anterior portion of the saccular capsule. At 15.9 mm 

SL, the bone has further expanded to contact the paras-
phenoid ventrally, and a membranous extension covers a 
posterior portion of the common foramen for the passage 
of the optic (II), trigeminal (V) and facial (VII) nerves. 
The prootic increases in size but changes little in shape 
and by 42.1 mm SL (Fig. 6F, 7F) the surface has become 
slightly sculptured. It has begun to form an interdigitat-
ed suture with the parasphenoid but still remains separate 
from the neighboring bones by a thin strip of cartilage. In 
adult specimens (426 mm SL; Fig. 8), the prootic borders 
the autosphenotic, pterosphenoid, basioccipital and exoc-
cipital forming a solid floor to the braincase. However, a 
thin strip of cartilage still remains along its dorsal edge, 
separating the prootic from the pterotic.

Pterotic. The compound pterotic is composed of both 
chondral (autopterotic) and dermal (dermopterotic) bones. 
The dermopterotic is the first to appear (11.9 mm SL) on 

Figure 6. Ontogeny of the neurocranium of Ictalurus punctatus in left lateral view. A 10.9 mm SL. B 12.2 mm SL. C 13.3 mm SL. 
D 18.0 mm SL. E 21.2 mm SL. F 44.9 mm SL. Abbreviations: *, Accessory posttemporal; Asph, Autosphenotic; Boc, Basioccipital; 
Dpto, Dermopterotic; EpBar, Epiphysial bar; Epoc, Epioccipital; EthPla, Ethmoid plate; Exoc, Exoccipital; Fr, Frontal; LamOrbN, 
Lamina orbitonasalis; LE, Lateral ethmoid; ME, Mesethmoid; Na, Nasal; OpF, Foramen for the passage of the optic nerve (II); 
Orsph, Orbitosphenoid; OtCap, Otic capsule; OTF, Common foramen for the passage of the optic (II), trigeminal (V), and Facial 
(VII) nerves; PrF, Preoptic fontanelle; Pro, Prootic; Psph, Parasphenoid; Pt, Posttemporal; Pto, Pterotic; Ptsph, Pterosphenoid; Soc, 
Supraoccipital; SphCom, Sphenoseptalis commissure; TMA, Taenia marginalis anterior; TMP, Taenia marginalis posterior; TrCran, 
Trabecula cranii; TrFaF, Common foramen for the passage of the trigeminal (V) and facial nerves (VII); TS, Tectum synoticum; 
Vo, Vomer.
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the posterolateral surface of the otic capsule as two thin, 
trough shaped ossifications of the pterotic portion of the 
otic sensory canal. By 13.3 mm SL (Figs 5C, 6C), the au-
topterotic can be seen as a small perichondral ossification 
on the lateral surface of the otic capsule, ventral to the 
dermopterotic. The sensory canal ossifications of the der-
mopterotic continue to expand towards each other and by 
14.2 mm SL they have fused into a single trough of bone 
leaving an opening in its ventral wall which connects the 
otic sensory canal to the preoperculo-mandibular senso-
ry canal. At the same stage, the autopterotic is ovoid in 
appearance and has begun to endochondrally ossify. The 
autopterotic continues to grow and eventually meets the 
dermopterotic anterodorsally and the two elements fuse 
forming the pterotic (15.5 mm SL). Shortly after this 
(16.2 mm SL), a membranous lamina of bone has start-
ed to form along the lateral margin of the pterotic with 
a small pointed process extending posteriorly past the 
chondral portion of the bone. Additionally, the pterotic 
overlies the lateral border of the horizontal semicircular 
canal. Bone has started to enclose the roof of the pterotic 
portion of the otic sensory canal by 17.8 mm SL (Figs 5D, 
6D) and by 21.2 (Figs 5E, 6E) this canal is fully enclosed. 
At this stage, the lamina of bone has expanded lateroven-
trally where it contacts the supracleithrum. Anteriorly, the 
pterotic has just reached the border of the autosphenotic, 
although much of the border remains cartilaginous. The 
sensory canal meets the autosphenotic portion of the otic 
canal anteriorly, and posteriorly it ends just anterior to 
the posttemporal. At 42.1 mm SL (Figs 5F, 6F, 7F), the 
pterotic forms a suture with the supraoccipital dorsally. 
Posteriorly it meets the posttemporal and lies ventral to 
a portion of the accessory posttemporal. The pterotic re-
mains separated by cartilage from the epioccipital poste-
riorly and the exoccipital and the prootic ventrally. The 
medial surface of the bone forms the lateral surface of the 
utricular canal and the lateral surface has become slightly 
sculptured. In the adult condition (426 mm SL; Fig. 8), 
the prootic forms tight sutures with all of its surrounding 
bones on the dorsal surface of the neurocranium includ-
ing the posttemporal, accessory posttemporal and epioc-
cipital; however, a thin strip of cartilage remains between 
the pterotic and the autosphenotic, prootic, exoccipital 
and epioccipital along its ventral margin.

Autosphenotic. The autosphenotic first appears at 13.1 
mm SL as a perichondral ossification at the junction of 
the taenia marginalis and the otic capsule. By 14.2 mm 
SL, the autosphenotic has started to endochondrally ossi-
fy and by 15.4 mm SL it covers the anteroventral border 
of the anterior vertical semicircular canal and has expand-
ed dorsally to the anterodorsal edge of the otic capsule 
where it meets the frontal. At this stage, a trough shaped 
ossification of membrane bone arises from the autosphe-
notic along the sphenotic portion of the otic sensory ca-
nal. The roof of the sensory canal has started to form in 
bone by 17.8 mm SL (Fig. 6D) and is fully enclosed by 
21.2 mm SL (Fig. 6E). By 42.1 mm SL (Figs 5F, 6F, 7F), 
the sphenotic has extended posteriorly and contacts the 
supraoccipital and the pterotic. Anteriorly the sphenotic 

portion of the otic sensory canal ossification joins the in-
fraorbital and supraorbital sensory canals at the border of 
the sphenotic and the frontal. In the adult neurocranium 
(426 mm SL; Fig. 8) the autosphenotic contacts and is 
sutured to the prootic and the pterosphenoid ventrally but 
otherwise remains mostly unchanged in shape.

Comparison with Noturus gyrinus. The most common 
sequence of ossification for this region in Noturus gyri-
nus is as follows: prootic (8.4 mm SL) – pterotic (7.8 mm 
SL) – autosphenotic (8.7 mm SL).

No differences in the sequence of ossification were 
identified between Noturus gyrinus and Ictalurus puncta-
tus in the otic region of the neurocranium, which is simi-
lar in both species and show no major differences in adult 
morphology.

Neurocranium occipital region

The most common sequence of ossification: basioccipital 
(10.0 mm SL) – exoccipital (11.4 mm SL) – posttemporal 
(12.8 mm SL) – supraoccipital (12.9 mm SL) – epioccipi-
tal (14.8 mm SL) – accessory posttemporal (15.1 mm SL) 
(Figs 5–8).

Basioccipital. The basioccipital originates as a peri-
chordal ossification around the anterior tip of the noto-
chord at the base of the cranium (10.0 mm NL). By 12.0 
mm SL (Figs 6B, 7B), the entire cranial portion of the 
notochord is surrounded by a thin ossification. The ba-
sioccipital extends lateroventrally from the notochord as 
a perichondral ossification on the ventral surface of the 
otic capsule and a small membranous lamina of bone has 
started to form on the dorsal surface of the perichordal 
ossification. At 14.2 mm SL, the membranous lamina has 
expanded anteriorly forming a flat sheet and posteriorly 
it has formed into a pointed process on either side of the 
notochord that extends dorsally towards the exoccipital 
forming part of the posterodorsal wall of the lagenar cap-
sule. Ventrally, the perichondral part of the basioccipital 
has expanded to form a circular ossification that extends 
from the back of the cranium to the anteriormost tip of 
the notochord, forming most of the ventral surface of the 
saccular capsule and the entirety of the ventral surface of 
the lagenar capsule. The anterior membranous extension 
has expanded anterolaterally towards the posteroventral 
margin of the prootic giving it a triangular appearance 
(15.4 mm SL). The basioccipital changes little in appear-
ance and shape as it continues to grow, becoming slightly 
larger and having a sculptured surface (42.1 mm SL; Figs 
5F, 6F, 7F). In the adult, it is bordered posterodorsally by 
the exoccipital and anteriorly by the prootic and paras-
phenoid.

Exoccipital. The paired exoccipital first appears at 10.9 
mm SL (Figs 6A, 7A) and is fixed in development at 11.4 
mm SL. It starts as a perichondral ossification around the 
occipital arches dorsolateral to the notochord. The ossi-
fication continues to spread over the occipital arch and 
by 12.2 mm SL (Figs 6B, 7B) it possesses a lamina of 
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membrane bone anteriorly that forms a portion of the 
roof of the saccular and lagenar capsules. By 13.4 mm SL 
(Figs 6C, 7C), the exoccipital covers most of the occipital 
arch forming the lateral margin of the foramen magnum. 
The posterior margin of the foramen for the passage of 
the glossopharyngeal (IX) nerve and the entire rim of the 
foramen for the passage of the vagus (X) nerve are peri-
chondrally ossified. A small membranous extension has 
formed on the dorsoposterior margin of the exoccipital 
directly anterior to the concha of the scaphium. At 15.4 
mm SL, the foramina for the glossopharyngeal (IX) and 
vagal (X) nerves are completely surrounded by the exo-
ccipital. A ventral extension of the lamina of membrane 
bone along the posterior margin of the exoccipital meets a 

similar dorsally directed process of membrane bone from 
the posteroventral margin of the exoccipital, creating the 
foramen for an occipital spinal nerve (16.2 mm SL). As 
the bone continues to expand it forms the lateral wall of 
the lagenar capsule (18.0 mm SL; Figs 6D, 7D) and at 
44.9 mm SL (Figs 6F, 7F) it remains separated from all of 
the surrounding elements by a strip of cartilage. In adult 
specimens (426 mm SL; Fig. 8), the exoccipital has met, 
and formed sutures with, the epioccipital dorsolaterally, 
prootic anteroventrally and basioccipital ventrally but 
remains separated from the supraoccipital and pterotic 
by cartilage. The posterior membranous extension of the 
exoccipital now contacts the anterior margin of the claus-
trum.

Figure 7. Ontogeny of the neurocranium of Ictalurus punctatus in ventral view. A 10.9 mm SL. B 12.2 mm SL. C 13.3 mm SL. 
D 18.0 mm SL. E 21.2 mm SL. F 44.9 mm SL. Asph, Autosphenotic; Ast, Asteriscus; Boc, Basioccipital; Epoc, Epioccipital; 
EthPla, Ethmoid plate; Exoc, Exoccipital; Fr, Frontal; LamOrbN, Lamina orbitonasalis; Lap, Lapillus; LE, Lateral ethmoid; ME, 
Mesethmoid; Na, Nasal; Orsph, Orbitosphenoid; OtCap, Otic capsule; Pro, Prootic; Psph, Parasphenoid; Pto, Pterotic; Ptsph, Ptero-
sphenoid; Sag, Sagitta; Soc, TMA, Taenia marginalis anterior; TMP, Taenia marginalis posterior; TrCran, Trabecula cranii; Vo, 
Vomer.
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Posttemporal. The posttemporal can first be observed in 
12.4 mm SL individuals as a small weakly ossified trough 
of bone around the lateral line sensory canal anterior to 
the supracleithrum and in line with the posterior margin 
of the chondrocranium. By 16.2 mm SL, the roof of the 
sensory canal has begun to close with bone and by 21.2 
mm SL (Figs 5E, 6E) a small flange of bone has started 
to form its anterodorsal margin. At 42.1 mm SL (Figs 5F, 
6F), the posttemporal is bordered by the pterotic ante-
riorly, the supracleithrum posteriorly and the accessory 
posttemporal dorsally. The sensory canal ossification is 
completely enclosed, forming a tube, but still only weak-
ly ossified. A flange of the posttemporal extends dorsally 
over the posterior edge of the pterotic towards the acces-
sory posttemporal. In adults (426 mm SL; Fig. 8), the 
posttemporal has expanded into rhomboid plate of bone. 
It overlies and forms a suture with the pterotic along its 
anterior and lateral border and is also sutured to the ac-
cessory posttemporal medially, effectively becoming a 
part of the dorsal surface of the neurocranium.

Supraoccipital. Whether this element is of compound 
origin (parietal+supraoccipital) or not has been a conten-
tious subject in the past. Herein I refer to the element as 
the supraoccipital and further discuss the homology of 
this bone in the discussion. The supraoccipital originates 
as a pair of perichondral ossifications in the tectum syn-
oticum on either side of the posterior cranial fontanelle 
(12.5 mm SL first appearance, 12.9 mm SL fixed length). 
Soon after (13.3 mm SL; Figs 5C, 6C), the paired ele-
ments have expanded and are endochondrally ossifying. 
A small ridge of membrane bone extends laterally from 
the perichondral ossification over a groove in the otic cap-
sule, which carries an accessory ramus of the facial nerve 
(VII). This membranous ridge of bone runs the length 
of the supraoccipital and extends anteriorly beyond the 
margin of the otic capsule. By 14.1 mm SL, the paired 
ossifications have met and fused into a single U-shaped 
bone around the posterior margin of the posterior cranial 
fontanelle. The ridges of membrane bone on either side of 
the fontanelle extend posteromedially and meet to form 
a point at the posterior tip of the tectum synoticum. The 
anterior membranous extensions have expanded to meet 
the frontals (15.9 mm SL) with the anterior most margin 
extending under the posterior edge of the frontals. At this 
size, the supraoccipital starts to expand around the an-
terodorsal and posterodorsal margin of the anterior and 
posterior semicircular canals respectively. The groove 
for the passage of the accessory ramus of the facial nerve 
(VII) is completely enclosed in bone leaving a pair of 
foramina at the back of the cranium through which the 
nerve passes prior to extending along either side of the 
body. The posteromedial extensions of membrane bone 
completely cover the dorsal surface of the tectum synoti-
cum giving the posterior margin of the bone a triangular 
point which, by 18.0 mm SL, extends beyond the posteri-
or margin of the tectum synoticum and possesses a small 
vertical extension of membrane bone forming the supra-
occipital crest. By 21.2 mm SL (Figs 5E, 6E), the bone 
still retains the same relative shape but has grown in size, 

just meeting the epioccipital posterolaterally. The supra-
occipital crest has continued to expand ventrally forming 
a triangular vertical lamina of bone that extends to the 
posterior tip of the tectum synoticum. At 42.1 mm SL 
(Figs 5F, 6F), the supraoccipital forms the posterior third 
of the cranial roof. It has a strong interdigitating suture 
with the frontal and now meets the autosphenotic at its 
anterolateral most corner and the pterotic along most of 
its lateral border. Posterolaterally, the supraoccipital also 
contacts the accessory posttemporal and the anterodor-
sal tip of the supracleithrum, and posteroventrally it still 
remains separated from the exoccipital by a thin strip of 
cartilage. Posteriorly the supraoccipital crest forms a con-
nection with the first proximal radial of the dorsal-fin and 
ventral to this, two anterolateral projections of the neural 
complex of the Weberian apparatus contact the posterior 
surface of the supraoccipital. In the adult condition (426 
mm SL; Fig. 8), little has changed in its relative shape 
and size. The supraoccipital now forms an interdigitat-
ed suture with the accessory posttemporal and the dorsal 
surface of the supraoccipital crest has become heavily 
sculptured.

Epioccipital. The paired chondral epioccipital first ap-
pears at 14.6 mm SL in some individuals as a small circu-
lar perichondral ossification of the posterior otic capsule 
just ventral to the tip of the anterior arm of the supra-
cleithrum. It has started to endochondrally ossify by 15.6 
mm SL and it continues to increase in size and extends 
ventrally, becoming more ovoid and covering the pos-
teroventral portion of the posterior vertical semicircular 
canal of the inner ear (21.2 mm SL; Figs 5E, 6E). By 
44.9 mm SL (Figs 5F, 6F, 7F), it has increased in size 
but changed little in shape and remains separated from 
all surrounding bones by a thin strip of cartilage except 
for the supraoccipital which it meets anterodorsally. In 
adult individuals (426 mm SL; Fig. 8), the epioccipital is 
now sutured to the exoccipital ventrally and the pterotic 
laterally. It also forms the ventral surface of a fossa which 
receives the tip of the dorsal arm of the supraoccipital.

Accessory posttemporal. The homology of this ele-
ment located on the dorsolateral surface of the cranium 
in some ictalurids has been contentious in the past (see 
Lundberg 1975; Fink and Fink 1981; Arratia and Gayet 
1995; Slobodian and Pastana 2018). Herein I refer to this 
element as the accessory posttemporal and further dis-
cuss the homology of this element in the discussion. The 
accessory posttemporal is a small dermal plate-like ossi-
fication that first appears at 14.6 mm SL as a small splint 
of bone anterior to the dorsal tip of the supracleithrum. 
At 21.2 mm SL (Figs 5E, 6E) it has started to expand 
anteroventrally and by 42.1 mm SL (Figs 5F, 6F) it forms 
a plate of bone overlying the anterolateral portion of the 
border between the supraoccipital and epioccipital. It ta-
pers ventrally to meet the posterodorsal tip of the pterotic 
and the dorsal margin of the posttemporal. In adults (426 
mm SL; Fig. 8) the accessory posttemporal has become a 
part of the dorsal-surface of the neurocranium and is su-
tured to the posttemporal laterally, the pterotic anteriorly 
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Figure 8. Ictalurus punctatus, Neurocranium of specimen TCWC 20491.06, 426 mm SL, in dorsal A, lateral B and ventral view 
C. Abbreviations: *, Accessory posttemporal; Asph, Autosphenotic; Boc, Basioccipital; Epoc, Epioccipital; Exoc, Exoccipital; Fr, 
Frontal; LE, Lateral ethmoid; ME, Mesethmoid; Na, Nasal; OpF, Foramen for the passage of the optic nerve (II); Orsph, Orbito-
sphenoid; PrF, Preoptic fontanelle; Pro, Prootic; Psph, Parasphenoid; Pt, Posttemporal; Pto, Pterotic; Ptsph, Pterosphenoid; Soc, 
Supraoccipital; TrFaF, Common foramen for the passage of the trigeminal (V) and facial nerves (VII); Vo, Vomer.
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and the supraoccipital medially. It forms the dorsal roof 
of a fossa which receives the tip of the dorsal arm of the 
supracleithrum.

Comparison with Noturus gyrinus. The most common 
sequence of ossification for this region in Noturus gyri-
nus is as follows: basioccipital (5.9 mm SL) – exoccipital 
(6.4 mm SL) – posttemporal (8.0 mm SL) – supraoccipi-
tal (8.6 mm SL) – epioccipital (10.4 mm SL).

No differences in the sequence of ossification were 
identified between Noturus gyrinus and Ictalurus punc-
tatus in the occipital region of the neurocranium. The oc-
cipital region of N. gyrinus differs slightly from that of I. 
punctatus in that the accessory posttemporal is absent and 
the posttemporal consists of only a canal ossification with 
no laminar portion.

Jaws

The most common sequence of ossification: maxilla (8.6 
mm NL) – dentary (9.3 mm NL) – premaxilla (10.4 mm 
SL) – retroarticular (12.2 mm SL) – anguloarticular (12.7 
mm SL) – coronomeckelian (15 mm SL) (Fig. 9).

Maxilla. The paired maxilla is one of the first three ele-
ments to ossify in the skeleton of Ictalurus punctatus (8.6 
mm NL). It starts off as a slightly curved lamina located 
anteriorly to the pars autopalatina that extends laterally 
to cover the anteroproximal tip of the maxillary barbel 
cartilage. By 11.3 mm SL (Fig. 9A), the maxilla has be-
come more heavily ossified but overall maintains the same 
shape. The medial edge is slightly concave and wraps 
around the lateroventral edge of an anterior process of the 
pars autopalatina while the lateral edge cups the anterior 
half of the base of the maxillary barbel. Around 17.8 mm 
SL (Fig., 9D), the dorsalmost and ventralmost points of 
articulation with the pars autopalatina form small exten-
sions of bone, each capped in cartilage, that increase the 
area of contact for articulation between the two elements. 
In adults, the maxilla covers the anterior half of the proxi-
mal 1/12th of the maxillary barbel cartilage and the lateral 
most tip ends in a narrow, pointed process.

Dentary. The dentary originates early in development, 
appearing in specimens as small as 8.7 mm NL as a der-
mal lamina of bone lateral to Meckel’s cartilage. The 
first few teeth can be seen in specimens of 10.4 mm SL 
at which point the dentary extends across the length of 
Meckel’s cartilage up to the coronoid process. Short-
ly after this (11.2 mm SL; Fig. 9A), dermal bone of the 
mandibular portion of the preoperculo-mandibular senso-
ry canal starts to form as a ventral extension at the mid-
length of the dentary. By 12.0 mm SL (Fig. 9B), there are 
four conical teeth ankylosed to the dentary with several 
more teeth under development in the adjacent gum tis-
sue (extraosseus). Posteriorly, the dentary has begun to 
expand towards the coronoid process of Meckel’s carti-
lage dorsally, while ventrally it extends farther, below the 
anterior edge of the articular surface of the cartilage. The 
mandibular portion of the preoperculo-mandibular canal 

is a trough of bone that spans much of the ventral edge 
of the dentary before it begins to curve medially. At 14.1 
mm SL, bone has started to enclose the roof of the sen-
sory canal and the dentary possesses two distinct rows of 
conical teeth. The coronoid process of the dentary is fully 
formed by 17.7 mm SL (Fig. 9D) and the dentary now 
overlaps the anteriormost portion of the anguloarticular. 
The mandibular portion of the preoperculo-mandibular 
sensory canal is fully enclosed by 21.2 mm SL (Fig. 9E), 
except for four circular openings associated with the pre-
operculo-mandibular sensory canal pores 2–5. Multiple 
rows of conical teeth are present on the dentary by 44.9 
mm SL (Fig. 9F) and there is minor sculpturing on the 
coronoid process, closely resembling the adult condition.

Premaxilla. The paired premaxilla originates as small 
splint of bone located ventral to the tips of the ethmoid 
cornua (10.1–10.4 mm SL) with the first teeth appearing 
shortly after this (11.5 mm SL). By 12.4 mm SL (Fig. 9B) 
the premaxilla has become a wider lamina of bone ex-
tending close to the midline of the ethmoid plate and sup-
ports 6 conical teeth with additional teeth observed under 
development. By 14.1 mm SL, there are two distinctive 
rows of conical teeth present with a third beginning to 
develop behind them. Although a clear gap is still pres-
ent between the premaxillae, they are already connected 
via dense connective tissue. At 15.9 mm SL, these paired 
bones have become rectangular in shape, support three 
irregular rows of conical teeth and together span the dis-
tance between the medial edges of the pars autopalatina. 
Dorsally, they have a small process that extends towards 
membranous extensions of the mesethmoid to which they 
are strongly attached via a dense connective tissue. As the 
specimens continue to grow, additional rows of teeth are 
added to the premaxillae, becoming almost brush-like in 
appearance and the symphysis becomes mostly obscured 
by the overlying teeth (44.9 mm SL; Fig. 9F). Little 
changes other than an increase in size in adult individuals 
(441 mm SL; Fig. 10A) and the premaxilla now forms a 
tight, rigid connection with its antimere and the meseth-
moid which is very difficult to separate.

Retroarticular. The retroarticular is first observed in 
specimens of 11.6 mm SL as a perichondral ossification at 
the point of attachment of the interoperculo-retroarticular 
ligament on the posteroventral-most tip of Meckel’s car-
tilage. The retroarticular becomes more heavily ossified 
around the posterior tip of Meckel’s cartilage and around 
13.0 mm SL (Fig. 9C) it meets and fuses with the an-
guloarticular to become a compound element. It can still 
be readily distinguished as a highly ossified cap on the 
posterior edge of the anguloarticular up to 17.7 mm SL; 
however, it becomes less apparent in larger sizes until it is 
no longer distinguishable (21.5 mm SL; Fig. 9E).

Anguloarticular. The anguloarticular is a compound el-
ement composed of the dermal angular and the endoskel-
etal articular, although the two bones were not observed 
as separate ossifications. The element first appears as an 
ossification on the dorsal edge of Meckel’s cartilage pos-
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terior to the coronoid process (11.9 mm SL). The angu-
loarticular ossifies in a dorsoventral direction becoming 
saddle-shaped in appearance at 12.5 mm SL. At 13.0 mm 
SL the bone completely encompasses the posterior end of 
Meckel’s cartilage (Fig. 9C). Anteriorly, it lies dorsal to 
the dentary and posteriorly it has expanded to meet and 
fuse with the retroarticular. At 15.9 mm SL the posteri-
or end of Meckel’s cartilage is endochondrally ossifying 
with only a small portion of cartilage remaining at the 
point of articulation with the quadrate. The angular por-
tion of the anguloarticular extends anteriorly where it lies 
medial to the posterior end of the dentary and posteriorly, 
a tiny recurved process can be seen on the posterodor-
sal tip of the bone. A subpreopercular bone (sensu Egge 
2007) forms around the mandibular portion of the pre-
operculo-mandibular sensory canal (17.7 mm SL) later-
ally to the anguloarticular and fuses with the underlying 
bone by 21.2 mm SL (Fig. 9E). By 44.9 mm SL (Fig. 9F) 
the anguloarticular completely covers the posterior rem-
nant of Meckel’s cartilage, meeting the coronoid process 
of the dentary anterodorsally. The surface of the bone 

that articulates with the quadrate has become enlarged 
and more posteriorly directed and the lateral surface of 
the bone is now slightly sculptured, resembling the adult 
condition.

Coronomeckelian. The coronomeckelian is a small der-
mal bone that is first observed as a tiny ossification locat-
ed medially to the coronal process of Meckel’s cartilage 
at the tendinous insertion of the A3 adductor mandibulae 
(15.0 mm SL). It becomes triangular in shape shortly af-
ter ossifying (16.2 mm SL) and maintains this shape and 
position during its early ontogeny, only increasing in size 
(44.9 mm SL; Fig. 9F). In adults (441 mm SL; Fig. 10C), 
the coronomeckelian is no longer a triangular plate of 
bone and wraps laterodorsally around Meckel’s cartilage 
and has a firm connection with the dentary laterally and 
the anguloarticular posteriorly.

Comparison with Noturus gyrinus. The most common 
sequence of ossification for this region in Noturus gyri-
nus is as follows: maxilla (5.4 mm NL)– dentary (5.9 mm 

Figure 9. Ontogeny of the hyopalatine arch, jaws and opercular series of Ictalurus punctatus. A 11.2 mm SL. B 12.2 mm SL. C 13.3 
mm SL. D 18.0 mm SL. E 21.5 mm SL. F Suprapreopercle not shown, 44.9 mm SL. Abbreviations: Ana, Anguloarticular; Ana-Ra, 
Anguloarticular+retroarticular; Apa, Autopalatine; Cm, Coronomeckelian; De, Dentary; Enpt, Endopterygoid; Hy, Hyomandibular; 
Iop, Interopercle; MC, Meckel’s cartilage; Mpt, Metapterygoid; Mx, Maxilla; MxBC, Mandibular barbel cartilage; Op, Opercle; 
PA, Pars autopalatina; PHy, Pars hyomandibularis; PMpt, Pars metapterygoidea; Pmx, Premaxilla; Pop, Preopercle; PQ, Pars 
quadrata; Q, Quadrate; Ra, Retroarticular; Sop, Subopercle; Spop, Subpreopercular bone.
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NL) – premaxilla (6.6 mm SL) – retroarticular (7.0 mm 
SL) – anguloarticular (7.7 mm SL) – coronomeckelian 
(10.1 mm SL).

No differences in the sequence of ossification between 
Noturus gyrinus and Ictalurus punctatus were identified 
in the jaws. The jaws of N. gyrinus and I. punctatus are 
similar, and no major differences in adult morphology are 
observed in this region.

Hyopalatine arch

The most common sequence of ossification: quadrate 
(11.5 mm SL) – hyomandibular (12.0 mm SL) – metapter-
ygoid (12.8 mm SL) – endopterygoid and autopalatine 
(12.9 mm SL) (Fig. 9).

Quadrate. the quadrate is an endoskeletal bone that first 
appears in some individuals of 11.2 mm SL (Fig. 9A) as 
a perichondral ossification along the ventral edge of the 
pars quadrata of the quadratometapterygoid portion of 
the palatoquadrate cartilage, which in catfishes is contin-
uous with the hyosymplectic cartilage and separate from 
the pars autopalatina. The perichondral ossification ex-
tends dorsally to encircle the anteroventral portion of the 
pars quadrata that articulates with the lower jaw and the 
quadrate has begun to endochondrally ossify (12.2 mm 
SL; Fig. 9B). By 14.0 mm SL, the quadrate has expanded 
into a triangular bone and the posteroventral process of 
the quadrate (sensu Arratia and Schultze 1991) runs along 
the dorsal edge of the preopercle. A strip of membrane 
bone forms medial to the ventral portion of the preopercle 
(15.9 mm SL) and is joined with the posteroventral process 
anteriorly forming a shallow trough in which the dorsal 
margin of the overlapping preopercle rests. The quadrate 
has also become more heavily ossified near the connec-
tion with the lower jaw but remains cartilaginous at the 
joint. At 18.0 mm SL (Fig. 9D), the point of connection 
with the lower jaw is now restricted to an anteriorly di-
rected articular facet and a thin lamina of membrane bone 
has formed along the anterior edge of the quadrate above 
the facet. By 21.5 mm SL (Fig. 9E) the anterior lamina 
possesses an anterodorsal spine-like process extending 
towards the posteroventral corner of the metapterygoid. 
The medial surface of the quadrate possesses some sculp-
turing near the articular facet. In individuals up to 44.9 
mm SL (Fig. 9F), the quadrate has changed little and still 
remains separated from the hyomandibular and most of 
the metapterygoid by cartilage. The anterodorsal process 
now sits tightly between a similar posteroventral process 
and the chondral portion of the metapterygoid forming a 
rigid connection between the two. The quadrate forms a 
more rigid connection with the preopercle posteriorly. In 
the adult condition (441 mm SL; Fig. 10A), the quadrate 
is now strongly sutured to the metapterygoid along their 
shared medial border but remains separated from the hyo-
mandibular by cartilage. Posteriorly the quadrate is over-
lain by and strongly sutured to the expanded preopercle.

Hyomandibular. The hyomandibular originates as a 
perichondral ossification around the pars hyomandibu-

laris near the foramen for the passage of the hyomandib-
ular branch of the facial nerve (VII) and may appear as 
early as 11.5 mm SL. By 13.2 mm SL (Fig. 9C) the bone 
has spread to cover most of the pars hyomandibularis ex-
cluding the dorsal and posterior articular heads, which ar-
ticulate with the neurocranium and opercle respectively, 
and the ventral arm that joins the pars quadratometapter-
ygoidea. At 15.9 mm SL, two small flanges of membrane 
bone flank the shaft of the hyomandibular, one anterior to 
the foramen for the passage of the hyomandibular branch 
of the facial nerve (VII) and one posterior, directly above 
the posterior articular head. Additionally, a thin splint 
of membrane bone extends from the anterodorsal most 
corner of the hyomandibular towards the pterosphenoid. 
A flange of membrane bone has formed on the posterior 
margin of the hyomandibular below the posterior artic-
ular head by 18.0 mm SL (Fig. 9D) and the cartilage is 
beginning to be fully replaced by bone near the foramen. 
By 21.2 mm SL (Fig. 9E), the anterodorsal extension of 
membrane bone forms a tight connection with a similar 
process on the pterosphenoid. The membrane bone along 
the posterior margin has formed a shelf for the medial 
surface of the preopercle as it runs the length of the hy-
omandibular. At 44.9 mm SL (Fig. 9F), the cartilage has 
been completely replaced by bone in the middle of the 
hyomandibular shaft with cartilage still remaining in the 
dorsal head and ventral arm. The surface of the bone has 
become lightly sculptured where only bone remains and 
the connection between the hyomandibular and the pre-
opercle has become firmer. In adult specimens (441 mm 
SL; Fig. 10A), the hyomandibular possesses an antero-
ventral flange of bone that forms a strong interdigitated 
suture with the greatly expanded metapterygoid and has 
formed a strong suture with the preopercle posteriorly. 
Posterodorsally, a small flange of bone extends from the 
hyomandibular reaching and underlying the suprapre-
opercle of the preoperculo-mandibular canal.

Metapterygoid. The metapterygoid starts off as a peri-
chondral ossification around the middle of the anteri-
or process of the pars metapterygoidea (11.9 mm SL), 
which in catfishes has rotated and shifted anteriorly to-
wards the pars autopalatina. By 13.3 mm SL (Fig. 9C), 
the entire anterior process is covered in perichondral bone 
and a small membranous projection has appeared on the 
tip of the process supporting a ligamentous connection to 
the autopalatine and neurocranium in which the endopter-
ygoid has ossified. The metapterygoid is endochondrally 
ossifying at 15.9 mm SL and a continuous vertical lam-
ina of membrane bone extends along the entire ventral 
length of the bone up and around to the middle of the 
dorsal edge. By 18.0 mm SL the lamina of bone extends 
the length of the dorsal margin of the main body of the 
metapterygoid and has expanded to take on a somewhat 
rectangular shape (Fig. 9D) and by 21.0 mm SL (Fig. 9E) 
possesses anterior and posterior ventral processes, the 
latter extending towards a similar process of the quad-
rate. By 44.9 mm SL (Fig. 9F), the metapterygoid has in-
creased in size and the posteroventral process attaches to 
the anterodorsal projection of the quadrate. The anterior 
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Figure 10. Ictalurus punctatus, specimen TCWC 20491.08, 441 mm SL (A), (B), (C), (E), and TCWC 20491.07, 436 mm SL (D). 
A Hyopalatine arch, jaws and opercular series in lateral view. B Lower jaw in medial view. Area outline by white box indicates 
location of (C). C Coronomeckelian on medial surface of the lower jaw. D Hyoid bar in lateral view. E Ventral gill arches in dorsal 
view. F Dorsal gill arches in dorsal view. G Dorsal gill arches in ventral view. Abbreviations: ACh, Anterior ceratohyal; Ana-Ra, An-
guloarticular+retroarticular; Apa, Autopalatine; Bb, Basibranchial; Br, Branchiostegal ray; Cb, Ceratobranchial; Cm, Coronomeck-
elian; De, Dentary; DHh, Dorsal hypohyal; Eb, Epibranchial; Enpt, Endopterygoid; Hb, Hypobranchial; Hy, Hyomandibular; Ih, 
Interhyal;Iop, Interopercle; Mpt, Metapterygoid; Mx,Maxilla; Op, Opercle; Pb, Pharyngobranchial; PCh, Posterior ceratohyal; Pmx, 
Premaxilla; Pop, Preopercle; Q, Quadrate; Sop, Subopercle; Supop, Suprapreopercle; TPCb, Toothplate of ceratobranchial; TPPb, 
Toothplate of pharyngobranchial;Uh, Urohyal; VHh, Ventral hypohyal.
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edge has three distinct tips, the dorsal of which supports a 
ligamentous connection to the ventrolateral margin of the 
orbitosphenoid, the middle supports a ligamentous con-
nection to the endopterygoid and the ventral most sup-
ports a ligamentous connection to the lateral edge of the 
autopalatine. In adult individuals (441 mm SL; Fig. 10A), 
the metapterygoid has greatly expanded dorsally and is 
almost rectangular in shape. Posteriorly it forms a strong 
interdigitated suture with the hyomandibular and ventral-
ly forms a strong connection with the quadrate medially, 
although a small remnant of cartilage remains between 
the two laterally. The three distinct tips along the anterior 
edge of the metapterygoid can no longer be distinguished 
and it now reaches the plate-like endopterygoid with both 
bones separated by only a short ligament.

Endopterygoid. The endopterygoid first appears as a thin 
splint of bone in the ligamentous connection between the 
metapterygoid, autopalatine and neurocranium in indi-
viduals as small as 11.9 mm SL. The bone expands into 
a thin lamina of bone (14.1 mm SL) and by 15.6 mm SL 
it has become large enough to replace the portion of the 
ligament in which it has formed resulting in three liga-
mentous connections to the metapterygoid posteriorly, 
the autopalatine laterally and the vomer anteriorly. An 
additional, second ligament connecting the endoptery-
goid to the vomer was previously reported (Arratia 1992) 
although this connection was not observed in our largest 
C&S specimen (44.9 mm SL). The endopterygoid even-
tually expands into a small rectangular plate of bone, 
representing the adult condition (441 mm SL; Fig. 10A), 
which abuts the metapterygoid posteriorly and sits medial 
to the posterior tip of the autopalatine retaining only a 
short ligamentous connection to both.

Autopalatine. The autopalatine starts as a perichondral 
ossification (12.5 mm SL) around the middle of the cylin-
drical pars autopalatina, which originates as an indepen-
dent cartilage separate from the rest of the palatoquadrate. 
By 13.9 mm SL it has expanded into a cylindrical ossifi-
cation around the middle third of the pars autopalatina 
except for a dorsomedial facet for the articulation with 
the lateral ethmoid. Anteriorly, the cartilaginous head of 
the autopalatine possesses a ventrolateral groove for the 
articulation of the maxilla. The pars autopalatina has 
increased in size with the posterior tip extending almost 
to the metapterygoid by 18.0 mm SL (Fig. 9D) and by 
21.2 mm SL (Fig. 9E) the autopalatine has started to en-
dochondrally ossify. Light sculpturing is present around 
the articular facet for the lateral ethmoid and a lateral 
and medial flange of membrane bone has formed on the 
posterior half of the bone. By 44.9 mm SL (Fig. 9F), the 
autopalatine has become more elongate and is completely 
ossified, except for the anterior and posterior tips as well 
as the dorsomedial articular facet for the lateral ethmoid, 
and the middle of the bone is more heavily sculptured, 
resembling the adult condition (441 mm SL; Fig. 10A).

Comparison with Noturus gyrinus. The most common 
sequence of ossification for this region in Noturus gyri-

nus is as follows: quadrate and hyomandibular (7.2 mm 
SL) – metapterygoid (8.3 mm SL) – autopalatine (8.6 mm 
SL) – endopterygoid (8.7 mm SL).

The sequence of ossification in the hyopalatine arch 
differs between Noturus gyrinus and Ictalurus punctatus 
in that the quadrate appears before the hyomandibular 
in I. punctatus while in N. gyrinus they are fixed in de-
velopment at the same size. However, the quadrate does 
appear before the hyomandibular in some individuals of 
N. gyrinus. Additionally, the autopalatine appears before 
the endopterygoid while in I. punctatus, despite being 
fixed in development at the same size, the endopterygoid 
is present before the autopalatine in some individuals. 
The hyopalatine arch of N. gyrinus and I. punctatus are 
similar, and no major differences in adult morphology are 
observed in this region.

Opercular series

The most common sequence of ossification: opercle (8.6 
mm NL) – interopercle (10.4 mm SL) – preopercle (11.5 
mm SL) – suprapreopercle (22.4 mm SL) (Fig. 9).

Opercle. The dermal opercle is one of the first skeletal 
elements to appear in Ictalurus punctatus (8.6 mm NL) 
and was first observed as a thin dermal ossification ex-
tending posteroventrally from the posterior condyle of 
the pars hyomandibularis of the hyosymplectic cartilage. 
At 9.6 mm NL, the posterior end of the ossification be-
gins to widen and by 10.8 mm SL the opercle has become 
fan-shaped with a concave anterior and dorsal edge, the 
latter of which is more heavily ossified. As the opercle 
continues to expand, its anteroventral margin becomes 
more rounded as it gets closer to the posterior margin of 
the interopercle while its posterior dorsal tip ends in a 
sharp point (13.0 mm SL; Fig. 9C). The cup-shaped ar-
ticular surface of the opercle completely surrounds the 
posterior condyle of the pars hyomandibularis. A thin 
lamina of bone begins to form along the dorsal edge by 
15.0 mm SL and by 21.5 mm SL (Fig. 9E) extends to the 
posterior most tip of the opercle resulting in a straight 
dorsal margin. In adult specimens, the lateral surface has 
become sculptured proximally while the distal edge re-
mains smooth.

Interopercle. The dermal interopercle first appears at 
10.4 mm SL as a small splint of bone lateral to the con-
nection between the ceratohyal and interhyal cartilages. 
By 13.3 mm SL (Fig. 9C), the interopercle has grown 
in length, almost meeting the anterior edge of the oper-
cle. The bone has widened posteriorly while anteriorly 
it terminates in a fine point, which accommodates the 
posterior end of the interoperculo-retroarticular ligament. 
The interopercle takes on a rhomboid shape as the bone 
continues to grow (18.6 mm SL) and the posterior edge 
becomes curved around the margin of the opercle where 
the two bones border each other (21.5 mm SL; Fig. 9E). 
In adult specimens, the lateral surface has become sculp-
tured but the overall shape has changed little from the 
earlier stages.
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Preopercle. The preopercle forms as a splint of bone 
(10.9 mm SL) along the posterior margin of the hyosym-
pletic and pars quadrata cartilages at the point of contact 
with the interhyal cartilage. At 12.2 mm SL (Fig. 9B), the 
ossification has expanded dorsally to cover the posterior 
margin of the pars hyomandibularis up to the posterior 
condyle and has formed into a trough-shaped canal, the 
preopercular portion of the preoperculo-mandibular sen-
sory canal, with three small foramina associated with the 
innervation of neuromasts. The walls of the canal begin 
expanding to cover the canal (14.1 mm SL) which be-
comes completely enclosed by 15.9 mm SL except for 
two openings for the preoperculo-mandibular sensory ca-
nal pores 8 and 9, the first located lateral to the interhyal 
cartilage and the second opening posterior in line with 
the border of the opercle and interopercle. Additionally, 
a ventral lamina of bone is present between the anterior 
opening of the canal and the posterior of the two pores 
and a dorsal lamina is forming at the junction of the hy-
omandibular and the quadrate. At 44.9 mm SL (Fig. 9F), 
the preopercle extends almost the entire length of the 
posterior margin of the quadrate and hyomandibular. The 
ventral lamina of bone has expanded and runs almost the 
entire length of the bone and is heavily sculptured while 
the dorsal lamina has only expanded slightly. In adults 
(441 mm SL; Fig. 10A), the preopercle has expanded to 
laterally cover the posterior and posteroventral portion of 
the opercle and hyomandibular, respectively, and is now 
strongly sutured to both.

Suprapreopercle. The suprapreopercle is the last ele-
ment to appear in the entire skeleton of Ictalurus punc-
tatus (22.4 mm SL) and is first observed as a small 
ossification located between the preopercle and the 
pterotic. At 44.9 mm SL (Fig. 9F) it is a weakly ossified 
trough-shaped bone that forms around the preopercu-
lo-mandibular canal in the gap between the pterotic and 
preopercle just after it branches off of the otic canal. 
In the adult stage (441 mm SL; Fig. 10A), the supra-
preopercle has become a tube-shaped ossification and 
overlies a posterodorsal process of the hyomandibular 
and almost contacts the dorsal-most tip of the preoper-
cle ventrally.

Comparison with Noturus gyrinus. The most common 
sequence of ossification for this region in Noturus gyri-
nus is as follows: opercle (5.4 mm NL) – interopercle 
(6.4 mm SL) – preopercle (7.7 mm SL) – suprapreopercle 
(11.6 mm SL).

No differences in the sequence of ossification were 
identified between Noturus gyrinus and Ictalurus puncta-
tus in the opercular series, which is similar in both species 
and show no major differences in adult morphology

Infraorbitals

The most common sequence of ossification: lacrimal 
(10.4 mm SL) – infraorbital 2 (12.2 mm SL) – infraorbital 
3 (12.8 mm SL) – infraorbital 4 and 6 (13.2 mm SL) – in-
fraorbital 5 (13.9 mm SL) (Fig. 11).

Lacrimal. The lacrimal first appears at 10.4 mm SL as a 
small dermal bone located dorsal to the articulation be-
tween the maxilla and pars autopalatina and anterior to 
the lamina orbitonasalis (Fig. 11A). By 11.5 mm SL it 
expands dorsally and ventrally giving the bone a distinct 
L shape. The anterior and posterior edges of the dorsal 
process have just started to form roughly the shape of 
a trough. At 12.5 mm SL (Fig. 11B), the roof of the in-
fraorbital sensory canal has begun to close in the dorsal 
portion of the lacrimal. The anterior process has become 
triangular ending in a distinct tip and a small posteriorly 
directed process has just formed. By 14.1 mm SL, the 
dorsal portion of the bone is represented solely by a ful-
ly enclosed canal ossification and the posterior process 
extends to the lamina orbitonasalis resulting in a roughly 
rhomboid lamina of bone ventral to the canal ossification. 
The lacrimal increases in size and changes little until 21.2 
mm SL, at which point the ventral lamina of bone ex-
pands dorsally on either side of the ventral third of the 
canal ossification. The posterior projection continues to 
widen, becoming ovoid, and is closely associated with the 
remnant of the lamina orbitonasalis and the lateral eth-
moid posteriorly.

Infraorbital 2. Infraorbital 2 first appears as small 
trough-shaped bone just posterior to the lacrimal at 11.9 
mm SL. A single foramen for innervation of neuromasts 
in the infraorbital sensory canal is present in the center of 
the ossification. At 13.2 mm SL (Fig. 11C), bone starts 
to cover the roof of the canal and by 14.0 mm SL the ca-
nal bone becomes enclosed and sits directly medial to the 
posterior process of the lacrimal. By 44.9 mm SL (Fig. 
11E), infraorbital 2 is closely associated with, yet sepa-
rate from, the posterior process of the lacrimal.

Infraorbital 3. Infraorbital 3 first appears (11.9 mm SL, 
Fig. 11B) as a small dermal bone surrounding a foramen 
for innervation of neuromasts in the infraorbital sensory 
canal. It is located just posterior to infraorbital 2 and in 
line with the posterior margin of the lamina orbitonasalis. 
By 14.1 mm SL, the bone completely encloses the infra-
orbital sensory canal and has started to lengthen. By 44.9 
mm SL (Fig. 11E), infraorbital 3 resembles the adult con-
dition and extends over the posterior limit of the lacrimal 
and almost reaches the anterior rim of the orbit.

Infraorbital 4. Infraorbital 4 first appears (in some in-
dividuals as small as 12.4 mm SL) as a small lamina of 
bone around a foramen for the innervation of neuromasts 
ventral to the anterior quarter of the eye. It becomes 
trough shaped shortly after this (13.1 mm SL; Fig. 11C) 
and by 14.1 mm SL the canal has become completely en-
closed by bone. By 44.9 mm SL (Fig. 11E), it resembles 
the adult condition and sits ventral to the anterior half of 
the eye.

Infraorbital 6. Infraorbital 6 is the largest infraorbital in 
the series. It appears directly ventral to the junction of the 
supraorbital, infraorbital and otic sensory canals near the 
vertical midline of the eye and at approximately the same 
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time as infraorbital 4 (12.4 mm SL). The canal becomes 
enclosed in bone by 14.1 mm SL and the bone continues 
to increase in length. By 44.9 mm SL (Fig. 11E), it ex-
pands from just below the frontal down to the posteroven-
tral extent of the eye forming the posterior rim of the orbit 
resembling the adult condition.

Infraorbital 5. Infraorbital 5 forms around a foramen for 
the innervation of neuromasts in individuals as small as 
13.2 mm SL (Fig. 11C) in line with the posterior quarter 

of the eye. The canal ossification is closed by 14.6 mm 
SL (Fig. 11D) and the bone continues to lengthen until 
it spans the posterior half of the eye forming the ventral 
border of the orbital rim along with infraorbital 4, thus 
resembling the adult condition (44.9 mm SL; Fig. 11E).

Comparison with Noturus gyrinus. The most common 
sequence of ossification for this region in Noturus gyri-
nus is as follows: lacrimal (7.0 mm SL) – infraorbital 2 
(7.7 mm SL) – infraorbital 3 (7.9 mm SL) – infraorbital 4 

Figure 11. Ontogeny of the infraorbitals of Ictalurus punctatus. A 11.2 mm SL. B 12.7 mm SL. C 13.2 mm SL. D 15.0 mm SL. 
E 44.9 mm SL. Abbreviations: Io, Infraorbital; La, Lacrimal.
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(8.3 mm SL) – infraorbital 5 (8.6 mm SL) – infraorbital 6 
and 7 (12 mm SL).

The only difference observed in the sequence of ossi-
fication between Noturus gyrinus and Ictalurus puncta-
tus in the infraorbital series is that infraorbital 5 appears 
before infraorbital 6 in N. gyrinus while it appears after 
infraorbital 6 in I. punctatus. The infraorbitals of N. gyri-
nus and I. punctatus are generally similar except for N. 
gyrinus possessing an additional element, infraorbital 7. 
The only difference noted is the shape of the lacrimal in 
N. gyrinus in which the anterior process in more elongate 
and the posterior process is a narrow splint that does not 
reach the lamina orbitonasalis.

Hyoid bar

The most common sequence of ossification: branchioste-
gal ray 8 (9.6 mm NL) – branchiostegal ray 7 (10.0 mm 
SL) – branchiostegal ray 6 (10.8 mm SL) – anterior cer-
atohyal (11.3 mm SL) – branchiostegal ray 5 (11.4 mm 
SL) – branchiostegal ray 4, urohyal and ventral hypohyal 
(11.9 mm SL) – branchiostegal ray 3 (12.3 mm SL) – 
branchiostegal ray 2 (12.8 mm SL) – interhyal and poste-
rior ceratohyal (13.2 mm SL) – branchiostegal ray 1 (13.6 
mm SL) – dorsal hypohyal (15.0 mm SL) (Fig. 12).

Branchiostegal Rays. The branchiostegal rays appear as 
thin dermal ossifications extending posteroventrally from 
the hyoid bar. The first branchiostegal ray to develop is 
the posteriormost, branchiostegal ray 8 (9.2 mm NL), 
along the posteroventral margin of the deepest portion 
of the ceratohyal cartilage. The next three branchiostegal 
rays to appear are branchiostegal rays 7 (10.0 mm SL; 
Fig. 12A), 6 (10.1 mm SL), and 5 (11.2 mm SL), which 
are associated with the ventral edge of the deepest portion 
of the ceratohyal cartilage. By the appearance of bran-
chiostegal ray 5, branchiostegal ray 8 now reaches the 
midline of the opercle but remains a thin splint of bone. 
The branchiostegal rays continue to develop in a postero-
anterior direction with the last, branchiostegal ray 1, ap-
pearing by 12.6 mm SL. At this point branchiostegal ray 
8 has started to widen posteriorly and now reaches the 
posterior point of and connects to the opercle via dense 
connective tissue. By 15.9 mm SL, all of the branchioste-
gal rays are recurved posteriorly with branchiostegal rays 
5–8 now widened into thin sheets of bone. By 21.2 mm 
SL, all eight branchiostegal rays are at a stage resembling 
the adult condition. Branchiostegal rays 1–5 articulate 
with the medioventral edge of the anterior ceratohyal, 
branchiostegal rays 6 and 7 articulate with the ventral 
margin of the remaining ceratohyal cartilage, between 
the anterior and posterior ceratohyal, and branchiostegal 
ray 8 articulates with the lateral surface of the posterior 
ceratohyal. The last two branchiostegal rays, 7 and 8, are 
closely associated with the opercular series, forming a 
close connection with the posterior margin of the opercle.

Anterior Ceratohyal. The anterior ceratohyal develops 
(10.8 mm SL) as a perichondral ossification around the 
middle of the slender anterior portion of the ceratohyal 

cartilage. The cylindrical ossification extends anteriorly 
and posteriorly until it covers the middle third of the cer-
atohyal cartilage (12.5 mm SL; Fig. 12B). A thin lami-
na of membrane bone appears along the dorsal edge of 
the anterior ceratohyal where it is narrowest (14.0 mm 
SL), and by 16.2 mm SL a similar extension of membrane 
bone flanks the ventral margin. At this stage, the ossifica-
tion has started to spread onto the deeper portion of the 
ceratohyal cartilage posteriorly giving the bone a more 
hourglass shape. By 17.7 mm SL, the anterior ceratohyal 
almost covers the entirety of the anterior half of the deep-
est portion of the ceratohyal cartilage, of which only a 
thin strip remains between the anterior and posterior cer-
atohyals. The middle of the anterior ceratohyal is now en-
dochondrally ossified and the medial surface has become 
lightly sculptured. By 44.9 mm SL (Fig. 12E), the anterior 
ceratohyal sutures with the posterior ceratohyal across the 
medial surface of the ceratohyal cartilage remnant and an-
teriorly remains separated from the ventral hypohyal by a 
thin strip of cartilage. The surface of the bone has become 
more heavily sculptured. In adult individuals (436 mm 
SL; Fig. 10D), the anterior ceratohyal is strongly sutured 
with the posterior ceratohyal laterally; however, a thin 
strip of the ceratohyal cartilage remains internally and can 
be seen dorsal and ventral to the suture.

Urohyal. The urohyal originates as a pair of ossifications 
in the posterior portion of the sternohyoideus tendons that 
insert on the medial surface of the anterior most point of 
the ceratohyal cartilage (11.2 mm SL). The two ossifica-
tions expand in a fan-like direction posteriorly and fuse by 
12.2 mm SL, forming a sheet of bone ventrally. By 13.2 
mm SL (Fig. 12C), a ‘Y’ shaped dorsal extension of bone 
has appeared medially running the length of the body of 
the urohyal and its lateral margins also extend posterior-
ly giving the bone three distinct tips along the posterior 
edge. The two anterior tips in the dorsal flange of bone 
have started to expand laterodorsally and medioventral-
ly forming two angled surfaces of bone (16.2 mm SL). 
By 21.5 mm SL, the aforementioned flanges have joined 
medially forming a slightly anterior facing cup-like pro-
cess. At 44.9 mm SL (Fig. 12E), the posterior edge of the 
cup-like process sits ventral to the anterior tip of the ante-
rior basibranchial copula and in adults, the basibranchial 
copula articulates with this cup-like process. However, no 
‘chondroid bone’ was observed to be fused to the dorsal 
portion of the urohyal as has been reported previously in 
adults ictalurids (Arratia and Schultze 1990).

Ventral Hypohyal. The paired, chondral, ventral hypo-
hyal develops (11.2 mm SL) ventrally on the medioven-
tral process of the anterior head of the ceratohyal car-
tilage that supports the insertion of the sternohyoideus 
tendons. At 12.5 mm SL (Fig. 12B), the ossification has 
spread anteriorly to cover the entire ventral surface of the 
anteromedial process while posteriorly it has started to 
expand along the medial edge of the ceratohyal cartilage. 
Just dorsal to the middle of the bone, a foramen for the 
afferent hyoidean artery has formed in the cartilage. The 
bone has started to spread dorsally, cupping the ventral 
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edge of the anteromedial process (14.0 mm SL) and by 
15.9 mm SL it covers the anterolateral tips of the car-
tilage and even expands onto the dorsal surface of the 
anteromedial process by 15.9 mm SL. At this stage, the 

ventral hypohyal continues to spread posteriorly cover-
ing much of the anterior head of the ceratohyal cartilage 
ventrally. The foramen for the afferent hyoidean artery 
has become dorsoventrally elongated with the ventral 

Figure 12. Ontogeny of the hy-
oid bar of Ictalurus punctatus. 
A 10 mm NL. B 12.5 mm SL. 
C 13.3 mm SL. D 15.0 mm SL. 
E 44.9 mm SL. Abbreviations: 
ACh, Anterior ceratohyal; Br, 
Branchiostegal ray; DHh, Dorsal 
hypohyal; Ih, Interhyal; IhC, In-
terhyal cartilage; PCh, Posterior 
ceratohyal; Uh, Urohyal; VHh, 
Ventral hypohyal.
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hypohyal forming the border of the ventral half of the 
opening. By 18.0 mm SL, the ventral hypohyal covers 
the ventral half of the anterior head of the ceratohyal car-
tilage and the opening for the afferent hyoidean artery 
has expanded further dorsally where it forms a circular 
opening in the cartilage above the ventral hypohyal. By 
21.5 mm SL, the bone has endochondrally ossified an-
teroventrally and forms a tight connection with its an-
timere across the midline. The ventral elongate portion 
of the opening for the afferent hyoidean artery has begun 
to fill with bone and by 44.9 mm SL (Fig. 12E) only the 
dorsal rounded portion of the foramen located in the car-
tilage above the ventral hypohyal remains. The bone is 
lightly sculptured anteroventrally and still remains sepa-
rated by cartilage from the dorsal hypohyal and the ante-
rior ceratohyal, a condition similar to that of adults (436 
mm SL; Fig. 10D).

Interhyal. The small interhyal cartilage forms a connec-
tion between, and is continuous with, the ceratohyal and 
the pars quadrata-hyomandibularis cartilages. The inter-
hyal first appears as perichondral ossification around the 
interhyal cartilage in some individuals as small as 12.5 
mm SL, shortly after the cartilaginous connections with 
the ceratohyal and pars quadrata-hyomandibularis carti-
lage begins to regress. By 14.0 mm SL, the perichondral 
ossification covers most of the interhyal cartilage which 
is now an independent cartilage with connective tissue 
replacing its previously cartilaginous dorsal and ventral 
connections. It continues to become more heavily ossi-
fied (21.2 mm SL) and by 44.9 mm SL (Fig. 12E) it has 
become slightly more elongate, started to endochondrally 
ossify, yet retains cartilage at its dorsal and ventral tips. A 
small ridge of membrane bone has started to form along 
the anterior edge. In adult individuals (436 mm SL; Fig. 
10D) the interhyal is a small rod shaped bone that has 
changed little from earlier stages other than being more 
heavily ossified.

Posterior Ceratohyal. The posterior ceratohyal develops 
in individuals as small as 12.5 mm SL as an ossification 
on the lateral surface of the ceratohyal cartilage just an-
terior to its ligamentous connection with the interopercle. 
Shortly after (13.1 mm SL; Fig. 12C), it expands into a 
saddle shaped ossification in the dorsal half of the car-
tilage and by 15.9 mm SL the perichondral ossification 
has expanded around the entire posterior end of the cer-
atohyal cartilage excluding the point of articulation with 
the interhyal. At 21.5 mm SL, the posterior ceratohyal is 
endochondrally ossifying and a ridge of membrane bone 
has formed on the posteroventral margin of the bone. An-
teriorly it remains separated from the anterior ceratohyal 
by a thin strip of cartilage. On the medial surface, a su-
perficial process of the posterior ceratohyal has started 
to extend across this cartilage and by 44.9 mm SL (Fig. 
12E), it forms an interdigitating suture with the anteri-
or ceratohyal medially. The ridge of membrane bone has 
become curved and the posterior tip of the bone is now 
sculptured. Little has changed in adults (436 mm SL; Fig. 
10D), other than the posterior ceratohyal also forming 

laterally an interdigitating suture with the anterior cer-
atohyal.

Dorsal Hypohyal. the dorsal hypohyal originates as a 
perichondral ossification medially on the posterodorsal 
process of the anterior head of the ceratohyal cartilage 
(14.5 mm SL). The bone is saddle shaped (15.9 mm SL) 
and slowly expands to incorporate the entire medial cor-
ner of the posterodorsal process (21.5 mm SL). By 44.9 
mm SL, the dorsal hypohyal has changed little in shape 
but has expanded ventrally towards the ventral hypohy-
al, from which it remains separated by cartilage. In adult 
individuals (436 mm SL), the dorsal hypohyal covers the 
entire posterodorsal process which now ends in a distinct 
point giving the bone a conical appearance.

Comparison with Noturus gyrinus. The most common 
sequence of ossification for this region in Noturus gyri-
nus is as follows: branchiostegal ray 9 (6.3 mm NL) – 
branchiostegal ray 8 (6.4 mm NL) – branchiostegal ray 7 
(6.7 mm SL) – anterior ceratohyal (7.0 mm SL) – bran-
chiostegal ray 5 and 6 (7.3 mm SL) – urohyal (7.3 mm 
SL) – ventral hypohyal (7.6 mm SL) – posterior cerato-
hyal (7.7 mm SL) – branchiostegal ray 3 and 4 (7.9 mm 
SL) – branchiostegal ray 2 and 1 (8.6 mm SL) – dorsal 
hypohyal (10.8 mm SL) – interhyal (11.1 mm SL).

The sequence of ossification in the hyoid bar differs 
between Noturus gyrinus and Ictalurus punctatus in that 
the interhyal is the last element to appear in N. gyrinus 
while in I. punctatus it appears before the dorsal hypo-
hyal at the same time as the posterior ceratohyal. The hy-
oid bar of N. gyrinus and I. punctatus differ in the total 
number of branchiostegal rays (9 in N. gyrinus vs. 8 in I. 
punctatus). Although development of the branchiostegal 
rays also occurs in a posterior to anterior direction, the 
precise sequence of appearance was not as well resolved 
in N. gyrinus.

Branchial skeleton

The most common sequence of ossification: pharyngo-
branchial 4 toothplate (9.9 mm NL) – ceratobranchial 5 
toothplate (10.9 mm SL) – ceratobranchial 1, 2, 3, 4, 5 
and epibranchial 4 (12.0 mm SL) – epibranchial 1, 2 and 
3 (12.1 mm SL) – gill rakers (13.3 mm SL) – pharyngo-
branchial 3 (14.5 mm SL) – pharyngobranchial 4 (15.0 
mm SL) – basibranchial 2 and 3 (15.9 mm SL) – hypo-
branchial 1 (18.0 mm SL) – hypobranchial 2 (21.2 mm 
SL) (Fig. 13).

Ceratobranchials. The ceratobranchials start as peri-
chondral ossifications around the middle of their respec-
tive cartilages. The first to ossify is ceratobranchial 4 
(11.4 mm SL) with the remaining ceratobranchials ossi-
fying shortly after (11.8 mm SL). The perichondral ossi-
fication expands towards the tips of the cartilages and the 
teeth associated with the lower pharyngeal jaws are anky-
losed to ceratobranchial 5 toothplate which has already 
fused with ceratobranchial 5 (12.9 mm SL; Fig. 13B). By 
14.1 mm SL, ceratobranchials 1–5 are completely ossified 
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Figure 13. Ontogeny of the bran-
chial skeleton of Ictalurus puncta-
tus. Ventral and dorsal gill arches 
shown in left and right column re-
spectively. A 10.9 mm SL. B 12.9 
mm SL. C 15.0 mm SL. D 20.6 
mm SL. Abbreviations: AC, An-
terior copula; Bb, Basibranchial; 
BbC, Basibranchial cartilage; Cb, 
Ceratobranchial; Cb, Ceratobran-
chial cartilage; Eb, Epibranchial; 
EbC, Epibranchial cartilage; Hb, 
Hypobranchial; HbC, Hypobran-
chial cartilage; Pb, Pharyngobran-
chial; PbC, Pharyngobranchial 
cartilage; PC, Posterior copula; 
TPCb, Toothplate of ceratobran-
chial; TPPb, Toothplate of pharyn-
gobranchial.
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perichondrally except for the tips and at 15.0 mm SL (Fig. 
13C), flanges of membrane bone have appeared on the an-
terior and posterior edges of the ceratobranchials. By 20.6 
mm SL (Fig. 13D), the ceratobranchials are endochon-
drally ossifying at the center and by 44.9 mm SL, they are 
fully ossified and resemble the adult condition (Fig. 10E).

Epibranchials. Epibranchials 1–4 ossify perichondrally 
around the midline of the epibranchial cartilages and, like 
in the ceratobranchials, ossification proceeds to spread 
across the entirety of the cartilages, excluding the tips 
which remain cartilaginous. The epibranchials ossify 
rapidly with all of them first appearing in individuals as 
small as 11.9 mm SL with epibranchial 4 being the first 
to become fixed in development at 12.0 mm SL. Addi-
tionally a posterior to anterior sequence of epibranchial 
ossification is suggested by a single specimen (11.9 mm 
SL) in which only epibranchials 3 and 4 are present. By 
15.0 mm SL (Fig. 13C), all four epibranchials are com-
pletely perichondrally ossified including the uncinate 
process of epibranchial 3 which is connected to the an-
terodorsal surface of epibranchial 4 via connective tissue, 
and possesses a pointed flange of membrane bone at its 
tip. By 20.6 mm SL (Fig. 13D), all four epibranchials 
have begun to endochondrally ossify and possess flanges 
of membrane bone along their anterior and posterior mar-
gins. By 44.9 mm SL, the posterior flange of epibranchi-
al 4 has expanded posterodorsally forming a large sheet 
of bone and the epibranchials closely resemble the adult 
condition (Fig. 10E). In adult individuals (441 mm SL; 
Fig. 10F,G) the flanges of membrane bone have expand-
ed, flattening the epibranchials. Epibranchials 1 and 2 are 
slightly recurved and their medial tips articulate with the 
anterior tip of pharyngobranchial 3. Epibranchials 3 and 4 
have changed little in shape and their medial tips are ven-
trally curved to support pharyngobranchial 4 toothplate 
in addition to articulating with pharyngobranchials 3 and 
4 respectively.

Gill Rakers. The gill rakers first appear on ceratobran-
chial 1 in individuals as small as 12.7 mm SL and by 13.3 
mm SL, at least one gill raker is associated with each of 
the five ceratobranchials. By 15.9 mm SL, 5–6 gill rakers 
are present on each ceratobranchial and a single gill raker 
is associated with epibranchials 1 and 2. At 20.6 mm SL 
(Fig. 13D), the gill rakers along the anterior margin of 
ceratobranchial 1 have become more elongate, an addi-
tional gill raker is associated with epibranchials 1 and 2 
and a single gill raker has formed on epibranchial 3. At 
44.9 mm SL, 6–8 gill rakers are present on the anterior 
margin of all five ceratobranchials and the posterior edge 
of ceratobranchials 3 and 4. Epibranchials 1 and 2 pos-
sess four gill rakers and epibranchials 3 and 4 possess 
only one each. In adult individuals (441 mm SL), cera-
tobranchials 1–5 possess a total of 8–9 gill rakers while 
the number of gill rakers on the epibranchials remain un-
changed. The anterior row of gill rakers associated with 
the pharyngeal arches decrease in length in an anteropos-
terior direction with the longest gill rakers located on the 
first arch and the shortest on the fifth arch.

Pharyngobranchials. Only two pharyngobranchial car-
tilages, those of arches 3 and 4, are present in Ictalurus 
punctatus. Teeth associated with pharyngobranchial 
4 toothplate can be seen in individuals as small as 9.9 
mm SL ventral to the pharyngobranchial 4 cartilage (Fig. 
13A). Pharyngobranchial 3 is the first of the two to ossify 
in individuals as small as 13.3 mm SL with pharyngo-
branchial 4 first appearing at 14.5 mm SL. Both start as 
perichondral ossifications around the medial edge of the 
middle of the pharyngobranchial cartilages. By 16.2 mm 
SL, pharyngobranchial 3 completely encircles the mid-
dle of pharyngobranchial 3 cartilage and by 20.6 mm SL 
(Fig. 13D) a small flange of membrane bone has started 
to form on its lateral margin. At the same size, pharyngo-
branchial 4 has expanded into a larger semicircular peri-
chondral ossification but remains cartilaginous laterally. 
A flange of membrane bone is present on its medial mar-
gin as well. By 44.9 mm SL, flanges of membrane bone 
border the length of pharyngobranchial 3 on the lateral 
and medial faces and pharyngobranchial 4 remains rel-
atively unchanged. In adults (441 mm SL; Fig. 10F,G), 
the membrane bone associated with pharyngobranchial 3 
has expanded to make the posterior end of the bone about 
twice as wide as the anterior tip.

Basibranchials. Only two basibranchials, basibranchial 
2 and 3, are present in Ictalurus punctatus. These form 
as perichondral bands of bone around the middle and 
posterior end of the anterior basibranchial copula. Both 
ossifications appear at approximately the same time with 
basibranchial 2 appearing slightly earlier (basibranchial 
2, 14.6 mm SL; basibranchial 3, 14.8 mm SL). The ba-
sibranchials become more elongate (20.6 mm SL; Fig. 
4D) and by 44.9 mm SL they have increased in size but 
changed little in shape. The dorsal surface of basibranchi-
al 2 is lightly sculptured at this size and both basibran-
chials have reached a condition similar to that found in 
adults (441 mm SL; Fig. 10E). The posterior basibran-
chial copula remains cartilaginous and articulates closely 
with the medial tips of ceratobranchials 4 and 5.

Hypobranchials. The hypobranchials are some of the 
last bones to ossify in Ictalurus punctatus. Hypobranchial 
1 first appears at 15.1 mm SL and hypobranchial 2 at 17.7 
mm SL. Both start as perichondral ossifications at the an-
terolateral tips of hyobranchial cartilages 1 and 2. By 20.6 
mm SL (Fig. 4D), the perichondral ossifications have ex-
panded medially and are now semicircular in shape and 
the anterolateral tips are more heavily ossified. By 44.9 
mm SL, the hypobranchials have grown posteriorly but 
still only cover the anterior two-thirds of the cartilages 
and the anterolateral tips have become more heavily os-
sified, resembling the adult condition (Fig. 10E). Though 
hypobranchial 3 cartilage is present in I. punctatus, hy-
pobranchial 3 does not ossify and is absent even in the 
adult stage.

Comparison with Noturus gyrinus. The most common 
sequence of ossification for this region in Noturus gyrinus 
is as follows: pharyngobranchial 4 toothplate (6.6 mm 
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NL) – ceratobranchial 5 toothplate (7.0 mm SL) – cera-
tobranchial 4 (7.7 mm SL) – ceratobranchial 5 (7.8 mm 
SL) – ceratobranchial 1, 2 and 3, epibranchial 4 and 3, 
and gill rakers (8.3 mm SL) – epibranchial 2 (8.4 mm SL) 
– epibranchial 1 (8.9 mm SL), pharyngobranchial 3 and 
basibranchial 3 (9.6 mm SL) – basibranchial 2 (10.0 mm 
SL) – pharyngobranchial 4 (11.7 mm SL) – hypobranchi-
al 1 (13.2 mm SL) – hypobranchial 2 (14.1 mm SL).

The sequence of ossification in the branchial skeleton 
differs between Noturus gyrinus and Ictalurus punctatus 
in that the gill rakers appear before epibranchials 1 and 
2 in N. gyrinus and pharyngobranchial 4 appears after 
basibranchials 3 and 2. The sequence of ossification was 
better resolved in N. gyrinus with a general posterior to 
anterior direction of development in the ceratobranchials 
and epibranchials. Although this could not be determined 
in I. punctatus based on initial ossification, the same pat-
tern could be derived from how well ossified the bones 
were in the earliest stages of appearance. The branchial 
skeleton of N. gyrinus and I. punctatus are similar, and 
the only difference was in the size of the gill rakers which 
were relatively much larger in N. gyrinus.

Weberian apparatus and associated 
centra

The most common sequence of ossification: centrum 4 
(10.0 mm SL) – centrum 2 and 3 (10.1 mm SL) – centrum 
1 (10.4 mm SL) – neural arch 4 (11.0 mm SL) – neural 
arch 3 (11.2 mm SL) – intercalarium, outer arm of the os 
suspensorium, tripus, inner arm of the os suspensorium 
and scaphium (12.2 mm SL) – claustrum (13.9 mm SL) 
(Figs 14–16).

Centra 1–4. Although the first four centra appear in a 
posterior to anterior direction starting with centrum 4, all 
four centra were present in some individuals of 10.0 mm 
SL, the smallest size in which centra were observed. All 
four centra originate as a pair of perichordal ossifications 
on the lateroventral margin of the notochord which pro-
ceed to expand and meet at the dorsal and ventral mid-
lines. At 10.6 mm SL (Fig. 14A), a lateral extension of 
bone arising from the fourth centrum, the lateral process 
of the fourth vertebra (sensu Ichiyanagi et al., 1997) is 
present between basidorsal 4 and basiventral 4 and by 
11.8 mm SL, a small process representing the rudiment 
of the lateral process of the third vertebra (sensu Ichiyan-
agi et al., 1997) is present on the dorsolateral surface of 
the third centrum ventral to basidorsal 3. At 12.2 mm SL 
(Figs 14B, 15A, 16A), the fourth centrum is the longest 
of the anterior four centra, being slightly longer than post 
Weberian centra, followed by centrum 3 and centra 1 and 
2 which are approximately half the width of a regular cen-
trum. By 12.7 mm SL (Figs 14C, 15B, 16B), the lateral 
process of vertebra 4 has expanded laterally and is in the 
process of fusing to the os suspensorium. The lateral pro-
cess of centrum 3 spans the length of the centrum and 
possesses an anterior process which extends out past the 
transformator process of the tripus. Centra 3 and 4 both 
possess a pair of ventral bony ridges that extend the length 

of the centra where they contact the swimbladder. By 13.1 
mm SL, centra 2–4 have started to fuse ventrally and the 
anterior projection of the lateral process of the third verte-
bra has met and fused to the transformator process of the 
tripus (Figs 15C, 16C). At 15.0 mm SL (Fig. 14E), centra 
2–4 are completely fused forming a compound centrum 
which possesses two prominent ventral ridges of bone at 
the point of attachment to the swimbladder. Posteriorly, 
these ridges are closely associated with similar ventro-
lateral ridges of bone on centrum 5. Centrum 1 is signifi-
cantly shorter than other centra in the vertebral column. 
It remains separate from centra 2–4 but possesses two 
ventrolateral processes that project towards the anterior-
most tip of the ridges associated with the fused centra. In 
the adult condition (426 mm SL; Fig. 17), the compound 
centrum is a solid element with no indication of its fused 
nature. The ventrolateral ridges associated with the com-
pound centrum now form sutured connections to the ven-
trolateral processes of centra 1 and 5.

Neural Arches 3 and 4. The neural arches of vertebrae 3 
and 4 first appear (10.8 mm SL) as perichondral ossifica-
tion of the pair of basidorsal cartilages of centrum 3 and 
4. By 12.2 mm SL (Fig. 14B), neural arch 4 has expanded 
to cover basidorsals 4, except for the dorsal end which is 
confluent with the neural complex cartilage. Neural arch 
3 is almost completely perichondrally ossified around 
basidorsals 3, and possesses a small dorsal process of 
membrane bone. The neural complex cartilage extends 
anteriorly from basidorsal 4 above, but not contacting, 
neural arch 3, and then medially where it meets its coun-
terpart, forming a ‘U’-shaped cartilage. A dorsomedial 
extension of cartilage arises from the anterior midline of 
the neural complex cartilage towards the tectum synoti-
cum. At 12.7 mm SL (Fig. 14C), membranous process-
es extend from the dorsal tips of neural arch 4 on either 
side of the ventral tip of the dorsal-fin proximal radial 2 
and a small lamina of membrane bone is forming on the 
anterior edge of neural arch 4. The ossification from neu-
ral arch 4 has begun to spread anteriorly onto the neural 
complex and the dorsal tips of neural arch 3 now contact 
the neural complex cartilage medially. The ossification 
of the neural complex spans the gap between the tips of 
neural arches 3 and 4 by 13.3 mm SL (Fig. 14D), and the 
anteromedial process of the neural complex cartilage is 
directed more dorsally. The posterodorsal membranous 
tips of neural arch 4 have expanded to become triangu-
lar in shape and the anterior lamina of membrane bone 
meets and joins with an anterodorsal process of the lat-
eral process of vertebra 4. The perichondral ossification 
of the neural complex spreads medially over the poste-
rior half of the cartilage and by 15.0 mm SL (Fig. 14E), 
meets and fuses with its counterpart across the midline. 
The posterodorsal processes of neural arch 4 have extend-
ed dorsally with the tips reaching lateral to the middle 
nuchal process of dorsal-fin proximal radial 2. A pair of 
anterodorsal processes dorsal to neural arch 3 is extend-
ing towards the back of the cranium on either side of the 
anterodorsal process of the neural complex cartilage. A 
median crest of bone has appeared on the dorsal surface 
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Figure 14. Ontogeny of the Weberian apparatus of Ictalurus punctatus in lateral view. A 10.6 mm SL. B 12.2 mm SL. C 12.7 mm 
SL. D 13.3 mm SL. E 15.0 mm SL. Abbreviations: Bd, Basidorsal; Cl, Claustrum; ClC, Claustrum cartilage; Exoc, Exoccipital; In, 
Intercalarium; NA, Neural arch; NC, Neural complex; NCC, Neural complex cartilage; IAOS, Inner arm of Os suspensorium; LP, 
Lateral Process; OAOS, Outer arm of Os suspensorium; Sc, Scaphium; Tr, Tripus; TS, Tectum synoticum; V, Vertebra.
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of the neural complex ossification (17.8 mm SL) and by 
21.2 mm SL has expanded to reach across the length of 
the bone, branching posteriorly to meet the posterodorsal 
processes on either side of dorsal-fin proximal radial 2. 
These posterodorsal processes form a close connection 
with the middle nuchal plate via dense connective tissue. 
The lateral gap between neural arches 3 and 4 has com-
pletely been filled in with bone and the whole structure 
forms a tunnel around the spinal cord. By 44.9 mm SL, a 
stage resembling the adult condition (Fig. 17), the tips of 
the anterodorsal processes dorsal to neural arch 3 contact 
and firmly attach to the posterior surface of the supraoc-
cipital. The whole neural complex has become heavily 
sculptured. A separate supraneural 3 cartilage was report-
ed by Grande and Shardo (2002) to appear anterior to and 
fuse to neural arch 3, becoming part of the neural com-
plex; however, the neural complex cartilage of Ictalurus 
punctatus does not originate as an independent element in 
the material examined here.

Intercalarium. The intercalarium first appears as peri-
chondral ossification around the basidorsal of vertebra 2 
in individuals as small as 11.2 mm SL. At 12.2 mm SL 

(Figs 14B, 15A, 16A), an anterolateral process, the manu-
brium, has formed from the perichondral ossification and 
by 12.7 mm SL (Figs 14C, 15B, 16B) it extends laterally 
to the scaphium. The perichondral ossifications of the in-
tercalarium and the basidorsal become reduced and were 
no longer observed by 13.3 mm SL (Figs 14D, 15C, 16C), 
leaving only the manubrium of the intercalarium, the tip 
of which lies in the interossicular ligament. By 15.0 mm 
SL (Figs 14E, 15D, 16D), the manubrium starts to reduce 
in size and begins to break down, except for the tip which 
remains in the interossicular ligament between the tripus 
and the scaphium. By 17.7 mm SL, the tip of the manu-
brium is all that remains and in the adult condition (426 
mm SL; Fig. 17), this nodule of bone has grown in size to 
fill the gap between the anterior tip of the tripus and the 
concha of the scaphium, remaining separated from these 
two elements by short interossicular ligaments.

Os suspensorium. The os suspensorium first appears as 
a perichondral ossification around the tip of basiventral 4 
(11.2 mm SL) in which the outer arm is already present as 
a thin anteriorly directed process. By 12.2 mm SL (Figs 
14B, 15A, 16A), the outer arm has extended lateral to 

Figure 15. Ontogeny of the Weberian apparatus of Ictalurus punctatus in dorsal view. A 12.2 mm SL. B 12.7 mm SL. C 13.3 mm 
SL. D 15.0 mm SL. Abbreviations: Cl, Claustrum; In, Intercalarium; LP, Lateral Process; OAOS, Outer arm of Os suspensorium; 
P, Parapophysis; Ri, Rib; Sc, Scaphium; Tr, Tripus; V, Vertebra.
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the anterior margin of vertebra 3 and an additional small 
process, the inner arm, is present on the tip of basiventral 
4 ventromedial to the outer arm. The outer arm of the os 
suspensorium extends anterolaterally towards the pecto-
ral girdle while the inner arm has expanded anteromedial-
ly towards the vertebral column where it curves anteriorly 
and lies parallel to the dorsal surface of the swimbladder 
and medial to the transformator process of the tripus. The 
perichondral ossification of the os suspensorium expands 
medially covering much of the basiventral cartilage and 
in some individuals of this size, meets and begins to fuse 
with the lateral process of vertebra 4 posteriorly. This fu-
sion is complete by 13.3 mm SL (Figs 14D, 15C, 16C), 
with laminar expansions of bone forming anteriorly and 
posteriorly from the perichondral ossification of the os 
suspensorium. At 15.0 mm SL (Figs 14E, 15D, 16D), the 
outer arm has become more robust and its surface is now 
sculptured. The distal tip of the outer arm (equivalent to 
the Müllerian process of Tavolga, 1962) forms a close 
association with the medial surface of the cleithrum and 
cleithral cartilage (Fig. 18). A posterolateral process has 
formed along the posterior margin of the outer arm at this 
size and by 17.8 mm SL, bone has formed between this 

process and the posterior margin of the centrum creating 
a large sheet of bone. The outer arm has formed a firm 
connection with the medial arm of the supracleithrum as 
well as a ligamentous connection which extends dorsally 
to the cleithrum and cleithral cartilage and joins the ven-
trolateral process of the supracleithrum (Fig. 18). By 44.9 
mm SL, a stage resembling the adult condition (Fig. 17), 
the laminar sheets of bone forming from the outer arm of 
the os suspensorium have grown in size and now appear 
as large wing-shaped expansions, covering much of ver-
tebral column just posterior to the cranium. The inner arm 
has expanded in width but remains otherwise unchanged.

Tripus. The tripus originates as a perichondral ossifica-
tion around the tip of basiventral 3 with a small membra-
nous process directed posteriorly, the transformator pro-
cess (11.2 mm SL). As the transformator process grows 
it curves ventromedially (12.7 mm SL; Figs 14C, 15B, 
16B) and by 13.3 mm SL (Figs 14D, 15C, 16C) the tip 
of the process reaches towards the inner arm of the os 
suspensorium and sits dorsal to the swimbladder. At this 
size, an anteriorly directed process extending from the 
lateral process of centrum 3 begins to fuse to the base of 

Figure 16. Ontogeny of the Weberian apparatus of Ictalurus punctatus in ventral view. A 12.2 mm SL. B 12.7 mm SL. C 13.3 mm 
SL. D 15.0 mm SL. Abbreviations: In, Intercalarium; IAOS, Inner arm of Os suspensorium; LP, Lateral Process; OAOS, Outer arm 
of Os suspensorium; P, Parapophysis; Ri, Rib; Sc, Scaphium; Tr, Tripus; V, Vertebra.
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the tripus at the tip of the basiventral process and forms 
the anteriormost extent of the tripus. By 14.1 mm SL, a 
thin lamina of bone has formed lateral from this point of 
fusion filling the gap between the anteriormost tip of the 
tripus and the lateralmost extent of the transformator pro-
cess, giving the anterior half a distinct triangular shape. 
The transformator process is now semicircular in shape 
extending posteriorly to the inner arm of the os suspenso-

rium and rests on the dorsal surface of the swimbladder. 
By 15.0 mm SL (Figs 14E, 15D, 16D), the anteriormost 
tip of the tripus reaches lateral to and is connected via an 
interossicular ligament to the anterior tip of the manu-
brium of the intercalarium. The tripus continues to grow 
but changes little in shape or size and in the adults the 
interossicular ligament connecting it to the intercalarium 
has decreased in relative size with the two bones almost 
touching (426 mm SL; Fig. 17).

Scaphium. The scaphium appears in individuals as small 
as 11.9 mm SL as a perichondral ossification around the 
dorsal half of basidorsal 1 and a small membrane bone 
process can be seen extending anteriorly from the middle 
of the basidorsal cartilage by 12.2 mm SL (Figs 14B, 15A, 
16A). The perichondral ossification covers the entirety of 
the dorsal half of basidorsal 1 by 12.7 mm SL (Figs 14C, 
15B, 16B) and possesses a thin process of membrane 
bone from its dorsal tip, forming the ascending process 
of the scaphium. At this size, the anterior process is more 
robust, extends almost to the back of the cranium and a 
thin lamina of bone has started to form at the anterior tip 
of the process. By 13.3 mm SL (Figs 14D, 15C, 16C), this 
lamina has expanded into a large disc, the concha scaphi-
um, but still remains separate from the ascending process. 
The concha posteriorly meets and joins with the ascend-
ing process (14.1 mm SL) and by 15.0 mm SL (Figs 14E, 
15D, 16D) the concha abuts the back of the cranium al-
most contacting the posterior membranous extension of 
the exoccipital, resembling the adult condition (426 mm 
SL; Fig. 17).

Claustrum. The claustrum is a chondral bone locat-
ed between the ascending process of the scaphium and 
the back of the cranium. It first appears as a perichon-
dral ossification on the anteroventral edge of the claus-
tral cartilage, a homologue of the supradorsal cartilage 
of vertebra 1 (Britz and Hoffman 2006), from which a 
membrane bone process extends towards the concha of 
the scaphium (13.1 mm SL). By 15.0 mm SL (Figs 14E, 
15D), the claustrum expands dorsally to cover the ventral 
half of the supradorsal cartilage and by 44.9 mm SL, the 
ossification has expanded to fill most of the gap between 
the ascending process of the scaphium and the back of 
the cranium, although at this stage the dorsal third of the 
supradorsal cartilage remains unossified.

Comparison with Noturus gyrinus. The most common 
sequence of ossification for this region in Noturus gyri-
nus is as follows: centrum 1, 2, 3 and 4 (6.6. mm SL) – 
neural arch 4 (6.7 mm SL) – neural arch 3, outer arm of 
the os suspensorium, intercalarium, and tripus (7.3 mm 
SL) – scaphium (7.7 mm SL) – inner arm of the os sus-
pensorium (8.7 mm SL) – claustrum (10.0 mm SL).

No differences in the sequence of ossification were 
identified between Noturus gyrinus and Ictalurus punc-
tatus in the Weberian apparatus. The Weberian apparatus 
of N. gyrinus and I. punctatus are similar, and no major 
differences in adult morphology are observed in this re-
gion.

Figure 17. Ictalurus punctatus, Weberian apparatus of speci-
men TCWC 20491.06, 426 mm SL, in dorsal A, lateral B and 
ventral view C. Abbreviations: Cl, Claustrum; Exoc, Exoccipi-
tal; In, Intercalarium; NC, Neural complex; IAOS, Inner arm of 
Os suspensorium; OAOS, Outer arm of Os suspensorium; Sc, 
Scaphium; Tr, Tripus; V, Vertebra.
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Post-Weberian axial skeleton

The most common sequence of ossification: centrum 5 
(9.9 mm SL) – neural arch 5 (11 mm SL) – parapoph-
yses (11.4 mm SL) – post-Weberian centra (11.7 mm 
SL) – post-Weberian hemal arches and post-Weberian 
neural arches (12 mm SL) – post-Weberian hemal spines, 
post-Weberian neural spines and post-Weberian ribs (12.7 
mm SL) (Figs 19, 20).

Centra. The centra originate as perichordal ossifications 
around the notochord. Centra 5–8 are the first to ossify in 
the entire vertebral column in individuals as small as 9.9 
mm SL. Development of the vertebral column continues 

anteriorly with centra 1–4 of the Weberian apparatus (see 
above) and posteriorly with centra 5–16 mineralized by 
10.1 mm SL (Fig. 19A). These anterior abdominal centra 
originate as paired lateral perichordal ossifications which 
expand and join each other across the ventral midline and 
subsequently the dorsal midline. Centra 17–32 are pres-
ent by 10.9 mm SL (Figs 19B, 20B) and appear to origi-
nate as four perichordal ossifications associated with the 
bases of the basidorsals and basiventrals. The dorsal and 
ventral ossifications on each side of the notochord expand 
toward each other until they meet forming paired peri-
chordal ossifications on either side of the notochord. The 
paired ossifications then follow the pattern of the more 
anterior centra, joining first across the ventral and then 

Figure 18. Cleithral cartilage of Ictalurus punctatus (a and c, TCWC 20491.04; b, TCWC 20491.03). A Medial view of upper pec-
toral girdle with dotted line representing approximate location of transverse section in b; 44.9 mm SL. B Transverse section through 
the upper shoulder girdle; 29.0 mm SL. C Dorsal view of cleithral cartilage in situ; 16.1 mm SL. Abbreviations: Cl, Cleithrum; ClC, 
Cleithral cartilage; OAOS, Outer arm of Os suspensorium; Scl, Supracleithrum.
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the dorsal midline. All of the centra, excluding preural 
centra 2 and 3, can be found in individuals of 11.7 mm 
SL or larger (Figs 19C, 20C) and by 13.2 mm SL (Figs 
19D, 20D) they are completely mineralized around the 

notochord. The dorsal postzygapophyses are starting to 
form on centra 5–26 as tiny bumps on the posterolateral 
edge of the centra. At 14.0 mm SL, all of the centra pos-
sess developing dorsal pre- and postzygapophyses. The 
dorsal prezygapophyses originate as pointed projections 
from a thin lamina of bone extending from the anteroven-
tral edge of the neural arches. By 15.0 mm SL, two ven-
trally directed laminae of bone have formed on centrum 
5 and are closely associated with the posterior tips of the 
ventral ridges of the compound centrum. At this stage the 
ventral pre- and postzygapophyses have appeared and at 
15.5 mm SL (Figs 19E, 20E) a thin ridge of membrane 
bone has formed along the length of the centra connecting 
the postzygapophyses to the posterior end of the neural 
arches. The pre- and postzygapophyses from adjacent 
centra are almost in contact with one another at this point. 
The centra begin to take on the characteristic hourglass 
shape found in adults at 17.8 mm SL and by 20.1 mm SL, 
the centra resemble the adult condition. In adults (Fig. 
20), the postzygapophyses of centra 5–10 have extended 
dorsally and now contact the posteriorly directed distal 
tip of the neural arches. The ventrolateral lamina of bone 
on centrum 5 is now sutured with the ventral ridges of 
the compound centrum. The total vertebral count most 
commonly observed was 51 and was comprised of 20 ab-
dominal centra (including the four Weberian centra) and 
31 caudal centra. Caudal centra counts begin with the first 
centrum to possess a median hemal spine and include the 
two ural centra.

Neural arches. The neural begin as paired basidorsal 
cartilages along the dorsal surface of the notochord. All 
of the basidorsal cartilages are present by the time the 
first few centra are ossified. The neural arches originate 
as perichondral ossifications around the base of the paired 
basidorsal cartilages. The first neural arches originate 
anteriorly with basidorsals 7–14 ossifying in an individ-
ual of 10.1 mm SL. Development of the neural arches 
proceed bidirectionally and by 10.9 mm SL (Figs 19B, 
20B), neural arches 5–32 have formed. All of the neural 
arches are perichondrally ossified in individuals of 12.0 
mm SL and by 12.2 mm SL (Figs 19C, 20C) most of the 
basidorsal cartilages are covered in perichondral bone. 
At this size, the paired basidorsal cartilages 16–49 have 
met and fused to their antimere across the dorsal midline. 
The neural arches are completely perichondrally ossified 
and have begun to endochondrally ossify by 13.2 mm SL 
(Figs 19D, 20D). At this point in development, left and 
right halves of neural arches 12–15 have fused across the 
dorsal midline while those of neural arches 5–11 extend 
towards each other distally but remain separate. By 15.5 
mm SL (Figs 19E, 20E), all the neural arches are com-
pletely endochondrally ossified and neural arches 5–11 
are joined across the midline, but instead of tapering and 
forming a neural spine, they are joined distally by a sheet 
of membrane bone which is associated with the postero-
ventral edge of proximal-middle radials 3–8. At this stage, 
the neural arches are connected via membrane bone ridg-
es to the dorsal pre- and postzygapophyses. The distal tips 
of neural arches 5–10 continue to grow posterodorsally, 

Figure 19. Ontogeny of the abdominal region of the axial skel-
eton in Ictalurus punctatus. A 10.1 mm SL. B 10.9 mm SL. 
C 12.2 mm SL. D 13.2 mm SL. E 15.5 mm SL. Abbreviations: 
Bd, Basidorsal; Bv, Basiventral; Ha, Hemal arch; Na, Neural 
arch; Ns; Neural spine; P, Parapophysis; Ri, Rib; V, Vertebra.
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and at 20.1 mm SL these posterodorsal extensions border 
the ventral tips of the dorsal-fin proximal-middle radials 
on either side. In adults (Fig. 20), the distal tips of neu-
ral arches 5–11 have widened extensively along the ros-
tral-caudal axis and posteroventrally they join the distal 

tips of the dorsal postzygapophyses resulting in a small 
circular opening on the side of the vertebrae.

Parapophyses. The parapophyses are chondral bones that 
originate from basiventral cartilages on the lateroventral 
surface of the abdominal centra (Fig. 19A), excluding the 
transitional abdominal vertebrae which possess a com-
plete hemal canal but lack a median hemal spine. De-
velopment of the parapophyses occurs in a posterior to 
anterior direction with the posteriormost basiventral car-
tilage, typically basiventral 16, perichondrally ossifying 
in some individuals as small as 10.9 mm SL. By 12.2 mm 
SL (Fig. 19C), all of the parapophyses are perichondral-
ly ossifying except for that of centrum 5 which ossifies 
shortly after at 12.5 mm SL. At this point, small splints of 
membrane bone have formed at the distal tip of all of the 
parapophyses which serve as points of articulation for the 
developing ribs. The basiventral cartilages are completely 
covered by perichondral bone by 13.2 mm SL (Fig. 19D) 
and the parapophyses are endochondrally ossified by 14.0 
mm SL. A thin dorsal lamina of membrane bone has also 
formed along the length of the parapophyses at this size. 
By 15.0 mm SL, the parapophyses have increased signifi-
cantly in size becoming more triangular in shape and the 
small splint-like rib 5 has started to fuse with parapoph-
ysis 5 (Figs 15D, 16D). The fusion between the rib and 
parapophysis of vertebra 5 is complete at 15.5 mm SL 
(Fig. 19E) and the remaining parapophyses have become 
longer and slightly recurved. The fused parapophysis and 
rib of vertebra 5 extend laterally until the distal tip reach-
es the side of the body and the remaining parapophyses 
continue to expand laterally and become sickle-shaped 
(17.8 mm SL). In the adult (Fig. 21), the fused parapoph-
ysis and rib of vertebra 5 are now much wider and the 
two components have become impossible to distinguish 
from each other.

Hemal arches. The hemal arches are chondral bones that 
mineralize in the paired basiventral cartilages of the tran-
sitional abdominal and caudal vertebrae. Similar to the 
basidorsal cartilages, the basiventrals are all present by 
the time the earliest centra begin to ossify. They are uni-
form in size except for the four most posterior basiven-
trals which are thicker and more elongate than the pre-
ceding cartilages. The first hemal arches begin ossifying 
on centra 21–24, typically the first four caudal vertebrae, 
in individuals as small as 10.1 mm SL. Development pro-
ceeds anteriorly to the basiventrals of the transitional ab-
dominal vertebrae which do not develop hemal spines but 
will meet each other across the ventral midline forming a 
hemal canal, and posteriorly until all of the hemal arches 
are perichondrally ossified (12.0 mm SL, Fig. 20C). At 
this stage, all of the basiventrals, except those of the tran-
sitional abdominal vertebrae have joined their counterpart 
distally across the midline forming the hemal canal. The 
basiventrals are completely covered in perichondral bone 
by 13.2 mm SL and hemal arches 18–20 form complete 
arches with the hemal arches 18 and 19 being joined to 
their counterparts by a bridge of membrane bone extend-
ing between the distal tips (Figs 19D, 20D). At 14.0 mm 

Figure 20. Ontogeny of the caudal region of the axial skeleton 
in Ictalurus punctatus. A 10.1 mm SL. B 10.9 mm SL. C 12.2 
mm SL. D 13.2 mm SL. E 15.5 mm SL. Abbreviations: Bd, 
Basidorsal; Bv, Basiventral; Ha, Hemal arch; Hs, Hemal spine; 
Na, Neural arch; Ns; Neural spine; P, Parapophysis; Ri, Rib; V, 
Vertebra.
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SL, the hemal arches begin to endochondrally ossify and 
by 15.0 mm SL, hemal arch 17 forms a complete arch 
with the two chondral bones connected by a thin strip of 
membrane bone (Figs 19E, 20E). In larger individuals 
(20.1 mm SL) the hemal arches are joined to the ventral 
pre- and postzygapophyses via membrane bone ridges. In 
adult individuals (Fig. 21) the hemal arches have changed 
little other than increasing in size and length.

Hemal spines. The hemal spines originate as membrane 
bone except those of preural vertebrae 2–9 which are 
preformed in cartilage. Hemal spines were first observed 
ossifying anteriorly on caudal vertebrae 25–32 as small 
splints of membrane bone extending from the dorsal mar-

gin of the hemal arch in an individual of 11.2 mm SL. 
The formation of hemal spines proceeds anteriorly to-
wards the first caudal vertebra, typically vertebra 21, and 
posteriorly towards the caudal skeleton with hemal spines 
21–35 ossifying by 12.2 mm SL (Fig. 20C). The ossifica-
tion of all hemal spines is underway by 12.7 mm SL, with 
hemal spines 40–47 perichondrally ossifying around the 
base of their cartilage precursors. Ontogenetically, these 
ossifications expand dorsally along the cartilages and the 
membranous hemal spines grow longer but remain thin 
and needle-like (13.1 mm SL; Fig. 20D). By 14.0 mm 
SL, the hemal spines 41–42 are completely ossified and 
43–47 are almost completely covered by perichondral 
bone except for the distalmost tip which remains carti-

Figure 21. Ictalurus punctatus, specimen TCWC 20491.07, 436 mm SL (A) and TCWC 20491.08, 441 mm SL (B). A Abdominal 
region of the axial skeleton. B Caudal region of the axial skeleton. Abbreviations: Ha, Hemal arch; Hs, Hemal spine; Na, Neural 
arch; Ns; Neural spine; P, Parapophysis; Ri, Rib; V, Vertebra.
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laginous. The hemal spines continue to elongate and by 
15.5 mm SL (Fig. 20E) they extend ventrally between the 
proximal-middle radials of the anal-fin. At 44.9 mm SL, 
the hemal spines have changed relatively little other than 
getting more elongate, and hemal spines 45–47 retain car-
tilaginous tips and serve as support for the ventral pro-
current fin rays resembling the condition in adults (Fig. 
20B).

Neural spines. The neural spines first appear as mem-
brane bone ossifications on the dorsal margin of the neu-
ral arches at the middle of the vertebral column (vertebrae 
27–31) in individuals as small as 11.6 mm SL. Neural 
spines continue to develop bidirectionally with the last 
to ossify being those associated with preural vertebrae 
2–9, whose neural spines are preformed in cartilage (Fig. 
20C). By 12.7 mm SL, the neural spines of these verte-
brae are perichondrally ossifying around the base of the 
neural spine cartilages (Fig. 20D) and continue to prog-
ress dorsally until they cover all but the distal tips of these 
cartilages (14.0 mm SL). The neural spines continue to 
become more elongate and remain relatively thin except 
for neural spines 44–47 which remain cartilaginous at 
their distal tips and articulate with the dorsal procurrent 
caudal-fin rays (Fig. 19E, s20E). In adults (436 mm SL; 
Fig. 21A), neural spines 12–15 have widened extensive-
ly along the rostral-caudal axis and posteroventrally they 
join the distal tips of the dorsal postzygapophyses result-
ing in a small circular opening on the side of the verte-
brae. No distinct neural spines ever develop on vertebrae 
5–11. Grande and Shardo (2002) reported that cartilagi-
nous median elements associated with preural centra 6–3 
appeared independently of and subsequently fused to the 
neural spines of their respective centra. Based on the ma-
terial examined herein, the median cartilaginous elements 
of Grande and Shardo (2002) originate from the dorsal 
surface of the basidorsal cartilages once a complete arch 
has been formed similarly to the neural spine cartilages 
of other otophysans (e.g., Salminus brasiliensis; Mattox 
et al. 2014).

Ribs. The first ribs to ossify are ribs 6–8 in individuals 
as small as 12.2 mm SL (Fig. 19C) and their presence is 
fixed in development at 12.7 mm SL. They originate as 
perichondral ossifications lateroventral to the developing 
parapophyses. Ossification continues distally along the 
rib cartilages which curve posteroventrally dorsal to the 
peritoneal cavity and by 12.9 mm SL ribs associated with 
vertebrae 9 and 10 are ossifying. A small splint like rib 
located lateral to the tip of the parapophysis of vertebra 5 
ossifies by 13.1 mm SL (Figs 15C, 16C) around the same 
time as ribs 11 and 12. By 15.0 mm SL, ribs are associ-
ated with vertebra 5–15 and are fully ossified except for 
their distal most tips which remain cartilaginous. At this 
size, rib 5, which remains much shorter than the remain-
ing ribs, begins to fuse to the parapophysis of vertebra 
5 (Figs 15D, 16D) and is completely fused into a com-
pound structure by 15.5 mm SL (Fig. 19E). The rib asso-
ciated with vertebra 16 can be seen in some individuals of 
this size and larger; however, presence of this rib is vari-

able in Ictalurus punctatus. Ribs 6–15 continue to extend 
posteroventrally until they overlie the upper half of the 
peritoneal cavity (20.1 mm SL). The compound element 
composed of rib and parapophysis 5 remains straight and 
extends laterally towards the body wall. The ribs change 
little in the adult (Fig. 21) other than increasing in length 
and width.

Comparison with Noturus gyrinus. The most com-
mon sequence of ossification for this region in Noturus 
gyrinus is as follows: centrum 5 and neural arch 5 (6.6 
mm SL) – post-Weberian neural arches (7.2 mm SL) – 
post-Weberian hemal arches and parapophyses (7.3 mm 
SL) – post-weberian centra (7.6 mm SL) – post-Webe-
rian ribs (8 mm SL) – post-Weberian hemal spines and 
post-Weberian neural spines (8.6 mm SL).

The sequence of ossification in the post-Weberian axi-
al skeleton differs between Noturus gyrinus and Ictalurus 
punctatus in that the parapophyses and the post-Weberian 
centra complete development in N. gyrinus after the neu-
ral and hemal arches while in I. punctatus they complete 
development before the neural and hemal arches. The 
post-Weberian axial skeleton of N. gyrinus and I. punc-
tatus are very similar, and only differ in the number of 
abdominal and caudal vertebrae and associated elements 
(typically 13 abdominal vertebrae and 28 caudal verte-
brae in N. gyrinus vs. 20 abdominal vertebrae and 31 cau-
dal vertebrae in I. punctatus).

Dorsal fin

The most common sequence of ossification: dorsal-fin 
spine 2 and dorsal-fin rays (11.4 mm SL) – dorsal-fin 
spine 1 (12.2 mm SL) – dorsal-fin proximal-middle ra-
dial 3 (12.8 mm SL) – dorsal-fin proximal-middle radial 
2 and dorsal-fin proximal-middle radials (13.2 mm SL) – 
dorsal-fin proximal-middle radial 1 (15.0 mm SL) – dor-
sal-fin distal radials (15.2 mm SL). (Fig. 22)

Dorsal-fin rays and spines. The dorsal fin, along with 
the anal fin, begins development after the pectoral fin. The 
dermal dorsal-fin rays first appear in the larval-fin fold by 
11.4 mm SL. The second dorsal-fin ray, which will be-
come dorsal-fin spine 2, is the first to appear in some in-
dividuals as small as 10.9 mm SL followed shortly by the 
third dorsal-fin ray (11.1 mm SL at first appearance). De-
velopment continues to proceed in a posterior direction 
until there is one fin ray in serial association with proxi-
mal-middle radials 2–8. At approximately the same time 
(12.2 mm SL; Fig. 22A), the first dorsal-fin ray, which 
will become the first dorsal-fin spine, appears dorsal to 
proximal-middle radial 2 and the second dorsal-fin ray 
begins to become more heavily ossified near its proximal 
base. By 12.7 mm SL, a full complement of dorsal-fin 
rays (ii.7) is present with the formation of dorsal-fin ray 
9. Dorsal-fin rays 2–6 are segmented and have increased 
in length giving the dorsal-fin a rounded shape. The sec-
ond-dorsal fin ray has grown to twice the width of the rest 
of the dorsal-fin rays and a distal ramus (sensu Kubicek 
et al. 2019) has started to form on the anterodistal tip of 
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the proximal most segment. The anterior edge of the first 
segment of dorsal-fin spine 2 has fused across the midline 
along its distal half forming the spine proper (13.2 mm 
SL; Fig. 22B). Additionally, two medial projections have 
formed on the anteroproximal base of each hemitrichium 
in dorsal-fin spine 2 above a small concavity in the dorsal 
surface of dorsal-fin proximal radial 3. The hemitrichia of 
the first dorsal-fin ray have fused across the midline at the 
distal tip forming dorsal-fin spine1. By this point, it has 
grown to approximately half the size of the first segment 
of dorsal-fin spine 2 with the distal-tip of dorsal-fin spine 
1 reaching the ventral margin of the fused anterior edge in 
the former. At 14.0 mm SL (Fig. 22C), left and right halves 
of dorsal-fin spine 1 has completely fused across its an-
terior midline and although it has grown wider it has not 
increased in height. Dorsal-fin spine 1 possesses ventral 
projections which extends toward the middle nuchal plate 
(i.e., lateral extensions of membrane bone that form on 
proximal-middle radial 2 and form part of the spine lock-
ing mechanism). At the same stage, the second segment 
of dorsal-fin spine has begun to fuse to the proximalmost 
segment and the formation of two additional distal seg-
ments is underway. The left and right medial projections 
of the base of dorsal-fin spine 2 have met and fused across 
the midline of the body forming an opening in the spine 
between it and the ventralmost point of fusion across the 
anterior midline. Additionally, anteroventral projections 
of the base of dorsal-fin spine 2 extend towards and al-

most contact the posterior nuchal plate (i.e., lateral exten-
sions of membrane bone that form on proximal-middle 
radial 3 and form part of the spine locking mechanism). 
Dorsal-fin rays 3–9 have continued to increase in length 
and are all segmented and by 15.5 mm SL (Fig. 22D) fin 
rays 3–6 have started to branch. At this stage, the distal tip 
of the first dorsal-fin spine is firmly connected to the an-
terior surface of the second dorsal-fin spine and both are 
closely associated and articulating with the middle and 
posterior nuchal plates respectively, allowing dorsal-fin 
spine 2 to be locked into an erect position. The opening in 
the base of dorsal-fin spine 2 has become smaller and now 
serves as a foramen through which a ring-like process of 
bone arising from dorsal proximal-middle radial 3 passes, 
restricting the movement of the spine to an anterior and 
posterior direction and creating the “chain-link” articula-
tion (sensu Bridge 1896) characteristic of the second dor-
sal-fin spine in catfishes. A third segment is now fused to 
the spine proper and denticuli have started to form on the 
anterior edge of the proximal most segment. At 20.1 mm 
SL, all but the last fin-ray are branched and the dorsal-fin 
resembles the adult condition.

Dorsal-fin proximal-middle radials 1, 2 and 3. Dor-
sal-fin proximal-middle radials 2 and 3 start off as car-
tilaginous rods that appear dorsal to centra 5–7 (Fig. 
19B). By 12.2 mm SL (Fig. 22A), proximal-middle ra-
dials 2 and 3 are approximately twice the length of the 

Figure 22. Ontogeny of the dorsal fin skeleton in Ictalurus punctatus. A 12.2 mm SL. B 13.2 mm SL. C 14.0 mm SL. D 15.5 mm 
SL. Abbreviations: DR, Distal radial; DRC, Distal radial cartilage; PR, Proximal-middle radial; PRC, Proximal-middle radial carti-
lage; R, Dorsal-fin ray; S, Dorsal-fin spine.
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more posterior proximal-middle radial cartilages, with 
the proximal tip of the latter sitting just dorsal to neu-
ral arch 5. Dorsal-fin proximal-middle radial 1 is present 
at this stage as a round cartilage located anterodorsally 
to the ventral tip of the proximal-middle radial 2. Proxi-
mal-middle radial 3 is the first to ossify (12.8 mm SL) as 
a perichondral ossification around the middle portion of 
the cartilage followed shortly by proximal-middle radial 
2 at 13.2 mm SL (Fig. 22B). At this stage, proximal-mid-
dle radial 2 extends ventrally between the posterodorsal 
processes of neural arch 4 and the proximal tip of proxi-
mal-middle radial 3 has extended anterior to neural arch 
5 and now reaches just posterior to these posterodorsal 
processes. The perichondral proximal-middle radial 3 ex-
tends over a large portion of the cartilage and small ridg-
es of membrane bone, representing the early stages of the 
posterior nuchal plate of the spine locking mechanism, 
can be seen forming on the lateral edges of the bone. Ad-
ditionally, a small extension of membrane bone projects 
dorsally from the anterior midline of the distal third of 
proximal-middle radial 3. Just posterior to this membra-
nous extension, the cartilaginous distal tip has become 
slightly concave on its anterodorsal surface below the 
articulation with dorsal-fin spine 2 and a small anterior 
extension of cartilage can be seen extending from the 
tip of proximal-middle radial 3 anteriorly between the 
hemitrichia of dorsal-fin spine 2. By 13.5 mm SL (Fig. 

23A), proximal-middle radial 2 extends over much of the 
cartilage and membranous ridges, the earliest stages of 
the middle nuchal plate of the spine locking mechanism, 
have formed on the lateral edges of the bone. At the same 
size, the posterior nuchal plate has expanded to form lat-
erally directed rod-like extensions. In specimens of ap-
proximately 14.0 mm SL (Fig. 22C, Fig. 23B), the mid-
dle nuchal plate has extended laterally into larger flanges 
of membrane bone with two wing-like processes dorsally 
extending anteroventrally to the base of dorsal-fin spine 
1. Additionally, a flange of membrane bone has started to 
form along the anterior and posterior midline of the bone. 
The rod-like extensions of the posterior nuchal plate ex-
tend ventrally to and almost contact the base of dorsal-fin 
spine 2. The membranous process on the anterior midline 
of proximal-middle radial 3 has expanded anteriorly to 
almost meet the posterior edge of the preceding radial 
and is now recurved with the tip directed towards the 
foramen in the base of dorsal-fin spine 2. At 15.0 mm 
SL, proximal-middle radial 1 is perichondrally ossified 
around the ventral half of the cartilage and proximal-mid-
dle radial 2 is completely ossified with the only remaining 
cartilage located at the proximal tip. The flange of bone 
on the anterior midline extends towards proximal-middle 
radial 1 cartilage. The membranous process on the ante-
rior midline of proximal-middle radial 3 now abuts and 
forms a strong connection to the posterior edge of prox-

Figure 23. Ontogeny of the nuchal plates in Ictalurus punctatus. A 13.5 mm SL B 14.3 mm SL C 15.3 mm SL D 436 mm SL. Ab-
breviations: ANP, Anterior nuchal plate; MNP, Middle nuchal plate; PNP, Posterior nuchal plate; S1, 1st dorsal-fin spine.
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imal-middle radial 2 anteriorly. The recurved tip of this 
process contacts the perichondrally ossifying anterior ex-
tension of cartilage, which extends through the foramen 
in the base of dorsal-fin spine 2 forming a solid ring of 
bone, creating the “chain-link” articulation (sensu Bridge 
1896) characteristic of the second dorsal-fin spine of cat-
fishes. The middle and posterior nuchal plates have both 
expanded laterally forming a shelf on either side of prox-
imal-middle radial 2 and 3 (Fig. 23C) and by 15.5 mm SL 
(Fig. 22D) have formed processes lateral to and enclos-
ing the proximal base of dorsal-fin spine 1 completing the 
spine locking mechanism of the dorsal fin. At this stage, 
the middle nuchal plate has also formed a close connec-
tion with the posterodorsal processes of neural arch 4 and 
a membrane bone extension has formed anteriorly from 
proximal-middle radial 1 towards the supraoccipital crest 
of the neurocranium. By 17.1 mm SL, proximal-middle 
radial 2 forms a tight connection with proximal-middle 
radial 3 posteriorly and has started to form an interdigi-
tated suture with proximal-middle radial 1 anteriorly. At 
this size, proximal-middle radial 1 is ossified endochon-
drally and is surrounded by a lamina of membrane bone, 
giving the radial a rhomboid shape. Anteriorly, the dorsal 
tip of proximal-middle radial 1 almost reaches the tip of 
the supraoccipital and two small pointed projections have 
also started to form on the anteroventral edge of the bone 
extending towards the back of the neurocranium. By 20.1 
mm SL, the middle and posterior nuchal plates meet and 
begin to form an interdigitated suture. The anterodorsal 
tip of proximal-middle radial 1 reaches and is connected 
to the tip of the supraoccipital crest via dense connective 
tissue. In the adult, (436 mm SL; Fig. 23D, Fig. 24A), 
proximal-middle radials 2 and 3 are completely connect-
ed along their border, as well as with proximal-middle 
radials 1 and 4, and form a close connection ventrally 
with the posterodorsal processes of neural arch 4. Prox-
imal-middle radial 1 is more elongate and triangular in 
shape and the dorsal surface of the bone has expanded 
slightly forming a narrow triangular-shaped anterior nu-
chal plate. The middle nuchal plate forms a tight suture 
anteriorly with the narrow anterior nuchal plate and pos-
teriorly with the posterior nuchal plate.

Dorsal-fin proximal-middle radials 4–8. The dorsal-fin 
proximal-middle radials originate as small cartilages in 
individuals as small as 10.9 mm SL (Fig. 19B). By 12.2 
mm SL (Fig. 22A) all of the proximal-middle radial car-
tilages are present and have become elongated and rod-
shaped. The proximal-middle radial cartilages originate 
as perichondral bone around the middle section of the 
proximal-radial cartilages starting with proximal-middle 
radial 4 at 12.8 mm SL. The ossification of the proxi-
mal-middle proceeds posteriorly and by 14.0 mm SL 
(Fig. 22C) radials 4–8 are perichondrally ossified. By 
this stage, the dorsal-fin stay (sensu Weitzman 1962) has 
formed as a ventrally directed cartilage flange on proxi-
mal-middle radial 8. The ossifications continue to spread 
across the proximal-radial cartilages until all but the dis-
tal and proximal tips are covered in bone (15.0 mm SL) 

and shortly after (15.5 mm SL; Fig. 22D), proximal-mid-
dle radials 4–7 start to form flanges of membrane bone 
along their anterior and posterior midline. At this point, 
the ventral tips of the radials 4–8 overlie the fused neural 
arches of centra 6–10. By 17.8 mm SL, the anterior and 
posterior flanges of membrane bone, of which one has 
also formed on the anterior edge of radial 8, have con-
tinued to expand, decreasing the gaps between radials. 
Thin laminae of membrane bone now extend laterally 
from the anterodorsal edge of proximal-middle radials 
forming a shelf directly ventral to the cartilaginous distal 
tip of the preceding radial. The dorsal-fin stay of prox-
imal-middle radial 8 is ossified except for the ventral 
and dorsal tips and a posterior extension of cartilage has 
formed on the posterodorsal tip of the cartilage. In adult 
specimens (436 mm SL; Fig. 24A), the flanges of mem-
brane bone completely close the gap between the radials 
and they are all firmly connected together via dense con-
nective tissue.

Dorsal-fin distal radials. The dorsal-fin distal radials are 
chondral bones whose precursors originate as small nod-
ules of cartilage between the proximal ends of the hemi-
trichia of the dorsal-fin rays (12.2 mm SL; Fig. 22A) and 
are serially associated with proximal-middle radials 3–8. 
The distal radials first appear as small lateral perichondral 
ossifications on the distal radial cartilages. The first distal 
radial to ossify is serially associated with proximal-mid-
dle radial 4 at 15.2 mm SL and by 15.5 mm SL (Fig. 22D) 
distal radial 5 has also started to ossify. Development 
continues posteriorly and by 17.8 mm distal radials 6 and 
7 have also appeared. In adult specimens (436 mm SL; 
Fig. 24A), distal radials 4–8 are fully ossified as paired 
elements with a sliver of cartilage between them. Distal 
radial 3 does not ossify and instead remains cartilaginous 
even in adults.

Comparison with Noturus gyrinus. The most common 
sequence of ossification for this region in Noturus gyrinus 
is as follows: dorsal-fin spine 2 (7.2 mm SL) – dorsal-fin 
rays (7.3 mm SL) – dorsal-fin spine 1 (7.9 mm SL) – dor-
sal-fin proximal-middle radial 3 (8 mm SL) – dorsal-fin 
proximal-middle radial 2 (8.6 mm SL) – dorsal-fin proxi-
mal-middle radials (9 mm SL) – dorsal-fin proximal-mid-
dle radial 1 (10.2 mm SL) – dorsal-fin distal radials.

The dorsal-fin sequence of ossification was better 
resolved for Noturus gyrinus than Ictalurus punctatus. 
Dorsal-fin spine 2 ossifies before the remaining dorsal-fin 
rays in N. gyrinus while in I. punctatus they have the 
same fixed length. However, some individuals of I. punc-
tatus did possess dorsal-fin spine 2 before the remaining 
dorsal-fin rays suggesting the same pattern of appearance. 
Additionally, dorsal-fin proximal-middle radial 2 ossifies 
before the remaining proximal-middle radials in N. gyri-
nus while in I. punctatus they appeared at the same time. 
The dorsal fin of N. gyrinus is very similar to that of I. 
punctatus with the only noted difference being the shape 
of dorsal-fin spine 2 which lacks anterior denticuli and 
posterior serrations in N. gyrinus.
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Anal fin

The most common sequence of ossification: anal-fin 
rays (11.4 mm SL) – anal-fin proximal-middle radials 
(13.4 mm SL) – anal-fin distal radials (21.2 mm SL). 
(Fig. 25)

Anal-fin rays. The anal-fin develops at approximate-
ly the same time as the dorsal fin with the first fin rays 
appearing in individuals as small as 10.9 mm SL. By 
11.7 mm SL (Fig. 25A), 14 anal-fin rays are visible in 
the larval anal-fin fold and are serially associated with 
anal-fin proximal-middle radial cartilages 4–17. Of the 
14 anal-fin rays present, those towards the middle of 

the series are the most developed. At 13.1 mm SL (Fig. 
25B), the anal fin possesses serially associated fin-rays 
on all of the anal-fin proximal-middle radial cartilages 
and a single supernumerary ray is associated with anal-
fin proximal-middle radial 1. The larval anal-fin fold has 
regressed and the anal fin is now convex along its distal 
margin with the fin rays serially associated with anal-fin 
proximal-middle radial cartilages 8–12 being the longest. 
Anal-fin rays 5–24 are segmented distally. Shortly after 
(14.0 mm SL; Fig. 25C), individuals have a full com-
plement of anal-fin rays (v.22–v.24) with all fin rays se-
rially associated with anal-fin pterygiophores except for 
two supernumerary rays articulating with the anterodor-
sal margin of anal-fin proximal-middle radial 1 and the 

Figure 24. Ictalurus punctatus, specimen TCWC 20491.07, 436 mm SL (A) and TCWC 20491.08, 441 mm SL (B). A Dorsal-fin 
skeleton. B Anal-fin skeleton. Abbreviations: Dr, Distal radial; PR, Proximal-middle radial; R, Soft-fin ray; S, Dorsal-fin spine; SR, 
Supernumerary fin ray.
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last fin ray which along with the penultimate ray is also 
associated with the last proximal middle radial and last 
distal radial cartilage. By 20.1 mm SL (Fig. 25D), all of 
the anal-fin rays except the first supernumerary ray are 
segmented but none of the fin rays have started to branch. 
In some individuals, an additional splint-like third super-
numerary ray forms anteriorly to the other two supernu-
merary rays (Fig. 24D); however, this fin ray is variably 
present and some adults possess only two supernumerary 
fin rays (Fig. 23B).

Anal-fin proximal-middle radials. The precursors of 
anal-fin proximal-middle radials first appear as small 
nodules of cartilage along the posteroventral midline of 
the body in some individuals as small as 10.1 mm SL 

(Fig. 20A) and by 11.7 mm SL several of these cartilages 
have elongated and are slightly curved posteriorly at their 
distal margin (Fig. 20A). At 13.1 mm SL (Fig. 25B) the 
full complement of proximal-middle radial cartilages are 
present with those located more anteriorly typically be-
ing more elongate. The anal-fin proximal-middle radials 
start to ossify perichondrally around the middle portion 
of more proximal-middle radial cartilages 3–10 at 13.4 
mm SL and by 14.0 mm SL (Fig. 25C) proximal-mid-
dle radials 3–17 are perichondrally ossified. All of the 
proximal-middle radials are ossified perichondrally by 
14.8 mm SL and the posteriormost proximal middle ra-
dial possesses an anterodorsally projecting process, or 
anal-fin stay (sensu Weitzman 1962), at its posteriormost 
margin making the element axe-shaped. At 20.1 mm SL 
(Fig. 25D), all of the proximal-middle radials are endo-
chondrally ossifying but remain cartilaginous at their 
proximal and distal tips. Also at this stage, flanges of 
membrane bone are forming on the anterior and poste-
rior midlines of the first nine proximal-middle radials. In 
adult individuals (441 mm SL; Fig. 24B), the proximal 
middle radials have become more elongate, slender and 
no longer possess cartilage at their proximal tips. Ante-
rior and posterior flanges of membrane bone can be seen 
on all of proximal-middle radials but are restricted to the 
distal half of the radials and are not as prominent as those 
of juvenile stages.

Anal-fin distal radials. The anal-fin distal radials first ap-
pear as small round cartilages between the proximal bases 
of the anal-fin ray hemitrichia in individuals as small as 
12.2 mm SL (Fig. 20A). By 18 mm SL, there is a dis-
tal radial cartilage associated with each proximal-middle 
radial except for proximal-middle radial 1. At the same 
size, the distal radials start to form as two small lateral 
perichondral ossifications on the anterolateral margin of 
the distal radial cartilages and by 20.1 mm SL (Fig. 25D) 
distal radials 5–20 are present. Development of the distal 
radials continues bilaterally and by 44.9 mm SL all but 
the anteriormost two and posteriormost three distal radi-
als are ossifying. In adults (441 mm SL; Fig. 24B) the 
distal radials are all ossified with each being composed of 
two lateral ossifications that are separated medially by a 
thin strip of cartilage.

Comparison with Noturus gyrinus. The most common 
sequence of ossification for this region in Noturus gyri-
nus is as follows: anal-fin rays (7.3 mm SL) – anal-fin 
proximal-middle radials (8.9 mm SL) – anal-fin distal 
radials.

No differences in the sequence of ossification were 
identified between Noturus gyrinus and Ictalurus punc-
tatus in the anal fin. Only two differences were observed 
between N. gyrinus and I. punctatus. The first is that the 
anal-fin formula of N. gyrinus is iv.11–iv.13 compared 
to I. punctatus in which it is v.22–v.24. Additionally, N. 
gyrinus possesses a distal radial cartilage in serial associ-
ation with the anteriormost proximal-middle radial unlike 
that of I. punctatus.

Figure 25. Ontogeny of the anal fin skeleton in Ictalurus punc-
tatus. A 11.7 mm SL. B 13.2 mm SL. C 14.0 mm SL. D 20.1 
mm SL. Abbreviations: DR, Distal radial; DRC, Distal radial 
cartilage; PR, Proximal-middle radial; PRC, Proximal-middle 
radial cartilage; R, Anal-fin ray; SR, Supernumerary fin ray.
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Caudal fin and supporting skeleton

The most common sequence of ossification: principal 
caudal-fin rays (8.7 mm NL) – ventral procurrent cau-
dal-fin rays (10.9 mm SL) – anterior ural centrum and 

preural centrum 2 and 3 (11.7 mm SL) – posterior ural 
centrum and uroneural 1 (11.9 mm SL) – hemal arch of 
PU2 and PU3, hypurals 1, 2, 3, and 4, neural arch of PU2 
and PU3 and parhypural (12 mm SL) – hemal spine of 
PU2 and PU3 (12.2 mm SL) – hypural 5 and dorsal pro-

Figure 26. Ontogeny of the caudal-fin skeleton in Ictalurus punctatus. A 8.9 mm NL. B 9.7 mm NL. C 11.6 mm SL. D 11.9 mm 
SL. E 12.3 mm SL. F 15.0 mm SL. Abbreviations: AC, Anterior ural centrum; Bd, Basidorsal; Bv, Basiventral; Ep, Epural; EpC, 
Epural cartilage; H, Hypural; Ha, Hemal arch; HC, Hypural cartilage; Hs, Hemal spine; HsC; Hemal spine cartilage; Na, Neural 
arch; Ns, Neural spine; NsC, Neural spine cartilage; PC, Posterior ural centrum; Ph, Parhypural; PhC, Parhypural cartilage; PU, 
Preural centrum; R, Caudal-fin ray; Un, Uroneural.
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current caudal-fin rays (12.5 mm SL) – neural spine PU3 
(12.7 mm SL) – hypural 6 (12.8 mm SL) – epural (13.4 
mm SL) (Fig. 26).

Principal caudal-fin rays. The first principal caudal-fin 
rays to form are associated with hypural cartilages 2 and 
3 at 8.7 mm NL (Fig. 26A). Fin rays are continually add-
ed anteroventrally and posterodorsally and nearing the 
end of flexion (9.7 mm NL; Fig. 26B), the upper cau-
dal-fin lobe possesses all eight principal caudal-fin rays 
and five fin rays support the lower caudal lobe. The full 
complement of principal caudal-fin rays (8+9) can be 
seen by 11.6 mm SL (Fig. 26C). At this stage the ventral-
most principal caudal-fin ray articulates with the hemal 
spine cartilage of PU2 while the dorsalmost fin-ray in 
the upper caudal-fin lobe articulates with the develop-
ing hypural 6 cartilage. Both the dorsal- and ventralmost 
principal caudal-fin rays are larger than the remaining 
caudal fin-rays and by 15.0 mm SL (Fig. 26F) they are 
the longest fin-rays in the caudal fin and approximately 
twice the width of the other fin-rays. The length of the 
remaining principal caudal-fin rays decreases sequential-
ly towards the middle of the fin, resulting in a distinctive 
forked caudal fin. By 15.5 mm SL, the two innermost fin 
rays in the upper and lower caudal-fin lobe are branching 
distally with all of the principal caudal-fin rays branched, 
excluding the dorsal- and ventralmost, by 20.1 mm SL. 
Additionally, the ventralmost principal caudal-fin ray has 
shifted to articulate with the parhypural. At this point, the 
caudal fin resembles the adult condition (436 mm SL; 
Fig. 27D).

Procurrent caudal-fin rays. The ventral procurrent rays 
are the first to appear with a single procurrent ray forming 
anterior to the ventralmost principal caudal-fin ray at 10.9 
mm SL. The ventral procurrent rays are added anteriorly 
with two additional rays ossifying by 11.9 mm SL (Fig. 
26D). At this size, a single dorsal procurrent fin ray is 
visible in some individuals anterodorsal to the notochord. 
Subsequent dorsal procurrent rays also develop in an an-
terior direction similarly to the ventral procurrent rays. 
Despite appearing later than the ventral procurrent rays, 
by 15.5 mm SL there are 12 procurrent rays dorsally and 
ventrally which articulate with the cartilaginous tips of 
the neural and hemal spines of PU2–PU6. The procurrent 
rays continue to form and decrease in size anteriorly until 
the adult condition is reached (16 ventral procurrent rays 
at 20.1 mm SL; 19 dorsal procurrent rays at 28.0 mm SL).

Anterior and posterior ural centra. The anterior ural 
centrum appears as a perichordal ossification of the no-
tochord along the bases of the parhypural and hypurals 
1 and 2 in individuals as small as 10.9 mm SL (fixed in 
development at 11.7 mm SL). The perichordal ossifica-
tion expands dorsolaterally until the two sides meet at the 
distal midline forming a complete ring of bone around 
the notochord (11.6 mm SL; Fig. 26C). The posterior ural 
centrum appears around this stage as a small perichordal 
ossification along the connection of the notochord with 
hypurals 3 and 4. By 11.9 mm SL (Fig. 26D), the ante-

rior ural centrum has expanded into a cylinder of bone 
extending the length of the bases of the parhypural and 
hypurals 1 and 2. Additionally, a small rudimentary pair 
of basidorsals, which have begun to ossify perichondral-
ly as neural arches, is now associated with the anterior 
ural centrum and it has fused with the single pair of uro-
neurals, which form the pleurostyle. The posterior ural 
centrum eventually surrounds the notochord (12.3 mm 
SL; Fig. 26E) and the anterior ural centrum has begun to 
fuse with the parhypural and hypurals 1 and 2. The small 
rudimentary neural arch has started to endochondrally os-
sify and possess a small pointed tip of membrane bone. 
By 15.0 mm SL (Fig. 26F), the anterior ural centrum has 
completed its fusion to the parhypural and hypurals 1 and 
2 and the neural arch is endochondrally ossified but the 
two ossifications remain separate and do not form an arch. 
The posterior ural centrum is now fused with hyp ural 3 
and by 17.8 mm SL, it has also fused with hypural 4. A 
close connection has formed between the posterior ural 
centrum and the pleurostyle but the elements do not fuse. 
At this stage, the dorsal and ventral prezygapophyses 
have formed on the anterior margin of the anterior ural 
centrum. In adults (436 mm SL; Fig. 27D) the anterior 
ural centrum, which is fused with uroneural 1, parhypural 
and hypurals 1 and 2, remains separate from the posterior 
ural centrum, which is fused with hypurals 3 and 4.

Preural centra 2 and 3. Preural centra 2 and 3 are the 
last centra in the vertebral column to ossify and first ap-
pear in individuals of 11.0 mm SL and their presence is 
fixed in development at 11.7 mm SL. Both centra origi-
nate as four separate perichordal ossifications around the 
base of the basidorsal and basiventral cartilages. Unlike 
preceding centra, the ossifications of PU2 and PU3 meet 
across the dorsal and ventral midline of the notochord 
first (11.9 mm SL; Fig. 21D) before later fusing laterally 
to form complete rings around the notochord (12.5 mm 
SL). The centra continue to increase in size until they 
abut the adjacent centra and at 15.0 mm SL (Fig. 26F) the 
dorsal and ventral pre- and postzygapophyses develop on 
the two centra. At 17.8 mm SL, ridges of membrane bone 
extend from the neural and hemal arches along the dor-
solateral and ventrolateral margins of the centra spanning 
their length between the pre- and postzygapophyses and 
by 20.1 mm SL, PU2 and PU3 start to take on a hourglass 
shape that is typical of the adult condition.

Uroneural 1. The single pair of uroneurals originates as 
thin paired splints of membrane bone dorsolateral to the 
anterior ural centrum in individuals as small as 11.2 mm 
SL (Fig. 26C). The anterior margin of the uroneural is 
fused to the anterior ural centrum by 11.9 mm SL (Fig. 
26D) forming the pleurostyle. Ontogenetically, the uro-
neural expands posterodorsally along the notochord until 
the posterior tip is in line with the dorsal margin of hy-
pural 6 (12.3 mm SL; Figure 18E). By 15.0 mm SL (Fig. 
26F), the uroneural extends further posterodorsally until 
it is approximately in line with the dorsal tips of the epu-
ral and neural spines supporting the procurrent caudal fin 
rays, and has become wider. The uroneural continues to 
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grow in width but remains relatively unchanged in larger 
individuals. In adult individuals (436 mm SL; Fig. 27D), 
the left and right uroneurals meet each other across the 
midline and replace the notochord as the border between 
the dorsal and ventral portions of the caudal skeleton.

Hemal arches and spines of preural centra 2 and 3. 
The hemal arches of PU2 and PU3 are chondral bones 
that form from the basiventral cartilages of their respec-
tive centra. The basiventral of PU2 is larger and develops 
faster than the other basiventral cartilages. By 9.7 mm 

Figure 27. Ictalurus punctatus, specimen TCWC 20491.06, 426 mm SL (A), (B), (C), and TCWC 20491.07, 436 mm SL (D) 
and (E). A Dermal pectoral girdle in lateral view B Endoskeletal pectoral girdle in medial view C Pectoral girdle in dorsal view 
D Caudal skeleton in lateral view E Pelvic-girdle in ventral view. Abbreviations: AC, Anterior ural centrum; Bp, Basipterygium; 
Cl, Cleithrum; Co, coracoid; Ep, Epural; H, Hypural; Ha, Hemal arch; Hp, Humeral process; Hs, hemal spine; IsPr, Ischiac process; 
MscA, Mesocoracoid arch; Na, Neural arch; Ns, Neural spine; PC, Posterior ural centrum; PcSp, Pectoral-fin spine; Ph, Parhypural, 
Pl, Pleurostyle; PlvSpl, Pelvic splint; PU, Preural centrum; R, Soft fin ray; Scl, Supracleithrum; SF, Scapular foramen; SpF, Spinal 
fossa; U, Ural centrum.
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NL (Fig. 26B) it already forms a complete arch and has 
developed a small hemal spine cartilage and in some in-
dividuals of 10.1 mm SL, it matches the parhypural car-
tilage in size. At this stage, the basiventral cartilages of 
PU3 form a complete arch and a neural spine cartilage 
has just started to form distally from the arch. The hemal 
arches are first observed in individuals of 11.2 mm SL 
as perichondral ossifications around the proximal base of 
the basiventrals. Their ossification spreads ventrally to 
completely cover the basiventral cartilages at which point 
the hemal spines begin to ossify around the proximal end 
of their precursor cartilages (11.6 mm SL first appearance 
and fixed in development by 12.2 mm SL; Fig. 26E). 
The hemal arches and spines of PU2 and PU3 develop 
at approximately the same rate from this point on, with 
the perichondral ossification of the hemal spines spread-
ing ventrally until only the distal tip of the hemal spine 
cartilages remains uncovered by perichondral bone (14.0 
mm SL). By 15.0 mm SL (Fig. 26F) the hemal arches are 
completely endochondrally ossified and are connected 
anteriorly to the prezygapophyses. By 17.8 mm SL, the 
hemal spines are endochondrally ossifying and a small 
flange of membrane bone has formed on the anteroprox-
imal edge of the hemal spine of PU2. This membranous 
flange continues to grow and in adults (436 mm SL; Fig. 
27D) it is now triangular in shape and contacts the hemal 
spine of PU3 anteriorly.

Hypurals 1–6. The six hypurals are preformed in cartilage 
along the ventral end of the notochord. The cartilaginous 
precursors of hypurals 1 and 2 are the first skeletal ele-
ments to appear in the axial skeleton and were observed 
in the smallest specimen examined (7.7 mm NL). Hypural 
cartilage 3 appears at approximately the same time as the 
first caudal fin-rays are beginning to form (8.6 mm NL) as 
the tip of the notochord is just starting to curve dorsally. 
By 9.7 mm NL (Fig. 26B), just before flexion is complete, 
hypural cartilages 1–5 are present. At this stage, the prox-
imal base of hypural 1 cartilage is now confluent with that 
of the parhypural. Distally, hypural 1 fans out into a trian-
gular plate of cartilage that, at its widest, is approximately 
twice the width of the rod-like hypural 2–4 cartilages. Hy-
purals 1–4 begin to ossify perichondrally around the mid-
dle of their respective cartilages in individuals as small as 
11.2 mm SL. Although hypurals 1–4 typically appear at 
the same size in development, there was one individual in 
which only hypurals 1 and 2 were present (11.7 mm SL) 
and two individuals in which hypurals 1–3 were observed 
(11.3 and 11.6 mm SL; Fig. 21C). This suggests that the 
ossification of the hypurals proceeds in an anterior to pos-
terior direction. By the time the first hypurals begin to os-
sify, a sixth hypural cartilage has formed between hypural 
5 cartilage and the notochord. The appearance of ossifica-
tion among the hypurals continues posteriorly with hypu-
rals 5 and 6 first appearing in individuals as small as 11.6 
mm SL and 11.9 mm SL, respectively. Their perichondral 
ossifications expand proximally and distally along the hy-
pural cartilages except for the distal tips, which serve as 
a point of articulation with the caudal-fin rays and remain 
fully cartilaginous (12.3 mm SL; Fig. 26E). At this point, 

the bases of hypurals 1 and 2 along with the parhypural 
are continuous and have started to fuse with the underly-
ing anterior ural centrum while hypurals 3 and 4 retain 
cartilage at their point of articulation with the posterior 
ural centrum. By 15.0 mm SL (Fig. 26F), all of the hy-
purals have started to endochondrally ossify and hypural 
2 has developed a small anterior and posterior lamina of 
membrane bone. The fusion of hypurals 1 and 2 to the 
anterior ural centrum is complete and hypural 3 has fused 
to the posterior ural centrum. The hypurals start to take up 
their characteristic triangular shape by 17.8 mm SL and 
hypural 4 has fused to the posterior ural centrum. A small 
flange of membrane bone has formed laterally from the 
base of hypural 1 at the level of the ventral edge of the 
centra. At approximately this size, a large round region in 
the middle of hypural 1 is being resorbed creating a hole 
in the bone. At 41.2 mm SL, the flanges of membrane 
bone on hypural 1 have expanded further laterally and 
the hole in hypural 1 has started to fill in with membrane 
bone. In the adult condition (436 mm SL; Fig. 27D), the 
6 hypurals are all in close contact with one another, ex-
cluding the diastema separating hypurals 2 and 3. The 
lateral flanges of bone on hypural 1 are fused with similar 
flanges on the parhypural forming the hypurapophysis, 
a continuous shelf of bone which serves as the origin of 
the hypochordal longitudinalis muscle. The large hole in 
hypural 1 is now completely filled in with a thin layer of 
membrane bone.

Neural arches and spines of preural centra 2 and 3. 
The neural arches of PU2 and PU3 begin development 
as basidorsal cartilages associated with their respective 
centra (9.7 mm NL; Fig. 21B). They continue to grow 
dorsally until they meet and fuse across the dorsal mid-
line where a median cartilaginous precursor to the neural 
spine forms (11.6 mm SL; Fig. 21C). The neural arches 
of PU2 and PU3 first appear in individuals of 11.2 mm 
SL as perichondral ossifications around the proximal 
base of the basidorsal cartilages. The perichondral ossi-
fications expand dorsally to cover the basidorsal cartilag-
es and shortly after (11.9 mm SL first appearance) the 
neural spines of PU2 and PU3 ossify proximally around 
their respective cartilaginous precursors. By 14.0 mm SL, 
the neural arches are endochondrally ossifying and the 
perichondral neural spines have spread dorsally, cover-
ing two-thirds of the neural spine cartilages. The neural 
arches are completely ossified endochondrally and pos-
sess small anterior membranous flanges that join with the 
anterior prezygapophyses (15.0 mm SL; Fig. 26F). At this 
point, the neural spines are completely ossified perichon-
drally, except for the distal tips, but retain a cartilaginous 
core. The neural arches develop a membranous connec-
tion to the postzygapophyses by 17.8 mm SL, at which 
point the neural spines have begun to endochondrally os-
sify. At 20.1 mm SL, the neural arches and spines of PU2 
and PU3 are fully ossified endochondrally except for the 
distal tip in the latter, and resemble the adult condition.

Parhypural. The parhypural starts as a pair of cartilages 
shortly after the appearance of hypural 1 and 2 cartilages 
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(8.7 mm NL; Fig. 26A) which quickly form a complete 
arch and develop a median, hemal spine-like extension 
of cartilage by 9.7 mm NL (Fig. 26B). By this stage the 
base of the parhypural cartilage is confluent with the base 
of hypural 1 cartilage. The parhypural is a chondral bone 
that ossifies at approximately the same size as hypurals 1 
and 2 and first appears in individuals as small as 11.2 mm 
SL. It originates as a perichondral ossification around the 
paired arches of the parhypural cartilage (Fig. 26D) and 
continues to expand proximally and distally until it covers 
the arch and the proximal base of the median extension 
of cartilage. By 12.3 mm SL (Fig. 26E), the parhypural, 
along with hypural 1 and 2 begin to fuse to the anteri-
or ural centrum and most of the parhypural is covered 
in perichondral bone. A small flange of membrane bone 
extends from the anteroproximal edge of the parhypural 
by 14.0 mm SL and by 17.8 mm SL a large round portion 
the parhypural has started to be resorbed forming a hole. 
A small lateral nodule of bone has formed laterally on the 
middle of the arch and by 41.2 mm SL a shelf-like lamina 
of membrane bone extends from the nodule to the anteri-
or ural centrum. At the same size, the flange of membrane 
bone on the anterior edge of the parhypural almost reach-
es the hemal spine of PU2 and the hole in the middle of 
the parhypural has begun to fill in with membrane bone. 
In the adult condition (436 mm SL; Fig. 27D), the par-
hypural sits tightly between the hemal spine of PU2 and 
hypural 1 and the hole in the parhypural has completely 
filled in with a thin layer of membrane bone. The shelf of 
membrane bone extending laterally from the arch of the 
parhypural has fused with a similar lateral process of hy-
pural 1 and forms the hypurapophysis, the origin for the 
hypochordal longitudinal muscle of the caudal fin.

Epural. The epural is a chondral bone and the last skeletal 
element in the caudal skeleton to ossify. It first originates 
from a small cartilage which can be seen in individuals of 
11.6 mm SL (Fig. 26C) and continues to elongate until it 
resembles a neural spine cartilage without a neural arch at 
12.3 mm SL (Fig. 21E). The epural begins to ossify peri-
chondrally around the ventral portion of the epural carti-
lage (13.4 mm SL) and by 14.0 mm SL it has expanded 
to cover the entire ventral third of the cartilage. By 15.0 
mm SL (Fig. 26F), the epural cartilage is completely peri-
chondrally ossified except for the distal tip which serves 
as a point of articulation for the posteriormost dorsal pro-
current ray. The epural begins to endochondrally ossify 
and a small flange of membrane bone forms at the antero-
ventral midline of the bone by 17.8 mm SL. By 44.9 mm 
SL, the epural is completely endochondrally ossified and 
resembles the adult condition.

Comparison with Noturus gyrinus. The most common 
sequence of ossification for this region in Noturus gyri-
nus is as follows: principal caudal-fin rays (5.9 mm SL) 
– hypural 1 and 2 and anterior ural centrum (7 mm SL) – 
parhypural, dorsal and ventral procurrent caudal-fin rays 
(7.2 mm SL) – neural arch PU3, hypural 3 and posterior 
ural centrum (7.3 mm SL) – preural centrum 3 (7.6 mm 
SL) – hemal arch PU2 and PU3, hemal spine PU2 and 

PU3, neural arch PU2 and hypural 4 (7.7 mm SL) – uro-
neural 1 (7.9 mm SL) – preural centrum 2 (8.3 mm SL) 
– neural spine PU3 (8.6 mm SL) – neural spine PU2 and 
hypural 5 (8.7 mm SL) – epural (9.8 mm SL)

The sequence of development of Noturus gyrinus 
has a two differences when compared to Ictalurus punc-
tatus. The first difference is that the dorsal and ventral 
procurrent caudal-fin rays start to ossify at the same time 
in N. gyrinus while in I. punctatus the dorsal procurrent 
fin-rays start to ossify much later after most of the other 
elements of the caudal skeleton. The second major dif-
ference is that preural centra 2 and 3 appear later in de-
velopment in N. gyrinus, not ossifying until after the two 
ural centra, the parhypural and hypurals 1–3 while in I. 
punctatus they are some of the first elements to ossify 
in the region at approximately the same time as the ural 
centra and earlier than the parhypural and hypurals. The 
caudal skeleton of N. gyrinus and I. punctatus, despite 
differing in their external appearance, are similar inter-
nally, with the only differences being in the total number 
of hypurals (5 in N. gyrinus vs. 6 in I. punctatus) and that 
there is not a well-developed shelf of bone for the origin 
of the hypochordal longitudinal muscle.

Pectoral girdle

The most common sequence of ossification: cleithrum 
(7.7 mm NL) – pectoral-fin rays (10.9 mm SL) – su-
pracleithrum (11.4 mm SL) – coracoid (13.2 mm SL) – 
propterygium (13.9 mm SL) – pectoral-fin radial 3 and 4 
(14.2 mm SL) (Fig. 28).

Cleithrum. The dermal cleithrum appears in individuals 
as small as 7.7 mm SL. It starts off as a slightly curved, thin 
split of bone just posterior to the cranium and anterodor-
sal to the yolk-sac. By 10.0 mm SL (Fig. 28A), the bone is 
‘L’ shaped with its ventral third directed anteromedially. 
The bone is widest at its midpoint where it possesses a 
small rounded posterior extension with additional bone 
forming dorsal and medial to this widened portion. By 
11.9 mm SL (Fig. 28B), the reduction of the yolk-sac has 
brought the left and right cleithra closer together but they 
do not make contact across the ventral midline. The bone 
has widened with laminae of bone extending both ante-
rior and posterior to the original splint like ossification, 
which appears as a median ridge of bone. At 12.8 mm SL, 
the bone continues to widen at its center and its posterior 
edge now extends lateral to much of the scapulocoracoid 
cartilage. The humeral process is starting to form on the 
posterior edge just dorsal to the scapulocoracoid carti-
lage and a small process has formed on the posterodorsal 
most point of the bone. A posterolateral curved expan-
sion of bone starts to form ventral to the humeral process 
(14.3 mm SL) and by 15.0 mm SL (Fig. 28D) it forms 
the spinal fossa, a groove on the posteromedial surface 
of the cleithrum for the articulation of the dorsal head 
of the pectoral-fin spine. Posteroventrally, the cleithrum 
meets the abductor coracoid lamina (sensu Fine et al. 
1997) which along with the spinal fossa serves as part 
of the spine locking mechanism. At the same stage, the 
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cleithrum joins its antimere ventrally and is attached firm-
ly to the ventral arm of the coracoid via dense connective 
tissue. A small cartilage, herein referred to as the cleithral 
cartilage (Fig. 18), appears in a recess on the dorsal sur-
face of the cleithrum. The cartilage is bordered anteriorly 
by the dorsal most tip of the cleithrum, posteriorly by the 
posterodorsal process and laterally by a lamina of bone 
extending between them. Dorsomedially, the cartilage is 
bordered by a ligament that connects the supracleithrum 
to the outer arm of the os suspensorium. At 21.5 mm SL, 
the ventral portion of the cleithrum is directed medially 
almost at a right angle to the dorsal half and forms a tight 
connection with its counterpart. The connections between 
coracoid and cleithrum are near inseparable and sculptur-
ing is present over the entire surface of the bone at this 
stage. At 44.9 mm SL (Fig. 28E) the cleithrum is heavily 
ossified and the humeral process has become significant-
ly larger. In adults (426 mm SL; Fig. 27A), the humeral 
process has become sculptured and possesses a series of 
spine-like projections on its surface.

Pectoral-Fin Rays. The pectoral fin is the second fin to 
develop in I. punctatus with the first two fin rays appearing 
at 10.9 mm SL. The anteriormost pectoral-fin ray which 
will become the pectoral-fin spine is approximately twice 
the size of subsequent fin rays and its dorsal hemitrichium 
is closely associated with the propterygium. Four more 
fin-rays have appeared by 12.0 mm SL and the first four 
are now segmented. The dorsal and ventral hemitrich-
ia of the first segment of the anteriormost fin ray have 
started to fuse across the anterior edge and eight fin rays 
(including the spine) have formed. A second segment has 
fused to the spine proper and the propterygium has peri-
chondrally ossified and is fused to the proximal head of 
the upper hemitrichium of the spine at 14.1 mm SL. At 
approximately the same time as a third segment is added 
to the spine proper (15.0 mm SL; Fig. 28D), the spine is 
now capable of locking. At this size, the tenth and final fin 
ray has just formed. By 15.9 mm SL the number of pecto-
ral-fin rays equals that of the adult (i.9) and all fin rays are 
segmented. The pectoral-fin spine possesses serrations 

Figure 28. Ontogeny of the dermal pectoral girdle of Ictalurus punctatus. A 10.0 mm NL. B 11.8 mm SL. C 13.3 mm SL. D 15.0 mm 
SL. E 44.9 mm SL. Abbreviations: Co, Coracoid; Cl, Cleithrum; Hp, Humeral process; Pcl, Postcleithrum; PcRC, Pectoral radial 
cartilage; PcSp, Pectoral-fin spine; R, Pectoral-fin ray; ScCoC, Scapulocoracoid cartilage; Scl, Supracleithrum.
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along the posterior edge associated with each segment 
and the anterior margin has gained several denticuli (a 
more detailed account of pectoral-fin spine development 
is provided by Kubicek et al. 2019). In adult individuals 
(426 mm SL; Fig. 27A), the posterior serrations and an-
terior denticuli become more numerous and significantly 
smaller relative to the size of the pectoral-fin spine.

Supracleithrum. Whether this element is of compound 
origin (posttemporal+supracleithrum) or not has been a 
contentious subject in the past. Herein I refer to the el-
ement as the supracleithrum and further discuss the ho-
mology of this element below (see discussion). The der-
mal supracleithrum first appears as a thin splint of bone 
anterolateral to the dorsal tip of the cleithrum (10.9 mm 
SL; Fig. 28B). By 12.2 mm SL, an anteroventral process 
has started to form giving the bone a triangular shape and 
a medially directed process has appeared and extends an-
terior to the dorsal tip of the cleithrum. Ridges of bone 
arise on the lateral surface of the supracleithrum forming 
a trough around the lateral line sensory canal. Shortly 
after this (12.8 mm SL), the median process of the supra-
cleithrum wraps around the cleithrum and is connected 
to the base of the chondrocranium via the newly formed 
Baudelot’s ligament. The dorsal tip of the supracleithrum 
lies over the posterodorsal surface of the otic capsule 
and the roof of the lateral line sensory canal associat-
ed with the supracleithrum is fully enclosed in bone. At 
15.0 mm SL (Fig. 28D), the medial process continues 
to lengthen replacing Baudelot’s ligament with bone. 
Posteroventrally, the supracleithrum extends laterally to 
the posterodorsal process of the cleithrum strengthening 
its connection with the latter bone. Additionally, a lig-
ament connecting the supracleithrum to the outer arm 
of the os suspensorium extends dorsal to the cleithrum 
and cleithral cartilage. Anteriorly, a lamina of membrane 
bone has formed between the dorsal tip of the bone and 
the anteroventral process which almost reaches the pos-
terolateral surface of the chondrocranium. By 21.5 mm 
SL, Baudelot’s ligament has been entirely replaced by 
the medial process of the supracleithrum except for a 
small portion between the process and the basioccipital. 
The anteroventral process reaches and lies ventral to the 
lateral lamina of membrane bone of the pterotic and the 
dorsal arm overlies the epioccipital. At 44.9 mm SL (Fig. 
28E), the supracleithrum has changed only in size and 
its lateral surface has become sculptured. The tip of the 
dorsal arm forms an attachment to and is covered by the 
accessory posttemporal and in adult individuals, it sits 
firmly in a fossa formed by the epioccipital, supraoccipi-
tal and accessory posttemporal.

Coracoid. Whether this element is of compound origin 
(scapula+coracoid) or not has been previously undeter-
mined. Herein I refer to the element as the coracoid and 
further discuss the homology of this bone in the discus-
sion. The coracoid first appears as a perichondral ossifi-
cation around the proximal end of the ventral arm of the 
scapulocoracoid cartilage (12.6 mm SL). By 13.1 mm SL 
(Fig. 29A), the ventral portion of the ventral arm of the 

scapulocoracoid cartilage has widened and the coracoid 
spreads posterodorsally around the scapular foramen (en-
abling passage of a branch of the pterygial nerve) to the 
anterodorsal most point of the scapulocoracoid cartilage. 
At this size, a small ridge of membrane bone is present 
on the concave margin of the scapulocoracoid cartilage 
dorsal to the ventral arm. A small projection of membrane 
bone extends from the posterior edge of the coracoid on 
the lateral surface of the scapulocoracoid cartilage. By 
14.1 mm SL, the coracoid has started to spread down the 
ventral arm and over the posterior surface of the scapu-
locoracoid cartilage. The ventral arm of the coracoid ro-
tates roughly 90 degrees with dorsal and ventral edges 
of smaller stages making up the posterior and anterior 
margins respectively. Two membranous processes, one at 
both the dorsal and ventral most tip of the posterior edge, 
extend towards each other on the medial side of the bone. 
The projection of membrane bone on the lateral surface of 
the coracoid extends anteriorly towards the posteroven-
tral corner of the cleithrum and by 15.0 mm SL (Fig. 29B) 
it reaches and forms a tight connection with the cleithrum 
forming the abductor coracoid lamina of the spine lock-
ing mechanism. At this stage the coracoid extends over 
the entirety of the scapulocoracoid cartilage except for 
the anteroventral tip of the ventral arm, the posterodorsal 
margin at the point of articulation with the propterygium, 
as well as the tip of the scapular process (sensu Brousseu 
1976), which articulates with the complex distal radial 
cartilage. The ventral arm has widened considerably, in-
creasing the area of contact with its antimere. The lami-
na of bone originating on the posterodorsal edge of the 
ventral arm extends to its tip where it overlaps slightly 
with its counterpart across the midline. A second ridge of 
laminar bone is present on the ventral surface of the bone 
extending from the posteroventral most point towards the 
midlength of its anterior edge. The medial membranous 
processes of the dorsal and ventral tips of the posterior 
margin of the coracoid continue to grow towards each 
other and by 16.2 mm SL, these processes have fused to-
gether forming the mesocoracoid arch. The coracoid has 
started to endochondrally ossify and forms a weakly in-
terdigitated suture with its counterpart across the midline. 
At 21.2 mm SL, the entire bone is endochondrally ossified 
and the tip of the ventral arm is more heavily sutured with 
its antimere, resembling the adult condition. The coracoid 
and cleithrum have strengthened their connection and an 
interdigitating suture is forming at the point of contact 
between the cleithrum and the abductor coracoid lamina 
(426 mm SL; Fig. 27A).

Pectoral-Fin Radials. Two small pectoral radial carti-
lages are present by 10.0 mm SL (Fig. 29D), although 
they remain connected by a thin layer of cartilage dis-
tally and proximally where they are continuous with the 
scapulocoracoid cartilage. By 11.0 mm SL (Fig. 29E) the 
two pectoral radial cartilages are separated from the sca-
pulocoracoid cartilage and have fully differentiated into 
independent cartilages. The complex pectoral distal radial 
cartilage has appeared at the base of pectoral-fin ray 2 
and is confluent with the scapular process of the scapulo-
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coracoid cartilage. Both pectoral-radial cartilages start to 
perichondrally ossify around their midline in individuals 
as small as 13.2 mm SL. By this size, the complex pec-
toral distal radial cartilage has separated from, and now 
articulates with, the scapular process. At 16.2 mm SL, 
the perichondral ossification covers all but the distal and 
proximal tips of the two radials. The complex pectoral 
distal radial cartilage extends anteriorly into the posteri-
or edge of the spine where it articulates with a remnant 
of the propterygial cartilage and two distal radials have 
formed distal to the pectoral radials. In a stage resembling 

the adult (44.9 mm SL; Fig. 29G), the pectoral radials 
are endochondrally ossified and possess lateral flanges of 
membrane bone and the complex pectoral distal radial re-
mains cartilaginous.

Comparison with Noturus gyrinus. The most common 
sequence of ossification for this region in Noturus gyrinus 
is as follows: cleithrum (5.4 mm NL) – pectoral-fin rays 
(6.4 mm SL) – supracleithrum (7.0 mm SL) – coracoid 
(8.3 mm SL) – propterygium (9.9 mm SL) – pectoral-fin 
radial 3+4 (11.1 mm SL).

Figure 29. Ontogeny of the endoskeletal pectoral girdle (A-C, scapulocoracoid; D-G, pectoral radials) of Ictalurus punctatus A 
13.3 mm SL. B 15.0 mm SL. C 44.9 mm SL. D 10.0 mm NL. E 10.8 mm SL. F 12.9 mm SL. G 44.9 mm SL. Asterisk indicates 
abductor coracoid lamina. Black arrows indicates scapular process of Coracoid. Abbreviations: Co, Coracoid; Cl, Cleithrum; cP-
DRC, complex pectoral distal radial cartilage; DRC, distal radial cartilage; Hp, Humeral process; MscA, Mesocoracoid arch; PcSp, 
Pectoral-fin spine; PR, Pectoral radial; PRC, Pectoral radial cartilage; Ptg, Propterygium; PtgC, Propterygial cartilage; ScCoC, 
Scapulocoracoid cartilage; SF, Scapular foramen; SpF, Spinal fossa.
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No differences in the sequence of ossification were 
identified between Noturus gyrinus and Ictalurus puncta-
tus in the pectoral girdle. The pectoral girdle of N. gyrinus 
and I. punctatus are similar, except for the shape of the 
pectoral-fin spine, which lacks posterior serrations and 
anterior denticuli in N. gyrinus, and the pectoral-fin radi-
als, in which there is only a single pectoral-radial element 
in N. gyrinus which is a compound element consisting of 
pectoral radials 3 and 4.

Pelvic girdle

The most common sequence of ossification: pelvic-fin 
rays (12.3 mm SL) – basipterygium (15.0 mm SL) (Fig. 
30).

Pelvic-Fin Rays. The pelvic fin is the last of the fins to 
develop with fin rays first appearing in individuals of 11.9 
mm SL on the posterolateral margin of the yolk-sac. By 
12.6 mm SL, resorption of the yolk-sac has resulted in the 
fins sitting in their normal position on the ventral margin 
of the body anterior to the anus. At this size, five small 
fin rays are present but remain unsegmented. At 14.1 mm 
SL, the number of pelvic-fin rays equals that of adults 
(i.7) and all eight fin rays are segmented. A small pelvic 
splint (not included in the ossification sequence) has ap-
peared on the lateral margin of the fin by 15.9 mm SL.

Basipterygium. The basipterygium starts as a perichon-
dral ossification of the basipterygial cartilage between the 
anterior foramen and the anterior edge of the cartilage 
(14.5 mm SL; Fig. 30B). By 16.2 mm SL, the ossification 
has spread to cover most of the basipterygial cartilage ex-
cluding the posterior margin (which serves as a point of 
articulation for the pelvic-fin rays), the ischiac processes, 
and the medial margin (where it abuts its counterpart), 
and the tips of the anterior lateral and medial process-
es. Laminae of membrane bone have formed on either 
side of the anterior processes by 21.5 mm SL. At 44.9 
mm SL (Fig. 30C), the basipterygium is endochondrally 
ossifiying and the surface of the bone near the base of 
the anterior processes is lightly sculptured. In adults (436 

mm SL; Fig. 27E), membrane bone has filled in approxi-
mately two-thirds of the gap between the anterior lateral 
and medial processes.

Comparison with Noturus gyrinus. The most common 
sequence of ossification for this region in Noturus gyri-
nus is as follows: pelvic-fin rays (8.3 mm SL) – basypte-
rygium (10.4 mm SL).

No differences in the sequence of ossification were 
identified between Noturus gyrinus and Ictalurus punc-
tatus in the pelvic girdle. The pelvic girdle of N. gyrinus 
and I. punctatus are similar, except for the ischiac pro-
cesses which are much shorter and the outer edge of the 
basipterygia which reaches approximately half the dis-
tance of the lateral anterior process in N. gyrinus.

Discussion

Skeletal development in Ictalurus 
punctatus and Noturus gyrinus

The development of the skeleton in Ictalurus punctatus 
and Noturus gyrinus occurred over a relatively short peri-
od of growth, with all elements of the skeleton (excluding 
the dorsal- and anal-fin distal radials in N. gyrinus) pres-
ent by 22.4 and 14.1 mm SL, respectively. Dorsal- and 
anal-fin distal radials, which are present in the adult stage 
of N. gyrinus (41.5 mm SL, TCWC 15438.13), are absent 
from the developmental series compiled for this study 
suggesting that these elements form later in development, 
at sizes larger than that of the material examined herein 
(max size 26.4 mm SL). Elements of the skeleton typi-
cally appeared at smaller sizes in N. gyrinus compared 
to I. punctatus, which is not surprising given that the 
former is much smaller than the latter and it is generally 
observed that smaller bodied species develop faster than 
closely related, larger bodied species (Reiss 1989; Block 
and Mabee 2012; Kubicek and Conway 2016). Compar-
ison of the sequences generated for I. punctatus (Fig. 1) 

Figure 30. Ontogeny of the pelvic girdle of Ictalurus punctatus. A 13.3 mm SL. B 15.0 mm SL. C 44.9 mm SL. Abbreviations: Bp, 
Basipterygium; BpC, Basipterygial cartilage; PlvSpl, Pelvic splint; R, Pelvic-fin ray.
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and N. gyrinus (Fig. 2) revealed differences in the order 
of appearance of particular bones (e.g., the prootic is the 
38th bone to appear in the overall sequence for I. punc-
tatus vs. 74th in N. gyrinus); however, when looking at 
the sequence of development by region (e.g., the neuro-
cranium) these differences disappear (e.g, the prootic is 
the first bone of the otic region to appear in both species; 
Fig. 3–4) except for preural centra 2 and 3, which are the 
41st and 42nd bones to appear in I. punctatus and the 79th 
and 55th bones to appear in the whole skeleton, and in the 
vertebral column are the 12th and 13th in I. punctatus and 
the 26th and 24th bones in N. gyrinus.

Intraspecific variation in Ictalurus 
punctatus and Noturus gyrinus

Low levels of intraspecific variation in the total number 
of certain serial elements were observed in both species. 
In I. punctatus, having 11 post-Weberian ribs associated 
with vertebrae 5–15 was the most common condition al-
though in a small number of individuals (n=11) an addi-
tional 12th rib associated with vertebra 16 was observed. 
The majority of individuals examined had 20 abdominal 
vertebrae and 31 caudal vertebrae although individuals 
with 19 abdominal centra and 30 or 32 caudal centra were 
observed, resulting in a total vertebral count ranging from 
49–52. Variation in the presence of a neural spine on PU2 
was also observed. The majority of individuals possess 
a neural spine associated with PU2 (Fig. 26F); however, 
in some individuals PU2 only had a neural arch without 
a spine (Fig. 26E). In N. gyrinus, the number of post We-
berian ribs, starting at vertebra 5, varied between seven 
and nine in total with seven being the most commonly 
observed condition (n=45), followed by eight (n=39). 
The number of centra also varied with the most common-
ly observed condition being 13 abdominal vertebrae and 
28 caudal vertebrae. The number of abdominal vertebrae 
observed ranged from 13–15 and the number of caudal 
vertebrae ranged from 26–30 with a total observed range 
of 40–43 vertebrae. The neural spine associated with PU2 
was also variably present in N. gyrinus with the majority 
of the individuals possessing it. In addition to elements 
of the vertebral column, variation was also observed in 
the number of branchiostegal rays and hypurals present 
in individuals of N. gyrinus. In a small number of indi-
viduals (n=16) an additional branchiostegal ray was ob-
served anterior to the remaining nine branchiostegal rays 
(asymmetry of this element was also observed in a single 
individual, in which it was present on the right side only). 
Most individuals of N. gyrinus have five hypurals; how-
ever, in a few individuals a sixth hypural is present and 
ossified. The intraspecific variation observed here for N. 
gyrinus in the total number of vertebrae, branchiostegal 
rays and hypurals was also reported by Taylor (1969). 
However, the variation observed for the post-Weberi-
an ribs (seven to nine) differed from the six reported by 
Taylor as the most commonly observed count. The rib 
associated with vertebra five is typically much smaller 
than those associated with more posterior vertebrae and 

fuses in development with the corresponding parapophy-
sis (Fig. 15C,D and Fig. 16C,D). Although intraspecific 
variation in the presence of an autogenous rib on verte-
bra five has been reported in adult individuals of other 
ictalurids (Grande and Lundberg 1988), none of the in-
dividuals of either species examined retained a separate 
rib at larger sizes (>15.0 mm SL in I. punctatus and >10.0 
mm SL in N. gyrinus). As a result, it is possible that this 
element was overlooked by Taylor (1969) due to its rela-
tively brief development as an autogenous element before 
fusing to the parapophysis or that it was excluded from 
the total count, as he also excluded vertebra five from his 
vertebral counts.

Comparison of skeletal development 
with other Otophysans

Although there have been numerous studies of skeletal 
development in otophysans, most of these have focused 
only on a subsection of the skeleton (e.g., cranium and 
paired fins, post-cranial skeleton, Weberian apparatus; 
Kindred 1919; Bamford 1948; Cubbage and Mabee 1996; 
Bird and Mabee 2003; Britz and Hoffman 2006). Studies 
that provide information on the development of the en-
tire skeleton are available for only three other otophys-
ans, the cypriniforms Danio rerio (Cubbage and Mabee 
1996; Bird and Mabee 2003) and Enteromius holotae-
nia (Conway et al. 2017), and the characiform Salminus 
brasiliensis (Mattox et al. 2014). In the following section 
I compare the ossification sequence data collected herein 
with that available for the D. rerio, E. holotaenia and S. 
brasiliensis. Due to the similarity between the sequence 
of ossification compiled for Ictalurus punctatus and No-
turus gyrinus, I focus here only on the sequence compiled 
for I. punctatus. Some skeletal elements found in other 
otophysans are not present in ictalurids (and vice versa) 
so only those elements present in all four otophysan spe-
cies were compared.

Danio rerio and Enteromius holotaenia. In the ethmoid 
region, the nasal is the first bone to appear in Ictalurus 
punctatus and appears much earlier in the entire sequence 
of ossification compared to D. rerio and E. holotaenia, in 
which it does not appear until much later in development 
and is the last bone in the region to appear. The lateral 
ethmoid appears later in I. punctatus, being the third bone 
to appear in the region, while it is the first bone to appear 
in the ethmoid region of D. rerio and is present much ear-
lier in the entire sequence of ossification. E. holotaenia 
does not exhibit this shift in lateral ethmoid development 
and instead, the first bone of the ethmoid region to ap-
pear is the vomer compared to it being the last bone to 
appear in this region in I. punctatus. In the otic region, 
the dermopterotic is the second element of the region to 
appear in I. punctatus, after the prootic and before the 
autopterotic and autosphenotic. In the cypriniforms, the 
dermopterotic is the last element to appear in the region 
and is one of the last to appear in the overall sequence of 
ossification.
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In the suspensorium of Ictalurus punctatus, both the 
hyomandibular and endopterygoid appear much later in 
the regional sequence as well as the entire ossification se-
quence when compared to that of Danio rerio, in which 
both ossifications represent some of the first bones to ap-
pear in the sequence of ossification. Unfortunately, in En-
teromius holotaenia the smallest individual observed had 
already 14 bones which included many of the elements 
of the hyopalatine arch, jaws, and opercular series so it is 
not possible to compare the sequence of development in 
most of this region. Among the elements of the branchial 
arches, ceratobranchial 5 ossifies later in I. punctatus, be-
ing the 62nd element to ossifiy while in the cypriniforms 
it is one of the first bones to appear. In I. punctatus, ba-
sibranchials 2 and 3 are among the last elements of the 
skeleton with the hypobranchials being the only other 
elements of the branchial arches to ossify later. In E. ho-
lotaenia the basibranchials appear much earlier in the se-
quence and before several other branchial arch elements. 
The sequence of ossification of the elements of the hyoid 
bar of I. punctatus differ from E. holotaenia in the earlier 
appearance of the urohyal and interhyal and the later ap-
pearance of the dorsal hypohyal. The urohyal is the third 
element of the region to appear in I. punctatus while it is 
the second to last to appear in E. holotaenia. The interhy-
al appears at approximately the same time as the posterior 
ceratohyal in I. punctatus but well after all other elements 
of the hyoid bar in E. holotaenia. The dorsal hypohyal is 
one of the last elements to appear in I. punctatus while in 
E. holotaenia it ossifies before approximately two-thirds 
of the skeleton.

In the post-cranial skeleton, the pectoral- and dor-
sal-fin rays appear early in the ossification sequence of 
Ictalurus punctatus while in the cypriniforms they ossify 
much later in the entire sequence of ossification. In the 
case of the procurrent caudal-fin rays, the ventral-procur-
rent caudal-fin rays of I. punctatus appear very early in 
the sequence of ossification while the dorsal-procurrent 
caudal-fin rays appear much later in the overall sequence. 
In Danio rerio and Enteromius holotaenia, both the dor-
sal and ventral procurrent caudal-fin rays appear at ap-
proximately the same time in the middle of the sequence. 
It is also worth noting that in I. punctatus the fin rays 
associated with all fins (except for the pelvic fin) ossify 
before the endoskeletal elements of the caudal fin, while 
in the cypriniforms most of the caudal skeleton is ossified 
before any of the other fin rays start to develop. In the 
vertebral column the most notable difference between I. 
punctatus and the cypriniforms is the early appearance of 
the parapophyses, which start to ossify before all of the 
post-Weberian centra in I. punctatus, but do not start to 
ossify until almost the entire vertebral column (excluding 
some of the hemal and neural spines and ural centrum 
2) has formed in D. rerio and E. holotaenia. The outer 
arm of the os suspensorium is the second of the Webe-
rian elements to ossify in I. puncatutus while in D. rerio 
and E. holotaenia it is the second to last, just before the 
claustrum. Additionally, the intercalarium, inner arm of 
the os suspensorium, scaphium and tripus all start to os-
sify slightly later in the overall sequence of I. punctatus 

when compared to that of the two cypriniforms. The cen-
tra associated with the caudal skeleton (preural centra 2 
and 3 and the two ural centra) appeared earlier in the se-
quence of ossification of I. punctatus before the Weberian 
ossicles and some of the hemal and neural arches; in E. 
holotaenia these centra were some of the last elements of 
the vertebral column to ossify.

Salminus brasiliensis. In the cranial skeleton, the nasal 
and dermopterotic appeared much earlier in the region-
al sequences of ossification as well as that of the whole 
skeleton in Ictalurus punctatus compared to S. brasil-
iensis. Likewise, the hyomandibular and endopterygoid 
appeared much later in I. punctatus while both appeared 
very early in the sequence of S. brasiliensis. The gill rak-
ers of I. punctatus do not appear until after all of the cer-
atobranchials and epibranchials are ossified while in S. 
brasiliensis the gill rakers ossified very early in develop-
ment, before ceratobranchial 4 or any of the epibranchials 
had appeared. Additionally, the interhyal in I. punctatus 
appears at the same time as the posterior ceratohyal and 
before the dorsal hypohyal. This is slightly earlier in the 
overall sequence compared to S. brasiliensis in which it 
forms towards the end of the sequence, well after the oth-
er elements of the hyoid bar had ossified.

In the postcranial skeleton, the pectoral-fin rays and 
the parapophyses showed the same pattern of appearing 
much earlier in the sequence of Ictalurus punctatus when 
compared to Salminus brasiliensis. The ventral procurrent 
caudal-fin rays appear much earlier in I. punctatus while 
the dorsal procurrent caudal-fin rays appear at roughly 
the same place in the sequence as S. brasiliensis. Neural 
arches 3 and 4 also appear much earlier in the sequence 
of I. punctatus, ossifiying before most of elements of the 
vertebral column while in S. brasiliensis they do not os-
sify until after most of the vertebral column is present. 
Finally, like what was observed in the comparison with E. 
holotaenia, the four centra supporting the caudal skeleton 
appear much earlier in the sequence of ossification of I. 
punctatus while in S. brasiliensis they were some of the 
last elements of the vertebral column to appear.

Differences shared between Danio rerio, Enteromius 
holotaenia and Salminus brasiliensis. The relative tim-
ing of appearance for bony skeletal elements varied be-
tween Ictalurus punctatus and the three non-siluriform 
otophysans. Most of this variation was restricted to only 
slight shifts in the relative position of skeletal elements 
in comparisons of either regional or the entire sequences. 
However, several major differences were observed be-
tween the ossification sequence compiled for I. punctatus 
and those for all three non-siluriform otophysan species, 
several of which were consistent across all three compar-
isons. In the neurocranium, elements associated with the 
cephalic lateral line canals (e.g., nasal, dermopterotic) all 
appear much earlier in the development of I. punctatus. 
This also applies to the lacrimal, another element associ-
ated with the cephalic lateral line sensory system, which 
is one of the first elements to appear in I. punctatus but 
does not make an appearance until much later in devel-
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opment in the three other species of otophysans. The hy-
omandibular and endopterygoid also appear later in the 
sequence of ossification of I. punctatus.

In the post-cranial skeleton, the pectoral-fin rays, ven-
tral procurrent caudal-fin rays, and the parapophyses all 
appear very early in the sequence of ossification compiled 
for Ictalurus compared to the three non-siluriform otoph-
ysans. Of particular interest is the much earlier appear-
ance of the pectoral-fin rays in the two ictalurids, which 
are the 21st or the 11th bones to appear in the sequence of 
I. punctatus and Noturus gyrinus, respectively, versus the 
100th to 125th in the three non-siluriform otophysans. The 
anteriormost pectoral-fin ray of most catfishes is modi-
fied into a robust lockable spine that exhibits a remark-
able amount of morphological variation (e.g., Reed 1924; 
Vanscoy et al. 2015; Kubicek et al. 2019). A similar shift 
is observed in the dorsal-fin rays, which also possesses 
fin-rays modified into spines, when compared to the two 
cypriniforms, but not in comparison to the characiform 
Salminus brasiliensis.

Although the aforementioned differences in the ap-
pearance of ossifications were consistently observed in 
comparisons between Ictalurus punctatus and the three 
non-siluriform otophysans, it is not possible to tell wheth-
er these consistent patterns are due to chance, as variation 
exists throughout the entire ossification sequence of these 
taxa, or if these differences in the timing of appearance of 
these elements could be derived characters of ictalurids 
or even Siluriformes. In other groups of vertebrates (e.g., 
amphibians, squamates, birds, and mammals; Harrington 
et al. 2013; Werneburg and Sánchez-Villagra 2015; Car-
ril and Tambussi 2017; Sánchez-Villagra et al. 2008), 
shifts in the relative timing of developmental events, or 
sequence heterochrony, has been shown to be connect-
ed with major changes in morphology, life-history and 
function (e.g., the earlier development of the cranial and 
forelimb skeleton in marsupial vs. placental mammals; 
Goswami et al. 2009; Keyte and Smith 2010). Given that 
certain elements, like the pectoral-fin spine, appear to be 
significantly shifted in the development of catfishes, an 
examination of sequence heterochrony between siluri-
forms and non-siluriform otophysans could help to clar-
ify if these elements vary in their relative position due to 
chance or if the early appearance of these elements is the 
product of heterochrony.

Homology

Supraoccipital. In the posterodorsal surface of the neu-
rocranium, teleosts typically possess a pair of parietals, 
dermal bones which form via intramembranous ossifica-
tion in the dermis, and a single median supraoccipital, a 
chondral bone which ossifies around and replaces a por-
tion of the otic capsule cartilage. Unlike teleosts, siluri-
forms only possess a single median bone in this region 
which is hypothesized to result from the fusion of the 
parietals and the supraoccipital (Arratia and Gayet 1995) 
and is commonly referred to as the parieto-supraoccipital 
(a term coined by Arratia 1987). Prior to 1948, the pari-

etal was hypothesized either: (1) to be absent in catfish-
es with the supraoccipital extending anteriorly on either 
side of the postcranial fontanelle to occupy the space left 
in its absence (McMurrich 1884); or (2) to have fused 
with the supraoccipital (Kindred 1919), forming a com-
pound element. Evidence of a fusion between these two 
elements was first reported by Bamford (1948) in a de-
velopmental study of the cranium in the ariid catfish 
Ariopsis felis. Using serial sections of a limited series 
of specimens (six individuals ranging from 8–50 mm), 
Bamford described the supraoccipital as originating from 
two pairs of separate ossifications, the more posterior pair 
of which would become chondroid bone in a larger stage. 
These elements would proceed to fuse on either side of 
the postcranial fontanelle, forming a single pair of ele-
ments before subsequently fusing across the midline into 
the single ‘U’-shaped element observed in adults (e.g., 
see figures 4 and 6; Bamford 1948). As a result, Bamford 
(1948) interpreted the supraoccipital in A. felis to be a 
compound element composed of two separate pairs of 
ossifications, the parietal and a paired supraoccipital, the 
latter of which is a median bone in other teleosts. A small 
paired element interpreted to represent the parietal has 
also been reported in juvenile individuals of the tricho-
mycterids Hatcheria and Bullockia (Arratia et al. 1978; 
Arratia and Menu-Marque 1981). This small paired ele-
ment is located between the supraoccipital, frontal and 
autosphenotic and is reported to subsequently fuse to the 
supraoccipital in adult individuals. In addition to these 
reported cases of fusion, Arratia and Gayet (1995) ar-
gued that the elements that surround and suture with the 
‘supraoccipital’ of catfishes are also those elements that 
surround and suture with the parietals and supraoccipital 
in other teleosts, providing an additional line of circum-
stantial evidence in support of the compound nature of 
this element.

At no point in the development of the supraoccipital 
in Ictalurus punctatus and Noturus gyrinus was fusion 
between dermal and chondral ossifications observed (see 
description of supraoccipital development in I. punctatus; 
Fig. 31). In both species, development of the supraoccipi-
tal starts as a paired perichondral ossification of the dorsal 
margin of the otic capsule on either side of the posterior 
fontanelle (Fig. 31A). As development continues, an an-
terior extension of membrane bone forms from the peri-
chondral ossification of the supraoccipital on the edge of 
the otic capsule (13.2 mm SL, Fig. 31B) and shortly after, 
the pair of ossifications fuse across the midline, along the 
posterior border of the cranial fontanelle (14.1 mm SL, 
Fig. 31C). The anterior extensions of this now median 
ossification widen and continue to expand anteriorly un-
til they meet and suture with the paired frontal, at which 
point the bone resembles the adult condition (15.4 mm 
SL, Fig. 31D). Given that this element arises through 
endochondral ossification of the otic capsule and tectum 
synoticum, it is interpreted herein to represent a highly 
modified supraoccipital and the parietals are absent. This 
hypothesis is supported by studies of the Clariidae (Adri-
aens and Verraes 1998), Callichthyidae (Huysentruyt et 
al. 2011), Heteropneustidae (Srinivasachar 1958), and 
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Loricariidae (Geerinckx et al. 2007) in which the absence 
of a separate parietal during development was also not-
ed. The origin of the chondral supraoccipital as a paired 
ossification is consistent with what has been reported for 
Ariopsis felis (Bamford 1948) and Ancistrus cf. triradia-
tus (Geerinckx et al. 2007), which appears to be a mode 
of development unique to catfishes. Although Bamford 
(1948) reported the supraoccipital as a compound ele-
ment resulting from fusion of two separate pairs of ele-
ments (i.e., parietal and supraoccipital), it should be noted 
that he only observed two separate pairs of ossifications 
in a single specimen (14.0 mm; fig. 6 of Bamford 1948) 
via serial sections and not observation of entire three-di-
mensional specimens, which would have had an impact 
on his interpretation. In the next largest specimen illus-
trated (17.5 mm; Fig. 4 of Bamford 1948) there are only 
two ossifications which meet medially at the posterior 
border of the cranial fontanelle, similar to that observed 
herein for I. punctatus and N. gyrinus (Fig. 31C). Given 
the limited sample size, as well as the other examples of 
the supraoccipital originating as a single pair of ossifica-
tion centers mentioned above, Bamford’s conclusion of a 
fused parietal and supraoccipital in A. felis should be put 
into doubt until further supporting evidence for such fu-

sion is obtained. The way in which the supraoccipital de-
velops may vary across catfishes as only a single center of 
ossification was reported for this bone in Heteropneustes 
fossilis (Srinivasachar 1958) and Corydoras paleatus 
(Huysentruyt et al. 2011).

Supracleithrum. In teleosts, the dermal component of 
the pectoral-girdle is typically comprised of three ele-
ments (cleithrum, supracleithrum, and posttemporal). 
Siluriformes differ from this condition in that they pos-
sess only two major dermal bones in the pectoral-girdle, 
the cleithrum and an upper element of the pectoral girdle 
which has previously been interpreted as: (1) the post-
temporal (Herrick 1901; Kindred 1919; Bamford 1948; 
Alexander 1965); (2) the supracleithrum (Regan 1911; 
Hubbs and Miller 1960; Taylor 1969; Lundberg 1975); 
or (3) a compound element resulting from fusion of the 
posttemporal and supracleithrum (Fink and Fink 1981; 
Arratia 1987). The first of these hypotheses is based sole-
ly on this upper element being the point of articulation 
between the pectoral-girdle and the neurocranium, a po-
sition typically occupied by the posttemporal in teleosts. 
The second hypothesis is based on the insertion of Baude-
lot’s ligament on the upper element, while this prominent 

Figure 31. Ontogeny of the supraoccipital of Ictalurus punctatus. A 12.7 mm SL. B 13.2 mm SL. C 14.1 mm SL. D 15.4 mm SL. 
Abbreviations: Dpto, Dermopterotic; Fr, Frontal; OtCap, Otic capsule; Pto, Pterotic; Soc, Supraoccipital.
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ligament inserts on the supracleithrum in other teleosts. 
The proposed compound nature of this upper shoulder 
girdle element was originally suggested by Fink and Fink 
(1981) because it possessed both of the previously men-
tioned characteristics in combination with the absence of 
ontogenetic material that could clarify whether or not this 
element originated from a single ossification center or 
two ossification centers. The compound origin hypothe-
sis of Fink and Fink (1981) has become the most widely 
adopted of the three, with the element commonly referred 
to as the posttemporo-supracleithrum, a term coined by 
Arratia (1987).

In the developmental series of the two species of icta-
lurids examined herein, the upper element of the pecto-
ral-girdle originates from a single ossification that forms 
lateral to the dorsal tip of the cleithrum and no evidence 
of fusion during the ontogeny of this element was ob-
served (Fig. 28). This corroborates what has previously 
been observed in the development of Clarias gariepinus 
(Adriaens and Verraes 1998) and Ancistrus cf. triradia-
tus (Geerinckx et al. 2007), and refutes the hypothesis of 
Fink and Fink (1981) that the upper element of the pecto-
ral girdle in catfishes represents a compound element re-
sulting from the ontogenetic fusion of the supracleithrum 
and the posttemporal. Of the two remaining hypotheses, 
homology of the upper element of the shoulder girdle 
with the supracleithrum is the best supported given the 
insertion of Baudelot’s ligament on the medial surface of 
the element, a relationship only observed with the supra-
cleithrum in other teleosts (Fink and Fink 1981; Patterson 
and Johnson 1995). Additionally, the supracleithrum in 
other otophysans appears relatively early in development 
compared to other skeletal elements, including the post-
temporal (Cubbage and Mabee 1996; Britz and Conway 
2009; Mattox et al. 2014; Conway et al. 2017). In taxa in 
which one of the three major dermal bones of the pectoral 
girdle is lost, it is always the posttemporal (Conway and 
Britz 2007; Britz & Conway 2009, 2016; Conway 2011; 

Conway et al. 2017). Fink and Fink (1981) recognized 
this in the proposal of their compound origin hypothe-
sis as they stated the upper element of the pectoral girdle 
“…comprises the supracleithrum, the ossified Baudelot’s 
ligament, and perhaps also the posttemporal” implying 
some degree of uncertainty about the incorporation of the 
posttemporal. The only evidence provided by Fink and 
Fink (1981) for the fusion of the posttemporal is the pres-
ence of a dorsal arm in the upper element of the catfish 
shoulder girdle that is similar to that of the posttemporal 
of other teleosts; to explain this condition, however, they 
also mention the possibility of a dorsal expansion of the 
supracleithrum to take the typical place of the posttem-
poral. As a consequence of my developmental results, I 
interpret the upper element of the pectoral-girdle in cat-
fishes to represent a supracleithrum that has become mod-
ified by expanding anterodorsally and ossifying along 
Baudelot’s ligament to resemble the general appearance 
and occupy the typical location of the posttemporal of 
non siluriform teleosts.

Posttemporal and Extrascapular. In teleosts, the pos-
terior portion of the cranium that connects to the pectoral 
girdle typically possesses an extrascapular which carries 
the sensory canal from the posttemporal to the neurocra-
nium. Catfishes, unlike most teleosts, exhibit variation in 
the number, shape and relationship of bones in this region 
(summarized in Table 1) and as a result, the homology of 
these dermal elements has remained uncertain. Before dis-
cussing the homology of the elements found in Ictalurus 
punctatus and Noturus gyrinus, homology of the bones in 
this region across catfishes must first be addressed. The 
most common condition observed across members of the 
order (21 species, 18 families; Fig. 32), including the mor-
phologically most primitive Diplomystes, is the posses-
sion of a single plate-like dermal bone that is sutured to 
the pterotic and supraoccipital, articulates with the supra-
cleithrum, and bears a portion of the postotic sensory ca-

Figure 32. Skeletal elements associated with the articulation of the cranium and pectoral girdle. A Diplomystes papillosus, CAS 
81539, 118 mm SL. B Cranoglanis bouderius, CAS 69758, 97.0 mm SL. Arrows indicate anterodorsal tip of supracleithrum. Abbre-
viations: Asph, AutosphenoticEpoc, Epioccipital; Pt, Posttemporal; Pto, Pterotic; Scl, Supracleithrum; Soc, Supraoccipital.
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Table 1. Summary of diversity in the elements of the cranio-pectoral articulation of catfish species examined.

Family Species Cranio-Pectoral Articulation
Loricarioidea

Astroblepidae Astroblepus sp. Posttemporal absent; Supracleithrum attached directly to the pterotic.

Callichthyidae

Megalechis thoracata Posttemporal absent; Supracleithrum attached directly to the pterotic.
Dianema longibarbis Posttemporal absent; Supracleithrum attached directly to the pterotic.
Corydoras melini Posttemporal absent; Supracleithrum attached directly to the pterotic.
Corydoras panda Posttemporal absent; Supracleithrum attached directly to the pterotic.

Loricariidae
Ancistrus sp. Posttemporal absent; Supracleithrum attached directly to the pterotic.
Pareiorhaphis vestigipinnis Posttemporal absent; Supracleithrum attached directly to the pterotic.

Nematogenyidae Nematogenys inermis Posttemporal absent; Supracleithrum articulates directly with the pterotic.
Scoloplacidae Scoloplax empousa Posttemporal absent; Supracleithrum attached directly to the pterotic.

Trichomycteridae
Henonemus sp. Posttemporal absent; Supracleithrum articulates directly with the pterotic.
Trichomycterus punctulatus Posttemporal absent; Supracleithrum articulates directly with the pterotic.
Potamoglanis hasemani Posttemporal absent; Supracleithrum articulates directly with the pterotic.

Diplomystoidea
Diplomystidae Diplomystes chilensis Posttemporal present as a plate-like bone between the supracleithrum and pterotic.
Siluroidea

Amblycipitidae

Amblyceps cerinum Posttemporal present as a simple canal ossification between the supracleithrum and 
pterotic.

Amblyceps mangois Posttemporal present as a simple canal ossification between the supracleithrum and 
pterotic.

Liobagrus somjinensis Posttemporal present as a simple canal ossification between the supracleithrum and 
pterotic.

Amphiliidae Amphilius uranoscopus Posttemporal absent; Supracleithrum forms part of skull roof.
Anchariidae Ancharius fuscus Posttemporal present as a plate-like bone between the supracleithrum and pterotic.

Ariidae
Ariopsis felis Posttemporal present as a plate-like bone between the supracleithrum and pterotic.
Ariopsis seemanni Posttemporal present as a plate-like bone between the supracleithrum and pterotic.
Bagre marinus Posttemporal present as a plate-like bone between the supracleithrum and pterotic.

Aspredinidae
Bunocephalus sp. Posttemporal present as a simple canal ossification between the supracleithrum and 

pterotic.
Pseudobunocephalus lundbergi Posttemporal absent; Supracleithrum forms part of skull roof.

Auchenipteridae
Tatia intermedia Posttemporal absent; Supracleithrum forms part of skull roof.
Trachycorystes sp. Posttemporal absent; Supracleithrum forms part of skull roof.

Auchenoglanididae Auchenoglanis occidentalis Posttemporal present as a plate-like bone between the supracleithrum and pterotic.
Austroglanididae Austroglanis gilli Posttemporal present as a plate-like bone between the supracleithrum and pterotic.
Bagridae Pseudomystus siamensis Posttemporal present as a plate-like bone between the supracleithrum and pterotic.

Cetopsidae
Cetopsis coecutiens Posttemporal present as a plate-like bone between the supracleithrum and pterotic.
Helogenes marmoratus Posttemporal absent; Supracleithrum articulates directly with the pterotic.

Chacidae Chaca chaca Posttemporal absent; Supracleithrum articulates directly with the pterotic.

Clariidae
Clarias batrachus Posttemporal absent; Supracleithrum forms part of skull roof.
Clarias gariepinus Posttemporal absent; Supracleithrum forms part of skull roof.

Claroteidae Chrysichthys mabusi Posttemporal present as a plate-like bone between the supracleithrum and pterotic.
Cranoglanididae Cranoglanis bouderius Posttemporal present as a plate-like bone between the supracleithrum and pterotic.

Doradidae
Ossancora punctata Posttemporal absent; Supracleithrum forms part of skull roof.
Platydoras armatulus Posttemporal absent; Supracleithrum forms part of skull roof.

Heptateridae Goeldiella eques Posttemporal present as a plate-like bone between the supracleithrum and pterotic.
Heteropneustidae Heteropneustes fossilis Posttemporal absent; Supracleithrum forms part of skull roof.
Horabagridae Horabagrus brachysoma Posttemporal present as a plate-like bone between the supracleithrum and pterotic.

Ictaluridae

Ameiurus melas Posttemporal and Accessory Posttemporal present between supracleithrum and pterotic.
Ictalurus furcatus Posttemporal and Accessory Posttemporal present between supracleithrum and pterotic.
Ictalurus punctatus Posttemporal and Accessory Posttemporal present between supracleithrum and pterotic.
Noturus flavus Posttemporal absent; Supracleithrum articulates directly with the pterotic.

Noturus gyrinus Posttemporal present as a simple canal ossification between the supracleithrum and 
pterotic.

Pylodictis olivaris Posttemporal present as a plate-like bone between the supracleithrum and pterotic.
Kryptoglanididae Kryptoglanis shajii Posttemporal absent; Supracleithrum articulates directly with the pterotic.
Malapteruridae Malapterurus oguensis Posttemporal absent; Supracleithrum articulates directly with the pterotic.
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nal as it passes from the supraoccipital to the pterotic. This 
suggests that this condition is plesiomorphic at the level 
of Siluriformes, with subsequent modifications occurring 
in derived members throughout the order (see Table 1). 
This single dermal bone has been variably referred to as 
either the posttemporal (Regan 1911; Hubbs and Miller 
1960; Lundberg 1975; Slobodian and Pastana 2018) or the 
extrascapular (Herrick 1901; Allis 1904; Bamford 1948; 
Fink and Fink 1981; Arratia and Gayet 1995); however, 
homology of this element has remained unclear.

To date, there are three hypotheses of the homology of 
elements in this region: (1) the plate-like bone represents 
the posttemporal and the extrascapular is lost (Lundberg 
1975); (2) the plate-like bone represents the posttempo-
ral and the extrascapular has fused with the pterotic in 
most catfishes (Slobodian and Pastana 2018); and (3) 
the plate-like bone represents the extrascapular and the 
posttemporal has fused with the supracleithrum (Fink and 
Fink 1981; Arratia and Gayet 1995). The hypothesized 
homology of the plate-like bone with the posttemporal 
is based on Lundberg’s (1975) interpretation of the sen-
sory canal homology in this region and the osteological 
relationships of the canal. Lundberg (1975) concluded 
that the extrascapular was lost and the portion of the sen-
sory canal typically carried by the extrascapular of tele-
osts (excluding the supratemporal canal which is absent 
in catfishes) was incorporated into or closely associated 
with the pterotic. This conclusion was based on the loca-
tion of a posterolateral branch of the otic sensory canal, 
also known as the pterotic branch (Coombs et al. 1988). 
Slobodian and Pastana (2018) also hypothesized that the 
plate-like element is homologous with the posttemporal. 
Their view was based on the number and arrangement of 
neuromasts in the sensory canal, which were not directly 
observed by Slobodian and Pastana (2018), and they dis-
agreed with the hypothesis that the extrascapular is lost. 
Finally, evidence to support the homology of the plate-
like bone as the extrascapular was first provided by Fink 
and Fink (1981) and includes: (1) the lack of a prominent 

dorsal arm typical of the posttemporal in nonsiluriform 
otophysans; and (2) the fact that the extrascapular of 
Gymnotiformes, the sister group to catfishes, is immov-
ably articulated to the cranium. Fink and Fink (1981) pos-
tulated that the latter could be a feature of the Siluriphysi. 
In addition to these two factors, Fink and Fink (1981) 
and Arratia and Gayet (1995) disagreed with Lundberg’s 
(1975) interpretation of pterotic branch homology, which 
they provided as evidence to contradict the posttemporal 
hypothesis. Surprisingly, most of the evidence used in the 
homology assessment of the plate-like element has been 
based on the sensory canals and neuromasts in this re-
gion, with little attention paid to the ossification itself or 
its association with other bones in the region.

In the 21 species of catfishes examined in the pres-
ent study that possess the plate-like element, the bone 
always shares the same relationship with the surround-
ing elements of the neurocranium. The bone is sutured 
to the pterotic and the supraoccipital anterolaterally and 
anteromedially, respectively. Posteriorly, it overlays and 
forms a firm connection to the anterodorsal tip of the su-
pracleithrum via dense connective tissue (Fig. 32). This 
firm connection between the plate-like element and the 
supracleithrum is similar to that shared between the post-
temporal and supracleithrum of most teleosts, not the ex-
trascapular. The lack of a prominent dorsal arm on the 
plate-like element was cited as evidence for the plate-like 
bone being homologous to the extrascapular; however, a 
plate-like posttemporal which lacks a prominent dorsal 
arm is found among the Otophysi in some cypriniformes 
(e.g., Danio rerio, Cubbage and Mabee 1996). Addition-
ally, Fink and Fink (1981) suggested that the immovable 
articulation of the extrascapular in gymnotiforms may 
represent a shared feature with catfishes. However, it is 
unclear exactly what Fink and Fink (1981: p. 333) meant 
by “immovably articulated” as they do not describe it in 
detail, explain how it differs from the extrascapular at-
tachment of other otophysans and it is also not illustrated 
in their figures. It is worth noting that in Gymnotiformes, 

Family Species Cranio-Pectoral Articulation

Mochokidae
Chiloglanis sp. Posttemporal absent; Supracleithrum forms part of skull roof.
Euchilichthys sp. Posttemporal absent; Supracleithrum forms part of skull roof.
Microsynodontis sp. Posttemporal absent; Supracleithrum forms part of skull roof.

Pangasiidae Pangasius macronema Posttemporal present as a plate-like bone between the supracleithrum and pterotic.
Pimelodidae Pimelodus pictus Posttemporal present as a plate-like bone between the supracleithrum and pterotic.
Plotosidae Plotosus lineatus Posttemporal present as a plate-like bone between the supracleithrum and pterotic.

Pseudopimelodidae
Microglanis cf. iheringi Posttemporal present as a plate-like bone between the supracleithrum and pterotic.
Microglanis poecilus Posttemporal present as a plate-like bone between the supracleithrum and pterotic.

Ritidae Rita rita Posttemporal present as a plate-like bone between the supracleithrum and pterotic.

Schilbeidae
Parailia congica Posttemporal absent; Supracleithrum articulates directly with the pterotic.
Parailia pellucida Posttemporal absent; Supracleithrum articulates directly with the pterotic.
Schilbe intermedius Posttemporal present as a plate-like bone between the supracleithrum and pterotic.

Siluridae
Silurus asotus Posttemporal absent; Supracleithrum articulates directly with the pterotic.
S. glanis Posttemporal absent; Supracleithrum articulates directly with the pterotic.
Wallago attu Posttemporal absent; Supracleithrum articulates directly with the pterotic.

Sisoridae
Glyptothorax lampris Posttemporal absent; Supracleithrum forms part of skull roof.
Parachiloglanis Posttemporal absent; Supracleithrum articulates directly with the pterotic.
Pseudolaguvia kapuri Posttemporal absent; Supracleithrum forms part of skull roof.
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the attachment of the extrascapular to the neurocranium 
is variable and has been reported to be either fused to 
the neurocranium or remain as an independent element 
(Lundberg and Mago-Leccia 1986; Albert 2001; Dutra 
et al. 2021) in different species. Also, the absence of 
the posttemporal is rare across teleosts having been re-
ported to be absent in a single genus of miniature Gono-
rynchiformes (Grasseichthys; Britz and Moritz 2007), 
three genera of miniature Cypriniformes (Danionella, 
Paedocypris and Sundadanio; Conway and Britz 2007; 
Britz and Conway 2009, 2016), certain stomiiforms of 
the families Sternoptychidae (Baird 1971) and Stomiidae 
(Fink 1985), the miniature synbranchiforms of the family 
Chaudhuriidae (Britz and Kottelat 2003) and gymnodont 
tetraodontiforms of the families Tetraodontidae and Di-
odontidae (Tyler 1980). All of this information taken to-
gether supports the hypothesis that the plate-like bone is 
homologous to the posttemporal, as suggested by Lund-
berg (1975) and Slobodian and Pastana (2018), not to the 
extrascapular. Additionally, the relationship between the 
sensory canal and the bones in this region match that de-
scribed by Lundberg (1975), although I did not examine 
enough material to be able to comment on the homology 
of the pterotic branch among otophysans or its reliability 
in determining homology of osteological elements of the 
region.

Neither Ictalurus punctatus or Noturus gyrinus pos-
sess the plesiomorphic condition described above for cat-
fishes; however, the single plate-like posttemporal likely 
represents the plesiomorphic condition of the family as 
this condition is also exhibited by the Cranoglanididae 
(Fig. 32B), the hypothesized sister group to Ictaluridae 
(Diogo 2004; Hardman 2005); †Astephus sp., a hypothe-
sized stem ictalurid (Lundberg 1975; Grande and Lund-
berg 1988); as well as Pylodictis olivaris, an extant ictal-
urid. This suggests that the conditions in I. punctatus and 
N. gyrinus are both derived within the family. Noturus 
gyrinus possesses a single canal ossification with no un-
derlying lamina of bone, a condition which appears to 
have evolved multiple times across Siluriformes (Table 
1). As a result, this element is typically considered to be 
homologous to the single plate-like bone characteristic of 
the plesiomorphic condition of catfishes, a conclusion I 
agree with. The condition found in I. punctatus is rare 
among catfishes, and to my knowledge has only been ob-
served in ictalurid catfishes of the genera Ictalurus and 
Ameiurus. Members of these genera possess two small 
bones in this region, one of which bears the sensory canal 
between the supracleithrum and the pterotic and the oth-
er one being plate-like. To date only a few studies (Allis 
1904; Lundberg 1975; Arratia and Gayet 1995; Slobodian 
and Pastana 2018) have attempted to address the homolo-
gy of these two elements in these ictalurids. Among these 
studies, two hypotheses have been proposed for the canal 
bearing bone: (1) it is homologous to the extrascapular 
(Arratia and Gayet 1995; Slobodian and Pastana 2018); 
or (2) it is homologous to the canal ossification of the 
posttemporal that has separated from the adjacent lam-
inar portion of the posttemporal (Lundberg 1995). The 
homology of the additional-plate like bone is even less 

certain, with each study reaching a different conclusion. 
This bone has been interpreted as either the parietal (Al-
lis 1904), a laminar portion of the posttemporal separate 
from the adjacent canal bearing ossification (Lundberg 
1975), a de novo ossification (Arratia and Gayet 1995), 
or the posttemporal in its entirety (Slobodian and Pasta-
na 2018). Given the presence of a canal-bearing and an 
additional dermal bone in this region when compared to 
the remaining siluriforms, the homology of these two ele-
ments in Ictalurus and Ameiurus remains uncertain.

In the developmental series of Ictalurus punctatus ex-
amined herein, the canal bearing element is the first of the 
two elements to appear (~12.8 mm SL; Figs 5C, 6C) as 
a canal ossification lateral to the posterior margin of the 
chondrocranium. The additional plate-like bone appears 
later (~15.1 mm SL; Fig. 34A) as a thin sliver of bone at 
the anterior margin of the dorsal tip of the supracleithrum. 
As development continues, the additional plate-like bone 
covers and forms a close connection to the dorsal-tip of 
the supraoccipital and the canal ossification obtains an 
extension of laminar bone (Fig. 34B). Both proceed to 
expand until, in the adult skeleton (Fig. 8; Fig. 34C), the 
two elements become sutured to each other and the sur-
rounding cranial elements and constitute a portion of the 
cranial roof. Together, both elements form the roof of the 
fossa which receives the dorsal tip of the supracleithrum, 
and occupy the same topographical region of the neuro-
cranium as the posttemporal in the plesiomorphic condi-
tion of catfishes.

Based on the developmental series of Ictalurus punc-
tatus examined herein, in addition to the association and 
location of the two elements in adult specimens, I narrow 
down the homology of these bones to two hypotheses: (1) 
the canal bearing element is homologous to the posttem-
poral and the additional plate-like bone represents a de 
novo ossification; or (2) the single posttemporal present 
in the plesiomorphic condition has become fragmented 
and is represented by two separate ossifications. Regard-
less of the hypothesis, the canal bearing element is in-
terpreted as either the whole or part of the posttemporal 
due to it carrying the same sensory canal ossification as 
that observed in the single plate-like posttemporal of the 
plesiomorphic condition. This conclusion is in agreement 
with those of both Lundberg (1975) and Arratia and Gay-
et (1995), with the present hypothesis only differing from 
the latter in that they interpret the single-plate like ele-
ment in the plesiomorphic condition of catfishes as the 
extrascapular rather than the posttemporal as concluded 
herein. The additional plate-like bone, despite occupy-
ing approximately the same area as the parietal in oth-
er ostariophysans and sharing relationships with several 
of the same elements, exhibits a topological relationship 
with the supracleithrum. This includes both the additional 
plate-like bone’s origin of ossification, and eventual con-
nection to the anterodorsalmost tip of the supracleithrum, 
which are not observed between the parietal and supra-
cleithrum in other teleosts. This relationship between 
the additional plate-like element and the supracleithrum, 
however, is the same as that observed between the single 
plate-like posttemporal in its plesiomorphic condition (as 
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e.g., in Diplomystes, Fig. 32A) and the supracleithrum. 
This relationship and the position that both elements to-
gether occupy, match that of the single plate-like post-
temporal and thus support the hypothesis that these two 
elements represent a posttemporal that has become frag-
mented into two separate ossification centers. However, 
there is simply not enough evidence in the material exam-
ined here to reject the possibility that the additional plate-
like bone may represent a de novo ossification, which 
has assumed a relationship with the supracleithrum that 
matches the plesiomorphic relationship between the post-
temporal and the anterodorsal tip of the supracleithrum in 
other catfishes. Based on this information, I suggest the 
term accessory posttemporal for the additional plate-like 
bone in Ictalurus and Ameiurus.

Finally, it is worth mentioning that the examination 
of the canal neuromasts in this region of select catfishes 
(Fig. 33) refutes Slobodian and Pastana’s (2018) hypoth-
esis that the canal bearing element in some ictalurids is 
homologous to the extrascapular. I also challenge their 
conclusion that number and arrangement of canal neuro-
masts are not variable between species of catfishes and 
therefore can be used to accurately determine the homol-
ogy of the underlying bones, the basis for their homology 
proposition. Slobodian and Pastana (2018) posited that 
all catfishes that possess a single plate-like posttemporal 
(plesiomorphic condition) have three canal neuromasts 
associated with the pterotic, compared to other otoph-
ysans, which possess two neuromasts in the pterotic and 
a third in the extrascapular. Due to canal ossifications 
typically originating around canal neuromasts (e.g., see 
Webb and Shirey 2003) and the presence of the additional 
neuromast in the pterotic, they concluded that the extras-
capular was not lost but instead fused to the pterotic. In 
contrast to their own hypothesis, Slobodian and Pastana 
(2018: Fig. 3) labeled the single element in this position 
of the neurocranium of Pimelodella bockmanni as the ex-
trascapular rather than the posttemporal.

In ictalurids in which two elements are present in this 
region, Slobodian and Pastana (2018) inferred that the ca-
nal bearing element is the extrascapular, which remains 
an independent element based on the possession of the 
third neuromast of the postotic canal, and that the addi-
tional-plate like bone represents a posttemporal that has 
lost its connection to the sensory canal. Slobodian and 
Pastana’s (2018) hypothesis was based not on their own 
observation of neuromasts directly but rather on the pre-
vious work of Allis (1904), Collinge (1895) and Herrick 
(1901), as well as the authors’ assumption that “…later-
al-line branches emerge between each lateral-line neu-
romast…”. Interestingly, Allis’s (1904) work was based 
primarily on the adult skeleton of Ameiurus nebulosus, 
which possesses the derived condition described above 
for Ictalurus punctatus, not the plesiomorphic condition 
observed in other catfishes. The other species directly ob-
served by Allis, Silurus glanis, also does not possess the 
plesiomorphic condition but rather the pterotic articulates 
directly with the upper element of the shoulder girdle and 
there is no intervening element. Upon examination of the 
canal neuromasts in this area in a small number of cat-

fishes it is apparent that Slobodian and Pastana’s (2018) 
hypothesis falls apart. I found that two species with the 
plesiomorphic plate-like posttemporal, Pimelodus pictus 
(Fig. 33A) and Pylodictis olivaris (Fig. 33B), that would 
be expected to have three neuromasts in their pterotic 
according to the hypothesis of Slobodian and Pastana 
(2018), do not, but rather differ in their number of ca-
nal neuromasts: three in Pi. pictus vs. two in Py. olivaris. 
Several studies on the cephalic lateral line canal system of 

Figure 33. Ontogeny of the cranial bones associated with the 
articulation of the pectoral girdle of Ictalurus punctatus. A 
15.4 mm SL. B 44.9 mm SL. C 441 mm SL. Abbreviations: *, 
Accessory posttemporal; Asph, Autosphenotic; Epoc, Epiocci-
pital; Pt, Posttemporal; Pto, Pterotic; Scl, Supracleithrum; Soc, 
Supraoccipital.
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Figure 34. Neuromasts and associated cranial bones of select catfishes Pimelodus pictus (TCWC 20491.12, 42.0 mm SL; A,E), 
Pylodictis olivaris (TCWC 20490.04, 56.0 mm SL; B, F), Ictalurus punctatus (TCWC 20490.02, 60.0 mm SL; C, G) and Noturus 
gyrinus (TCWC 20490.03, 27.0 mm SL; D, H). A–D Cranial bones stained with alizarin red S. White dots correspond to canal 
neuromasts of E–H. E–H Canal neuromasts stained using 4-Di-2-ASP following Nakae et al. (2012). Abbreviations: *, Accessory 
posttemporal; Epoc, Epioccipital; Pt, Posttemporal; Pto, Pterotic; Scl, Supracleithrum; Soc, Supraoccipital.
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non-catfishes have shown that the number of neuromasts 
between lateral-line branches (or pores) of a canal may be 
lower or higher than one (e.g., see figure 1 in Klein et al. 
2013; figure 2 in Sumi et al. 2015; figs. 2, 6, 10 in Sato et 
al. 2017; figs. 2, 4 in Nakae et al. 2021). These facts refute 
Slobodian and Pastana’s (2018) assumption that there is 
always one neuromast between two lateral-line branches. 
Additionally, Py. olivaris has the same number of canal 
neuromasts as the other ictalurids examined (Ictalurus 
punctatus, Noturus gyrinus, and Ameiurus melas; Fig. 
33), despite the interspecific variation in these elements 
among members of the family. This suggests that neuro-
mast number and the condition of associated bones in the 
skeleton are independent of one another and cannot be 
used on their own as the sole criterion to establish bone 
homology.

Coracoid. In teleosts, the scapulocoracoid cartilage typ-
ically gives rise to three separate ossifications, the dorsal 
scapula, ventral coracoid and medial mesocoracoid. The 
single endoskeletal element in the pectoral-girdle of cat-
fishes has previously been assumed to represent the prod-
uct of ontogenetic fusion between the three endochondral 
ossifications, based on comparisons of the adult skeleton 
(Stark 1930; Alexander 1966). Arratia (2003b), based on 
examination of a small developmental series of Ictalurus 
punctatus, observed only a single ossification within the 
scapulocoracoid cartilage, though in the supporting figure 
this ossification was shown to cover much of the lateral 
face of the cartilage. As reported by Arratia (2003b), in 
the material studied herein the element originates from 
a single center of ossification within the scapulocoracoid 
cartilage. Ossification starts in the pars coracoidea around 
the ventral arm of scapulocoracoid cartilage, which cor-
responds to the typical location of the coracoid in other 
teleosts. The ossification proceeds to spread posterodor-
sally to surround the portion of the scapulocoracoid car-
tilage in which the scapula typically ossifies, adjacent to 
the foramen for the passage of a branch of the pterygial 
nerve. A separate mesocoracoid is absent in both of the 
species of ictalurid examined herein and instead the ‘me-
socoracoid’ arch forms from two separate extensions of 
the single ossification of the scapulocoracoid cartilage, 
one dorsal and one ventral, which meet and fuse. Given 
that only a single center of ossification is ever observed 
in the scapulocoracoid cartilage, there is no evidence for 
ontogenetic fusion between the scapula and the coracoid. 
Since ossification of this single element originates on the 
ventral arm of the pars coracoidea, a position occupied 
by the coracoid of other teleosts, it is herein interpreted 
in catfishes as being homologous to the coracoid which 
has expanded to also occupy the space of the scapula and 
mesocoracoid.

Dorsal-fin Spine 2. The soft dorsal-fin rays of teleosts 
typically consist of two separate segmented hemitrichia, 
the proximal bases of which articulate directly with the 
lateral surface of the distal radial that is in serial associ-
ation with that fin ray. In many catfishes, the hemitrichia 

and developing distal segments of the second dorsal-fin 
ray fuse into a lockable dorsal-fin spine. The proximal 
base halves of this dorsal-fin spine are also fused across 
the midline, and rather than articulating with a typical 
distal radial, form a foramen through which an ossified 
ring-like process of proximal-middle radial 3 passes, 
establishing in the dorsal-fin spine a “chain-link” artic-
ulation (sensu Bridge 1896). It has previously been hy-
pothesized that the modification to the proximal base of 
the second dorsal-fin spine in catfishes is the result of 
fusion between the lateral hemitrichia and medial distal 
radial 2 in order to form the foramen through which the 
ring-like process of proximal radial 3 passes (Alexander 
1966; Ballen and de Pinna 2021). At no point in the de-
velopment of Ictalurus punctatus or Noturus gyrinus was 
a distal radial observed between the hemitrichial bases 
of dorsal-fin spine 2. Instead, medially directed process-
es which originate from the anteroproximal base of each 
hemitrichium, meet and fuse medially to form the fora-
men through which the ring-like process passes. Based on 
this observation, it is apparent that dorsal-fin distal radial 
2 is lost and the “chain-link” articulation of catfishes is 
the result of modifications to the base of dorsal-fin spine 
2 and proximal-middle radial 3.

Urohyal. The urohyal of teleosts is a median bone that 
originates in the tendons of the sternohyoideus muscle as 
a single ossification. The urohyal of catfishes differs from 
that of other teleosts in that it originates as two separate 
ossification centers, which fuse during development into 
a single element (Arratia and Schultze 1990). Addition-
ally, the urohyal of loricarioid catfishes is a compound 
element of the tendon ossification of a typical siluriform 
urohyal and an ossification of the anterior basibranchial 
copula cartilage (Arratia and Schultze 1990; Geerinckx 
et al. 2007). Arratia and Schultze (1990) also interpret-
ed this fusion as occurring in siluroid catfishes based on 
the observation of ‘chondroid bone’ fused to the dorsal 
portion of the urohyal in skeletonized material of adult 
individuals of ictalurids. This led them to refer to the ele-
ment as the ‘parurohyal’ and proposed that it represented 
a synapomorphy of Siluriformes. In the developmental 
series examined herein for Ictalurus punctatus and No-
turus gyrinus, the urohyal does originate as paired ossi-
fications in the tendons of the sternohyoideus muscles, 
which later fuse into a single median element (see de-
scription of urohyal development in I. punctatus). As it 
develops, the urohyal forms a close articulation with the 
anterior tip of the anterior basibranchial copula; howev-
er, no ossification or subsequent fusion between the two 
elements was observed. Additionally, in adult individuals 
of I. punctatus (426–441 mm SL), no signs of ‘chondroid 
bone’ were observed in the cup-shaped process which ar-
ticulates with the anterior basibranchial copula. As a re-
sult, the urohyal of ictalurids is comprised only of tendon 
bone, similar to the typical teleost condition, and does not 
represent a compound element as previously reported by 
Arratia and Schultze (1990). This may suggest that the 
compound nature of the urohyal in catfishes is restricted 
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to loricarioid catfishes, although more information on the 
development of this element across catfishes is required 
before any more general conclusions can be made.

Lacrimal. The infraorbital elements of teleosts are typ-
ically comprised of plates of dermal bone that carry the 
infraorbital sensory canal. In catfishes, the infraorbitals 
differ from the typical condition in that they are greatly re-
duced, represented by only simple tube-like ossifications 
around the infraorbital canal, except for the anteriormost 
infraorbital element. This bone has a laminar portion that 
carries the ossified canal. Homology of this anteriormost 
element still remains uncertain. Previous studies have re-
ferred to it as either infraorbital 1, or the lacrimal (Bam-
ford 1948; Lundberg 1982), the antorbital (Arratia & 
Huaquín 1995), or as a compound element resulting from 
the fusion of the lacrimal and the antorbital (Kindred 
1919; de Pinna et al. 2020). The anteriormost element of 
the infraorbital sensory canal in Ictalurus punctatus (Fig. 
11) and Noturus gyrinus originates from a single ossifi-
cation center that will make up part of the canal portion 
of this element. As the bone develops the canal becomes 
enclosed and an anterior and posterior projection of bone 
extend from the canal ossification forming the laminar 
portion of this element. At no point during development 
of this bone was there evidence of fusion between an au-
togenous canal and the laminar portion of bone, refuting 
the hypothesis that the element is compound in nature. 
Given that the canal ossification appears first, with the 
laminar portion subsequently developing from the canal 
ossification, the anterior element of the infraorbital series 
of catfishes is herein interpreted to represent the lacrimal 
and the antorbital is lost.
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