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Abstract

The vertebral column in tetrapods consists of several constant regions, namely the cervical, thoracic, lumbar, sacral, and caudal
regions. Each of these regions is characterized by a specific number of vertebrae, contributing to the overall vertebral formula.
Supernumerary and/or missing vertebrae have only been sporadically mentioned for penguins, and the specific vertebral formula
is only determined for some non-passeres orders. Variations in the anatomy and vertebral number of South American and Antarc-
tic penguin species are evaluated here. Sixty-six specimens of Aptenodytes forsteri, Pygoscelis adeliae, P. antarcticus, P. papua,
Spheniscus magellanicus, and Eudyptes chrysocome were examined to establish the vertebral formula for six South American and
Antarctic species, reporting the type and frequency of the variations found in the generalized configuration. We found no intraspe-
cific variation in respect of the number of cervical as well as cervicothoracic vertebrae in all penguin species studied. Intra- and
interspecific variation occur in the thoracic, synsacral, and caudal regions comprising 6—7, 13—14 and 5-8 vertebrae, respectively.
Particularly, the variations were found in the transitional zones between one region and another and/or between synsacral seg-
ments.
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Introduction

The vertebral column is the part of the axial skeleton
that protects the spinal cord, provides support and sta-
bility to the body, and serves as the origin and insertion
of the musculature (Galbusera 2018; Galbusera and Bas-
sani 2019). Each vertebra articulates with its neighbors
through the zygapophyses and articular facets of the ver-

tebral body. In birds, adult vertebrae are heterocoelous
(i.e., with saddle-shaped articular facets of the vertebral
body), except for the thoracic vertebrae of some birds,
such as penguins (Sphenisciformes), parrots (Psittaci-
formes), cormorants (Phalacrocoracidae), some gulls
(Laridae), razorbills (Alcidae), and shorebirds (Chara-
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driiformes) among others, whose vertebral bodies are
opisthocoelous (i.e., the cranial articular facet is convex
while the caudal articular facet is concave) (Gadow 1933;
Verheyen 1958a; Bellairs and Jenkin 1960).

In tetrapods, in general, the most common and well-
known vertebral regions correspond to the cervical, tho-
racic, lumbar, sacral, and coccygeal or caudal regions
(Baumel and Witmer 1993; Narita and Kuratani 2005;
Gomez and Pourquié¢ 2009; Galbusera 2018; Galbus-
era and Bassani 2019). The total number of vertebrae is
generally the same within a species, although it is highly
variable among different groups of vertebrates. It ranges
from six in frogs to hundreds in some fish and snakes
(Gomez and Pourquié¢ 2009). In turn, the number of ver-
tebrae within each region is also variable in the different
groups, although in mammals, for example, apart from
manatees and sloths, cervicals are always seven (Burke
et al. 1995; Galis 1999; Narita and Kuratani 2005; Oos-
tra et al. 2005; Bohmer et al. 2019). The combined num-
ber of vertebrae that contribute to each of the vertebral
column regions has been called axial or vertebral for-
mula (Verheyen 1960; Sawin et al. 1967; Burke et al.
1995; Narita and Kuratani 2005; Gémez and Pourquié
2009).

It is difficult to establish a general vertebral formu-
la in birds because the regionalization of the spine is
related to the presence of modifications such as the
notarium formed by the fusion of some thoracic verte-
brae; the synsacrum formed by ankylosis of thoracic,
lumbar, sacral, and caudal vertebrae; and the pygostyle
formed by the fusion of the last caudal vertebrae (Bau-
mel and Witmer 1993; Burke et al. 1995; Hiraga et al.
2013). These structures have led to differences between
authors when establishing a general vertebral formula
since there is no agreement on how to identify each ele-
ment that constitutes them, especially in the synsacrum
(Bellairs and Jenkin 1960; Hiraga et al. 2013). In birds,
the total number of vertebrae varies from a minimum
of 40 in Passeriformes to a maximum of 60 in swans
(Bellairs and Jenkin 1960); the number of cervical var-
ies from nine in parakeets to 25 in swans (Kaiser 2007);
and thoracics from five in phalacrocoracids to 11 in
cranes (Ono 1980; Hiraga et al. 2013). The synsacrum
is formed by ankylosis of 13-14 vertebrae in Bubo
bengalensis (Franklin, 1831) (Strigidae) (Sridevi et al.
2021) or up to 22 in other birds (Hiraga et al. 2013).
The numerical variability found in the literatures for
these last two regions mostly depends on whether the
first ankylosed vertebra is part of the thoracic region
or the synsacrum. Finally, and for similar reasons, the
free caudal region presents from five to nine elements,
depending on whether the last ankylosed elements are
conserved within the caudal region or the synsacrum
(Gadow 1933; Bellairs and Jenkin 1969; Hiraga et al.
2013; Pereira 2015; Gofur 2021).

Beyond that, numerical differences have also been
found in the same region in several tetrapods. Such is the
case of goats and humans among mammals (Simoens et
al. 1982; Oostra et al. 2005), or domestic fowl and cranes
among domestic and wild birds (Nickel et al. 1977; Hira-

ga et al. 2013), where extra vertebrae, or even absences,
have been observed accounting for a lower number of
vertebrae for a particular region. These numerical varia-
tions occur mainly in the transitional zones between one
region and another, for example, in the thoracic-lumbar
or lumbar-sacral regions (Simoens et al. 1982; Oostra et
al. 2005; Hiraga et al. 2013; Lian et al. 2018), although
variations were also reported in the cervical region in
cranes (Hiraga et al. 2013). This existing numerical vari-
ability within the same species has been called “numer-
ical anomaly” (Oostra et al. 2005), and the causes of its
occurrence are still unclear. Although the low genetic
diversity can influence the numerical variations of the
vertebral column in mammals, among other factors, the
cause that can generate this variation in birds is unknown
(Hiraga et al. 2013). Additionally, it has been noted that
some of these variations can be attributed to differences
in ontogenetic stages (Verheyen 1955; Verheyen 1958a,
1958D).

Particularly in penguins, the total number of vertebrae
also varies, from 42 in Eudyptes chrysocome (Forster,
1781), Eudyptes chrysolophus (von Brandt, 1837), Eu-
dyptula minor (Forster, 1781), Pygoscelis papua (For-
ster, 1781), Aptenodytes patagonicus (Miller, 1778), and
Aptenodytes forsteri Gray, 1844 (Watson 1883; Shufeldt
1901; Stephan 1979; Sosa and Acosta Hospitaleche
2022) to 43 in Spheniscus demersus (Linnaeus, 1758),
Spheniscus magellanicus (Forster 1781), and Spheniscus
mendiculus Sundevall, 1871 (Watson 1883). Within each
region, some authors mention 13 (Gervais and Alix 1877;
Watson 1883; Verheyen 1958a; Stephan 1979; Guinard
and Marchand 2010; Guinard et al. 2010; Sosa and Acos-
ta Hospitaleche 2022) or 15 cervical vertebrae (Shufeldt
1901), six (Shufeldt 1901; Verheyen 1958a; Sosa and
Acosta Hospitaleche 2022) or eight to nine thoracic ver-
tebrae (Watson 1883; Stephan 1979), 11, 12 or 14 verte-
brae in the synsacrum (Watson 1883; Verheyen 1958a;
Stephan 1979; Sosa and Acosta Hospitaleche 2022),
six to eight free caudals (Watson 1883; Shufeldt 1901;
Verheyen 1958a; Stephan 1979; Sosa and Acosta Hos-
pitaleche 2022) in addition to the pygostyle formed by
ankylosis of the last four to five (Verheyen 1958a; Sosa
and Acosta Hospitaleche 2022), or six to seven caudal
vertebrae (Stephan 1979). Two cervicothoracic vertebrae
were recently described in penguins (Jadwiszczak 2014;
Sosa and Acosta Hospitaleche 2022). It should be noted
that these elements were previously considered part of the
cervical or the thoracic regions, depending on the author
(Watson 1883; Shufeldt 1901; Verheyen 1958a; Stephan
1979).

Recently, an extra vertebra in the thoracic region was
detected in a specimen of Aptenodytes forsteri (Sosa and
Acosta Hospitaleche 2022). Starting from that, we ex-
plored the variation in the vertebral column of other pen-
guin species. This work aims to establish the anatomy, the
general vertebral formula and its variations in the differ-
ent penguin species examined. In addition, the configura-
tion of the synsacrum, the most problematic elements in
the vertebral count, and its degree of fusion to the pelvic
girdle in the different species were analyzed.
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Materials and methods

The vertebral column of 66 specimens of six South Amer-
ican and Antarctic penguin species, housed in the collec-
tions of the Vertebrate Zoology Division of the Museo
Argentino de Ciencias Naturales Bernardino Rivadavia
(MACN-Or) of the Ciudad Autéonoma de Buenos Aires
and the Ornithological Section of the Museo de La Pla-
ta (MLP-ORN), La Plata, were analyzed. The sample
includes the emperor penguin Aptenodytes forsteri (n =
3), Adélie penguin Pygoscelis adeliae (Hombron and
Jacquinot, 1841) (n = 20), chinstrap penguin Pygoscelis
antarcticus (Forster, 1781) (n = 1), gentoo penguin Py-
goscelis papua (n = 9), Magellanic penguin Spheniscus
magellanicus (n = 32), and rockhopper penguin Eudyptes
chrysocome (n = 1) (see Table S1). Only subadult and
adult penguins were selected based on their fully devel-
opment of vertebrae, allowing precise allocation within
vertebral column regions. Specimen ages were deter-
mined following Sosa and Acosta Hospitaleche (2022).

The number of vertebrae was determined by count-
ing each individual, morphologically identifying the re-
gions as follows. Cervical (C): the ribs are fused to the
vertebrae, they have a foramen transversarium, and the
vertebral body is heterocoelus; cervicothoracic (CT): the
ribs are not fused to the vertebrae but do not articulate
with the sternum, and the vertebral body is heterocoe-
lus; thoracic (T): the ribs are not fused to the vertebrae
and articulate with the sternum, and the vertebral body is
opisthocoelus, except for the cranial articular facet of the
first thoracic vertebra which is heterocoelus; synsacrum
(S): total or partially ankylosed thoracic, lumbar, sacral,
and caudal vertebrae; free caudal (Ca): cylindrical verte-
bral body, triangular vertebral arch, well-developed and
rectangular processus transversi, all similar in size and
shape; and pygostyle (P): total or partially ossified ver-
tebrae with cylindrical vertebral body compressing and
reducing in size caudally.

The vertebral formula for each species was determined
as follows: C, + CT, + T, + S, + Ca, + P, = N,,,;. Capital
letters indicate the vertebrae of the cervical, cervicotho-
racic, thoracic, synsacral, free caudal, and pygostyle re-
gions, respectively. In addition, the subscript “x” shows
the number of vertebrae for each region being, for the
synsacrum and pygostyle, the total number of ankylosed
vertebrae. It is worth noting that for practical purposes,
in the total number of vertebrae (N), the pygostyle was
counted as a single vertebral element regardless of the
number of fused vertebrae indicated in brackets.

The synsacral segments, that form the synsacrum,
were analyzed according to Bellairs and Jenkin (1960)
and Stephan (1979) and were identified as follows. Tho-
racal segment (TS): presents articulated ribs; thoraco-
lumbar segment (TLS): presents processus transversi in
the first vertebrae and processus transversi and processus
costales in the last vertebrae; lumbar segment (LS): pres-
ents only processus transversi; sacral segment (SS): pres-
ents well-developed processus transversi and processus
costales; and caudal segment (CS): presents robust pro-

cessus transversi. For each species, the fusion or not of
the synsacrum with the pelvic girdle was also analyzed.

Results

The vertebral column across all examined penguin spe-
cies demonstrates a consistent configuration, yet our scru-
tiny reveals subtle distinctions in the presence, absence,
or developmental degree of specific processes, as well as
variations in the number of elements within each region.

The subsequent section underscores both intra- and in-
terspecific morphological variations, offering a detailed
examination of the penguin vertebral column. Our focus
centers on the vertebral formula providing an overview of
numerical variations within each region.

Morphological descriptions

Cervical vertebrae. The processus ventralis corporis ap-
pears from C2 to C4 in Aptenodytes forsteri (Fig. 1A),
Pygoscelis papua, Spheniscus magellanicus, and from C2
to C3 in Pygoscelis adeliae. Subsequently, this process
manifests again from C10 to C13 in 4. forsteri, P. adeli-
ae, Pygoscelis antarcticus, S. magellanicus and Eudypt-
es chrysocome. In P. papua and a specimen of P. adeliae
(MLP-ORN 15475), it is observed between C9 and C13.
The processus carotici develop from C5 to C9 in 4. for-
steri (Fig. 1B), and S. magellanicus, from C4 to C8 or
C9 in P, adeliae, from C5 to C8 in P. papua and from C7
to C9 in E. chrysocome. The processus costales exhibit a
consistent short and spine-like structure across all speci-
mens (Fig. 1C). The processus transversi are slightly de-
veloped up to C11 and extend laterodorsally further from
Cl11 to C13 (Fig. 1D) in A. forsteri, P. adeliae, P. papua,
S. magellanicus, and E. chrysocome. In the C13 of P. ant-
arcticus, these processus are uniquely dorsally curved.
Lastly, the processus spinosus is observed from C2 to C6
and from C12 to C13 in all specimens (Fig. 1D).

Cervicothoracic vertebrae. The vertebral body exhibits
subtle variations, being slightly rectangular in A. forsteri
and quadrangular in the remaining species (Fig. 1E-]). In
CT1, the processus ventralis corporis is simple with two
well-defined alae cristae ventrales. However, in CT2 it is
bifurcated in all species. Both vertebrae have a deep fo-
vea cranioventralis and a well-developed processus trans-
versi, with a rounded and small eminentiae costolaterales.
The processus spinosus assumes a quadrangular, flattened
structure, covering the entire length of the vertebral arch
in all species. Notably, in CT1 of 4. forsteri, it presents
a shorter length and a midline position on the vertebral
arch.

Thoracic vertebrae. All vertebrae are opisthocoelus, but
the cranial articular facet of T1 acquires a saddle-shape
in all species. The processus ventralis corporis decreases
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Figure 1. General aspects: A C4 in left lateral view, Aptenodytes forsteri (MLP-ORN 15192); B C8 in cranial view, Aptenodytes
forsteri (MLP-ORN 15192); C C11 in left lateral view, Aptenodytes forsteri (MLP-ORN 15192); D C1-C13 in dorsal view, Pygos-
celis papua (MLP-ORN 783); E CT1 in left lateral view, Aptenodytes forsteri (MLP-ORN 15192); F CT1 in cranial view, Pygos-
celis adeliae (MLP-ORN 1134); G CT2 in cranial view, Pygoscelis adeliae (MLP-ORN 1134); H CT1 in cranial view, Spheniscus
magellanicus (MLP-ORN 1598); I CT2 in cranial view, Spheniscus magellanicus (MLP-ORN 1598); J T1-T6 and synsacrum in
left lateral view, Eudyptes chrysocome (MLP-ORN 1596); K T2 in cranial view, Aptenodytes forsteri (MLP-ORN 15192); L T6, T7
and the cranial end of the synsacrum in left lateral view, Pygoscelis adeliae (MACN-Or 68557); M T1-T7 in left lateral view, Sphe-
niscus magellanicus (MACN-Or 71167); N T7 in left lateral view, Aptenodytes forsteri (MLP-ORN 15192); O T7 in cranial view,
Spheniscus magellanicus (MACN-Or 71167); P Cal—Ca7 in cranial view, Eudyptes chrysocome (MLP-ORN 1596); Q Cal—-Ca6
and pygostyle in left lateral view, Pygoscelis antarcticus (MLP-ORN 1138). R pygostyle in left lateral view, Eudyptes chrysocome
(MLP-ORN 1596), adult; S pygostyle in left lateral view, Spheniscus magellanicus (MACN-Or 71167), juvenile, where the first
vertebra is still unfused. Abbreviations: api — ala praeacetabularis ilii; av — arcus vertebrae; cv — corpus vertebrae; ec — eminentia
costolateralis; fa — facies articularis; pc — processus costalis; pca — processus caroticus; ph — processus haemalis; ps — processus
spinosus; pt — processus transversus; pvc — processus ventralis corporis. Scale bar: 10 mm.

cranio-caudally in length (Fig. 1J). It is bifurcated (Fig.  exhibit bifurcated processus ventralis corporis in T1 and
1K) from T1 to T3 transitioning to a simple form from T4 T2 and simple processes from T3 to T6. The eminentiae
to T6 in A. forsteri, P. adeliae, P. antarcticus, E. chryso-  costolaterales, rounded in shape, are prominently devel-
come, and some specimens of S. magellanicus. In con-  oped in A. forsteri, but smaller in the remaining species.
trast, other specimens of S. magellanicus and P. papua,  The processus transversi are quadrangular, dorsoventrally
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Table 1. General vertebral formula for the six species analyzed. Abbreviations: C — Cervical region; CT — Cervicothoracic region;

T — Thoracic region; S — Synsacrum; Ca — Free caudal region; P — Pygostyle.

Species Vertebral formula
Aptenodytes forsteri Cy; +CT, + T+ Sj3 + Ca, + Py, =42
Eudyptes chrysocome Ci3 + CTy + T+ S;3+ Ca; + Py 5y =42

Pygoscelis adeliae

Cyy +CT, + T+ S, + Cag + Pys = 42

Pygoscelis antarcticus

Cy+CT,+ Ty +S,, + Cag+ Py =42

Pygoscelis papua

Cpy+ CT,+ Ty +S,, + Cag + Pg =42

Spheniscus magellanicus

Ci; + CT, + Tg+ 85+ Cag + Py5, = 41

flattened and laterally expanded. The processus spinosus
is well-developed, quadrangular, compressed, and covers
the entire length of the vertebral arch. Noteworthy vari-
ations occur when T5 is the last thoracic, resulting in a
reduced and simple processus ventralis corporis. Con-
versely, when the T7 is present (Fig. 1L-0O), this process
is absent, while the dorsally curved and well-developed
processus transversi make contact with the alae praeace-
tabulares ilii of the pelvic girdle.

Synsacrum. The synsacral body, robust and slightly
curved, is divided into the classical five segments (Fig.
1J): TS, TLS, LS, SS, and CS. Between S1 and S4, the
synsacral body is strongly compressed, a feature consis-
tently observed across most species, with P. papua dis-
playing a slightly less pronounced compression. From S4
to the caudal end, the synsacrum exhibits dorso-ventral
depression, widening between S4 and S10, and subse-
quently decreasing in size from S11 to the caudal end.
The processus transversi exhibit variability, being long
in S1 and S2 and gradually decreasing in length until
the CS. In the CS, these processes acquire a rectangular
shape and extend laterally.

The sulcus ventralis synsacri varies in depth and
width, being deep and broad in E. chrysocome, narrow in
P, adeliae, P. antarcticus, P. papua, and S. magellanicus,
and absent in A4. forsteri. The processus costales are de-
veloped between S4-S6 in S. magellanicus, P. adeliae, A.
forsteri, P. papua, and P. antarcticus, S5-S6 in E. chryso-
come, and then in S8-S9 in E. chrysocome, S9—S10 in S.
magellanicus, and P. adeliae, and S10-S11 in A. forsteri,
P. papua, and P. antarcticus. The crista spinosa synsacri,
compressed at the cranial end, decreases in height cranio-
caudally toward the last synsacral vertebra.

A significant interspecific variation is observed in the
fusion of the synsacrum to the pelvic girdle. Aptenodytes
forsteri, S. magellanicus, and E. chrysocome do not ex-
hibit fusion. On the contrary, in P. adeliae fusion occurs
to varying degrees, involving the last two vertebrae of
the TLS, all vertebrae of the LS and SS, and the first two
(e.g., MLP-ORN 15476) or three (MACN-Or 68826)
vertebrae of the CS. Pygoscelis antarcticus presents full
fusion, with the processus transversi and the processus
costales of all synsacral vertebrae fused to the pelvic gir-
dle. In P. papua, fusion affects the last three vertebrae
of the TLS, all vertebrae of the LS and SS, and the first
(MACN-Or 68596) or second (MLP-ORN 14767) verte-
brae of the CS.

Free caudal vertebrae. They exhibit a cylindrical verte-
bral body (Fig. 1P, Q) characterized by slightly concave
or flat articular facets and a triangular vertebral arch. A
bifid processus spinosus is observed in varying segments
across different penguin species. In E. chrysocome it
occurs from Cal to Ca3, in some specimens (e.g. MLP-
ORN 15138) of P. adeliae and in P. papua from Cal to
Ca4. Notably, in 4. forsteri, P. antarcticus, and S. magel-
lanicus, as well as some specimens (MACN-Or 68558) of
P adeliae, the bifid processus spinosus is observed from
Cal to Ca5. Conversely, in the remaining free caudal ver-
tebrae, the processus spinosus assumes a simple form.
The processus haemalis appear consistently from Ca4 to
the last free caudal vertebra. Robust and quadrangular,
the processus transversi exhibit a consistent morphology
across all free caudal vertebrae.

Pygostyle. 1t results from the ankylosis of five caudal
vertebrae, progressively decreasing craniocaudally in
size, forming a triangular single structure (Fig. 1Q, R).
In subadults, the initial vertebra of the pygostyle remains
unfused, displaying a cylindrical vertebral body with a
well-developed processus haemalis, a poorly developed
processus spinosus, and weakly (or absent) processus
transversi (Fig. 1S).

Vertebral formula and numerical variation
(Table 1)

The cervical and cervicothoracic regions exhibits a con-
sistent configuration across all species. In the majority of
species, the thoracic region typically comprises six ver-
tebrae; however, exceptions are noted. Specifically, T7
is present in MLP-ORN 1586 (A. forsteri) and MACN-
Or 71167 (S. magellanicus). On the other hand, speci-
mens MACN-Or 73283 (P. adeliae) and MLP-ORN 135
(S. magellanicus) display a unique variation, featuring
only five thoracic vertebrae.

The synsacrum comprises 13 ankylosed vertebrae in
A. forsteri, E. chrysocome, 19 specimens of S. magellani-
cus, and two specimens of P. adeliae (MACN-Or 68557
and MLP-ORN 15137), as well as one specimen of P. pa-
pua (MLP-ORN 15410). In contrast, P. adeliae, P. ant-
arcticus, P. papua, and 11 specimens of S. magellanicus
exhibit a synsacrum formed by14 ankylosed vertebrae.

Additionally, all species exhibit five discernible
synsacral segments, with variations in the number of ver-
tebrae. In S. magellanicus and P. adeliae (Fig. 2A, B),
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TS TLS

LS SS Cs

TS TLS LS SS Cs

Figure 2. Synsacra and pelves (in B, D-F) in ventral view. A Spheniscus magellanicus (MLP-ORN 1598); B Pygoscelis adeliae
(MACN-Or 68557); C Aptenodytes forsteri (MLP-ORN 15192); D Pygoscelis papua (MLP-ORN 783); E Pygoscelis antarcticus
(MLP-ORN 1138); F Eudyptes chrysocome (MLP-ORN 1596). Synsacral segments: TS — Thoracal Segment; TLS — Thoracolum-
bar Segment; LS — Lumbar Segment; SS — Sacral Segment; CS — Caudal Segment. Abbreviations: api — ala praeacetabularis ilii;
pc — processus costalis; pt — processus transversus; T — thoracic vertebra. Black circles indicate each individual vertebra. Scale bar:

10 mm.

the synsacral configuration is represented as follows: TS:
1, TLS: 5, LS: 2, SS: 2, CS: 4. Conversely in A. forsteri,
P. papua, and P. antarcticus (Fig. 2C-E) the configura-
tion is TS: 1, TLS: 5, LS: 3, SS: 2, CS: 3. Meanwhile, in
E. chrysocome (Fig. 2F) the configuration is TS: 1, TLS:
4,LS:2,S8S:2,CS: 3.

Variation within different segments are also evident. In
P. adeliae the observed variation includes three vertebrae
in the CS (specimens MLP-ORN 15137 and MACN-Or
68557), and three vertebrae in both LS and CS (specimen
MACN-Or 73283). P. papua exhibits variations, such as
in MLP-ORN 14921, which has two TS vertebrae (iden-
tified by the presence of eminentiae costolateales), and
only two TLS with processus costales. Another specimen,
MLP-ORN 14900, also displays only two last vertebrae
of the TLS with processus costales. MLP-ORN 15410 is
characterized by one missing vertebra in the TLS, with
only the last two vertebrae of this segment bearing pro-
cessus costales. In S. magellanicus, specimen MACN-Or
73286 features four vertebrae in the TLS, and among
specimens with 13 synsacral elements, the absent verte-
bra corresponds to the CS segment.

The counts of free caudal vertebrae varies, ranging be-
tween five (e.g. MLP-ORN 15476 P. adeliae), six (e.g.
MLP-ORN 1138 P. antarcticus), seven (e.g. MLP-ORN

15038 P. adeliae, MLP-ORN 14921 P. papua, MLP-ORN
949 S. magellanicus), or eight (e.g. MLP-ORN 929 S.
magellanicus). In all species, the pygostyle is elongated
and acquires a triangular shape, consistently formed by
five vertebrae that fuse during postnatal ontogeny. Nota-
bly, the cranialmost vertebra composing the pygostyle is
notably sturdier than the others, with shorter processus
transversi compared to the free caudal vertebrae, and more
expanded processus haemalis. This unique morphology
distinguishes this vertebra among other free caudal verte-
brae, whether free or already fused to the pygostyle.

Discussion

Morphology and general vertebral
formula

The present work examined the complete spine of 66
specimens (Table 2), offering new and updated insights
into six species inhabiting Southern South America and
Antarctica. The findings represent the first data for Pygos-
celis antarcticus, and include updated observations that
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Table 2. Total number of vertebrae by species and by region, and the number of cases in which the more general total numbers occur,

and the number of cases where variations occur. N indicates the total number of specimens analyzed per species.

Numb Number of vertebrae
. . umber
Species (N) Condition a . Cervico- . Synsa- Free Pygo- | Total
of cases® | Cervical .| Thoracic
thoracic crum Caudals style
. General 1 13 2 6 13 7 1(5) 42
Aptenodytes forsteri (3)
Extra vertebra 1 13 2 7 13 7 1(5) 43
Eudyptes chrysocome (1) General 1 13 2 6 13 7 1(5) 42
General 9 13 2 6 14 6 1(5) 42
. . Homeotic transformation 2 13 2 7 13 6 1(5) 42
Pygoscelis adeliae (20)
Extra vertebra 3 13 2 6 14 7 1(5) 43
Missing vertebra 1 13 2 5 14 6 1(5) 41
Pygoscelis antarcticus (1) General 1 13 2 6 14 6 1(5) 42
General 4 13 2 6 14 6 1(5) 42
P i ) Extra vertebra 1 13 2 6 14 7 1(5) 43
oscelis papua
8 pap o 1 13 2 6 13 6 15) | 41
Missing vertebra
2 13 2 6 14 5 1(5) 41
General 10 13 2 6 13 6 1(5) 41
Homeotic transformation 1 13 2 7 13 5 1(5) 41
Spheniscus magellanicus (32) 8 13 2 6 14 6 1(5) 42
Extra vertebra 1 13 2 6 13 7 1(5) 42
1 13 2 6 13 8 1(5) 43
* The number of cases does not include those specimens that were incomplete.

expand upon previous knowledge for Eudyptes chryso-
come, Pygoscelis papua, Pygoscelis adeliae, Aptenodytes
forsteri, and Spheniscus magellanicus (Watson 1883;
Shufeldt 1901; Verheyen 1958a; Stephan 1979; Guinard
and Marchand 2010; Guinard et al. 2010; Jadwiszczak
2014; Pereira 2015; Sosa and Acosta Hospitaleche 2022).
As a result, the general vertebral formula for the six stud-
ied Sphenisciformes species can be established as C,; +
CT, + T+ S5 + Cagy + Py = 41/42.

Our findings reveal a total number of 42 vertebrae for
E. chrysocome, P. papua, and A. forsteri, consistent with
previous reports (Watson 1883; Shufeldt 1901; Sosa and
Acosta Hospitaleche 2022). Similarly, P. adeliae and P.
antarcticus, not examined by previous authors, also pres-
ent this same count. Spheniscus magellanicus shows a
total of 41 vertebrae, contrasting with the 43 elements
reported by previous studies (e.g., Watson 1883). This
mismatch was also pointed out by Pereira (2015), who
counted 42 or 41 vertebrae in different specimens.

The cervical region consistently comprises 13 verte-
brae across all analyzed species, aligning with observa-
tions by Gervais and Alix (1877), Watson (1883), Ver-
heyen (1958a), Stephan (1979), Guinard and Marchand
(2010), Guinard et al. (2010), and Sosa and Acosta Hos-
pitaleche (2022). Morphologically, the cervical vertebrae
of the studied penguin species are similar and almost in-
distinguishable, except for the sturdier vertebrae of the
large-bodied species A. forsteri. The main differences
occurred in the presence/absence of specific structures
when comparing different species. For instance, in 4. for-
steri, the processus spinosus is present from C2 to C7 and
in C13, whereas in other species, it appears from C2 to C6
and from CI12 to C13. Similarly, the processus ventralis
corporis is observed from C2 to C4 in A. forsteri and P.

papua, from C2 to C3 in P. adeliae, from C9 to C13 in
P. papua and P. adeliae, and C10 to C13 in P. adeliae
(again) and 4 .forsteri.

In all species, two cervicothoracic vertebrae, also re-
ferred as “transitional” (Fiirbringer 1888), were identi-
fied. These vertebrae exhibit an intermediate morphology
between cervical and thoracic vertebrae. While men-
tioned and described only by Jadwiszczak (2014) and
Sosa and Acosta Hospitaleche (2022) in penguins, other
authors include them either within the cervical (Shufeldt
1901; Verheyen 1958a, although the latter recognized
their distinct morphology) or thoracic region (Watson
1883; Stephan 1979).

The thoracic vertebrae, characterized by the presence
of unfused ribs articulating with the sternum (Baumel and
Witmer 1993) appear usually in a number of six. Except
by the cranial articular facet of T1, all thoracics are opist-
hocoelus (see Baumel and Witmer 1993; Verheyen 1958a;
Bellairs and Jenkin 1960; Watson 1883; Sosa and Acosta
Hospitaleche 2022). Confirming Verheyen (1858a) obser-
vations, we noted that the processus ventralis corporis are
bifid only in the first two or three thoracic vertebrae.

The first vertebra, ankylosed to the synsacrum and
bearing ribs, used to be included in the thoracic region
(Watson 1883; Takashima and Mizuma 1981; Hiraga et
al. 2013), contributing to variations in vertebrae count
across different author criteria (Pereira 2015). Indeed, the
synsacrum, with 13—14 vertebrae, is the most variable el-
ement in terms of size, robustness, composition, and as-
sociation with the pelvic girdle. In line with the classifi-
cations of Bellairs and Jenkin (1960) and Stephan (1979),
the five synsacral segments were identified. Contrary to
Watson (1883), in all Pygoscelis species, the synsacrum
is fused to the pelvic girdle.
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Most species, such as P. adeliae, P. antarcticus, P. pa-
pua, and S. magellanicus, exhibit six free caudal verte-
brae. However, seven free caudal vertebrae are counted
in A. forsteri and E. chrysocome. Variations in the num-
ber of caudal vertebrae have also been reported in cranes
(Gruidae) (Hiraga et al. 2013). The pygostyle resulted as
the most conservative element, composed of five verte-
brae ankylosed forming a triangular structure in all spe-
cies described here (see also Felice and O’Connor 2014).
However, Verheyen (1958a) identified four to five ele-
ments in most of the living penguin species, and Stephan
(1979) described six to seven caudal vertebrae constitut-
ing the pygostyle.

Numerical variations

Numerical changes in the vertebral series can result from
meristic variations, also called numerical anomalies (Ver-
heyen 1858a, 1858b; Verheyen 1960; Oostra et al. 2005),
or homeotic transformations. Meristic variations involve
alterations in the total number of segments or elements,
while homeotic transformations encompass variations in
the number and ordinal position of vertebrae within or
between regions, or the acquisition of morphology typi-
cal of another position in the spine. Importantly, the latter
does not necessarily lead to a change in the total number
of vertebrae (Bateson 1894; Guinard 2012). Examples
of homeotic transformations includes where some lum-
bar vertebrae adopt the morphology the sacral vertebrae,
with modified processus transversi supporting the pelvic
girdle (Bateson 1894). While numerical variations in the
vertebral column have been extensively studied in hu-
mans (Decker 1915; Danforth 1930; Schultz 1947; Born-
stein and Peterson 1966; de Beer Kaufman 1974; Cimen
and Elden 1999; Oostra et al. 2005; Lian et al. 2018),
similar occurrences have been reported in goats (Simoens
et al. 1982 and literature cited there), primates (Schultz
1947), salamanders (Bumpus 1897), and rabbits (Saw-
in et al. 1967). In general, supernumerary vertebrae are
most commonly observed in the thoraco-lumbar or lum-
bo-sacral transition zones (Sawin et al. 1967), although
occurrences have been noted in thoracic and lumbar ver-
tebrae (de Beer Kaufman 1974; Hiraga et al. 2013) and
even in cervical regions (Hiraga et al. 2013). Various fac-
tors contribute to these numerical variations, including
sexual differences, responses to different stimuli, genetic
variability (Danforth 1930; Borstein and Peterson 1966;
Lian et al. 2018), growth and body size due to differences
in the number of genes (Sawin 1967 and literature cited
there), and population differences (Borstein and Peterson
1966), but not to age differences (Bornstein and Peterson
1966).

We found numerical variabilities in the thoracic,
synsacral, and caudal regions among species (Fig. 3).
Aptenodytes forsteri, P. adeliae, P. papua, and S. magel-
lanicus show numerical anomalies in the thoracic (+1, or
—1) or in the caudal (+2, +1, or —1) regions. For instance,
one specimen of of A. forsteri (MLP-ORN 1586) exhib-
ited an additional vertebra (T7), consistent with findings

reported by Sosa and Acosta Hospitaleche (2022) and
verified in this study. In the caudal region, addition-
al vertebrae were found in four species: a seventh free
caudal in P. adeliae (MLP-ORN 15038 and MLP-ORN
14680), P. papua (MLP-ORN 14921), and S. magellani-
cus (MLP-ORN 949 and MLP-ORN 950), and an eighth
free caudal in one specimen of S. magellanicus (MLP-
ORN 920). Furthermore, instances of missing verte-
brae concerning the generalized vertebral formula were
observed, such as in one specimen of S. magellanicus
(MLP-ORN 1408) with only five thoracic vertebrae, and
in P. papua, where one vertebra was absent in the TLS
of the synsacrum (MLP-ORN 15410), or with only five
free caudal vertebrae (MLP-ORN 14669 and MLP-ORN
14610).

The numerical anomalies identified in Sphenisci-
formes were attributed to ontogenetic causes by Ver-
heyen (1958a). However, it is plausible that homeotic
transformations account for the variations observed in
the synsacrum among certain penguin species exam-
ined in this study. Specifically, in some specimens of P.
adeliae and S. magellanicus, a vertebra from the TLS
acquires the morphology of another vertebra from the
TS, maintaining the total number of vertebrae for the
species. Other examples include cases of P. adeliae
(MLP-ORN 15137 and MACN-Or 68557) with seven
free caudal vertebrae and a missing element in the CS
(MLP-ORN 15038 and MLP-ORN 14680 in the two
former specimens). Despite this variations, they retain a
total of 42 vertebrae, with 13 vertebrae in the synsacrum
and one fewer in the CS (MLP-ORN 15137 and MACN-
Or 68557), a pattern also observed in the latter two
specimens. Remarkably, these two last specimens also
develop seven thoracic vertebrae and six free caudals. In
the case of S. magellanicus, one specimen (MACN-Or
71167) presented a T7 (also mentioned by Pereira (2014)
in the 19% of her sample) and a missing free caudal ver-
tebra, but maintain the count of 41 vertebrae, which is
typical for the species. All these specimens exhibit the
thoracic vertebra corresponding to the TS ankylosed to
the synsacrum, eliminating the possibility of confusion
arising from the absence of fusion or incomplete onto-
genetic development.

Other cases of numerical variation probably caused by
homeotic transformations are observed within the synsa-
crum, characterized by counts of either 13 or 14 verte-
brae. These variations predominantly occur in the TLS
and CS, although occurrences were also noted in the TS.
In one specimen of P. papua (MLP-ORN 14921) the TLS
displayed an unusual development: the first vertebra ex-
hibited eminentiae costolaterales (like those of the TS),
while the last two vertebrae possessed processus costales,
a feature typically seen in three vertebrae among the ma-
jority of specimens of this species. This specimen pre-
sented six thoracic vertebrae and a total of 14 synsacral
vertebrae, which aligns with the general count for the spe-
cies. Another specimen of P. papua (MLP-ORN 15410)
presented only 13 vertebrae in the synsacrum, with the
missing vertebra corresponding to the TLS, where the
first two vertebrae displayed processus transversi, while
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Figure 3. Schematic representation of the vertebral column of penguins representing the general vertebral formula and its numerical
variations. A General vertebral formula of Pygoscelis; B Numerical variation with extra vertebra in the caudal region, e.g. Pygos-
celis papua; C Numerical variations with a missing vertebra in the thoraric region, e.g. Pygoscelis papua; D Numerical variation
with a missing vertebra in the thoracolumbar segment of the synsacrum, e.g. Pygoscelis papua; E Numerical changes in the thoracic
region and the lumbar segment of the synsacrum occur due to homeotic transformations. There is a variation in the number of the
vertebrae within regions (an extra thoracic vertebra and a missing vertebra in the lumbar segment of the synsacrum), but not pro-
vokes a change in the total number of vertebrae, e.g. Pygoscelis papua; F General vertebral formula of Spheniscus; G Numerical
variation with an extra vertebra in the caudal segment of the synsacrum , e.g. Spheniscus magellanicus; H Numerical variation with
two extra vertebrae in the free caudal region, e.g. Spheniscus magellanicus; 1 Numerical variation with a missing vertebra in the
thoracic region, e.g. Spheniscus magellanicus; J Numerical changes in the thoracic and free caudal region occur due to homeotic
transformations. There is a variation in the number of the vertebrae within regions (an extra thoracic vertebra and a missing free
caudal vertebra) but not provokes a change in the total number of vertebrae, e.g. Spheniscus magellanicus; K General vertebral
formula of Aptenodytes/Eudyptes. Abbreviations: C — cervical vertebrae; CT — cervicothoracic vertebrae; T — thoracic vertebrae;
S — synsacrum; Ca — free caudal vertebrae; P — pygostyle.

the last two presented processus costales. Despite this Conclusions
variation, this specimen exhibited six thoracic and six

caudal vertebrae, representing the most common count

for this species.

The most significant variability in the number and con-
figuration of synsacral vertebrae (ranging from 13 to 14
vertebrae) among penguins was observed in S. magellan-
icus. Specimens with 13 synsacral vertebrae exhibit one
missing element in the CS, maintaining the typical total
count for the species. However, the specimen MACN-Or
73286 has one vertebra less in the TLS.

The number of vertebral elements of each region in the
species analyzed ratifies previous data (e.g., Watson
1883; Stephan 1979; Pereira 2015), considering the dif-
ferences due to the non-consideration of the cervicotho-
racic region as such, and the inclusion of the first element
of the synsacrum in the thoracic region. Based on the four
genera and six species analyzed, we stablish the gener-
al vertebral formula as C,; + CT, + T + S5, + Cag, +
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Ps,, = 41/42. The total number is 41 for S. magellani-
cus, and 42 for A. forsteri, P. adeliae, P. antarcticus, P.
papua, and E. chrysocome. Numerical variations, neither
restricted to a particular genus or species, nor related to
age, were mainly located in the transitional zone between
the thoracic region and the synsacrum, and within the
synsacrum, in the transitional zone between the segments
(TS-TLS, TLS-LS). It could be caused by homeotic or
meristic transformations and acquires a lesser magnitude
than in other groups of birds (see Hiraga et al. 2013).
The causes of this variability are still unknown, and fu-
ture studies are necessary to expand this information to
the remaining penguin species, besides other families of
birds, and determine the factors that generate said vari-
ation.
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