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ABSTRACT ARTICLE HISTORY
The Late Oligocene is a period of high penguin diversity, following Received 21 July 2023
major changes in the marine environment at the Eocene/Oligocene Accepted 24 May 2024
boundary and prior to the emergence of crown penguins in the
Miocene. Historically, a large morphological gap existed between
the most crownward Platydyptes among the Oligocene penguins
from New Zealand and the Early Miocene stem penguins such as KEYWORDS
Palaeospheniscus from South America. Here we describe a new Smallest fossil penguin;
species that contributes to filling this gap. Pakudyptes Latest Oligocene;
hakataramea gen. et sp. nov. is the earliest tiny penguin, New Zealand; phylogeny;
overlapping in size with the little penguin Eudyptula minor. Its ~ evolution of wing
distinctive combination of a well-developed proximal end of the

humerus and an archaic elbow joint provides clues to the

evolution of penguin wings. Phylogenetic analysis indicates that

penguin wings evolved rapidly from the Late Oligocene to the

Early Miocene, together with the acquisition of morphofunctional

and hydrodynamical characteristics that enable the excellent

swimming ability of modern penguins. As an indicator of aquatic

adaptation, bone microanatomy shows a comparable structure to

that of Eudyptula. The appearance of the smallest body size and

the evolution of modern wings may have led to the ecological

diversity of modern penguins, which confirms the importance of

Zealandia in penguin evolution.

HANDLING EDITOR
Daniel Thomas

Introduction

Over the past two decades, studies of fossil penguins have revealed further details on their
evolutionary history. These studies have not only described specimens which filled gaps
in the fossil record, but also made significant advances in our understanding of their
paleobiology (Ksepka et al. 2006; Slack et al. 2006; Clarke et al. 2010; Ksepka et al.
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2012; Ando and Fordyce 2014; Acosta Hospitaleche and Reguero 2014; Mayr et al. 2017;
Thomas et al. 2020; Jadwiszczak et al. 2021; Pelegrin and Acosta Hospitaleche 2022;
Ksepka et al. 2023b). However, it is also true that there are still gaps to be filled, particu-
larly with regard to the morphofunctional evolution of penguin wings.

Although the first penguin fossils were discovered in New Zealand (Mantell 1850) and
the first described penguin was also from New Zealand (Huxley 1859), the fossil penguins
from New Zealand that were studied in the early years were few (Hector 1871; Hector
1872; Oliver 1930) compared to fossil penguins from Eocene of Antarctica (Wiman
1905a; Wiman 1905b) and Miocene of South America (Ameghino 1891; Moreno and
Mercerat 1891; Ameghino 1901; Ameghino 1905), which did not allow to elucidate the
evolutionary history of penguins. Subsequent research has revealed the richness of
New Zealand penguin fossils (Marples 1952; Simpson 1971; Fordyce and Jones 1990;
Ando 2007; Ksepka et al. 2012; Ando and Fordyce 2014; Mayr et al. 2020; Thomas
et al. 2023; Ksepka et al. 2023b). The penguin fauna from the Oligocene of Zealandia
is especially rich, spanning a wide range of sizes and wing morphologies as well as
showing high taxonomic diversity.

The phylogenetic relationships of New Zealand Oligocene penguins are congruently
resolved in current phylogenetic analyses (Ksepka et al. 2012; Degrange et al. 2018;
Thomas et al. 2020; Cole et al. 2022) with Kairuku being the most basal, followed by
Archaeosphenicus and Platydyptes, which are followed by Early Miocene penguins
from South America such as Palaeospheniscus and Eretiscus. The wings of Palaeosphenis-
cus and Eretiscus have a similar structure to those of extant species (Moreno and
Mercerat 1891; Simpson 1972; Acosta Hospitaleche et al. 2004; Acosta Hospitaleche
et al. 2008) while Platydyptes, which is contemporary with Pakudyptes, has a wide
humerus with a massive head, showing a large morphological gap between these pen-
guins (Oliver 1930; Marples 1952; Ando 2007).

Here we describe a very small penguin from the Late Oligocene of New Zealand. It
would have been similar in body size to the extant Little Blue penguin (Eudyptula,
40-45 cm length, 30-35 cm standing height; Simpson 1946; Reilly 1994), the Pliocene
Eudyptula wilsonae (Thomas et al. 2023), and the Miocene Eretiscus tonnii (Simpson
1981). We herein refer to this smallest body size class as ‘tiny’ for penguins. The
unique combination of a proximal end of the humerus that is as well developed as in
extant species and a distal humerus and ulna that retain primitive features sheds new
light on wing evolution in crown penguins.

The inclusion of the new penguin fossil in the phylogenetic analysis filled the morpho-
logical gap above. The analysis also revealed that changes in the penguin wing have
occurred rapidly during this period. Kinematic and hydrodynamic studies (e.g. Bannasch
1994; Maeda et al. 2021; Harada et al. 2021; Hao et al. 2023; Shen and Tanaka 2023;
Masud and Dabnichki 2023; Haidr 2023) could elucidate functional implications of
this rapid change.

In addition to an analysis of its external features, we also conducted a study of the bone
microstructure, which has been shown to play a crucial role in understanding how
aquatic tetrapods have adapted to their aquatic environment (Houssaye et al. 2016). Pen-
guins have highly dense osteosclerotic bones, which contribute to their buoyancy and
diving abilities (Meister 1962; Ksepka et al. 2015). The term ‘aquatic adaptation’ we
use here is based on an interpretation of bone microanatomy, meaning having dense



662 (&) T.ANDOETAL.

bones suitable for swimming and diving (e.g. Habib 2010; Houssaye et al. 2016). It should
be noted that the relationship between microanatomical features and specific properties
of aquatic adaptation in penguins is not yet clear, thus it is not possible to discuss whether
‘aquatic adaptation’ refers to diving depth, swimming style or foraging behaviour. Micro-
anatomical changes associated with aquatic adaptation were not synchronised across the
entire skeleton (e.g. Ksepka et al. 2015), indicating selective changes in bone density in
specific regions.

The emergence of the smallest penguins from New Zealand during the morphofunc-
tional transition of the penguin wing, and prior to the appearance of crown penguins
may have significant implications for the evolutionary history of penguins.

Materials and methods

Three small penguin bones (OU 21976, OU 21977, and OU 21966) were collected in
South Canterbury, New Zealand (Figure 1), by Craig M. Jones and R. Ewan Fordyce
during a series of field trips in 1987 and deposited in the collections of the Geology
Museum of the University of Otago. Institutional abbreviations for comparative speci-
mens included in this study are: AMP, Ashoro Museum of Paleontology; CU, Canterbury
University; MEF, Museo Paleontolédgico Egidio Feruglio; OM, Otago Museum; OU, The
Geology Museum, Department of Geology, University of Otago; OUS, Okayama Univer-
sity of Science; USMN, The Smithsonian Institution, National Museum of Natural
History. Measurements of the dimension were taken with a vernier caliper with 0.1
precision. Materials for comparison, table, and figures are listed in the supplementary
information (https://doi.org/10.5061/dryad.02v6wwq83).

To investigate the phylogenetic position of the new fossil penguin described here as
a new taxon, we added the taxon to the matrix of Ksepka et al. (2023b) with a few
modifications (see supplementary information). The phylogenetic analysis for the
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revised matrix (71 taxa, 280 characters) was performed by TNT (Goloboff and Cata-
lano 2016) using the ‘New Technology Search’ with default options except that ‘find
minimum length trees” was set to 10,000 times. This is the number obtained from pre-
liminary trials, with reproducible results. Due to programme restrictions in TNT, the
outgroup was set to Gavia immer only, and the ‘ordered’ characters in the original
matrix are analysed as ‘additive’ characters. We mapped synapomorphies recovered
in most parsimonious trees (MPTs hereafter) to selected nodes on a consensus
tree to illustrate the morphological transition of penguins, especially the
wing. Nodes where major changes occurred were labelled from A to F. Of these syna-
pomorphies, those that are commonly recovered in all MPTs (unambiguous synapo-
morphies in PAUP/ common synapomorphies in TNT) can be used as a summary
in character evolution studies (Goloboff et al. 2008).

Microanatomical data were acquired using two X-ray computed tomography (CT)
scanners. The first scanner, located at the Faculty of Dentistry, University of Otago,
New Zealand, was used to scan humeri and femora from extinct taxa, Pakudyptes
hakataramea gen. et sp. nov. (OU 21977, OU 21966), Platydyptes novaezealandiae
(OU 22003), and cf. Palaeeudyptes (OU SI-REF 39, OU SI-REF 31) (Figure 4). The
Orthophos Dentsply Sirona CBCT operated at 85 kV with a current of 5 and 7 mA
(5 mA for Platydyptes and cf. Palaeeudyptes, 7 mA for Pakudyptes). To accommodate
the size limitations of the CT scanner, only the proximal/distal half of the humeri/
femora were scanned for large specimens. The second scanner, a Latheta LCT-200
by Aloka, was located at Okayama University of Science in Okayama, Japan, and
was used to scan humeri and femora from extant taxa, Eudyptula minor (OU AMP-
R-56) and Aptenodytes patagonicus (OUS SH-K3) (Figure 4). This scanner operated
at 80 kV with a current of 0.2 mA and had a resolution of 24 um. To examine the
bone microanatomy, longitudinal virtual sections were generated for each bone
along the central axis of the medullary cavity. The acquired images were visualised,
and virtual sections were performed using VGSTUDIO MAX, version 3.1 (Volume
Graphics Inc).

A two-dimensional kinematic model for the movement of the caput humeri in the
shoulder joint was reconstructed (Figure 6) to examine the range of pitch angle of
rotation of the wing (feathering angle hereafter as in hydrodynamic terminology,
e.g. Harada and Tanaka 2022) in stem penguins which have small torsional displace-
ment (e.g. Simpson 1946). The model is based on the kinematic model for living pen-
guins in Bannasch (1994), who demonstrated that the rotation of the caput humeri can
be described as a two-axis eccentric motion. The first axis is the attachment of the liga-
mentum acrocoracohumerale to the coracoid, and the second axis is the attachment of
the ligament to the caput humeri, the sulcus transversus as a pit in extant penguins
(e.g. Figure 6a). The ligamentum acrocoracohumerale is always extended and acts
like a lever (Bannasch 1994). The caput humeri rotates around the first axis while
rotating around the second axis too, as well as sliding on the cavitas glenoidalis,
and the feathering angle of the wing is the composite of these angles of rotation
(Figure 6b-d). The rotation of the caput humeri can be determined by these axes,
the trace of the movement on the caput humeri, and the position and axes of the scap-
ular and coracoid lips of the cavitas glenoidalis. We reconstructed the model for stem
penguins by changing the degree of the torsional displacement of the caput humeri.
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The outline of the caput humeri drawn in Bannasch (1994) was positioned to have the
same torsional displacement as that of the Eocene Antarctic stem penguin, OU SI-REF
39, with a line parallel to the cranial surface of the humerus as a representative of the
wing angle (Figure 6e-g, h-j).

Systematic paleontology

AVES LINNAEUS, 1758

NEORNITHES GADOW, 1893 SENSU CRACRAFT, 1988

SPHENISCIFORMES SHARPE, 1891 SENSU CLARKE, ET AL., 2003

Pakudyptes gen. nov.

Etymology. Maori, paku, small, and Greek, dyptes, diver as used in many names of
penguins. Reference is to the small size and the character of wing-propelled diving.

Type species. Pakudyptes hakataramea sp. nov.

Included species. Type species only.

Locality. Hakataramea Quarry (44°39.50°S, 170°39.20’E, New Zealand Map Series
NZMS 260 grid reference 140/237137), Hakataramea Valley, South Canterbury, New
Zealand (Figure 1). That region has yielded abundant marine vertebrate fossils, including
sharks, teleost fishes, cetaceans, and penguins (Simpson 1971a; Fordyce et al. 1982;
Fordyce and Jones 1990; Gottfried et al. 2012; Tanaka and Fordyce 2014; Boessenecker
and Fordyce 2017). Many of the Cenozoic fossil penguins in New Zealand were also
found in this region (Simpson 1946; Marples 1952; Simpson 1971; Fordyce and Jones
1990). A Platydyptes cf. marplesi specimen (OU 21997; field number REF 11-3-88-2;
New Zealand Fossil Record File Database (www.fred.org.nz) number 140/f328) was col-
lected from approximately the same horizon as the bones of Pakudyptes gen. nov.

Horizon. Otekaike Limestone, Waitakian, late Oligocene, ~ 24 Ma. The holotype of
the type species and referred specimens were collected as float specimens on the top of
the Otekaike Limestone of Hakataramea Quarry. It is important to note that the contin-
ued mining has now exposed an upward sequence since the time of collection. The
horizon is the same as the micropaleontology sample 140/F185, which is in the Globoqua-
drina dehiscens planktic foraminiferal biozone of Jenkins (1965) and the Trachyleberis
jilleti ostracod biozone of Ayress (Ayress 1993; Hornibrook 1996; Ksepka et al. 2023).
The lower boundary of the Waitakian is > 2 m below the horizon of the fossil (2020).
The base of the Waitakian is constrained by strontium isotope dating to ~ 24.3 Ma,
updated from Graham et al. (2000) using the LOWESS 6C strontium isotope curve cali-
bration of McArthur et al. (2020).

Diagnosis. Pakudyptes is smaller than all other previously described penguin taxa
except Eudyptula and Eretiscus. It differs from those penguins in having the following
characters: bipartition of tricipital fossa is incomplete, shaft of humerus is narrow and
straight with craniocaudally thick proximal portion, insertion scar for
m. supracoracoideus is short and running parallel to the long axis of humerus, olecranon
of ulna is round and tab-like.

Pakudyptes hakataramea sp. nov.

Etymology. Maori, hakataramea, the enclosed valley basin, ha-ka (Kai Tahu dialect),
with speargrass (Aciphylla squarrosa), ta-ra-me-a (source: https://kahurumanu.co.nz/


http://www.fred.org.nz
https://kahurumanu.co.nz/atlas

JOURNAL OF THE ROYAL SOCIETY OF NEW ZEALAND . 665

atlas accessed 22-11-2023). Reference is to the Hakataramea Valley where the holotype
was collected.

Locality. As for the genus.

Horizon. As for the genus.

Holotype. OU 21977, nearly complete left humerus. Collected by R.E.F. on 16
October, 1987, when prospecting the rain-washed surface of the quarry.

Referred specimens. OU 21976, proximal half of the left ulna found within one metre
from the holotype’s collection site. They articulate well at the elbow joint, and are prob-
ably from the same individual. OU 21966, incomplete right femur, collected by Craig
M. Jones on 23 May, 1987, at the same time as OU 21976. Both bones were within centi-
meters of each other loose on the quarry surface on the SE edge of the then-top platform
of the limestone quarry. There is a high likelihood that all three specimens are the same
individual and appear to all have been near in-situ. Even if the femur is not from the same
individual, it is likely from the same species.

Remarks. The material described here was discovered in 1987 and reported as ‘Haka-
taramea bird’ in Fordyce and Jones (1990). Hakataramea bird was later suggested to be
Eretiscus, a genus represented by another tiny penguin from the Early Miocene of South
America (Cozzuol et al. 1991; Acosta Hospitaleche et al. 2004). Ando (2007) examined
this penguin and determined it not to be Eretiscus.

Description

Humerus. The left humerus is almost complete, with a few small chips on the surface.
The humerus length falls below the species average for Eudyptula minor and is 3.8
mm longer than the holotype of Eretiscus tonnii from the Early Miocene of Patagonia
(Cozzuol et al. 1991; Acosta Hospitaleche et al. 2004) (Table 1). Despite being close in
size to these species, the overall proportions are different. The proximal end is relatively
small, and the shaft is narrow craniocaudally, resulting in a slender, elongated humerus
compared to other tiny penguins (Figure 2).

The development of the proximal end is comparable to that of extant species. The
ventral portion of the proximal end expands caudally resulting in the torsional displace-
ment of the caput humeri and surrounding structures such as sulcus transversus, intu-
mescentia humeri, and tuberculum ventrale. In proximal view, the articular surface is
relatively smaller than that of Eudyptula. but the shape is comparable with the caudal
margin, which is curved like a single arc. The caudal end of the articular surface
tapers, making the curvature of the entire caput humeri stronger with the curved
caudal margin.

Table 1. Dimensions (in mm) of humerus of Pakudyptes hakataramea gen. et sp. nov., Eudyptula
minor (mean of 6 specimens), and Eretiscus tonnii (cast of MEF-PV 507). 1, Extreme length.
2, Diameter of head. 3, Width of shaft at 1/3. 4, Thickness of shaft at 1/3. 5, Width of shaft at 2/3.
6, Thickness of shaft at 2/3. 7, Width of distal end. 8, Thickness of distal end.

Species (specimen) (mm) 1 2 3 4 5 6 7 8
Pakudyptes hakataramea (OU 21977) 449 11.9 5.7 33 6.6 3.1 1.7 48
Eudyptula minor (n = 6) 46.0 12.4 6.9 3.2 8.2 2.9 14.6 4.7

Eretiscus tonnii (cast of MEF-PV 507) 422 10.2 54 3.1 7.3 2.7 11.8 4.0
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Figure 2. Pakudyptes hakataramea gen. et sp. nov. Left humerus (OU 21977) in a, cranial, b, caudal,
¢, ventral, d, proximal, and e, distal views. Left ulna (OU 21976) in f, caudal and g, proximal views.
Right femur (OU 21966) in h, cranial, i, caudal, j, lateral, and k, distal views. Scale bar=10 mm. d,
e, k, and g are not to scale.

In caudal view, the shelf-like structure, on which the sulcus transversus lies as a dis-
tinct pit with an additional pit, is perpendicular to the long axis of the humeral shaft
(Figure 2). The incisura capitis is shallow and less prominent that is not confluent
with the sulcus. The tuberculum ventrale is slightly enlarged caudally, narrower than
that in extant species.

The insertion scar for m. supracoracoideus is short reaching the level of the distal edge
of the caudal portion of the fossa tricipitalis. The surface is elevated as seen in some stem
penguins such as Muriwaimanu tuatahi (Slack et al. 2006). The scar is parallel to humeral
shaft as in many stem penguins (Ando 2007; Ksepka et al. 2023). The insertion scar for
m. latissimus dorsi is as proximal as that in extant penguins but because of the short
insertion scar for m. supracoracoideus, the gap between these two scars is greater.

The fossa pectoralis forms a deeply excavated groove. The proximal end of the fossa is
constricted by the expanded deltopectoral crest. The boundary of the tuberculum dorsale
(insertion of m. deltoideus minor) at the proximal end of the crista deltopectoralis is less
distinct. The tricipital fossa is wide and deep as in extant penguins, and is incompletely
bipartite with a blunt rise, not a sharp ridge as seen in extant penguins. The rise does not
extend to the cranial portion of the inside of the fossa.

The shaft is craniocaudally narrower proximally and wider distally, and is generally
narrower than in Eudyptula, but the craniocaudal thickness is comparable to similar-
sized Eudyptula. The caudal margin has a weak sigmoidal profile as in Eudyptula. The
cranial margin has a slight bend which is weaker than that in Eudyptula. The bend
barely reveals the proximal border of the insertion scar for m. brachialis.

The incisura intercondylaris is a deep notch between the caudal portions of these con-
dyles as in extant penguins. The condylus dorsalis and condylus ventralis are positioned
diagonally in distal view (Figure 2), as the condylus dorsalis is positioned dorsally,
different from the condition in extant species in which they are aligned more cranicaud-
ally (Figure 3). While the condylus dorsalis has a rather flat dorsal margin, the condylus
ventralis is hemispherical with a distinct cranial margin. The caudodorsal margins are
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rounded in both condyles. The incisura intercondylaris is a deep notch. The tangent of
the condyles makes a smaller angle with the long axis of the humerus than that in extant
species. As suggested by this angle, the reconstructed elbow joint is more flexed than in
extant species when extended, condition as seen in stem penguins such as Kairuku
(Ksepka et al. 2012).

The sulcus scapulotricipitalis and sulcus humerotricipitalis are deep grooves with
high, plate-like crests forming the trochleae processes at the distoventral end of the
humerus. The caudal process protrudes distoventrally as in other penguins, but the pro-
jection is shorter and blunter than that of extant species, not having a slight constriction.

Figure 3. Comparison of humeri, ulnae, and femora. a-h, Eudyptula minor (OU 22154). Left humerus
in a, cranial, b, caudal, ¢, ventral, d, proximal, and e, distal views. Left ulna in f, caudal and g, proximal
views. h, right femur (mirrored) in cranial view. i-l, Eretiscus tonnii (cast of MEF-PV 507). Left humerus
in i, cranial, j, caudal, k, ventral, and |, distal views. m-q, Platydyptes novaezealandiae (OU 22003). Left
humerus in m, proximal, n, caudal, and o, distal views. Left ulna in p, caudal and q, proximal views. r-
t, cf. Palaeeudyptes (OU SI-REF 39). Right humerus (mirrored) in r, proximal, s, caudal, and t, distal
views. Scale bar=10 mm. d, e, g, I, m, o, q, r, and t are not to scale.
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In ventral view, the cranial bent is subtle, much weaker than in extant penguins. The
caudal and middle ridges confluent proximally as in extant species. In cranial view,
the cranial crest forms a triangular projection, and its proximal base recedes dorsally.
Ulna. The proximal half of the ulna is well-preserved except for subtle surface abrasions.
The ulna is flattened craniocaudally, widest at the rounded, tab-like olecranon, and tapers
distally in craniocaudal view. The olecranon is slightly deflected cranially in proximal
view. The cotyla dorsalis is semicircular with a slightly convex caudal margin in the prox-
imal view. The cotyla dorsalis is excavated hemispherically and bounded caudally with
the crista intercotylaris. The edge of the crest is not as sharp as that in geologically
older stem penguins such as Kairuku. The incisura radiale is very subtle. Humerus
and ulna articulate well and are probably from the same individual.

Femur. The estimated length (~ 45 mm) is comparable to Eudyptula but the bone was
more slender, consistent with the humerus. The shaft is straight craniocaudally and
slightly curved mediolaterally. The cross section is circular in the middle and rather tri-
angular in the proximal section as in extant penguins. The distal end is moderately
expanded mediolaterally. The linea intermuscularis cranialis is continuous with the dis-
tolateral portion of the impressiones musculares trochanteris to the third fifth of the shaft
where the line becomes untraceable. The linea intermuscularis caudalis is visible at the
middle of the shaft, then bifurcates towards the crista supracondylaris lateralis and
crista supracondylaris medialis.

The crista supracondylaris medialis is a moderate ridge as in Eudyptula, while the crista
supracondylaris lateralis distinctly rises. The fossa poplitea is deep and distinct unlike extant
penguins. The distal end is less expanded mediolaterally than other penguins. In distal view,
the width of the distal end is almost equal to the height. The sulcus intercondylaris proximal
to the impressio ligamentosus cruciati cranialis is shallow and there is almost no medial
overhang of the lateral condyle. The impression is a distinct pit as in larger-sized extant
penguins. The sulcus patellaris is moderately deep as in other penguins. In distal view, the
crista lateralis is less pointed than the crista medialis and projects more anteriorly.

Microanatomy. The humeral sections of Pakudyptes demonstrate a thickening of the
cortex (Figure 4) with a tubular diaphysis with a compact cortex surrounding a large,
open medullary cavity; the cortex is thicker than in volant birds (Habib and Ruff 2008;
Habib 2010; Ksepka et al. 2015). The thickness of the cortex gradually increases from
the proximal to the mid-shaft and distal portions of the bone. The overall organisation
in Pakudyptes appears similar to that of Eudyptula (Figure 4).

Platydyptes shows a tubular organisation with cortical thickening (Figure 4), sharing
the tubular organisation with Pakudyptes though the degree of thickness is different. In
‘Palaeeudyptes’ and the extant King Penguin Aptenodytes patagonicus, a spongiosa fills
the medullary space, resulting in the complete absence of a large, open medullary cavity
(Figure 4).

In these humeri, the thickness of the cortex varies along the diaphysis, both proximal
and distal to the mid-shaft, with a notable thickening around the growth centre
(Figure 4). This pattern is observed in mammals, where the cortex is the thickest
around the growth centre (Houssaye et al. 2018) and at the intersection of the nutrient
arteries with the central axis of the medullary cavity (Houssaye and Prévoteau 2020).

The internal organisation of the femur in Pakudyptes, Platydyptes, and ‘Palaeeudyptes’,
exhibit a consistent pattern characterised by a large, open medullary cavity (Figure 4).
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Figure 4. Longitudinal and midshaft cross-sections of humeri and femora. a-d, Pakudyptes hakatara-
mea gen. et sp. nov. a-b, humerus (OU 21977). c-d, femur (OU 21966). e-h, Eudyptula minor (AMP-R-
56). e-f, humerus. g-h, femur. i-l, Platydyptes novaezealandiae (OU 22003). i-j, proximal half of
humerus. k-1, distal half of femur. m-p, cf. Palaeeudyptes. m-n, proximal half of humerus (OU SI-REF
39). o-p, proximal half of femur (OU SI-REF 31). g-t, Aptenodytes patagonicus (OUS SH-K3). g-r,
humerus. s-t, femur. Scale bars=10 mmina, ¢, e, g,i, k, m,0,q,sand2mminb,d, f, h,j |, n,
p, r, t. OMC: open medullary cavity. In i and o, the medullary cavities are partially filled by matrix.

The relative thickness of the cortical bone in the femur was generally thinner than in
humerus. The femur of Pakudyptes has a relatively thin cortical bone similar to that of
Eudyptula (Figure 4). Platydyptes displays a thicker cortical bone and ‘Palaceudyptes’
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has an even thicker cortical layer. The femur of A. patagonicus demonstrates an extre-
mely compact and thick cortex, together with a compacted medullary region. In contrast
to the fossil penguins studied, the femur of A. patagonicus lacks an open medullary cavity
and instead has a relatively narrow zone with several irregularly shaped cavities that are
separated by thick trabeculae (Figure 4).

Phylogenetic analysis

The phylogenetic analyses resulted in 92 MPTs with score 613, consistency index
0.626, and retention index 0.862. Pakudyptes hakataramea is recovered as a stem sphe-
nisciform (Figure 5) one node crownward of Platydyptes spp. Following Pakudyptes,
the next stem sphenisciform branch leads to the Palaeospheniscus-Eretiscus clade,
Marplesornis, and then the crown Spheniciformes. The phylogenetic relationships of
fossil penguins from the Oligocene to the Early Miocene were otherwise unchanged
from previous studies.

Distribution of apomorphies

Morphological changes in the wing have been incremental, but significant changes occur
at some nodes (Figure 5a). The largest change occurred at node A reflecting significant
changes from volant birds to the flightless wing-propelled diving birds. However, such
large changes have not necessarily occurred at the boundaries of geological epochs or
across periods with poor fossil records.

Many key morphological transitions occur between Node C and Node D
(Figure 5a). At node C, we observe unambiguous synapomorphies of crown penguins
arise related to characters (162) shape of the head in dorsal view, (165) orientation of
intumescentia humeri and tuberculum ventrale. (185) scar for origin of m. brachialis,
(192) shelf adjacent to condylus ventralis, and (197) incisura radialis of ulna. At node
D, three additional syapomorphies arise related to (169) the fossa tricipitalis, (173)
distal extent of impressio insertii m. supracoracoideus and (180) foramen nutricum.
After these changes, only one change is required up to the crown penguins and one
more up to the extant species.

Results and discussion

Key morphofunctional transition of the wing in penguin evolution - Penguin wings
have undergone major changes from the Oligocene to the present. Pakudyptes, with a
combination of a modern proximal end and an archaic distal end of the humerus and
proximal ulna, plays an important role elucidating such transitions.

A notable change observed in Pakudyptes is the development of the proximal end of
the humerus, which is comparable to that of extant species. Its torsional displacement is
large, and the caput humeri is caudally located. Such a modern-type proximal humerus
occurs at node C (Figure 5). The degree of torsional displacement of the caput humeri
may relate to the range of the pitch angle of rotation of the wing, or feathering angle
(Figure 6a—c). Assuming the conditions other than the torsional displacement are con-
stant, the range of the feathering angle shifted dorsally in the transition from stem
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(Figure 6e-g) to crown penguins (Figure 6a—c). As another possibility, if the range of
feathering angle has not changed, the position of the first axis and the angles of the scap-
ular and coracoid lips of the cavitas glenoidalis would have changed significantly from
stem (Figure 6h-j) to crown penguins (Figure 6a-c). A more conclusive evaluation
requires the full reconstruction of the shoulder joint in stem penguins including the
soft tissue; this is beyond the scope of this paper. Because the status in stem penguins
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Figure 5. a, Strict consensus tree of the 92 MPTs resulting from the phylogenetic analysis, showing the
relationships of Pakudyptes hakataramea gen. et sp. nov. with other Sphenisciformes. Synapomor-
phies are plotted on the selected node to illustrate the morphological transition of penguins,
especially the wing. Empty circles are selected nodes, red circles are labelled nodes. Numbers in
bold font are synapomorphies common to all MPTs (unambiguous synapomorphies in PAUP/
common synapomorphies in TNT), numbers in grey are synapomorphies not common to all MPTs.
Blue filled areas are wing-related characters. b-f, Selected humeri in caudal view from the Oligocene
New Zealand showing the morphological diversity. b, Kairuku grebneffi (OU 22065), right humerus,
mirrored for comparison. ¢, Archaeospheniscus lowei (OM GL407), left humerus. d, Platydyptes
amiesi (OU 22338), right humerus, mirrorred for comparison. e, Platydyptes marplesi (OU 22326),
left humerus. f, Pakudyptes hakataramea (OU 21977), left humerus. Approximately scaled to have
the same length. Semi-transparent images in c-f are sized relative to b, Kairuku grebneffi (OU
22065). g-h, Composite images of reconstructed shoulder joints of the left wing aligned to have
the same forearm sweep angle in cranial view. Silhouettes of coracoid and sternum are made from
images. g, Kairuku sp. (OM GL432, humerus) and Kairuku grebneffi (OU 22065, coracoid and
sternum modified after Ksepka et al. 2012). h, Aptenodytes forsteri (CU 1054, mirrored humerus,
and USNM 346257, coracoid and sternum), showing the articulated angles of sternum-coracoid, cor-
acoid-humerus, and humerus-forearm elements (ulna and radius). Approximately scaled to have the
same size. Dashed lines are support lines for the forearm elements (ulna and/or radius). sup, insertion
scar for m. supracoracoideus. cg, area for cavitas glenoidalis. i-m, Reconstructed elbow joints of the
left wing made of selected wing elements (humerus, ulna and/or radius) aligned to have the same
forearm sweep angle in caudal view. i. Kairuku sp. (OM GL432). j, Archaeospheniscus lowei (OM
GL407). k, Platydyptes marplesi (OU 22935). 1, Pakudyptes hakataramea (OU 21977, humerus, OU
21976, ulna). m, Aptenodytes forsteri (CU 1054). Approximately scaled to have the same size.
Dashed lines are support lines for the forearm elements.

was unlikely to match either case exactly, it is highly probable that the actual status in
stem penguins was somewhere between Figure 6e-g, h—j and the dorsal shift of the
range of feathering angle also occurred to some extent at this part of the phylogeny.
Since the feathering is the primary contributor to the thrust generation in the propulsion
mechanism in penguins (Hao et al. 2023), the well-developed proximal humerus at node
C may suggest that feathering motion at the shoulder joint was as optimised as in crown
penguins. Other morphofunctional changes, as discussed below, occurred in different
sections of penguin phylogeny.

In contrast to the more derived shoulder joint, the less derived elbow joint indicates
that the wing of Pakudyptes is not morphologically and functionally equivalent to the
modern penguins in many respects. The restriction of the caudal flexion (downward
flexion in flapping motion) of the elbow joint makes the penguin wing a flipper that gen-
erates thrust by flapping motions. This restriction is primarily due to the flattening of the
condyles at the distal end of the humerus. A flattening of the condyles similar to that of
the extant species first occurs at node E. The rounded, spherical condyles of Pakudyptes
and many stem penguins must have allowed a wider range of flexion. This would have
been disadvantageous to thrust generation if compared to the wing of the extant
species, since the greater the flexion, the less thrust produced by the upstroke.

The wing shape in its most extended state may be related to the propulsive function of
the wing. Since the sweepback angle of a wing is closely related to its hydrodynamic prop-
erty (see below). Extant species have relatively straight wings when extended (Simpson
1946), compared to many stem penguins such as Muriwaimanu (Mayr et al. 2020),
Kairuku (Ksepka et al. 2012) and Pakudyptes (Figure 5). Such wings with a large
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Figure 6. Two-dimensional kinematic models of the pitch angle of rotation, or feathering angle, of the
penguin wing. a-d, model in crown penguins, redrawn after Bannasch (1994). e-g, model for stem
penguins in which the outline was positioned to have the same torsional displacement as that of
the Eocene Antarctic stem penguin, OU SI-REF 39 (Figure 3r). The positions of the first axis, which
is the attachment of the ligamentum acrocoracohumerale to the coracoid, and the scapular and cor-
acoid lips of the cavitas glenoidalis are same as in a-d. h-j, model for stem penguins in which the
degree of the torsional displacement is same as in e-g, and the range of the feathering angle is
same as in a-d. a, e, h, outline of the caput humeri as the proximal humerus is placed on a flat
surface in proximal view. b, f, i, caput humeri at the end of the up-stroke of the wing. ¢, g, j,
caput humeri at the end of the down-stroke of the wing. d, breakdown of the process from b to ¢
depicting rotation 1 and rotation 2 separately. Note that rotation 1 and rotation 2 do not occur
sequentially. The following abbreviations are based on Bannasch (1994) whenever possible. L, the
first axis that is attachment of the ligamentum acrocoracohumerale to the coracoid; L. acch, ligamen-
tum acrocoracohumerale that is always extended and act as a lever; P, the position of the second axis
at the end of the up-stroke of the wing. The second axis is attachment of the ligament to the caput
humeri (sulcus transversus as a pit); P, the position of the second axis at the end of the down-stroke
of the wing; Ty, the starting point of the section of the trace of the movement of the caput humeri; Ty,
the ending point of the section of the trace of the movement of the caput humeri; Aco, axis of the
coracoid lip of the cavitas glenoidalis; Asc, axis of the scapular lip of the cavitas glenoidalis; Rotation
1, rotation around the first axis; Rotation 2, rotation around the second axis; 6;, angle of the rotation 1;
8,, angle of the rotation 2; 6f, range of the feathering angle that is composite of 8; and 6,.
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tangent angle of distal condyles occur at node B and are shared by all subsequent nodes
except Pakudyptes. It becomes equivalent to the extant species at node D. The olecranon
in the straighter wings is not tab-like. Instead, the ventral trochlear process is elongated,
presumably to maintain an appropriate angle of force transmission from the extensors,
m. humerotriceps and m. scapulotriceps. The diagonal insertion scar for
m. supracoracoideus may also be related to the change in wing angle. The diagonal
scar occurs at node D and is shared with crownward penguins. If the humerus has a
larger angle to the body at the shoulder joint (Figure 5g-h), the angle of the scar
should change to maintain a constant angle of force transmission from this powerful
upstroking muscle. The forearm region influences the sweepback angle of the wing,
which is a critical hydrodynamic property of the penguin wing including the achieve-
ment of optimal lift, the reduction of active buoyancy, and the efficient acquisition of
thrust (Maeda et al. 2021; Hao et al. 2023). It is plausible that the change to straighter
wings as seen in crown penguins is to maintain the optimal sweepback angle (Ksepka
et al. 2012). This is consistent with the glenoid fossa of the coracoid facing more sternally
in stem penguins (Ksepka et al. 2012).

It is puzzling that the phylogenetic position of Pakudyptes with an angled wing and
straight scar for m. supracoracoideus breaks this pattern of wing evolution. The relatively
straight wings may not have evolved in a straightforward manner. Future findings of
fossil penguins and updated phylogenetic analyses would solve the issue. Here we note
that the variation in wing angles may support this view. The holotype of Platydyptes
amiesi, which is not included in the phylogenetic analysis performed here, seems to
have a more angled wing than P. novaezealandiae, and there are differences in wing
angles of extant penguins too, as Simpson (1946) commented. Our preliminary measure-
ments (see supplementary information) show similar results, with Aptenodytes having
the straightest wing and Spheniscus the most angled. This result suggests that the size
and/or taxon correlates the angle. The variation among genera is greatest in Eudyptula
with 10 degrees of difference.

The tricipital fossa is the origin of one of the extensor muscles for the forearm of the
wing. The ventral head of m. humerotriceps originates from the interior of the tricipital
fossa. The fossa of extant species is bipartite with a distinct ridge. Such a distinct ridge
occurs at node D, although the relationship between the development of the ridge and
the condition of the extensor muscles is uncertain.

The m. latissimus dorsi is one of the muscles associated with the wing upstroke (Ban-
nasch 1994). Its insertion becomes close to the scar for m. supracoracoideus at node F, as
in extant species. The upstroke of the penguin wing not only provides acceleration per-
formance independent of dive depth (Watanuki et al. 2006), enabling excellent swim-
ming performance in deep dives (Kato et al. 2006), but also contributes to the
penguin’s turning maneuverability by generating centripetal forces (Harada and
Tanaka 2022). The development of the upstroke function may have played an important
role in the modernisation of the penguin wing. Pakudyptes has not acquired modern
characteristics in this respect either.

Of the above wing transitions, the change from the Late Oligocene to the Early
Miocene is particularly significant. Haidr (2023) demonstrated that wing variation in
extant species reflects dietary preferences and the wing area is relevant to diving
depth. Considering that the ‘uniform’ wings of extant species show such wide
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ecomorphological variation, the functional and ecological diversity of penguins during
these periods was much greater than expected.

Bone microanatomy - Microanatomical features such as cortical thickening and
reduction of the medullary cavity are recognised as indicators of aquatic adaptation in tet-
rapods including penguins (Meister 1962; Chinsamy et al. 1998; Ksepka et al. 2015; Hous-
saye et al. 2016). Pakudyptes hakataramea shares similar microanatomical features with
Eudyptula minor (Figure 4). Their relatively thin cortices might be size-related, as
smaller penguins have thinner bone walls when compared to larger penguins (Habib
2010). However, they are thicker than those of volant birds and (Habib and Ruft 2008),
together with the condition of the humerus, show microanatomical features of penguins
as diving birds. This suggests that Pakudyptes, whose body size is comparable to that of
Eudyptula, had a comparable degree of aquatic adaptation in microanatomical context.

In Pygoscelis adeliae, sex-related differences in bone compactness have been documen-
ted, with females consistently demonstrating lower bone compactness than males (Garat
et al. 2023). All individuals of Eudyptula minor observed for this study were male, yet
they consistently displayed identical bone structure and compactness in both humeri
and femora.

The contemporaneous, much larger Platydyptes (Marples 1952) has a thicker cortex
and a smaller medullary cavity, suggesting a possible influence of body size on microa-
natomy. The humerus of the extant Aptenodytes patagonicus shows similar character-
istics to the Eocene ‘cf. Palaeeudyptes’, which exceeds the size of Emperor penguin
Aptenodytes forsteri, suggesting a more specialised bone structure in extant penguins.
This is supported by microanatomical features of the femora, where A. patagonicus
has a significantly denser femur than fossil taxa, even exceeding the density of the
much larger ‘cf. Palaeeudyptes’. Variations in external morphology, such as the difference
between the humerus of Pakudyptes and Eudyptula, do not necessarily correspond to
microanatomical differences, as observed in other aquatic tetrapods (Hayashi et al. 2013).

In terms of the timing of the loss of a large open medullary cavity, the humerus shows
a more derived adaptation to aquatic life than femur, suggesting that the densification of
the wing bones preceded that of the femur in penguin evolution, as greater wing mass
provides advantages for swimming or diving (Habib and Ruft 2008; Habib 2010). Con-
versely, Ksepka et al. (2015) analysed cross sections of the humerus, tibiotarsus, and
femur in stem and crown penguins and showed that the hind limb reached the
modern level of compactness before the humerus. However, recent studies have shown
that longitudinal sections better represent the internal organisation of the bone (Hous-
saye et al. 2018). For example, the femur of the Eocene ‘Palaeceudyptes’ retains a large,
open medullary cavity (Figure 4) despite the thick cortical layer. It should be noted
that further comprehensive studies are needed to draw conclusions from these interpret-
ations and to gain a deeper understanding of the sequence of adaptive changes in
penguins.

Taxonomic and morphological diversity - Within Sphenisciformes, the taxonomic
diversity of stem penguins was high in the Late Paleocene, Late Eocene, and Late
Oligocene to Early Miocene, based on known fossil records (Ksepka and Ando
2011; Ando and Fordyce 2014; Thomas et al. 2020; Ksepka et al. 2023b). The
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latter diversity follows drastic changes in the marine environment that occurred at
the Eocene/Oligocene boundary and precedes the emergence of crown penguins
resulting in the current high diversity (Ando and Fordyce 2014). Penguins from
this period also show high morphological diversity, particularly in wing morphology,
as discussed above. Most taxonomic and morphological diversity is observed in the
medium to small penguins.

Pakudyptes hakataramea contributes to the high taxonomic and morphological diver-
sity during this period. The combination of a modern proximal end and an archaic distal
end makes Pakudyptes an unexpected penguin. This combination contrasts with Archae-
ospheniscus and Platydyptes, which have elbow joints closer to the crown penguins, and
less developed shoulder joints than in Pakudyptes.

The extinction of giant penguins and the subsequent decline in taxonomic diver-
sity may have been due to competition with emerging Neoceti, particularly odonto-
cetes whose prey species compete with the larger penguins and which emerged in
response to changes in the marine environment at the Eocene/Oligocene boundary
(Ando and Fordyce 2014). This high selective pressure may also be responsible for
the rapid evolution of wings and the appearance of the smallest penguin forms
during this period.

The emergence of crown penguins was preceded by these changes. Factors such as
mass extinctions and shifts in ecological strategies have been suggested to be associated
with the reduction in body size (Jeschke and Kokko 2009; Montgomery and Mundy 2013;
Wiest et al. 2015; Sallan and Galimberti 2015; Monarrez et al. 2021). The reduction in
body size can lead to new body plans and the emergence of new taxa (Hanken and
Wake 1993; Lee et al. 2014; Puttick et al. 2014), which may be the case with the emergence
of crown penguins with modern-type wings. This scenario is consistent with the hypoth-
esis that Zealandia was a key site for the emergence of crown penguins, not only for the
early evolution of penguins (Thomas et al. 2020).

The tiniest extant penguin, Eudyptula, is much smaller than the smallest fully-
aquatic endotherm (Downhower and Blumer 1988), probably due to the excellent
thermal insulation provided by its feathers and the semi-aquatic life style (Stahel
and Nicol 1982; Innes et al. 1989; Du et al. 2007). This would also be the case for
the tiny-sized fossil penguins including Pakudyptes and Eretiscus. The lowest water
temperature for Eudyptula species is 5 degrees Celsius (Stahel and Nicol 1982). It is
true that all tiny penguin fossils are found in the temperate regions (Simpson
1971b, 1981; Acosta Hospitaleche et al. 2004; Ksepka and Thomas 2012; Thomas et
al. 2023), but given climate fluctuations in the past (e.g. Zachos et al. 2001), this con-
straint may not necessarily apply to fossil penguins.

In crown penguins, morphological diversity is centred on beak morphology, which
shows dietary diversification associated with the development of the Antarctic Circum-
polar Current and the distribution of nutrient-rich prey, creating ecological diversity in
current penguins (Olson 1985; Ando 2007; Thomas et al. 2020; Cole et al. 2022). The
ability to exploit new ecological niches owing to smaller body size and the evolution
of modern wings in the Late Oligocene-Early Miocene may have led to the ecological
diversity of modern penguins.
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