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Although flight is often considered as one of the most salient characteristics of birds,
in the course of their evolution various avian lineages have lost the ability to fly. This has
happened at different periods of the geological past, beginning in the Cretaceous with such
forms as the terrestrial Patagopteryx and Gargantuavis and the marine Hesperornithiformes,
and under very varied circumstances. In some cases, loss of flight is associated with strictly
terrestrial habits in usually large forms, as in living and fossil “ratites” and in various
extinct groups of giant ground birds (gastornithids, dromornithids, phorusrhacids, etc.).
The case of birds deeply adapted to foraging in an aquatic environment, such as penguins
and Hesperonthiformes, is a completely different instance of flightlessness. Loss of flight
has often taken place in insular environments, where the lack of predators is supposed to
have played a crucial part—the dodo is a case in point. However, it also occurred repeatedly
on large land masses, as exemplified today by the ostrich and related birds.

This Special Issue explores various aspects of this multi-faceted evolutionary process,
from phylogeny to palaeobiology. The nine papers in this collection deal with flightless
birds belonging to widely different extinct and extant groups, from many parts of the world
and from various time periods, from the Late Cretaceous to the Quaternary. The aim is not
to provide a comprehensive review of the evolution and palaeobiology of the many groups
that have lost the power of flight over the long time span extending back to the Cretaceous.
Rather, the papers published here illustrate both the diversity of flightless birds and the
multifarious approaches that can be used to study them, from stratigraphy and functional
anatomy to phylogenetic analysis and bone histology.

The paper by Alyssa Bell and Luis Chiappe deals with the Hesperornithiformes, a
group of Late Cretaceous diving birds that were among the first avians to become flightless.
When first described in the 1870s, these “birds with teeth” attracted much attention, and
Charles Darwin considered them as some of the best evidence in favour of his theory
of evolution. Although they have been known for a century and a half, however, no
recent global review of Hesperornithiforms was available. Bell and Chiappe’s timely paper
provides such a review, discussing their diversity, geographical and temporal distribution,
and ecology. Even though they have been known for a long time, Hesperornithiformes
remain a fascinating group of early birds, about which innovative approaches are revealing
many new facts.

Federico Agnolin discusses the phylogenetic relationships of Brontornis burmeisteri, a
giant bird from the Miocene of South America that has puzzled palaeornithologists since
its original description in 1891. Although it has often been placed among the cursorial and
carnivorous “terror birds” (Phorusrhacoidea), several of its osteological characters rather
suggest a graviportal plant-eater. Agnolin’s conclusion, based on modified datasets, is that
it belongs to Galloanserae and is part of a still poorly known Tertiary radiation of large
graviportal birds from South America.
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Klara Widrig and Daniel Field provide a comprehensive review of the fossil record
and evolution of the Palaeognathae, a large avian group containing, besides the volant
tinamous, a large number of flightless forms—including the living ostriches, rheas, emus
and cassowaries, as well as many extinct taxa such as the moas and elephant birds. Despite
remaining gaps in the fossil record, an evolutionary history emerges, starting with relatively
small-sized ground-feeding birds which survived the end-Cretaceous extinction event and
diversified considerably during the Paleogene, although the extant sub-clades do not
become clearly recognizable until the Neogene. It is increasingly clear that flightlessness
and large body size have appeared independently in several lineages.

Anusuya Chinsamy, Aurore Canoville and Delphine Angst present the results of
histological studies carried out on a large sample of limb bones from various large flightless
birds, including extant and extinct “ratites” as well as the Paleogene giant neognath Gastor-
nis. Their results show that bone microanatomy can reflect locomotion type (graviportal
versus cursorial), thus providing a useful tool for palaeobiological interpretations. In addi-
tion, somewhat unexpectedly, growth marks in the bones of various extant ratites indicate
flexible growth patterns (in response to environmental conditions) that may represent the
plesiomorphic condition in Palaeognathae and, more widely, Neornithes.

Peter Johnston and Kieren Mitchell’s paper on sensory adaptation in flightless birds
explores the intriguing topic of the sensory capacities of several extinct and extant forms,
including moa, elephant birds, kiwi and the kakapo parrot. On the basis of various cranial
skeletal features relating to vision, hearing and olfaction, they show how the different
lifestyles of these birds have resulted in contrasting sensory strategies: for instance, the
kiwi, the Upland Moa and the aepyornithids apparently were olfactory specialists, but the
moa had a well-developed hearing sensitivity range lacking in the other taxa. This approach
opens up interesting new directions for palaeobiological investigations and reconstructions.

Warren Handley and Trevor Worthy use morphometric methods to describe in detail
the endocranial morphology of the dromornithids, or mihirungs, a group of extinct large
flightless birds which flourished in Australia from the Eocene to the Pleistocene. This study
has phylogenetic implications, since in terms of endocranial anatomy the mirhirungs ap-
pear to be closer to galliforms than to anseriforms, in agreement with a recent interpretation.
From a functional point of view, this study supports the conclusion that they were diurnal
herbivores with well-developed stereoscopic depth perception—the old myth of the dro-
mornithids as “killer ducks” thus receives an additional blow from endocranial anatomy.

Anusuya Chinsamy and Trevor Worthy describe the bone histology of the Pleistocene
dromornithid Genyornis newtoni, the last of the mihirungs. This study provides important
new evidence about the still poorly known biology of this Australian giant bird. In par-
ticular, the growth pattern revealed by this study indicates that Genyornis newtoni took
more than a single year to become sexually mature, and reached skeletal maturity after
sexual maturity. In addition, it apparently retained a plesiomorphic flexible growth strategy,
which enabled it to respond to changing environmental conditions.

Eric Buffetaut and Delphine Angst describe a large ostrich femur found in the 1920s in
the Lower Pleistocene deposits of the Nihewan basin of northern China, which had hitherto
been only very cursorily mentioned. It is referred to Pachystruthio and significantly enlarges
the geographical distribution of this genus of giant ostriches which was previously known
from Hungary, Crimea and Georgia. As shown by a review of the fossil ostriches from
China, Pachystruthio is an element of the long and apparently complex history of this group
of birds in eastern Asia, which extends from the Miocene to the Late Pleistocene.

Eric Buffetaut reviews the stratigraphic distribution of Psammornis, an enigmatic
egg-based taxon from the Neogene and Quaternary of North Africa and possibly the
Middle East. The genus was erected in 1911, on the basis of eggshell fragments indicating
a very large bird, from a locality of uncertain geological age in Algeria. Since then, a
number of eggshell finds from the Sahara and surrounding areas have been referred to
Psammornis, but most of them are very poorly dated. Curiously enough, Psammornis
localities with a reasonably good stratigraphic context, in Tunisia and Mauritania, have
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often been overlooked, although they are of prime importance for unravelling the obscure
history of what were probably giant ostriches.

It is expected that this collection of papers will both provide abundant new information
about the evolution and biology of extant and extinct flightless birds and illustrate the wide
spectrum of the approaches used to investigate them. Although these approaches have
resulted in considerable progress in our understanding of these avian groups, an obvious
lesson to be learnt from these contributions is that much remains to be discovered and
investigated. Owing to both discoveries of new fossil specimens and the implementation
of new, innovative techniques, our current picture of flightless birds is in many respects
quite different from what it was a few decades ago. We hope these papers will reflect how
fast this branch of ornithology is developing and hint at directions for future studies.

Author Contributions: Writing—original draft preparation, E.B. and D.A.; writing—review and
editing, E.B. and D.A. All authors have read and agreed to the published version of the manuscript.
Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: The Hesperornithiformes (sometimes referred to as Hesperornithes) are the first known birds to
have adapted to a fully aquatic lifestyle, appearing in the fossil record as flightless, foot-propelled divers
in the early Late Cretaceous. Their known fossil record—broadly distributed across the Northern
Hemisphere—shows a relatively rapid diversification into a wide range of body sizes and degrees
of adaptation to the water, from the small Enaliornis and Pasquiaornis with lesser degrees of diving
specialization to the large Hesperornis with extreme morphological specializations. Paleontologists
have been studying these birds for over 150 years, dating back to the “Bone Wars” between Marsh
and Cope, and as such have a long history of naming, and renaming, taxa. More recent work has
focused to varying degrees on the evolutionary relationships, functional morphology, and histology
of the group, but there are many opportunities remaining for better understanding these birds.
Broad-scale taxonomic evaluations of the more than 20 known species, additional histological work,
and the incorporation of digital visualization tools such as computed tomography scans can all add
significantly to our understanding of these birds.

Keywords: Hesperornithiformes; Aves; Mesozoic birds; evolution; paleoecology; diving birds

1. Introduction

In the winter of 1870, Othniel Charles Marsh discovered the distal-most end of a
tibiotarsus of a large bird in Cretaceous (Coniacian-early Campanian) marine sediments
near the Smoky Hill River in western Kansas (specimen 1205 at the Yale Peabody Museum
[YPM]) [1]. This unremarkable specimen was the first look at a remarkable group of
extinct animals, the first dinosaurs to adapt to a fully aquatic lifestyle and the earliest
group of birds to swim away from the ability to fly. On second and third expeditions to
western Kansas, in June of 1871 and the fall of 1872, Marsh discovered a more complete
specimen (YPM 1200) of the same species as well as fossils of other ancient birds, one of
which was nearly complete (YPM 1207) [1]. In 1872, as the infamous “Bone Wars”—an
ignominious chapter in American paleontology—were just beginning, Marsh published
his first work on these specimens [2]. Marsh designated the material as Hesperornis regalis,
a large swimming bird that he interpreted as being most closely related to modern loons,
albeit with significant differences from “all other known birds, recent and extinct” [3] (p.
361), and later assigned it to the Natatores [4], a paraphyletic group used at the time to unite
modern swimming birds that has since been abandoned. Over subsequent years, Marsh sent
numerous expeditions back to the Smoky Hill River in Kansas, resulting in the collection
of hundreds of specimens of birds belonging to a group termed the Odontornithes, which
Marsh erected for Ichthyornis and Apatornis [5]. Later, Marsh added the coeval Hesperornis
to the Odontornithes on the basis of the presence of teeth in the jaws [6]. Marsh would go
on to describe a second species of Hesperornis, H. gracilus, and three other related genera,
Baptornis advenus, Coniornis altus, and Lestornis crassipes [7], although the latter two are now
assigned to Hesperornis.

Diversity 2022, 14, 267. https:/ /doi.org/10.3390/d14040267
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At the same time that Marsh was working on the North American toothed birds, Harry
Seeley [8] was describing a group of small fossil birds from the Upper Cretaceous (Cenoma-
nian) Cambridge Greensand in England from material discovered by Lucas Barrett in 1858
and briefly discussed by Lyell a year later [9]. Unlike Marsh’s larger birds that included
well-preserved, articulated specimens, the two species identified by Seeley—Enaliornis
barretti and E. sedgewicki—were entirely disarticulated and heavily eroded, as part of a
reworked deposit [8]. However, like the fossils Marsh was discovering, these British fossils
were also abundant, with dozens of isolated bones available for study in the Woodwardian
Museum (now the Woodwardian Collection of the Sedgewick Museum) in Cambridge [8].
Seeley did not recover any specimens with teeth. Furthermore, he deemed Marsh'’s reliance
on teeth for designation of the Odontornithes to be unsupported, in light of the variability
of teeth across modern mammals and reptiles [8], a view that was upheld by Furbringer [9]
in 1888 when he established the order Hesperornithiformes (now phylogenetically defined
as all taxa more closely related to Hesperornis regalis than to Neornithes or modern birds),
removing Hesperornis and Baptornis from Odontornithes. Seeley noted numerous similari-
ties between Enaliornis and modern loons, and so referred Enaliornis to the Natatores [8], as
Marsh had originally done with Hesperornis. The placement of Enaliornis within the Hes-
perornithiformes was first proposed by Lydekker [10] a few years after the erection of this
clade, which was later supported by Wetmore [11], Storer [12], Martin and Tate [13], and
others. Our modern understanding of hesperornithiform phylogenetics places them within
the Ornithurae and very close to the divergence of modern birds, Neornithes (Figure 1).
Thus, by the end of the 19th century the Hesperornithiformes were the most diverse lineage
of Cretaceous birds known, with a wide geographic and stratigraphic distribution and
ranging in size from a bird the size of a grebe to birds as much as 1.5 m long.

From these early studies, our modern understanding of the Hesperornithiformes has
expanded to over 20 species from across Laurasia, identified from marine, transitional, and
continental deposits (Figure 2). Interestingly, the fossil collections amassed at the Peabody
Museum in Yale University by Marsh and at the Sedgewick Museum in Cambridge University
remain the most abundant in terms of number of specimens, rivaled only by the Carrot River
material of Pasquiaornis collected in the latter part of the twentieth century [14-16].

Studies over the past 150+ years have explored the evolutionary relationships and
trajectories, biomechanics, ecology, life history, and biogeography of these incredible birds,
as well as continually identifying new families, genera, and species. This review will
provide an overview of this body of research, summarizing both where we are today in
our understanding of the evolution and biology of these birds and how we got there, and
highlight areas for potential future research.

2. General Anatomy

From the first studies of specimens by both Marsh and Seeley, the highly modified
bauplan of these birds was recognized as a significant chapter in avian adaptation. This
consists of a streamlined body with an elongated skull and neck, heavily reduced forelimb,
and dramatically robust hindlimb (Figure 3). In superficial form, it is easy to see how
early researchers, and some not-so-early researchers, identified the similarities to modern
foot-propelled diving birds such as loons and concluded that these birds were part of
the modern diving lineage (e.g., [3,8,17-19]). However, this view fails to account for the
strong convergence found among modern diving bird lineages, as we now recognize foot-
propelled diving to have evolved independently at least four times among modern birds
(i.e., loons, grebes, diving ducks, and cormorants), and that even such morphologically
similar birds as loons and grebes are not closely related at all [20,21]. In fact, the results of
a comprehensive morphometric analysis of hesperornithiforms and modern diving birds
showed that the former rarely share morphospace with loons and grebes, and that instead,
they overlap more in morphospace with cormorants and diving ducks [22].
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Figure 1. Phylogenetic tree of birds, after Bell and Chiappe [23] and Tanaka et al. [24]. Arrows show
the alternative placement of Enaliornis and Pasquiaornis recovered by Tanaka et al. [24].

The skull of hesperornithiforms is elongate, with a long rostrum similar to that seen
in modern foot-propelled diving birds. This elongation is due primarily to the length of
the premaxilla, as in modern birds, which makes up nearly half the length of the rostrum
in Hesperornis [25]. This is unlike more stemward, longirostrine Mesozoic birds (e.g.,
Longipteryx, Rapaxavis, Dingavis), where elongation of the rostrum is due in part to an
extended maxilla [26]. Within hesperornithiforms, there appears to be variation in the
degree of elongation of the skull. Enaliornis, the most basal hesperornithiform currently
known [23], has a proportionally shorter skull than that of hesperornithids (Parahesperornis
and Hesperornis). This is seen in three different regions of the skull: the parietals and
temporal fenestrae, the frontals, and the portion of the rostrum rostral to the nares [25].
Furthermore, these regions of the skull are proportionally shorter in Parahesperornis than in
Hesperornis, implying potential ecological specializations (i.e., niche partioning) among
these likely coeval and sympatric birds [25].

The dentary and maxillae of hesperornithiforms bear small recurved teeth set in a
groove (Figure 4). While today we recognize a wide diversity of tooth retention patterns
across Mesozoic birds [26,27], when first discovered by Marsh, this feature was strik-
ing. The retention of teeth in birds is a conserved character with similar molecular and
developmental mechanisms inherited from their nonavian reptilian ancestors [28].

Marsh'’s [3] first description of the teeth of Hesperornis noted that they were not
set in true sockets (i.e., thecodont implantation), but were instead separated by slight
projections from the sides of the groove in which they were set in the jaws. While dentary
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fragments assigned to Pasquiaornis have been described as having similar tooth implantation
in a groove with incomplete sockets [15], published images of some specimens appear
to show much more extensive socket development than the slight projections found in
hesperornithids (Figure 4).

Maastrichtian

Campanian

Coniacian-Santonian

Cenomanian

» 1 specimen ® 11-25 specimens 100-200 specimens

e 2-10 specimens ® 26-99 specimens >300 specimens

Figure 2. Distribution of hesperornithiform specimens across the Northern Hemisphere, mapped on
paleogeographic reconstructions of the Cretaceous (after [29]): (A) Maastrichtian; (B) Campanian;
(C) Coniacian to Santonian; (D) Cenomanian [19]. After Bell and Chiappe [25].

More recent work exploring the nature of the teeth in Hesperornis via synchrotron
imaging found that they have fully thecodont-style root attachments but that secondary
loss of periodontal ligaments led to the implantation of the teeth in a groove [30]. While the
retention of teeth in the jaw is plesiomorphic in Hesperornis, the emplacement of the teeth
is an autapomorphy, uniquely evolved in hesperornithiforms and not seen in other toothed
birds such as Archaeopteryx [31], Ichthyornis [32], other toothed ornithuromorphs [33], or
toothed enantiornithines [26,34]. The enamel on Hesperornis teeth is thin and simple in
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structure, with fine fluted ornamentation [35] formed by thickened ridges of enamel [30].
The teeth have a relatively high extension rate (a measure of how fast the tooth growths in
height) in the dentine compared to that of nonavian dinosaurs, as calculated from dentine
increment lines preserved in the teeth [30]. Tooth replacement involved a resorption
pit in the root of the functional tooth, leading to lingual replacement with a calculated
mean frequency of 66 days [30]. The teeth of hesperornithiforms are unicuspid and highly
recurved, with a hooked shape in side view [20,30]. The teeth exhibit a gradient in curvature,
with the mesial teeth more recurved than the distal teeth [1], more than is seen in other
Mesozoic birds [36]. Teeth are absent in the premaxillae, as in Ichthyornis and some other
early ornithuromorphs (e.g., Gansus, Iteravis), while the dentary and maxilla are toothed.

) e

[

2\7//

Figure 3. The basic bauplan of a hesperornithiform bird, based off Hesperornis regalis. While the degree
of reduction of the forelimb and hindlimb proportions vary across taxa, this overall morphology—
characterized by an elongated skull and neck, abbreviated forelimbs, and robust hindlimb with a
long pelvis—is typical of all hesperornithiforms. Forelimb girdle shown in blue and hindlimb girdle
shown in green.

The hesperornithiform skull retains numerous additional ancestral characters that
are only well-preserved in two taxa (Hesperornis and Parahesperornis). Smaller hesperor-
nithiforms only preserve limited parts of the skull (i.e., Pasquiaornis, Enaliornis, Potamornis).
Marsh noted a number of similarities of the skull of Hesperornis to those of modern ratites,
including palatines and pterygoids that articulate with facets on the basipterygoid process
present on the body of the basisphenoid rostrum as well as an undivided quadrate head [1].
Elzanowski and Galton [37] identified additional ancestral features in the skulls of hesper-
ornithiforms, including open frontoparietal and intraparietal sutures, caudal origination of
the pseudotemporalis muscle, and the lack of carotid canals, among others.

A key feature contributing to the streamlined body of hesperornithiforms comes
from the elongation of the neck. The majority of hesperornithiform specimens do not
preserve a complete vertebral column, with the exception of one specimen of Parahesperornis
(KUVP 2287) that appears to preserve the entirety of the vertebral column, minus the atlas.
This specimen was largely collected in articulation, and the fit of articulation between
the separated vertebral sections indicates it is likely that only the atlas is missing [25].
Modern foot-propelled diving birds use their elongate necks to increase maneuverability
underwater. For example, cormorants have been documented to move their head and neck
independently of the body during pursuit diving, thus avoiding limitations imposed by the
limited turning radius of the entire body [38]. This contrasts with penguins, wing-propelled
diving birds that swim with their necks retracted, thus limiting their range of motion to the
turning radius of the entire body [39].
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Figure 4. Hesperornithiform teeth and dentaries: (A) dentaries of Hesperornis regalis, showing the
groove with implanted teeth in ventral view (1-KUVP 71012) and a broken specimen in medial view
showing the internal projections separating individual teeth (2-YPM 1206) as well as an isolated
tooth preserved with KUVP 71012 (3); (B) isolated teeth (1, 2) preserved in the roof of the articulated
premaxillae of Parahesperornis alexi KUVP 2287; (C) dentary fragment assigned to Pasquiaornis tankei
(RSM P2995.5) in lateral (1) and dorsal (2) views showing more extensive socketing (i.e., alveolar
configuration) and isolated teeth attributed to Pasquiaornis (3, 4) (images in c from [15]).

A third key feature contributing to the overall bauplan of the hesperornithiforms comes
from the pelvic girdle. The pelvis is highly elongated, with an expanded preacetabular
ilium that varies in degree across hesperornithiforms but is found in all taxa (Figure 5). The
pelvis is fused only around the acetabulum, a plesiomorphic feature also found in most
other stem birds (e.g., Archaeopteryx, Sapeornis, Confuciusornis, basal ornithuromorphs,
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and some enantiornithines). Many enantiornithines have secondarily developed a contact
between the ischium and the postacetabular wing of the ilium [40].

Figure 5. Comparison of hesperornithiform pelves of: (A) Hesperornis YPM 1476; (B) Parahesperornis
KUVP 2287; (C) Fumicollis UNSM 20030; and (D) Baptornis AMNH 5101 in left lateral view. Elements
are scaled to be of a similar acetabular diameter and aligned at the acetabulum. Inset shows silhouettes
of the same elements to scale. After Bell and Chiappe [25].

The proportion and, perhaps most importantly, the orientation of the hindlimbs
constitute a significant suite of adaptations that underlie interpretations of these birds as
foot-propelled divers. In proportion, the femur and tarsometatarsus are reduced in length,
and the tibiotarsus is highly elongated, as in modern diving birds (Figure 6). The degree of
the shortening of the femur and extension of the tibiotarsus appears to vary dramatically
across hesperornithiforms, with more basal taxa such as Baptornis and Fumicollis having a
proportionally longer femur and shorter tibiotarsus than in the more derived Hesperornis
and Parahesperornis [22].

Of particular interest to the mechanics of swimming in these birds is the orientation of
the hindlimb. The earliest observations of these birds included reference to the extreme
rotation of the femur, orienting the hindlimb behind the body. Marsh noted that the
hindlimb orientation was such that the birds must have had difficulty standing and walking
on land [3]. The orientation of the hindlimb directly behind the body is important for
two reasons. It places the point of propulsion directly in line with the body being propelled,
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and it reduces the overall surface area of the body in the direction of motion, where
resistance from the water is greatest.

Hesperornithiform Taxa

Baptornis
A Fumicollis
® Hesperornis
== Parahesperornis

Modern Taxa

Foot-propelled diving birds
© Grebes

M Loons

¢ Cormorants

A Diving ducks

Other modern birds

Femur Tibiotarsus

Tarsometatarsus

Figure 6. Ternary diagram showing proportions of the tarsometatarsus, tibiotarsus, and femur of
hesperornithiform birds and modern foot-propelled diving birds (inset), and other modern birds.
After Bell et al. [22].

A final key feature of the hesperornithiform bauplan is the extreme reduction of the
forelimb to the point of flightlessness. This is discussed in evolutionary terms in more
detail below, but the reduction of the forelimb is seen to varying degrees across the taxa
for which forelimb elements are known, with Pasquiaornis displaying the least reduction
(but see the discussion in Section 4 regarding this problematic taxon) and Hesperornis and
Parahesperornis displaying the most (Figure 7). While the articular ends of the humerus of
Pasquiaornis retain easily identifiable morphological landmarks, such as a deltopectoral
crest at the proximal end and distinct dorsal and ventral condyles at the distal end, in
Hesperornis virtually all such detail is lost, with no discernable deltopectoral crest and only
a faint subdivision of the distal end where the condyles would be. Martin and Tate [13]
questioned whether the more distal forelimb elements (ulna, radius, carpometatacarpus,
and manual digits) developed at all, and proposed that perhaps they had been completely
lost in some taxa. The complete loss of flight in hesperornithiforms underscores the success
of these birds as foot-propelled divers, the first birds we currently know of to follow
this evolutionary path. Among modern foot-propelled divers, flightlessness has evolved
occasionally, with one species of flightless cormorant and two of grebes. The loss of flight
may indicate that these birds were so well adapted to their foot-propelled lifestyle that
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they no longer needed flight to be successful for hunting, avoiding predation, and other
activities for which birds typically use flight.

Figure 7. Comparison of the humeri of hesperornithiform taxa: (A) Hesperornis FHSM VP-2293;
(B) Parahesperornis KUVP 2287; (C) Baptornis KUVP 2290; and (D) Pasquiaornis RSM P2995.1 (from [15]);
as well as the modern cormorants: (E) Phalacrocorax penicillatus (flighted); and (F) Nannopterum harrisi
(flightless) in (1) dorsal; and (2) cranial views. Elements are scaled to be of a similar width across the
distal condyles and aligned at the distal ends. Inset shows silhouettes of the same elements to scale.
After Bell and Chiappe [25].

3. Taxonomy

The past 150 years of research have resulted in numerous hesperornithiform taxa
being named, some of which have been revised or rejected and many of which have never
been revisited in light of more recent discoveries. This is undoubtedly one of the main
areas for future work on the Hesperornithiformes, as while many taxonomic units are still
recognized as valid, they have not undergone robust analysis and lack strong support.

The current taxonomic structure of the Hesperornithiformes recognizes four families:
the Enaliornithidae and the Brodavidae, which are both monogeneric; the Baptornithidae,
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with two genera; and the Hesperornithidae, with five genera (Table 1). Additionally,
Pasquiaornis, Potamornis, and Fumicollis are currently unassigned to a family, as discussed
in detail below. This overall structure largely predates the use of phylogenetic analyses in
developing taxonomic hypotheses, as typified by the initial assignment and later removal of
Pasquiaornis to the Baptornithidae. These families and intermediate genera are introduced

in this section.

Table 1. Current taxonomic framework of the Hesperornithiformes, with taxa that have been previ-

ously invalidated shown in red.

Class Family Genus Species
barretti
Enaliornithidae Enaliornis o
sedgewicki
seeleyi
Baptornis advenus
Baptornithidae varneri
Judinornis nogontsavensis
Parascaniornis stensoei
americanus
baileyi
Brodavidae Brodavis
mongoliensis
varneriv
Asiahesperornis bazhanoviv
Canadaga arctica
Coniornis altus
Hargeria gracilis
altus
Hesperornithiformes bairdi
chowi
crassipes
Hesperornithidae . .
Hesperornis gracilis
macdonaldi
mengeli
montana
regalis
rossicus
Lestornis crassipes
Parahesperornis alexi
. . hardei
NA Pasquiaornis
tankei
NA Chupkaornis keraorum
NA Fumicollis hoffmani
NA Potamornis skutchi
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3.1. Enaliornithidae

The Enaliornithidae from the Cambridge Greensand of England are the oldest hesper-
ornithiform family currently known. The Cambridge Greensand is usually interpreted as
dating from the early Cenomanian, with reworked late Albian material from the underlying
Gault Formation [41], indicating Enaliornis is the oldest group of hesperornithiforms. As
described above, they were first reported in 1859 by Lyell [42] and then more fully described
by Seeley [8].

Originally, two species were identified on the basis of size but without quantification
of those differences [8]. As the remains are highly fragmentary and consist entirely of
disarticulated and unassociated remains, determining the exact taxonomic diversity of
this group has proven difficult (e.g., [8,13,43,44]). Brodkorb [45] identified a lectotype
and numerous paralectotypes for each species. Later, extensive evaluation of all known
material by Galton and Martin [44] proposed diagnostic features for the genus as well as
for each species. The features identified in combination as diagnostic of the genus included
a transversely constricted centrum in the preacetabular synsacrum, the presence of an
antitrochanter on the ilium, absence of a distinct neck on the femur, tarsometatarsus with a
cranioproximal process originating proximally from metatarsal III, a caudomedial ridge
leading to trochlea II distally, and the cranial edge of trochlea IV caudal to the cranial edge
of trochlea III. They also identified a third species, E. seeleyi, as being intermediate in size
between the larger E. barretti and the smaller E. sedgewicki, but it remains unclear how
unassociated elements were combined into a single species [44].

3.2. Baptornithidae

The Baptornithidae was erected to place Baptornis advenus within the Hesperornithi-
formes as a unique monogeneric family [13]. Since the establishment of the family, several
new genera and species have been added to the group. A small baptornithid, Judinornis
nogontsavensis, was described from a single thoracic vertebra discovered in Maastrichtian-
aged fluvial deposits of Mongolia [46]. The genus Pasquiaornis, consisting of two species
from Cenomanian-aged marine strata in Canada, was also added to the Baptornithidae [47].
However, more recent phylogenetic analysis has determined this placement to be unsup-
ported (as discussed in Section 4 below).

Baptornis is monotypic and known from several specimens, both partially complete
and isolated elements, in North America, an isolated vertebra from Europe, and an isolated
tibiotarsus fragment from Mongolia, while Judinornis remains known from the isolated ver-
tebrae from Mongolia described above. These specimens all date from the Late Cretaceous,
the youngest of which is from the Lincoln Limestone Member of the Greenhorn Formation
of Kansas (upper middle Cenomanian) [48] and the latest of which is from the Campanian
to Maastrichtian-aged Tsagan-Khusu locality in Mongolia [49].

These studies, along with research into baptornithid specimens from Canada [16] and
Kansas [48], have added to the diagnostic features of the family. A suite of features has
been used as diagnostic of the Baptornithidae, including a slender coracoid (as compared
to hesperornithids [13]), elongate preacetabular illium [13], pyramidal patella [13], and
dorsally inclined cotyla of the tarsometatarsus [48].

3.3. Brodavidae

The Brodavidae was erected to unite four fragmentary specimens into a single fam-
ily [50]. The Brodavidae is the second most taxonomically diverse family of hesperornithi-
forms following the hesperornithids, with four species that range widely in size (Figure 8).
Three of the four species are known from isolated tarsometatarsi. However, the holotype
and sole specimen of B. varneri is partially complete, preserving a portion of the vertebral
column, ribs, pelvis, and most of the hindlimb. This specimen was originally assigned to
Baptornis [51] but later moved to the Brodavidae [50], an assignment that has since been
supported by phylogenetic analysis [23,24].
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The brodavids are known primarily from the Maastrichtian (the fluvial Nemegt For-
mation of Mongolia, the Frenchman Formation of Canada, and the coastal plain Hell Creek
Formation of the USA), with the oldest specimen dating to the Campanian (the marine
Pierre Shale, USA) [50].

The Brodavidae was defined using features of the tarsometatarsus, known for all taxa,
and the rest of the postcranial skeleton, known only from B. varneri [50]. Two diagnostic
features were identified as separating brodavids from other hesperornithiforms [50]: the
shortness compared to breadth of the tarsometatarsus (this value was not quantified) and
the proximal displacement of the facet for metatarsal I (described as almost in the middle
of the tarsometatarsus).

Figure 8. Comparison of body size among the brodavids: (A) Brodavis varneri SDSM 68430; (B) Bro-
davis americanus cast of RSM P2315.6; and (C) Brodavis baileyi UNSM 50665.

3.4. The Hesperornithidae

The family Hesperornithidae was proposed by Marsh [2] as Hesperornidae, later
used as Hesperornithidae [7], and at the time was monogeneric and monospecific. Much
later, Clarke [32] provided the first cladistic definition for the group as a stem-based name
encompassing all taxa more closely related to Hesperornis regalis than to Baptornis advenus.
Bell and Chiappe [22] later revised this definition to a node-based clade encompassing all
taxa descended from the common ancestor of Hesperornis regalis and Parahesperornis alexi.
The Hesperornithidae are the most taxonomically diverse group of hesperornithiforms. In
addition to Hesperornis and Parahesperornis, Asiahesperornis [52], Canadaga [53], and eight
additional species of Hesperornis [7,54-56] have been added to the family.

The Hesperornithidae are known from North America, Europe, and Asia, ranging
in age from the Coniacian/Santonian (Vermillion River Formation, Canada) to the Maas-
trichtian (Hell Creek Formation, USA and Zhuravlovskaya Svita, Russia). This range may
in fact be much older, as a specimen has been reported from the marginal marine Mesa
Verde Group, USA [57], but the stratigraphic position is poorly constrained. It is interesting
to note that the highest hesperornithid diversity in terms of body size and species richness
is known from the oldest deposits (such as the marine Niobrara Formation), implying
much information on the evolution and diversification of this group remains unknown.

Unfortunately, Marsh did not diagnose the family separately from the genus Hesper-
ornis, and subsequent work has focused on individual species or genera and not diagnostic
features of the entire family. Phylogenetic work by Bell and Chiappe [22] identified 28 un-
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ambiguous synapomorphies uniting the monophyletic clade Hesperornithidae, which
could be evaluated for expanding the current diagnosis. Typical hesperornithid features
include the combination of a dramatically reduced forelimb; robust, blocky coracoid; ro-
bust femur with expanded trochanter; expanded proximal tibiotarsus with robust cnemial
crests; and enlarged fourth trochlea of the tarsometatarsus and pedal phalanx IV. While
often considered the largest of the Hesperornithiformes, it is important to remember that
species of hesperornithids range widely in size, with H. macdonaldi, H. lumgairi, H. mengeli, and
Parahesperornis much smaller than the larger species such as H. regalis and H. rossicus (Figure 9).

e o)

;

¥

Figure 9. Comparison of body size among Hesperornithidae taxa: (A) H. regalis YPM 1200; (B) H.
chowi YPM PU 17208; (C) H. rossicus SGU 3442 Ve0l; (D) H. gracilis, YPM 1473; (E) H. lumgairi
CFDC B78.02.07; (F) H. bairdi YPM PU 17208a; (G) Asiahesperornis bazhanovi IZASK 5/287/86a; (H) H.
mengeli CFDC 78.01.08; (I) Parahesperornis alexi KUVP 2287; (J) H. altus YPM 515; (K) H. macdonaldi
LACM 9727. Silhouettes are approximately scaled to averages of measurements of the corresponding
elements preserved in specimens of H. regalis.
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3.5. Taxa Outside of Recognized Families
3.5.1. Pasquiaornis

Pasquiaornis was erected to unite two species of small hesperornithiforms from the
marine Belle Fourche Formation (Cenomanian) of Canada [47]. Pasquiaornis was originally
assigned to the Baptornithidae [47]. However, subsequent phylogenetic analysis failed
to return Pasquiaornis + Baptornis as a monophyletic clade, and it was suggested that
Pasquiaornis should not be considered part of the Baptornithidae [22]. Additional analysis
has since supported this phylogenetic topography [24]. These taxa are only known in the
literature from unassociated and disarticulated elements found in a bone-bed deposit in
the Belle Fouche Formation [13].

Tokaryk et al. [47] proposed that a combination of size and select morphological
differences could be used to separate the disarticulated elements and assigned Pasquiaornis
specimens into two species, P. hardei and P. tankei. While P. tankei was described as the
larger of the two taxa, specific size differentials used to separate these species have never
been quantified. Furthermore, as there are no associated elements known within the
genus, it is unclear how different elements are assigned together in one of the two species.
Pasquiaornis was diagnosed as having a less-expanded trochanter and proximal end of the
femur than is seen in Baptornis, as well as having the anterior intercotylar eminence on the
tarsometatarsus overhanging the shaft and trochlea II of the tarsometatarsus positioned
posterior to and near the base of trochlea III [47].

3.5.2. Chupkaornis

Chupkaornis is a small hesperornithiform discovered in the Coniacian to Santonian-
aged Kashima Formation in Hokkaido, Japan [24]. The holotype and sole specimen was
published as a partial skeleton preserving six vertebrae, distal femora, and a fragment
of fibula [24]. However, examination of the photographs published indicates what is
described as the distal left femur is actually a distal tibiotarsus. Phylogenetic analysis
returned Chupkaornis as basal to Brodavis within the Hesperornithiformes and derived from
Enaliornis and Pasquiaornis.

Diagnostic features proposed as separating Chupkaornis from other hesperornithiforms
include the combination of vertebrae that are fully heterocoelous (but see discussion in
Section 4 below) with emarginated lateral excavations on the centra and sharp ventral
margins; slender ventral process and laterally expanded fibular condyle of the femur with
a finger-like projection on the tibiofibular crest [24].

3.5.3. Fumicollis

The holotype of Fumicollis was originally identified as Baptornis [13] but later recog-
nized as possessing some characters typical of hesperornithids and some typical of Baptornis
during the course of research for a phylogenetic study of the hesperornithiforms [23]. This
specimen was therefore used to erect a new species—Fumicollis hoffmani—phylogenetically
intermediate between the Baptornithidae and the Hesperornithidae [58]. This placement
has since been supported by additional analysis [24]. Two additional specimens, both
isolated femora, have also been proposed as belonging to Fumicollis. Both of these are
known from museum collection studies but are currently unpublished (specimen numbers
not available). The holotype and only published specimen preserves a partial vertebral
column and nearly complete hindlimb, making it one of the more complete hesperornithi-
form specimens. Fumicollis is known from the marine Smoky Hill Member of the Niobrara
Formation (upper Coniacian to lower Campanian [59]) of Kansas (USA) [58].

A combination of features from the vertebrae, pelvis, femur, tibiotarsus, and tar-
sometatarsus were used to diagnose the genus [58]. These include an elongate preacetabu-
lar pelvis, expanded lateral condyle on the femur (defined as midshaft width 75% of lateral
condyle width), medial cnemial crest extended to midshaft of the femur, pyramidal patella,
a distinct dorsal ridge of the tarsometatarsus formed by the entire length of metatarsal IV,
and others. The presence of both baptornithid and hesperornithid characters can be seen
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in these traits. For example, the degree of expansion of the lateral condyle is also found
in Baptornis, while the dorsal surface of metatarsal IV forming a prominent ridge along its
entire length is typical of hesperornithids.

3.5.4. Potamornis

Potamornis skutchi was erected for an isolated quadrate discovered from the flu-
viodeltaic Lance Formation (late Maastrichtian) in Wyoming (USA) [60]. The element was
assigned to the Hesperornithiformes on the basis of an undivided head and an elongate
pterygoid condyle, features typical of hesperornithiform quadrates. A unique combina-
tion of characters was identified as diagnostic of Potamornis skutchi, including: a strongly
asymmetrical quadrate head, rostrally open pit near the medial apex of the head, shallow
caudomedial depression, small orbital process, a quadratojugal buttress on the lateral pro-
cess, and medial and lateral mandibular condyles meeting at an angle of 115 degrees [60].
An isolated tarsometatarsus from the same formation was also tentatively assigned to
the genus on the basis of size [60]. However, the specimen was not figured or formally
described, and no additional work has been done.

3.6. Taxonomic Challenges

Our understanding of hesperornithiform taxonomy is plagued by a host of problems
common to paleontology, such as the renaming of previously described taxa [59,61]; taxa
described from highly fragmentary material [24,50,55,56,62]; elements misidentified [24];
and subjective, unspecific, or incorrect characters used for diagnosis [47,63]; reliance upon
which may result in further confusing the assignment of fragmentary taxa [50,64]. The
majority of hesperornithiform species have been described from fragmentary material
(Figure 10). Of the 25 described species, only six include specimens preserving more than
three elements, one is known from two elements, and 18 species were described and remain
known from a single bone. Whether or not all of these species are valid taxa has rarely
been rigorously examined. For example, debate over the synonymy of Coniornis altus [65],
Hesperornis altus [62], and Hesperornis montana [62] has appeared in the literature, with both
Coniornis and H. montana being invalidated without H. altus ever being resolved in the form
of a concise diagnostic description and justification of the “valid” taxon.

Perhaps due to difficulties arising from the fragmentary nature of the fossil record,
a number of taxa have been poorly or inaccurately described. An example of one such
recurring error and source of much confusion is the presence or absence of the proximal
foramina on the cranial surface of the tarsometatarsi of hesperornithiforms. In his mono-
graph on hesperornithiforms, Marsh did not mention the presence of these foramina in
Hesperornis or Baptornis [1]. More recent descriptive work has specifically pointed out the
lack of these foramina in numerous species of hesperornithiforms [13,44,63]. This has led to
the presence of these foramina to be used, in part, as justification for the Cretaceous of Chile
from the Hesperornithiformes [64]. Furthermore, the relative degree of development of the
foramina has been used as a diagnostic feature of two species of Brodavis [50]. However,
closer examination of specimens of H. regalis, H. gracilis, H. crassipes, P. alexi, B. advenus, and
other unidentified hesperornithiforms shows that in all cases proximal foramina are present
on the cranial surface of the tarsometatarsi [32,48]. Incomplete preparation of the bones
may be to blame for the foramina being overlooked by previous authors. Additionally, the
appearance of these foramina appears to be closely tied to preservation quality.

As discussed by Bell [65], another problem that is commonly seen in hesperornithiform
taxonomy is the reliance on qualitative language to describe quantitative traits. For example,
the tarsometatarsus of numerous species has been described as being “slender”. This
is essentially a qualitative way of describing the length to width ratio of the element.
Using this sort of language in the diagnosis of numerous species instead of presenting
morphometric data to precisely define important aspects of morphology creates uncertainty
and confusion when making comparisons across dozens of species.
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Figure 10. Specimen completeness of hesperornithiform taxa. Insets show percentages of specimens
that preserve: (A) elements belonging to different regions of the body; and (B) main elements of the
hindlimb. After Bell and Chiappe [20].

The examples of fraught taxonomy of hesperornithiforms described here illustrate
opportunities for future research, as significant synthesis and revision may be achieved
from broad-scale studies of currently known material, enhanced and improved with the
addition of more recently discovered material that has not been previously published as
well as future discoveries [65].

4. Phylogeny of the Hesperornithiformes

Early approaches to hesperornithiform phylogenetics relied on a limited number of
taxa (usually under five) and characters (usually under ten) identified as synapomorphies
a priori and then used as justification for a particular tree topology. One example of this
approach is Cracraft’s [19] tree of diving birds that showed hesperornithiforms within mod-
ern birds, basal to a clade containing loons and grebes and derived from penguins, pelicans,
and other seabirds (Procellariiformes). Another example is Martin’s [63] work in which
he developed two trees showing: (1) Hesperornis and Parahesperornis as a monophyletic
clade progressively more derived than the Baptornithidae and the Enaliornithidae; and
(2) hesperornithiforms as basal to a monophyletic clade of ichthyornithiforms and modern
birds but more derived than “Sauriurae”. A more modern approach to a phylogenetic

20



Diversity 2022, 14, 267

analysis was taken by Elzanowski and Galton [37], who developed a matrix of 17 characters
for seven taxonomic units, but did not conduct an analysis of this matrix and did not offer
any phylogenetic hypotheses from these data.

The explosion of Mesozoic bird fossils in the 1990s from China, South America, and
Europe initiated a new wave of research into early bird evolution, including the widespread
application of modern phylogenetic methods. In these analyses, hesperornithiforms, usu-
ally represented by Hesperornis, consistently placed as fairly derived within Ornithuro-
morpha, usually as the sister taxon to a clade containing Ichthyornis and modern birds
(e.g., [32,66-68]). More recent work involving multiple hesperornithiform taxa has returned
the Hesperornithiformes as the sister taxon to Neornithes, or crown clade birds [22,69-71],
while other studies retain the placement of the hesperornithiforms as sister to Ichthyornis +
Neornithes [24,72,73].

Two things are important to note in comparing the different placement of hesperor-
nithiforms among derived ornithuromorphs. First, the choice of taxa seems to play a role
in the placement of hesperornithiforms, with studies that include numerous hesperornithi-
forms more likely to resolve them as closer to Neornithes (e.g., [24,71]) than studies that
include only one or two of the typically more derived hesperornithiforms (i.e., Hesperornis)
(e.g., [32,72,73] but see [24]). Second, many matrices have not updated specimen codings in
response to the ever-evolving taxonomic changes and in light of new evidence identifying
mistakes in previous descriptions of taxa. For example, some studies maintain specimens
coded as Baptornis that have since been removed from that genus (e.g., [73]) or use charac-
ters that have been identified as erroneous such as features of the quadrate of Baptornis,
which was incorrectly described by Martin and Tate [13] and is, in fact, unknown for that
taxon (as described in Bell [65] and Bell and Chiappe [25] (e.g., [24,73]).

There are few studies that have examined phylogenetic relationships among the hes-
perornithiforms, but these studies generally agree in overall topography (Figure 11). The
most derived clade consists of a monophyletic Hesperornis, with Parahesperornis as sister
taxa, followed by the progressively more basal Fumicollis, Brodavis, and Baptornis [22,24].
There is disagreement at the base of the tree, with Bell and Chiappe [22] resolving Pasquiaor-
nis as more basal than Enaliornis and Tanaka et al. [24] resolving the reverse relationship
and a similar switch between Baptornis and Brodavis (Figure 12). This disagreement likely
results from the incredibly fragmentary nature of the material for both these taxa and stems
from coding discrepancies of features easily obscured by weathering. The details of this are
reviewed in Bell and Chiappe [25] but are rooted in the very poor preservation of Enaliornis
as part of a reworked deposit that has resulted in the smoothing of the bones, thus making
the observation of many details difficult, if not impossible.

5. Evolutionary Trends

As the oldest known lineage of diving birds, hesperornithiforms allow us to study a
remarkable evolutionary transition—a group of birds that gave up the ability to fly in favor
of foot-propelled diving. This transition is evident in a unique suite of skeletal adaptations
as well as in the size of these birds and the range of environments they occupied.

Perhaps one of the most interesting aspects of the evolutionary trends described below
is the absence of a fossil record of early stages of these trends. It remains unclear who the
predecessors of the Hesperornithformes were. Despite an abundance of Early Cretaceous
lagerstatten preserving both freshwater and estuarine environments in China and Spain,
there are no clear foot-propelled diving adaptations in the diverse avifauna. The oldest
hesperornithiforms, the species of Enaliornis, appear in the earliest Late Cretaceous already
equipped with numerous adaptations that support interpretations of a foot-propelled
diving lifestyle, including an expanded lateral condyle on the femur and angled articular
surface with greatly expanded cnemial expansion on the tibiotarsus, and stacked or shingled
metatarsals in the tarsometatarsus. By the middle of the Late Cretaceous (late Coniacian
to early Campanian) some of the most abundant deposits of hesperornithiform birds are
known from the Smoky Hill Chalk (Kansas, USA) of the Western Interior Seaway, with many
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roughly coeval taxa ranging from the small Baptornis to the large, highly derived Hesperornis
regalis. Furthermore, all of the hesperornithiforms from the early Late Cretaceous (pre-
Campanian) are known from entirely marine deposits, while fewer hesperornithiforms
are known from the Maastrichtian, these are primarily known from marginal marine to
terrestrial deposits (with a small number of exceptions in the Campanian) (Table 2). It is
tempting to interpret this as demonstrating an evolutionary diversification from entirely
marine taxa to taxa constituting different species adapted to the marine realm, shallow
waters of estuaries, and even freshwater. It should be noted that there may be an element
of taphonomic bias at play, as the depositional environment of an animal is not necessarily
that in which it lived, and the fact that climate and tectonic-driven transgressions of the
late Early to early Late Cretaceous led to a disproportionate abundance of marine deposits
for this time period [74].

Hesperornithiformes

Brodavidae

Hesperornithidae

(@][%]
ALB CEN ;E'u Cl2| cwp | man
Early Late
CRETACEOUS

Figure 11. Phylogenetic tree of hesperornithiform birds, after Bell and Chiappe [22], with the addition
of Chupkaornis from Tanaka et al. [24]. Arrows indicate alternative positions for Enaliornis and
Pasquiaornis and Baptornis and Brodavis in Tanaka et al. [24]. Diagrams indicate anatomical adaptations
proposed to correlate with foot-propelled diving: (A) angled articular surface and cnemial expansion
on the tibiotarsus; (B) reduced humerus; (C) expanded femoral trochanter; (D) fourth trochlea of
the tarsometatarsus forms a sharp ridge; (E) enlarged, triangular patella; (F) expanded intercotylar
eminence on the tarsometatarsus.
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Zhuravlovskaya Svita
Other

Mesa Verde Formation

Pierre Shale

Formation

B Marine
O Transitional
O Terrestrial

Figure 12. Distribution of hesperornithiform specimens in geologic units and: (A) depositional
environments; and (B) time periods within the Late Cretaceous. All formations from which fewer
than five specimens are known are included in “other” for each depositional environment and time

period. After Bell et al. [22].

Table 2. Geologic units, divided by depositional environment, with published hesperornithiform

taxa. After Bell et al. [22].

O Cenomanian
O Coniacian to earliest Campanian
O Campanian

O Maastrichtian

Continental
Hesperornis regalis
Mesa Verde Formation (Teapot Sandstone) [57] Campanian
Hesperornis sp.
Brodavis
mongoliensis
Nemegt Formation [75] Judinornis Maastrichtian
nogontsavensis
Hesperornithidae
indet.
Lance Formation [76] Potamornis skutchi Late Maastrichtian
Frenchman Formation [77] Brodavis americanus Late Maastrichtian
Transitional
Foremost Formation [78] Hesperornis sp. Campanian
Baptornis sp.
Judith River Formation [79] Campanian

Hesperornis altus

Dinosaur Provincial Park Formation [80]

Baptornis sp.

Late Campanian

Hell Creek Formation [81]

Brodavis baileyi

Hesperornis sp.

Maastrichtian

Marine

Cambridge Greensand Member (West Melbury Chalk
Formation) [44]

Enaliornis barretti

Enaliornis seeleyi

Enaliornis sedgewicki

Early Cenomanian

Belle Fouche Formation (formerly Ashville Formation)
[14]

Pasquiaornis hardiei

Pasquiaornis tankei

Late Cenomanian
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Table 2. Cont.

Greenhorn Formation [48]

Baptornis sp.

Cenomanian

Kashima Formation [24]

Chupkaornis
keraorum

Coniacian to Santonian

Vermillion River Formation [82]

Hesperornis regalis

Hesperornis sp.

Coniacian to Santonian

Ignek Formation [83]

Hesperornis sp.

Late Coniacian to Campanian

Smoky Hill Chalk, Niobrara Formation [84]

Baptornis advenus

Hesperornis crassipes

Hesperornis gracilis

Hesperornis regalis

Hesperornis sp.

Fumicollis hoffimani

Parahesperornis alexi

Parahesperornis sp.

Late Coniacian to early Campanian

Smoking Hills Formation [85]

Hesperornis regalis

Middle Santonian to early late
Campanian

Eginsaiskaya [49]

Baptornis advenus

Asiahesperornis
bazhanovi

Latest Santonian to Early Campanian

Rybushka Formation [86]

Hesperornis rossicus

Hesperornis sp.

Early Campanian

Kristianstad Basin (unreported formation) [61]

Baptornis sp.

Hesperornis rossicus

Hesperornis sp.

Latest early Campanian

Kanguk Formation [87]

Canadaga arctica

Hesperornis sp.

Early to middle Campanian

Clagget Shale [57]

Hesperornis sp.

Campanian

Pierre Shale [88]

Baptornis advenus

Brodavis varneri

Hesperornis bairdi

Hesperornis chowi

Hesperornis lumgairi

Hesperornis
macdonaldi

Hesperornis mengeli

Hesperornis regalis

Hesperornis rossicus

Hesperornis sp.

Campanian

Chico Formation [89]

Hesperornis sp.

Campanian

Ozan Formation [90]

Hesperornis sp.

Campanian

Kita-ama Formation [91]

Hesperornithiformes
undet.

Early Maastrichtian

Zhuravlovskaya Svita [92]

Asiahesperornis
bazhanovi

Maastrichtian
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5.1. Flightlessness

The most dramatic and obvious evolutionary trend in the Hesperornithiformes is the
complete adaptation to a foot-propelled diving lifestyle. For the majority of hesperornithi-
forms that preserve forelimb elements, there is agreement that these birds were entirely
flightless [1,8,13,25,63,65,93]. The only hesperornithiform for which a degree of flight ca-
pacity has been proposed as plausible is Enaliornis, on the basis of the small body size and
extensive pneumatization of the braincase [37]. Indeed, the degree of pneumatization in
the braincase of Enaliornis is much greater than in either Parahesperornis or Hesperornis [25].
However, additional data from the forelimb, which is entirely unknown in Enaliornis, is
required to better evaluate these claims. As described below, some form of limited flight
capabilities have also been tentatively suggested for Pasquiaornis [15], but again the dearth
of fossil evidence for this taxon makes those claims speculative.

The forelimb and shoulder girdle are indicative of the evolutionary pathway leading
to loss of flight in hesperornithiforms, with Pasquiaornis less derived than Baptornis and
hesperornithids. The coracoids of hesperornithiforms are less developed as compared
to flying birds, with reduced acrocoracoid processes and the absence of a procoracoid
process. This trend culminates in hesperornithids, which also have an increasingly short
coracoidal neck compared to Baptornis and even more than in Pasquiaornis. A similar trend
is seen in the scapula and clavicle, with the articular surfaces only faintly developed in
hesperornithiforms. Another factor associated with flightlessness is the complete absence
of a ventral keel on the sternum. Hesperornis and Parahesperornis both preserve nearly
complete sterna which show the complete absence of a keel.

The humerus is known for several hesperornithiform taxa and consists of an incredibly
gracile bone with little to no development of articular surfaces and the deltopectoral and
bicipital crests, in both large birds such as Hesperornis and small birds such as Baptornis
(Figure 7). Pasquiaornis is the only hesperornithiform that preserves forelimb material for
which rudimentary flight abilities have been suggested as tentatively possible [15], based
largely on the less reduced state of flight-related features such as the development of the
distal condyles and deltopectoral and bicipital crests on the humerus [15,47]. The ulna and
radius are only known in Baptornis and Pasquiaornis, where both are reduced with faintly
developed articular ends compared to flying birds [13,15,93]. The carpometacarpus is only
known in Pasquiaornis, which is also consistent with flightlessness in the thickened compact
bone and the distal placement of the extensor process [15]. As indicated above, only the
discovery of more complete material in this basal-most hesperornithiform can provide a
reliable interpretation of its potential aerial capabilities.

5.2. Foot-Propelled Diving

In concert with the reduction of the forelimb described above, a number of hesperor-
nithiform skeletal features point to a highly derived foot-propelled diving lifestyle. These
features have been assessed morphometrically [22,94] and discussed in detail by Bell and
Chiappe [25]. In particular, the articulation of the leg in hesperornithiforms has the femur
splayed laterally from the pelvis and possibly contained entirely within the body, with
the lower limb extending linearly from the knee joint parallel with the mainline of the
body. This orients the feet, the source of propulsion, directly behind the body. Adaptations
associated with this in Hesperornis include a robust femoral trochanter that extends evenly
to the femoral head, an exaggerated lateral femoral condyle roughly even with the medial
condyle, a sharply angled proximal articular surface on the tibiotarsus, twisted shafts on
the tibiotarsus and tarsometatarsus, and a dramatically enlarged third toe with expanded
lateral condyle for rotation of the toe. These features are variably present, but often to a
lesser degree, in more basally diverging hesperornithiform taxa.

In addition to the dramatic restructuring of the hindlimb for foot-propelled diving,
hesperornithiforms have a suite of more subtle features that also indicate a diving lifestyle.
The number, shape, and arrangement of teeth in the jaws of Hesperornis have trophic
implications, with the increased number of teeth in the dentary having been related to a
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piscivorous diet [28], an interpretation well aligned with the environment these birds lived
in and morphological interpretations discussed above. The distinct hooked cranial terminus
of the premaxilla, which may have been emphasized by the shape of the keratinous beak,
may have also been useful for the retention or capture of larger fish. The wide variation in
tooth loss, reduction, and shape seen across Mesozoic birds highlights the trophic diversity
present among these early birds [26] (in some cases supported by gut contents). However,
specific correlations between a particular dental trait, such as the dramatic mesio-distal
recurvature gradient in hesperornithiforms, and specific dietary specializations, have not
been identified to date [30].

Several features of the skull of hesperornithiforms have been used to support inter-
pretations of a diving lifestyle. Elzanowski and Galton identified the large size of the
auricular fossae, the reduced dorsal pneumatic recess, and the flattened cerebellar fossa as
traits shared with modern diving birds [37]. The latter two of these features was noted as
possibly associated with the expansion of the dural sinuses [37], a convergent feature found
in a wide range of diving birds and mammals [95-97]. Histological work has identified
a thick compact bone wall and comparatively small medullary cavity in the femur of
Hesperornis, a feature also found in penguins and interpreted as decreasing buoyancy as a
diving adaptation [98].

5.3. Gigantism

One of the first things noted about Hesperornis was its very large body size [2,3],
which could approach 1.5 m in length. The discovery of the much smaller Baptornis soon
after, showed the dramatic size range present in hesperornithiforms [99]. Most interestingly,
this range of sizes does not appear to be correlated to any particular evolutionary trend
and is unrelated to the degree of diving specialization [22,25]. While large-bodied taxa are
missing among the most basally diverging hesperornithiforms, Enaliornis and Pasquiaornis,
there are more derived taxa that are also small. Within the brodavids, for example, the
midshaft of the tarsometatarsus of the smallest species, B. mongoliensis, is less than half the
diameter of that of the largest species, B. varneri (Figure 9). Similarly, there are several small
species of Hesperornis, and while it is not possible to make direct comparisons between
them due to lack of overlap in preserved elements, they can be compared to larger species
such as H. regalis and H. rossicus (Figure 9). The tarsometatarsus of H. mengeli is half the
size of H. rossicus, while the femur of H. macdonaldi is less than half the length of that of
H. regalis. All of these species of Hesperornis show similar development of the features
described above associated with diving specializations, thus decoupling the evolution
of foot-propelled diving from changes in body size [22,25] which we see varying within
lineages of hesperornithiforms, indicating the independent evolution of gigantism [22].
This occurred at least twice, once in the brodavids and at least once in several species of
Hesperornis, with miniaturization possible in some of the smallest species of Hesperornis
as well.

The topic of body size goes hand-in-hand with that of growth rates and ontogenetic
patterns. Very little histological work has been done on hesperornithiforms, so the manner
or timing in which gigantism (or lack thereof) was achieved in these birds is largely
unknown. The first histological study of hesperornithiforms was conducted to address the
discrepancies at the time regarding the treatment of hesperornithiforms as either ratites or
neognaths within neornithines (modern birds) and found that the bone microsctructure
of the hindlimb of Hesperornis was like that of neognaths [100]. This study did not
address growth rates. The next histological study of hesperornithiforms characterized
the microstructure of the bone from a femur of Hesperornis, identifying the individual
as a subadult from the lack of peripheral lamellar bone [98]. Significantly, this study did
not identify lines of arrested growth in Hesperornis, indicating there was no evidence
for cyclical growth as seen in more basal Mesozoic birds (e.g., Archaeopteryx, Sapeornis,
Confuciusornis, enantionithines, and many stem ornithuromorphs). Thus, continuous
growth and the resulting absence of lines of arrested growth is a derived feature that
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Hesperornis shares with modern birds [98]. This has important implications for physiology
and life history, as it may indicate a fully endothermic physiology consistent with the
interpretation of hesperornithids as venturing far offshore into deep marine waters [98]
and growth patterns comparable to those of modern birds (i.e., reaching full-grown size
within the first year). The capability for rapid, sustained growth would also contribute to
the gigantic body size attained in multiple lineages of these birds.

More recently, hindlimb bones from Hesperornis specimens discovered along a latitu-
dinal gradient from Kansas to the Arctic were examined to investigate the effects of climate
and possible migration on bone microstructure [101]. This study found continuous bone
deposition and did not identify cyclic growth marks [101], supporting the previous results
of Chinsamy et al. [98] and indicating that migratory patterns to different climates is either
not recorded in bone microstructure or that these birds achieved skeletal maturity before
migrating [101]. The lack of histological work may be in part complicated by taphonomic
processes in some of the more prolific hesperornithiform sedimentary units. For exam-
ple, several members of the Pierre Shale are characterized by calcite crystallization in the
preserved bones, destroying histological information.

6. Paleoecology

The obvious and dramatic diving adaptations in hesperornithiforms described above,
combined with their wide distribution across the Northern Hemisphere (Figure 2), have
led to a large body of work involving the paleoecology of these birds, including the aquatic
environments they occupied [22,94,101], modern ecological analogues [22,94], and niche
partioning [22,24].

The diversity of hesperornithiform taxa in terms of size, morphological features that
are interpreted as diving specializations, and the range of environments in which they
are preserved all point to habitat or trophic specializations among hesperornithiforms.
Interpretations of habitat preference for hesperornithiforms are limited to the depositional
environment in which their fossils were discovered. While these interpretations may not
precisely align with the environment in which these birds actually lived, some general
conclusions can be drawn. Hesperornithiforms are predominantly known from marine
environments, with some specimens known from continental and transitional environments
(Figure 12 and Table 2). As mentioned above, only in the latter half of the Late Cretaceous
(Campanian-Maastrichtian) do fossils occur in nonmarine sediments, thus suggesting a
possible colonization of these environments later in their evolutionary history. Body size
does not appear to correlate well with depositional environment, with large and small
taxa reported from continental, transitional, and marine environments. There may be an
underlying trend of large-bodied birds restricted to marine environments that is obscured
by taphonomic processes, particularly in regards to preservation in the reworked marine
Cambridge Greensand and Belle Fouche Formation.

Of particular interest is the overlap of multiple taxa in single geologic units such as
that seen in the Niobrara Formation and the Pierre Shale of the United States. Both of these
units are widely deposited deep-water marine sediments of the Western Interior Seaway,
with the older Niobrara Formation grading into the Pierre Shale in some places [102]. While
the number of taxa reported may be inflated (see Section 3 above), the range of body sizes
preserved in both is striking, with the small Baptornis and Fumicollis, the large H. regalis,
and taxa such as Parahesperornis of intermediate size, known from the Niobrara Formation,
and some of the smallest Hesperornis species, H. lumgairi and H. macdonaldi, found with
large species such as H. chowi and H. regalis in the Pierre Shale. This juxtaposition should
not necessarily be interpreted as direct evidence of niche partioning, as it may result in full
or part from taphonomic processes or time averaging. However, it does raise the possibility
of ecological specializations to reduce interspecific competition. Ecologic niche segregation
is common among modern diving birds in which sympatric species differentiate in either
diet (prey type) or foraging range [103].
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7. Summary and Future Directions

Hesperornithiforms became the first birds (and dinosaurs) to adapt to a fully aquatic
lifestyle. A number of morphological features highlight this evolutionary pathway, re-
sulting in a highly streamlined body optimized for diving through the water, propelled
by powerful hindlimbs. Adaptations include an elongate neck that allowed for increased
maneuverability of a skull with sharp teeth and an expanded rostrum, ideal of capturing
fish and other mobile prey. The pelvis was also elongate, allowing for the attachment of
larger muscles for powering the feet. The femur was reduced to varying degrees in the
different species of hesperornithiform, but the shortened length and horizontal articulation
with the pelvis allowed for the orientation of the feet in line with and directly behind
the body, optimizing power production by reducing drag. As evidence of the degree to
which these birds optimized foot-propelled diving, the forelimbs of all hesperornithiforms
were reduced to the point of flightlessness, with the hesperornithids showing the most
extreme reduction.

This suite of morphological adaptations are present in varying degrees among the dif-
ferent specimens assigned to the group, suggesting a progression of diving specializations
and even the evolution of niche partitioning among these birds. This is supported by the
many geologic units where multiple species showing ranges in size and interpreted diving
capabilities have been discovered.

The broad morphological diversity present among hesperornithiform specimens has
been interpreted as representing an increasing number of taxa over the years. These tax-
onomic interpretations are complicated by the highly fragmentary nature of the fossil
record of these birds. While the addition of more specimens, particularly of the most basal
taxa, through future fieldwork is something to look forward to, there remains much to
be done with the existing global collection of specimens. Much of the taxonomic work
published to date has been limited to the geographic area of the authors (i.e., [13,47,56])
or relied on photographs and loans of select specimens (i.e., [15,24,50]). Very few studies
have incorporated direct observations of unpublished material from multiple continents,
but even these studies were not able to access much of the Asian and Canadian material
(i.e., [22,25,65]). Digitization and publication of a more complete record of current mu-
seum collections as measurements, photographs, written morphological descriptions, and
three-dimensional datasets such as those from computed tomography or laser scans, would
enable broad-scale studies not limited by geography (or travel funds). Such studies could
test taxonomic hypotheses that have remained largely untested over the past 150 years of
taxonomic work. The creation of digital specimens might also enable digital reconstruc-
tions of the skulls, which are disarticulated and often deformed to some degree. Such
reconstructions might provide insight into the shape of the hesperornithiform brain and
allow comparisons to Mesozoic and modern birds as well as inferences about the sensory
capabilities of these birds.

While much of the modern work on these birds has focused on taxonomy (e.g., [15,24,50,58])
or ecology [22,94,101], very little has been done regarding the ontogeny of these birds [98].
Additionally, histological studies might better inform taxonomic studies involving speci-
mens that range widely in size but have less variability in morphology, such as the species
of Hesperornis. There are a surprisingly large number of isolated hesperornithiform bones,
primarily from the hindlimb, in museum collections across North America, and addi-
tional histological work to characterize growth patterns and rates as well as life history
as a whole seem to be a potentially fruitful line of inquiry, despite complications from
poor preservation.

In conclusion, taxonomic, phylogenetic, and paleoecologic studies on the Hesperor-
nithiformes for the past 150 years have led us to an understanding of these birds as a
fascinating chapter in adaptive evolution. Hesperornithiforms are the first group of marine
diving birds to evolve, and while the origins of this group remain elusive, a large body of
work documents their spread across Laurasia and their expansion from marine to estuarine
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and even to freshwater environments by the Maastrichtian. While we have a large body of
previous research on these birds, there is much to be done in the future.
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Abstract: The fossil record of birds in South America is still very patchy. One of the most remarkable
birds found in Miocene deposits from Patagonia is Brontornis burmeisteri Moreno and Mercerat, 1891.
This giant flightless bird is known by multiple incomplete specimens that represent a few portions of
the skeleton, mainly hindlimb bones. Since the XIX century, Brontornis was considered as belonging
to or closely related to phorusrhacoid birds. In contrast to previous work, by the end of 2000 decade
it was proposed that Brontornis belongs to Galloanserae. This proposal was recently contested based
on a large dataset including both phorusrhacoids and galloanserine birds, that concluded Brontornis
was nested among cariamiform birds, and probably belonged to phorusrhacoids. The aim of the
present contribution is to re-evaluate the phylogenetic affinities of Brontornis. Based on modified
previous datasets, it is concluded that Brontornis does belong to Galloanserae, and that it represents a
member of a largely unknown radiation of giant graviportal birds from South America.

Keywords: Brontornis; Phorusrhacoidea; Galloanserae; South America; Neogene

1. Introduction

The genus Brontornis was originally described by Moreno and Mercerat (1891) based
on several specimens coming from Lower-Middle Miocene localities at Santa Cruz province,
Patagonia, Argentina [1]. This genus contains a single species: B. burmeisteri Moreno and
Mercerat [2,3]. Brontornis was a giant flightless bird of about 2.8 m tall that may have weighed
about 350 to 400 kg [2]. Its limb proportions and shape of elements indicate that Brontornis
was a graviportal bird [4-7], probably a carrion eater [7], or even herbivorous [4,6,8].

On its original description, Moreno and Mercerat [3] include Brontornis on its own
family Brontornithidae in the Order Stereornithes (this later included several genera now
known as phorusrhacoids). In their concept, the Stereornithes were carinate birds with a
shared combination of characters between anseriformes, coconiiforms (Herodiones therein),
and accipitriforms, probably “intermediate” between Anatidae and Cathartidae. Moreno
and Mercerat also noted the persistence of “reptilian” (i.e., plesiomorphic) characters in
phorusrhacoids. Ameghino [9] made a revision of fossil Patagonian birds and partially
resolved the confusion created by Moreno and Mercerat’s [3] work. Ameghino considered
the Stereornithes as belonging to Ratitae, and included Brontornis among phorusrhacids,
a criterion was followed by most authors until Dolgopol de Saez [10]. She revalidated
the Brontornithidae (as Brontorniidae) and based on morphological grounds coined the
Order Brontornithes to separate them from remaining phorusrhacoids (encompassed by
her in the Order Stereornithes). Despite that, Dolgopol de Saez was not able to recognize
the suprageneric relationships of Brontornis and kin and considered that Gastornis may be
closely related to it. Kraglievich [6,11] followed Dolgopol de Sdez and retained Brontornis
on its own order Brontornithes (Brontornitiformes for Kraglievich, [6]). Subsequent authors
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followed Moreno and Mercerat and Ameghino views and considered Brontornis and kin
as belonging to a different family or subfamily of phorusrhacoid birds [1,12-14], without
regard of the distinctive anatomical features cited by Dolgopol de Saez and Kraglievich.

Posteriorly, Agnolin [8,15,16] proposed that Brontornis may not be closely related to
phorusrhacoids, but may be included among Galloanseres as a basal member of Anser-
iformes, a criterion followed by several authors [17-22]. However, Alvarenga et al. [23]
returned to previous ideas and sustained that Brontornis belongs to Phorusrhacoidea. The
arguments exposed by Alvarenga et al. [23] were contested by Agnolin [16], who supported
the anseriform affinities for Brontornis again.

More recently, Worthy et al. [24] made a comprehensive phylogenetic analysis of
Galloanseres, with special emphasis on extinct and flightless fowls. In their impressive
analysis, Worthy et al. concluded that Brontornis is closely related to phorusrhacoids and
considered it as part of Cariamiformes, far from Galloanseres. They argued that the strong
differences observed in the postcranial anatomy of Brontornis and other cariamiforms are
the result of the gigantism and graviportal locomotion of the former.

The aim of the present contribution is to describe and re-describe some materials that
has referred to Brontornis, as well as to review Worthy et al.’s [24] analysis and re-consider
the phylogenetic affinities of Brontornis.

2. Materials and Methods
2.1. Nomenclature

I follow the taxonomic nomenclature employed by Agnolin [16]. In that contribution
I regard as valid the genus Tolmodus Ameghino, 1891 instead of Patagornis Moreno and
Mercerat, 1891, following Patterson and Kraglievich ([14]; contra [2]). Following Agnolin
(2006), the genus Onactornis is restricted to the species O. depressus Cabrera 1939, and
probably O. pozzi Kraglievich, 1931, and the genus Devincenzia is considered as distinct
from Onactornis and represented by its type species D. gallinali Kraglievich, 1932 [2,16,25].

The terms Phorusrhacoidea Ameghino, 1889, and Phorusrhacos Ameghino, 1887 are
used instead of Phororhacoidea Patterson, 1941 and Phororhacos Ameghino, 1889 following
Brodkorb [12] and Buffetaut [26].

I follow the anatomical nomenclature employed by Baumel and Witmer [27], with
details on muscular attachments and syndesmology taken from Zinoviev [28].

2.2. Phylogenetic Analysis

With the aim to test the phylogenetic relationships of Brontornis proposed by Worthy
and collaborators [24], I followed the character definition and numbers of Worthy et al. [24]
(see Appendix A). The resulting data matrix was composed by 290 characters and 48 taxa.

The matrix was analyzed using TNT 1.5 [29], with all characters weighted equally.
The dataset was analyzed under equally weighted parsimony. A total of 1,800,000 trees
was set to be retained in memory. A first search using the algorithms Sectorial Searches,
Ratchet (perturbation phase stopped after 20 substitutions), and Tree Fusing (5 rounds) was
conducted, performing 1000 replications in order to find all tree islands (each replication
starts from a new Wagner tree). The best tree or trees obtained at the end of the replicates
were subjected to a final round of TBR (tree-branch-swapping) algorithm.

Two different phylogenetic analyses were performed (Figure 1). The first one follows
strictly that of Worthy et al.’s [24] unconstrained analysis. This resulted in the recov-
ery of 13 Most Parsimonious Trees (MPTs), of 1567 steps, with a consistency index of
0.26, and a retention index of 0.65, which were summarized using a strict consensus tree
(see Discussion).

As a branch support measure, Bremer support was calculated, and as a measure
of branch stability, a bootstrap resampling analysis was conducted, performing 10,000
pseudoreplicates. Bremer support was calculated after searching for suboptimal trees
and not with the script that accompanies the program. Both absolute and GC bootstrap
frequencies are also reported (Figure 1).
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Figure 1. Phylogenetic analysis depicting the position of Brontornis burmeisteri. (A) hypothesis proposed by Worthy et al. [24];
(B) hypothesis proposed in the present study; (C) consensus tree showing branch support measures. From left to right:
Bremer support, absolute bootstrap frequency, and GC bootstrap frequency. The arrow indicates the position of Brontornis.
Abbreviations. Anserif., Anseriformes; Cariam., Cariamiformes; Galli., Galliformes.

The second analysis was carried out with the modifications in the scorings of Brontornis
and Gastornis remarked in the “Discussion” section. This resulted in the recovery of four most
parsimonious trees (MPTs) of 1564 steps, with a consistency index of 0.26, and a retention
index of 0.65, which were summarized using a strict consensus tree (see Discussion).

2.3. Institutional Abbreviations

FM-P, Field Museum of Natural History, Vertebrate Palentology Collection; MACN
A, Coleccion Nacional Ameghino, Museo Argentino de Ciencias Naturales “Bernardino
Rivadavia”, Buenos Aires, Argentina; MACN Pv, Museo Argentino de Ciencias Naturales
“Bernardino Rivadavia”, Buenos Aires, Argentina; MLP, Museo de La Plata, Buenos Aires,
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Argentina; NHMUK, Natural History Museum of the United Kingdom, London, United
Kingdom.

SYSTEMATIC PALEONTOLOGY

Neornithes Gadow, 1893

Galloanseres Sibley and Ahlquist, 1990

Brontornithes Dolgopol de Saez, 1927

Brontornithidae Moreno and Mercerat, 1891

Brontornis burmeisteri Moreno and Mercerat, 1891

Synonymy. Rostrornis floweri Moreno and Mercerat, 1891; Brontornis platyonyx Amegh-
ino, 1895; Liornis floweri Ameghino, 1895; Callornis giganteus Ameghino, 1895 in part;
Eucallornis giganteus (Ameghino, 1895) Ameghino, 1901 in part [1,2,12,18,19].

Lectotype. MLP-88-91, left femur, tibiotarsus, fibula, and tarsometatarsus belonging
to the same individual [12,30].

Diagnosis. Giant bird with graviportal proportions (tibiotarsus/tarsometatarsus ratio:
1.88) and the following unique combination of derived characters: distal end of tibiotarsus
strongly anteroposteriorly compressed and with lateral margin forming an acute ridge of
bone; distal end of tibiotarsus lacking supratendinal bridge [19], extensor groove shallow,
poorly defined and medially tilted, retinacular tubercles feebly developed, prominent
pyramidal-shaped prominence (central tubercle for attaching the lig. meniscotibiale inter-
tarsi; [19,31]); tarsometatarsus having hypotarsus situated distal to the articular level of
proximal cotylae [2], absence of posterior opening of the distal vascular foramen due to
the unbifurcated condition of the canalis interosseous distalis [10], absence of fossa or scar
for the first metatarsal [19], and proximodorsal margin of metatarsal trochlea III strongly
projected [32].

Remarks. To date, the only certain member of Brontornithes and Brontornithidae
is Brontornis burmeisteri [15]. However, recent finding of an incomplete distal tibiotarsus
from the Oligocene of Bolivia [33] suggests that Brontornis-like taxa were probably more
geographically and temporally widespread than thought.

Referred material. MLP 20-110, distal half of a left tibiotarsus with abraded distal
condyles (Figure 2); MLP 20-581, distal end of left tibiotarsus without distal condyles
(Figure 3).

Figure 2. Brontornis burmeisteri (MLP 20-110) distal half of left tibiotarsus in (A) anterior; (B) lateral; (C) posterior; (D)
medial views; (E) detail of its distal end in anterior view; and (F) distal view. Abbreviations. eg, extensor groove; Ic, lateral

condyle; mc, medial condyle; tct, trochlea cartilaginis tibialis; tr, transverse ridge. Scale bar: 5 cm.
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Figure 3. Brontornis burmeisteri (MLP 20-581) distal end of left tibiotarsus in (A) anterior; (B) posterior;
(C) lateral; (D) medial; and (F) distal views; and (E) cross section of the shaft. Abbreviations. ct,
central tubercle for the lig. meniscotibiale intertarsi; df, distal fossa; eg, extensor groove; fi, surface for
fibula; ri, proximodistally extended lateral ridge; rt, possible lateral retinacular tubercle; ts, ridge
representing medial retinacular tubercle. Scale bar: 5 cm.

Locality and horizon. The specimens come from old collections at the La Plata
Museum, and thus, collecting data are scarce. MLP 20-110, originally referred by Moreno
and Mercerat [3] to Rostrornis floweri (a junior synonym of B. burmeisteri; [1,9,12]), comes
from the Santa Cruz Formation (Middle Miocene), at Santa Cruz province; more details on
provenance are not available [3,30]. MLP 20-581 only figures in the catalogue as “?Liornis
sp.” without any additional data. However, it is possible to infer that it corresponds to the
distal end of tibiotarsus mentioned, and was briefly described by Dolgopol de Séez [10]. If
this is the case, MLP 20-581 was collected by Federico Berry in the Santa Cruz Formation
(Middle Miocene) in Santa Cruz province.

3. Description

MLP 20-110 and MLP 20-581 represent the incomplete distal end of tibiotarsi lack-
ing distal condyles. Because both materials are similar in all features, the description
is based on the most complete individual (MLP 20-110) and is complemented in some
cases by MLP 20-581.

The tibiotarsus shows a nearly straight shaft that is proximally ellipsoidal in cross-
section, with convex anterior and posterior surfaces. Distally, the anterior surface of the
bone becomes transversely flat. Although poorly preserved, the distal intercondylar fossa
is transversely expanded and weakly undercuts the proximal margin of the distal condyles,
forming a shallow transverse ridge of bone. Although distal condyles are abraded, they
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appear to be not strongly posteriorly extended. The posterior trochlea cartilaginis tibialis is
poorly-defined, and is dorsoventrally low, with shallow delimiting crests. The extensor
groove (linea extensoria in Buffetaut [33]) is aligned with the medial condyle, it is transversely
wide and is poorly delimited by very shallow ridges of bone. Although there is no bony
bridge on the extensor groove, there is a well-developed ridge of bone on the medial
surface of the groove that indicates the insertion of a tendinal sling, which represents
a low retinacular tubercle. Limiting the lateral surface of the distal end of the extensor
groove there is a pyramidal bump (tubercule central of Ameghino [9]; central tubercle
of Buffetaut [19,33]; attachment of the lig. meniscotibiale intertarsi; Zinoviev [28]), that
is indistinguishable in size and shape from the ascending process of the astragalus [34]
fused to the tibia and present in some ratite birds (e.g., Rhea, Aepyornis; see [33]) and basal
ornithurines [35]. The distal crest for the attachment of the transverse ligament appears to
be absent. In medial view, the shaft is smoothly convex, whereas in lateral view it shows a
prominent proximodistally extended, sharp and acute bony crest.

4. Discussion
4.1. Comments on the Genus Liornis Ameghino, 1895

The genus Liornis was erected by Ameghino with the aim to include the single species
L. floweri [2]. The material on which Ameghino based his species was the incomplete distal
end of tibiotarsus, tarsometatarsus, and pedal phalanges of a single individual (Figure 4).
Ameghino [9,36] assigned it to the Phorusrhacoidea, and distinguished Liornis from other
terror birds by having the tibiotarsus with anteroposteriorly compressed and transversely
expanded shaft, flat anterior surface of the distal shaft without deep muscular ridges
and scars, poorly defined extensor groove, and absence of supratendinal bridge. The
tarsometatarsus was characterized by its wide and anteroposteriorly compressed shaft
and the absence of impression for the hallux. Due to these unique features, Dolgopol de
Saez [10], in his overview of phorusrhacoid birds, considered it as a valid genus, probably
related to the genus Brontornis within the Brontornithidae (considered by that author
as the Order Brontornithes). Kraglievich [6,11] retained Liornis as a valid taxon, and
considered that due to its hindlimb proportions, it must be distinguished from Brontornis
at the subfamily level at least, and thus, established the ad hoc subfamily Liorninae within
the Brontornithidae [6]. More recently, Brodkorb, in his renowned “Catalogue of fossil
birds” [12] synonymized Liornis floweri to Brontornis burmeisteri without discussing this in
detail, a point of view followed by Tonni [1] among other authors. Later, Alvarenga [37]
and Alvarenga and Hofling [2] considered that Liornis was a synonym of Phorusrhacos
longissimus, but they did not discuss this point of view in detail; a criterion was followed
by Bertelli et al. [38] and Alvarenga et al. [23]. More recently, Buffetaut [18,19,33] analyzed
the materials of Liornis floweri and included it as a junior synonym of Brontornis burmeisteri.
Ameghino [9] noted that the tarsometatarsus of Liornis differs from Brontornis in lacking any
sign of scar for the hallux and because its tibiotarsus lacks a supratendinal bridge. However,
both differences appear to be misinterpretations, probably due to the paucity of available
specimens at that time. The presence of a hallux scar proposed by Ameghino (and followed
by Agnolin [8]) was most probably a mistake based on artifact bone preservation. As
noted by Buffetaut [19], there is no evidence of such scar in any of the available Brontornis
and “Liornis” specimens. Further, the presence of a supratendinal bridge in all available
specimens cannot be corroborated; instead, a pyramidal-shaped tubercle delimiting the
extensor groove is present [19]. In this way, the differences reported by Ameghino between
Brontornis and Liornis are not valid, and thus, Liornis should be considered its junior
synonym, following previous authors.
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Figure 4. Brontornis burmeisteri; specimens on which Ameghino [9] based the species Liornis floweri
Ameghino, 1895 (NHMUK PV A9058 and NHMUK PV A580). (A) right distal half of tibiotarsus in
anterior view; (B,C) distal end of left tarsometatarsus in (A) anterior; and (B) posterior views. (A-C)
modified from Ameghino (1895). Abbreviations. tr, transverse ridge. Scale bar: 5 cm.

In sum, the tibiotarsus of Brontornis (including Liornis) clearly departs from that of
phorusrhacids (and most birds; Figure 5) in a unique combination of characters, including
distal end strongly anteroposteriorly compressed with its lateral margin forming an acute
ridge, strongly medially oriented medial condyle, small and rounded distal condyles that
are joined by a transversely oriented ridge, low and poorly defined trochlea cartilaginis
tibialis, absence of a supratendinal bridge, poorly excavated extensor groove that is medially
tilted, feebly developed retinacular tubercles, and the presence of a prominent pyramidal-
shaped prominence for attaching the lig. meniscotibiale intertarsi [3,10,19,33]. With this new
evidence at hand, I re-scored the tibiotarsus of Brontornis in the Worthy et al. [24] data
matrix (see below).
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Figure 5. Distal end of left tibiotarsus of (A,D) Onactornis pozzii (MACN Pv-6554); (B,E) Brontornis burmeisteri (MLP 20-92/93);
(C,F) Brontornis burmeisteri (MLP 20-110) in (A—C) anterior; and (D-F) distal views. Abbreviations. eg, extensor groove; ig,
anterior intercondylar groove; sb, supratendinal bridge; tct, trochlea cartilaginis tibialis; tr, transverse ridge. Not to scale.

4.2. The Quadrate Bone Referred to Brontornis burmeisteri Moreno and Mercerat, 1891

Skull material referred to as Brontornis is very scarce and consists of isolated and
incomplete jaws, as well as a single and incompletely preserved right quadrate bone [2].
The latter was ambiguously associated with Brontornis remains [3], and as such, it was not
included in their data matrix by Worthy et al. [24], a criterion with which I concur.

In any way, this quadrate shows several features that are worth analyzing. This ele-
ment was interpreted by Agnolin [8] as having only two condyles, constituting an important
piece of evidence for galloanserine affinities of Brontornis. However, Agnolin misinter-
preted the quadrate bone anatomy of Brontornis as demonstrated by Worthy et al. [24]. The
later authors compared the quadrate with that of the phorusrhacid Tolmodus and found
some similarities, including the presence of three quadrate condyles. In the view of these
authors, the quadrate indicates that Brontornis belongs to Neoaves and not to Galloanseres.

However, the Brontornis quadrate (MLP 20-111; Figure 6) is different from the homo-
logue of any known bird, especially with those of phorusrhacoids such as Tolmodus and
Patagorhacos [39,40].
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Figure 6. Comparisons between the quadrate referred to Brontornis burmeisteri (B,D,F,H,] K; plaster copy of MLP 20-111) and
the phorusrhacid Patagorhacos terrificus (A,C,E,G,I) in (A,B) anterior; (C,D) lateral; (E,F) posterior; (G,H) medial; (1)) distal;
and (K) proximal views. Abbreviations. ar, extended articular surface; cc, caudal condyle; cl, lateral condyle; cm, medial
condyle; co, concave surface separating the pterygoid and orbital processes; fo, quadratojugal fossa or fovea; gr, wide
groove separating the quadratojugal process and the orbital process; po, orbital process; pq, quadratojugal process; pt,
pterygoid process; sd, supracondylar depression or fossa. Scale bar: 2 cm for B,D,FH,J, K; 1 cm for A,C,E,G,L

The distal end of the quadrate shows two well-defined condyles that are relatively
elongate and differently oriented from that of phorusrhacids (Figure 6L]). Worthy et al. [24]
recognized the existence of a caudal condyle. However, I am not certain about the homology
of this structure. At first, in contrast with phorusrhacids and other birds, this “caudal
condyle” is represented by a shelf-like prominence that is dorsally positioned with respect
to the distal condyles and shows a flattened to slightly concave distal “articular” surface.
This condition is very different from that known in most other birds, such as in Patagorhacos,
in which this condyle is at level with the medial and lateral condyles and is notably convex
(Figure 6I). A bony flange somewhat similar to that present in Brontornis is exhibited by
dromornithid anseriforms [41]. In Brontornis the “caudal condyle” is medially separated
from the medial condyle by an oval-shaped and well-defined supracondylar depression
that is unique to this taxon.

The pterygoid condyle is represented by an acute and prominent process that differs
from that of most birds, including phorusrhacids, in which it is represented by a rounded
articular surface. In pseudodontornithids and some anseriforms such as Anseranas and
Dendrocygna, this condyle is also represented by a prominent and relatively acute pro-
cess [31,42]. It is separated from the orbital process by a well-defined concave surface that
is only represented by its base.

A particular trait of Brontornis is its unique and massive pyramidal-shaped quadra-
tojugal process that is very different from the condition reported for most birds. Further,
there is no evidence of a quadratojugal fossa or fovea, contrasting with the condition
of most birds. Remarkably, the presence of a robust quadratojugal process and the ab-
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sence of a quadratojugal fovea are features only known in conjunction in dromornithid
anseriforms [41,43] and some ratites [43]. Further, Brontornis quadrate lacks any sign of
pneumaticity, resembling also in this aspect dromornithids and ratite birds [43].

In sum, the quadrate of Brontornis is very apomorphic and is not matched by any
known bird. The existence of a third condyle, the “caudal condyle” is somewhat dubious.
The morphology of this condyle clearly departs from that of other birds, and because of
its position it is possible that it does not contact the mandible; it is very similar to a bony
flange present in dromornithid anseriforms. Further, as remarked by Worthy et al. [24] the
association of this bone with those unambiguously belonging to Brontornis is not clear.

Characters modified from Worthy et al. (2017)

As indicated above, and based on the detailed review of new specimens, several
postcranial features of Brontornis should be reinterpreted, and this has impact on the
codifications carried out by Worthy et al. [24]. As follows, we discuss the changes made on
Brontornis scorings.

Femur

ch#213. Brontornis burmeisteri re-scored from 1 to 0. As observed in the femur of
Brontornis the patellar groove of the distal end of femur is notably transversely wide
(see pl. Il Figure 1 in Moreno and Mercerat [3]), being much wider than the lateral condyle.
In this way, I re-score Brontornis as 0.

Tibiotarsus

ch#240. Brontornis burmeisteri re-scored from 1 to 0. As indicated in the description
above, there exists a pyramidal-shaped prominence at the lateral surface of the extensor
groove that represents the attachment for the lig. meniscotibiale intertarsi of Zinoviev [28].
The presence of such prominence is uncommon among birds (it is present in some flightless
ratites as Emeus, among others) and may be considered an autapomorphic feature of
Brontornis (see [19]; Figure 3).

ch#246. Brontornis burmeisteri re-scored from ? to 0. In the distal end of tibiotarsus
MLP 20-581 the groove for the m. fibularis is anteriorly extended, as shown by the concave
impression located at the lateral surface of the extensor groove (Figures 2 and 3).

ch#247. Brontornis burmeisteri re-scored from ? to 0. In the distal end of tibiotarsus
MLP 20-581 a ridge located adjacent to the extensor groove, represents in all probability
the lateral retinacular tubercle (Figure 3).

ch#248. Brontornis burmeisteri re-scored from 1 to 0. This character is somewhat
difficult to score, especially because of the absence of a supratendinal bridge in Brontornis.
However, as can be extrapolated from the distal end of tibiotarsus MLP 20-581, the distal
aperture of the extensor groove shows a subvertically oriented main axis, and thus, it is
here scored as such (Figure 3).

Tarsometatarsus

ch#253. Brontornis burmeisteri re-scored from 1 to 0. In a completely preserved Brontor-
nis tarsometatarsus (FM-P13259) the lateroplantar margin of the cotyle is notably dorsally
projected, and consequently;, it is re-scored as O (Figure 7). This character was previously
considered by Bourdon [44] as a synapomorphy of the clade Anseriformes + Pelagornithidae.
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ch#259-2 _ C

ch#261-2

ch#279-1

Figure 7. Left tarsometatarsus of Brontornis burmeisteri (plaster copy of FM-P13259) in (A) proximal, (B) anterior, and

(C) posterior views. (D) detail of the proximal region of the tarsometatarsus in anterior view. The notation includes the

characters that were modified from Worthy et al. [24]. ch#253-0, plantar-lateral side of cotyla medialis elevated proximally;

ch#259-2, hypotarsus with two ridges; ch#261-2, surface from medial calcaneal ridge to anterior margin of medial shaft

concave (shallow fossa parahypotarsalis medialis); and ch#279-1, foramen vasculare distale small and distinct. Scale bar for A

toC:4cm; D, 3.5 cm.

ch#254. Gastornis parisiensis re-scored from 1 to 0. A complete tarsometatarsus of
G. parisiensis described and illustrated by Martin [45], Buffetaut and Angst [46], and
Mourer Chauviré and Bourdon [47] clearly showed that the intercotylar eminence of the
tarsometatarsus in this taxon was prominent and proximally extended. In addition, G.
geiselensis (a species closely related or even a synonym of G. parisiensis) shows prominent
intercotylar eminence [48].

Gastornis giganteus was re-scored from 1 to ?. The tarsometatarsus of G. giganteus is
known by fragmentary material with eroded intercotylar prominence [49,50]. Because of
that, the morphology of this eminence in G. giganteus is considered as unknown.

ch#259. Brontornis burmeisteri re-scored from 4 to 2. Worthy et al. [24] consider the
block-like hypotarsus as a derived trait shared between Brontornis and phorusrhacoids. In
the same line of thought, Alvarenga and Hofling [2] include as diagnostic of phorusrhacoids
a block-like hypotarsus that is subquadrangular in proximal view and subtriangular in
posterior view, lacking crests and grooves. However, as recognized by Worthy et al. [24]
the hypotarsus of Brontornis is distinctive and very different from the condition exhibited
by phorusrhacids, (e.g., Phorusrhacos, Tolmodus [9,24,49]). In Brontornis the hypotarsus in
proximal view is subtriangular in contour, showing a prominent and thick medial crest,
and a slightly pronounced lateral edge, both separated by a longitudinal tendinal groove
(Figure 7). This morphology is indistinguishable from that of Gastornis [8,45,49], and thus,
is codified as such (state 2).

ch#261. Brontornis burmeisteri re-scored from 3 to 2. Brontornis was scored as having a
flat or convex surface between the medial calcaneal ridge and the medial margin of the
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shaft. However, in Brontornis (FM-P13259) there exists a notable concave surface medial to
the medial calcaneal ridge (Figure 7), and thus is scored as “2”.

ch#271. Gastornis giganteus re-scored from 0 to ?. The incomplete nature of the distal
tarsometatarsus of Gastornis giganteus precludes the clear recognition of a surface for
articulation with digit I. In this way, this character is coded as “?”.

ch#279. Brontornis burmeisteri re-scored from 3 to 1. The tarsometatarsus of Brontornis
was scored as lacking a distal vascular foramen by Worthy et al. [24]. However, such
foramen is present in available specimens [9,19] (Figure 7).

Finally, I included in the data matrix the codifications of characters from 280 to 283.
These refer to the shape of pedal phalanges and were scored by Worthy et al. [24] as “?”.
Probably, Worthy et al. [24] did not include these scorings because there was no direct
evidence indicating the phalanges previously referred to Brontornis unambiguously belong
to this taxon. However, two phalanges are preserved in the single associated specimen
on which Liornis floweri (a junior synonym of Brontornis burmeisteri) is based (NHMUK PV
A580) [9,19]. These phalanges are massive, transversely wide, and ventrally flat, a combi-
nation of features that are exhibited by phalanges previously referred to Brontornis [2,3,9].
In this way, the specimen NHMUK PV A580 confirms previous referral of pedal phalanges
to Brontornis, and thus, are coded in the data matrix as such.

4.3. Phylogenetic Results

With the aim to test Worthy et al.’s [24] analysis, only hindlimb material was included
in the data matrix. Worthy et al. [24] did not include in their work several bones that
have doubtful association with material unambiguously belonging to Brontornis. These
materials include vertebrae [3,9], quadrate [3], and mandible [2,3,9,18]. These elements,
particularly the mandible, show several features reminiscent to giant galloanseres such
as dromornithids and Gastornis [8,18], and their inclusion in the data matrix may give
additional support to the galloanserine affinities of Brontornis. In any case, it is preferred to
exclude the codification of these elements in the data matrix following Worthy et al. [24].

The phylogenetic analysis here performed resulted in the nesting of Brontornis among
Anseriforms in a clade formed by gastornithids and dromornithids, in a position similar to
that proposed by Agnolin [8] (Figure 1). It is worthy of mentioning that forcing the position
of Brontornis as a cariamiform results in a tree 1569 in length, having five additional steps.

The clade grouping dromornithids and gastornithids was named by Worthy et al. [24]
as Gastornithiformes, to which, based on present analysis, Brontornis may belong. In
any case, this clade formed by giant graviportal fowls is sustained almost by hindlimb
features (characters 202, 211, 215) and it is not improbable that this group may be the
result of convergent features related to graviportality (see discussion in [24]). In their work,
Worthy et al. [24] concluded that Brontornis resolved as sister to Cariamiformes, but with
very low support. They recognized that Brontornis was very different from other birds, and
indicated in several parts of the text that the position of Brontornis in the phylogenetic tree
is unstable. Because I agree with Worthy et al. [24] in that Brontornis is still incompletely
known, it is possible that its inclusion within Gastornithiformes is not strongly warranted.

Worthy et al. [24] listed some similarities shared by the hindlimb of Brontornis and
phorusrhacids, including a lateral excavation at the medial surface of the lateral condyle
of femur, and a block-like hypotarsus. The first condition is known to occur in Gastornis
and dromornithids [50,51], suggesting that it is not only exclusive of phorusrhacids, but
is also widespread among giant anseriforms. On the other side, as indicated above and
as recognized by Worthy et al. [24], the morphology of the hypotarsus of Brontornis is
very different from that of phorusrhacids, being very similar to the condition exhibited
by Gastornis and dromornithids [19,41] (see above, analysis of character 259). Both in
Gastornis and Brontornis, the hypotarsus is subtriangular-shaped in proximal view, with a
prominent medial crest and a reduced lateral edge. Further, Worthy et al. [24] recognize
that mandibular and hindlimb shape structure of Brontornis differ substantially from
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phorusrhacids. The same seems to be true for the quadrate bone, as indicated in the
descriptive section of the present contribution.

5. Conclusions

A review of the character codifications for Brontornis burmeisteri carried out in the
comprehensive work of Worthy et al. [24] resulted in a change in the phylogenetic position
of this taxon. This change argues against the sentence of Worthy et al. [24] that declares that
it was conclusively shown that Brontornis is not a galloanserine bird. After few changes
in the data matrix, Brontornis results as part of a clade composed by the giant anseriforms
designated by Worthy et al. [24] as Gastornithiformes. This result is in agreement with
recent proposals that excluded Brontornis from phorusrhacoid cariamiforms (where it was
traditionally nested) and included it among Anseriformes [8,16,18].

Graviportal anseriforms of the clade Gastornithiformes (sensu [24]) are represented
by Eurasian and North American Paleogene Gastfornis and kin [17] and by Paleogene
and Neogene Australasian members of the Dromornithidae [41,52]. To these, it should
now be added the Paleogene-Neogene brontornithes from South America [17,33]. If this
phylogenetic grouping is correct, a widespread radiation of giant anseriforms occurred
along several landmasses during the Paleogene. The paucity of the fossil record of these
giant birds still precludes a detailed framework to understand the palaeobiogeographic
history of these birds.

Finally, the nesting of Brontornis among herbivorous giant anseriforms [5,17,24,46],
together with several aspects of its mandibular morphology [8,18] reinforces previous
thoughts that Brontornis was herbivorous in habits (Figure 8).

Figure 8. Life reconstruction of Brontornis burmeisteri. Artwork by Agustin Agnolin.
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Appendix A

Data matrix modified from Worthy et al. [24]. The number of characters and taxa (290
and 48, respectively) as well as character description and states follow Worthy et al. [24].
Scoring modifications are almost restricted to Brontornis and Gastornis species (see above).

Tinamus_robustus

20001000100220000000000001000012000000000- 330000000700111110000100100100000
0022221100211111001200311100110010010021-110212012110012121111010110101130001
0100021000001010010000022002120000100000000010110100011100001000220000001001
01100011001100010111000110012200311021010010110101100020012000

Vegavis_iaai

Chauna_torquata
200011110001101102110101100110111101111110010101111010000001000300010220001010
0001001011000021001000000010010110111-1000000000100000-00000[30]000110001101111
01200200- 010000011011000000011000000100010010001010000001110000100011000011010
000010121021000020011000122021100101000010010200000010?101

Anhima_cornuta
20001110000110100211010100011001010111111001010111101000101100030001022001001000
01000210100001101100000000100110111-1000000000?00020-00100000011000110111101200
100-011000110001100110011000000100011001001010010010111010000101000011010011010
1210210000200110011200221001010000000101000000102101

Wilaru_tedfordi
b b b b b bbb d,

20001001072031200101001010010200?????222?1

Presbyornis_pervetus
00111?110112?11010110?012?0221??1000????1???1100111011011101110310011?1?2222220??2?1
0000001100010013000101100007?7?1?10010-0000000101010-00000100011100300111002110210
1010010112010207??100110000010000110010010110100101100011000100000120000011101110
21000020001001200011100100110020010200????3?2101

Anseranas_semipalmata
0110121100011?1010110100100221021101111110221101101010000001011310011201011111
001100001000000110020000001100011100001000000000000000-000000000110000001110010
1011010000000000111001101110000110000000010010000100001110000000100000110100001
0011102100002000000000011110000100011000020000002021-0
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Dendrocygna_eytoni
211112111002021010110100100221021101111110221101111010001001011310011101001011
111000011110002100110000111201011001011101010000100000-000101100110000001100011
2020010000000110111101201100011100000000010010000101101100100001110000110100000
001210210000200100002101311001011110100112000000302??0

Cereopsis_novaehollandiae
2111121110122111101101000002200211011111100211011101100010110113110112000010101
11100021000001102110011011001011011001000000000100000-00000110011100000111011020
1012001010012001101020110010110000010011001101020010100000100111100011100100000
1210210000200000001201211011011110110111000000302100

Anser_caerulescens
01111211100210101011010110022102110111111022110111101000100111131101120100101011
0110101010002102110001011000011011011000010000100000-00001110011000200110011120
101101102000200120002021000011000001000100111002001011001010011100000100000001
01210210000000100012200311001012010210111000000302100

Malacorhynchus_membranaceus
02111211110222101011110110022102110111111022110111101000110111131001110100111012
1000111011002100030010111101011001011110010000111220-000111200111002101100111202
101110020012101200120211001110000010001101000020110100000000111100011010000000
12102100001000000120003110000111102101120000?0302100

Tadorna_tadornoides
21111211100211101011110000022102110111111022111111101000110111131101110101101012
1000121011002100010001011001011001011100010010110110-0001112001110020111001112
010011010101020112001202100001100000100010011100200101000101000111000111100000
101210210000100000002200311000011110210112000000302100

Leipoa_ocellata
210010001000111001010101000120110000701010020000110101011101000200110000010102
3221102201111120200111100000100002021-01021201211100110021001001000120000001200
2101000101200000001211110110011001000101011010000000100000010000010100111100010
111200101101000111111011000110110002000002100021022??0

Megapodius_reinwardt
210010001000101000010101000120110000001010120000110101011101000200110000010102
3221102201111120200111100000110002021-01021201211100110021001001010120000001200
210100010120110000120110011001100100000101101000000010000001000001010010100001
0111200101101100111111011000110010002000002000021022??0

Eulipoa_wallacei
010010002000101000010101000120110000001010120000110101011101000200?1000001017
23221102201101120210111000000110112021-010212012111011100210010010101200000011
10210200010120100000220001011001101100010001001000001010010000100101011010100
00101011001011011001111010111001100100020000021000110????0

Megapodius_eremita
22001000100010100001010100012011000000101012000011010?01110100020?110000010
1123221102201110120200111100000110002021-01021201211100110021001001010120000
001201210000010120100000120010011001100100000101101000000010010001000001010
0100000010111200101101100111111011000110010002000002000021022110

Alectura_lathami
220010001000101001010101000120110000001010120000110101011101000200110000010
1023211102201111120200111100000100002021-01021101211101110021001001010120000
001200210100010120100000121111011001100100000101101000000010000001000001010
0111000010101200101101100011111011000010110002100002000021022100

Talegalla_fuscirostris
220010011000101000010100000120110000????10020000110101011101000200110000010
1023211102201111120210111000000100002021-02021101211102110021001001010120000
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001200210000010110100000121110011001100001000101101000000010010001000101010
0110100010111200101101100011112011000100110002000001100001022?20

Macrocephalon_maleo
120010012000101001010100100120110000001010120000110101111101000200?10000010
1023221102201101120210111000000110012021-01021101211102110021001001000120000
00110021010001012010000012101?011?01100000000001001000001010010001000100010
01000000101012001011011000111110111110000100021000021000010?2?20

Gallus_gallus
200010000101121001010101010120110000001010120000110101011111000300210000
10102[26]221102201110120201111101000110002021-1102121121110221112100011
101012000010120021010001012110000012000101000110000001000110100001011010
00011000010100110[9]00010101100101101000111011011110000110101100002100000
022100

Phasianus_colchicus
210010000101011001010101000120110000????1012000021010001111100030001000011
11020221102201110120200111100000100002031-110212112111002111210011110101200
10101201211200010121100001120101010001100100010001201000011110000011200001
0100111100110101100101101000111011011211001110100100002000000022??0

Coturnix_pectoralis
2100100000011110010101010101201100007??0101200001101010111110003002100000
101722221102200110120200311101100100002031-131212112111001111210010010101
200101012002102000101210000002201010100010000000100011010000110000000011
000000100110100110101200101101000111111011210000110110100002000000022??0

Acryllium_vulturinum
210010000101001010010101000120110000????101200001101010111110003000100001
101123221102201110120200311101100100002021-1202121101100111112100000101012
0000101200210000010110000000120100010001100000010011101000000010010001000
000010011010001010120010110[30]100111011011110000011001100002000000022?20

Megavitiornis_altirostris
22201072100070?70000?0???20012011??00?2?212???0001101000100[30]1000200010?000
1?1?2321?01???011012020—1—10-1-0?????—0—1—1-0-1-00100 010—2002?

Crax_rubra
210010000002011001010100000120110000001110120001110111011111000300010000
0[30]01123021102201111120200311100000110002021-12021201211101111121000101
00002200000120121000101012100000012000101110100000001000100100000001010
000110000001001022-00101012001010011001111120110100001100020000021000001
22?2?20

Ortalis_vetula
200010000002011001010100010120110000001110120011110101011111000300210000
0101123021102201111120200111101000110002031-12021201211102211121000001000
02001000120121000101012100000012000101010110000001000110100000001011000
1000000000010110011010120010100110011101101101?000110002000002100000122
100

Sylviornis_neocaledoniae
?22010022000001000010100100120110001??7?100210001101?001010100?200?10000
1101?2??2222???11111202 1-0?????1-10-2—1-0—-02100 -010—20021
1001-10110102?0??222??211??100010001110100100000001000000110000001101101
00000001200201101010011111211111010000000010102200012??2220

Dromaius_novaehollandiae

00010000110220100000001001000002000000000-331010001000010100000100100
301011100222101102-1-0 1—1 0—-00 1 ?

48



Diversity 2021, 13, 90

——10120012020000011000101001100000104001001001101100001111101110120101-
101211-21100111023032200101211011010121102000200-

Dinornis_robustus

22000000100220100000001011000011000000000-3310000010?001?1000000001003
0100?100222100021-1 1 ? 1
0120012020110001001000011000010113201100111100000001000111011020000-001211
021101111122031202-00001001-1-13010120120??

Struthio_camelus

00010000010210100000000001000002000000000-33101000002001010000010110030
0000000221101011-1 1-0-1 ? 101
01002020000011000101000000000104001021001100000101021021111120001-1-021-211
011010230221111012110-0-1-1210200?200-

Genyornis_newtoni

02121000020-10-2 100-1 0 0 111?272
0??001110001000110110001?011032011200111010111001111010100100020011210110010
101021021202110001010010111112??22???-

Dromornis_stirtoni

??02221000020-10-2 000-1 0 1112
00?20211100010000111100012011032011200011010110001111110100110020010210110
010101023031200110001010110111112??2217?7?-

Dromornis_planei

222222227-12-2 27271 0 22222222277

......... U ISSSSESEE S

???001000011110001?01103201120001101011101?1???1010011002001021011001010102
303120?110001010110111112?2?21?7?-
Dromornis_murrayi

121000020-10-2 000-1 0 229022270?°?
???200100001011000020110320112001120101?122??22?2210100100020010210110010101023
031202?100010001101111?222?1??-

Ilbandornis_woodburnei

2211000020-?0-2 ?7—-1 0 01120
0??021110001000010110000?011032011200111010111011111010100100020010210120010
101023031203111001010010121112??2207?7-

IIbandornis_lawsoni

222220-20-2 —1 0 22222222272

..... U IS SRR

???001000010110100?01103201121011101011101111211010011002001021012001010102
3031202101101010[30]1001122?2?2220?7?-
Barawertornis_tedfordi

22727797272 -7 ? 22°7077°?7?7?7?

???220010000107101007011030011200111010111001112010100?100200102?012001010102
30?110311?001000?101112??2??202?-

Lithornis_promiscuus
0000000001022007000?0?2??200001700000000003370100010?0010100010100100?200101
100111001220110101030300100100010100021-0000000000100120-022001010210003010
0112002?1100010000101000?200212011?1110000000001100000111000010002210000011
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Burhinus_grallarius

000110000112021001100110001-012011000111100001010002010110000000000
0010011101221100120001000100030011110221011102001000000000001110-00200111
0210013000100200202002010000111000200120011001000000011101002000000010100
10111000100002202-00010011101011102000100122103210010111101111021100000?2100

Porphyrio_melanotus

010110010002201001000100001-002011000111100001011012010010000000100
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01000000002110

Antigone_rubicunda
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Abstract: The extant diversity of the avian clade Palaeognathae is composed of the iconic flightless
ratites (ostriches, rheas, kiwi, emus, and cassowaries), and the volant tinamous of Central and
South America. Palaeognaths were once considered a classic illustration of diversification driven
by Gondwanan vicariance, but this paradigm has been rejected in light of molecular phylogenetic
and divergence time results from the last two decades that indicate that palaeognaths underwent
multiple relatively recent transitions to flightlessness and large body size, reinvigorating research
into their evolutionary origins and historical biogeography. This revised perspective on palaeognath
macroevolution has highlighted lingering gaps in our understanding of how, when, and where
extant palaeognath diversity arose. Towards resolving those questions, we aim to comprehensively
review the known fossil record of palaeognath skeletal remains, and to summarize the current state
of knowledge of their evolutionary history. Total clade palaeognaths appear to be one of a small
handful of crown bird lineages that crossed the Cretaceous-Paleogene (K-Pg) boundary, but gaps in
their Paleogene fossil record and a lack of Cretaceous fossils preclude a detailed understanding of
their multiple transitions to flightlessness and large body size, and recognizable members of extant
subclades generally do not appear until the Neogene. Despite these knowledge gaps, we combine

what is known from the fossil record of palaeognaths with plausible divergence time estimates,
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suggesting a relatively rapid pace of diversification and phenotypic evolution in the early Cenozoic.
In line with some recent authors, we surmise that the most recent common ancestor of palaeognaths
was likely a relatively small-bodied, ground-feeding bird, features that may have facilitated total-

clade palaeognath survivorship through the K-Pg mass extinction, and which may bear on the
ecological habits of the ancestral crown bird.

105. https://doi.org/10.3390/
d14020105

Academic Editors: Michael Wink,

Keywords: Palaeognathae; ostrich; tinamou; ratite; emu; kiwi; moa; elephant bird; rhea; Lithornithidae
Eric Buffetaut and Delphine Angst

Received: 31 December 2021
Accepted: 27 January 2022

Published: 1 February 2022 1. Introduction

Crown birds (Neornithes) comprise roughly 11,000 extant species [1]. They are divided
into the reciprocally monophyletic Palaeognathae and Neognathae, with the latter includ-
ing the hyperdiverse clade Neoaves [1]. At no point in time do total group palaeognaths
appear to have been particularly diverse, especially in comparison with contemporaneous
neognath diversity. Despite their relatively sparse taxonomic diversity, however, the po-
sition of palaeognaths as the sister group to all other neornithines makes them critical
to efforts to understand the early evolutionary history of crown birds. Palaeognathae
is diagnosed by several traits including a unique palatal structure characterized by en-
larged basipterygoid processes and fused pterygoids and palatines (Figure 1), a grooved
rhamphotheca, a single articular facet for the otic capitulum of the quadrate, and open
ilioischiadic foramina (Figure 2) [2-6]. The palatal structure of palaeognaths was tradition-
ally considered plesiomorphic for Neornithes [7], though recent evidence regarding the
palatal structure of the near-crown Ichthyornithes may indicate that the palaeognathous
palate is in fact a synapomorphy of Palaeognathae [8,9].
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Figure 1. Comparison of the palate of a palaeognathous and a neognathous bird. (a) Palate of
the palaeognathous Emu Dromaius novaehollandiae. The basipterygoid process is elongate, and the
pterygoid and palatine are fused (demarcation between them is approximate). (b) Palate of the
neognathous Mute Swan Cygnus olor. The pterygoid and palatine are connected by an intrapterygoid
joint, and the short basipterygoid processes are mostly obscured by the pterygoids.

Extant palaeognaths are represented by 46 species of tinamou (Tinamidae) and two
species of rhea (Rheidae) in Central and South America, two species of ostrich (Struthion-
idae) in Africa, the monotypic emu and three species of cassowaries (Casuariidae) in
Australia and New Guinea, and approximately five species of kiwi in New Zealand (Aptery-
gidae) [10]. Nine species of moa (Dinornithiformes) [11] and four species of elephant bird
(Aepyornithidae) [12] survived into the Holocene in New Zealand and Madagascar respec-
tively, before their extinction which may have been related to human activity that had a
disproportionate impact on insular flightless birds [13].
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Figure 2. Comparison of the pelvis of a palaeognathous and a neognathous bird. The ilioischiadic
foramen is highlighted in blue. (a) Pelvis of the Little Spotted Kiwi Apteryx owenii. The ilium and
ischium are unfused throughout their lengths, leaving the ilioischiadic foramen open. (b) Pelvis of
the Mute Swan Cygnus olor. The ilioischiadic foramen is closed due to the fusion of the posterior

ilium and ischium.

Despite being relatively species-poor, extant and recently extinct palaeognaths encom-
pass an impressive range of body sizes and ecologies. The group contains both cursorial
open habitat specialists (e.g., emu) and graviportal forest dwellers (e.g., cassowaries),
and feeding strategies ranging from cryptic nocturnal invertivores (e.g., kiwi) to megaher-
bivorous browsers (e.g., moa). Out of all extant palaeognaths, only tinamous (Tinamidae)
are capable of flight [14]. This clade comprises small to medium-sized birds, ranging from
43 g in the smallest species (the Dwarf Tinamou Taoniscus nanus) [15], to 2080 g in the
largest females of the Gray Tinamou (Tinamus tao) [16]. By contrast, flightless palaeognaths,
from here on referred to collectively as “ratites” (acknowledging the paraphyletic nature of
the group), are renowned for their gigantism. The Common Ostrich Struthio camelus is the
world’s largest extant bird in both height and weight, with large males reaching sizes up to
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2.8 m and 156 kg [17]. Recently extinct ratites were even larger: A body mass of 860 kg was
estimated from femur measurements of an exceptionally large individual of the elephant
bird Vorombe titan, making this species the heaviest-known bird ever discovered [12]. Fe-
males of the moa Dinornis robustus were less massive but appear to have constituted the
tallest birds yet discovered, attaining heights of 3.6 m [18,19].

Several early authors argued that ‘ratites’ represented a non-monophyletic assemblage
of large-bodied, flightless birds, and debate regarding the potential non-monophyly of
ratites persisted through much of the 20th Century [4,20-24]. Opinion shifted with the
widespread acceptance of continental drift theory in the latter half of the 20th century,
as a monophyletic “Ratitae” became enshrined as a classic example of Gondwanan vi-
cariance biogeography, a hypothesis stipulating that stem group ratites became flightless
prior to the breakup of Gondwana, and that Gondwanan fragmentation drove the diver-
gence of the extant ratite lineages as populations became geographically isolated from
one-another [25-27]. This hypothesis of a monophyletic “Ratitae”, sister to Tinamidae,
was supported by a number of phenotypic features such as the absence of a triosseal
canal and sternal keel, and the presence of a fused scapulocoracoid (Figure 3) [5]. Indeed,
the term “ratite” refers to the flat, raft-like sterna of taxa lacking a sternal keel (Figure 4) [28].
This consensus opinion was upheld for several decades by most phylogenetic analyses of
morphological characters [29-31], though analyses of cranial characters recovered alterna-
tive relationships [32-34]. However, over the past twenty years, molecular phylogenetic
analyses have forced a wholescale revision of the Gondwanan vicariance paradigm of
palaeognath evolution and historical biogeography. Evidence from analyses of both nu-
clear [35-43] and mitochondrial DNA [41,42,44-46], as well as large-scale phylogenomic
analyses [47-50], demonstrate that tinamids are in fact phylogenetically nested within
ratites, rendering “Ratitae” paraphyletic, once again reviving the early hypothesis of ratite
non-monophyly [4,20-24] (Figure 5).

,,,,, . b

scapu la |
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glenoid .
) glenoid coracoid
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Figure 3. Comparison of the shoulder girdle of a flightless palaeognath displaying the fused ‘ratite’
condition, and that of a volant palaeognath in left lateral view. (a) Fused scapulocoracoid of the
flightless Greater Rhea Rhea americana. (b) Unfused scapula and coracoid of the volant Andean
Tinamou Nothoprocta pentlandii.
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Figure 4. Comparison of the sterna of a flightless palaeognath, the Common Ostrich Struthio camelus
and a volant palaeognath, the Andean Tinamou Nothoprocta pentlandii. (a) Sternum of S. camelus
in dorsal view. (b) Sternum of S. camelus in left lateral view. A sternal keel is absent. (c¢) Sternum
of N. pentlandii in dorsal view. (d) Sternum of N. pentlandii in left lateral view. A deep sternal keel
provides an attachment area for the pectoralis and supracoracoideus muscles.

a Casuariidae b — Dinornithidae t
—— Rheidae L Tinamidae
| Struthionidae ~——— Apterygidae

Aepyornithidae t Aepyornithidae
Dinornithidae t b Casuariidae
Apterygidae Rheidae
Tinamidae Struthionidae

Figure 5. Old and new hypotheses of palaeognath interrelationships. Extinct clades are indicated by t.
(a) Ratite monophyly based on the morphological study of Livezey and Zusi [30]. (b) Molecu-
lar phylogeny suggesting ratite paraphyly recovered by Mitchell, et al. [45], Grealy, et al. [41],
Yonezawa, et al. [49], Urantéwka, et al. [46], and Almeida, et al. [42].
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The most parsimonious interpretation of this revised tree topology would be that the
most recent common ancestor of crown Palaeognathae was flightless, with a reacquisition
of flight arising along the tinamou stem lineage. This interpretation is indeed favoured by
maximum likelihood analyses [44] and cannot be definitively rejected; however, this hy-
pothesis would seem to be unlikely from first principles (after all, strong evidence exists for
only four independent acquisitions of powered flight throughout the entire evolutionary
history of animals [51]). By contrast, multiple independent transitions to flightlessness
within the same crown bird subclade are not uncommon. For example, flightlessness has
arisen dozens of times in Rallidae among island-dwelling taxa [52,53]. According to some
recent molecular topologies, transitions to flightlessness arose a minimum of six times in
palaeognaths, and transitions to gigantism a minimum of five [41,45].

The recent revival of a phylogenetic hypothesis stipulating that ratites repeatedly
and independently lost the capacity to fly has largely been driven by molecular phyloge-
netic analyses [36—46,48-50,54-58], but has accrued supporting evidence from independent
datasets. For instance, embryological studies have demonstrated important differences
in patterns of wing growth among ostriches and emu, suggesting that alternative hete-
rochronic mechanisms may underlie the acquisition of flightlessness in disparate ratite
taxa and potentially supporting independent evolutionary transitions to flightlessness
among ratites [59]. Furthermore, misexpression of the cardiac transcription factor Nkx2.5 is
associated with reduced wing growth in chicken embryos, and this transcription factor is
expressed in the wings of emu embryos but not ostriches—again indicating the potential
non-homology of flightlessness in emu and ostriches [60]. Sackton, et al. [50] found that
many similarities in ratite forelimb morphology may be the result of convergence in gene
regulatory networks, rather than the product of homologous changes to protein coding
genes. Overall, the existing body of evidence is congruent with the hypothesis that ‘ratites’
are indeed paraphyletic, and have repeatedly converged on a suite of remarkably similar
morphologies that were long interpreted as synapomorphies for the group. Much re-
mains to be understood about the underlying drivers of these independent transitions to
large size and flightlessness, as well as the developmental underpinnings of convergent
ratite morphologies.

The recognition of ratite paraphyly, coupled with phylogenomic time trees that indi-
cate an origin of crown palaeognaths long after the breakup of Gondwana commenced
(e.g., [41,42,45,48,49,55]), makes the classic vicariance hypothesis untenable. Instead,
present-day palaeognath biogeography must be the product of dispersal of volant ances-
tral palaeognaths to multiple landmasses preceding independent origins of flightlessness
(Figure 6). However, this interpretation raises many questions regarding the nature of the
volant last common ancestor of crown palaeognaths. Tinamous are the only extant volant
palaeognaths available for reference, but they are primarily ground-dwelling and are only
capable of flight over relatively short distances to flee predators or roost in trees [14,61].
It is difficult to imagine a burst-flying tinamou-like bird undertaking the transoceanic
journeys needed to explain the distribution of extant palaeognaths (Figure 6), thus they
would appear to be a poor analogue for hypothetical dispersive ancestral palaeognaths.
Fossil evidence further suggests that the specialized burst flying of extant tinamous was not
plesiomorphic for palaeognaths. The extinct lithornithids (Lithornithidae), known from the
Paleocene and Eocene of Europe and North America, were apparently volant and appear to
represent the oldest and most stemward known total-clade palaeognaths [49,62-65]. Impor-
tantly, they also appear to have been more capable long-distance fliers than extant tinamids
are [62,65], and, as the earliest known palaeognaths in the fossil record, they may provide
the best models for informing reconstructions of the dispersive ancestral palaeognaths that
gave rise to extant palaeognath diversity.
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Figure 6. Present-day geographic ranges of extant palaeognath subclades. Range of Rheidae in
dark blue, Tinamidae in orange, Struthionidae in green, Casuariidae in aqua, and Apterygidae
in pink [10,14,66-68].

In order to probe deeper into the origin and early evolution of total group Palaeog-
nathae, an in-depth understanding of the palaeognath fossil record is necessary. Early fossil
palaeognaths are rare, and the phylogenetic interrelationships among them are poorly
understood. For example, the monophyly and phylogenetic position of lithornithids are
debated, and thus their relevance for clarifying the pattern and timing of the extant palaeog-
nath radiation remains unclear. Due to the phylogenetic position of palaeognaths as the
extant sister taxon of all other Neornithes, stem palaeognaths, which may include lithor-
nithids, should provide key insight into the nature of the ancestral crown bird. Recent
time-scaled phylogenies suggest that total-group palaeognaths were one of just a small
number of extant neornithine lineages that passed through the Cretaceous-Paleogene (K-Pg)
mass extinction event (e.g., [48,69-72]). A better understanding of the ecology and biology
of early stem palaeognaths could therefore help clarify the biological attributes of avian
survivors of the end-Cretaceous mass extinction, which appears to have eliminated all
non-neornithine avialans [73]. Early palaeognath fossils from around the world will also
be critical for illustrating how the remarkable convergent evolution of flightlessness and
gigantism arose among crown palaeognaths, as well as providing insight into the biogeo-
graphic origins of extant palaeognath subclades and their responses to Cenozoic shifts in
climate and environment [74,75].

Here, we summarize the current state of knowledge regarding the palaeognath fossil
record. Useful reviews on palaeognath fossils and the evolutionary history of this group
have previously been published, e.g., [76-78], and we refer interested readers to these
excellent summaries, but the present review is the first attempt to systematically address
the fossil record of palaeognaths in its entirety. We present the most specific locality data
reported in the literature for each fossil occurrence, necessarily limited by the differential
specificity available for certain records. We outline key lingering gaps in the known
palaeognath fossil record, and suggest potential ways forward in hopes of narrowing
those gaps. In addition, we provide an overview of strong inferences about palaeognath
macroevolution that can be made on the basis of current molecular phylogenies and
estimated divergence times, and summarise what can be reasonably inferred about the
most recent common ancestor of crown group palaeognaths. We hope that this review
provides both a solid base of information for those interested in the evolution and fossil
record of palaeognaths, and helps inspire further work clarifying the evolutionary history
of these remarkable birds.
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Institutional abbreviations are as follows: AM—Australian Museum, Darlinghurst,
Australia; AIM—Auckland Institute and Museum, Auckland, New Zealand; AMNH—
American Museum of Natural History, New York, New York, USA; AU—Auckland Uni-
versity, Auckland, New Zealand; AUG—Aristotle University School of Geology, Thes-
saloniki, Greece; BGR—Bundesanstalt fiir Geowissenschaften Und Rohstoffe, Hanover,
Germany; CICYTTP—Centro de Investigacion Cientifica y de Transferencia Tecnolégica
a la Produccion, Diamante, Argentina; CPC—Commonwealth Palaeontological Collec-
tions, Canberra, Australia; DK—Danekrae collections, Geological Museum, University of
Copenhagen, Copenhagen, Denmark; FMNH—Field Museum of Natural History, Chicago,
Mlinois, USA; GHUNLP—Universidad Nacional de La Pampa, Santa Rosa, Argentina;
GMB—Geological Museum of Budapest, Budapest, Hungary; GMH—Geiseltalmuseum,
Martin Luther University, Halle, Germany; HLMD—Hessisches Landesmuseum, Darm-
stadt, Germany; IGM—Institute of Geology, Mongolian Academy of Sciences, Ulaan Baatar,
Mongolia; IRSNB—Institut royal des Sciences naturelles de Belgique, Brussels, Belgium;
IVPP—Institute of Vertebrate Paleontology and Paleoanthropology, Beijing, People’s Repub-
lic of China; KNM—Kenya National Museum, Nairobi, Kenya; MACN—Museo Argentino
de Ciencias Naturales “Bernardino Rivadavia”, Buenos Aires, Argentina; MASP—Coleccién
del Museo de Ciencias Naturales y Antropoldgicas, Parana, Argentina; MFN—Museum
fir Naturkunde, Berlin, Germany; MGL—Geological Museum of Lausanne, Lausanne,
Switzerland; MGUH—palaeontology type collection, Geological Museum, University of
Copenhagen, Copenhagen, Denmark; MHNT—Muséum de Toulouse, Toulouse, France;
MLP—Museo de La Plata, La Plata, Argentina; MNHN—Muséum National d Histoire
Naturelle, Paris, France; MPCN—Museo Patagonico de Ciencias Naturales, General Roca,
Argentina; MPM—Museo Regional Provincal Padre Manuel Jests Molina, Rio Gallegos,
Argentina; MUFYCA—Museo Florentino y Carlos Ameghino (Instituto de Fisiografia y Ge-
ologia), Rosario, Argentina; MV—Musée Vivenel, Compiegne, France; NHMUK—Natural
History Museum, London, UK; NJSM—New Jersey State Museum, Trenton, New Jer-
sey, USA; NMNHS—National Museum of Natural History, Bulgarian Academy of Sci-
ences, Sofia, Bulgaria; NMNZ—Museum of New Zealand Te Papa Tongarewa, Wellington,
New Zealand; NNPM—National Museum of Natural History of the National Academy
of Sciences, Kyiv, Ukraine; ONU—Odes’kiy Natsional'niy Universitet, Odessa, Ukraine;
PIN—Palaeontological Institute, Russian Academy of Sciences, Moscow, Russian Feder-
ation; PU—Princeton University Collection (now at Yale Peabody Museum), Princeton,
New Jersey, USA; QM—Queensland Museum, Brisbane, Australia; RAM—Raymond Alf
Museum, Claremont, California, USA; ROM—Royal Ontario Museum, Toronto, Ontario,
Canada; SAM—South Australian Museum, Adelaide, Australia; SGPIMH—Geologisch-
Paldontologisches Institut und Museum der Universitdt Hamburg, Hamburg, Germany;
UCMP—University of California Museum of Paleontology, Berkeley, California, USA;
UCR—University of California Riverside, Riverside, California, USA; UM—Museum of
Paleontology, University of Michigan, Ann Arbor, Michigan, USA; UNSW—University
of New South Wales; Sydney, Australia; USNM—Smithsonian Museum of Natural His-
tory, Washington, DC, USA; WN—Michael C.S. Daniels collection, Essex, UK; YPM—Yale
Peabody Museum, New Haven, Connecticut, USA; ZIUU—Zoologiska Museum, Uppsala
Universitet, Sweden.

2. Overview of the Palaeognath Fossil Record
2.1. Lithornithidae

Lithornithids were small bodied, presumably volant birds that were first recognized
as palaeognaths by Houde and Olson [79], and described in detail as a clade by Houde [62].
Thus far, they are only known from Europe and North America, contrasting with the
Gondwanan distribution of extant palaeognaths. At first glance, they appear remarkably
similar to tinamous, particularly in the shape of the skull. Fossil eggshells attributed to
lithornithids are also very reminiscent of those of tinamous, and it has been hypothesized
that lithornithids shared the same polygynandrous breeding behaviour of many extant
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palaeognaths [62]. However, numerous characters distinguish tinamous and lithornithids,
which are detailed by Houde [62]. On the basis of a more distally positioned deltopectoral
crest, longer and more curved humeral shaft, and a less distally elongated sternum in
lithornithids compared with tinamous, Houde [62] also speculated that lithornithids were
much more capable long-distance fliers than extant tinamous are. This idea received
further support from a reconstruction of the wing of a specimen of the Eocene lithornithid
Calciavis grandei with preserved carbonized feather traces, which indicated that this species
may have been capable of long-distance flapping flight [65].

Since their fossils are most often recovered from nearshore lacustrine or marine en-
vironments, it was suggested that lithornithids may have exhibited a shorebird-like ecol-
ogy [62], though this may be coincidental as these depositional settings are most likely to
produce fossils in general. The lithornithid jaw apparatus appears well suited to distal
rhynchokinesis, which allows a bird to capture food items in the ground without having
to fully open the jaws [62]. This suggests they could have used their bills for probing the
substrate for food items, in a manner more similar to kiwi than tinamous [62]. Additional
evidence for this type of foraging behaviour comes from the recognition of mechanorecep-
tors known as Herbst corpuscles in the rostrum of lithornithids [80], which form a tactile
bill-tip organ that picks up mechanical vibrations to detect buried prey.

A major unresolved question is whether Lithornithidae predate the K-Pg mass extinc-
tion. The cranial end of a right scapula with a distinctive pointed acromion was recovered
from the latest Maastrichtian or earliest Danian Hornerstown Formation in New Jersey,
USA [63]. If this material indeed belongs to a lithornithid, it would provide compelling
evidence that the clade survived across the boundary. However, it should be noted that
several Mesozoic stem ornithurines also have a hooked acromion that approaches the con-
dition seen in Lithornithidae [64,81,82]. Thus, the identity of this fossil remains uncertain,
and more material needs to be recovered from both this formation and other contempo-
raneous localities to clarify which groups of total-clade palaeognaths persisted across the
K-Pg boundary.

2.1.1. North American Lithornithids

Definitive lithornithid fossils are known from North America from the middle Pale-
ocene to the early Eocene (Figure 7, Table 1) [62,83-88]. The earliest uncontroversial record
on this continent is Lithornis celetius, from the middle Paleocene (early to middle Selandian)
Fort Union Formation of Montana and the Polecat Bench Formation of Wyoming [62].
The entire skeleton of this species is known from a composite series of individuals [62].
Slightly younger than L. celetius is a proximal end of a humerus from the middle Paleocene
(Tiffanian) Goler Formation in southern California. Despite being fragmentary, its large,
dorsally positioned humeral head and subcircular opening to the pneumotricipital fossa di-
agnose it as a probable lithornithid, and it was assigned to the genus Lithornis [88]. As nearly
all North American lithornithids derive from the Rocky Mountain region, this fossil extends
their known range significantly further west.
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Two sympatric species are known from the late Paleocene (late Thanetian) Sand Coulee
Beds of the Willwood Formation in Wyoming. Lithornis promiscuus was the larger of the two,
and is the largest species in its genus [62]. Like L. celetius, virtually all bones of the skeleton
are known from a composite series [62]. The holotype, USNM 336535, preserves the
entire forelimb skeleton. The smaller Lithornis plebius is known from all major appendicular
elements [62]. Houde [62] acknowledged the possibility that L. promiscuus and L. plebius may
belong to a single sexually dimorphic species, but erred on the side of a more conservative
species diagnosis and retained them as separate taxa. Houde [62] tentatively referred
specimen NHMUK A 5303 from the London Clay on the Isle of Sheppey, UK to the latter
species. Owing to both the homogeneity of the global hothouse climate and the shorter
distance across the North Atlantic at the time, North American and European avifaunas
were remarkably similar during the late Paleocene and early Eocene (e.g., [76,113,114]).
Finding the same species on both sides of the Atlantic should therefore not come as a
surprise, and if NHMUK A 5303 is indeed an example of L. plebius it would hint towards
the dispersal capabilities of these birds.

The remaining North American lithornithids are Eocene in age. Paracathartes howardae [115]
was found in early Eocene strata of the Willwood Formation [62]. With the exception of the
sternum and pelvis, all bones of this species are again known from a composite series [62].
The lacustrine Green River Formation deposited by the Gosiute, Uinta, and Fossil palae-
olakes in what is now Utah, Wyoming, and Colorado has yielded an enormous wealth
of fossils, most often preserved as slabs [116]. The Fossil Butte member of the formation,
deposited by the short-lived early Eocene Fossil Lake [116], has produced the greatest
number of lithornithid specimens thus far [64], as well as a great wealth of other bird
fossils (e.g., [117-128]). A minimum of two lithornithid species have been found in this
Lagerstatte [64]. The holotype of Pseudocrypturus cercanaxius [62] is a complete skull and
mandible, with nine cervical vertebrae in articulation [62]. A spectacular crushed articu-
lated specimen missing only the pelvis and caudal vertebrae is owned privately by Siber
and Siber, and a cast of this specimen is in the collections of the USNM. Two skeletons
collected from the London Clay in England were provisionally referred to this species [62],
making it another lithornithid with a possible transatlantic distribution. The recently named
Calciavis grandei [64] was described from a complete, mediolaterally compressed skeleton
with preserved soft tissue including feathers, pedal scales, and claw sheaths. A referred
specimen includes most of the postcranial skeleton minus the femora and pelvic region,
and a disarticulated skull [64].

2.1.2. European Lithornithids

The fossil record of lithornithids in Europe also begins in the middle Paleocene,
and stretches to the middle Eocene (Figure 7, Table 1) [96,111,112]. The Orp Sand member
(early to middle Selandian) of the Heers Formation in Maret, Belgium yielded a distal
humerus fragment and a partial carpometacarpus that were assigned to Lithornithidae,
but the fossils are too incomplete to be assigned at a generic level [96]. The next oldest
European lithornithid, Fissuravis weigelti, is also known from fragmentary remains, in this
case the omal end of an isolated coracoid from the late middle Paleocene (Selandian) of the
fissure filling of Walbeck, Germany [98]. A lack of clear diagnostic features has cast some
level of doubt to this assignment. The coracoid lacks any lithornithid character other than
similarity in size, and seems to be missing the small foramina on the posteroventral surface
of the hooked acrocoracoid process that is an apomorphy of this clade [64]. Regardless of
the true affinities of Fissuravis weigelti, the Maret fossils demonstrate that Lithornithidae
stretch at least as far back in time in Europe as they do in North America.

Asnoted by Houde, one of the first fossil birds known to science was Lithornis vulturinus [62,129],
the holotype specimen of which was purchased by the Royal College of Surgeons in 1798.
The holotype was sadly destroyed in the Second World War, though detailed woodcut
drawings of the holotype [130] allowed for the identification of a neotype by Houde [62].
The neotype, from the early Eocene (Ypresian) London Clay, was originally identified as an
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early relative of turacos and named Promusophaga magnifica by Harrison and Walker [131].
It consists of a right humerus, radius, ulna, and carpometacarpus, all missing the distal ends,
a right scapula, partial sternum, distal left radius and ulna, proximal left femur, proximal
right tibiotarsus, a vertebral series, and ribs within a clay nodule [62]. A large amount of
fragmentary material from the London Clay, mainly hindlimb elements, has been referred
to this species [102]. A slightly younger specimen from the early Eocene Fur Formation
of Denmark preserves a three-dimensional skull in articulation with a nearly complete
postcranial skeleton and has been described in great detail [102,104]. Another Danish fossil,
a distal left humerus from the latest Paleocene-earliest Eocene Olst Formation, was also
referred to this taxon [102].

Lithornis nasi [132], also from the early Eocene London Clay Formation, was consid-
ered a junior synonym of L. vulturinus by Bourdon and Lindow [102]. As the material
comes from the type locality of L. vulturinus, these authors interpreted the differences
between L. nasi and L. vulturinus as intraspecific variation. The holotype consists of prox-
imal fragments of a left humerus and right ulna, distal fragments of a right femur and
a right tibiotarsus, and two thoracic vertebrae [62]. Houde [62] tentatively assigned two
specimens from Early Eocene Willwood Formation to L. nasi. Another bird from the Lon-
don Clay, ?Lithornis hookeri [132], was tentatively referred to the genus by Houde [62].
The holotype, a distal end of a tibiotarsus, suggests it was smaller than all currently known
lithornithids [62]. The Messel lithornithid from the middle Eocene of Germany (47-48 MYA)
is the youngest lithornithid material yet discovered [111,112]. Known from a partial postcra-
nial skeleton and a skull that appear to represent the same species, it was assigned to the
genus Lithornis but not to a species-level taxon [112].

2.1.3. Systematics of Lithornithidae

While it is generally accepted that lithornithids are indeed total-clade palaeognaths,
important questions regarding their systematics remain: Do lithornithids represent a mono-
phyletic radiation of volant stem or crown palaeognaths? Do they represent a paraphyletic
grade of stem palaeognaths? Or, are they polyphyletic, with some taxa more closely related
to certain extant palaeognath lineages than others (Figure 8)? All three scenarios would
seem to be possible considering that the earliest members of several extant palaeognath
subclades would most likely have been relatively small and volant. Houde [62] argued that
lithornithids are not monophyletic and placed Paracathartes closer to other ratites on the
basis of similar histological growth patterns, and the reduced, rounded postorbital process
of its frontals. More recent authors have speculated that this histological similarity exists
because Paracathartes is larger than other lithornithids, reaching approximately the size of
a turkey [76].

The phylogenetic analyses of both Nesbitt and Clarke [64] and Yonezawa, et al. [49]
recovered lithornithids as a monophyletic group. The character matrix used by Nesbitt
and Clarke [64] contained 182 characters combined from the morphological datasets of
Cracraft [5], Bledsoe [133], Lee, et al. [29], Mayr and Clarke [134], Clarke [81], Clarke,
et al. [135], and new observations gathered by the authors for 38 terminal taxa. In their
unconstrained analyses, Lithornithidae was recovered as the sister taxon to Tinamidae
at the base of Palaeognathae, congruent with previous morphological phylogenetic hy-
potheses. This is unsurprising, given that lithornithids and tinamids share numerous
skeletal similarities that often optimize as synapomorphies of a lithornithid + tinamou
clade. When Paracathartes was constrained as sister to ratites, the resultant nonmonophyly
of Lithornithidae added a significant number of steps to the analysis. The only character
that supported this relationship was the reduction of the postorbital process of the frontal,
which the authors considered to be convergent. When relationships of living palaeognaths
were constrained to match those recovered by molecular phylogenies, lithornithids were
recovered as a clade of stem group palaeognaths. Though Nesbitt and Clarke [64] were
unable to achieve any resolution within Lithornithidae, lithornithid monophyly received
relatively high support. However, the authors acknowledge the need for future analy-
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ses assimilating additional lithornithid character sets to further test the monophyly and
phylogenetic position of lithornithids.

b
Lithornithidae
"Lithornithidae"
Crown ——
Palaeognathae
9 Crown
Palaeognathae
Cc
"Lithornithidae"
Struthionidae
"Lithornithidae"
Notopalaeognathae

Figure 8. Possible relationships of Lithornithidae to the remainder of Palaeognathae. (a) Sce-
nario A shows a monophyletic Lithornithidae, (b) Scenario B shows a paraphyletic Lithornithidae,
and (c) Scenario C shows a polyphyletic Lithornithidae.

A strict consensus tree using parsimony constrained to match recent molecular phylo-
genetic topologies recovered a monophyletic Lithornithidae sister to Tinamidae, but when
the molecular constraint was removed and replaced with constraints enforcing sister group
relationships between Palaeognathae + Neognathae and Neoaves + Galloanserae, Lithor-
nithidae instead resolved sister to a Dinornis + Dromaius + Struthio clade to the exclusion
of tinamous [136]. In an analysis of this same dataset with new characters added and
increased taxon sampling, Bayesian analysis placed lithornithids as stem palaeognaths,
and a maximum parsimony analysis of this dataset with cranial characters weighted
more strongly found strong support for a monophyletic Lithornithidae in this same po-
sition [137]. When characters were unweighted in the maximum parsimony analysis but
constrained to a molecular backbone, a monophyletic Lithornithidae was once again sister
to Tinamidae [137]. Almeida, et al. [42] also recovered lithornithids as sister to crown
Palaeognathae in their Bayesian topology, but sister to tinamous in their maximum parsi-
mony and maximum likelihood trees. Maximum likelihood trees inferred using characters
exhibiting low homoplasy also supported a position on the palaeognath stem for Lithor-
nithidae [49], though the monophyly of the clade was dependent on the matrix used.
Ten non-homoplastic characters from Houde [62] yielded a paraphyletic Lithornithidae,
while 92 non-homoplastic characters from Worthy, et al. [136] supported them as a mono-
phyletic group. The authors considered their results as supportive of the hypothesis that all
extant palaeognaths evolved independently from Lithornis-like birds [42]. Given lingering
uncertainties regarding the monophyly and phylogenetic position of lithornithids, a careful
revaluation of character states and species limits within the group would be timely, though
this is beyond the scope of the present review.

2.2. African and Eurasian Palaeognaths: Struthioniformes

Two ostrich species are extant. The Common Ostrich Struthio camelus inhabits open
areas across much of sub-Saharan Africa, and the Somali Ostrich Struthio molybdophanes of
Eastern Africa was once considered conspecific with S. camelus but is now given species
status [17,138]. While the two extant species of ostrich are now confined to Africa, their
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range extended into Asia during the Holocene. Ostriches may have persisted as far east
as Mongolia until 7500 years ago based on Carbon-14 dating of eggshells [139] (though
see Khatsenovich, et al. [140] regarding uncertainties surrounding the dating of ostrich
eggs from Mongolia and Siberia), and ostriches of the subspecies S. c. syriacus, whose
native range stretched from the Arabian Peninsula to Syria and Iraq, did not become extinct
until 1966 [17]. Ostriches are arguably the most cursorial of all birds, able to run at speeds
in excess of 70 km per hour [67]. Their extreme cursoriality is evinced by their unique
foot morphology: ostriches are the only extant didactyl birds, an anatomical configuration
that may be the result of similar selective pressures as those that drove digit reduction in
horses [77]. The fossil record of ostrich eggshell is rich, and although the present review
focuses only on skeletal remains, we note that the occurrence of palaeognath eggshells
in the early Miocene of China 17 million years ago [77,141] supports the theory that
struthionids either originated outside of Africa or else underwent rapid range expansion
after their emergence. For a thorough review of the ostrich eggshell record, see Mikhailov
and Zelenkov [78].

2.2.1. Eurasian Stem Struthionids

Our understanding of palaeognath evolution and particularly the transition to flight-
lessness in ratites has been hampered by a lack of recognizable stem group representatives
of extant palaeognath lineages. Fortunately, recent research advances have provided a valu-
able window into the nature of early stem struthionids, which were previously unknown
prior to the Miocene. The flightless palaeognaths Palaeotis weigelti and Remiornis heberti
have long been known from the Paleogene of Europe [76,142-145], but their relation to
the remainder of Palaeognathae was unclear [76,142]. Palaeotis, the better-known of the
two taxa, has been variably recovered as the sister taxon to rheids [146], sister to a clade
including Struthionidae, Rheidae, and Casuariidae [147], and sister to a clade comprised
of lithornithids and tinamous [33]. The unconstrained analysis of Nesbitt and Clarke [64]
recovered Palacotis outside a Struthio + Dromaius + Rhea clade. When relationships of
living palaeognaths were constrained to match those recovered by molecular phylogenies,
the same authors recovered Palaeotis as the sister taxon of extant palaeognaths (to the
exclusion of lithornithids). Mayr [142] noted the resemblance of the skull of Palaeotis to that
of lithornithids, and that the scapulocoracoid differs from all extant ratites, but was unable
to find a well-supported placement for Palaeotis and proposed that it may represent yet
another independent acquisition of ratite features among palaeognaths. The phylogenetic
position of Remiornis heberti was also challenging to estimate with confidence. Mayr [76]
considered that it may belong with Palaeotididae before amending this hypothesis based
upon the lack of a supratendinal bridge and extensor sulcus in Remiornis, both of which are
present in Palaeotis [148].

Without information on its palatal anatomy, it would be extremely difficult to rec-
ognize Palaeotis as a palaeognath on the basis of its postcranial skeleton, as several as-
pects of its hindlimb morphology, such as a notch in the distal rim of the medial condyle
of the tibiotarsus and intratendinous ossifications on the tarsometatarsus, are unusual
for palaeognaths and are more reminiscent of Gruiformes [148]. Recently, Mayr [148]
transferred Galligeranoides boriensis from the stem gruiform clade Geranoididae [149] to
Palaeotididae. G. boriensis had been described on the basis of leg bones from the early
Eocene of France [150]. Its initial assignment to Geranoididae was notable, as this clade
was only known from the Eocene of North America [76,149,151]. The transfer of G. boriensis
from Geranoididae to Palaeotididae raises the possibility that additional records of early
palaeognaths could be hiding in plain sight in museum collections, misidentified due to
their lack of obvious palaeognath synapomorphies.

This scenario was indeed the case with Eogruidae, a group of crane-sized birds known
primarily from hindlimb elements from Central Asia. Since the remainder of the skeleton
of eogruids was virtually unknown, these taxa were difficult to place phylogenetically.
Eocene eogruids show a trend towards reduction in the size of the inner toe as a possible
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adaptation for cursoriality [152], and later eogruids of the subclade Ergilornithidae take
this trend even further, to the point where the inner toe is vestigial or absent [148,152].
This feature led several earlier authors to hypothesize a placement for Eogruidae as stem
struthionids [153-155]. However, this hypothesis was not widely accepted, and eogruids
were generally viewed as representatives of Gruiformes (either as sister to a clade containing
Aramidae and Gruidae [156] or sister to Gruidae [149]), implying that the didactyly of some
eogruids was convergent with Struthionidae.

A previously undescribed partial skull PIN 3110-170 from the latest Eocene locality
of Khoer Dzan, Mongolia has rendered the hypothesis of eogruids as gruiforms unten-
able [6]. Although the palate is missing, the skull preserves an articular surface for the
otic capitulum of the quadrate, but apparently does not exhibit an articular surface for
the squamosal capitulum of the quadrate. Both articular surfaces would be expected for
a gruiform, and indeed for most neognaths, which have a bipartite otic process of the
quadrate. Instead, the skull appears to genuinely exhibit only one articular facet for the
quadrate, a condition seen only in palaeognaths [157]. This feature, in combination with
the reduction and eventual loss of the inner toe, strongly indicate a stem struthioniform
placement for Eogruidae. If taxa with greater toe reduction are more closely related to
crown struthionids, eogruids would form a paraphyletic grade along the ostrich stem
lineage [6] (Figure 9).

With the reassignment of Eogruidae, there is now a clear record of stem Struthionidae
in Eurasia well before the first crown struthionids appear in the Miocene of Africa. It now
appears likely that this iconic clade of extant African birds first arose outside the continent.
In addition to recognizing eogruids as stem struthionids, Mayr and Zelenkov [6] also
hypothesized that Palaeotis represents a total-clade struthionid based upon similarities in
the shape of its skull with the newly described specimen. With palaeotidids interpreted as
stem struthionids, the case for a Eurasian origin of Struthioniformes is strengthened even
further (Figure 9).

Palaeotididae

. < Geranoididae

Eogrus A
Sonogrus E
[e]
— <
Proergilornis } g__
[V
CD:

Struthionidae

% Ergilornithidae J
/
N

Figure 9. Relationships within Struthioniformes as hypothesized by Mayr and Zelenkov [6].
“Eogruidae” is here estimated to be a paraphyletic grade of crownward stem struthioniforms, and Ger-
anoididae is tentatively inferred to be a clade of early stem struthioniforms.
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The oldest flightless, non-lithornithid palaeognaths in Eurasia belong to Palaeotididae.
Galligeranoides boriensis is now the oldest known probable palaeotidid, found in rocks
ranging between the ages of 56 to 51 Ma [158]. It is known from a right tibiotarsus, a distal
portion of a left tibiotarsus, and an incomplete right tarsometatarsus [150]. The nominate
and best known palaeotidid, Palaeotis weigelti, was initially interpreted as a bustard [145]
and subsequently as a crane [159] before it was finally recognized as a palaeognath by
Houde and Haubold [143], who hypothesized that it was as a stem ostrich despite its lack
of obvious cursorial adaptations, an assessment that, in light of the recent work discussed
above, has gained robust support. P. weigelti is known from six specimens from the middle
Eocene of the Messel and Geisel Valley sites of Germany (Table 2). One of these specimens is
a complete two-dimensionally preserved skeleton. It stood slightly under 1 m tall, and was
more gracile than the older Remiornis [76].
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Eogruids are younger than Palaeotididae, occurring from the middle Eocene to the
early Pliocene, and comprise fifteen named species in six genera (Table 2). The old-
est species, Eogrus aeola, has been collected from the middle Eocene of Inner Mongolia
and Mongolia’s Omnogvi Province [152,166,173] (Table 2). Like nearly all eogruids, it is
known only from hindlimb elements. Other members of this genus from the late Eocene
include Eogrus crudus from central Mongolia [176], and Eogrus turanicus from Eastern
Kazakhstan [174] (Table 2).

Outcrops of the latest Eocene-earliest Oligocene Ergilin Dzo Formation in Dorngovi
Province, Mongolia have produced an enormous wealth of eogruid fossils. It is in this for-
mation that Ergilornithidae first appear. Once recognized as a separate family [179], they are
now considered a subclade of Eogruidae [156,167]. Ergilornithids recovered from this for-
mation include Ergilornis rapidus [179], Ergilornis minor [176,179], and Sonogrus gregalis [176]
(Table 2). The partial skull PIN 3110-170 was collected from the latest Eocene Sevkhul
member of this formation [6,155]. As the Sevkhul member has produced huge quantities of
hindlimb material belonging to Sonogrus gregalis and Ergilornis minor and no other large
birds, the skull was presumed to belong to one of the two species [6].

We were unable to find any documented occurrences of this clade for the remainder of
the Oligocene. The ergilornithid genus Urmiornis first appears in the early Miocene, with two
occurrences of Urmiornis brodkorbi in western Kazakhstan [180]. The latest occurrence of the
genus Eogrus is in the middle Miocene of Inner Mongolia with Eogrus wetmorei [173,182,183].
By the late Miocene, eogruids had expanded their range outside of Central Asia and
reached their greatest generic diversity, with Amphipelargus majori occurring on Samos
island [167,168] and another member of the same genus on the Greek mainland [167,171],
Urmiornis ukrainus occurring in Ukraine, Moldova, and southwestern Russia [166,176],
Urmiornis maraghanus in Iran [183,186,189], ?Urmiornis cracrafti in the Siwaliks of northern
Pakistan [185], and Sinoergilornis guangheensis in Gansu, China [178] (Table 2). Although
Kurochkin [176] noted differences between U. ukrainus and U. maraghanus, the validity of
U. ukrainus requires further conformation and U. maraghanus would take nomenclatural
priority if they are shown to be the same species [166]. The group continued to thrive in their
Central Asian stronghold, with Urmiornis orientalis found near Zaisan, Kazakhstan [166,176]
and Urmiornis sp. in the Sunur province of Mongolia and Pavlodar, Kazakhstan [166,176].
The youngest species, Urmiornis dzabghanensis, was found in the early Pliocene Khirgis-Nur
Formation of Mongolia [166,188] (Table 2).

The possibility that the eogruids were flightless has been proposed by several au-
thors [152,173], though others contend that such a conclusion is premature based on
existing evidence [156,178]. The trochlea for the second toe is vestigial or entirely absent
in Ergilornis, Sinoergilornis, Urmiornis, and Ampipelargus [6,166,176,178], which is indica-
tive of a highly cursorial lifestyle as seen in extant struthionids. In addition, a proximal
humerus PIN 3110-60 from the Ergilin Dzo Formation attributed to Ergilornis has a greatly
reduced deltopectoral crest (the portion of the humerus serving as the major insertion
point for major flight muscles), and from this it was assumed that at least this taxon was
flightless [152]. If some eogruids were volant, it could imply that multiple transitions to
flightlessness occurred among stem struthionids, following the phylogeny of Mayr and
Zelenkov (Figure 9) [6].

That the North American Geranoididae may also be struthioniforms has been sug-
gested on several occasions, but unlike Eogruidae no strong evidence for such a placement
has yet been found [6,148,155]. Geranoidids share several derived features with Palaeoti-
didae, including an elongated tarsometatarsus, a pronounced extensor sulcus along the
dorsal surface of the tarsometatarsus, a proximodistally elongated hypotarsus that forms a
long medial crest, and a notched distal rim of the medial condyle of the tibiotarsus [148].
With the recent reassignment of G. boriensis (discussed above), an investigation into pos-
sible palaeognath affinities for fossils assigned to the remaining members of this clade is
clearly merited. Eogeranoides campivagus from the Wilwood Formation of Wyoming has a
deep extensor sulcus along the dorsal surface of the tarsometatarsus, a feature it shares
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with Palaeotis [142,148]. Considering that North American and European avifaunas were
generally similar during the Eocene [114,148], and that certain flightless bird taxa such as
Gastornithidae occurred on both sides of the Atlantic [76,77], the possibility that palaeoti-
dids existed in North America is plausible. A clade uniting Palaeotididae, Geranoididae,
Eogruidae, and Struthionidae is supported by the following characters highlighted by Mayr
and Zelenkov [6]: a very long and narrow tarsometatarsus, a short trochlea for digits II
and IV, a tubercle adjacent to the supratendinal bridge, and a shortening of all non-ungual
phalanges on pedal digit IV.

Also uncertain is the placement of Remiornis heberti [144] from the late Paleocene of
France [161] (Table 2). It is known from several isolated elements belonging to different
individuals that include a tibiotarsus, tarsometatarsus, and fragmentary associated re-
mains [76,161,163]. It appears to have been recognized as a palaeognath based on its overall
resemblance to Palaeotis, as the two genera share a deep furrow on the dorsal surface of the
tarsometatarsus and a similar configuration of the distal trochleae [76]. Mayr [148] excluded
it from Palaeotididae based on its lack of an ossified supratendinal bridge and extensor
sulcus, and Mayr and Zelenkov did not include Remiornis at all in their new hypothesis of
struthioniform interrelationships [6]. However, in light of the variability exhibited by the
supratendinal bridge, extensor sulcus, and hypotarsus among palaeognaths, rejecting a
struthioniform affinity for Remiornis may be premature. An ossified supratendinal bridge
of the tibiotarsus is present in Tinamidae and Dinornithidae and is variably present in
Apterygidae, but is missing from all other crown palaeognaths [137,148]. Worthy et al. [137]
note that given its variability in clades including crown Palaeognathae and Cariamiformes,
the presence or absence of this feature should not be viewed to negate potential sister
relationships. The extensor sulcus of the tibiotarsus is also variably present in palaeognaths.
It is narrow in Lithornithidae, Apterygidae, Tinamidae, and Dinornithidae, and absent
in Struthionidae, Casuariidae, Rheidae, and Aepyornithidae [148]. Eogruids have a hy-
potarsal canal, while all other palaeognaths lack this feature [148]. The putative gruid
Palaeogrus princeps [190] from the middle Eocene of Italy also shares similarities in the distal
tibiotarsus with Palaeotis and could represent yet another record of this clade [148].

Several other taxa that deserve further revision of their taxonomic placement are
listed here, though it is far less likely that they belong within Palaeognathae. Eleutherornis
cotei [191,192] from the middle Eocene of Switzerland and France is known from a partial
pelvis and hindlimb elements and was originally assumed to be a ratite due to its large size,
but was reinterpreted as a phorusrhacoid [193]. Eremopezus eocaenus [194] is known from
hindlimb elements from the late Eocene Fayum Formation of Egypt [76,195]. Rasmussen,
et al. [195] suggest that it could represent a non-palaeognathous endemic African group
that independently became large and flightless. More material will be needed to firmly rule
out palaeognathous affinities for this taxon [76]. Whether or not these species are indeed
palaeognaths, we expect that further revaluation of Paleogene fossil collections is bound to
reveal more palaeognaths from a critical time period that may capture their transitions to
flightlessness.

2.2.2. African and Eurasian Crown Struthionids
As shown in Table 3.
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The body fossil record of crown ostriches begins 21 million years ago in the early
Miocene of Africa with Struthio coppensi (Figure 7, Table 3), named on the basis of the
shaft and distal part of a left tibiotarsus, proximal left femur, distal left tarsometatarsus,
right tarsometatarsus shaft, and a left fibula from the early Miocene of the Northern
Sperrgebiet, Namibia [197]. As noted by Mourer-Chauviré [198], it was smaller and more
gracile than S. camelus, and a vestigial trochlea metatarsi I shows this early ostrich was
didactyl [197,198]. A late middle Miocene ostrich from western Kenya assigned to Struthio
also had a didactyl foot and was smaller than extant ostriches, though still larger than
S. coppensi [200]. Other Kenyan middle Miocene ostrich fossils have been discovered,
but they remain undescribed [78,261]. A distal tarsometatarsus was found from the middle-
late Miocene boundary in Tunisia [201,202], indicating their presence in North Africa.
The size of this bone is roughly comparable with that of the extant S. camelus [78].

No late Miocene ostrich body fossils have yet been found from sub-Saharan Africa,
but they are relatively common in Eurasia during this period (Figure 7, Table 3) [78].
A pedal phalanx from the middle Miocene of Turkey is the oldest body fossil of crown
struthionids outside Africa [213]. From the late Miocene onwards, this clade occupied an
enormous geographical range, from the Balkans to northeastern China and eastern Siberia,
and south to India. The oldest ostrich from Eastern Europe, Struthio orlovi, was found
in the early late Miocene of Moldova [236]. Late Miocene Southern and Eastern Euro-
pean ostrich species limits are somewhat contentious. S. karatheodoris [245] was larger
than extant ostriches [78], and many specimens from the Balkans have been referred to
this taxon [238-240,242,249]. A large pelvis from the late Miocene of the United Arab
Emirates was assigned to this species based on its size [215], and sacral vertebrae of a
very large ostrich found in the terminal Miocene of northern Kazakhstan [188,216] may
also belong to S. karatheodoris [78]. S. novorossicus [243] is considered a nomem dubium
by Mikhailov and Zelenkov [78], as it cannot be distinguished from S. asiaticus. Koufos,
et al. [240] suggested that S. brachydactylus [250] may be a junior synonym of S. karatheodoris,
but Mikhailov and Zelenkov [78] consider them separate taxa, as S. brachydactylus was
roughly the size of S. camelus and therefore much smaller than S. karatheodoris. Mikhailov
and Zelenkov [78] refer Palaeostruthio sternatus [244] to S. karatheodoris, creating the new
combination Palaeostruthio karatheodoris.

Struthio (“Orientornis”) linxiaensis from the late Miocene of Gansu province, China is
one of the oldest East Asian ostriches [77,218,262]. Slightly larger than S. camelus, Mikhailov
and Zelenkov [78] argued that it likely belongs in its own genus, but tentatively treat it as
Struthio. Other late Miocene Asian ostriches include S. wimani, known from a fragmentary
pelvis from China [220], and S. asiaticus [263] from the Siwalik series in North India
and Pakistan. The latter species has been treated as somewhat of a wastebasket taxon,
with eggshell fragments attributed to it from sediments as young as the late Pleistocene
of the Baikal region [264], and body fossils from as far away as South Africa [204,205]
(Table 3). Ostrich eggshells ranging in age from 11 to 1.3 Ma are known from the Siwalik
series [223]. However, the distribution, temporal range, and taxonomic identifications of
these specimens are in need of revision.

Several large ostriches are known from the Pliocene. S. transcaucasius is known from
a pelvis from the late Pliocene of Georgia [251] and was recently assigned to the genus
Pachystruthio [258]. Many others have not been assigned to a species level taxon. It is
evident from hindlimb fragments that a large ostrich existed in the lower Pliocene of South
Africa, which was referred to Struthio cf. asiaticus [204,205]. Pliocene fossils from Ahl al
Oughlam, Casablanca, Morocco, were also attributed to S. asiaticus [207]. Another large
ostrich is known from the early Pliocene of Central Turkey [229]. An ostrich from Odessa,
Ukraine, also from the early Pliocene, has only been assigned to Struthio [78,244].

Multiple species of large ostriches persisted through the Pleistocene. Struthio oldawayi
of the early Pleistocene of Tanzania was similar to the extant S. camelus, though consid-
erably larger [209,220]. Large Pleistocene ostrich bones from Kenya’s Olduvai Gorge
site may also belong to this species [210]. A large ostrich from the early Pleistocene of
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Algeria was assigned to S. barbarus [201,211], and a middle Pleistocene cervical verte-
bra from the Nefud desert in northeastern Saudi Arabia bears a close resemblance to
the extant S. molybdophanes [265]. Two giant Eurasian ostriches of the early Pleistocene,
Pachystruthio pannonicus and Struthio dmanisensis, may be one species [258]. These birds
were truly massive; a femur from the lower Pleistocene Taurida Cave of Crimea yields a
mass estimate of 450 kg [258] using the equation of Field, et al. [266]. A 1.8-million-year-old
right femur from Nihewan, North China may also belong to Pachystruthio. Assigned to
Pachystruthio indet., its estimated mass is a smaller, though still enormous 300 kg [233]. S.
anderssoni of the late Pleistocene of eastern China [234] was 1.5 times the size of S. camelus,
at about 270 kg based on estimates from its minimum femur circumference [267]. Why os-
triches disappeared across Eurasia remains a mystery. One hypothesis is that their decline
was at least partially linked to climatic cooling throughout the Cenozoic [77]. However,
fossil eggshells indicating the possible persistence of ostriches in Mongolia well into the
Holocene [139] (though again, see Khatsenovich, et al. [140]) would seem to negate such an
explanation, and a stronger explanation for their disappearance is needed.

2.3. South American Palaeognaths: Rheiformes and Tinamiformes

South America is notable for being the only continent to host two family-level palaeog-
nath clades that have persisted to the present day. Two species belong to Rheidae, the Greater
Rhea Rhea americana and the Lesser Rhea or Darwin’s Rhea Rhea pennata (alternatively
Pterocnemia pennata in certain taxonomies). Both species are cursorial and inhabit open
areas, with the Greater Rhea’s range covering much of eastern and southern South Amer-
ica while the Lesser Rhea is found in Patagonia and the Altiplano region [68,268,269].
The Lesser Rhea was formerly placed in its own genus, Pterocnemia, but genetic studies
suggest it is closely related to the Greater Rhea, with which it can hybridize [268,270].
There is some debate surrounding species limits among Lesser Rheas populations, as some
consider the Altiplano subspecies R. p. garleppi and R. p. tarapacensis to form a separate
species from the nominate Patagonian subspecies, R. p. pennata [268].

Tinamous (Tinamidae) are by far the most speciose extant palaeognath clade, and oc-
cupy a wide range of habitats in Central and South America [14]. The clade is divided into
two major subclades, the forest-adapted Tinaminae which contains 29 species in the genera
Tinamus, Crypturellus, and Nothocercus, and the open and arid habitat-dwelling Nothurinae,
with 17 species in the genera Taoniscus, Nothura, Nothoprocta, Rhynchotus, Eudromia, and
Tinamotis [14,42,271,272]. Like many ground-dwelling birds, tinamous have short wings
relative to their body size which results in high wing loading [273]. High wing loading is
associated with rapid flight but makes flight energetically costly [273], therefore tinamous
tend to escape from threats on foot unless flight is necessary [61]. The pectoral muscles in
tinamids are enormous relative to their body size, and allow for rapid takeoff to escape
potential predators [273,274].

2.3.1. Rheid Fossil Record

The oldest named ratite, Diogenornis fragilis, provides a key minimum-bound age
estimate for the evolution of larger body size and flightlessness among palaeognaths.
The type specimen was found in the middle-late Paleocene of Itaborai, Brazil and consists of
limb bones, vertebrae, and the tip of a premaxilla deriving from several individuals [76,275].
The precise age of the Itaborai fauna has been subject to debate, and an early Eocene age has
also been suggested [276]. However, the distal end of a right tibiotarsus missing most of its
lateral condyle from the even older middle Paleocene Rio Chico Formation of Argentina was
also referred to this genus [277]. It was about two-thirds the size of the Greater Rhea, and its
wings were less reduced [77]. For biogeographical reasons, Diogenornis is often presumed
to be a stem rheiform [77,275]. However, Alvarenga [278] reported casuariid affinities for
Diogenornis, and [277] also noted dissimilarities between the referred tibiotarsus and those
of rheids. The cranial end of the medial condyle in medial view is larger and projects further
distally than the caudal portion, which optimizes as a synapomorphy of casuariids [5,29].
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While we consider it unlikely that Diogenornis represents a casuariiform, the phylogenetic
affinities of these fossils remain somewhat uncertain. We conservatively treat D. fragilis as a

total-clade rheid (Figure 7, Table 4). Another possible Paleogene rheid is represented by
pedal phalanges from the middle Paleocene of Patagonia [279].
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Other apparent ratite fossils from South America whose relations to modern palaeog-
naths are unclear are an incomplete right tibiotarsus from the middle Paleocene Koluel
Kaike Formation of Argentina [277], a pedal phalanx from a poorly dated portion of the
Sarmiento Formation that could be anywhere between middle Eocene and early Miocene
in age [283], and a distal end of a tibiotarsus from the late Miocene of Patagonia [277].
By the late Miocene there was a marked increase in aridity across the continent, in contrast
with the paratropical and warm temperate forests that stretched all the way south into
Patagonia before this time [307]. Agnolin [277] puts forth the idea that this environmental
change could have led to the extinction of hypothetical forest-adapted non-rheid ratites in
South America, while favouring the open-habitat adapted rheids. Due to the high degree
of anatomical homoplasy among the various ratite lineages, we may never know the true
affinities of Diogenornis and these other unnamed ratite-like fossils with certainty, and can
only hope that further fossil material will be found that can shed light on their proper
phylogenetic placement and ecological habits.

Eocene bird records from South America are unfortunately rare in general [308].
The next oldest rheid fossils are significantly younger, dating from the Miocene (Figure 7,
Table 4). Pterocnemia mesopotamica was found in the late Miocene of the Mesopotamia region
of Argentina [295], and an isolated tarsometatarsus referred to Pterocnemia cf. mesopotamica
could extend the temporal range of this species back to the middle Miocene [295].
Opisthodactylus kirchneri, another rheid from the late Miocene, was described on the basis
of a right femur, a right and left tibiotarsus, left and right tarsometatarsi, and pedal pha-
langes [303]. The robust rheid Hinasuri nehuensis is known from a single left femur from
the early Pliocene of Buenos Aires province, Argentina [309]. Extant rheid species appear
in the Pleistocene, with Rhea anchorenensis [310] and Rhea pampeana [311] of the Pleistocene
of Argentina reassigned to the extant Greater Rhea (Rhea americana) [312,313].

2.3.2. Tinamid Fossil Record

The oldest fossils belonging to crown group Tinamidae appear in the early Miocene
Pinturas and Santa Cruz Formations of southern Patagonia (Figure 7, Table 5) [314-316].
This apparently abrupt appearance is most likely an artefact of the region’s limited Eocene
record. Molecular divergence time estimates suggest that the origin of crown Tinami-
dae occurred in the late Eocene or early Oligocene, concurrent with large-scale cooling
and the emergence of open habitat in South America that led to turnover of the region’s
mammalian fauna [42,317]. Most of these early Miocene fossils are fragmentary and can-
not be identified at a generic level, though phylogenetic analyses placed them within
the open habitat-specialised tinamid subclade Nothurinae [42,315]. A left humerus from
the Santa Cruz Formation was described as a new species, Crypturellus reai (Crypturellus
is an extant genus within the tinamid subclade Tinaminae, which is sister to Nothuri-
nae [316]). Fragmentary remains from the late Miocene were assigned to the extant
genera Eudromia and Nothoprocta [300], both of which belong to Nothurinae. Only two
species have been assigned to genera that are no longer extant: Roveretornis intermedius and
Tinamisornis parvulus, both from the early Pliocene Monte Hermoso Formation [306,318],
and Tinamisornis was later referred to the extant genus Eudromia [319]. The extinct Eudromia
olsoni was also described from the same formation [320], and Nothura parvula was found
alongside the extant Nothura darwinii and Eudromia elegans in the late Pliocene Chapad-
malal Formation [308,321,322]. More recently, Nothura parvula was placed as sister to a
Nothura + Taoniscus + Rynchotus + Nothoprocta clade [42]. As-yet undiscovered representa-
tives of the Tinamidae stem group, which will likely be Eocene in age, are sorely needed
to better understand the evolutionary history of this group, and whether the ancestors of
crown tinamids were adapted for flight styles other than the highly specialized burst flight
seen in tinamous today.

84



Diversity 2022, 14, 105

[80¢] @8uerdaq

HUIMADY VANYJON

ue Issnquie ‘vinavd vinyjo $0¢] Te 30 ‘sdureyoss UBTZUdDET, eunuRsLy uonewIo
P quieL dTN ! HON - [70€] T 1sed d QUDOT[J 97¢¥[ ‘odurroxd d
[¥z¢] esaroN ds voipng [ez€] T1e 18 “reysteN -uespuey ’ ) e[ewrpede
3 d p 1e 32 “I1ey I [erewpedey)
: SaITY souang
pue 1ssnqurey, ‘SUpSala viospng
snnaivd
[S0€] Te 38 ‘TuIssewio], SIUAOSIUUDULT, euruaSty vonewIOg
[ozg] uuor, ‘SmpauLIaul [G0€] ‘Te 38 ‘TuIssewo],
NDVIN : : : ) ueapuey auador[J A[red ‘ouraoxd 0SOULISL]
pue 1ssnquie], swioga4000y  ‘[H0¢] ‘Te 30 ‘sdureyosaq
y SaITy souang dJUOIN
‘[81¢€] qroxpoig ‘supdaja o viospng
110510 vruoipng
. [66¢] Te 30 ‘1Z19A euguadry
[00€] 'Te 30 ‘0zIUa) mA\ZDEU \.Mmmnwwc%é [867] oATRIUOIN URIUISSSA SUADOIIA 93e[ ‘gduraoxd Nwﬂmmwwm
LIN Hioipng pue ouspI1a) edweJ e mzv 2
[062] Te 3 ‘ounmd
[91€] ToTPUEYD HNINV 1opur “ds 3o \.M%N__ ..w M . mmmmwm eUNUL3IY R
‘[c1€] addeny> ‘NDOVIA ‘u93 aeprureur], .Awwm H ﬁ o BM Wmm._m ueredping SUADOTN AJTED ‘oduraoxd o Ec%
pue 1[[9119g NN “wau snjjaanidhiiD ’ n\wcmwﬂﬁ coﬂwwymmi ZniD) ejueg 2 S
pue [Teysie|n
[c1e] adden 1oput “ds 32 ‘Te 30 “o13ea uereSpimn QURDOTIA] AT1ED MMWMMM“M\ UORPUIOA eorauy
pue E1og NOVIN a8 seprureur] [£82] Te 30 "S[sealq [esiping AL AT o semuLg yinog
jun
ERICIEIEN | suonnIIsuy exe], ERNEREIEN VY adeig ypodg uone’o] (1801095 juduUnUO))

“PI02d1 [1SSOJ prureut], *g a[qelr,

85



Diversity 2022, 14, 105

2.4. Australian Ratites: Casuariiformes

Both the cursorial emu and the graviportal cassowary belong to the family-level clade
Casuariidae [325]. The Emu Dromaius novaehollandiae is the only member of its genus,
with the recently extinct dwarf Kangaroo Island Emu D. baudinianus [326], King Island
Emu D. minor [327], and Tasmanian Emu D. diemenensis [328] now considered to be sub-
species of D. novaehollandiae [329-331]. Emu are found across most of continental Australia,
with the exception of areas of sandy desert and dense forest [332]. Cassowaries have an
extremely distinctive appearance, with a casque on the head and wattles on the neck. Un-
like Emu, cassowaries typically inhabit dense rainforest habitats. Three cassowary species
are currently accepted: the Southern Cassowary Casuarius casuarius, the Dwarf Cassowary
Casuarius bennetti, and the Northern Cassowary Casuarius unappendiculatus [66]. All three
species inhabit the island of New Guinea, and the Southern Cassowary’s range extends into
northeastern Queensland, Australia, and some adjacent islands. No casuariiform fossils are
known before the Late Oligocene [333], and thus far there is no indication that any other
palaeognath lineage has ever been present in Australia (Figure 7, Table 6).
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One of these earlyfossil Casuariiformes, Emuarius gidju [337], had a temporal range
spanning from approximately 24 Ma to 15 Ma and is known from a large number of
specimens [341]. E. gidju was first described on the basis of a distal tibiotarsus, proximal
tarsometatarsus and shaft, and a complete pes from the Lake Ngapakaldi Leaf Locality of
the Wipajiri Formation in South Australia [336]. Two more specimens were found in late
Miocene deposits in Alcoota, Northern Territory [336,356], and even more from formations
spanning the late Oligocene to early late Miocene of Riversleigh, Queensland [337,340].
The genus Emuarius differs from Dromaius in its retention of a cassowary like-femur, while
the tibiotarsus and tarsometatarsus have cursorial modifications and are emu-like [337,340].
The pedal phalanges are of an intermediate morphology between the extant emu and
cassowary, being more dorsoventrally compressed than those of cassowaries but less than
those of emu [337,341]. This taxon is frequently used to calibrate molecular divergence
dates between Casuarius and Dromaius, and a phylogenetic analysis of morphological
characters provided robust confirmation for E. gidju and Dromaius being sister taxa [341].
The derived tibiotarsus and tarsometatarsus of Emuarius and Dromaius likely evolved after
the emu-cassowary split as the emu lineage began to evolve towards a more cursorial mode
of life [337,341]. The humerus is less reduced than in Dromaius, which may represent the
plesiomorphic state of a bird less removed in time from its volant ancestors than extant Emu
and cassowaries are [341]. E. gidju was smaller than the extant D. novachollandiae, with an
estimated weight of 19-21 kg [340] compared with 30-55 kg in emus [332]. Smaller orbits
than Dromaius indicates Emuarius had smaller eyes relative to its skull, and this feature
combined with the limited extent of its cursorial specialisations have been interpreted as
being representative of the less open habitats present in Australia before the continent
underwent extensive aridification beginning in the latter half of the Miocene [341,357].

Emuarius guljaruba, from the 24.1 Ma late Oligocene Etadunna Formation [333-336],
is known from a single complete left tarsometatarsus [333]. It is larger than E. gidju
and most likely a separate species, but its allocation to Emuarius remains provisional be-
cause no femur has yet been discovered. The extant genus Dromaius first appears in the
middle Miocene Camfield beds of the Northern Territory [336,343]. Dromaius arleyekweke
from the late Miocene Waite Formation in the Alcoota scientific reserve, Northern Ter-
ritory [358] is the oldest named species in this genus. Small and gracile, it is notable
in that it exhibits extreme cursorial adaptation, with the tarsometatarsus even more
elongated than in D. novaehollandiae [358]. It was a small emu, with an estimated body
mass based on tibiotarsus least shaft circumference using the algorithm of Campbell and
Marcus [359] between 16 and 17.2 kg [358]. Derived features including a distally flat-
tened external condyle of the distal tibiotarsus, the elongated tarsometatarsus, a reduced
trochlea metatarsi Il as compared with trochlea metatarsi IV, and a shallow median sul-
cus of the distal trochlea metatarsi II indicate a close affinity with Dromaius rather than
Emuarius [358]. The oldest occurrence of the extant Dromaius novachollandiae is in the early
to middle Pliocene-aged Chinchilla Sands of Queensland [336,346,347]. Another species,
Dromaius ocypus, is known from a tarsometatarsus from the Pliocene Tirari Formation of
Lake Palankarinna, South Australia [349]. D. arleyekweke was found as the sister taxon
of D. ocypus and D. novaehollandiae [358]. With D. ocypus interpreted as less cursorial than
either D. arleyekweke or D. novaehollandiae, this relationship implies an independent acqui-
sition of cursoriality in D. arleyekweke or a loss in D. ocypus, which may complicate the
traditional view of emu evolutionary history as having involved a trend towards increasing
cursorial specialisation [358].

The cassowary fossil record is very poor, likely owing to the clade’s preference for
tropical forest habitats in which fossils are unlikely to form or be found. Phalanges found
from the late Pliocene-aged Otibanda Formation of Papua New Guinea most closely match
the extant C. bennetti in size but do not appear similar enough to justify being considered
conspecific [351]. Casuarius lydekkeri [353] is known from a distal right tibiotarsus that
is likely Pleistocene in age. The provenance of this fossil is debated [355], and may be
from Darling Downs, Queensland based on its preservation [331,341]. Worthy, et al. [341]
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assessed the C. lydekkeri type material and concluded that its placement within Casuarius
is likely correct, but there are significant differences between it and the extant C. bennetti
and C. casuarius. A partial skeleton from swamp deposits dating to the late Pleistocene of
Pureni, Papua New Guinea was assigned to C. lydekkeri, and it was noted to be smaller
than any extant cassowary, with a more gracile femur [355]. Unfortunately, no elements
from this specimen overlap with those from the Otibanda Formation specimen [355], so the
relationship between the only known fossil cassowaries remains a mystery. Naish and
Perron [360] speculated that crown cassowaries may be a relatively young clade that
evolved in post-Pliocene Australia, with movement into New Guinea occurring during the
Pleistocene with the appearance of land bridges between the two landmasses. Of course,
this scenario will remain purely speculative until more of these elusive fossils come to light.

2.5. New Zealand Ratites: Apterygiformes and Dinornithiformes

Until just a few centuries ago, New Zealand hosted two ratite lineages: Apterygiformes
(kiwi) and Dinornithiformes (moa). Without mammalian competition, kiwi and moa filled
the niches of small terrestrial insectivorous and large browsing mammals respectively.
Five extant species of kiwi (Apterygidae) are currently recognized, all in the same genus:
the Southern Brown Kiwi Apteryx australis, the North Island Brown Kiwi Apteryx mantelli,
the Great Spotted Kiwi Apteryx haastii, the Little Spotted Kiwi Apteryx owenii, and the
Okarito Brown Kiwi Apteryx rowi [10]. Convergence between kiwi and small ground
mammals is often noted, and is indeed remarkable [361]: kiwi are relatively small-bodied
and nocturnal, with hair-like plumage and a superb sense of smell that compensates for
their poor vision. Their long bills are used to probe the soil and leaf litter for invertebrates.
Their eggs, which are the largest relative to body size of any bird, are laid in burrows [10].
Additionally, they are unique in that they are the only known crown birds with two
functioning ovaries [362]. All five species face serious threats from introduced mammalian
predators, and introduction of kiwi to predator-free offshore islands has been key to their
continued survival [363]. Because of their sedentary nature, substantial local diversity
exists, and a study examining thousands of mtDNA loci found 16 to 17 genetically distinct
lineages within the five extant kiwi species [364].

Moa took the trend of forelimb reduction in flightless birds to the furthest possible
extreme by losing the forelimbs entirely. There is no indication of a humeral articular
facet on the scapulocoracoid, which itself is highly reduced and, along with the sternum,
is the only vestige of the pectoral girdle [77]. A vestigial furcula is present in the genus
Dinornis but is absent in all other moa [77]. Curiously, the forelimb-specific gene tbx5 that is
essential for the induction of forelimb development appears to have been fully functional in
moa, suggesting that other developmental pathways were responsible for the loss of their
wings [365]. The moa clade exhibited an extreme degree of reverse sexual dimorphism
that for some time led to confusion regarding the number of known species-level taxa.
The accepted number of recent taxa based on ancient DNA is nine species in three families:
Dinornithidae, containing Dinornis robustus and Dinornis novaezealandiae, Megalapterygidae
containing the monotypic Megalapteryx didinus, and Emeidae, containing Anomalopteryx
didiformis, Emeus crassus, Euryapteryx curtus, Pachyornis geranoides, Pachyornis elephantopus,
and Pachyornis australis [11]. In the largest-bodied genus, Dinornis, females could be up to
three times larger than males, and it required a study of ancient sex-linked DNA sequences
to reveal that individuals of the previously recognized D. struthoides actually represented
the much smaller males of D. giganteus and D. novaezealandiae [366]. The extinction of
moa is believed to have occurred extremely rapidly, within 200 years of human settlement
approximately 600 years BP [367]. Evidence of their existence remains in New Zealand's
flora, some of which retains anachronistic defenses against browsing by moa [368,369].
Moa coprolites and preserved gizzard contents indicate that they were generalist herbivores,
though some degree of species-specific dietary niche partitioning existed [370].

How and when moa and kiwi arrived in New Zealand is still unknown [371], as un-
fortunately neither group has a clear fossil record from before the Pliocene [372]. Molecular
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phylogenetic evidence generally supports the hypothesis that moa and tinamous are sister
taxa [371], suggesting that moa and kiwi colonised New Zealand and became flightless
independently. Depending on the timing of their arrival, both clades may have been greatly
affected by the Oligocene drowning of New Zealand, which culminated 25 Mya [373,374].
Coincidentally, this time frame appears to have been a key interval for the emergence
of recognizable crown group representatives of other palaeognath clades on different
landmasses (Tables 3-6).

Debates regarding how much of Zealandia was above water during the Oligocene
drowning episode, and how this event impacted the origins of New Zealand’s endemic
flora and fauna continue [375,376]. Cooper and Cooper [377] postulate that only 18% of the
present land area was above sea level during peak inundation as a low-lying archipelago.
Trewick, et al. [376] and Landis, et al. [374] proposed that the islands were inundated
completely, meaning that the entirety of New Zealand’s terrestrial flora and fauna must
have arrived in the past 22 million years. An increasing amount of biological evidence
suggests at least some land must have remained above sea level during this period and has
shifted the consensus against a total inundation [372]. Divergence dating of taxa with poor
dispersal ability including frogs of the genus Leiopelma [378], Craterostigmus centipedes [379],
mite harvestmen [380], and zopherid beetles [381] indicates that taxa within these groups
diverged well before the drowning event, suggesting that all of them would have needed to
independently disperse to New Zealand post-flooding had it been fully submerged. Wallis
and Jorge [382] reviewed 248 published divergence dates between New Zealand lineages
and their closest relatives elsewhere and found evidence for 74 lineages that diverged
before 23 Mya, and of those, 25 lineages dated back before Zealandia split from Australia,
making them of true Gondwanan vicariant origin. Interestingly, they found no evidence
for a spike in extinctions or new arrivals around the time of the transgression. No study
has yet presented unequivocal geological evidence for complete submergence [376,383],
and clastic sediments deposited during the Waitakian stage in the southern Taranaki Basin
suggests a nearby terrestrial sediment source [384].

Cooper and Cooper [377] examined mitochondrial genetic diversity in kiwi, moa,
and acanthisitid wrens and found it to be unusually low compared to other ratites and
other avian taxa, and interpreted this as evidence for a bottleneck effect due to the Oligocene
drowning. They estimated that re-radiation of these endemic New Zealand lineages began
19-24 Mya. Could this be evidence that moa and kiwi survived the drowning in situ
on small islands, or that small volant founding populations arrived afterwards? The
apparent survival through the drowning event by other New Zealand taxa means the
first scenario is certainly possible. If absence of volant non-tinamid palaeognaths after the
middle Eocene is not an artifact of the fossil record, then the ancestral founding populations
that ultimately gave rise to kiwi and moa must have arrived before the drowning of New
Zealand. Ultimately, only new fossil discoveries from before the drowning event are likely
to be able to resolve this question completely.

2.5.1. Apterygid Fossil Record

The oldest kiwi and moa fossils are from the St. Bathans terrestrial vertebrate faunal
assemblage from the early Miocene of St. Bathans, in the central Otago region of the South
Island (Figure 7, Table 7). The site is dated to 19-16 Ma [385,386], and has provided a
rare glimpse at New Zealand’s Neogene fauna just after the drowning of New Zealand.
The earliest known kiwi, Proapteryx micromeros, was described on the basis of a right femur
missing its distal condyles [387]. The only referred specimen is also fragmentary, consisting
of a left quadrate missing the orbital process anterior to the pterygoid condyle and much
of the lateral mandibular condyle [387]. Based on the femur circumference, the estimated
body mass of P. micromeros was between 234.1 and 377 g, making it only slightly larger
than the smallest extant kiwi, A. owenii [387]. If this species is representative of size of
the earliest total-clade apterygids, its size would seem to refute the hypothesis that kiwi
are phyletic dwarfs. The classic explanation for the extremely large eggs of kiwi was that
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kiwi evolved from a large-bodied ancestor, and body size decreased over time while egg
size remained the same [361,388,389]. Instead, it may be more likely to have arisen as a
novel feature related to producing highly precocial young [387,390]. Based on the gracile
shape of the femur, the authors went as far as to propose that P. micromeros may have been
volant, though that hypothesis is impossible to assess on the basis of presently known
fossil material. If P. micromeros was volant, it would represent the only known example of a
volant stem member of an extant ratite lineage, and would indicate that kiwi may have
arrived in New Zealand after the drowning event. Recently, a 1-million-year-old kiwi fossil
from the North Island [391] was identified as a new species Apteryx littoralis [392]. No other
fossils of intermediate age are yet known between the St. Bathans fauna and the Holocene,
making it difficult to trace the origins of crown kiwi.
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Thus far, the only molecular studies that sample multiple Apteryx species yield alterna-
tive estimates of the timescale over which species-level diversification within Apteryx took
place. Using concatenated sequences of nuclear and mitochondrial DNA, Grealy, et al. [41]
estimated that Apteryx mantelli diverged from other kiwi approximately 13 MYA, whereas
A. haastii and A. owenii diverged at about 4 MYA. The phylogenomic time tree produced by
Yonezawa, et al. [49] included nuclear and mitochondrial sequences from all five extant
kiwi species, and is in agreement with those divergence time estimates, inferring an origin
of crown group kiwi at approximately 12 MYA. By contrast, Weir, et al. [364] inferred a
much younger origin of the kiwi crown group at 3.85 MYA using mitochondrial DNA from
a large sample of individuals. This was interpreted as evidence that the kiwi radiation
coincided with the last glacial period when populations were isolated in glacial refugia,
particularly those on the South Island [364].

2.5.2. Dinornithid Fossil Record

The St. Bathans fauna also provides a window into moa evolution (Figure 7, Table 8),
though the moa fossils known from this locality are even more fragmentary than those
of kiwi. Eggshell fragments found at the site suggest at least two species of moa were
present [372,394,395]. Several large avian bone fragments have been found, including one
that was identified as a portion of the proximal shaft of a right tibiotarsus [395]. Other
large New Zealand landbirds such as flightless adzebills and giant geese existed at the time,
but the fibular and outer cnemial crests are separated further on this tibiotarsus fragment
than they would be in those groups, and instead resemble those of palaeognaths most
closely [395]. One can only hope that the St. Bathans site yields bones that can be more
conclusively identified as belonging to early representatives of the moa lineage. Many late
Pleistocene-Holocene moa fossils are known [391,396], but Pliocene-Pleistocene moa fossils
are much scarcer, and very few are known from before the Otira glaciation event which
began ~75,000 years ago [397]. A tibiotarsus assigned to Euryapteryx was found in marine
mudstone reported to be Pliocene in age [397], and Dinornis was present on the North
Island at least two million years ago [397]. A tibiotarsus and tarsometatarsus fragments
belonging to Anomalopteryx didiformis were found in a clay bed below a basalt [398], and if
they are indeed older than the basalt and not fissure-fill, they would be about 2.5 million
years old [397].
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As with kiwi, molecular time trees have yielded divergent hypotheses regarding the
timing of the moa radiation. Bunce, et al. [11] found evidence for the radiation being
relatively recent. The deepest divergence (between Megalapterygidae and the remaining
family-level moa taxa) was estimated at 5.8 MYA, within the same time frame as rapid
mountain formation on the South Island during the Miocene-Pliocene [11]. Indeed, the up-
lift of the Southern Alps would have led to greater habitat diversity [403], and may have
spurred the diversification of moa. Interestingly, Haddrath and Baker [38] placed this
earliest moa divergence much earlier, at 19 MYA, which roughly coincides with the end of
the Oligocene drowning event. Regardless of when the earliest phylogenetic divergence
within the moa clade occurred, the fossil record suggests moa crossed onto the North Island
via a land bridge 1.5-2 million years ago, which may have led to even greater species
diversity as the land bridge reappeared and disappeared during Pleistocene glacial cy-
cles [11]. Whether kiwi were similarly restricted to the South Island before the Pleistocene
is unknown, and more fossils from sediments of intermediate age between the Miocene
and Pleistocene are needed to make any further advances.

2.6. Malagasy Ratites: Aepyornithiformes

Extremely little is known of the evolutionary history of Madagascar’s giant elephant
birds. The island’s Cenozoic terrestrial vertebrate record is notoriously poor, and thus far all
fossil finds are restricted to the last 80,000 years [404—406]. What little we do know comes
from subfossil bones and eggshells, the latter of which are extremely abundant in some
areas. Detailed records of late Pleistocene and Holocene aepyornithid subfossils are beyond
the scope of this paper, but can be found in Angst and Buffetaut [407]. Isotopic analysis of
eggshells from southern Madagascar reveals that the birds that laid them mainly browsed
on non-succulent trees and shrubs [408], some of which retain anachronistic defenses
against ratite browsing similar to plants in New Zealand [369]. Palaeoneurological evidence
shows that elephant birds had extremely reduced optic lobes, presumably associated with
a predominantly nocturnal or crepuscular lifestyle [409].

Even the number of elephant bird species that existed into the Holocene is not known
with certainty. Morphometric analysis of subfossil limb bones by Hansford and Turvey [12]
recovered evidence for four species-level taxa: Mullerornis modestus, Aepyornis hildebrandti,
Aepyornis maximus, and the heaviest bird ever discovered, Vorombe titan. M. modestus, A.
maximus, and V. titan were found to be sympatrically distributed across much of Madagascar,
while A. hildebrandti was restricted to the central highlands [12]. Molecular studies are
needed to evaluate this morphology-based taxonomic scheme, as well as additional fossil
collecting in other regions of Madagascar, as most known specimens come from the south of
the island and the central highlands [12]. Nuclear and mitochondrial DNA recovered from
eggshells suggested that Aepyornis and Mullerornis diverged approximately 27.6 MYA [41].
A divergence at 3.3 MYA between A. hildebrandti and A. maximus had previously been
estimated [45]. The third genus found by Hansford and Turvey [12] appears not to have
been sampled, highlighting the need to extract aDNA from additional eggshells and
subfossil specimens.

Unraveling the decline and eventual demise of elephant birds in Madagascar is less
straightforward than for moa, which went extinct within a brief window of time following
human arrival in New Zealand [367]. Debate as to how long humans have been present on
Madagascar, and thus for how long they coexisted with the island’s endemic megafauna,
is ongoing. Based on rare findings of stone tools and butcher marks on elephant bird bones,
humans may have arrived early, between 10,000 and 4000 years BP [410,411]. Some an-
thropologists advocate a more recent arrival, between 1600 and 1000 BP [412], while an
intermediate arrival time between 2000 and 1600 BP is supported by *C data associated
with human activity [413]. If humans and elephant birds indeed coexisted for a long
period of time, their extinction cannot be easily attributed to the rapid overkill of a naive
population as with moa [411,414]. Instead, a more complex scenario for the extinction of
the Malagasy megaherbivores, which also included giant lemurs and tortoises, as well as
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dwarf hippopotami, has been proposed. Instead of overhunting, the key factor in their
decline may have been the introduction of livestock such as Zebu cattle and a shift towards
pastoralism. The introduction of large herbivores by humans coincides with the time frame
of Malagasy megafaunal extinction, and under this scenario a combination of resource
competition with introduced herbivores, alteration of the landscape by humans to suit
the needs of livestock, and increased bushmeat hunting due to the expanding human
population could have led to the demise of the Malagasy megafauna [414]. Whatever the
direct cause or causes, the extinction of Aepyornithidae occurred roughly 1000 years BP
according to radiometric data [415], concurrent with the drastic decline and extinction of
the remainder of the endemic megafauna of the island [416], though some colonial records
suggest they may have survived in isolated areas into the 17th century [407,417].

2.7. Antarctic Ratites

Antarctica was once a very different place from the frozen continent we recognize
today. The formation of a continental ice sheet did not occur until the Eocene—Oligocene
boundary [418]. Up until this time, the continent boasted thriving flora and fauna that
were isolated from large mammalian predators—an ideal environment for flightless birds
to evolve. Palynological records from sediment cores dated to 53.6-51.9 MYA from the
eastern Antarctic Wilkes Land coast reveal that a diverse paratropical rainforest with
frost-free winters existed during the early Eocene climatic optimum [419,420]. Sparse
pollen from more cold-tolerant trees such as Nothofagus (southern beech) and Araucaria
(“monkey puzzle”) trees suggest temperate rainforests further inland [419,420]. By the
middle Eocene, cores from 49.3—46 MYA indicate species diversity had decreased [420]
and that cool temperate Nothofagus-dominated forests had taken over [419,420]. As a point
of comparison, petrified wood samples from King George island in the South Shetland
Islands aged 49-43 MYA (Middle Eocene) indicate a forest similar in composition to the
cold temperate Valdivian rainforest of Chile [421], which is not dissimilar to the temperate
rain forests of New Zealand that moa once inhabited.

There is fossil evidence of large terrestrial birds in Antarctica during this time, but they
are too fragmentary to allow firm diagnoses (Table 9). A distal fragment of a right tar-
sometatarsus purported to be a ratite was found in the middle Eocene of the La Meseta
Formation of Seymour Island, just off the Antarctic peninsula [422]. Unfortunately, there
is no evidence for its ratite affinities other than its large size. Its unusually large trochlea
for the second toe is different from that of all other known ratites [76], and it bears consid-
eration that misattribution of large bones to ratites is not uncommon [423]. An anterior
part of a premaxilla originally attributed to a phorusrhacid, also from the La Meseta Forma-
tion [424-428], was recently suggested to belong to a palaeognath [429,430]. The presence
of ratites on Seymour Island would not be surprising given the environmental conditions
at the time, as evidenced by abundant petrified conifer wood from the La Meseta Forma-
tion [431]. Confirmation of their existence will have to await more complete specimens,
but remains a tantalizing possibility.
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The majority of Cenozoic Antarctic bird fossils belong to penguins and other ma-
rine birds, but Seymour Island was also host to a thriving terrestrial fauna during the
Eocene. The stem falconid Antarctoboenus carlinii [433,434] was named from a distal end
of tarsometatarsus from the early Eocene portion of the La Meseta Formation [430]. Small
mammals were abundant, and included the extinct and highly enigmatic sudamericid
gondwanatheres [435,436] as well as didelphimorphid, polydolopimorphid, and micro-
biotheriid marsupials [436-440]. Seymour Island also hosted South American meridi-
ungulates [436,441-445], and a large sparnotheriodont with an estimated body mass of
395440 kg [446] indicates the ecosystem was fully capable of sustaining large herbivores.
The presence of meridiungulates also indicates that overland dispersal from South America
was possible, and there is no reason why South American ratites could not have made the
journey as well. The Drake passage between South America and the Antarctic Peninsula
did not begin to open until approximately 41 Ma [447], meaning these faunas lived dur-
ing an era where biotic interchange was possible. Such interchange with Australia was
also hypothetically possible for a brief window during the Paleocene and early Eocene,
as dinocyst assemblages indicate the flow of ocean water across the Tasman gateway by
5049 Ma [448]. It is also possible for a unique ratite lineage to have arisen on Antarctica,
though—as with all other ideas regarding Antarctic palaeognaths—this will remain highly
speculative until more fossils are recovered. Regardless of whether the Antarctic terrestrial
fauna included ratites, the complete glaciation of the continent in the Oligocene would
have doomed them to extinction.

3. Molecular Phylogenetic Hypotheses of Palaeognath Interrelationships

Interpreting phylogenetic relationships among extant and fossil palaeognaths was
historically challenging due to morphological homoplasy, and although molecular phy-
logenetic approaches have yielded some consensus on palaeognath interrelationships,
areas of disagreement remain. Thus far, all recent molecular phylogenetic studies of
palaeognaths have recovered ostriches as the sister taxon to the rest of the clade, yielding
congruent support for a reciprocally monophyletic clade called Notopalaeognathae com-
prising rheas, tinamous, kiwi, moa, and elephant birds [36—41,44—46,48-50,54-58,449,450].
Limited morphological evidence has also been found in support of a monophyletic No-
topalaeognathae [33,77]. In addition, all molecular phylogenetic studies investigating
ancient DNA from palaeognath subfossils have strongly supported elephant birds as sister
to kiwi [41,45,46,49,57], and tinamous as sister to moa [38,40,41,44-46,49,50,57].

The internal relationships of Notopalaeognathae remain controversial, particularly in
regard to the position of rheids. The internal branches at the base of Notopalaeognathae
appear to be very short, indicating that the clade may have undergone relatively rapid
diversification early in its history, which may have led to incomplete lineage sorting and
limited phylogenetically informative character acquisition along deep internodes [38,39,56].
This may have pushed Notopalaeognathae into an empirical anomaly zone in which the
most common gene trees from molecular phylogenetic analyses do not match the species
tree [56]. Rheids are most often recovered in one of two phylogenetic positions:

1. As the sister taxon of the remaining notopalaeognaths [36,37,39,41,42,44-46,48,49,54-56],
though this position is generally weakly supported (Figure 10) [41,44,49].

2. Assister to a casuariid + apterygid + aepyornithid clade (“Novaeratitae”) [38,43,48 50,56-58 450]
(Figure 11). Several alternative topologies in addition to these have been recovered that
place rheas sister to the tinamid-dinornithid clade [37,39,449] or sister to casuariids [38].
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Figure 10. A summary of recent molecular phylogenetic studies that recover Rheidae as sister to
the remaining notopalaeognaths. Extinct clades are indicated by *. (a) Smith, et al. [39] primary
concordance and total evidence tree. (b) Prum, et al. [48] concatenated dataset; Kuhl, et al. [54].
(c) Hackett, et al. [36]; Harshman, et al. [37] maximum likelihood and Bayesian tree; Claramunt and
Cracraft [55]. (d) Phillips, et al. [44]; Cloutier, et al. [56] concatenated dataset. (e) Mitchell, et al. [45];
Grealy, et al. [41]; Yonezawa, et al. [49], Urantéwka, et al. [46], Almeida, et al. [42].
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Figure 11. A summary of recent molecular phylogenetic studies that do not recover Rheidae as
sister to the remaining notopalaeognaths. Extinct clades are indicated by t. (a) Kimball, et al. [450].
(b) Prum, et al. [48] binned ASTRAL analysis; Reddy, et al. [58]; Sackton, et al. [50]; Feng, et al. [43]
maximum likelihood analysis of avian growth hormone gene copies. (¢) Haddrath and Baker [38]
10 and 27 gene concatenated dataset, 27 gene consensus tree; Baker, et al. [40]; Cloutier, et al. [56] total
evidence consensus tree. (d) Haddrath and Baker [38] 10 gene consensus tree. (e) Smith, et al. [39]
maximum likelihood reanalysis of Phillips, et al. [44]; (f) Harshman, et al. [37] maximum parsimony
and RY coded maximum likelihood analysis; Wang, et al. [449]; (g) Smith, et al. [39] using 40 loci.

Determining why these discrepancies exist could be key to finally resolving the inter-
nal branching order of Notopalaeognathae. In their attempt to address this question using
genome-wide datasets of conserved nonexonic elements, introns, and ultraconserved ele-
ments, Cloutier, et al. [56] found that the consensus species tree building methods MP-EST
and ASTRAL-II placed rheids sister to the casuariid-apterygid-aepyornithid clade with max-
imal bootstrap support from MP-EST for all three datasets. Their concatenated supermatrix
dataset recovered rheids as sister to all other notopalaeognaths, but with weaker statistical
support. In general, concatenated analyses have often yielded different results to consensus
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tree building methods regarding the interrelationships of Notopalaeognathae, with concate-
nated data more frequently recovering rheids as sister to all other notopalaeognaths [56].
Sackton, et al. [50] found similar results and claim that their genome-wide approach is
more robust to incomplete lineage sorting than concatenation, which is what leads to dis-
crepancies between studies. “Novaeratitae”, a proposed clade that places casuariids sister
to an elephant bird + kiwi clade, received high bootstrap support when mitochondrial and
genomic data were combined but not when each were analysed individually [41]. In order
to finally resolve the messy internal relationships of notopalaeognaths, a greater number of
faster-evolving retrotransposons and introns may need to be analysed [41], and the models
of sequence evolution employed must fit the type of genomic data being investigated [58].

Molecular Divergence Time Estimates

The vast majority of molecular divergence time analyses have recovered an estimate
for the palaeognath-neognath divergence in the Cretaceous Period, preceding the K-Pg
extinction event (e.g., [38,41,42,44,45,47-49,54,55,449]), an estimate that is consistent with
the known (yet sparse) fossil record of Mesozoic neornithines [72]. However, estimates of
the age of the neornithine root vary enormously, ranging from 131 Ma [38] to 63.2 Ma [42].
Importantly, the oldest published divergence time estimates do not invalidate Gondwanan
vicariance as a potential driver of crown palaeognath divergences [38]. The enormous
temporal breadth of deep neornithine divergence time estimates have stimulated discussion
about the role of model misspecification in driving erroneously ancient divergence time
estimates [451]. Hypothesized selection for reduced body size across the end-Cretaceous
mass extinction event could have transiently increased molecular substitution rates along
the deepest branches within neornithine phylogeny, which would be expected to drive
overestimates of node ages around the neornithine root [452]. Indeed, simulations suggest
that 40 million years” worth of age disparity for the neornithine root node can plausibly
be explained by the effect of body size on nucleotide substitution rates [452]. Importantly,
the palaeognath stem lineage is inferred to have exhibited high nucleotide substitution
rates, consistent with ancestral palaeognaths having been small-bodied (the last common
ancestor of crown palaeognaths was estimated to have weighed approximately 2.9 kg) [452].
With smaller body sizes and shorter generation times than other extant palaeognaths,
tinamous exhibit anomalously high nucleotide substitution rates compared with other
palaeognaths [37,449], which may additionally drive erroneously ancient divergence time
estimates near the neornithine root [45,453].

Lingering uncertainty regarding the phylogenetic divergence times of crown palaeog-
naths complicates attempts to place lithornithids within the broader context of palaeog-
nath evolution. Since most palaeognath divergence time estimates pre-date the earliest
well corroborated lithornithid fossils [41,45,49,449] (with the possible exception of the
~66 million year old isolated scapula from the Hornerstown Formation [63]), the hypoth-
esis that at least some lithornithids represent early stem group representatives of major
palaeognath subclades is temporally viable. However, Prum, et al. [48] estimated the origin
of the palaeognath crown group at 51 Ma, during the Ypresian stage of the early Eocene.
In this temporal scenario, most lithornithid fossils predate the crown palaeognath radiation,
in which case nearly all lithornithids with the exception of those found in the younger
Messel Formation could only represent stem palaeognaths. This relatively young age for
the palaeognath crown group would also imply that early Paleogene remains such as
Diogenornis, Palaeotididae, and the Middle Paleocene fossils identified as belonging to a
stem rheid fall outside the palaeognath crown group.

4. Key Gaps in the Palaeognath Fossil Record
4.1. Cretaceous Stem Palaeognaths
Virtually no examples of Cretaceous stem palaeognaths have yet been identified, de-

spite consensus—on the basis of divergence time estimates as well as the presence of fossil
total-clade neognaths—that they must have existed at this time. This is perhaps the most
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glaring gap in the known palaeognath fossil record, but is perhaps an unsurprising one
given the general scarcity of well-supported Cretaceous neornithines at present. A probable
example of a Cretaceous total-clade neognath is Vegavis iaai, recovered from the late Maas-
trictian of Vega Island, Antarctica [69]. This fossil taxon shows apparent specialisations
for foot-propelled diving, and has been variably placed within Anatoidea [69], as a stem
neognath, or even outside of Neornithes altogether [72,454]. Asteriornis maastrichtensis,
from the Maastrichtian of Belgium, is another probable Cretaceous total-clade neognath.
At 66.7-66.8 million years old, Asteriornis is slightly older than Vegavis, and therefore the
oldest well-corroborated neornithine yet discovered [72]. A relatively small bird (esti-
mated to have weighed roughly 490 grams), Asteriornis was identified as a total-clade
galloanseran [72], although a recent study raised the (weakly supported) hypothesis that
it instead represents a total-clade palaeognath [8]. The presence of probable total-clade
neognaths from before the K-Pg mass extinction, such as Vegavis and Asteriornis, implies
that the palaeognath-neognath split must have occurred even earlier in the Cretaceous
(though, as described above, molecular divergence dates do not agree on the true antiquity
of the basal neornithine phylogenetic divergence).

Longstanding biogeographic hypotheses held that Neornithes originated in Gond-
wana [26,55], partly on the basis that there are far more extant endemic bird clades on the
southern continents of South America, Africa, and Australia than there are on the northern
continents of North America and Eurasia [455]. However, the discovery of Asteriornis
in Europe indicates that deeply diverging crown bird lineages have a long evolutionary
history in the Northern Hemisphere [72]. More broadly, many clades that are currently
restricted to tropical latitudes have fossil stem group representatives in the Paleocene
and Eocene of the Northern Hemisphere (e.g., [70,74,120,124,455-457]), implying far more
widespread geographic distributions early in these clades’ evolutionary histories. Given the
generally dispersive capacity of birds, as well as the fact that hothouse climatic conditions
predominated throughout the early Paleogene and led to the expansion of paratropical
forests into high latitudes, the present-day geographic distributions of many extant tropical
clades may not reliably indicate their ancestral areas of origin [74]. In light of these consid-
erations, determining the most likely fossil localities for revealing the first evidence of a
Cretaceous stem palaeognath is challenging, and it would seem equally probable that an
early palaeognath could derive from Late Cretaceous deposits of either the northern or the
southern hemisphere.

4.2. Stem Group Representatives of Extant Palaeognath Subclades

If contemporary hypotheses of ratite paraphyly and dispersal are accurate, small
volant palaeognaths should have been present on landmasses where extant palaeognaths
are found during the Paleocene or Eocene [45]. However, the timing of each independent
palaeognath transition to large body size and flightlessness is uncertain. Transitions to
complete flightlessness among island-dwelling birds typically necessitate few terrestrial
predators and a food source that does not require flight [458,459]. If these conditions are
met, flightlessness may be advantageous because it allows for energy conservation through
reduction in the size of the pectoral musculature [460]. Indeed, the basal metabolic rates
of flightless rails are lower than those of closely related flighted rails [460]. Given the
right circumstances, transitions to flightlessness and large body size can apparently arise
quite rapidly. The extinct giant flightless Hawaiian goose Branta rhuax is nested within the
Canada Goose Branta canadensis species complex, and its presence on the main island of
Hawai’i means it must have become large and flightless in less than 500,000 years [461].

Most geologically recent transitions to avian flightlessness occurred on oceanic islands
in the absence of predation and competition from terrestrial mammals [458,459]. Were these
conditions met on continents in the wake of the K-Pg mass extinction event, allowing
multiple lineages of ratites to evolve flightlessness and large body sizes before mammalian
predators and competitors could evolve? These conditions appear to have been met on at
least some landmasses, as even 10 million years after the extinction event most mammals

102



Diversity 2022, 14, 105

remained relatively small and unspecialized [462]. The Corral Bluffs site in Colorado
suggests that the mammalian fauna in the immediate aftermath of the K-Pg was dominated
by small omnivores and insectivores [463], and generally there was a dearth of specialized
mammalian carnivores in the early Paleocene [76,464,465]. The makeup of terrestrial
mammalian faunas at the time could well have favoured the evolution of flightlessness
in birds that could obtain food on the ground, and other large flightless Paleogene bird
clades such as Gastornithidae, Phorusrhacidae, and Dromornithidae may have followed
a similar pattern along with ratites [76]. In particular, the lack of placental carnivores
in South America through most of the Cenozoic may have contributed to the diversity
of flightless birds on that continent, which also included Phorusrhacoidea and the giant
anseriform Brontornis [76].

If volant stem group representatives of various palaeognath subclades evolved into
large-bodied, flightless forms during a relatively narrow temporal window in the early
Paleogene, the chances of finding direct fossil evidence of these small-bodied ancestral
forms might be relatively low. Indeed, short internodes near the root of Notopalaeog-
nathae indicate a rapid diversification of palaeognath lineages during the Paleogene [41,56].
However, if some transitions to flightlessness were protracted, the chances of identifying
informative fossils documenting such transitions would be more likely. With their recent
reassignment to total clade Struthionidae, eogruids are a superb example of previous un-
recognised stem group representatives of an extant ratite lineage, though better data on
their wing apparatus are needed in order to assess whether all known taxa were flightless.
If some taxa were volant, Eogruidae could provide an illuminating window into the relative
timing of transitions to cursoriality, large body size, and loss of flight in a ratite lineage.

A further challenging aspect of reconstructing the early evolutionary history of the var-
ious ratite lineages is that, if flightlessness and large body size arose numerous independent
times, confidently assigning a given volant palaeognath fossil from the Paleogene to the cor-
rect palaeognath subclade may prove difficult due to convergence. However, the ongoing
exploration of certain localities may yield further insight into transitions to flightlessness
among certain ratite lineages—for example, additional finds from the St. Bathans fauna
could shed more light on the origins of moa and kiwi, and help elucidate whether the stem
kiwi Proapteryx was indeed small and volant as initially hypothesized [387].

5. Reconstructing the Most Recent Common Ancestor of Palaeognaths

Understanding the nature of the most recent common ancestor (MRCA) of extant palaeog-
naths will reveal much about palaeognath macroevolution, and neornithine macroevolution
more broadly. For instance, insight into the flight apparatus of the crown palaeognath
MRCA will help explain how the geographic distributions of extant palaeognaths arose.
Moreover, stem palaeognaths (along with stem galloanserans and stem neoavians) are
inferred to have survived the end-Cretaceous mass extinction event [41,48,71,72], while
all non-neornithine birds appear to have perished [73]. Strong evidence regarding the
morphology and ecology of early palaeognaths may also help clarify ecological factors
that may have favoured the survivorship of crown birds with respect to non-neornithine
avialans—one of the more contentious questions in contemporary palaeornithology [71,77].
Inevitably, given that the palaeognath-neognath split is the deepest divergence within
crown birds, a better understanding of the nature of the palaeognath MRCA will in turn
shed light on the common ancestral condition of all extant birds. Although much re-
mains to be learned, there are several inferences that can be made regarding the nature of
the most recent common ancestor (MRCA) of palaeognaths based upon the information
currently available.

5.1. The Flight Apparatus of the Crown Palaeognath MRCA

Due to the relaxation of stabilizing selection, significant polymorphism exists in the
wing musculature of ratites [466], complicating attempts to infer features of the ancestral
crown palaeognath wing. As the only extant flighted palaeognaths, tinamids presumably
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provide the best source of data on the muscular anatomy of the wings of early flighted
palaeognaths. Nearly all flight muscles present in neognaths are found in tinamids, with the
exception of the biceps slip [274,467,468]. Extant phylogenetic bracketing [469] therefore
indicates that the same suite of muscles would be expected to be present in both the crown
palaeognath and crown neornithine MRCAs. Of course, tinamids are specialized for burst
flight over relatively short distances, and as such are probably imperfect analogues of the
ancestral crown palaeognaths that must have colonized distant landmasses in the early
Cenozoic [470]. Subsequent losses of dispersal capacity, and the extinction of dispersive an-
cestral lineages, can leave the inaccurate impression that poorly dispersive taxa underwent
oceanic dispersal via stochastic events. For example, the phasianid galliforms Margaroperdix
(Madagascar) and Anurophasis (New Guinea) are poor dispersers, yet are found on isolated
islands [470]. Phylogenomic analyses revealed that these taxa are nested within Coturnix
quails and likely evolved from a dispersive Coturnix-like ancestor. Both taxa apparently
independently evolved towards a non-dispersive partridge-like morphotype, reminiscent
of how the ratite condition appears to have repeatedly evolved in palaeognaths [470].
As discussed in this review, some lithornithids appear to have been reasonably capable
fliers and could provide more accurate insight into the nature of dispersive ancestral
crown palaeognaths.

5.2. Inferred Ecology of the Palaecognath MRCA and K-Pg Survivorship

Non-neornithine avialans thrived throughout the Cretaceous and remained diverse
through the Maastrichtian, before suddenly disappearing at the K-Pg boundary [73]. Un-
til this point, Enantiornithes were the dominant Mesozoic avialan clade with more than
60 known species and a worldwide distribution [471-473]. Why did they become extinct,
while neornithines survived? The answer may be associated with their ecology and habi-
tat preferences. The K-Pg impact was devastating to the world’s forests and resulted in
significant species turnover [71,77,474-478]. Palynology of K-Pg boundary sections across
the globe indicates that ground cover following the impact consisted primarily of ferns.
This “fern spike” is interpreted as evidence of a disaster flora following the destruction of
forests worldwide [71,464,474-476] by widespread fires ignited by the impact and subse-
quent cold and darkness [479,480]. This fern spike persisted for approximately 1000 years,
and closed-canopy forests appear to have remained generally rare during this interval [481].
Indeed, it may have taken as long as 1.4 Ma for floral diversity hotspots to reappear [482].
This widespread habitat destruction would have been a powerful agent of selection against
the mostly arboreal Enantiornithes, though this hypothesis does not explain the extinction
of contemporaneous marine avialans such as Ichthyornithes and Hesperornithes. Instead,
the demise of these marine piscivorous taxa may have been part of a broader collapse
of marine food chains in the aftermath of the Chicxulub impact [77,81,483-486]. Impor-
tantly, ancestral state reconstructions of crown birds predict that the MRCAs of crown
birds and the deepest crown bird subclades (Neornithes, Palaeognathae, Neognathae,
and Neoaves) were all non-arboreal [71]. As such, the ancestors of palaeognaths may have
made it through this mass extinction event partly by virtue of having exhibited terrestrial
non-arboreal lifestyles.

As the most stemward palaeognaths known [49,64], lithornithids provide the best
opportunity to draw fossil-informed inferences about the nature of the crown paleognath
MRCA. Vibrotactile bill tips in Lithornis promiscuus and Paracathartes howardae may have
been associated with probe-feeding in the ground, an interpretation congruent with the
hypothesis of predominant K-Pg survivorship among non-arboreal taxa. A vibrotactile bill
tip organ composed of mechanoreceptors known as Herbst corpuscles embedded within
the bone was hypothesized to be a plesiomorphy of Neornithes by du Toit, et al. [80],
which would support the neornithine MRCA and its immediate descendants as having
been ground-foraging birds. Such organs are found in palaeognathous and neognathous
probe-foragers, enabling them to locate prey buried in substrate through vibration de-
tection [487,488]. In non-probe-foraging palaeognaths, the vibrotactile bill tip organ is
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vestigial [80,489]. The hypothesis that lithornithids and the palaecognath MRCA were
probe-feeders agrees with ideas put forth by Houde [62], who suggested that lithornithids
may have preferred to live near water and probed for food using their long beaks, noting the
similarity of their jaw apparatus to those of kiwi. Additionally, the genus Lithornis appears
to have had relatively large olfactory lobes, similar to olfactory foraging taxa including
Procellariiformes and kiwi [490]. Since ground feeding birds are more likely to become
flightless than arboreal taxa, a volant, non-arboreal, probe-feeding taxon would seem to be
a provide a reasonable expectation for the ecology of the MRCA of crown palaeognaths.

6. Conclusions

Our understanding of palaeognath evolution has progressed markedly over the past
two decades thanks to the development and application of sophisticated molecular phylo-
genetic approaches and the continued interrogation of the fossil record; however, many fun-
damental questions about the origins of extant palaeognath diversity remain unanswered.
The present review affirms that the palaeognath crown group has a reasonably thorough
fossil record from the late Oligocene-early Miocene onwards, with the exception of early
elephant birds and early representatives of the New Zealand ratites, whose fossil record
remains sparse until the Pleistocene [392,397,409]. However, the fossil record still fails to
clearly illuminate how and when independent transitions to large body size and flightless-
ness arose among the multiple lineages of “ratites”. As yet, volant stem members of these ex-
tant flightless clades remain unknown (besides the possible exception of Proapteryx [387]),
leaving the early evolutionary history of crown group palaeognaths shrouded in mystery.
Lithornithids currently provide the best insight into the nature of the earliest total-clade
palaeognaths, and their relatively small size, probable non-arboreal ecology, and appar-
ent capacity for sustained flight may make them useful models for understanding the
nature of avian survivors of the end-Cretaceous mass extinction event. In the coming
years, we anticipate increased consensus on both the evolutionary relationships and age
of Palaeognathae and its major subclades, and hope that such advances are accompanied
by the recognition of new fossil total-group palaeognaths from the Mesozoic and early
Cenozoic. Such advances will be necessary to fill the many gaps in the palaeognath fossil
record identified in this review, and to shed light on the repeated independent origins of
“ratites”—one of the most striking examples of convergent evolution in birds, or indeed
any other vertebrate clade.
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Abstract: Here, we investigate whether bone microanatomy can be used to infer the locomotion mode
(cursorial vs. graviportal) of large terrestrial birds. We also reexamine, or describe for the first time, the
bone histology of several large extant and extinct flightless birds to (i) document the histovariability
between skeletal elements of the hindlimb; (ii) improve our knowledge of the histological diversity
of large flightless birds; (iii) and reassess previous hypotheses pertaining to the growth strategies
of modern palaeognaths. Our results show that large extinct terrestrial birds, inferred as graviportal
based on hindlimb proportions, also have thicker diaphyseal cortices and /or more bony trabeculae in
the medullary region than cursorial birds. We also report for the first time the occurrence of growth
marks (not associated with an outer circumferential layer-OCL) in the cortices of several extant ratites.
These observations support earlier hypotheses that flexible growth patterns can be present in birds
when selection pressures for rapid growth within a single year are absent. We also document the
occurrence of an OCL in several skeletally mature ratites. Here, the high incidence of pathologies
among the modern species is attributed to the fact that these individuals were probably long-lived
Z00 specimens.

Keywords: terrestrial birds; flightless birds; Palaeognathae; bone histology; microanatomy; growth
marks; avian pathologies

1. Introduction

Large flightless birds are represented today by members of the palaeognaths, which
include ostriches, emus, rheas, and cassowaries. Despite having different habitats, body
sizes, and hindlimb proportions, all these birds are considered cursorial, although there is
a continuum between their locomotor styles [1]. Cursoriality refers to the capability of a
terrestrial animal to have sustained running [2—4]. Studies have shown that the degree of
cursoriality is correlated to the relative proportions of the hindlimb elements [5-8], and,
more specifically the length-width ratio (i.e., Lg/Dm) of the tarsometatarsus [9]. Thus,
ostriches, with their long and slender hindlimbs, are the largest but also the fastest-running
living ratites [1], while cassowaries (such as Casuarius casuarius) that are more heavily built
with the shortest and widest tarsometatarsus among extant cursorial birds [9], are also the
slowest runners among their relatives [1]. Birds having a slow-walking type of locomotion
(also often referred to as having “graviportal” locomotion; [9,10]) are represented by large
terrestrial extinct forms [9]. These birds are hypothesized to have been capable of running,
but only at a slow pace and for short durations [11-13]. Among the extinct terrestrial birds,
several groups inferred as “graviportal” (e.g., [9]) are known from the Cenozoic fossil
record, such as the Gastornithidae and Dromornithidae (Neognathae; [9,14-18]), and two
recently extinct ratite clades [19]: the New-Zealand moas (Dinornithiformes, Palaeognathae)
and the Madagascan elephant birds (Aepyornithiformes, Palaeognathae).

However, it is often difficult to infer the locomotion mode of avian fossil specimens
since, more often than not, the osteological material is fragmentary. For example, Storer’s [5]
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method to deduce the locomotory style of extinct birds ideally requires linear measure-
ments of three complete elements of the same hindlimb for a single individual. The model
proposed by Angst et al. [9] also relies on the measurement of complete and undistorted
tarsometatarsi, i.e., the ratio Lg/Dm of the tarsometatarsus is <12 for birds inferred as
“graviportal” and hence, slow walking. However, this element is often incomplete or even
missing in the paleontological collections for many giant fossil terrestrial birds. Thus, it is
often challenging to decipher the locomotion of extinct species using the current available
methods. For example, in the case of Gargantuavis philoinos from the Late Cretaceous of
Europe [10], only the femur is known from its hindlimb, and its locomotion has there-
fore been estimated based on the morphology of its synsacrum [10]. Inferences of the
locomotor habits of Gargantuavis are therefore not directly comparable with the results
drawn for other birds. Another example concerns Remiornis, a large terrestrial bird from
the Upper Palaeocene of France [20], for which only a partial tarsometatarsus, a coracoid,
and a thoracic vertebra are known. Thus, for these common cases of incomplete skeletal
remains of large terrestrial birds, it would be useful to have a different estimation method
of locomotory habits that does not require complete hindlimb elements.

In a comparative and standardized framework, the long limb bone mid-diaphyseal
microanatomy and cross-sectional geometry are known to provide insights into the ecology
and/or locomotor activity (and biomechanical loading) of tetrapods (e.g., [21]). Hence,
several studies reported that cursorial terrestrial animals generally have tubular limb bones,
with open medullary cavities and thicker bone walls than their flying relatives [21-24].
Moreover, a recent study by Houssaye et al. [25] showed that graviportal tetrapods gener-
ally exhibit thicker compact cortices and more trabeculae in the medullary region of the
diaphysis than their cursorial counterparts. However, to date, no comparative study has
been carried out to investigate the relationship between locomotion patterns and hindlimb
bone microanatomy in large flightless birds.

Furthermore, although isolated studies of the limb bone microstructure of ratites and
other Cenozoic terrestrial birds exist, their results have never been considered within a
comparative framework. A notable exception is a study by Legendre et al. [26], where the
authors sampled several large terrestrial birds, including all extant ratite genera, as well as
Dinornithidae and Aepyornithidae. However, in the latter study, the researchers mostly
focused on quantitative histological parameters related to the vascularization pattern and
osteocyte lacunae size and density and did not discuss microanatomical differences between
these animals.

Most Neornithes (modern birds including Palaeognathae and Neognathae), are con-
sidered to have a fast and uninterrupted growth strategy (with deposition of uninterrupted,
well-vascularized fibrolamellar bone tissue (e.g., [27]). Among these birds, skeletal maturity
is achieved in less than a year, as opposed to the discontinuous and prolonged growth
of non-avian dinosaurs and most basal, non-ornithurine birds [27-34]. With the excep-
tion of a few modern species (such as the kiwi; see [35]), growth marks are thus usually
lacking in the cortices of birds, although some closely spaced lines of arrested growth
(LAGs) can sometimes be observed in the avian outer circumferential layer (abbreviated
OCL [36,37]; and equivalent to the fundamental external system observed in tetrapods in
general [30,38—40]). Thus, most extant palaeognaths (basal among modern birds), such as
tinamous, cassowaries, emus, rheas, and ostriches, have been described as lacking growth
marks in their limb bone cortices because they are considered to reach skeletal maturity
within a single year (e.g., [26,28,30,35,41-45]). In addition, previous studies (e.g., [28,29,46])
pointed out that the OCL was poorly developed to absent in extant ratites, such as Struthio
and Casuarius. It appears that kiwis (Apterygidae), the smallest extant ratites endemic to
New Zealand, are the exception in presenting LAGs in their long bone cortices [35], which
led to the deduction that these unique birds experience protracted growth and delayed
sexual maturity. LAGs have also been observed in the cortex of extinct large ratites, such as
some Dinornithidae [26,30,44,45], and Aepyornithidae [18,33,47]. Multiple growth marks
have also been documented in large dromornithids such as Dromornis [15] and Genyor-
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nis [48], suggesting a similar protracted growth for all these giant extinct terrestrial birds.
Finally, such growth marks have been reported in Gargantuavis [32], although its avian
phylogenetic affinities are still debated (e.g., [49-51]).

Protracted growth strategies are also evident in the extinct solitaire of Rodrigues
Pezophaps solitarius [52]. Such extended growth dynamics have been interpreted as a con-
vergent adaptive strategy to unusual environmental factors and insular life where there are
relaxed pressures for rapid growth [33,35,45,53,54]. Finally, in extant neognaths, a single
LAG has been observed in the cortex of a parrot metatarsal [46] and in the limb bones of the
king penguin Aptenodytes patagonicus [55]; the latter having a well-studied, discontinuous
growth during the austral winter, with a fasting period associated with a pause of skeletal
growth [56-58]). Finally, a LAG has also been observed in a tibia of the giant extinct Eocene
bird Gastornis (Diatryma is now considered as synonymous of Gastornis [30,44]).

In this preliminary comparative study, we investigate whether bone microanatomy could
be used to infer the locomotion mode (i.e., cursorial vs. “graviportal”) of large terrestrial birds
as a complement or alternative to previously proposed methods (when the fossil material is
fragmentary). We also describe the bone histology of some extant and extinct large terrestrial
birds, in order to (i) understand the histovariability between the different skeletal elements of
the hindlimb (femur, tibiotarsus, tarsometatarsus); (ii) improve our knowledge of terrestrial
bird bone microstructural diversity; (iii) and reassess previous hypotheses pertaining to the
growth strategies of some palaeognaths.

2. Materials and Methods
2.1. Biological Sample

To assess the inter-elements as well as inter-specific histovariability in large terrestrial
birds, we sampled 47 hindlimb bones (femora, tibiotarsi and tarsometatarsi) of at least
seven extant and extinct bird genera (Table 1).

Our sample encompassed the diversity of the largest extant terrestrial birds repre-
sented by the ratites (Palaeognathae) and included the common ostrich Struthio camelus, the
greater rhea Rhea americana, the emu Dromaius novaehollandiae, and the Southern cassowary
Casuarius casuarius (Table 1). Our (sub)fossil material comprised three different groups
of Cenozoic giant terrestrial birds: (i) limb bones from the recently extinct elephant birds
from Madagascar, Aepyornithidae (Palaeognathae); (ii) limb bones from the giant moas
(Dinornithidae, Palaeognathae) from New Zealand; (iii) and bone fragments from Gastornis
(Neognathae), a giant flightless bird from the Paleocene and Eocene of Europe, North
Africa, and China [14,59].

All the bones sampled in this study were derived from specimens housed in the
collections of paleontology and comparative anatomy of the Muséum National d'Histoire
Naturelle (MNHN, Paris, France). The aepyornithid material was undiagnosed when
we originally sampled it, however, Hansford and Turvey [60] subsequently undertook a
comprehensive taxonomic assessment of all the aepyornithid specimens. In our earlier
study of the aepyornithid bone histology [33], James Hansford assisted with the taxonomic
identification of our aepyornithid material. Thus, our sampled aepyornithid material
(Table 1) comprised of two femora (Ae-fm 2 & 3) that have been identified as belonging to
Aepyornis maximus, while one femur (Ae-fm-1), four tibiotarsi (Ae-tb-1, Ae-tb-5, Ae-tb-6
and Ae-tb-8) and two tarsometatarsi (Ae-tm-1 & 2) are considered to belong to Vorombe
titan. Four tarsometarsi remained undiagnosed because of insufficient data (see [33] for
more details). For the (sub)fossil material of Dinornithidae, identification at the species
level was not possible. Provenance of this material was also not recorded in the catalogues
of the MNHN, and it is likely that some extant specimens were captive zoo individuals.
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2.2. Thin-Section Preparation and Histological Descriptions

When possible, we sampled the mid-diaphyseal complete cross-sections of the main
hindlimb bones involved in terrestrial locomotion: femur, tibiotarsus and tarsometatarsus
(Table 1). In some cases, the (sub)fossil material was either too fragmentary or rare to
acquire complete mid-diaphyseal cross-sections. We thus sampled bone cores at the mid-
diaphyseal level using the technique described in Stein and Sander [61]. This sampling
method leads to the least possible damage to the overall anatomy of skeletal elements and
is frequently used in paleohistological studies (e.g., [62-64]).

Thin sections were prepared at the MNHN (Paris, France) and at the Biological Sci-
ences Department of the University of Cape Town (Cape Town, South Africa) following
standard procedures described in Chinsamy and Raath [65] and Padian and Lamm [39].
The histological descriptions follow the terminology used in Francillon-Vieillot et al. [66]
and Chinsamy-Turan [31].

Note that since the histology of the aepyornithid material has already been comprehen-
sively described by our team [33], we mostly report on its global compactness in this manuscript.

2.3. Simple Linear Measurements and Global Compactness

Each bone was measured and photographed before thin sectioning or core drilling. For
each skeletal element, we measured, when possible, its maximal length (Lg) between the
proximal and distal epiphyses. For comparison with the study of Angst et al. [9], we also
calculated the ratio between the maximal length of the tarsometatarsus and the minimum
shaft diameter (Dm) in dorsal or ventral view (Table 1).

Microanatomical investigations were carried out on a sub-sample of extant and extinct
bird specimens (21 skeletal elements), when complete cross-sections were available (as
shown in Figures 1-10), and the skeletal elements did not show signs of bone pathology
drastically affecting the overall cortical thickness (Table 2). The complete cross-sections
were transformed into binary images to obtain their global compactness values (Comp.)
using Bone Profiler [67]. In some cases (especially sub-fossil specimens), the obtained global
compactness values are underestimated, since some fragile bone trabeculae occupying the
medullary region broke during the sampling process. We also recorded the presence or
absence of bone trabeculae in the mid-diaphyseal region of each sampled element, since
this has been linked to a graviportal adaptation in some large amniotes [25].

Table 2. Bone microanatomical data (on a subsample). The global compactness values were obtained
in Bone Profiler [67]. Abbreviations: Comp., global compactness of the mid-diaphyseal cross-section;
fm, femur; Lg, maximal length of the limb bone; MD, maximal diameter of the section; tb, tibiotarsus;
tm, tarsometatarsus.

Species Locomotion Type Sampling Number MD (mm) Comp. Bone Trabeculae
Casuarius casuarius Cursorial ! Ce-fm-1 29.0 0.395 NO
Dromaius novaehollandiae Cursorial ! Dn-fm-2 32.7 0.389 YES
Dn-tb-2 28.5 0.500 NO
Dn-tm-1 - 0.655 YES
Dn-tm-2 - 0.560 NO
Rhea americana Cursorial ! Ra-fm-1 - 0.656 NO
Ra-fm-2 22.6 0.404 NO
Ra-tb-1 17.0 0.459 NO
Ra-tb-2 21.6 0.644 NO
Ra-tm-1 20.3 0.826 NO
Ra-tm-2 16.5 0.618 NO
Struthio camelus Cursorial ! Sc-fm-1 46.3 0.392 NO
Sc-fm-2 55.1 0.289 YES (broken)
Sc-tb-1 37.2 0.593 NO
Sc-tm-2 28.6 0.702 NO
Aepyornithidae Graviportal 2° Ae-fm-2 96.5 0.512 YES
Ae-fm-3 82.4 0.386 YES
Ae-tb-1 71.6 0.706 YES (broken)
Ae-tm-1 76.7 0.785 YES (broken)
Dinornithidae Graviportal 2 Di-fm-1 55.8 0.741 NO
Di-tb-3 68.5 0.733 YES (broken)

'L 2 9 [13].
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Figure 1. Long bone histology of the Southern cassowary Casuarius casuarius. (A) Mid-diaphyseal
cross-section of the femur Ce-fm-1. (B) Mid-diaphyseal cross-section of the femur Cc-fm-2. Note the
presence of pathological bone tissues on the endosteal and periosteal (red box) margins. (C,D) Close-
ups of the cortex of Cc-fm-1. Most of the cortex is formed of laminar or reticular fibrolamellar bone
tissue. Three to four growth marks are visible in the cortex (arrows). An outer circumferential layer
(OCL) with several closely spaced LAGs (arrowheads) is present in the outermost cortex. (E) Close-up
of the cortex of Cc-fm-1, showing a highly remodeled zone of the cortex, with numerous secondary
osteons. (F) Close-up of the periosteal surface of Cc-fm-2 showing a layer of periosteal pathological
bone tissue (per. PB) overlaying the laminar cortical tissue.
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Figure 2. Long bone histology of the Southern cassowary Casuarius casuarius (continued). (A) Mid-
diaphyseal cross-section of the tibiotarsus Cc-tb-2. (B) Close-up of a region of the cortex of Cc-tb-2,
showing pathological bone tissues on both the periosteal (per. PB) and endosteal (end. PB) margins.
Note that LAGs (arrows) are visible throughout the cortical thickness. (C) Close-up of a region of
the cortex of Cc-tb-2 showing that the primary cortex is composed of a well-vascularized laminar
to reticular fibro-lamellar bone (in polarized light). Three LAGs (arrows) are visible in the outer-
third of the cortex, attesting of an interrupted growth. An OCL containing four closely spaced
LAGs (arrowheads) is visible in the outermost cortex. (D) Close-up of a region of the cortex of
Cc-tb-1, showing endosteal pathological bone tissue (end. PB), as well as at least four LAGs (arrows)
interrupting the reticular fibrolamellar bone tissue of the cortex. (E) Mid-diaphyseal cross-section of
the tarsometatarsus Cc-tm-1. (F) close-up of the framed region in (E), showing endosteal pathological
bone tissue.
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Figure 3. Long bone histology of the common emu Dromaius novaehollandiae. (A) Mid-diaphyseal
cross-section of the femur Dn-fm-2. (B) Close-up of the cortex of Dn-fm-2. Note the numerous closely
spaced LAGs forming an OCL in the outermost cortex. A layer of vascularized and partly remodeled
pathological tissue (per. PB) is also intercalated between some of the LAGs of the OCL in some parts
of the cross-section. (C) Mid-diaphyseal cross-section of the tibiotarsus Dn-tb-1. (D) Close-up of the
cortex of Dn-tb-1 showing the radially organized endosteal pathological bone (end. PB), as well as its
uneven periosteal surface. (E) Mid-diaphyseal cross-section of the tibiotarsus Dn-tb-2 with the nutrient
canal (nc) visible. (F) Close-up of the cortex of Dn-tb-2. Most of the cortex is composed of a highly
vascularized reticular fibrolamellar bone tissue. An OCL with several closely spaced LAGs (arrows) is
visible in the outermost cortex. (G) Close-up of the cortex of Dn-tb-2 with a layer of vascularized and
remodeled pathological tissue (per. PB) intercalated within the OCL. (H) Mid-diaphyseal cross-section
of the tarsometatarsus Dn-tm-1. (I) Mid-diaphyseal cross-section of the tarsometatarsus Dn-tm-2.
(J) Close-up of the framed region of the cortex of the tarsometatarsus Dn-tm-2 in (I) that consists
mostly of dense Haversian bone (HB).
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Figure 4. Long bone histology of the greater rhea Rhea americana. (A) Mid-diaphyseal cross-section of
the femur Ra-fm-1. (B) Mid-diaphyseal cross-section of the femur Ra-fm-2. (C) Close-up of the framed
region of the cortex of Ra-fm-1 in (A). Most of the cortex is formed of a well-vascularized reticular to
laminar fibrolamellar bone tissue with radial anastomoses (RC). Insert showing the thin birefringent
ICL. (D) Close-up of the cortex of Ra-fm-2. The cortex is mostly formed of a reticular to poorly
characterized laminar bone tissue with cyclical modulations in the bone vascularization pattern. No
decrease in vascular density is observed in the outer cortex of this element. Note the presence of a
thin ICL along the medullary margin. (E) Mid-diaphyseal cross-section of the tibiotarsus Ra-tb-2.
Note that the nutrient canal (nc) is visible. (F) Mid-diaphyseal cross-section of the tibiotarsus Ra-tb-1.
(G) Close-up of the deep cortex and the well-vascularized layer of endosteal bone (ICL) lining the
medullary region in Ra-tb-2. (H) Close-up of outer cortex in Ra-tb-1. A faint LAG (arrow) interrupts
the well-vascularized fibrolamellar bone tissue close to the periosteal surface. Vascular canals are
visible at the bone surface and no clear decrease in bone vascularization is observed in the outer cortex
of this element. (I) Mid-diaphyseal cross-section of the tarsometatarsus Ra-tm-1. (J) Mid-diaphyseal
cross-section of the tarsometatarsus Ra-tm-2. (K) Close-up of the cortex of Ra-tm-1. The cortex is
stratified and presents a first LAG (arrow) marking the transition from a partly remodeled plexifom
tissue to a more reticular fibrolamellar bone. A second LAG (arrow) under the periosteal surface.
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Figure 5. Long bone histology of the common ostrich Struthio camelus. (A) Mid-diaphyseal cross-section
of the femur Sc-fm-2. (B) Close-up of the cortex of Sc-fm-2. A thin and discontinuous layer of endosteal
lamellar bone forming the onset of the ICL lines the medullary cavity. Most of the cortex is formed of a
well-vascularized fibrolamellar bone with reticular to laminar organization. Few radial anastomoses are
visible throughout the cortex. Two LAGs (arrows) and a decrease in bone vascularization towards the
periosteal surface mark the onset of the OCL. (C) Mid-diaphyseal cross-section of the tibiotarsus Sc-tb-1.
Note the presence of the nutrient canal (nc) in the section. (D) Mid-diaphyseal cross-section of the
tibiotarsus Sc-tb-2. Note the presence of the nutrient canal (nc) in the section. (E,F) Close-ups of the bone
wall of Sc-tb-1, with a thick layer of remodeled coarse cancellous bone forming half to two-thirds of the
cortex and a layer of non-remodeled fibrolamellar bone with a reticular to laminar organization. A LAG
(arrow), close to the bone surface, marks a change in bone vascularization. (G) Close-up of the cortex of
Sc-tb-1. In some parts of the section, the outermost cortex consists of a thin bone layer reminiscent of
pathological bone (per. PB) containing numerous bundles of Sharpey’s fibers (Sf). (H) Mid-diaphyseal
cross-section of the tarsometatarsus Sc-tm-2. (I) Mid-diaphyseal cross-section of the tarsometatarsus
Sc-tm-1. (J) Close-up of the outer cortex of Sc-tm-1. A LAG marks the transition between a “normal”
fibrolamellar bone tissue and a well-vascularized bone layer that is most likely pathological (per. PB).
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Figure 6. Femoral histology of the extinct terrestrial bird Gastornis. All pictures but D (polarized
light) were taken in direct light. (A,B) Close-ups of the cortex in the femur Ga-fm-1. Haversian bone
constitutes most of the cortex. The secondary osteons exhibit different orientations and sizes. (C) Part
of cortical bone of the diaphysis of femur Ga-fm-2. The deepest cortex and the periosteal surface are
missing. (D-F) Close-ups of the bone cortex of Ga-fm-2, primarily formed of a well-vascularized
fibrolamellar bone tissue with a reticular to pseudo-laminar organization. At least six LAGs (arrows)
were identified in this fragment. Secondary osteons (I Os.), as well as bundles of Sharpey’s fibers (Sf)
are scattered throughout the cortical bone fragment.
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Figure 7. Femoral histology of Aepyornithidae. (A) Mid-diaphyseal cross-section of the femur Ae-
fm-2. (B) Mid-diaphyseal cross-section of the femur Ae-fm-3. (C) Close-up of the cortex of Ae-fm-2
(left: in polarized light; right: in direct light). Most of the cortex is formed of a highly vascularized
fibrolamellar bone tissue with a reticular or a laminar organization. Towards the periphery, a clear
transition between the well-vascularized fibrolamellar bone tissue and a less vascularized bone
interrupted by several LAGs is visible. (D) Close-up of the cortex of Ae-fm-3. Numerous bone
trabeculae occupy part of the medullary cavity. They result from the deep and prolonged erosion
of the deep cortical bone during growth. Most of the cortex is formed of a highly vascularized
fibrolamellar bone tissue with a reticular or a laminar organization. Numerous radial anastomoses
are also present. (E) Close-up of the perimedullary region in the cortex of Ae-fm-2. Haversian
substitution is extensive in the deep cortex. Large erosion spaces, as well as the bone trabeculae,
have been lined by sequential layers of endosteal lamellar bone. (F) Close-up of the outer cortex in
Ae-fm-3, where a change in vascular orientation and density is observed.
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Figure 8. Long bone histology of Aepyornithidae. (A) Mid-diaphyseal cross-section of the tibiotarsus
Ae-tb-1. (B) Proximal cross-section of the tibiotarsus Ae-tb-2. (C) Proximal cross-section of the tibiotarsus
Ae-tb-3. (D) Close-up of the cortex of the tibiotarsus Ae-tb-5. Although Haversian bone is extensive, at
least three LAGs (arrows) are visible in the cortex. (E) Close-up of the perimedullary region and the bone
trabeculae in Ae-tb-5. Several events of desorption-redeposition at the surface of the bone trabeculae,
resulted into an accumulation of crosscutting layers of endosteal lamellar bone. (F) Close-up of the
cortex of the tibiotarsus Ae-tb-5 (direct light to the left; polarized light to the right). (G) Mid-diaphyseal
cross-section of the tarsometatarsus Ae-tm-1. (H) Close-up of the heavily remodeled cortex of Ae-tm-1.
Secondary osteons vary in size and orientation.
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Figure 9. Femoral histology of the giant moa Dinornis. (A) Mid-diaphyseal cross-section of the femur
Di-fm-1. At low magnification, at least seven growth marks (arrows) are visible throughout the
cortical thickness. (B) Close-up of the cortex of Di-fm-1 [in direct (left) and polarized (right) light].
Most of the cortex consists of fibrolamellar bone tissue (mostly reticular in the deep cortex and more
laminar in the mid-cortex; with numerous radial anastomoses). A very well preserved growth record
is visible throughout the cortex. Here, five annuli associated to LAGs are visible from the deep
cortex to two-third of the bone wall. (C) Close-up of the outer cortex of Di-fm-1. A LAG marks the
transition to a progressive decrease in bone vascularization and a change in bone matrix (with mostly
longitudinal primary osteons in the outermost cortex) and is followed by four closely and regularly
spaced LAGs marking the onset of an OCL. (D,E) Close-ups of the deep cortex in Di-fm-1. The
fibrolamellar bone tissue has a preferential reticular organization in the deepest cortex, with primary
osteons that preserve large lumens (D). The endosteal margin is irregular because deep resorption
lacunae (see arrows) have been formed in the deep cortex (E). In some parts, a thin layer of avascular
endosteal lamellar bone marking the ICL borders the medullary cavity (D). (F,G) Close-ups of the
cortex of Di-fm-1, showing the numerous bundles of short Sharpey’s fibers (5f).
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Figure 10. Long bone histology of Dinornithidae. (A) Mid-diaphyseal cross-section of the tibiotarsus
Di-tb-1. (B) Close-up of the highly remodeled cortex of Di-tb-1 (normal light to the left; polarized
light to the right). The fracture observed in the outer-third of the cortex follows a LAG (white arrow).
At least 3 closely spaced LAGs are also visible in the outermost cortex, marking the onset of an OCL
(white arrowheads). (C) Mid-diaphyseal cross-section of the tibiotarsus Di-tb-3. (D) Mid-diaphyseal
cross-section of the tibiotarsus Di-tb-4. (E) Close-up of the cortex of Di-tb-3. Most of the cortex is
formed of dense Haversian bone tissue. In the deep cortex, resorption cavities are lined up with
endosteal lamellar bone (insert). (F) Mid-diaphyseal cross-section of the tarsometatarsus Di-tm-2.
(G,H) Close-ups of the partly remodeled cortice of Di-tm-2 (normal light to the left; polarized light to
the right). LAGs are visible in the cortex.
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3. Results
3.1. Tarsometatarsi Proportions and Type of Locomotion

As indicated in Table 1, both Aepyornithid tarsometatarsi have Lg/Dm ratios of 5.26
and 5.46, and the ratio for the Dinornis tarsometatarsus equals 5.60. All extant cursorial
birds sampled have a Lg/Dm of the tarsometatarsus >12; with values ranging from 12.5 for
Cc-tm-2 of Casuarius casuarius to 21.6 for the Dn-tm-1 of Dromaius novaehollandiae (Table 1).
It is worth noting that both sampled tarsometatarsi of Casuarius casuarius have the lowest
ratios among cursorial birds.

3.2. Microanatomical Observations

Our results show that the global compactness of a given long bone varies between
individuals of the same species. In the rhea, when a given element was sampled from two
different-sized individuals (when available, Lg was used as a proxy for size; Table 1), the
largest (and also oldest, based on bone histology; see below) specimen shows thicker bone
walls and thus higher compactness values than the smallest one (e.g., specimens Ra-tb-1
and Ra-tb-2; Figure 3; Table 2). The reverse pattern was observed for the tarsometatarsi of
the emu and the femora of the ostrich (e.g., specimens Sc-fm-1 and Sc-fm-2; Tables 1 and 2).

However, even though our sample size is small, our results suggest that there is a
proximo-distal increase of bone compactness along the hindlimb of extant ratites (Table 2).
Thus, when the average compactness values are considered, the femur is always less com-
pact than the tibiotarsus, and the tibiotarsus less compact than the tarsometatarsus, in
each extant ratite sampled (Table 2). This is not exactly the case in the sub-fossil material
sampled. The average compactness of the femur (0.449) is lower than the compactness
of the sampled tibiotarsus (0.785) and tarsometatarsus (0.706) in the Aepyornithidae, al-
though the tibiotarsus has a slightly higher compactness value than the tarsometatarsus
(Table 2). The same pattern is observed between the sampled femur (Comp. = 0.741) and
tibiotarsus (Comp. = 0.733) of Dinornithidae. Overall, based on this preliminary study
of the link between locomotion and bone microanatomy, it seems that graviportal birds
(Aepyornithidae and Dinornithidae) have higher average compactness values than their
extant cursorial relatives (Table 2). Finally, the compactness value of the femur (0.741) of
the sampled Dinornithidae is higher than for any other individual considered in this study.

Regarding the presence of bone trabeculae in the mid-diaphyseal region, only the emu
Dromaius novaehollandiae shows well-defined trabeculae in its femur and, to some extent,
in its tarsometatarsus (Figure 3A,H). One femur of Struthio camelus presents structures
in the perimedullary region that could correspond to small, non-pathological (probably
broken) trabeculae (Figure 5A). In our sub-fossil sample, the femur of Dinornis (Di-fm-1)
does not show any bone trabeculae in the medullary region (Figure 9A). Most sampled
bones of Aepyornithidae show a network of thin bone trabeculae in the medullary re-
gion (Figures 7 and 8; some sections show little or no trabeculae, but this is an artifact,
i.e., trabeculae broke during the sampling process and where observed during sampling).

3.3. Histological Descriptions
3.3.1. Extant Ratites

Casuarius casuarius (Southern cassowary-Figures 1 and 2)—Two femora of the Southern
cassowary were sampled at the mid-diaphyseal level. Whereas femur Cc-fm-1 shows
normal cortical tissues (Figure 1A), the contralateral element Cc-fm-2 presents unusual
pathological tissues reminiscent of avian osteopetrosis [68] on both the endosteal margin
and the periosteal surface (Figure 1B,F). The bone histology of Cc-fm-2 is thus abnormal,
and this bone was not further considered for microanatomical comparisons.

The left femur Cc-fm-1 (Figure 1A) is 224 mm in length, and the maximal diameter
of the mid-diaphyseal cross-section is 29 mm. A thin inner circumferential layer (ICL)
of endosteally formed lamellar bone bordered the medullary cavity. The deep cortex is
partly remodeled with several generations of longitudinal secondary osteons. However,
most of the mid-cortex is formed of a primary laminar to the reticular fibrolamellar bone,
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with only sparse secondary osteons (Figure 1C,D), and there is a tendency towards a
decrease in vascularization towards the periphery of the bone (Figure 1C,D), attesting of a
reduction of depositional rate. From the mid-cortical region to the periosteal surface, four
lines of arrested growth (LAGs) interrupt the well-vascularized fibrolamellar bone tissue
(Figure 1C,D). The fourth LAG (closest to the periosteal surface) seems to mark the onset of
the OCL (Figure 1D); a layer of avascular parallel fibered to lamellar bone interrupted by up
to 6 closely spaced LAGs at the periphery of the bone (Figure 1D). Note that a region of the
section is remodeled up to the periosteal surface, suggesting a zone of muscle or ligament
insertion (Figure 1E). All these histological features suggest that this bone belonged to a
somatically mature individual.

Two tibiotarsi (Cc-tb-1 and CC-tb-2) of relatively the same size and belonging to
the same individual were sampled. Both skeletal elements present small amounts of
endosteal and periosteal pathological tissues in parts of the sections (Figure 2A,B,D). In
both elements, the cortex is mostly primary and composed of a well-vascularized laminar
or reticular (depending on the region of the sections) fibro-lamellar bone (Figure 2B-D).
In both elements, only a restricted region of the cortex is remodeled up to the surface,
suggesting a zone of muscle insertion. Additionally, they both show several LAGs are
visible in the fibro-lamellar cortex, attesting to an interrupted growth through ontogeny
(Figure 2C,D). As in the femur Cc-fm-1, an OCL, with closely spaced LAGs (Figure 2C,
arrowheads), is also visible in the outermost cortex of both elements.

Periosteally cc-tb-2 shows a distinctive change in the bone tissue just under the pe-
riosteal surface. The latter appears to be more richly vascularized than the tissue just
preceding this deposition, and the vascular canals tend to be longitudinally organized,
as opposed to the more laminar organization evident in the earlier-formed bone tissue
(Figure 2B). These findings suggest that the most recently formed periosteal bone tissue
and the endosteal tissue are pathological [68].

Two similar-sized tarsometatarsi belonging to different individuals were sampled
(Table 1) and present similar histology. In both elements, the primary bone tissue shows
extensive remodeling and in some parts, the cortex-dense Haversian bone tissue extends
right up to the bone surface. In both elements, an unusual, thick layer of endosteal bone
has been deposited along the perimedullary margin (Figure 2E,F).

Dromaius novaehollandiae (common emu-Figure 3)—Two different-sized femora that
show similar bone histology (Dn-fm-1 and Dn-fm-2) were sampled for this species (Table 1).
Remnants of slender bone trabeculae extend into the medullary cavity (Figure 3A), which is
partially bordered by a thin layer of endosteal lamellar bone. In both elements, most of the
cortex is composed of highly vascularized reticular fibrolamellar bone, with some patches
of Haversian tissue. Both elements present a slow-down of the deposition rate towards the
periphery, which signals the presence of an OCL composed of parallel-fibered to lamellar
bone tissue interrupted by several and closely spaced LAGs (Figure 3B). In a localized
region of the outermost cortex of Dn-fm-2, a band of vascularized and partly remodeled
tissue is intercalated within the OCL, suggesting a localized increase in bone rate deposition
when the animal had already reached skeletal maturity (Figure 3C). Numerous Sharpey’s
fibers running obliquely to the bone surface are visible throughout the primary bone in
both sections (Figure 3B).

Two similar-sized tibiotarsi (Table 1) belonging to different individuals were sampled
and exhibited different histologies. Dn-tb-1 presents an unusual radially organized bone
tissue on its endosteal margin (Figure 3C,D), an uneven periosteal surface, as well as
resorption cavities throughout the cortex (Figure 3C,D). These features affect its overall
cortical thickness and this skeletal element was therefore not considered for microanatomi-
cal comparisons. Dn-tb-2 shows a more homogeneous cortical thickness (Figure 3E) and
overall cortical histology (Figure 3F,G). Its cross-section was taken close to the initial cen-
ter of ossification and thus encloses the nutrient canal (Figure 3E). The medullary cavity,
free of bone trabeculae, is bordered by an ICL consisting of endosteally formed lamellar
bone (Figure 3G). Apart from one highly remodeled, but the restricted region, most of the
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cortex is composed of a highly vascularized laminar to reticular fibrolamellar bone tissue
(Figure 3FG). Around most of the periosteal surface, three LAGs intercepting a thin layer
of poorly vascularized parallel-fibered bone mark the onset of an OCL (Figure 3F). Finally,
as observed in the femur Dn-fm-2, an extra layer of vascularized and partly remodeled
bone tissue is visible in localized regions of the periosteal surface. This histology of this
bone layer contrasts with the underlying primary cortical tissue and is intercalated between
the first LAG of the OCL and the outermost periosteal layer (Figure 3G).

Two similar-sized tarsometatarsi were sampled for this species (Table 1) and show
slightly different cortical thicknesses (Figure 3H,I). With a relatively thicker bone wall,
Dn-tm-1 (Figure 3H) presents a higher number of resorption spaces and bone trabeculae
in the perimedullary region than Dn-tm-2 (Figure 3I). In both elements, a thin layer of
endosteal lamellar bone tissue is visible along the medullary margin and most of the cortex
consists of a dense Haversian tissue that extends right up to the periosteal surface; however,
some regions are less remodeled and a decrease in vascularization is visible in the outer
cortex (Figure 3J).

Rhea americana (greater rhea—Figure 4)—Two different-sized femora (Table 1) were
sampled and present different bone microstructures. The larger femur, Ra-fm-1 (Figure 4A),
presents a much thicker bone wall than the smaller one (Figure 4B). A narrow layer of
lamellar bone forms the ICL lines most of the medullary cavity in both elements (Figure 4C
insert, 4D). In Ra-fm-1, a decrease in bone vascular density is visible towards the bone
periphery and a thin layer of poorly vascularized parallel-fibered bone marks the onset
of an OCL at the periosteal surface (Figure 4C). These observations suggest that growth
in diameter had slowed down already when this animal died. On the contrary, Ra-fm-
2 exhibits a very thin layer of endosteally formed lamellar bone (initiation of the ICL,
Figure 4D), attesting that the expansion of the medullary cavity had just ceased. Also, no
clear decrease in vascular density (that would indicate a decrease in bone deposition rate) is
observed close to the periphery of this bone (Figure 4D). In both femora, most of the cortical
bone is primary (except a zone of muscle attachment with Haversian tissue in Ra-fm-1;
Figure 4A) and formed of a highly vascularized fibrolamellar bone. The deep cortex of
Ra-fm-1 is composed of a reticular to poorly organized laminar bone that turns into a well-
defined laminar bone tissue towards the periosteal margin (Figure 4C). Numerous radial
anastomoses are also visible throughout the section (Figure 4C). In Ra-fm-2, the cortex is
mostly formed of a reticular to poorly characterized laminar bone tissue (Figure 4D). No
LAGs are visible in the cortex of both elements.

Two different-sized tibiotarsi were sampled (Table 1). The larger tibiotarsus Ra-tb-2
belongs to the same individual as femur Ra-fm-1; the same applies to Ra-tb-1 and Ra-fm-2
(Table 1). As for the femora, the tibiotarsi histologies are congruent with different on-
togenetic stages. The larger tibiotarsus Ra-tb-2 possesses a relatively thicker bone wall
(Figure 4E) than the smallest tibiotarsus Ra-tb-1 (Figure 4F). Ra-tb-2 also shows a well-
developed layer of endosteal bone (ICL) that appears anisotropic in polarized light and
contrasts with the rest of the more isotropic cortical bone (Figure 4G). Interestingly, this
ICL is well vascularized (Figure 4G). The rest of the cortex is mostly formed of a highly
vascularized fibrolamellar bone (the organization of the vascular canals is variable within
the section); with few patches of Haversian bone tissue, especially in one region of muscle
insertion (Figure 4E). A faint annulus, but no clear LAG, was observed in the mid-cortex
of this bone. Bone vascular density decreases towards the periphery of this femur, and
a distinct annulus marks the transition from well-vascularized fibrolamellar bone tissue
to a poorly vascularized parallel-fibered bone layer marking the onset of an OCL. Ra-tb-1
presents a thinner ICL than Ra-tb-2. There is also less Haversian substitution in this speci-
men as compared to Ra-tb-2, and when present, it tends to be limited to the perimedullary
region. As for its associated femur Ra-fm-2, several resorption spaces are present in the
perimedullary region of Ra-tb-1 (Figure 4F). Finally, at least one clear LAG is visible in
the outer-third of the cortex (Figure 4H). However, the bone deposited after the LAG is
a highly vascularized fibrolamellar bone and vascular canals are still piercing the bone
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surface (Figure 4H). These observations confirm that this individual was still growing at
the time of death.

Two different-sized tarsometatarsi, belonging to the same above-mentioned individu-
als, were sampled. The histology of both tarsometatarsi is congruent with the histology
of the other sampled limb bones; however, Haversian substitution is more advanced and
makes up a significant portion of the cortex in both elements (Figure 4L]). Again, the largest
tarsometatarsus Ra-tm-1 presents a relatively thicker cortex (Figure 4I) than the smaller
one (Figure 4]). As in the tibiotarsus Ra-tb-2, the ICL is well vascularized. The cortex is
stratified and presents a first LAG that marks the transition from a well-vascularized (and
partly remodeled) plexiform to a more reticular (depending on the part of the section) bone
tissue (Figure 41,K). A second LAG occurs much closer to the bone surface (Figure 4K). In
the smaller tarsometatarsus Ra-tm-2, two-thirds of the cortex comprises compacted coarse
cancellous bone with still numerous resorption cavities. A narrow ICL, made of a layer of
lamellar bone tissue, lines the medullary cavity. Finally, there is no obvious decrease in
vascular bone density towards the bone periphery and numerous vascular canals pierce
the periosteal surface. Again, these features confirm that this skeletal element was still
growing in diameter at the time of the individual’s death. Finally, it is important to note
that the skeletal elements Ra-fm-1, Ra-tb-2 and Ra-tm-1 all belonged to the same individual
(specimen 1920-116) and present congruent bone microstructures. The skeletal elements
Ra-fm-2, Ra-tb-1 and Ra-tm-2 also present very similar bone microstructures (e.g., thinner
bone walls than the larger specimen 1920-116, resorption cavities in the deep cortex, etc.)
and belonged to a single individual.

Struthio camelus (common ostrich—Figure 5)—Two different-sized femora were sampled
(Table 1) and present similar bone microstructure, although, the largest femur Sc-fm-2
(Figure 5A) has a thinner bone wall than the smaller femur Sc-fm-1, because of extensive
resorption along the endosteal margin. While the smaller femur shows no bone trabeculae
in the medullary region, the largest one has few short trabeculae (Figure 5A). Both elements
show a discontinuous and thin ICL bordering the medullary cavity (Figure 5B). This
endosteal bone layer is made of lamellar bone tissue that contains numerous osteocyte
lacunae. Most of the cortex is primary and formed of a well-vascularized fibrolamellar
bone with a reticular to laminar organization (depending on the region of the section), and
few short radial anastomoses (Figure 5B). Aside from a narrow zone of Haversian tissue
corresponding to an attachment site, only few isolated secondary osteons are visible in
rest of the cortices. In both sections, there is a decrease in vascularization close to the bone
surface, accompanied by a change in the refringence of the bone matrix which comprises
one to two LAGs, which marks the onset of the OCL (Figure 5B).

Two tibiotarsi, belonging to 2 different individuals were sampled (Figure 5C,D). The
smaller one, Sc-tb-2 (Figure 5D) is associated with the smaller femur Sc-fm-1. Both tibiotarsi
have been sampled close to the neutral region of growth of the bone, as attests to the
presence of the nutrient canal (Figure 5C-E). The larger tibiotarsus Sc-tb-1 presents unusual
histological features. Its cortex is stratified (Figure 5E,F) into different types of bone tissue;
i.e., from the medullary margin to the periosteal surface: (i) a thin lamellar bone tissue
with some radially oriented vascular canals (ICL), (ii) a thick layer of compacted coarse
cancellous bone with numerous small resorption cavities forming half to two-third of
the cortex (depending on the region of the section); (iii) a layer of primary fibrolamellar
bone with a reticular to laminar organization of the vascular canals; (iv) a clear LAG,
close to the bone surface, marking a change in bone vascularization under the periosteal
surface (Figure 5F). In some parts of the section, the outermost cortex consists of a thin
layer reminiscent of pathological bone and shows numerous bundles of Sharpey’s fibers
(Figure 5G). The smaller tibiotarsus Sc-tb-2 is less remodeled and is mostly composed of a
well-vascularized fibrolamellar bone with a reticular to laminar organization (Figure 5D).
At least one clear LAG is visible in the mid-cortex and thus attests that the growth in
diameter of this bone has been discontinuous (Figure 5D).
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Two different-sized tarsometatarsi were sampled (Table 1) and showed distinct bone
microstructures. The larger one, Sc-tm-1 (Figure 5I), presents a very similar bone microstruc-
ture to the larger tibiotarsus Sc-tb-1 (see above; Figure 5C) and most probably belongs to
the same individual. In the outermost cortex, a clear LAG marks the transition between a
“normal” fibrolamellar bone tissue and an outermost region of predominantly plexiform
bone tissue that is likely pathological (Figure 51]). The primary bone tissue in the cortex
appears to be reticular fibrolamellar bone. The endosteal region is highly resorptive, and in
the perimedullary region, large erosion cavities are present. The smaller tarsometatarsus,
Sc-tm-2 (Figure 5H), presents a clear ICL made of a poorly vascularized lamellar bone tissue.
Most of the cortex is formed of a dense Haversian bone. A narrow layer of lamellar bone
is visible in some parts of the outermost cortex that have not been completely remodeled.
The histological features of Sc-tm-2 show that this bone belonged to an adult individual.

3.3.2. Extinct Terrestrial Birds

Gastornis sp. (Figure 6)—Five different limb bones, representing femora and tibiotarsi,
have been sampled for this genus (Table 1). We were unfortunately allowed to only sample
superficial fragments of the bone walls or take bone cores. Moreover, the preservation of
the bone microstructure was poor in most of the specimens. The information gathered on
Gastornis bone histology is thus limited and incomplete. Most elements show that the cortex
underwent secondary reconstruction, and that LAGs were deposited. In Ga-fm-1, most of
the cortex appears to be remodeled. Several generations of secondary osteons are visible,
although dense Haversian proportions are not attained. The secondary osteons exhibit
different orientations and sizes, and several preserve large lumens (Figure 6A,B). The
endosteal margin is resorptive, but in some places, a narrow band of lamellar tissue forms
the ICL. The bone core sampled from Ga-fm-2 consists of the periosteal surface of bone, and
part of the cortical bone, although the deepest part of the cortex and the endosteal region are
missing (Figure 6C). However, this bone fragment reveals that the mid-cortex of Gastornis
femur had well-vascularized fibrolamellar bone with a reticular organization (Figure 6D).
Six closely spaced LAGs were identified in this bone fragment (relatively close to the bone
surface); the deepest one marks the transition from a well vascularized fibromellar bone to
a less vascularized lamellar bone tissue that forms the OCL in which numerous Sharpey’s
fibres are visible (Figure 6D,E). Secondary osteons, as well as bundles of Sharpey’s fibers,
are scattered throughout this cortical fragment (Figure 6E). The bone wall of Ga-Fm-3B is
slightly fractured, and the periosteal surface of the bone is not well preserved. Here too,
the primary cortical bone is interrupted by several LAGs. The periosteal and endosteal
part of the Gastornis tibiotarsus (Ga-tb-2) are diagenetically altered, but it is evident that
the cortex is comprised of fibrolamellar bone with predominantly longitudinally oriented
vascular canals. Deeper in the cortex, many secondary osteons are visible. A few growth
marks are visible in the mid-cortical regions. The bone tissue of tibiotarsus Ga-tb-1B is
better preserved. However, in this bone overlying the OCL, which comprises four to five
LAGs, a richly vascularized periosteal reactive bone tissue is present (Figure 6F).

Aepyornithidae (the elephant birds, Figures 7 and 8)—Three femora, eight tibiotarsi
and two tarsometatarsi were sampled from various Aepyornithidae specimens (Table 1).
Since a comprehensive description of the bone tissues of these specimens is provided in
Chinsamy et al. (2020), here, our focus is on the microanatomical structure of the bones.

Complete cross-sections from two different-sized femora (Ae-fm-2 and Ae-fm-3) be-
longing to two individuals of A. maximus (Figure 7) were obtained for histological analyses.
Although the cortical thickness is variable within a section, the longer femur, Ae-fm-2
(Figure 7A) has a relatively thicker cortex and higher bone compactness than the smaller
one (Figure 7B; Tables 1 and 2). Both sections contain numerous and slender bone trabeculae
occupying part of the medullary cavity (Figure 7A,B). The cores of these trabeculae result
from the deep and prolonged erosion of the deep cortical bone during growth. Thus, they
are either formed of well-vascularized fibrolamellar bone tissue (similar to the mid-cortex;
Figure 7D) or Haversian bone tissue (resulting from the remodeling of the deep cortex
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before being eroded and transformed into trabecular bone; Figure 7E). In the deep cortex of
Ae-fm-2, Haversian substitution is more extensive than in Ae-fm-3. Also, in Ae-fm-2, the
large erosion spaces present in the perimedullary region, as well as the bony trabeculae have
been lined with sequential layers of endosteal lamellar bone (Figure 7E). In Ae-fm-3, this
deposition of endosteal lamellar bone is much more limited (Figure 7D). In both sections,
most of the cortex is formed of a highly vascularized fibrolamellar bone with a preferential
reticular or laminar organization and with numerous radial anostomoses (Figure 7C,D,F).
In the largest femur Ae-fm-2, a clear transition between a well-vascularized fibrolamellar
bone tissue and a less vascularized bone interrupted by several LAGs is visible in the
outercortex and testify of a slowdown of the growth in this individual (Figure 7C). On the
contrary, only a change in vascular orientation and density is observed at the periphery of
Ae-fm-3 (Figure 7F). All these histological features indicate that the largest femur belonged
to an older, more mature individual than the smaller one (that was probably juvenile
or sub-adult).

Complete cross-sections were made from 3 different tibiotarsi referred respectively
to Vorombe titan (Ae-tb-1; Figure 8A) and Aepyornithidae indet. (Ae-tb-2, and Ae-tb-3;
Figure 8C,D). These sections were sampled at different levels along the shafts of these
skeletal elements, which explains part of the differences observed in cross-sectional ge-
ometry and cortical thickness. All three sections are heavily remodeled and the cortex
mostly formed of a dense Haversian bone tissue. The three sections present numerous and
slender bone trabeculae, which occupy most of the medullary cavity. The small amount of
bone trabeculae in the mid-diaphyseal cross-section of Ae-tb-1 is an artefact (Figure 8A)
since numerous, fragile trabeculae were broken during the sampling of the specimen. The
process underlying the formation of these bone trabeculae is the same as in the femur,
i.e., during growth, there is an intense and prolonged resorption of the deep cortex. The
remains of the un-resorbed deep cortical bone become integrated into the core of the
trabeculae. Several events of resorption-redeposition occurred along the surface of the
trabeculae, resulting in an accumulation of cross-cutting layers of endosteal lamellar bone
(Figure 8E). The bone core of Ae-tb-5 (Figure 8D) reveals that Haversian substitution was
also extensive in this bone. Although Haversian bone is present up to the bone surface
(with secondary osteons that vary in size and orientation; Figure 8D), several LAGs (at
least 3; Figure 8D,F) are still visible in the cortex, and suggest that the growth in diameter
of this bone was discontinuous.

Two tarsometatarsi were sampled and presented completely remodeled cortices, with
secondary osteons varying in size and orientation (Figure 8H). Again, the diaphyseal cross-
section of Ae-tm-1 (Figure 8G) presents a thick compact cortex and slender bone trabeculae
occupying the medullary cavity (although most of the trabeculae have been broken during
the processing of the bone for thin sectioning).

Dinornithidae (the moas, Figures 9 and 10)—One femur, three tibiotarsi and one
tarsometatarsus were sampled for this clade (Table 1). Three elements were identified as
belonging to the genus Dinornis.

The mid-diaphyseal cross-section of the Dinornis femur Di-fm-1, presents a thick
bone wall and a medullary cavity free of bone trabeculae (Figure 9A). The endosteal
margin is irregular because of extensive resorption of the deep cortex (Figure 9E). However,
once the expansion of the medullary region was completed, a deposition of thin layers
of endosteally formed lamellar bone occurred (Figure 9D). Most of the cortex consists of
primary bone tissue, and a well-preserved growth record is visible throughout the cortex
(Figure 9A-C). At least five narrow annuli coupled with LAGs (irregularly spaced) are
visible from the deep cortex to two-thirds of the bone wall, and they alternate with a
highly vascularized fibrolamellar bone tissue (Figure 9B). This fibrolamellar bone tissue
has a reticular organization in the deepest part of the cortex, with primary osteons that
preserve large lumens (Figure 9D), but becomes laminar in the mid-cortex. Numerous radial
anastomoses are visible throughout the cortex (Figure 9B,E). In the external third of the
cortex, a clear LAG marks the transition to a progressive decrease in bone vascularization.
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The external layer of the cortex is poorly vascularized (with longitudinal primary osteons)
and contains four closely and regularly spaced LAGs. Although the appositionial growth
of this bone drastically decreased, it was still growing slowly in diameter as attests the
outermost layer of bone deposited, which is still vascularized (Figure 9C). Finally, numerous
bundles of short Sharpey fibers are visible throughout the cortex (Figure 9EG).

All three tibiotarsi exhibit different states of preservation. Trabeculae in the medullary
cavity are present in a part of the sections (Di-tb-3 and Di-tb-4, respectively Figure 10C,D),
but broke during bone sampling. All sections present thick and highly remodeled cortices
(Figure 10B,E). However, despite the intense remodeling, some LAGs are still visible in
most elements (e.g., Figure 10B), which indicate that growth in diameter of these bones
was discontinuous.

The sampled tarsometatarsus Di-tm-2 shows numerous and small bone trabeculae in
the medullary cavity (Figure 10F). Unlike the tibiotarsi, the trabecular network has been
well preserved during sampling of this element, because the medullary cavity was filled
with diagenetic minerals. The cortex is partly remodeled (Figure 10G,H) and at least one
LAG is visible in the mid-cortex.

4. Discussion
4.1. Limb Bone Proportions

A previous study by Angst and colleagues [9] has shown that the locomotion type
of large terrestrial birds can be deciphered from simple linear measurements of the tar-
sometatarsus. According to these researchers, all extant cursorial ratites (c.f. [1]) have a
tarsometatarsal length-width ratio >12, while all extinct giant terrestrial birds sampled had
a length-width ratio <12, which was thus interpreted as indicative of a graviportal-slow
walking locomotion (an inference also based on morphological correlates; [9]). These results
further show that large extant ratites have relatively long and slender tarsometatarsi, as
expected for cursorial animals [1,6-8], whereas giant extinct terrestrial birds, such as Aepy-
ornithidae, some members of the Dinornithidae and Gastornithidae, have relatively shorter,
stouter tarsometatarsi, which is an adaptation for biomechanical loading. In our current
study, we found that the Southern cassowary Casuarius casuarius, which is considered to be
the slowest of all living ratites [1], had the lowest tarsometatarsal length-width ratio for the
extant species, which agrees with the earlier findings reported by Angst et al. [9].

4.2. Long Bone Microanatomy and Locomotor Patterns in Large Terrestrial Birds
4.2.1. Interskeletal Element Variability

When a skeletal element was sampled from different-sized individuals of the same
species (and thus, most likely, individuals at different ontogenetic stages), we observed vari-
ability in terms of the compactness of the mid-diaphysis, with larger specimens generally
presenting thicker bone walls. This observation reflects the changes in bone microanatomy
and global compactness that accompany bone growth through ontogeny (e.g., [8,43]). Fur-
thermore, our preliminary results show that, in general, among extant terrestrial birds,
there is a proximo-distal gradient of bone compactness in the hindlimb with a progressive
increase in bone compactness from the femur to the tarsometatarsus. However, in the
sampled graviportal extinct birds, this pattern was not necessarily observed, although the
femur was still the least compact of the limb bones in Aepyornithidae.

4.2.2. Differences between Cursorial Ratites and Extinct Terrestrial Birds

Although our sample size is small and would need to be increased in future studies,
extinct terrestrial birds, such as the Aepyornithidae and some Dinornithidae, inferred
as graviportal by previous authors using limb bone proportions [9,13], have a tendency
to show overall higher compactness values in their hindlimb bones than most extant
ratites sampled in this study (see Table 2). These higher global compactness values are
the result of relatively thicker compact cortices in the limb bones of the sampled sub-
fossil birds (such as, the Dinornis sp. femur Di-fm-1; Figure 9A) and/or the presence of
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a well-developed network of bone trabeculae along the shaft, especially in the hindlimb
bones of Aepyornithidae (e.g., [33]) that is usually poorly developed (such as Casuarius
and Dromais, Figures 1-3) or absent (such as in Rhea, Figure 4) in the mid-shaft of extant
cursorial ratites (see also the ratite femoral cross-sections in Foote [41]: plate 5), and among
modern birds in general (e.g., see bird femoral cross-sections in Foote [41]: plates 5-7).
These microanatomical features are congruent with a graviportal mode of locomotion in the
sampled Aepyornithidae and Dinornithidae [25]. A large body size correlates with a large
body mass, which has consequences for the biomechanical adaptations of the hindlimb
bones. Thus, our bone compactness results, together with the histological findings showing
thick bone walls often with extensive development of bone trabeculae in the medullary
cavity, concur with the expectations of a slow graviportal type of locomotion.

4.3. New Data on the Long Bone Histology of Extant Ratites
4.3.1. Interskeletal Element Variability

As previously documented in the hindlimb bones of the ostrich [28,46], but also
in Aepyornithidae [33,47] and Dinornithidae [45], we found that Haversian substitution
is limited in the femur but can be extensive in the tarsometatarsus of all extant ratites
sampled (ostrich, emu, rhea and cassowary). The tibiotarsus presents an intermediate level
of Haversian substitution. This pattern has also been described in Apteryx [35]. Table S1 (in
Supplementary Materials) summarizes the bone histological observations made for all the
taxa studied.

4.3.2. Growth Marks in the Cortex of Extant Ratites

Most modern birds (Neornithes) are considered to have a rapid, uninterrupted rate
of bone deposition. They reach skeletal maturity in less than a year and, except for a few
closely spaced LAGs that can be present in the OCL at the adult stage [36], they generally
do not show any growth marks in the cortices of their limb bones [27,44,54,69]. A few
exceptions to this pattern of rapid, uninterrupted growth among the Neornithes are known
among island birds such as, Apteryx [35,70], and several large flightless extinct birds such as
the New Zealand moa [45], the aepyornithids [33,47], as well as the dromornithids [15,48].
These findings are consistent with the hypothesis outlined by Starck and Chinsamy [54]
and Chinsamy-Turan [31] that in the absence of selection pressures for rapid growth, birds
will adopt a more flexible growth strategy of slower, episodic growth.

In the current study, we document that the limb bones of several large extant ratites
present annuli or even LAGs that interrupt events of rapid bone deposition in their cortices.
For example, the femur Cc-fm-1 and tibiotarsus Cc-tb-2 of Casuarius casuarius present
several LAGs within the well-vascularized mid-cortex, i.e., clearly not part of the OCL
(Figure 1D,G,H), and several skeletal elements of the greater rhea Rhea americana also
exhibited growth marks in their cortices (Figure 3). Thus, growth marks appear to be more
common than previously reported in ratites.

When Bourdon et al. [35] first observed the presence of discontinuous and peri-
odic growth in the kiwi, they proposed that growth marks may have been absent in
the last common ancestor of ratites and may therefore represent an apomorphy of the clade
Apterygidae-Dinornithiformes; However, their hypothesis is poorly supported because
the inter-relationships within Palaeognathae are still debated, and the clade Apterygidae-
Dinornithiformes is not recognized in most recent ratite phylogenies [19,71,72]. Moreover,
we also documented LAGs interrupting fibrolamellar bone in the cortices of the rhea and
cassowary. We propose the alternative hypothesis that such flexible growth strategies may
represent the plesiomorphic condition of Neornithes (and thus palaeognaths) and their
extinct theropod ancestors [31,73].

Since growth marks have not been observed in modern ratites that were previously
studied (e.g., a growth series of Struthio [28]), but appeared commonly in several of our
birds, we further raise the possibility that perhaps living in France, outside of their natural
environments, these birds would have been subjected to captivity, periodic cold spells and
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even snow, which may have resulted in physiological stress and the formation of LAGs.
This would agree with our hypothesis that flexible growth strategies are inherent among
the ratites.

4.3.3. Comments on OCL Formation and Ontogenetic Status in Birds

In the large comparative study of the OCL in extant birds, Ponton et al. [37] hypothe-
sized that the poor development to complete absence of this structure in ratites noted by
previous authors [28,29,46] might be related to the large size of these bird species. However,
more recently Woodward et al. [74] reported the presence of an OCL in a specimen of
Struthio camelus, and indeed we observed that several extant and extinct ratite specimens
(rheas, cassowaries, ostriches, emus, and the giant moa) presented distinctive OCL, often
accompanied by several closely spaced LAGs (e.g., Figures 1D, 2C, and 9C). In addition,
Bourdon et al. [35] and Heck et al. [70] have described the presence of an OCL in Apteryx.
Thus, it is apparent that OCLs are quite common in ratites, and we propose that perhaps the
ratites examined in previous studies [28,29,46] were not from skeletally mature individuals.

Our observations suggest that all Casuarius skeletal elements studied were from
somatically mature individuals since they show a distinctive OCL in the outermost cortex.
Of the two Rhea femora studied, Ra-Fm-1 has an OCL indicating that it was from a fully-
grown individual, whereas Ra-fm-2 appears to have been actively growing at the time of
death and it was most likely a subadult or juvenile. The differences in bone microstructure
observed between the two femora are congruent with the difference in the size of these
elements (Table 1), which also suggests that they represent different ontogenetic stages.

4.4. New Data on the Long Bone Histology of Extinct Large Terrestrial Birds
4.4.1. Aepyornithidae

The hindlimb bone histology of Aepyornithidae has been previously described [26,33,47,53].
Of these, the Chinsamy et al. [33] study comprehensively sampled three aepyornitid taxa [60],
i.e., Aepyornis maximus, Aepyornis hildebrandti and Vorombe titan, as well as some taxonomically
unidentifiable juvenile Aepyornithiformes. All these studies showed that, like their small relative-
the kiwi-these large ratites, also experienced protracted, episodic growth. Chinsamy et al. [33]
proposed that the periodic interruptions in the bones of the aepyornithids were caused by
seasonally variable growth rates mediated by environmental conditions.

4.4.2. Dinornithidae

The limb bone histology of the moas has been examined by previous researchers [26,
30,44,45,75]. In agreement with these earlier studies, we found that the cortical bone of
the moas, when not completely remodeled (as in most tibiotarsi sampled) is made of
a highly vascularized, fibrolamellar bone, regularly interrupted by LAGs, suggesting a
discontinuous and prolonged growth strategy for this family [45]. Up to seven widely
spaced growth cycles were observed throughout the cortex of the Dinornis femur Di-fm-1
(Figure 9A), followed by a drastic slow-down in growth and the deposition of a poorly
vascularized bone tissue (marking the onset of an OCL), interrupted by four closely-spaced
LAGs (Figure 9C).

Considering that the innermost growth cycles may have been resorbed with the
expansion of the medullary cavity, our observations suggest that it took at least seven years
for this individual to reach skeletal maturity and that it was at least 11 years-old when it
died. Our observations show again that in the sampled Dinornithidae, the femur is less
affected by Haversian substitution than the other limb bone elements. Indeed, all three
tibiotarsi and the tarsometatarsus sampled present some degree of Haversian bone tissue
(Figure 10), whereas the adult femur (Di-fm-1) does not show any secondary osteons in its
cortex (Figure 9). These findings concur with those reported for the aepyornithids [33,47].
This may reflect differential biomechanical loading between these skeletal elements [76].
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4.4.3. Gastornis sp.

The histology of a single tibia of Diatryma (now recognized as synonymous with
Gastornis; [57]) has been briefly described in Ricqles et al. [30]. These authors observed the
presence of one LAG, in the outer cortex of this individual, although not associated with the
OCL. In the present study, we sampled cortical fragments and bone cores from 5 skeletal
elements (femora and tibiotarsi) belonging to Gastornithidae. We observed that, contrary
to most other extinct large terrestrial birds studied (e.g., [33,48]), all femora presented at
least partially remodeled cortices, with extensive Haversian bone tissue. These findings
suggest some biomechanical differences between gastornithids and other large flightless
birds. Furthermore, we counted up to six closely spaced LAGs in the outer cortex of femur
Ga-fm-2, suggesting that this animal’s growth already slowed down at the time of death
and it was skeletally mature.

4.5. Pathologies Evident in Modern Samples

In the current study we observed several histological features that appeared to be the
result of bone pathologies: (i) the avian osteopetrosis-like peripherally- and endosteally-
formed tissues [66] in a femur of Casuarius (Figure 1B) and a tibiotarsus of Dromaius
(Figure 3C,D); (ii) another tibiotarsus of Dromaius with periosteal deposits of a highly
vascularized bone tissue that results in an uneven bone wall margin (Figure 3G); (iii) a
tibiotarsus and a tarsometatarsus of Struthio (Figure 5E-G) with periosteal reactive tissues.

Except for the Casuarius and Dromaius, which have features reminiscent of osteopetero-
sis, we are uncertain about the etiology of the pathologies for the other bones. Unfortunately,
the MNHN collection records do not give any provenance for the material, but it is more
than likely that the modern birds were obtained from zoos. Most of the birds sampled
in our study appear to be mature individuals, which agrees with the possibility that they
were zoo animals (which generally tend to have long lives since they are in a protected
environment without any threats, regular food, etc.), and perhaps they are therefore more
prone to diseases of old age.

5. Conclusions

Our preliminary microanatomical observations tend to show that extinct terrestrial
birds, inferred as graviportal based on limb proportions, have thicker cortices and/or more
bony trabeculae in their hindlimb bone diaphyses, than extant cursorial groups. However,
we note that our sample size is small and further investigations are warranted to ascertain
the relationship between locomotion mode and the inner architecture of hindlimb bones in
terrestrial birds.

In this study, we also documented for the first time the presence of growth marks
(not associated with an OCL) in the cortices of several extant ratites. These observations
support the hypotheses of Starck and Chinsamy [54] and Chinsamy-Turan [31] that episodic
and therefore protracted growth can be present in birds living in an environments where
the selection pressure for rapid growth within a single year is absent. Thus, although
most modern birds grow rapidly and reach maturity within a few weeks to months, like
Apteryx [35,70], several other extant ratites (current study), and several other large flightless
birds [33,45,48] are also capable of growing in an interrupted manner and can take several
years to reach skeletal maturity.

This study also documents for the first time, the presence of a distinctive OCL in
several skeletally mature ratites, and raises the possibility that earlier studies may have
examined immature individuals.

The high incidence of pathologies among the modern bird specimens studied here is
attributed to the fact that these birds were probably long-lived, zoo specimens that may
have been more susceptible to diseases.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/d14040298 /s1, Table S1: Summary of histological features seen in
different species studied. ICL, inner circumferential layer; OCL, outer circumferential layer; CCCB,
compacted coarse cancellous bone; FLB, fibrolamellar bone; R-L = reticular to laminar FLB. Note that
the absence of information in the table means that those features were not observed /not preserved.
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Abstract: Avian cranial anatomy is constrained by the competing (or complementary) requirements
and costs of various facial, muscular, sensory, and central neural structures. However, these con-
straints may operate differently in flighted versus flightless birds. We investigated cranial sense
organ morphology in four lineages of flightless birds: kiwi (Apteryx), the Kakapo (Strigops habrop-
tilus), and the extinct moa (Dinornithiformes) from New Zealand; and the extinct elephant birds
from Madagascar (Aepyornithidae). Scleral ring and eye measurements suggest that the Upland
Moa (Megalapteryx didinus) was diurnal, while measurements for the Kakapo are consistent with
nocturnality. Kiwi are olfactory specialists, though here we postulate that retronasal olfaction is
the dominant olfactory route in this lineage. We suggest that the Upland Moa and aepyornithids
were also olfactory specialists; the former additionally displaying prominent bill tip sensory organs
implicated in mechanoreception. Finally, the relative size of the endosseous cochlear duct revealed
that the Upland Moa had a well-developed hearing sensitivity range, while the sensitivity of the
kiwi, Kakapo, and aepyornithids was diminished. Together, our results reveal contrasting sensory
strategies among extant and extinct flightless birds. More detailed characterisation of sensory capaci-
ties and cranial anatomy in extant birds may refine our ability to make accurate inferences about the
sensory capacities of fossil taxa.

Keywords: moa; Aepyornis; kiwi; kakapo; olfaction; vision; hearing

1. Introduction

The concept of the complementary use of avian senses—and trade-offs among them—
provides a framework for the inference of sensory function and sensory ecology in both
living and extinct taxa [1]. Indeed, there has been increasing interest recently in ‘avian
palaeoneurology’—the inference of sensory and other function from the shape of the brain
as a whole and from brain components related to specific functions [2], particularly for
fossil taxa (e.g., [3,4]). However, the power of these inferences is limited by our incomplete
understanding of the complex links between avian cranial anatomy and function. Of par-
ticular importance for improving our understanding are flightless birds, many of which
appear to have evolved unusual combinations of sensory capacities. Detailed study of
the sensory structures of flightless birds—both living and extinct—may therefore help to
illuminate the full diversity of possible avian sensory patterns, and the trade-offs involved
in their evolution.

Flightlessness has evolved multiple times in the ancestors of a number of bird species
from New Zealand (NZ), including a large, flightless, nocturnal parrot—the Kakapo
(Strigops habroptilus). In addition, two lineages of flightless palaeognathous birds evolved
in New Zealand—the extant kiwi (Apteryx) and the recently extinct moa (Dinornithiformes).
Molecular phylogenetic work has revealed that kiwi and moa are only distant relatives [5-8],
with the kiwi being the sister group of the extinct elephant birds (Aeyornithidae) from
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Madagascar, and moa the sister group of tinamous from South America (Figure 1A).
Based on the phylogeny and distribution of these lineages, it is argued that the ancestors
of the kiwi, moa, and elephant birds all independently evolved flightlessness (and any
concomitant sensory specialisations). In this study, we explore the sensory anatomy of
representatives from these four lineages of flightless avians—kiwi, the Kakapo, moa,
and elephant birds—with a view to better characterising their patterns of sensory use
and specialisation.

A

Struthionithiformes

Tinamiformes

Palacognathae

Dinornithiformes

Rheiformes

olfactory
chamber

Casuariiformes

Aepyornithiformes

Apterygiformes < :

Figure 1. (A) phylogenetic tree indicating relationships of palaeognathous birds. (B) Pachyornis

elephantopus, mid-sagittal skull reconstruction, showing nasal air passage (arrow), olfactory chamber,
and cranial cavity.

Kakapo have previously been studied in detail in relation to their sensory capabilities
and adaptations to nocturnality [9]: enhanced light sensitivity, reduced visual acuity, a wide
binocular visual field, and reliance on olfaction. Similarly, the sensory capabilities of kiwi
are well known, having a nocturnal lifestyle, very limited vision, enhanced olfaction, and
mechanoreceptive function at the tip of the bill and vibrissae at the base of the bill [10-12].
The anatomy of the kiwi olfactory system has also been described in detail at the level of
neurological morphology and fine structure of the olfactory mucosa [12], and of the air
passages and complex caudal turbinate scroll [13], but the mechanics of airflow in the nasal
passages is less clear. The external nares of kiwi are placed at the tip of the bill, unique
among avians, and a complex turbinate system, similar to that of mammalian rodents,
lies adjacent to the rostral end of the brain in a greatly expanded interorbital septum. The
olfactory behaviour of kiwi is described as poking the bill into the substrate, olfactory
search with a raised bill arcing around the direction of search [10], and frequent loud
‘sniffing’. It is not clear, however, if sniffing, a typical mammalian behaviour, is possible in
the low-pressure respiratory system of birds, and it is also unclear whether the very small
external nares of kiwi are effective for air entry. In contrast to Kakapo and kiwi, very little
is known about the biology of elephant birds [14]: small eyes were a feature, and inferences
from endocasts suggest a reduced reliance on vision [4]; herbivorous diet and evolution in
a predator-free environment are assumed.

The sensory capabilities of moa are also uncertain and remain debated. Moa eye size is
relatively small, and the interorbital septum is expanded by a large chamber in continuity
with the nasal air passage [15]—this has been regarded as an olfactory chamber since the
earliest accounts of moa anatomy [16,17]—and the bony turbinate system is moderately
elaborated [15]. In examinations of moa brain endocast morphology [18,19], however,
the olfactory bulb at the rostral end of the forebrain was found to be within the range of
extant palaeognaths (kiwi excepted), with olfactory bulb size being regarded as a surrogate
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for olfactory ability [20,21]. It was thus concluded that moa had an ‘apparently poor
advanced olfactory capacity’, and suggested that the ‘olfactory chamber’ was a resonating
chamber for vocal behaviour [18]. Indeed, it had earlier been suggested on the basis of
the flora thought to have been eaten by moa that they had excellent visual acuity and
poor olfaction [22]. In contrast, it was instead postulated that the olfactory lobe of the
brain had been absorbed into the bulk of the telencephalon as a response to local space
constraints, and was—in fact—much larger than the structure identifiable at the rostral
end of the brain [23]. Subsequently, the substantial absorption of the olfactory lobe into
the telencephalon in kiwi was confirmed [12], leaving open the possibility that the same
is true for moa, while questions of relatively poor vision and nocturnality in moa have
recently been raised on the basis of the very small optic lobes of the midbrain in two moa
species [3,4]. The sensory ecology of moa thus remains unresolved.

Here we present new findings that add to existing evidence on sensory function in
flightless bird taxa, focusing on olfaction, vision, and hearing, and consider how these
senses may be integrated. We focus on these four taxa—moa, kiwi, elephant birds, and
Kakapo as they form or are parts of island radiations on New Zealand and Madagas-
car, and we can make comparisons among them with the analytical methods and new
data that we present. The data on moa concentrate on one species, the Upland Moa
(Megalapteryx didinus), for which we have the most complete information. We also present
new measurements from an elephant bird (Aepyornis maximus), Chilean Tinamou (Notho-
procta perdicardia), American Rhea (Rhea americana), Kakapo (S. habroptilus), and Southern
Brown Kiwi (Apteryx australis).

2. Materials and Methods
2.1. Materials

A list of material examined is given in Appendix A.

2.2. Moa

Moa osteology material was examined with particular focus on incomplete and broken
skulls that revealed the olfactory chamber and foramina between the cranial cavity and
olfactory chamber. A head of M. didinis with attached mummified soft tissue (MNZ
5400) [24] includes a complete scleral ring in several fragments, loosely held together
for parts of the circumference by soft tissue, currently preserved in alcohol. This is one
of three known moa specimens with intact scleral ossicles [25]. An MRI scan of this
moa specimen was obtained as documented previously [26], and dimensions of the orbit
obtained from this.

2.3. Kiwi

Skulls of kiwi were examined, again with focus on broken material that reveals the
internal structure of the olfactory passages. CT and MRI scans of kiwi heads were used
to reconstruct brain and olfactory passages. A serial sectioned hatchling kiwi head was
used to define details of the nasal glands. Newly deceased kiwi obtained as road-kill were
obtained under permit from the Department of Conservation, New Zealand, for dissection.

Computational Fluid Dynamics (CFD)

Simulations were performed using a 3D reconstruction of the nasal and olfactory
passages in Apteryx (AMNH18456) from segmentation on axial CT slices for CFD simulation
in Simscale [27]. The resulting mesh with its intricate internal geometry was too complex
for simulations after multiple simplifications, so a mesh was built to the same external
dimensions with Meshmixer [28] and openings made at appropriate sizes and positions
of external and internal nares. Simulations were run with the following assumptions:
incompressible medium, air in standard conditions as the fluid medium, Newtonian
viscosity model, and standard meshing algorithm. Pressure differences between external
and internal nares were set at 100 Pascals (Pa), within the physiological pressure range for
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quiet breathing in avians [29]. Kiwi respiratory rate is about 30 breaths per minute [30], so
simulations of orthonasal and retronasal flow were captured at 10 s intervals up to 40 s.
Other parameters for fluid dynamics including the Reynolds number are calculated by the
software on the basis of the size of the model and the input and output values (pressures in
this case). Simulation results were visualised with the particle trace algorithm of Simscale.

2.4. Comparative Material

Skulls of all palaeognaths apart from tinamous were examined, together with a range
of neognaths. Cranial CT scans of all genera of ratites and three genera of tinamous were
surveyed, and about 400 CT scans of neognaths available at online resources [31-34] were
reviewed with focus on the interorbital septum and olfactory nerve passages. Kakapo
morphology was studied on 3D skull mesh reconstructions and high-resolution CT scan
images. Neognaths with known superior olfactory capability [13,20] were specifically
sought in these collections, in particular vultures and Procellariiformes.

2.5. Observation of Living Kiwi

Stewart Island Brown Kiwi (Southern Tokoeka) Apteryx australis lawryi were observed
foraging at Mason Bay, Stewart Island Rakiura, New Zealand. Kiwi in this locality forage
by day as well as the typical nocturnal activity.

2.6. Compliance Statement

Use of all specimens conformed to NZ Department of Conservation regulations and
permits, and to CITES conventions.

2.7. Analyses
2.7.1. Vision

Visual fields in M. didinus were estimated in Blender [35] by loading a mesh of the
skull from a 3D CT reconstruction. A virtual 360° light was placed in the expected position
of the cornea, and the emitted light projected onto a spherical mesh.

Inference of daily activity pattern (nocturnal versus non-nocturnal) was estimated
with measurements of scleral ring and orbit dimensions. An ‘optic ratio” of (internal scleral
ring diameter)? / (optic length x external ring diameter) was plotted against the geometric
mean of these three measurements according to the method of [36] and added to the data
of that study, for a total of 370 taxa, to place birds in nocturnal and diurnal bands (Table S1).
A ’flexible phylogenetic discriminant analysis” (fPDA) [37] to derive a posterior probability
of nocturnality was done using the method and R codes of [36]. An earlier version of this
analysis [37] which adds axial length of the eye to the formula: (log lens diameter)? plotted
against log (external scleral ring diameter x axial eye length) was also calculated. These
analyses were performed for M. didinus and S. habroptilus.

2.7.2. Hearing

The length of the endosseous cochlear duct (lagena) (ECD) of the inner ear was
measured on inner ear labyrinths reconstructed from CT series in M. didinus, Aepyornis
maximus, Rhea americana and Nothoprocta pericardia. Measurements were made in 3D in
Amira, with the axis of measurement lying within the structure. Maximal cranial height
over the basisphenoid was measured also. Data were added to the data set of [36] (Table S2)
and used for regression of (log10 ECD length) against (log10 braincase height) using the
method and R codes of [36]. A phylogenetic regression was performed using the gls
function of nlme [38] allowing A to be fitted using the corPagel function of ape [39] using
R version v4.0.1 in RStudio v1.4.1717. Residuals from this regression were used as an index
of hearing ability, as verified previously [40] and were plotted against phylogeny.
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2.8. Phylogenetic Trees

Estimating A requires a phylogeny to correct for correlation due to shared ancestry.
Most previous studies, including [36] have used supertrees derived from studies by [41]
or [42]. However, these trees are unsuitable for our purposes because they all support
the reciprocal monophyly of Tinamiformes and the other palaeognaths—which has since
been definitively rejected (e.g., [7,8]).They also do not include representatives of the extinct
Aepyornithiformes or Dinornithiformes. Since our expanded ECD matrix includes the
moa M. didinus, elephant bird Ae. maximus, and tinamou N. pericardia, we needed updated
phylogenetic reconstructions that accurately reflected the relationships of these taxa in
order to estimated A.

We constructed phylogenetic trees based on an alignment of published mitochondrial
DNA sequences (Table S3). Where available, we downloaded complete mitochondrial
genome sequences for the 92 species represented in the ECD matrix. Where mitochondrial
genome sequences were not available we either used those of a close relative and/or se-
quences for only a subset of mitochondrial genes (Table S3). These sequences were aligned
using the MUSCLE v3.8.425 [43] algorithm as implemented in Geneious v9.1.6 [44]. We
then extracted—where available—the first and second codon positions of the 12 mitochon-
drial protein coding genes encoded on the leading strand for downstream analysis; third
codon positions were excluded to avoid branch compression and other artifacts caused by
substitution saturation.

Time-scaled phylogenetic trees were constructed using BEAST v1.8.4 [45]. First and
second codon positions were analysed as separate partitions using substitution models—
GTR + I+ G and TVM + I + G, respectively—determined using ModelFinder as imple-
mented in IQ-TREE v1.6.11 [46,47]. The monophyly of several higher taxa was enforced
to match the phylogenomic results published by [48] (see Table S1). Following [6] we
calibrated our phylogeny by constraining the age of six nodes: the common ancestor of
Neoaves (uniform distribution between 66.5 Ma and 124.1 Ma), the common ancestor
of Galloanseres (uniform distribution between 66.5 MA and 83.8 Ma), the divergence of
Psittaciformes (uniform distribution between 53.5 Ma and 72.3 Ma), the divergence of Pro-
cellariformes (uniform distribution between 60.5 Ma and 72.3 Ma), the common ancestor of
all non-ostrich palaeognaths (uniform distribution between 56.0 Ma and 72.3 Ma), and the
divergence of Casuarius (uniform distribution between 24.5 Ma and 72.3 Ma).

We ran three separate BEAST analyses that were identical except that in each analysis
we constrained the relationships between three palaeognath lineages—Rhea, Casuarius, and
a clade comprising Apteryx and Aepyornis—to match one of the three possible topologies:
Rhea & Casuarius as sister taxa, Casuarius as the sister-taxon to Apteryx + Aepyornis, and
Rhea as the sister-taxon to Apteryx + Aepyornis. We did this to test the sensitivity of our
downstream results to the order of these divergences, which are not well resolved [49].
For each of these three analyses we performed seven separate Markov Chain Monte Carlo
(MCMC) runs. All BEAST analyses used a single lognormal relaxed clock model (with
rate multipliers for the two partitions) and a birth-death tree prior. Each MCMC was
run for 20,000,000 generations, sampling parameter values every 2000. The first 10% of
each chain (1000 samples) was discarded as burn-in, and the remaining 63,000 samples
for each analysis were combined. Convergence of parameter values and ESSs > 200 were
monitored using Tracer v1.7.1 [50]. From each analysis we randomly selected a sample
of 100 representative trees to use for estimating A\. We also estimated A using a combined
sample of all 300 trees, thus averaging across the uncertainty around the branching order
among Rhea, Casuarius, and the clade comprising Apteryx and Aepyornis.

3. Results
3.1. Olfaction
3.1.1. Moa

The large olfactory chamber and its relation to the cranial cavity and the airway in
Pachyornis elephantopus is demonstrated in Figure 1B. A complex olfactory nerve exit from
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the cranium is found in all moa, no adult birds having a single nerve trunk. Multiple
nerve branches, as many as 15, penetrate the bony interface between cranium and olfactory
chamber, resembling the cribriform plate of mammals; there is variation among individ-
uals and between right and left sides, and typically a small bony mound is seen on the
olfactory chamber side of this plate with multiple foramina penetrating and surrounding it
(Figure 2C,D). The inner walls of the posterior part of the chamber are grooved by nerve
branches radiating from the foramina (Figure 2C,D). This can be seen also in CT scans,
and a reconstruction of the proximal nerve branching is shown in Dinornis robustus in
Figure 2E. In juvenile moa a separate central bone element is found that represents the most
caudal part of the olfactory chamber [15] (Figure 2A,B). This an open box-like structure
that is entered by large olfactory nerve foramina caudally, has a median septum, and opens
rostrally to the rest of the olfactory chamber.

roof

septum

trough

lateral wall

iE ‘i {; f‘ i
e

Figure 2. Moa olfactory foramina. (A) juvenile Anomalopteryx didiformis, ethmoid ossification, caudal
view. (B) right rostrolateral view. * marks the foramen (C) A. didiformis, rostral view of foramina with
radiating nerve grooves; (D) Dinornis novaezealandiae, same view. (E) Dinornis robustus, reconstruction
of interface brain-olfactory chamber dorsal view.

3.1.2. Kiwi

The external nares in specimens with an intact rhamphotheca admit a wire of 0.6 mm
diameter (Figure 3A), giving a cross-section area of 0.28 mm?. The internal nares Figure 3B
are formed by longitudinal ellipses of area 9.42 mm? in adult birds. The complex turbinate
system and its relation to the forebrain are shown in Figure 4.
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Figure 4. Apteryx, CT scan slice at the level of internal nares and turbinate system. The arrow

indicates the route through the nares to the olfactory region.

CFD simulations revealed very little flow into the olfactory airways with orthonasal
flow under the physiological pressures used. Simulation of retronasal olfaction showed
airflow to around the olfactory chamber and nasal airway at all 10 s iterations (Figure 5).
With the simulation process used here, when air velocity is very low or zero a particle trace
is not generated. With retronasal aeration, vectors of flow are consistent with a retronasal
route as the dominant mode of olfaction in kiwi.
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Figure 5. Computational flow dynamics; nasal cavity (A) in situ (B) isolated (C) and (D), flow simulations.

Wild kiwi were observed to make snuffling or snorting respiratory noises while forag-
ing, accompanied by head movements as previously described [10]; it was not determined
whether these were inspiratory or expiratory noises except on occasions when bubbles
appeared at the nares, which was clearly an expiratory phenomenon.

In histological sections the nasal glands of Apteryx are situated in a conventional
position on the dorso-lateral aspect of the maxilla, immediately rostral to the orbit. Medial
and lateral ducts lead forward on either side of the conchal system to reach the vestibule of
the nasal passage immediately adjacent to the external naris. Uncommonly for birds [51],
the right and left medial ducts converge to form a single duct at the ventral edge of the
septum for the rostral two-thirds of the bill, before dividing again close to the naris. The
large lacrimal gland duct passes rostrally parallel and ventral to the lateral nasal gland
duct, again opening into the vestibule adjacent to that duct. Thus, all three ducts enter
adjacent to the naris.

3.1.3. Aepyornithidae

In Aepyornis maximus and Ae. hildebrandti the forebrain and the olfactory chamber
occupy the dorsal third of the space between the eyes; the extent of the chamber is indicated
in Figure 6A. The caudal end of the chamber is grooved by radiating olfactory nerve
branches in a pattern similar to that of moa (Figure 6B).

3.2. Vision
3.2.1. Moa

The analysis of eye dimensions in M. didinus using the method of [36] place it within
the band of non-nocturnal birds (Figure 7A). The posterior probability of non-nocturnal
state calculated by the fPDA is above 99% with all values of lambda (an optimal lambda of
0.07 was obtained). In the predictive plot of [37], M. didinus falls among cathemeral birds
(Figure 7B). Visual fields estimated for M. didinus are shown in Figure 8. They reveal a
small binocular field, and a large blind sector caudally.

160



Diversity 2021, 13, 538

olfactory
chamber forebrain

Figure 6. (A) Aepyornis ?hildebrandti, MNHN MAD6724 olfactory chamber and forebrain outlined
(B) Aepyornis maximus MNHN 1910.12, rostral view of olfactory formaina with radiating nerve
grooves (arrows).

Megalapteryx  ,a 4
2.4 1 didinus o
&
< 194
dap E
® @ nocturnal 'b
@ non-nocturnal =
B 04 g
B 0 @ unknown
o
0.9
group
® Aves o
0.4 - v . -
22 1 15 2 25 3 35
log ED x AL[mm?]
circles - avians
squares - squamates
027, ; ; == egalepiena dlchuy triangles - mammals
0.50 0.75 1.00 125 1.50 .
geomm open - diurnal
grey -  cathemeral
black -  nocturnal

(LD, lens diameter, ED eye diameter
AL, axial eye length)

Figure 7. (A) plot of optic ratio (opt) against geometric mean of eye measurements (geomm). dap,daily activity pattern.
(B) plot reproduced with permission from [37], with Megalapteryx didinus added.
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Figure 8. Megalapteryx didinus, visual field plot, as reconstructed and graphically after the convention of Martin [1], in
(A) dorsal and (B) frontal views.

3.2.2. Kakapo

In the analysis framework used, S. habroptilus, known to be nocturnal but with other
parameters of eye anatomy deemed not typical for either diurnal or nocturnal activity [9],
falls at the overlap zone in the plot but receives a probability of nocturnality of 0.68.

3.3. Hearing

Residuals of ECD against cranial height in phylogenetic generalised least squares
regression are plotted against our phylogeny in Figure 9. A number of interesting results
appear: M.didinus had the largest spectrum of hearing frequencies of any palaeognath,
while Aepyornis was at the lower end of the group of birds sampled. Apteryx and Strigops
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are both placed as birds with limited frequency hearing. This result for Strigops is also
shown in [36] within the phylogeny of that study, but is not commented on.
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Figure 9. Endosseous cochlear duct residuals plotted to phylogeny (residual values added against
taxa of interest).

The inner ear labyrinth of M. didinus is shown in Figure 10A. This also demonstrates the
cerebellar flocculus, or more accurately, the endocast of the floccular fossa [52]. M. didinus
has a qualitatively substantial floccular endocast.

3.4. Bill Tip Sensory Organs

Specialised mechanoreceptors known as Herbst corpuscles are found in bony pits in
the bill tips of extant palaeogaths and a variety of neognaths that use bill-probing behaviour.
Pits are present in all moa species; in Megalapteryx, they are most prominent on the oral
aspect of the premaxilla (Figure 10B). The trigeminal ganglion endocast in Megalapteryx
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appears prominent, more so than in figures of other palaeognaths [4], and the ophthalmic
division of the trigeminal nerve (V1) is also relatively large, qualitatively (Figure 10C,D).

Figure 10. (A) Megalapteryx didinus left otic labyrinth and adjacent structures. ffe, floccular fossa
endocast (B) M. didinus, bill pits in oral view, photo courtesy of Trevor Worthy (C,D) M. didinus, brain
reconstruction in (C) ventral and (D) left lateral views.ob, olfactory bulb, V1, ophthalmic division
trigeminal nerve; Vg, trigeminal ganglion (E) An albatross with a well-developed olfactory bulb.

3.5. Comparative Material
3.5.1. Palaeognathae

A small dorsal olfactory chamber is present in non-NZ ratites, directly in contact
with the cranial cavity with a very short olfactory nerve trunk in Struthio, Dromaeus, and
Casuarius, and with an olfactory nerve that traverses the orbital cavity for 1.5 cm in Rhea. A
substantial mono-laminar septum is present ventral to this dorsal chamber in these taxa.
Tinamous have a single nerve that traverses the orbit for the whole length of the interorbital
septum. A substantial mono-laminar septum is present ventral to this dorsal chamber in
these taxa.
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3.5.2. Neognathae

In neognaths, there are two principal patterns: a small, dorsal olfactory chamber
above a mono-laminar septum, and a complete mono-laminar septum. Some species with
known olfactory ability [13,20] have marked expansion of the septum by an olfactory
chamber, notably in vultures and Procellariiformes. The Turkey Vulture Cathartes aura is
known for olfactory specialisation, and in this taxon, the whole of the interorbital septum is
expanded by a broad olfactory chamber, part of which contains the scrolled caudal concha
(Figure 11A). This configuration of olfactory chamber is very similar to that of moa. The
Black Vulture Coragyps atratus are closely related to the Turkey Vulture and have above
average olfaction in terms of the numbers of mitral cells in the olfactory bulb [53], but still
reduced in comparison to Cathartes aura. The interorbital septum is again expanded by
an olfactory chamber (Figure 11B), but to a lesser degree than in Cathartes. Among other
birds, an extensive olfactory chamber filling much of the interorbital septum is seen in the
olfactory specialists Puffinus grisea, Pachyptila desolata, Thalassarche chlororhynchus, Fulmaris
glacialis, and Pagodroma nivea. In the many CT series reviewed, marked expansion of the
dorsal septum or any expansion of the ventral part of the septum was only seen in taxa
such as the above with known olfactory specialisation.

Cathartes aura Coragyps atratus
(Turkey Vulture) (Black Vulture)

Figure 11. Axial CT sections of olfactory chambers of vultures. (A), Cathartes aura, Turkey Vulture,
(B), Coragyps atratus, Black Vulture. oc, olfactory chamber; s, sinus.

4. Discussion

We have presented a range of new information on the sensory systems of flightless
birds from four different clades, variously linked by geography (NZ), nocturnality (kiwi,
Kakapo), large size (moa, aepyornithids), and by the availability of data for our analyses.

We will summarise this new information for each group.

4.1. Olfaction and Sensory Systems in Kiwi
4.1.1. Retronasal Olfaction

The phenomenon of retronasal olfaction—entry of air to the olfactory epithelium via
the internal nares—has been studied extensively in mammals, and indeed it has been
asserted that retronasal olfaction is a unique attribute of mammals [54], and a separate
neural pathway within the brain has been proposed. A little reflection, however, will
show that retronasal olfaction must be possible in birds: a variety of aquatic birds, notably
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gannets and most penguins, do not have patent external nares (Figure 12) but do clearly
have olfactory epithelium [13], so the retronasal route is the only possibility.

Figure 12. Australasian gannet, Morus serrator. skull with site of closed external naris indicated.

The Haagen-Poiseuille equation describes parameters for flow in pipes and other
enclosed spaces:
Ap = 8uLQ/(mR™4) = 8muLQ/ A2

where Ap = pressure difference, p = viscosity, L = length, Q = flow rate, A= area.

When the function for area of pipes is considered, it is clear that resistance to flow
is inversely proportional to the square of the area. When the data for the external and
internal nares of Apteryx are used, the resistance of the external nares is 1200 times that of
the internal nares. This, the proximity of the choana to the olfactory epithelium (Figure 4),
and the baffle-like complex structure of the caudal concha, which presumably directs the
air flow, make retronasal olfaction a likely or probably predominant mode of olfaction
in kiwi.

Retronasal airflow has been assessed in a CFD study of pachycephalosaur dinosaurs [55],
and the result does not appear to differ significantly from orthonasal flow.

The CFD analysis included here is a simplified simulation of a morphologically very
complex airspace, but does support the hypothesis that retronasal air flow is the major
mode of ventilation of the kiwi olfactory epithelium. In a more detailed analysis of flow in
the intricate rat nasal airways [56], low velocity flow is seen in the olfactory area— this may
be an advantage, in allowing longer odorant contact with the epithelium. A significant
unknown factor is the speed of diffusion of odorants from the airstream to the olfactory
receptors [56]. CFD could be applied widely in the investigation of avian olfaction; studies
to date have relied on hypothetical flow distributions. A more advanced simulation with
more detailed geometry and phasic inspiration-expiration flow could have offered more
data for Apteryx.

4.1.2. Sniffing

It is not clear that sniffing, at least in the mammalian sense of short, noisy inspiratory
air movement, or rapid cyclical inspiration and expiration, is actually possible in birds.
The avian respiratory system operates at low pressures [29], and the extensive air sac
network acts as capacitance mechanism that mitigates against any large or sudden pressure
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alteration on inspiration and expiration. Kiwi have typical large abdominal air sacs, and a
non-muscular diaphragm [57]. The mammalian lung is tightly mechanically constrained
within the thorax and capable of much greater pressure differences— negative pressures
operating for sniffing in humans and rats is typically up to 10 times what avians are
capable of [56]. The exit of secretions from nasal glands in birds has been described by [58]:
nasal gland secretions are typically cleared via the external nares, and this activity, with
expiratory effort, may account for the respiratory noises of kiwi. Mucus secretion from the
respiratory epithelium is moved across the mucosal surfaces and leaves the nasal cavity
via the internal nares. The bill elevation observed during kiwi olfactory search could be a
mechanism for gravitationally directing secretions away from the small external nares. The
small nares may be as much an issue for egress of nasal gland and lacrimal duct secretions
as for air entry.

4.2. Olfaction in Moa

The data presented here support the hypothesis that moa were olfactory specialists,
in spite of the minimally developed olfactory bulb (Figure 10C,D). The branching pattern
of olfactory nerves at the cribriform plate and radiation of branches around the wall of
the chamber are indicative of their supply to a broad area of olfactory epithelium; the
nerve branches in the chamber in Rhea as demonstrated by [59], and in Procellariiformes
as detailed by [58], are evidence for this. Furthermore, an olfactory chamber expanding
the whole or much of the interorbital septum as in moa species is only otherwise found in
neognath olfactory specialists such as vultures and Procellariiformes.

The evolutionary history of the avian interorbital septum can be deduced from ac-
counts of developmental anatomy [60,61]. The region between the eyes is originally a
tri-laminar structure: the midline septal cartilage is accompanied by an anterior orbital car-
tilage from each side. In most avians the latter structure disappears with the enlargement
of the eye; in those cases where the tri-laminar configuration persists, an olfactory chamber
and sinus cavities occupy the space between, and the midline septum may regress. In
the early embryo, the olfactory capsules are directly applied to the forebrain; as the facial
skeleton grows, the brain stem and olfactory capsules separate. The olfactory bulbs remain
in contact with the capsules in fishes, and are connected with the rest of the brain by a
peduncle. In amniotes, pedunculated bulbs remain in lepidosaur and archosaur lineages.
In the theropod line towards avians, a progressive caudal retreat of an olfactory chamber
and bulb toward the rest of the forebrain occur, to reach the situation found in birds where
the bulb is sessile rather than pedunculated. A small peduncle may secondarily arise in
birds with a large olfactory bulb (Figure 12E). With the enlarging avian eye, the olfactory
chamber and bulb may become separated and a large olfactory nerve trunk traversing the
orbit or interorbital septum results. There are thus two main patterns found in modern
birds: a caudally extended olfactory chamber in apposition to the bulb, as in palaeognaths
with the exception of tinamous and Rhea, which has a 1 cm single olfactory nerve; or
alternatively a separation of bulb and chamber, which is found in most neognaths, with
the exception of the olfactory specialists described above. Curiously, in amphibians and
turtles, the bulb is contiguous with the telencephalon and a long single olfactory nerve
trunk is present [62].

The ethmoid region in birds is made more complex by the variety of terminology
that has been used, but an account of this region developed in an attempt to explain the
same area in theropod dinosaurs [63] offers a clear explanation of the box-like separate
ethmoid ossification seen in juvenile moa. The midline nasal septum is retained, the
trough-like floor and sides of the cavity are formed from the anterior orbital cartilages
(planum supraseptale), and its roof is the parieto-tectal cartilage [64], ossified as the ‘dorsal
plate’. This ethmoid structure is found in both neognaths and palaeognaths, where in the
latter it may appear on the dorsum of the skull in juveniles, before being covered by the
nasal bones.
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The evidence that moa are in fact olfactory specialists does contradict the inference
from the evident olfactory bulb dimensions. The suggestion that components of the
olfactory bulb may be buried in the bulk of the telencephalon [23] remains an open question.
The forebrain of moa is shaped differently to other palaeognaths, as noted by its earliest
observers [16,65]: wider and blunter at its rostral end. Olfactory bulb size relative to
brain size has been shown to follow allometric and phylogenetic trends [20] and empirical
evidence of olfactory behaviour is available for only a limited range of birds; available
evidence is sometimes not congruent with inference from brain morphology. We quote
Graham Martin from his recent book on the sensory ecology of birds: "how much of the
brain is devoted to analysis of olfactory information does not seem to be a good guide
to the importance of olfaction in the behaviour of birds’ [1]. Much information on the
exclusively herbivorous diet of moa has been gathered from preserved gizzard contents
and coprolites, using direct examination for seeds and plant remains, and ancient DNA
techniques [66], and a profile of the diet ranges for species of six moa genera has been
assembled. Where data are sufficient, different diet preferences for sympatric moa species
can be defined, indicating dietary selection. This research has also defined a range of plants
present in their respective environments that were avoided by moa; both these positive and
negative selection processes were presumably driven by olfaction. Moa had the genetic
information for ultraviolet (UV) vision [67]; foliage that moa were known to eat has not
been tested for its appearance in UV light but this could yield interesting results.

4.3. Hearing in Moa

We show that, with the parameters used here, Megalapteryx had more sensitive hearing
than any other palaeognath. Without the need for hearing to hunt for prey, and in a relative
absence of predators, hearing capacity may have been mainly needed for intraspecific
communication. Rhea and Nothoprocta were included here to achieve a more complete
palaeognath phylogeny; Rhea also has a more extensive hearing range than other palaeog-
naths with the exception of Megalapteryx; this is interesting, as Rhea is the only palaeognath
with a complex syrinx [68], and they have a specific vocal profile [69]. The question of
the syrinx in moa has been a little mysterious. Oliver [70] produced a figure evidently
redrawn from Richard Owen [71], which was stated to be the tympanum of the syrinx
of Emeus crassus. This attribution has not stood up to scrutiny [15,68] and we agree with
that position. However, we offer an alternative explanation. In Owen’s original paper
(p389) he described working out of matrix an expanded distal tracheal ring attached to an
incomplete bronchial ring. His figure of this conforms with the description of a bifurcating
lumen with a pessulus that he described as similar to that of a raven. Review of the original
description of his raven [72] and its figure does indeed demonstrate a tympanum in the
raven with a ventral fused band connecting four rings with a pessulus, similar to his
Emeus account. This is quite convincing, but if so it is unusual that no other ossification
compatible with a moa syrinx has been discovered [68]. We believe Oliver [70] was looking
at the wrong drawing in Owen’s figures and reworked a thyroid cartilage into the form of
a very flattened and quite atypical syrinx. It is tempting to link a possible developed syrinx
in Emeus with the sensitive hearing of Megalapteryx and the parallel with vocalisations
as in Rhea as adaptations to intraspecific communication. However, interpretations from
syringeal morphology must be guarded— ‘vocal learners’ among birds have the standard
developed form of avian syrinx, as in the raven, whereas less vocally specialised birds
can have a more elaborate syrinx [73], the adaptation in vocal learners being in more
advanced neuromuscular control. Confirmation of a developed syrinx in moa together
with that of Rhea would probably relegate the “‘undeveloped’ syrinx of other palaeognaths
to a derived state, given the specific similarities between the syringes of Rhea and the
typical tracheobronchial variety of neognath syrinx.
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4.4, Vision in Moa

Nocturnality and limited visual capacity in moa have been suggested or implied
by observation of small optic lobes of the brain in recent studies [3,4]. A species for
which scleral rings are known, M. didinus, is investigated here and found to fit within the
published range of cathemeral birds. M. didinus had small optic lobes of the brain, similar
to all other moa [3,4,18]. Other moa species may of course have been nocturnal, perhaps
as a mode of niche partitioning in habitats where several moa species were sympatric.
Cathemeral activity does, however, fit best with the pattern of other megaherbivores, which
need to eat for a large part of the day to meet energy requirements [74].

The visual field map presented here for moa is differs from that of ostriches [75], in
which the bill tip is not included in the visual field. The wide blind sector posteriorly could
have presented an avenue of approach for the giant eagle Hieraaetus (Harpagornis) moorei:
claw marks described on moa skeletal remains are on the dorsal trunk area [15]. There has
been lengthy discussion on the flying abilities of this extinct eagle, given its weight (15 kg)
and relatively short wings [15]. The ability of this extinct eagle to prey on moa many times
its size and location of attack could suggest that gliding, silent flight on approach to the
prey may have been the scenario, as flapping flight for a bird of this size would presumably
have been quite noisy, and we have shown that at least one species of moa had sensitive
hearing. The significance of a binocular field in birds has been explained as different from
that in mammals: the binocular field is not for stereoscopic vision, and only represents a
continuity of visual field [76]. Inclusion of the bill tip in the field is associated with foraging
and the feeding of chicks. Moa chicks were presumably precocial, as with other ratites with
large eggs, and may not have required direct parental feeding. In another study, visibility
of the bill tip was related to a pecking foraging strategy; however, in birds relying on tactile
foraging, the bill may or may not be included in the visual field [77].

4.5. Bill-Tip Sensory Organ

The presence of bill pits has not been studied formally in moa, although Richard Owen
did notice these pits without being aware of their significance [16]. Their presence in moa
is consistent with other palaeognaths. Their presence adds to the sensory repertoire used
by moa to negotiate their environment; for example, a combination of olfaction and bill
sensation would allow foraging among foliage in a context of low light or reduced visual
acuity. The bill tip organ is also present in Kakapo [78], as in some other parrots. There are
appear to be no comparative data on trigeminal ganglion endocast size, but the prominent
structure in M. didinus is consistent with bill sensation as a major component of the sensory
toolkit [79].

4.6. Floccular Fossa Endocast

The floccular lobe of the cerebellum is part of the central nervous system rather
than a sensory organ, but is known to integrate visual and vestibular information and
maintenance of a stable gaze [52,80] and thus relevant to those senses. Inferences from its
morphology and size have not so far reached definite conclusions, and the significance of
floccular fossa morphology remains enigmatic in any predictions regarding extinct taxa.
We show here that M. didinus has a substantial floccular fossa endocast. This is in contrast
to an observation that D. robustus had an absent flocculus [81]. The floccular endocast
shows a range of morphologies within this single avian radiation [82], and future research
in a phylogenetic context may bring another angle to bear on this question, particularly
when combined with information about sensory systems and lifestyle.

4.7. Kakapo

The Kakapo S. habroptilus also has a herbivorous diet and nocturnal lifestyle, and has
specific visual specializations for nocturnality, in that the retina is adapted for light sensi-
tivity and not for visual acuity [9]. Strigops is known to use olfactory cues in feeding [83]
and has a larger repertoire of olfactory receptor genes [84], but with a relative olfactory
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bulb size in phylogenetic context which in the middle of the avian range when corrected
for allometry and phylogeny [20]. We see here and in [36] that the hearing range of this
bird is at the lower end of the range, similar to the findings in kiwi and elephant birds.
Our new data on the Kakapo scleral ring modifies the analysis of eye dimensions alone [9],
which had described the optics of the eye as resembling those of diurnal birds. This helps
to validate our predictive framework for moa and other birds in the data set.

4.8. Aepyornithids

Previous research has shown an olfactory bulb of comparable proportions to other
palaeognaths [4], and small eyes are a feature of the skull. We add here the information
that a moderately large olfactory chamber was present, and that the hearing range was
limited, among the lowest in the birds studied here and by [36]. The optic lobes of the
brain were very small [4], of an equivalent size to those of kiwi, suggesting a nocturnal
activity pattern. Very little is known of elephant bird ecology [14]; it could be expected that
olfaction comprised a major part of the sensory repertoire.

5. Conclusions

We return to the concept of complementary sensory information in birds and trade-offs
among different senses. This expectation has been demonstrated more readily in mammals
than in birds, where the best documented example is the reduction of other senses in
instances of dominant bill sensation- trigeminal hypertrophy taxa [85]. Following [36],
we have plotted nocturnality against ECD length from our data where both are available
(Figure 13)—(the “posterior probability of nocturnality” is only relevant to M. didinus
here) — and a tendency for increased hearing sensitivity is observed in nocturnal birds,
Apteryx being a notable exception. This plot also indicates Megalapteryx ranked for ECD
among our dataset. If we follow some of the published suggestions, we could conclude
that moa had both diminished visual and olfactory ability. How, then would moa thrive
in their herbivorous mode of life in a variety of habitats? The balance is obvious in
extreme sensory specialisations, such as olfaction in kiwi and hearing in some owls; in
most cases, multiple sources of information must be viewed together. Palaeoneurology
explores the limits of inference; in this context, some morphometric studies of brain shape
in birds and mammals conclude that brain shape is responsive to dimensions of the
eyes and facial skeleton [86,87], and a recent theme in cranial morphometrics is that the
various facial, muscular, sensory and central neural structures compete for space within the
head, and that this may explain the shapes of structures as much as individual functional
needs [88,89]. Thus, as well as sensory complementarity and trade-offs, and the metabolic
cost of supporting sensory structures and brain regions to support them [85], we also have
to consider competition for the cranial domain. From the data we have assembled here
and reviewed in the literature, we can offer tentative hypotheses regarding these trade-
offs in our taxa (Figure 14). These are necessarily global assessments from the multiple
sources of evidence we have discussed; different patterns of sensory use would presumably
apply for feeding, reproductive, intraspecific and interspecific requirements. We have
not examined vestibular anatomy as a recent comprehensive study could not reveal any
significant functional inferences from this domain [89].

Here, we need to ask what part flightlessness plays in the sensory patterns of the taxa
considered here. There is an association between reduction of flight muscles and increase
in brain size [90]; this applies to kiwi but not to the other taxa we have addressed: moa
have small brains [18] and Kakapo brains are not larger than those of other parrots [9].
Aepyornithids appear to have small brains but the rarity of associated cranial and post-
cranial remains makes measurement of brain/body mass uncertain. Kiwi have obvious
hypertrophy of the olfactory lobe of the brain, but otherwise, “‘whole brain size is a blunt
instrument when it comes to assessing avian brain evolution’ [2].

In an analysis of potential factors enabling flightlessness in many lineages of island-
dwelling birds, absence of predation stood out in the evolution of reduced flight muscles
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and longer hind limbs [91]. How might this have affected sensory evolution in the island
taxa we have considered? A reduction in the need for auditory and visual monitoring
for predators may have enabled reductions in those systems and made these birds highly
vulnerable to introduced predators: the extinction of moa and aeypornithids was related
to human arrival on their respective islands [15,92], Kakapo are currently critically endan-
gered, and kiwi are protected as they are vulnerable to introduced mustelids, rodents, and
domestic animals.
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Figure 13. Plot of endosseous cochlear duct residuals against probability of nocturnality from
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Figure 14. Possible patterns of sensory modalities, based on new date and published information on

sensory organs, neural structures and observed behavior. ? = unknown.

Trade-offs among sensory systems are apparent in the extant taxa we have studied,
but remain conflicting and incomplete for the extinct birds. To take these questions further,
our ongoing research includes geometric morphometrics of endocasts and other domains
of cranial morphology, and interrogation of ancient DNA data in all moa genera for signals
of positive selection of in genes known to be associated with sensory modalities and noctur-
nality. The data we have presented here form a baseline for these and other investigations.
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Moa:

Dinornis novaezealandiae: MNZ S37876; AIM: LB6400; LB6952; LB7870; LB6952; LB6400;

LB6833; LB6401; LB6310; LB 6308; LB6432;

Dinornis robustus: MNZ 528225

Anomalopteryx didiformis MNZ S35274; MINZ S5795; AIM: LB5548; LB5545; LB5979;

LB5596; LB5819; LB5796; 1.B5843; LB5465; LB5485; LB5504; LB5515; LB5519; LB5511;

LB5552; LB5553; LB5555; LB5550; LB5593; LB5596; 1b5627; 1.LB5793; LB5620; LB5653;

LB5684; 1.B5914; LB5798; LB5819;

Emeus crassus MINZ S470; MNZ S792; AIM: LB6285;

Euryapteryx curtus MNZ S30212; AIM LB6710; LB6637; LB6616; LB6666; LB6246;

LB6251; LB6285;

Pachyornis elephantopus AIM: LB5946

Pachyornis geranoides AIM: LB6030; LB6020; LB6021; LB6024; LM6069;

Pachyornis australis MNZ S27896

Megalapteryx didinus MNZ S28206; MNZ S33763; MNZ S400; AIM: LB5904;

Moa: CT scans: D. robustus MNZ 528225, A. didiformis MNZ 535274, E. crassus, MNZ

S470, E. curtus, MNZ S30212, P. australis MNZ S27896, M.didinus, MNZ S28206. Pacific

Radiology, Wellington (New Zealand), on a General Electric Discovery CT750 HD

scanner, at 80 kV and 40 puA, and reconstructed as axial 0.3mm slices).

o P elephantopus AIM LB5946; Mercy Radiology, Auckland. GE Discovery CT750, 120 kV,
150 mA, 0.625 mm slices.

o P elephantopus MNHN 1875-602, from Dryad Digital Repository https://doi.org/10.5
061/dryad.7519042 (accessed on 14 September 2021), C. Torres and J. Clarke
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References

M. didinus AIM LB5904, microCT scan (30.5.2011,Bioengineering Institute, University
of Auckland; Skyscan 1172: 100 kV, 100 pA, reconstructed as 1626 slices, voxel size
34.6 um, image size 1984 x 1984 pixels).

Moa: MRI scan: M. didinus, MNZ S400 Siemens Magnetom Avanto 1.5 Tesla scanner
with a Siemens 12 channel head matrix coil and B17 software. Performance per axis
details were: maximum amplitude 33 mT/m, minimum rise time 264 microseconds
from 0-33 mT/m, maximum slew rate 125 T/m/s.

Kiwi:

Apteryx mantelli: JVC 386, JVC 387; AIM LB7709; LB7289; LB2182; LB5540; LB7202;
LB5539; LB9246; LB14145;

Apteryx australis: AIM LB13427; LB2182

Apteryx owenii: AIM LB9427; 1LB11246

Kiwi: CT scan: Apteryx species—AMHN18456, http://digimorph.org/specimens/
Apteryx_sp/ (accessed on 14 September 2021).

Kiwi: MRI scan: Apteryx mantelli: Centre for Advanced MRI, University of Auckland.
Siemens Magnetom Avanto 1-5T, gradient strength 40 (across) and 45 (along) mTm-1,
maximum slew rate 200 Tm-1s-1 with a 4-channel wrist coil; 2D turbo spin echo with
0.4 mm in-plane resolution and 1 mm slice thickness; echo time/repetition time/flip
angle/averages = 156 ms/5510 ms/1501/6—]Jeremy Corfield

Kiwi, histological series: ZSUT-SAJ78110. Apteryx australis. Serial sectioned head
of hatchling

Aepyornithidae:

Aepyornis maximus MNHN 1910.12; Ae. ?hildebrandti MNHN MADG6724; Ae. ‘medius’
MNHN1911-27

microCT scan: Ae. maximus MNHN 1910.12; 629 slices at voxel size 138 um; Romain
Allain and Ronan David

Struthio camelus: JVC 343; AIM LB11730

CT scan: L. Witmer lab: https://people.ohio.edu/witmerl/3D_ostrich.htm; https:
/ /youtu.be/gDQ8a0_oH6k (accessed on 14 September 2021).

Dromaeus novaehollandiae: JVC355; AIM541

CT scan, SAM39373,—Trevor Worthy

Rhea americana TMM M-6721, from Dryad Digital Repository https:/ /doi.org/10.506
1/dryad.7519042 (accessed on 14 September 2021), C. Torres and J. Clarke

Casuarius casuarius TMM M-12033, from Dryad Digital Repository https://doi.org/10
.5061/dryad.7519042 (accessed on 14 September 2021), C. Torres and J. Clarke

Rhea pennata: AIM LB1216

Nothoprocta pericardia, UMNH 23838, from Dryad Digital Repository https://doi.org/
10.5061/dryad.7519042, C. Torres and J. Clarke

Morus serrator (Australasian gannet): JVC201

Cathartes aura (Turkey Vulture); Morphosource 000125045, Jessie Maisano

Coragyps atratus (Black Vulture); http:/ /digimorph.org/specimens/Coragyps_atratus/
(accessed on 14 September 2021)—Tim Rowe

Stripogs habroptilus (Kakapo): Morphosource 000158358, Roger Benson

Pachyptila desolata: Morphosource 000167145, Jeff Zeyl

Thalassarche chlororhynchos: Morphosource 000166936, Jeff Zeyl

Fulmaris glacialis: Morphosource 000032762 Roger Benson

Puffinus grisea: Morphosource 000166694, Jeff Zeyl

Phoebastria immutabilis: http:/ /digimorph.org/specimens/Diomedea_immutabilis/
(accessed on 14 September 2021)—Tim Rowe.
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Abstract: Dromornithids are an extinct group of large flightless birds from the Cenozoic of Australia.
Their record extends from the Eocene to the late Pleistocene. Four genera and eight species are
currently recognised, with diversity highest in the Miocene. Dromornithids were once considered
ratites, but since the discovery of cranial elements, phylogenetic analyses have placed them near
the base of the anseriforms or, most recently, resolved them as stem galliforms. In this study, we
use morphometric methods to comprehensively describe dromornithid endocranial morphology
for the first time, comparing Ilbandornis woodburnei and three species of Dromornis to one another
and to four species of extant basal galloanseres. We reveal that major endocranial reconfiguration
was associated with cranial foreshortening in a temporal series along the Dromornis lineage. Five
key differences are evident between the brain morphology of Ilbandornis and Dromornis, relating to
the medial wulst, the ventral eminence of the caudoventral telencephalon, and morphology of the
metencephalon (cerebellum + pons). Additionally, dromornithid brains display distinctive dorsal
(rostral position of the wulst), and ventral morphology (form of the maxillomandibular [V,+V3],
glossopharyngeal [IX], and vagus [X] cranial nerves), supporting hypotheses that dromornithids are
more closely related to basal galliforms than anseriforms. Functional interpretations suggest that

dromornithids were specialised herbivores that likely possessed well-developed stereoscopic depth
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The dromornithids were large flightless birds, collectively known as ‘mihirungs’,

Received: 29 January 2021 whose fossils are a distinctive component of the Cenozoic avifauna of Australia, and
Accepted: 8 March 2021 are sometimes comparatively abundant in the Australian Neogene fossil record [1,2].
Published: 15 March 2021 The greatest diversity of the group occurs during the Miocene [1,3-6], but the family is
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Creek Limestone at Riversleigh, Northern Queensland. She also named Bullockornis planei
Rich, 1979 from the middle Miocene Camfield beds, Bullock Creek, Northern Territory [11]
(p- 27), but the genus Bullockornis was later synonymised with Dromornis [12]. This was
supported by Worthy et al. [6] upon revision of cranial material of the Bullock Creek speci-
mens, in conjunction with the description of Dromornis murrayi Worthy et al., 2016 from
Riversleigh. At the same time, Worthy et al. [6] proposed the eight dromornithid species
formed two lineages, where the Dromornis lineage is monotypic throughout its range, and
includes in a temporal succession D. murrayi, D. planei, D. stirtoni, and D. australis. The
Ilbandornis/Barawertornis lineage comprises the more gracile taxa B. tedfordi, 1. lawsoni, 1.
woodburnei, and G. newtoni.

Dromornithids were long considered to be ratites [11,14,16-18]. All ratites exhibit
reduced wing morphology and are generally large, flightless birds [15,19,20]. These fea-
tures are shared with dromornithids, but Olson [21] (p. 104) succinctly opined that “large
size and flightlessness do not a ratite make”, and pointed out that characteristics of the
dromornithid mandible, quadrate and pelvis suggested that they were likely derived from
an entirely different group of birds. In more recent times, with the discovery of addi-
tional cranial elements, phylogenetic analyses by Murray and Megirian [3] concluded that
dromornithids were the sister-group of the Anhimidae, and so were Anseriformes. This
conclusion was reinforced by Murray and Vickers-Rich [2], who also found similarities
to Anseranatidae, a closer sister-group to anatids within Anseriformes. In a phyloge-
netic study of the affinities of Pelagornithidae (bony-toothed birds), Mayr [22] suggested
that dromornithids were likely stem Galloanseres, i.e., a sister group to Galliformes and
Anseriformes. A relationship more distant from Anseriformes was also found by Wor-
thy et al. [23], whereby with inclusion of a representative sample of extant galloanseres,
representative Neoaves and palaeognaths, and key fossil taxa, Dromornis was found to
have a stem-galliform relationship. Most recently, Worthy et al. [24,25] used an expanded
taxon set, and resolved dromornithids as the sister group to the flightless gastornithids
of Eurasia and North America, forming a galloansere clade termed Gastornithiformes
Stejneger, 1885. However, the relationship of this clade to either galliforms or anseriforms
within Galloanserae, was poorly resolved.

As with gastornithids [26,27], there exists convincing evidence for a herbivorous diet
in dromornithids, as some specimens have been preserved with gastroliths [28] (p. 79).
Individual stones, presumed to be gastroliths, are common in the fossiliferous silty unit
of the Waite Formation producing the Alcoota LF wherein dromornithids are abundant
([2] (p. 262), [29] (p. 164), [30] (Figure 8A)). Undoubted gastroliths in the form of com-
plete or partial gizzard stone sets, are known from several specimens of the Pleistocene
dromornithid Genyornis newtoni, collected on recent expeditions by THW et al.

Handley et al. [31] demonstrated significant male dominated sexual dimorphism in
the largest of all dromornithids, the Miocene species Dromornis stirtoni, and revealed those
birds identified as male had a mean mass of 528 kg based on tibiotarsus circumference
metrics. The tibiotarsus was preferred for estimating body mass in large birds, especially in
dromornithids, after statistical evaluations of several mass estimation algorithms applied
across a large sample, showed that femoral metrics likely overestimated body mass for
them [31,32]. These dromornithids, along with the giant aepyornithid morphotype Vorombe
titan (Andrews, 1894), from the Holocene of Madagascar [33], likely comprise the largest
birds to have ever evolved.

Dromornithid cranial anatomy has previously been comprehensively described [1,3,6],
and while Murray and Megirian ([3] (Figure 5)), repeated in Murray and Vickers-Rich ([2]
(Figures 78-80)), briefly described a physical endocast for Dromornis planei, there exists no
information regarding the specific shape and size of the dromornithid brain across the two
lineages proposed by Worthy et al. [6].

Worthy et al. [6] identified that from the Oligocene through the late Miocene, the shape
of crania of dromornithids changed, with a foreshortening of the length relative to the
height of the cranium (e.g., Figure 1). How the shape of the dromornithid brain changed
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to accommodate these temporal changes in cranial anatomy and whether there exists
quantifiable differences in endocranial anatomy between the Dromornis and Ilbandornis
lineages have yet to be appropriately assessed.

Figure 1. Time series of Dromornis specimens showing a progressive increase in cranial height
(H) relative to length (L) over ~20-8 Ma: (A,B), Dromornis murrayi (QM F57984) Oligo—Miocene
(~25-23 Ma); (C,D), D. planei (NTM P9464-106) middle Miocene (~15-12 Ma); (E,F), D. stirtoni (NTM
P5420) late Miocene (~9-7 Ma). Views. Right lateral view (A,C,E); Rostral, (B,D,F). D. murrayi
lateral view (A) shows the more complete left hand side (B) which has been flipped for comparison.
Missing cranial areas are shown by orange stippled lines on (A) and (E). Abbreviations: ct, cavum
tympanicum; ep, exoccipital prominence; mm, millimetres; orb, orbit; pb, processus basipterygoidei;
po, processus postorbitalis; pp, processus paroccipitalis; pz, processus zygomaticus; rp, rostrum
parasphenoidalis; rq, recessus quadratica; zfc, zona flexoria craniofacialis. Scale bars equal 40 mm.

The objectives of this study are to assess dromornithid endocast material spanning
the late Oligocene to the late Miocene. This will: (1) allow a comprehensive description
of morphological characteristics of the dromornithid brain and its principal innervation
for the first time; (2) inform our understanding of how dromornithid brains differ mor-
phologically from those of other galloanseres; (3) assess how Dromornis and Ilbandornis
differ in endocranial anatomy; (4) assess how brain shape responded to significant changes
in cranial anatomy through time; (5) identify potential functional constraints shaping the
evolution of dromornithid endocranial anatomy across this period; and (6) aid in resolving
the phylogenetic position of dromornithids.

2. Materials and Methods
2.1. Abbreviations
Institutions

ANSTO, Australian Nuclear Science and Technology Organisation, Lucas Heights,
Sydney, New South Wales, Australia, QM, Queensland Museum, Brisbane, Queensland,
Australia, QVM, Queen Victoria Museum and Art Gallery, Launceston, Tasmania, Australia;
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NTM, Museum of Central Australia, Alice Springs, Northern Territory, Australia, SAHMR],
South Australian Medical and Health Research Institute, Adelaide, South Australia, SAM,
South Australian Museum, Adelaide, South Australia, MV, Museums Victoria, Melbourne,
Victoria, Australia.

2.2. Geological and Temporal Data for Fossil Specimens

The fossil materials used in this study were sourced from three localities. Two crania
of Dromornis murrayi (QM F57984; QM F57974), and a fossil endocast (QM F50412) came
from Riversleigh World Heritage Area in north-western Queensland, Australia (Figure 1;
SI Figures S1-53). The fossil endocast (QM F50412) was not scanned and does not con-
tribute to numerical analysis, but is figured for comparative purposes (see SI Figure S3).
Dromornis murrayi (QM F57984) is derived from the Hiatus site (Queensland Museum
Locality 941), Hal’s Hill, D Site Plateau, forming part of the Riversleigh Faunal Zone A
deposits (e.g., “System A” of [34,35] and “Faunal Zone A” of [36,37]). Hiatus site comprises
“pure” limestone formed in an aquatic setting, and has proved difficult to successfully
date radiometrically, due to the lack of speleothem or flowstone material often included
in palaeo-cave deposits elsewhere at Riversleigh [38]. The Hiatus fauna is considered late
Oligocene to early Miocene (~25-23 Ma) in age, based on biocorrelation (i.e., vertebrate
stage of evolution; see [34-39]). The second specimen of D. murrayi (QM F57974), and the
fossil endocast (QM F50412), come from Cadbury’s Kingdom site, considered Faunal Zone
B and early Miocene (~23-16 Ma) in age [37-39].

The second site complex is located at Bullock Creek in the Northern Territory of central
Australia: one cranium, respectively, of Dromornis planei (NTM P9464-106) and Ilbandornis
woodburnei (QVM:2000:GFV:20) were studied from this site (Figure 1; SI Figures 54 and S5).
The Camfield Beds exposed at Bullock Creek, are fossiliferous freshwater conglomeratic
limestone deposits that contain the Bullock Creek LF, which includes several aquatic and
“stream-bank” species [30], and forms the type locality for the Camfieldian Land Mammal
Age [40]. Fossils from the site are generally well preserved [6], and are considered to
be middle Miocene (~14-12 Ma) in age based on biocorrelation, specifically the stage of
evolution of diprotodontid Neohelos spp. [14,30,38,40,41].

The third site complex is located at Alcoota Station, approximately 110 km north-
east of Alice Springs in the Northern Territory of central Australia [42]: two crania of
Dromornis stirtoni (NTM P5420; NTM P3250) from Alcoota LF were studied (Figure 1;
SI Figures S6 and S7). The Alcoota LF derives from unconsolidated fluviatile clays and silts
of the Waite formation, previously interpreted as lacustrine deposits [29]. The sediments
are now considered to be overbank silts accumulated via debris flow, wherein fossils are
concentrated in extensive bonebeds with little or no association [42—45]. Specimens are
generally poorly preserved, likely due to repeated fluctuations in moisture content of the
siltstone matrix, causing fracturing and compaction of fossils over time [30]. Alcoota LF is
believed to be late Miocene (~9-7 Ma) in age based on biocorrelation [1,30,40,44,46], and is
the type locality for the Waitean Land Mammal Age [40]. Alcoota LF is unique in that it
preserves the only late Miocene vertebrate community known from Australia outside of
Riversleigh [2,30].

Four crania of extant basal galloansere birds were also included: the phasianid Gallus
gallus (SAM B34041), a megapodiid Leipoa ocellata (SAM B11482), an anhimid Anhima
cornuta (MV B12574), and the anseranatid Anseranas semipalmata (SAM B48035).

2.3. Nomenclature

We follow the anatomical nomenclature in Baumel et al. [47] for osteology, innervation,
and external or brain surface anatomy (see Figure 2, Figure 3A-D, Figure 4A-D; SI Figures
S4K-N and S5K-L). Therefore, cranium is the term preferred for that part of the skull
enclosing the brain, rather than neurocranium. Descriptions of the internal architecture
of the avian brain follow Jarvis et al. [48,49] (Figure 6). At first mention, osteological,
innervation, and brain surface anatomy is described using Latin nomenclature, with the
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anglicised equivalent in parenthesis, or mentioned immediately subsequent. Thereafter,
we use anglicised equivalents where appropriate.

wist perim \ wist sa mod wist sim mod |

VII + Vllir/c

k) “ &
tel.c wist opt

Figure 2. Modular Surface Area (A) and Measurement data (E), along with landmark modules used to capture endocast
shape (see Section 2.6.2, Section 2.6.3 and SI Section S3.2). Brain surface SIm modules (green dots) and innervation Lm
module (red dots), are mapped onto the endocast of Dromornis planei (NTM P9464-106), and SIm modules are colour-shaded
to facilitate anatomical identification (see also SI Figures 510 and S11). Acquisition of Modular Surface Area data are
illustrated by a dorsal endocast (A), showing the right side wulst surface area module selected (wlst sa mod—pink), prior
to computation of the surface area value for the defined region. The endocast (A) also shows the previously defined left
side wulst module, circumscribed by a perimeter polyline (wlst perim) for which the surface area value was computed
(see Section 2.6.3 above). Measurement values are illustrated by a 3D shape plot (E) showing wulst Sim modules (wlst slm
mod), left side Slms (green dots) are linked (blue) to provide perspective. Distance (vector) values were calculated between
individual Slms forming the modular width (wid) and length (len) measurements, vector values were then combined to
form the total measurement value; Measurements were also calculated between individual Slms for; (met), metencephalon
(cerebellum + pons) total height; (tw), endocast total width; (mo), medulla oblongata total width (see Section 2.6.2 above).
Views: (A,CE), Dorsal; (B), right lateral; (D), rostral; (F), ventral. Abbreviations: cer, cerebellum; Lm, landmark; mod,
module; opt, optic lobe; perim, perimeter; rho, rhombencephalon; sa, surface area; Slm, semilandmark; tel.c, caudal
telencephalon; tri.g, trigeminal ganglion; wlst, wulst; I, left olfactory nerve; I, right optic nerve; V1, ophthalmic nerve; V;,
maxillary nerve; V3, mandibular nerve; VI, abducent nerve; VII + VIIIr/c, rami of the facial nerve (VII), and the rostral (VIIIr)
and caudal (VIIIc) vestibulocochlear nerves; IX, glossopharyngeal nerve; X, vagus nerve; XII, ramus of the hypoglossal (XII)
nerve (XIIc in the extant galloanseres ( Section 3.1.6, Figure 4D; SI Figures S10C and S11C). Endocasts are not to scale. [Note:
for the modular Slm suite mapped onto the endocast of Leipoa ocellata (MV B12574), see SI Figures S10 and S11).
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Figure 3. Dromornithid endocasts: (A-D), Dromornis planei (NTM P9464-106); (E-H), D. murrayi reconstruction (QM F57984
+ QM F57974; see SI Figure S9); (I-L), llbandornis woodburnei (QVM:2000:GFV:20). Views. Right lateral (A E,I); rostral (B,F)J);
dorsal (C,G,K); ventral (D,H,L). Trigeminal nerves (V1, V;, V3) are truncated where exiting the cranium. Abbreviations:
acm, arteria cerebralis medialis; bo, olfactory bulb; cer, cerebellum; cfl, cerebrum fovea limbica; coc, cerebrum pars
occipitalis; dsl, lateral semicircular duct; fi, fissura interhemispherica; fs, fissura subhemispherica; gp, glandula pinealis;
gpr, proximal ganglion; gv vestibular ganglion; h, hypophysis; lv, vestibular organ (semicircular ducts + cochlea [blue];
see also Section 4.1.4); mm, millimetres; opt, optic lobe; rho, rhombencephalon; tel.c, caudal telencephalon; tel.r, rostral
telencephalon; tri.g, trigeminal ganglion; va, vallecula telencephali; wlst, wulst; I, olfactory nerve; II, optic nerve; Vi,
ophthalmic nerve; V;,, maxillary nerve; V3, mandibular nerve; VI, abducent nerve; IX, glossopharyngeal nerve; X; vagus
nerve; XII, ramus of the hypoglossal nerve. Endocasts are not to scale.
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Figure 4. Galloansere endocasts. (A-D), Anhima cornuta (MV B12574); (E-H), Gallus gallus (SAM B34041); (I-L), Leipoa
ocellata (SAM B11482); and (M-P), Anseranas semipalmata (SAM B48035). Views: Right lateral (A E,I,M); Rostral (B,F,J,N);
Dorsal (C,G,K,O); Ventral (D,H,L,P). The full extension of the olfactory (I) nerves in G. gallus are shown in dorsal (G) view,
but were cropped in lateral (E) and ventral (H) views to fit the plate. Abbreviations: acm, arteria cerebralis medialis; bo,
olfactory bulb; cer, cerebellum; cfl, cerebrum fovea limbica; coc, cerebrum pars occipitalis; fi, fissura interhemispherica; fs,
fissura subhemispherica; gp, glandula pinealis; gpr, proximal ganglion; gv vestibular ganglion; h, hypophysis (note the
caudoventral hypophysis has been trimmed to facilitate access to rostroventral rhombencephalon surfaces); opt, optic lobe;
rho, thombencephalon; tel.c, caudal telencephalon; tel.r, rostral telencephalon; tri.g, trigeminal ganglion; va, vallecula
telencephali; wlst, wulst; I, olfactory nerve; II, optic nerve; Vi, ophthalmic nerve; V;, maxillary nerve; V3, mandibular nerve;
VI, abducent nerve; VII, facial nerve; VIIIr/c, rostral and caudal rami of the vestibulocochlear nerve; XlIr, rostral and; XIlc,
caudal rami of the hypoglossal nerve. Endocasts are not to scale.

Much disparate terminology has been used for the description of surface morphology
of the avian cranium and brain, and in some instances with no consensus for precedence of
any particular term over another (e.g., see [47,48], and references therein). We agree with
Early et al. [50] who considered the term ‘wulst’ (wlst, Figure 2, Figure 3B-D and Figure 4C)
appropriate to describe the external dorsal eminences of the internal hyperpallium [49]
(Figure 6), and lobus opticus (optic lobe; opt, Figures 2, 3B and 4B,D) to describe the external
ventral eminences of the internal tectum opticus (optic tectum), or tectum mesencephali
(mesencephalon). Additionally, we use cerebrum pars frontalis (rostral telencephalon;
tel.r, Figure 3B,D and Figure 4C,D; see also Section 2.5), to describe the surface topology
of dorsorostrolateral mesopallium and nidopallium [49] (Figure 6), rostrad of the arteria
cerebralis medialis (medial cerebral artery; acm, Figure 3A-B and Figure 4B,D) dorsoventral
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traversal of the hemispherium telencephali (telencephalic hemisphere); cerebrum pars
parietalis (caudal telencephalon; tel.c, Figure 2, Figure 3B-D and Figure 4C-D), to describe
the surface topology of the mesopallium, nidopallium and arcopallium [49] (Figure 6),
forming part of the caudolateral telencephalon pallial complex caudad of the traversal of
the medial cerebral artery (see Section 2.5 below); ganglion trigeminale (trigeminal ganglia,
tri.g, Figures 2, 3D and 4A,D) to describe ganglia of the trigeminal nerve (V) complex
(see Section 3.1.3 below), inserting on the ventral surface of the optic lobe.

2.4. Modelling

One cranium each of the following species were micro-computed tomography (uCT)
scanned using the Skyscan 1076 pCT instrument (Bruker microCT) at Adelaide Microscopy,
University of Adelaide: Gallus gallus, 17.0 micrometre (um) resolution, at 59 kilovolts
(kV) and 167 microamps (1A); Leipoa ocellata, 17.4 pm resolution, at 48 kV and 139 uA;
Anhima cornuta, 34 pm resolution, at 100 kV and 100 pA; and Anseranas semipalmata, 34.8 pm
resolution, at 100 kV and 90 pA. Skyscan puCT acquisition data were reconstructed using
NRecon v1.6.10.4 (Bruker microCT) and compressed using Image] v1.51w [51] software.

The crania of D. murrayi, D. stirtoni and I. woodburnei were medical X-ray CT scanned
using the Siemens Somatom Force CT instrument located at the SAHMRI facility in Ade-
laide. Acquisition CT data were captured at a slice thickness of 0.4 mm, but with the
application of an oversampling technique allowing the acquisition of twice the number of
slices per detector row, an effective resolution of 240 pm was achieved for all specimens,
excluding D. stirtoni (NTM P3250) which was CT scanned at a resolution of 320 pm. Ac-
quisition data were reconstructed by M. Korlaet of Dr Jones and Partners using Siemens
proprietary software.

The cranium of D. planei was scanned at the ANSTO nuclear facilities in Sydney using
the DINGO neutron CT instrument, located in the OPAL reactor beam hall on thermal beam
HB2. Neutron CT acquisition data were captured at low-intensity mode at 95 um resolution
and were reconstructed by Dr. ]. Bevitt of ANSTO. All CT data used were isotropic.

2.4.1. Three-Dimensional (3D) Surface Model Construction

Three-dimensional (3D) surface model construction was conducted via segmentation
using Materialise Mimics v18 software, and 3D surface stereolithograph (STL) endocast
models were produced from reconstructed CT data to represent the shape of the brain
(Figures 3 and 4). These included the base and immediate stem of the major nerves
passing from the cranium into the brain (see also Section 3.1, Section 4.4.1 and SI Section
S3.1.1). Surface STL models were exported to Materialise Mimics 3-Matic v10 software for
reconstruction and remeshing.

2.4.2. Model Reconstructions

In many fossils, structures are often lost or damaged by taphonomic processes over
time, or during recovery. Where specimens are somewhat bilaterally symmetrical, as is the
case of endocasts, damaged or missing structures may be digitally reconstructed based on
preservation of one side, or parts of a particular endocast. The incomplete endocasts for the
two fossil specimens of D. stirtoni NTM P5420 and NTM P3250 constrained their interpreta-
tion. Thus, a two-dimensional (2D) reconstruction representative of the species was derived
using both endocast models (see SI Figure S8 and Section S2.1). Similarly, endocasts for
specimens of D. murrayi were, respectively, damaged and incomplete, where QM F57984
preserves only the left hand side (LHS) dorsolateral endocast, and QM F57974 preserves
only the ventral endocast. Consequently, a single 3D endocast model was compiled from
CT data of the two specimens of D. murrayi (see SI Figure 59 and Section 52.2).

2.4.3. Remeshing

Remeshing of 3D STL surface models is required to optimise the quality of the trian-
gles comprising the surface mesh, and to reduce the file size of models for landmarking
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(see below). Remeshing operations were carried out in Materialise 3-Matic v10 and pass-
ing of remeshed STL objects to Polygon File Format (PLY) was conducted in MeshLab
v2016.12 [52].

2.5. Landmarking

To capture the shape of the endocasts, we defined seven morphological zones using
semilandmark (Slm) patches, or modules (see Figure 2; SI Figures S10 and S11, Section S3.2).
This approach allowed us to assess whether each morphological zone differed in the same
way between taxa and along a lineage, or whether the zones differed in contrasting ways
across specimens.

Additionally, the dorsal endocast of dromornithids is dominated by wulst structures
(e.g., Figures 2 and 3), which are distinct with respect to those of the extant galloanseres
(e.g., wist, Figure 3 versus [vs] Figure 4, and Section 3.2.2 below). We prefer the expla-
nation that the expansion, or hypertrophy, of the wulst in dromornithids has effectively
masked the surface morphology of the rostrodorsal telencephalon (see Section 3.2.1 below).
This required the segregation of telencephalic hemispheres into rostral and caudal regions,
defined by the traversal of the medial cerebral artery (see acm, Figure 4B, and SI Sections
53.2.1.3-53.2.1.5), such that telencephalic regions caudal of the medial cerebral artery might
be compared across all specimens.

Digital landmarking of 3D endocast surface models was conducted in IDAV Landmark
v3.6 [53] using 20 fixed (type 1) and 460 semi- (type 3) landmarks [54] for a total of 480.
The set of landmarks (Lms) and semilandmarks (Slms) comprising the modules (Figure 2;
SI Figures S10 and S11) were the basis for all subsequent shape assessment. Endocast
landmarking protocols and descriptions of the full Modular landmark (Lm) suite are given
in Supplementary Information (SI, Section S3).

2.6. Data

We used SIm modules to capture the shape of discrete regions of the brain (see Section 2.5
above). Derived from those shape data (see Section 2.6.1), we computed Measurement data
(see Section 2.6.2), and acquired Surface Area data based on the ‘footprint” of SIm modules
as defined (see Section 2.6.3), with the exception of trigeminal ganglion data, where Mea-
surement data were computed from trigeminal ganglia SIm modules (e.g., Figure 10C and
Figure 11C), and Surface Area data were computed from the truncated faces of the maxillo-
mandibular (V,+V3; see Figure 2E, Figure 3B and SI Figure S5L) branch of the trigeminal (V)
nerve complex (see Figures 3D and 4A,D). Collectively, those three forms of data informed
the systematic assessment of morphological differences between the endocasts of individual
dromornithid specimens (see Section 2.7.2, Section 3.3 and SI Section S4), and the comparison
of dromornithid endocast morphology with those of the extant galloanseres (see Section 3.4
and SI Section S5).

2.6.1. Modular Lm Data

Three-dimensional digital shape data derived from the Modular Lm suite (Figure 2;
SI Figures S3, S10 and S11) were used for all assessments of shape (see Section 2.7 below).

2.6.2. Measurement Data

Measurement data were calculated between Lm and Slm locations along specific
transects for each specimen, using the ‘interlmkdist’ function in Geomorph v3.1.3 [55];
see also Section 2.7 below. Measurements for the length and width of each modular
structure, capturing the directional ‘curve’ over a 3D surface, were calculated by adding
together the distances between each SIm forming the measurement vector (see Figure 2E).
Data for each paired structure (i.e., wulst, rostral and caudal telencephalon, optic lobe,
and trigeminal ganglion modules) were combined, and mean Measurement values calcu-
lated (see Table 1A). Additionally, measurements describing gross endocast morphological
‘vector’ distances were calculated between two Lm or Slm locations (see Figure 2B,F;
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Table 1A). Size-standardised mean Measurement log shape ratios were calculated by the
log shape ratios method [56], where species Measurement values were divided by species
endocast total volume values and logo transformed [57] (p. 99), [58] (p. 117). The log shape
ratio approach produces size-standardised shape variables from univariate data and is
analogous with the Procrustes superimposition method for multivariate Lm data (i.e., GPA;
see Section 2.7.1 below), where both methods correct for size while retaining shape varia-
tion [59] (p. 1389). Measurement log shape ratios are presented in text, in Table 1B, and
plotted in SI Figures S12 and S13.

Table 1. A, Mean Measurement values calculated between Slm locations for each species. B and D, respectively, Size-
standardised Mean Measurement and modular Surface Area log shape ratios. Log shape ratios were calculated by
the log shape method (see Section 2.6.2). C, Mean modular Surface Areas computed directly from endocast surfaces
(see Section 2.6.3). All bilateral structure data (i.e., wulst, rostral and caudal telencephalon, optic lobe, and trigeminal
ganglion modules) were combined and mean values calculated. Abbreviations: A. cornuta, Anhima cornuta (MV B12574);
A. semipalmata, Anseranas semipalmata (SAM B48035); Cer, cerebellum; D. murrayi, Dromornis murrayi reconstruction (QM
F57984 + QM F57974); D. planei, Dromornis planei (NTM P9464-106); Endo Surf, endocast total surface area; Endo Vol,
endocast total volume; G. gallus, Gallus gallus (SAM B34041); I. woodburnei, Ilbandornis woodburnei (QVM:2000:GFV:20); L,
length; L. ocellata, Leipoa ocellata (SAM B11482); Med.Ob, medulla oblongata; Meten, metencephalon; mm, millimetres; mm?,
square millimetres; mm?3, cubic millimetres; Opt, optic lobe; Rho, rhombencephalon; SIm, semilandmark; Tel.c, caudal
telencephalon; Tel.r, rostral telencephalon; TH, total height; Tri.g F, trigeminal ganglion maxillomandibular (V; + V3) face;

TW, total width; W, width; Wlst, wulst.

A. Mean Measurement Values (mm)

Measurement
G. gallus L. ocellata A. cornuta A. semipalmata D. murrayi D. planei I. woodburnei
Wist L 12.47 14.32 16.79 20.50 55.90 67.65 51.32
Wist W 4.81 5.52 6.34 7.92 27.63 34.43 28.87
Tel.r L 5.59 9.59 10.37 17.73 N/A N/A N/A
Tel.t W 4.02 5.45 8.13 11.93 N/A N/A N/A
Tel.c L 15.46 12.75 17.30 17.52 47.26 49.71 41.88
Tel.c W 1291 13.40 18.43 22.18 41.14 40.61 30.52
OptL 15.08 18.25 13.37 15.87 16.96 19.11 16.72
OptW 5.98 7.81 4.67 4.85 6.75 5.96 8.02
Tri.g L 5.96 4.32 7.95 9.60 13.47 13.76 12.30
Trig W 483 3.76 3.03 3.32 9.56 9.20 9.18
CerL 12.73 10.95 17.53 15.27 17.79 20.85 21.24
Cer W 10.71 9.91 13.63 17.55 37.87 45.99 33.21
Rho L 9.69 10.71 13.64 14.54 25.65 26.82 23.47
Rho W 7.66 9.51 12.39 10.03 18.19 18.02 13.83
Tel.c TW 21.07 22.25 28.21 31.16 67.34 72.83 57.52
Meten TH 15.43 16.26 20.34 22.04 38.85 40.68 34.56
Med.Ob TW 12.94 11.66 14.33 15.50 37.87 40.59 28.91
Endo Vol (mm?) 3733.84 4519.27 8031.85 10881.35 95577.71 122859.93 60289.34
B. Mean Measurement Log Shape Ratios
Wist L 0.127 0.163 0.157 0.186 0.362 0.415 0.368
Wist W —0.287 —0.251 —0.266 —0.227 0.056 0.122 0.119
Tel.r L —0.221 —0.011 —0.052 0.123 NA NA NA
Tel.t W —0.365 —0.257 —0.158 —0.049 NA NA NA
Tel.cL 0.220 0.113 0.170 0.118 0.289 0.281 0.280
Tel.c W 0.142 0.134 0.198 0.220 0.229 0.193 0.143
OptL 0.210 0.268 0.058 0.075 —0.156 —0.134 —0.119
Opt W —0.193 —0.101 —0.398 —0.440 —0.556 —0.640 —0.438
Tri.g L —0.194 —0.358 —0.167 —0.143 —0.256 —0.276 —0.252
Trig W —0.285 —0.418 —0.587 —0.604 —0.405 —0.452 —0.379
CerL 0.136 0.046 0.176 0.058 —0.135 —0.096 —0.015
Cer W 0.061 0.003 0.067 0.119 0.193 0.248 0.180
Rho L 0.017 0.037 0.067 0.037 0.024 0.013 0.029
Rho W —0.085 —0.015 0.025 —0.124 —0.125 —0.159 —0.201
Tel.c TW 0.355 0.354 0.382 0.368 0.443 0.447 0.418
Meten TH 0.219 0.218 0.240 0.218 0.204 0.194 0.197
Med.Ob TW 0.143 0.074 0.088 0.065 0.193 0.193 0.119
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Table 1. Cont.

A. Mean Measurement Values (mm)

Measurement
G. gallus L. ocellata A. cornuta A. semipalmata D. murrayi D. planei L. woodburnei
Module C. Mean modular Surface Area Values (mm?)
Wist 58.50 65.71 90.65 117.40 1353.96 1851.49 1170.99
Tel.r 19.62 47.39 82.55 216.04 NA NA NA
Tel.c 144.52 133.10 249.41 297.48 1213.28 1297.48 852.94
Opt 78.90 118.28 52.33 71.57 139.37 164.03 145.83
Tri.gF 1.342 1.335 5.114 6.237 14.537 13.477 10.431
Cer 124.10 103.59 205.25 192.07 678.37 816.82 528.19
Rho 63.21 86.91 136.69 135.38 394.24 585.79 290.76
Endo Surf (mm?) 1544.33 1682.29 2404.61 2985.52 13199.82 15874.02 10200.52
D. Mean Modular Surface Area Log Shape Ratios

Wist 0.176 0.136 0.079 0.078 0.655 0.720 0.708
Tel.r —0.299 —0.006 0.039 0.343 NA NA NA
Tel.c 0.569 0.443 0.519 0.482 0.608 0.566 0.571
Opt 0.306 0.391 —0.159 —0.137 —0.332 —0.332 —0.196
Tri.g F —1.464 —1.556 —1.169 -1.197 —1.314 —1.418 —1.342
Cer 0.502 0.334 0.434 0.292 0.355 0.365 0.363
Rho 0.210 0.258 0.258 0.140 0.119 0.221 0.103

2.6.3. Surface Area Data

Surface Area data for each endocast module as defined here (see SI Section S3.2)
were computed directly from the surface of each endocast using MeshLab v2016.12 (see
Figure 2A). Two forms of Surface Area data were acquired: (1) total endocast Surface Area;
and (2) modular Surface Area in square millimetres (mm?), from which mean Surface
Area values for all bilateral modules (i.e., wulst, rostral and caudal telencephalon, optic
lobe, and trigeminal ganglion face) were computed (see Table 1C). Size-standardised mean
Surface Area log shape ratios were calculated by the log shape ratios method, where species
Mean Surface Area values were divided by species endocast Surface Area values and logyg
transformed (see Section 2.6.2 above). Surface Area log shape ratios are presented text,
in Table 1D, and plotted in SI Figure S14.

Additionally, due to taphonomic processes over some 14 Ma, the caudoventral en-
docast of Dromornis planei had suffered somewhat of a rostrocaudal ventral rotation,
along with a subtle rostrally orientated ‘twisting” of the caudoventral endocast with respect
to dorsal endocast surfaces. This can be appreciated in the slight caudal displacement of
LHS optic lobe margins in the D. planei endocast, when observed from the ventral aspect
(see Figures 2F and 3D below), and in the D. planei cranium itself (see Figure 1D above).
During landmarking, optic lobe and trigeminal ganglion module margins on the ven-
tral D. planei endocast were situated with respect to existing morphological boundaries
(see SI Section S3.2.1.9), without attempting to adjust margins for the subtle taphonomic
distortion present in the endocast. Subsequent univariate Measurement and Surface Area
data for the optic lobe and trigeminal ganglia formed the primary focus for downstream
morphological assessments, as the computation of mean log shape ratio values from those
paired modular data (see Section 2.6.2 above), accommodated for the subtle bilateral
misalignment of ventral midbrain regions in the D. planei endocast.

2.7. Analyses

All data analyses and visualisations (Figure 2, Figure 5 and SI Figure 515), excluding
SI Figures 512-514 (OriginPro v2018b.95.1.195, OriginLab Corporation), were conducted in
R v3.6.1 [60] using RStudio v1.2.5019 [61], and package Geomorph v3.1.3.
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D. planei (blue) vs. D. murrayi (grey)  D. planei (blue) vs. |. woodburnei (grey) D. murrayi (blue) vs. I. woodburnei (grey)

Figure 5. Three-dimensional modular shape variation plots for dromornithid specimens (see Section 2.7.2). (A), Dromornis
planei (NTM P9464-106) endocast showing the caudodorsal view of the wulst (grey) Slm modules represented in plots (D),
(G), and (J); (B), D. planei (NTM P9464-106) endocast showing the dorsal view of the wulst (grey), caudal telencephalon
(green) and cerebellum (yellow) Slm modules represented in plots (E,H,K); (C), D. planei (NTM P9464-106) endocast showing
the right lateral view of the wulst (grey), caudal telencephalon (green), cerebellum (yellow), and rhombencephalon (brown)
SIm modules represented in plots (F,I,L). Modular Slms (green dots) are mapped onto the inset endocasts, and modules are
colour-shaded to assist identification (see Figure 2; SI Figures S10 and S11). Shape variation plots are arranged by column
(see column header): (D-F), D. planei (NTM P9464-106-blue) vs. D. murrayi reconstruction (QM F57984 + QM F57974-grey);
(G-I), D. planei (NTM P9464-106-blue) vs. Ilbandornis woodburnei (QVM:2000:GFV:20-grey); (J-L), D. murrayi reconstruction
(QM F57984 + QM F57974-blue) vs. 1. woodburnei (QVM:2000:GFV:20-grey). Abbreviations: Slm, semilandmark; vs., versus.

2.7.1. Generalized Procrustes Analysis (GPA)

Generalized Procrustes Analysis [62,63] is how shape variables, or Procrustes coordi-
nates, are derived from specimen landmark data which are translated, scaled, and optimally
rotated using a least-squares criterion [64,65]. During superimposition, Slms on curves
and surfaces were slid along tangent directions and tangent planes, respectively [66—69],
and locations of SIms were optimised by minimising bending energy [66,67]. Aligned
Procrustes coordinates were used for subsequent assessments of shape differences between
specimens. The advantage of this approach allows for specimen data to be translated,
scaled, and rotated about a common centroid, and shape differences between specimens
may be examined within a shared shape space (see below).

2.7.2. Three-Dimensional Modular Shape Variation Plots

To better understand the extent of particular morphological variation between species
of dromornithid, we used 3D shape variation plots to visualise the modular shape variation
between individual specimens. One dromornithid species represented by black dots
and blue links, is superimposed over another represented by grey dots and grey links,
visualising the extent and direction of modular shape variation between the two specimens.
In this manner, the morphological differences between the endocasts of each species of
dromornithid were described (see Figure 5, Section 3.3 and SI Section S4).
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3. Results

3.1. Dromornithid Innervation That Differs from the Extant Galloanseres (see Figures 3 and 4;
SI Figures S4 and S5)

3.1.1. Nervus Olfactorius

The olfactory (I) nerve transmits rostrocaudally into the bulbus olfactorius (olfactory bulb;
bo, Figures 3D and 4D), through the bony foramen n. olfactorii (folf, SI Figures S4K-S4L, S5K)
of the rostrodorsal cranium. The dromornithid olfactory bulb is best described by the more
complete RHS lateral view of D. murrayi (Figure 3E). The margins of the olfactory bulb are
pronounced both dorsally and ventrally, but caudodorsally masked by the rostral eminence
of the wulst. The caudomediolateral transmission of the olfactory bulb margins are shown by
the ventral view of D. murrayi and D. planei (Figure 3D,H, respectively) as transitioning into
the rostroventral endocast without reduction in mediolateral width, as seen most notably in
A. cornuta and A. semipalmata (e.g., Figure 4C,D,O,P, respectively).

3.1.2. Nervus Opticus

The optic (II) nerves form the chiasma opticum caudally, and pass through the os
laterosphenoidale, forming the caudomedial wall of the orbit via the foramen opticum (fopt,
SI Figures 54K, L and S5K), meeting rostrally at the septum interorbitale. In dromornithids,
the interorbital septum rostral of the foramen opticum is robust, and the optic (II) nerves
divides rostrolaterally into two well defined branches (i.e., II; Figures 3A and 4A).

3.1.3. Nervus Trigeminus

The trigeminal (V) nerve complex comprises three divisions. The medial or oph-
thalmic branch carries nervus ophthalmicus (ophthalmic [V;] nerve; Figures 3B and 4B),
transmitting to the trigeminal ganglia (see Section 3.2.5 below) on the ventral surfaces
of the optic lobe (see Section 3.2.4 below), through the foramen n. ophthalmici (foph;
SI Figures S4K,L and S5K). The foramen n. ophthalmici opens into the “lacerate (pre-
sphenoid) fossa” sensu [6] (Figure 1D), located ventrolaterad from the foramen opticum,
between the os laterosphenoidale, os basisphenoidale, os parasphenoidale and septum
interorbitale (os laterosphenoidale complex) of the caudomedial wall of the orbit. In dro-
mornithids, the foramen n. ophthalmici is paired with the foramen n. abducentis, which
transmits n. abducens (abducent [VI] nerve, see below). The lateral or maxillomandibu-
lar (V2+V3) branch of the trigeminal ganglion complex, carries n. maxillaris (maxillary
[V5] nerve) and n. mandibularis (mandibular [V3] nerve), both of which enter the skull
rostroventrolaterally at the foramen n. maxillomandibularis (fmx, SI Figures S4K,L and
S5K), a single opening between the prootic and laterosphenoid bones of the skull. In
dromornithids, the maxillomandibular branch is distinctive in that it is markedly elon-
gate, compared to the extant galloanseres assessed, and transmits the maxillary (V;) and
mandibular (V3) cranial nerves minimally 20 mm caudoventrolaterally (in Dromornis), after
entering the skull at the foramen n. maxillomandibularis (see also V, + V3, Figure 3B,
SI Figure S5L; and Section 3.2.5 below).

3.1.4. Nervus Abducens

The abducent (VI) nerve inserts on the rostroventral rhombencephalon and is trans-
mitted caudoventrally through the osseus canalis n. abducentis, after entering the skull
at the foramen n. abducentis. In dromornithids, the foramen n. abducentis is paired
with the foramen n. ophthalmici, forming a single bi-lobal foramen in the rostromedial os
laterosphenoidale structures of the orbit (fa, SI Figures S4K,L and S5K; VI, Figure 3B and
SI Figure S5L; and above).

3.1.5. Nervus Glossopharyngeus

The glossopharyngeal (IX) nerve inserts caudoventrolaterally on the rhombencephalon
(rho; Figure 3A), and forms the rostral component of the combined root ganglion prox-
imale (proximal ganglion; gpr, Figure 3D) with n. vagus (vagus [X] nerve, see below).
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The proximal ganglion is enclosed in the fovea ganglii vagoglossopharyngealis in the
lamina parasphenoidalis of the fossa cranii caudalis, between the exoccipital and opisthotic
bones. The glossopharyngeal (IX) nerve enters the cranium caudoventrolaterad from the
vagus (X) nerve at the foramen n. glossopharyngeus (fg; SI Figure S4M,N), situated in
the fossa parabasalis. In dromornithids, the glossopharyngeal (IX) and vagus (X) nerves
separate caudoventrolaterad of the eminence of the proximal ganglion from the rhomben-
cephalon surface (Figure 3D). The separation of the glossopharyngeal (IX) and vagus (X)
nerves in dromornithids is similar to, but occurs to some extent further distally, than the
condition seen in Anhima cornuta (Figure 4D), Gallus gallus (Figure 4H), and Anseranas
semipalmata (Figure 4P), but distinct to that seen in Leipoa ocellata (Figure 4L).

3.1.6. Nervus Hypoglossus

The hypoglossal (XII) nerves typically comprise rostral (XIIr) and caudal (XIlc) rami
(e.g., Figure 4D,H,L,P), which in dromornithids are represented by one ramus at either side
of the caudoventrolateral medulla oblongata (e.g., XII, Figure 3D,H,L). This condition is
distinct to that seen in A. cornuta (Figure 4D), G. gallus (Figure 4H), L. ocellata (Figure 4L),
and A. semipalmata (Figure 4P), which display both rostral (XIIr) and caudal (XIIc) hy-
poglossal rami. In dromornithids, the nerves appear to transmit through a single canalis n.
hypoglossi and bifurcate in close proximity with the external surface of the os exoccipitale,
at the paired foramen n. hypoglossi (fh, SI Figure S4M,N).

3.2. Characteristics of Dromornithid Endocast Morphology
3.2.1. Rostral Telencephalon

The external morphology of the rostral telencephalon as defined here (see SI Figures S10
and S11 and Section S3.2.1.3), evident rostrodorsally of the medial cerebral artery (acm, see
Figure 3A,B and Figure 4B,D) in both anseriforms, and somewhat less so in the galliforms,
is notably absent in dromornithids. We prefer the explanation that the rostral telencephalon
in dromornithids have been masked by hypertrophy of the wulst (see below), and that the
external remnants of rostral telencephalon morphology are only visible, in rostral aspect, as
twin eminences ventromediolaterad of the olfactory bulb, on either side of the rostromedial
surface of the dromornithid endocast (e.g., tel.r; Figure 3B,D).

3.2.2. Wulst

The wulst in dromornithids are greatly hypertrophied and dominate the entire dor-
sal endocast morphology (see wlst, Figure 3B,D). They extend rostromediolaterally to
effectively mask the olfactory bulbs (see Section 3.1.1 above), and extend rostroventrally
over the most rostral eminence of the rostral telencephalon, substantially overhanging the
rostroventral surface of the brain when viewed from the ventral aspect (Figure 3D,H,L).
The wulst extend rostrolaterally and mask the rostrodorsal telencephalon (see above,
Figure 3), obscuring the rostrodorsal endocast morphology visible in the extant galloanseres
(e.g., Figure 4). The wulst extend mediolaterally across the entire dorsal forebrain, to the
lateral vallecula transition zones delimiting the boundaries between the mediolateral wulst,
and the dorsolateral caudal telencephalon (see Section 3.2.3 below). The vallecula transition
zones are well defined, as the wulst are strongly dorsolaterally expanded in those areas
(va, Figure 3B,C). Caudodorsally, the wulst grade into the cerebrum pars occipitalis (coc,
Figure 3C) in the region of the medial glandula pinealis (gp, Figure 3A,C), rostrolaterad
of the dorsomedial cerebellum (Figure 3C). Notably, dromornithid wulst structures are
located somewhat rostrally on the dorsal endocast (e.g., Figure 3C,G K), such that they do
not overlap the rostromedial eminence of the cerebellum when viewed from the lateral
aspect (e.g., Figure 3A,E,I); this is similar to the condition in A. cornuta (Figure 4A,C),
G. gallus (Figure 4E,G), L. ocellata (Figure 4L K), and distinct to the condition seen in the
anseriform A. semipalmata (Figure 4M,0).
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3.2.3. Caudal Telencephalon

The caudal telencephalon in dromornithids are well defined and are delimited from
the wulst by the vallecula transition zone dorsolaterally (va, Figure 3B,C). The mediolateral
hypertrophy of the caudal telencephalon begins approximately where the medial cerebral
artery traverses the telencephalic hemisphere dorsoventrolaterally (acm, Figure 3A,B). They
extend ventrolaterally, approximately level (dorsoventrally) with the fissura subhemispher-
ica (fs, Figure 3B), and return medially, somewhat acutely, to grade into the ventrolateral
optic lobe (see below). Caudally, the cerebrum pars occipitalis (coc, Figure 3C) forming part
of the dorsal caudolateral caudal telencephalon, grades into the dorsorostrolateral pons and
medulla oblongata structures forming the overall metencephalon complex rostromediad of
the cerebellum, in the vicinity of the glandula pinealis dorsolaterally, and medially at the
rostromediolateral metencephalon.

3.2.4. Optic Lobe

The optic lobes in dromornithids are somewhat visually inconspicuous structures in
comparison to those in the extant galloanseres (opt, Figure 3B vs Figure 4B,E],N). They are
defined by a slight lateral hypertrophy of the ventromedial endocast ventrolaterad of the
fissura subhemispherica, and rostrally by transition into the caudolateral chiasma opticum
and tractus opticus structures. Caudally, the optic lobes grade into the ventromediolateral
metencephalon complex (see below, Figures 3 and 4).

3.2.5. Trigeminal Ganglia

Trigeminal ganglia receive the three divisions of the trigeminal nerve (V, see Section 3.1.3
above), and insert on the ventral surface of the optic lobe (tri.g, Figures 3D and 4A,D).
The trigeminal ganglia form part of the Modular SIm suite, therefore, are described here
(see SI Figures S10 and S11, Section 2.6.1 and Section 53.2.1.9). In dromornithids, the medial
portion of the trigeminal ganglion carrying the ophthalmic nerve (V1) separates from the
lateral branch carrying the maxillary (V;) and mandibular (V3) nerves and exhibits a small
ganglionic bridge between the two primary eminences (Figure 3D,H,L). The characteristics
of dromornithid trigeminal ganglia are distinctive in that the maxillomandibular branch
transmits minimally 20 mm caudoventrolaterally (in Dromornis), after entering the skull at the
foramen n. maxillomandibularis.

3.2.6. Cerebellum

The cerebellum, as reflected in the endocast in dromornithids, is compressed ros-
trocaudally and expanded mediolaterally (Figure 3C,G,K), and more so in species of
Dromornis. From the lateral aspect (see Figure 3A E,I), the dorsal rostroventral surface
forms a shelf somewhat level with the dorsal lateral semicircular duct (dsl, Figure 3B,D)
of the vestibular organ (lv, Figure 3A), before turning sharply ventrally in the vicinity
of the dorsolateral auricula cerebelli, to grade into the caudodorsal medulla spinalis at
the osseous foramen magnum. Overall, the exposed dromornithid cerebellum and the
associated ventral rhombencephalon (medulla oblongata + pons; see below), compared
with the extant galloanseres, form a comparatively distinctive hind brain in these birds.

3.2.7. Rhombencephalon

Rhombencephalon is the collective term describing the structures of the medulla ob-
longata and pons, forming the caudoventrolateral areas of the hindbrain. In dromornithids,
the ventral rhombencephalon surface is somewhat flat rostrocaudally and mediolaterally
(i.e., not as ventrally curved as in other galloansere specimens, e.g., Figure 4), and extends
further rostrocaudally than it does mediolaterally.
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3.3. Key Morphological Differences between Species of Dromornis and Ilbandornis

In the following, we present a summary of results for Modular Lm data, Measure-
ment data, and Surface Area data forms. Full descriptions of results are given in SI
(see SI Sections 54 and S5).

3.3.1. Wulst Modules

The overall size and surface area of the wulst increased between the late Oligocene
and the middle Miocene in species of Dromornis, particularly rostrodorsally, and in the
ventrolateral displacement of the vallecula transition zones between the dorsolateral wulst
and the dorsal caudal telencephalon (see SI Section 54.1.1). The wulst in D. stirtoni likely
had a comparable dorsal profile to other species of Dromornis, in that the rostrocaudal
and mediolateral profile is distinctively hypertrophied (see SI Section S4.2.1). The late
Oligocene D. murrayi and middle Miocene I. woodburnei dromornithids have similar length
ratios, but the mediolateral width ratio is markedly smaller in D. murrayi. Similarly, results
for Surface Area data show that D. murrayi has a smaller wulst surface area ratio than
L. woodburnei (see SI Section 54.4.1).

With respect to the middle Miocene dromornithids, D. planei shows greater rostrodor-
sal hypertrophy of the wulst, and the dorsolateral margin of the vallecula transition zones
are more ventrolaterally located than in I. woodburnei. D. planei has greater overall rostro-
caudal length and caudal mediolateral width ratios than I. woodburnei. These results are
consistent with those for Surface Area data, which show D. planei has a larger surface area
ratio than I. woodburnei (see SI Section 54.3.1). Ilbandornis woodburnei displays a deeper
fissura interhemispherica transition zone, placing the medial wulst margins closer together
than in both species of Dromornis assessed.

3.3.2. Caudal Telencephalon Modules

The overall size and surface area of the caudal telencephalon reduced between the
late Oligocene and the middle Miocene in species of Dromornis (see SI Section S4.1.2), and
between species of Dromornis and Ilbandornis (see SI Sections 54.3.2 and S4.4.2). However,
the characteristic shape of the structures are maintained within the late Oligocene through
middle Miocene species of Dromornis. The caudal telencephalon of the late Miocene
D. stirtoni is mediolaterally hypertrophied and is similar to the other species of Dromornis
(see SI Section 54.2.2). The main differences in the caudal telencephalon between species
of Dromornis and 1. woodburnei, are that caudoventral margins project further ventrally in
species of Dromornis, this is reflected in caudal telencephalon dorsoventral width ratios
being greater in species of Dromornis than in Ilbandornis.

3.3.3. Cerebellum Module

There was limited rostrodorsal hypertrophy in the cerebellum between the late
Oligocene and the middle Miocene in species of Dromornis. The dorsal surface of the
cerebellum in the late Miocene D. stirtoni has a similar rostrocaudal shape to the other
species of Dromornis, but the dorsal cerebellum appears more ventrally orientated in D. stir-
toni (see SI Section 54.2.3). Species of Dromornis and Ilbandornis differ notably in the shape of
the cerebellum, where species of Dromornis have mediolaterally wider and rostrocaudally
shorter cerebellum profiles.

The middle Miocene species D. planei and I. woodburnei have a larger cerebellum than
the late-Oligocene D. murrayi (see SI Sections S4.1.3, 54.4.3). Additionally, I. woodburnei
displays a rostrocaudally longer and mediolaterally narrower cerebellum profile than both
species of Dromornis (see SI Sections 54.3.3 and 54.4.3). It is notable, however, that there
exist rostrocaudolateral profile similarities between the cerebellum of the middle Miocene
D. planei and I. woodburnei specimens, that differ from the late Oligocene D. murrayi.
Where both middle Miocene species display relative hypertrophy of the rostrodorsal
through dorsomedial cerebellum, affecting a rostrocaudally steeper caudal transition to the
dorsal medulla spinalis, compared to the older Dromornis murrayi.
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3.3.4. Rhombencephalon Module

There was a dorsal displacement of the rhombencephalon surface between the late
Oligocene and the middle Miocene in species of Dromornis, and the development of
an overall ‘flatter’ mediolateral and rostrocaudal rhombencephalon profile in D. planei.
As noted for the cerebellum above, the rhombencephalon structure in D. stirtoni appears
to be more ventrally situated than that of D. planei. These observations suggest that the
apparent ventral displacement of the dorsal cerebellum and ventral rhombencephalon
surfaces in D. stirtoni, may reflect a compensatory ventral rotation of the hindbrain complex,
with respect to the rostrodorsal rotation evident in the forebrain (see SI Section 54.2.4). In
effect, the brain of D. stirtoni appears rotated about the median plane, whilst the position
of the dorsomedial surfaces of the brain have been maintained, effectively foreshortening
the overall rostrocaudal length of the D. stirtoni endocast compared with other species
of Dromornis.

The overall length of the thombencephalon between species of Dromornis and Ilban-
dornis are remarkably similar. However, in species of Dromornis, the thombencephalon
describes a more ‘flat’ rostrocaudal profile, along with greater mediolateral width ratios
compared to I. woodburnei. The surface area ratio of the rhombencephalon in D. planei is
markedly larger than that of I. woodburnei (see SI Section 54.3.4), and the late-Oligocene
D. murrayi has a larger ratio compared with the middle Miocene I. woodburnei (see SI
Section 54.4.4). These trends are similar to those noted in the comparisons of D. planei and
I woodburnei (see SI Section 54.3.4, and above), and suggest that the size of the cerebellum
may have increased, particularly in the rostromedial zone, across both Dromornis and
Ilbandornis lineages between the late Oligocene and the middle Miocene. However, this
observation may only be tested by assessment of yet to be discovered cranial material of
the Ilbandornis lineage from the late Oligocene.

3.4. Key Morphological Differences between Dromornithids and the Extant Galloanseres
3.4.1. Innervation

Unlike in dromornithids, the olfactory zones of extant galloanseres are wholly external
to the rostral telencephalon, as revealed by their slight constriction immediately rostrad of
the rostral telencephalon, particularly evident in A. semipalmata (Figure 4M,0,P) and A. cor-
nuta (Figure 4A,C,D). The hypoglossal (XII) nerves have a single origin at either side of the
caudoventral medulla oblongata in dromornithids, this condition is unlike the extant gal-
loanseres, which display rostral (XIIr) and caudal (XIIc) rami (Figure 4D,H,L,P). Results for
Measurement data show the trigeminal ganglia of A. semipalmata and A. cornuta are wider
than those of all other galloanseres. Surface Area data show the galliforms L. ocellata and
G. gallus have the smallest surface area ratios for the face of the maxillomandibular (V; + V3)
branch of the trigeminal (V) nerve, closely followed by the dromornithids. The anseriforms
A. semipalmata and A. cornuta, respectively, have the largest maxillomandibular surface area
ratios for all galloanseres assessed (see SI Section S5.1).

3.4.2. Wulst Modules

Waulst modules in extant galloanseres are much hypotrophied in comparison with all
dromornithids (e.g., Figure 3 vs Figure 4). Results for Measurement data show G. gallus
has the shortest and narrowest wulst ratios, followed by L. ocellata, and the anseriforms
A. cornuta and A. semipalmata, respectively. Dromornithids have substantially larger wulst
surface area ratios than all galloanseres, but when endocast absolute size is accounted
for, G. gallus and L. ocellata have the largest wulst surface area ratios among the extant
galloanseres, and the anseriforms A. cornuta and A. semipalmata the smallest, respectively
(see SI Section S5.2).

3.4.3. Rostral Telencephalon Modules

Evidence of the rostral telencephalon is conspicuously absent on the external morphol-
ogy of dromornithid endocasts, and only present rostrally as twin eminences ventromedi-
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olaterad of the olfactory bulb, on either side of the rostromedial surface of the endocast
(tel.r, Figure 3B,D). Consequently, detailed comparisons were not possible between the
rostral telencephalon of dromornithids and those of the extant galloanseres, and we present
results for the extant galloanseres only. Measurement data show G. gallus has the shortest
and narrowest rostral telencephalon ratios, followed by L. ocellata, and the anseriforms
A. cornuta and A. semipalmata, respectively. Similarly, results for Surface Area data show
that G. gallus has the smallest surface area ratio, and A. semipalmata the largest surface area
ratio of all extant galloanseres (see SI Section S5.3).

3.4.4. Caudal Telencephalon Modules

Results for Measurement data show that all dromornithids have relatively greater
rostrocaudal length ratios compared with the extant galloanseres. However, all extant
galloanseres overlap in dorsoventral width ratios. Dromornithids have the greater medio-
lateral endocast total width ratios of all galloanseres, and the galliforms have somewhat
similar endocast total width ratios as the anseriform A. semipalmata.

Results for Surface Area data show that the dromornithids have the largest surface
area ratios of all specimens, L. ocellata has the smallest surface area ratio of all specimens,
and the phasianid G. gallus has the largest surface area ratio of the extant galloanseres
(see SI Section S5.4).

3.4.5. Optic Lobe Modules

Results for Measurement data show the extant galliforms have the largest optic lobe
length and width ratios, followed by the anseriforms and dromornithids. Results for
Surface Area data (see SI Section 55.5) show that the largest taxa have the smallest overall
optic lobe ratios, and reveal the optic lobe in I. woodburnei is larger than those of both species
of Dromornis. Surface Area ratios for the anseriforms A. cornuta and A. semipalmata are
somewhat similar to those of the dromornithids, and the galliforms G. gallus and L. ocellata
have the largest surface area ratios of all specimens assessed.

3.4.6. Cerebellum Module

Results for Measurement data show the cerebellum, as exposed in the endocast in
dromornithids, are notably rostrocaudally shorter and mediolaterally wider than those
of all extant galloanseres, with the width ratio for A. semipalmata most approaching those
of the dromornithids. Rostrad of the foramen magnum, all extant galloanseres display
a gradual rostrolateral divergence of cerebellum mediolateral margins, prior to grading
into the cerebrum pars occipitalis regions of the caudal telencephalon. This condition is
not evident in dromornithids, which display a more abrupt mediolateral divergence of
caudodorsal cerebellum margins, which are more pronounced in species of Dromornis than
in I. woodburnei. Results for Surface Area data show that the dromornithids have the largest
ratios of all galloanseres. Among the extant galloanseres, A. semipalmata has the smallest
surface area ratio for all specimens. Leipoa ocellata overlaps with those of the dromornithids,
and is most similar to that of I. woodburnei. Anhima cornuta has a larger surface area ratio
than all dromornithids, and the G. gallus has the largest surface area ratio of all galloanseres
(see SI Section S5.6).

3.4.7. Rhombencephalon Module

Results for Measurement data show that all galloanseres have somewhat similar
rhombencephalon length ratios, with the exception of A. cornuta, which has the largest
rostrocaudal length ratio of all galloanseres. Rhombencephalon width ratios for extant
galloanseres are all larger than in dromornithids, and likely reflect the greater ventral
projection, or eminence, of the rhombencephalon in the extant specimens. The overall
mediolateral width ratio of the hindbrain in species of Dromornis are greater than in all gal-
loanseres assessed, and that of I. woodburnei overlaps with those of the extant galloanseres.
Results for Surface Area data show that the dromornithids I. woodburnei and D. murrayi
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have the smallest rhombencephalon surface area ratios, followed by A. semipalmata and
G. gallus. The dromornithid D. planei has a somewhat similar surface area ratio as G. gallus,
and A. cornuta and L. ocellata have the largest surface area ratios among all galloanseres
(see SI Section S5.7).

4. Discussion

Dromornithid endocranial anatomy is described here in detail for the first time, using
specimens from fossil sites in Australia spanning ~20-8 Ma. In the following, (1) we
summarise the morphological characteristics of the dromornithid brain, and discuss these
features with respect to those of exemplars of other major galloansere clades; (2) we review
potential lineage-specific morphological characteristics identified in dromornithid endocra-
nial anatomy; (3) we comment on morphological changes observed to have occurred in the
endocranial anatomy of the Dromornis lineage over time; (4) we assess potential functional
implications of the dromornithid endocranial condition.

4.1. Comparisons of Endocranial Characteristics of Dromornithids and Extant Galloanseres
4.1.1. Olfactory Bulb

The olfactory bulb in dromornithids is pronounced both dorsally and ventrally in
the oldest (Dromornis murrayi) species. However, in middle Miocene specimens (D. planei
and llbandornis woodburnei), its dorsal morphology is masked by the rostral eminence of
the wulst (see Section 4.1.3 below). There appears no reduction in the size of the olfactory
bulb in the younger dromornithids, as from the ventral aspect, lateral margins of the organ
transition into the rostroventral endocast without reduction in mediolateral width. In extant
galloanseres, the olfactory bulb of Anseranas semipalmata displays hypertrophy in excess
of that seen in Anhima cornuta, which is somewhat more than those of Leipoa ocellata and
Gallus gallus. The olfactory zones of these galloanseres appear wholly external rostrad of
the rostral telencephalon, as the olfactory bulb margins constrict somewhat prior to grading
caudally into the rostral telencephalon, a condition distinct from those of dromornithids.

Taken together, the evidence shows that the wulst extends rostromediolaterally to
effectively mask the olfactory bulbs in dromornithids, and so contrary to a first assessment
that might consider that dromornithids had hypotrophied olfactory bulbs, we consider
them to be relatively no smaller than in the other galloanseres.

4.1.2. Trigeminal Ganglia

Trigeminal ganglia transmit the three divisions of the trigeminal (V) nerve complex
and insert on the ventral surface of the optic lobe. They are distinctive in dromornithids,
in that the maxillomandibular (V, + V3) branch passes minimally 20 mm caudoventrolater-
ally through the unusually thick cranium (in Dromornis), after entering it at the foramen
n. maxillomandibularis. The extended transmission of the maxillomandibular branch
through the cranium in dromornithids accommodates for the unusually thick honeycomb-
like trabecular bone separating the cortical bone defining the endocranial capsule, from
the outer cortical cranial surface (e.g., SI Figure S8I). In the extant galloanseres, the trans-
mission of these nerves from the foramen n. maxillomandibularis is markedly shorter.
Notably, however, in the phasianid galliform G. gallus (see Figure 4E,FH), the transmission
of the maxillomandibular (V, + V3) branch through the cranium, although somewhat
shorter than that observed in dromornithids, is longer than observed in the other extant
galloanseres. Moreover, CT data for G. gallus reveals that this is also accompanied by
trabecular matrix surrounding the endocranial capsule through which the nerves transmit
[Pers. Obs. Authors].

In general, the shape of the avian cranium, particularly dorsally, exhibits a close
relationship to the shape of the brain within [68-74]. However, patterns of the brain size
‘lagging behind’ the body, accompanying an increase in the relative thickness of trabecular
bone surrounding the endocranial capsule have been recognised in Haast’s eagle Hieraaetus
moorei (Haast, 1872) by Scofield and Ashwell [75], who showed that the eagle’s “ten-fold”
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increase in body size was only accompanied by a “doubling or tripling” of endocast volume.
This demonstrated lag of neuroanatomy behind rapid hypertrophic skeletal changes in a
taxon, may relate to strong selection for body size, i.e., adaptation to a novel trophic niche,
or artificial selection in the form of “stringent” human mediated selection for desirable
phenotypes (e.g., as in the case of G. gallus see [76], and references therein). Consequently,
as dromornithids became larger through the course of their evolution (e.g., [6,31]), it is
likely the increase in physical size of the cranium, was accommodated for by an increase in
trabecular bone enclosing the ‘lagging” endocranial capsule [75] (Figure 5a).

Similarly, the G. gallus skull used for CT scanning for this project was almost certainly
from a domestic chicken, and may demonstrate increasing trabecular thickness in the
cranium, mediated by human selection for body size. To assess these observations more
comprehensively, additional data in the form of wider sampling across galloanseres in
particular, but across Neornithes in general is required, targeting taxa with demonstrated
temporal increases in body size.

Results for Measurement data show the trigeminal ganglia of A. semipalmata and
A. cornuta are relatively wider than those of all other galloanseres, and Surface Area data
show the galliforms L. ocellata and G. gallus have the smallest surface area ratios for the face
of the maxillomandibular (V; + V3) branch of the trigeminal (V) nerve, closely followed by
the dromornithids. The anseriforms A. semipalmata and A. cornuta, respectively, have the
largest maxillomandibular surface area ratios for all galloanseres assessed (see Section 3.4.1).
The eminence of the hypoglossal (XII) nerves which typically comprise a rostral (XIIr) and
caudal (XIIc) branch in extant galloanseres, is represented by one nerve root at either side
of the caudoventrolateral medulla oblongata in dromornithids, with bifurcation into rostral
and caudal branches occurring within the os exoccipitale, close to the caudomediolateral
surface of the cranium.

4.1.3. Wulst

The morphology of the wulst is the most distinguishing feature uniting dromornithids,
forming massively hypertrophied structures. The wulst extends rostromediolaterally to
effectively cover the olfactory bulbs and extends rostroventrally over the most rostral emi-
nence of the rostral telencephalon, substantially overhanging the rostroventral surfaces of
the brain. The dromornithid wulst extend strongly rostrolaterally, masking the rostrodorsal
telencephalon (see Section 4.1.4 below), and extends mediolaterally across the entire dorsal
forebrain. The structure of the wulst in dromornithids is unlike any seen in the extant
galloanseres. Results show the dromornithids all display much larger width and length,
and surface area ratios, than all the extant galloanseres. When endocast absolute size is
accounted for, G. gallus and L. ocellata have the largest wulst surface area ratios among
the extant galloanseres, and the anseriforms A. cornuta and A. semipalmata the smallest
(see Section 3.4.2).

Among taxa that were not included in these analyses, some palaeognaths display
hypertrophy of the wulst. For example, Corfield et al. [49] (Figure 1B-E) figured endocasts
of the extinct NZ moa Dinornis novaezealandiae Owen, 1843 and Anomalopteryx didiformis
(Owen, 1843), and those of extant ratites like emu (Dromaius novaehollandiae) and ostrich
(Struthio camelus). Additionally, Ashwell and Scofield [77] (Figure 6G-I) figured the dorsal
endocasts of several NZ moa: D. robustus (Owen, 1846), A. didiformis, Euryapteryx curtus
gravis (Owen, 1870), and Emeus crassus (Owen, 1846) as well, all of which show wulst
characteristics similar to those seen in dromornithids, wherein the vallecula, especially
in the larger moa taxa, visibly extend rostrocaudally across the entire dorsolateral telen-
cephalic hemispheres. These characteristics suggest that such characteristic hypertrophy
of the wulst in large flightless birds (see also [78] (Figures 1 and 2), [79] (Figure 2a), [80]
(Figures 1 and 3), [81] (Figure 1), [74] (Figures 5.3 1-6), may represent a parallel convergent
modification towards enhanced visual proficiency and stereoscopic capability (see also
Section 4.4.2.1 below). However, ratite taxa clearly display a lesser degree of wulst hyper-
trophy than that evident in dromornithids. Even the oldest dromornithid cranial fossils
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(e.g., D. murrayi from the ~20 Ma sites of Riversleigh), display greater hypertrophy of the
wulst than seen in any ratite, indicating a long dromornithid “ghost lineage” must have
existed prior to any substantive fossil evidence of dromornithids in Australia (see also [6]
(p. 19)). Evidence for such, comprise trackways reported from the late Oligocene of Tas-
mania [1], postcranial remains from the late Oligocene Pwerte Marnte Marnte LF in the
Northern Territory [4], and a mould of fossil footprints from the Eocene Redbank Plains
Formation of Queensland [7].

4.1.4. Rostral Telencephalon

Evidence of the rostral telencephalon in dromornithids is only present rostroventrally
as twin eminences ventromediolaterad of the olfactory bulb, on either side of the ros-
tromedial endocast (tel.r; Figure 3B,D). It is possible that these eminences are expanded
cerebrum tuber ventrolaterale structures, as evident in A. cornuta (Figure 4A,B,D). How-
ever, their interpretation as remnant rostral telencephalon eminences is favoured, as in
all dromornithid endocasts modelled, there exist pronounced paired eminences in this
rostromedial zone that are not present to the same degree in any avian endocast mod-
elled or observed in the literature [Pers. Obs. Authors]. Further support for this, is that
the positioning of these rostral eminences in dromornithids, agrees with the angle and
position of rostral telencephalon eminences in specimens, when endocasts are aligned to
putative “alert posture” [82-85], with reference to the horizontal positioning of the lateral
semicircular canal of the vestibular organ. Additionally, the rostrocaudal transition angle
of the vallecula, describing the dorsal margins of the caudal telencephalon, agree with the
extension of the visible rostral eminences of the dromornithid rostral telencephalon, should
the dorsolateral curve of the rostral telencephalon not be masked by hypertrophy of the
rostromediolateral wulst. In support of this interpretation, the apparent rostral extension
of the vallecula across the dorsolateral surface of moa endocasts figured by Ashwell and
Scofield ([77] Figures 5SE—5I and 6G-61) and Corfield et al. ([49] Figure 1b D-E), and simi-
larly in the brains of extant flightless ratites (see [78] (Figures 1 and 2), [79] (Figure 2a), [77]
(Figure 6), [49] (Figure 1B,C), [80] (Figures 1 and 3), [81] (Figure 1), [74] (Figures 5.3 1-6)),
suggest that the evolution of a rostromediolaterally hypertrophied wulst in large flightless
birds may effectively mask rostral telencephalon morphology. The accommodation of this
apparently major change in rostrodorsal endocranial morphology in dromornithids, would
have necessitated a dorsomedial displacement of the olfactory bulb, which we think is a
possibility, as this condition is somewhat similar to that seen in moa (e.g., [77] (Figures 5e-1
and 6g-1), [49] (Figure 1b D-E)).

Detailed comparisons of the dromornithid rostral telencephalon were not possible.
However, results of comparisons among extant galloanseres show the phasianid G. gallus
has the smallest rostral telencephalon, followed by the megapodiid L. ocellata, and the basal
anseriform A. cornuta. The anseriform A. semipalmata has the most hypertrophied rostral
telencephalon of the extant galloanseres (see Section 3.4.3).

4.1.5. Caudal Telencephalon

The caudal telencephalon is strongly defined in all galloanseres assessed. Results
show dromornithids have relatively greater rostrocaudal length and mediolateral endocast
total width ratios than the extant galloanseres. Similarly, the dromornithids have the largest
caudal telencephalon surface area ratios, and the megapodiid L. ocellata has the smallest
surface area ratio of all specimens. The phasianid G. gallus has the largest surface area ratio
for the extant galloanseres (see Section 3.4.4).

4.1.6. Optic Lobe

The optic lobe in dromornithids appear somewhat indistinct, and not as well delimited
as in the extant galloanseres. This is confirmed by results revealing the extant galliforms
have the largest optic lobe length and width ratios, followed by the anseriforms and
dromornithids. These patterns are also reflected by results for Surface Area data which
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show the dromornithids have the smallest optic lobe surface area ratios, followed by
those of the anseriforms. The largest surface area ratios for all galloanseres assessed
are shown by the galliforms G. gallus and L. ocellata. Overall, results show that when
endocast size is accounted for, the largest overall taxa display the smallest overall optic
lobe ratios, and reveal relatively greater hypertrophy of the optic lobe in the Ilbandornis
lineage compared with species of Dromornis (see Section 3.4.5).

Additionally, during the process of segmenting the endocast models used for this
project, we retained trigeminal ganglion structures (see Figure 3D,H,L) inserting on the
ventral surfaces of the optic lobe, primarily to gain insight of dromornithid somatosensory
capabilities (e.g., Section 4.4.1 below). This, however, resulted in the ventromedial surfaces
of optic lobe SIm modules being constrained by the morphology of the trigeminal ganglia.
Retrospectively, it may have been more useful to segment the trigeminal (V) complex out
of the final endocast models, enabling access to the full extent of the ventral optic lobes
and allowing consideration of optic lobe morphology with respect to those of the wulst
and optic foramen (sensu [50]; see also [86], and (Section 4.4.2.3 below). This aspect of
dromornithid cranial morphology forms part of continuing work on the brains of these
giant birds.

4.1.7. Cerebellum

Dorsal cerebellum margins in dromornithids are characteristically rostrocaudally
compressed and mediolaterally expanded. Results show that the exposed cerebellum in
dromornithid endocasts are rostrocaudally shorter and mediolaterally wider than those
of all extant galloanseres. Results for Surface Area data show that the galliform G. gallus
has the largest cerebellum ratio, and the anseriform A. semipalmata the smallest ratio of
all galloanseres assessed. Dromornis planei has the largest cerebellum surface area ratio
of the dromornithids, and the ratios for A. cornuta and L. ocellata overlap with those of
dromornithids. Rostrad of the foramen magnum, all extant galloanseres display a gradual
rostrolateral divergence of cerebellum mediolateral margins, prior to grading into the
cerebrum pars occipitalis regions of the caudal telencephalon. This condition is not evident
in dromornithids, which display a much more abrupt mediolateral divergence of the
caudodorsal cerebellum margins, and this is more pronounced in species of Dromornis
than in Ilbandornis. Progressing rostrally, dromornithid cerebellum margins describe a
somewhat parallel rostrocaudal transition (see Section 3.4.6).

4.1.8. Rhombencephalon

Dromornithids display relatively flat ventral rhombencephalon surfaces rostrocaudally
and mediolaterally, whereas, in comparison, all extant galloanseres show much ventrally
hypertrophied rhombencephalon surfaces (rho; Figure 4A,B,D). These trends are reflected
by results for Measurement data showing all galloansere species, with the exception
of A. cornuta, have similar rhombencephalon length ratios. Width ratios for the extant
galloanseres are all larger than those of the dromornithids, and likely reflect the greater
ventral projection, or eminence, of the rhombencephalon in the extant taxa. The overall
width ratio of the hindbrain in species of Dromornis, are greater than in all other species, and
that of I. woodburnei overlaps with those of the extant galloanseres. Results for Surface Area
data show that the dromornithids I. woodburnei and D. murrayi have the smallest surface
area ratios, followed by the anseranatid A. semipalmata and phasianid G. gallus. Dromornis
planei has a somewhat similar surface area ratio as G. gallus, and A. cornuta and L. ocellata
have the largest surface area ratios among all galloanseres assessed (see Section 3.4.7).

4.2. Endocranial Morphology Distinguishing Lineages within Dromornithids

The examination of dromornithid endocasts has revealed morphological features of
the dromornithid brain that may provide support for the two-lineage hypothesis (sensu [6]).
We define these distinctive endocranial attributes below, with a focus on the morphological
differences between Ilbandornis woodburnei and the two species of Dromornis with adequate
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preservation for comparison (i.e., D. planei and D. murrayi): (1) the medial boundaries
of the wulst in the rostrocaudal fissura interhemispherica zone of the dorsal endocast in
I woodburnei, are notably closer together than in species of Dromornis; (2) the most ventral
eminence of the I. woodburnei caudal telencephalon, in the zone of the fissura subhemi-
spherica, are conspicuously less ventrally pronounced than in species of Dromornis; (3) the
rostrodorsal cerebellum in I. woodburnei defines a more rostrally projecting mediolateral
curve than in species of Dromornis, which display a flatter rostral dorsomediolateral mar-
gin; (4) the caudodorsal part of the cerebellum in I. woodburnei projects further caudally
in the region of the dorsal medulla spinalis, whereas this region is caudally shorter but
mediolaterally flatter in species of Dromornis; (5) the entire hindbrain (rhombencephalon,
medulla oblongata and metencephalon complex [cerebellum + pons]) in I. woodburnei, is
rostrocaudally longer and mediolaterally narrower than in species of Dromornis.

These morphological traits are potential lineage-specific endocranial attributes, but
require confirmation through a shared presence in yet to be discovered crania of Ilbandornis
lawsoni and Barawertornis tedfordi, or in presently undescribed material of Genyornis newtoni.

4.3. Temporal Changes in the Endocranial Morphology of the Dromornis Lineage

Across the ~10 Ma period represented by specimens of Oligo-Miocene D. murrayi,
and the middle Miocene D. planei, the orientation of the brain within the skull appears to
have remained much the same, despite foreshortening of the cranium. Other than regional
changes in endocast shape, for example, the rostrodorsal hypertrophy of the wulst, accom-
panying other trends described above, the brains of these species are generally similar, and
distinctively dromornithid. The relatively major increase in the overall size of species of
Dromornis, reflected by crania of D. murrayi and D. planei figured here (e.g., Figure 1A-D;
SI Figures S1A-P and S4A-H), and postcranial fossils described elsewhere [1,6], appear
to have not been substantial enough to affect changes in the position and orientation of
the brain in D. planei relative to that of D. murrayi. However, by the late Miocene, some
~6 Ma after the occurrence of D. planei, the cranium of the Dromornis lineage had evolved
to become even more foreshortened and dorsoventrally deeper, as manifested in Dromornis
stirtoni (Figure 1E; SI Figures S6 and S7; see also [6]). These morphological changes appear
to have affected the orientation of the brain.

With regard to D. stirtoni, it is unfortunate that the state of preservation of specimens
prevented the level of endocast shape assessment achieved for the other dromornithids.
This was primarily due to the taphonomic characteristics of the only site preserving these
giant birds (see Section 2.2 above). In turn, this limited the biological and functional
inferences derived from their exceptional cranial architecture. However, we have shown
from the similarity of preserved features of the D. stirtoni endocast models with those
of D. planei (see SI Sections S2.1 and 54.2), that the brain of D. stirtoni does not depart
greatly from the only other known dromornithid endocast morphology. However, the
altered endocranial alignment to ‘fit’ the brain in the foreshortened cranium, resulted in
rostroventral endocast surfaces in D. stirtoni being rotated rostrodorsally around the medial
caudal telencephalon into a more dorsally orientated position. Additionally, it appears the
brain of D. stirtoni has experienced a measure of dorsoventral compression and mediolateral
expansion. These changes in the forebrain are accompanied by a more ventrally orientated
hindbrain, which may reflect a compensatory ventral rotation of the hindbrain complex in
the species, although the ‘life position” of the midbrain in the skull of D. stirtoni has not
changed appreciably from that of D. planei.

The reasons for this unusual rotation and apparent subtle compression of the D. stirtoni
endocast may lie in the highly derived state of cranial morphology attained by this, the
largest of the dromornithids, by the late Miocene. The cranium of D. stirfoni is unique in
that the rostrocaudal cranial length is effectively about half the cranial depth, and represents
the terminal state of a concerted trend in cranial foreshortening, along with an increase in
bill size, of the most extreme avian cranial specialisation known [3,6]. This trend extends
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from the oldest known species of Dromornis, the Oligo-Miocene D. murrayi, through the
middle Miocene D. planei, to the most derived late Miocene taxon D. stirtoni.

4.4. Functional Implications of Dromornithid Endocranial Morphology

Jerison [87] (p. 8) proposed the “Principle of Proper Mass” which specifies particular
sensory specialisations in the vertebrate brain are correlated with concomitant hypertro-
phy of the neural tissue processing related information, and that the relative mass of
functional neural tissue implies the relative importance of those functions in the species.
Subsequent studies showed that overall brain size was in fact increased by independent
hypertrophy of particular brain regions (see [88-91], and references therein), supporting
Jerison’s [87] observations, which became to be known as the “mosaic” model of brain
evolution (sensu [90]).

That mosaic evolution characterises some, but not all, of avian brain composition
has been demonstrated by several works (see [49,92], and references therein). It is ac-
knowledged that the brain is not strictly compartmentalised into regions that process
exclusive neuronal input, but rather includes levels of interconnectivity across the whole
structure [92]. It is clear that particular brain nuclei share greater levels of neuronal con-
nectivity associated with specific functions; that a hypertrophied brain region reflects a
greater level of “information-processing power”, and that these patterns are somewhat
indicative of functional specialisation ([49,90,93-95] and references therein). Most recently,
Early et al. [50] showed there exists statistically significant correlations between the external
surface area of the wulst and optic lobe, and the volume of underlying brain regions.

4.4.1. Innervation

Characteristic mosaic correlations in the trigeminal system have previously been
shown in several vertebrate taxa (see [96], and references therein). In birds, the trigem-
inal (V) nerve system comprises the medial portion carrying the ophthalmic (V) nerve
which innervates the orbit and nasal cavity, the rostral palate and the tip of the upper
bill, and forms a major sensory pathway for the skin of the head and maxillary rostrum.
The maxillary (V;) branch innervates the maxillary rostrum and infraorbital regions, and
the mandibular (V3) division innervates the entire lower bill and several mandibular and
interramal regions [97-100]. The trigeminal nucleus receives exclusively proprioceptive
information from the descending tract, and the principal sensory nucleus of the trigeminal
system [96]. This includes not only projections from ophthalmic (V1) and maxillomandibu-
lar (V; + V3) nerves, but taste information from the tongue is conveyed, within the lingual
branch of the maxillomandibular (V; + V3) ramus, by the facial (VII) nerve to the trigemi-
nal principal sensory nucleus, which also receives input from glossopharyngeal (IX) and
hypoglossal (XII) nerves [93,98,101-105]. In short, the trigeminal (V) nerve comprises
the largest somatosensory cranial innervation complex, and transmits epicritic sensation
from the entire facial region and mastication musculature [98,105,106]. Dubbeldam [107]
proposed that differences in the trigeminal principal sensory nucleus were indicative of the
functional demands of specific feeding behaviours. Gutiérrez-Ibafiez et al. [96] reported
hypertrophy of the trigeminal principal sensory nucleus in species dependent on tactile
input for feeding, and that bill morphology and the concentration of mechanoreceptors in
the bill and tongue, strongly correlate with feeding behaviour.

The glossopharyngeal (IX) and vagus (X) nerves share the large proximal ganglion.
The glossopharyngeal (IX) components of this complex comprise somatic, “special” and
visceral afferent fibres. The special fibres connect with the palatine branch of the facial
(VII) nerve at the cranial cervical ganglion, and are associated with sensory taste and tactile
information [98,101,108,109]. The general visceral efferent fibres of the glossopharyngeal
(IX) nerve supply the oesophagus and crop, exhibit size variability across taxa that show
greater “distensibility” of the oesophagus [98], and are notably hypotrophied in taxa that
have no crop (i.e., owls and hawks). The glossopharyngeal (IX) nerve complex bifurcates,
after separation from the vagus (X) nerve at the proximal ganglion, and transmits, in two
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main afferent branches of the lingual and the laryngopharyngeal nerves, as the descending
oesophageal nerves, innervating the tongue and the laryngeal muscles, respectively.

The vagus (X) nerve complex is the most extensive of the sensory and motor cranial
nerves, wherein there are two groups of motor fibres. The first consists of “general” visceral
efferent fibres which innervate the muscles and glands of the thoracoabdominal viscera,
including the heart and lungs, etc., and is associated with circulation, respiration and
digestion control [98]. The second consists of “special” visceral efferent fibres innervating
the muscles of the pharynx and the larynx, reached via branches of the glossopharyngeal
(IX) nerve ([98]; for a contrary opinion, see Wild [103] who argued vagus (X) projections
are exclusively cardiovascular and pulmonary in function).

The morphology of dromornithid ventral cranial innervation, in the form of the maxil-
lomandibular (V; + V3), glossopharyngeal (IX) and vagus (X) nerves, and results presented
here for trigeminal ganglia, are more similar to the species of galliforms. Dromornithid
trigeminal ganglia appear less hypertrophied than those of the more derived, and trophic
specialist anseriforms too, this is supported by results for Measurement data. Additionally,
Surface Area data describing the truncated face of the maxillomandibular (V; + V3) branch
of the trigeminal (V) nerve complex, show that the dromornithids have somewhat similar
surface area ratios as the galliforms, and which collectively, are much smaller than those
of the anseriforms (see Sections 3.4.1 and 4.1.2). The morphology of dromornithid ventral
innervation, better represented by the endocast of Dromornis planei (see Figure 3A-D),
suggests that dromornithids were likely possessed of somewhat better tactile capability
than the extant galliforms (e.g., Figure 4H-L), and were likely employing greater levels of
sensory input from the bill, palate, and tongue in their trophic behaviour, than the extant
galliforms do.

Dromornithids, especially species of Dromornis, have extremely large, deep bills, with
dorsally prominent, mediolaterally compressed culmens [1,3,6]. The herbivorous diet
of dromornithids is well established ([1], and references therein), but musculature for
operation of the bill is “surprisingly limited” [6] (p. 19), and suggests that these birds
were not capable of a particularly forceful bite [6], contra [3] (p. 88). For example, there
is no temporal fossa on the side of the cranium for insertion of mandibular musculature,
which is thus limited to the fused postorbital-zygomatic processes, and hyper-developed
insertions on the orbital wall of the cranium (i.e., ma, SI Figure S4K,L). Moreover, the
culmen, while large, has a lightly constructed osseous core that was only partially cov-
ered in thamphotheca (at least it was in species of Dromornis), was highly vascularised
and likely highly innervated, a combination of features conferring relatively weak biting
ability [6]. The large size of the dromornithid culmen, combined with indications that they
are not strengthened for food manipulation, suggest that they were primarily utilised for
display, and that the distinctive morphology was likely driven by sexual selection, or by
thermoregulatory requisites.

Bill architecture suggests that dromornithids were likely not consuming coarse browse
requiring strong bite forces, as were some species of moa (see [19], and references therein).
This contention can be tested by observations of the collections of gastroliths used to pro-
cess such food. We were able to analyse total volume of gastroliths and size of stones in
complete or partial gizzard stone sets from specimens of Genyornis newtoni to infer charac-
teristics of diet [110-113], and showed (see SI Figure 515 and Table S1) that dromornithids
selected gastroliths of much smaller diameter, and accumulated them in surprisingly small
overall volumes compared with Dinornis moa, although the dromornithids were somewhat
larger birds. Moreover, the data reveal that G. newtoni selected smaller stones than did
the smaller extant emu (Dromaius novachollandiae) which occasionally selected remarkably
large gastroliths (see also [110] (Table 2), [111] (p. 26)). In fact, when overall body size was
accounted for, gastrolith size ratios for the emu were larger than those of Dinornis robustus,
although accumulated in smaller quantities. Notably, the stout-legged moa (Euryapteryx
curtus gravis) has very similar gastrolith size and gizzard mass ratios to those of G. newtoni.
Stout-legged moa are hypothesised to have exploited a diet of soft leaves and fruit, in dry
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scrubland and mosaic environments, in contrast to the generalist tree and shrub browsing
D. robustus moa, the gizzard contents of which have been shown to comprise much coarser,
low-quality fibrous leaf and twig material (e.g., [15,114-116] and references therein). Com-
plete dromornithid gizzard stone sets are rarely preserved, but a complete gizzard set is
known for the Oligo-Miocene Dromornis murrayi, preserved in situ in limestone (see [28]
(p- 79)), and which shows only small stones. The gizzard sets measured for the Pleistocene
species Genyornis newtoni, show they selected similarly small stones. Thus, if gizzard
mass and gastrolith size preferences for G. newtoni are representative of dromornithids in
general, these results suggest that the fibrosity of browse the dromornithids were targeting
was likely similar to that of stout-legged moa (i.e., new growth, soft leaves, and fruit),
requiring less vigorous mechanical processing in the gizzard [112]. Such a diet would
require specialised visual pathways for the identification and selection of specific food
resources. We have shown that dromornithids may have had well-developed somatosen-
sory and sensorimotor capabilities, and so were likely adapted for precise and selective
visual browsing.

4.4.2. Visual Pathways

There are three principal visual pathways in birds: (1) the thalamofugal pathway
transmits visual signals from the retina via the optic lobe, to the principal optic nucleus of
the dorsal thalmus, and thence to the wulst; (2) the tectofugal pathway transmits via the
optic lobe to the nucleus rotundas of the thalmus, and proceeds to the entopallium of the
caudal telencephalon; and (3) the third visual pathway transmits via the optic lobe through
retinal recipient nuclei in the accessory optic system and pretectum, and projects to several
regions of the brain, including the cerebellum (see [49,117-120], and references therein).

4.4.2.1. Wulst

The wulst are composed of two main regions, the larger “visual” region, located
dorsally and extending caudodorsally, which receives retinal projections, and a smaller
rostral somatosensory region, receiving “substantial” somatosensory and kinesthetic
input [94,106,121-123]. The thalamofugal pathway, incorporating the wulst, has been
shown to be primarily involved in binocular vision capability, and global stereopsis
([94,120,124-126] and references therein). Iwaniuk et al. [94] showed that the size of the
wulst was significantly correlated with more frontally orientated orbits and broader binoc-
ular fields [120,127], and argued changes in the relative size of the wulst were indicative
of increases in somatosensory and motor processing capabilities [48,124,128,129]. Addi-
tionally, wulst structures are hypertrophied in species that forage using tactile information
from the bill [120,124,130,131].

Dromornithids may have had a well-developed thalamofugal pathway as they dis-
play particularly hypertrophied wulst structures. Potential indications of the kinds of
adaptive selection driving dromornithid wulst morphology, may lie in the extraordinarily
similar morphology of avian predators such as Barn owls (Tyto alba), and the Australian
Tawny frogmouth (Podargus strigoides), which have a similarly hypertrophied wulst struc-
tures too (e.g., [124] (Plate 26), [120] (Figure 2), [79] (Figure 2c), [49] (Figure 1bK), [132]
(Figure 3A,B), [74] (Figures 5.3 34 and 35)). Barn owls are nocturnal, and possess ex-
ceptional low-light visual proficiency and binocularity, or stereopsis [133-137]. Similar
specialisations typical of low-light and stereoptic visual proficiency have been recognised
in the Tawny frogmouth, which have highly developed visual systems [120,124], and are
thought to possess stereoscopic vision [125]. Stereoptic proficiency has been shown to
facilitate accuracy in nocturnal prey capture in caprimulgid taxa [125], and spatial, or
“topographical cues” associated with feeding activities in Columba and Gallus [126], and
corvids [131,138]. Furthermore, it has been advanced that taxa which use tactile information
for foraging (see also Section 4.4.2.2 below) show somewhat hypertrophied rostral wulst
structures [120,124], likely as the mandibular (V3) division of the trigeminal (V) cranial
nerve, innervating the lower bill (see Section 4.4.1 above), terminates in the rostrodorsal
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mesopallial regions of the brain [99,130,139,140]. As such, the development of stereopsis in
birds has been linked with the presence of a well-developed wulst, evidence of which is
proposed as compelling indications for the presence of stereoscopic vision specialties in
fossil material [125] (p. 220).

Therefore, future analyses of dromornithid orbit size, optic foramen and skull orienta-
tion may provide additional insights into the hypertrophy noted in wulst structures for
these birds. Cranial anatomy unambiguously shows that dromornithids had large, forward
facing eyes (see Figure 1; SI Figures S1, 54 and S6; see also [6] (Table 1)). However, inference
as to whether dromornithid retinal topography was structurally adapted (i.e., corneal
diameter, retinal cell density/type, etc.), for sensitivity to low light conditions, may only be
made by interpretation of orbit shape and size from skeletal remains.

In a large study assessing the relationship between corneal diameter and axial length
of the avian eye, Hall and Ross [141] showed that species adapted to light-limited (scotopic
or crepuscular) habitats, have larger corneal diameters and axial lengths, relative to those
active during well-lit (photopic or diurnal) conditions. Hall [142] showed that there exists
a close relationship between corneal diameter and axial length of the eye, and that metrics
describing the osseous structures of the orbit were “well associated” with photic activity in
birds. In support of these observations, several additional studies have shown that in noc-
turnal birds, eye shape increases relative to skull length, they display larger orbit diameters
relative to depth, and orbits are more frontally orientated (e.g., [94,143,144] and references
therein, but see also [131]). Animals that exploit low-light environments have evolved in
one of two ways: (1) by enlargement and orientation of the visual system (i.e., increasing
orbit size and binocular overlap); or (2) they develop enhanced sensitivity of somatosen-
sory and tactile systems (e.g., [144], and references therein). Among ratites, kiwi are the
only confirmed nocturnal taxon, and have evolved reduced eye size and distinct endocra-
nial morphology associated with the somatosensory and tactile systems strategy (i.e., (2)
see [79,145]). All other ratites are diurnal, as were the extinct NZ moa [77], and inspection
of the shape of their brains (e.g., [75] (Figure 2), [79] (Figure 2a,b), [77] (Figure 6g-1), [145]
(Figure 1b A-E), [80] (Figures 1 and 3), [81] (Figure 1), [74] (Figures 5.3 1-6)), show ros-
tromediolaterally hypertrophied wulst structures in these large flightless birds, which may
represent evolution for enhanced visual proficiency (i.e., strategy (1) above). However,
no ratites display the massively hypertrophied state of the wulst seen in dromornithid
dorsal endocasts.

Martin [131] advanced that binocular vision in birds may be used for the inspection of
food items held in the bill, for bill control during the process of foraging and food provision
to chicks, and not primarily for stereopsis. He also argued that binocular vision in the
control of locomotion is a secondary function, as spatial information may be provided by
each eye independently. Considering dromornithid cranial morphology displays large,
forward facing orbits, and their dorsal endocranial morphology is dominated by the wulst,
these birds probably adopted the strategy of enlargement and orientation of the visual
system to develop good stereoscopic vision and accurate depth perception. This would
preadapt them to being specialised browsers capable of selecting individual fruit and
leaves from within complex browse. Additionally, such combined features of cranial and
endocranial morphology also raises the possibility that dromornithids were adaptively
selected for low-light visual proficiency along the nocturnal-diurnal gradient (scotopic
sensu [142,146]). However, we prefer the more “parsimonious’ explanation that features of
dromornithid cranial and endocranial anatomy are more likely associated with foraging
and locomotion within complex diurnal environments.

4.4.2.2. Cerebrum

The rostral and caudal telencephalon—the nido- and mesopallial structures of the
cerebrum—are recognised to form a complex with “integrative” functions (see [93], and
references therein). Thus, we describe functional interpretations for the cerebrum as
a whole.
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The internal structure of the dorsal and rostrocaudolateral cerebrum incorporates
four main subdivisions: the hyperpallium, incorporating the wulst, the mesopallium,
incorporating the rostro- and caudodorsal telencephalon, the nidopallium, incorporating
the rostro- and caudolateral telencephalon, and the arcopallium incorporating the cau-
doventral telencephalon. The rostromediolateral telencephalon incorporates the medial
striatopallidal complex (striatum + pallidum), overlain rostrocaudally and dorsolaterally
by the nidopallium, which is similarly overlain rostrocaudally and dorsolaterally by the
mesopallium (see [48] (Figure 1C), [49] (Figure 6)). Dubbeldam and Visser [147] showed
that the caudolateral nidopallium receives arcopallial afferents sourced through the me-
dial nidopallium, and contains a complex pattern of terminal fields. They identified a
strong connection between the striatopallidal complex and the mediolateral nidopallium,
arguing that in the mallard (Anas platyrhynchos) there exists two major telencephalic cir-
cuits: one relaying through the pallidum, and the other through the striatum (e.g., [48]
(Figure 3)), and that these afferent circuits play a major role in feeding behaviour. The
telencephalon has been associated with a wide range of behaviours including feeding,
taste, tactile sense, taste discrimination, vocalisation, and with high levels of cognition
and complex tasks ([49], and references therein). Furthermore, stereotyped species-specific
behaviour [93,148], pecking accuracy [149], and the processing of visual information such
as brightness, colour, and pattern discrimination [118], have been attributed to processes
within the caudolateral telencephalon. Pettigrew and Frost [130] showed that the maxillary
(Vy) division of the trigeminal (V) nerve, which innervates the upper bill (see Section 4.4.1
above), transmits to extensive terminal fields in the region of the rostrodorsal mesopal-
lium (e.g., [150] (Figure 3b), see also [139]). Similarly, Dubbeldam et al. [99] showed that
ascending maxillary (V,) and mandibular (V3) trigeminal (V) projections transmitted
rostrodorsally, via the nucleus basalis, to mesopallial terminal fields [140]. These senso-
rimotor and somatosensory projections were related to the “detection” of food particles,
particularly in low-visibility feeding in anseriforms [151-154], and food grasping in columb-
iforms [140,155] and passeriforms [156]. Located in the caudal telencephalon, the medial
spiriform nucleus receives projections from both somatosensory and visual parts of the
wulst (see [121]; and Section 4.4.2.1 above), along with arcopallial projections associated
with “motor planning information” from the caudoventral telencephalon, and projects
to the cerebellum (see Section 4.4.2.4 below), forming the “telencephalic—cerebellar loop”
(sensu [150] (p. 9)).

A notable caveat when interpreting differences in caudal telencephalon morphology,
is that changes may arise from differential hypertrophy of any of several internal structures,
each of which vary in function (e.g., [157], and above). Results show that the caudal
telencephalon in dromornithids are strongly hypertrophied, and along with the apparently
hypotrophied rostral telencephalon, they are morphologically similar to galliforms in the
condition of the cerebrum (see Sections 4.1.4 and 4.1.5). Extant galliforms are generally
visual foragers and exploit less somatosensory information associated with trigeminal
(V) projections than tactile specialists like anseriforms [152-154]. Results show surface
area ratios for the face of the maxillomandibular (V, + V3) branch of the trigeminal (V)
nerve complex in dromornithids are more similar to those of the galliforms, than they are
to the anseriforms, which are distinctly larger (see Section 3.4.1). These morphological
trends suggest that the tactile capability of dromornithids was likely reasonably well
developed, at least comparable with the extant galliforms, but they were certainly not
tactile sensory specialists.

4.4.2.3. Optic Lobe

The optic lobe forms a crucial component of the visual pathway system. Hellmann
et al. [158] (p. 395) characterised the optic lobe as a “relay station” for transmitting ascend-
ing visual output to the forebrain (see Section 4.4.2.1 above), projecting descending output
to the premotor regions of the hindbrain (see Section 4.4.2.4 below), and comprise multiple
“retinotopically organised, and functionally specific” cell types. So called “optic flow”
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(sensu [159]), are retinal stimuli generated by self-motion through stationary environments
(see [150,160] and references therein). Optic flow stimuli are analysed by recipient nuclei
in the accessory optic system and pretectum, wherein the lentiformis mesencephali, or
pretectal nucleus, responds to “moving large-field” visual stimuli and generates optoki-
netic response for the control of posture, eye movement stabilisation, and compensatory
movement during locomotion ([117,150,160-164] and references therein), facilitated by
processes within the cerebellum [87,165].

Optic lobe structures in dromornithids are somewhat hypotrophied in comparison
to those of the extant galloanseres. Iwaniuk et al. [166] showed that the optic lobe of
the nocturnal Night parrot (Pezoporus occidentalis) was relatively reduced compared with
those of diurnal parrots, but orbit size did not differ between them. As noted above
(see Section 4.4.2.1), eye shape, corneal diameter and retinal topography are better predic-
tors low-light sensitivity than eye size alone (e.g., [86,141,142]). What is more, Kay and
Kirk [167] (p. 238) showed variation in ‘retinal summation’, or the ratio of photoreceptor
cells in the eye which interact with a single ganglion cell in the optic (II) nerve, is indicative
of the level of visual sensitivity, acuity, and photic activity. This implies that large eye size,
accompanied by small optic nerve size, is indicative of nocturnal habitus.

These forms of data are often not accessible from fossil material, and as we have
shown, there is much variation in overall optic lobe size across known diurnal species
of galloanseres assessed here. This implies that without corroborating evidence of eye
structure and optic nerve absolute size, the size of the optic lobe alone is likely not a reliable
proxy for inferring photic activity for fossil taxa.

Given that optic lobe structures are primarily relay stations, their absolute size is not
definitively correlated with either nocturnal or diurnal behaviour (see also [168]) although
this can resolved to an extent by comparisons of orbit and foramen opticum measure-
ments. That dromornithids have large, forward facing eyes (see Section 4.4.2.1), robust
optic nerves (see Section 3.1.2), and enlarged morphology of trigeminal (V) innervation
(see Section 4.4.1), further supports our argument that dromornithids were likely diur-
nal taxa with a strong reliance on stereopsis and trigeminal (V) somatosensory input.
These results also suggest that caution is required when deriving functional or behavioural
inference from comparisons of optic lobe absolute size, without accounting for the col-
lective morphology of somatosensory “circuits” (e.g., [150] (p. 9)), such as those of the
thalamofugal, tectofugal and third visual pathways (see Section 4.4.2).

4.4.2.4. Hindbrain

The cerebellum has long been associated with motor integration and posture con-
trol in birds [87]. Visual signals are projected through the third visual pathway, via the
retinal-recipient nuclei of the optic lobe, to the cerebellum [87,117,165,169-171], where they
facilitate obstacle avoidance responses. Additionally, Pakan and Wylie [165] suggested
that folia VI-VIII of the cerebellum may be involved in “steering” functions, and Iwaniuk
etal. [172] showed that VI and VII folia are hypertrophied in birds they classified as “strong
fliers”, and showed some evidence to support correlation of hypertrophy of the cerebellum
rostral lobe with “strong hindlimbs” in birds. Additionally, due to the dura mater, or dural
envelope, which encloses the brain in life, a surface endocast derived from the internal
osseous endocranial capsule, may not entirely reflect actual brain morphology, although
this is much less of a problem in birds than in other archosaurids (e.g., [71,173] (p. 263), [74]
(p- 61)). This is apparent in the lack of folia definition in dromornithid cerebellum mor-
phology presented here, but which was almost certainly present in life. Additionally;, it is
recognised that an endocast can only capture surface structures of the brain, and that where
a brain region is partially occluded by another structure, the endocast will underestimate
total size of that region. This is the case for the cerebellum where it is occluded rostrally
by the cerebrum. Thus, analyses of the cerebellum only relate to exposed parts of this
region, but we consider these were analogous between compared taxa. Therefore in our
analyses, the overall shape of the exposed dromornithid cerebellum is captured, and the
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broad metrics we use to describe the cerebellum illustrate well the differences in dorsal
hindbrain shape across specimens.

Results for the dromornithid hindbrain, show the shapes described by the dromor-
nithid metencephalon (cerebellum and rhombencephalon), are certainly distinct from those
of the extant galloanseres. Measurement data show that the dromornithid cerebellum
and rhombencephalon differ from the extant galloanseres in both length and width ratios.
However, results for Surface Area data show the dromornithids overlap with the extant
galloanseres in metencephalon surface area ratios. So the dromornithid hindbrain is not
particularly dissimilar in overall size to those of the extant taxa, and apparent visual dif-
ferences between caudal endocasts across specimens may lie in the particularly distinct
hypertrophy of the dromornithid forebrain, several ratios of which certainly do differ
from those of the extant galloanseres (e.g., Section 4.1.3 above). Additionally, the trend for
hypertrophy of the rostrodorsal cerebellum noted in both middle Miocene dromornithid
taxa, compared to that of the late Oligocene species (e.g., Section 3.3.3), may represent
selection for enhanced neural capability with respect to hindlimb sensorimotor processes,
facilitated within the cerebellum rostral lobe [172], as overall body size in dromornithids
increased from the late Oligocene through the middle Miocene. Such morphological trends
suggest that dromornithids likely maintained the capacity for capable locomotion through
complex environments associated with third visual pathway processes in the hindbrain, at
least comparable with the extant galliforms assessed here.

5. Conclusions

In this study, we comprehensively described dromornithid endocranial morphol-
ogy for the first time, comparing endocasts for three species of Dromornis and Ilbandornis
woodburnei to those of four species of extant basal galloanseres spanning the galliform-—
anseriform dichotomy. We compared endocasts of the Oligo-Miocene Dromornis murrayi,
the middle Miocene D. planei, and the late Miocene D. stirtoni, to describe endocranial
changes associated with neurocranial foreshortening in a temporal series along the Dro-
mornis lineage. The endocasts of species of Dromornis were compared to that of the middle
Miocene Ilbandornis woodburnei, revealing minimally five morphological differences be-
tween Ilbandornis and Dromornis (e.g., relating to the medial boundaries of the wulst in
the rostrocaudal fissura interhemispherica zone; the caudoventral regions of the caudal
telencephalon; the morphology of the rostrodorsal and caudodorsal cerebellum; and the
morphology of the ventral cerebellum + pons hindbrain complex), collectively supporting
the two-lineage hypothesis. Overall, dromornithid brains display morphology supporting
hypotheses that they are more closely related to basal galliforms than anseriforms, in
that the rostral positioning of the wulst on the dorsal endocast; the form of the maxillo-
mandibular (V; + V3), glossopharyngeal (IX) and vagus (X) nerves, and the morphology of
trigeminal ganglia, are more similar to the species of galliforms assessed. Functional inter-
pretations suggest that dromornithids were specialised herbivores that likely possessed
well-developed stereoscopic depth perception and targeted a soft browse trophic niche.

The retention of a relatively large cerebellum and associated hindbrain morphology in
dromornithids, such as those shown by the volant galloanseres assessed, raises the question
as to why dromornithids maintained the capacity for capable movement through complex
environments (see above). That these functional attributes were selected for during early
dromornithid evolution is a possibility.

During the transition from the early Cenozoic through the Eocene, Australia was
blanketed by predominantly warm to cool-temperate rainforest, which began to open into
sclerophyllous vegetation on higher ground only during the Oligocene (see [174]). These
forests became progressively drier during the transition from the Oligocene through the
late Miocene, eventuating in the establishment of sclerophyllous fire-sensitive woodlands
as the dominant continental floras during the Miocene ([1], see also [175]). Dromornithid
evolution has a long history, and the key characteristics of the dromornithid brain were
likely assembled when they first evolved into large flightless birds sometime during the
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Palaeogene. During those times, dromornithids would have occupied highly complex
forested environments, where the capacity for acute stereoscopic vision, the taxon’s trophic
preferences established, and the capability for navigating complex environments were
maintained from their flighted ancestors. Dromornithids likely co-opted these traits in
adapting to and exploiting the steadily drying Australian environment through their
known temporal range, traits that persisted in the last dromornithid taxon of the late
Pleistocene.

During the middle Miocene through to the late Pleistocene, dromornithids were
likely increasingly restricted to riparian zones, or sclerophyllous woodland remnants
proximal to water courses or temporary water bodies. Dromornithid fossils from these
times are almost exclusively recovered from deposits derived from ancient water courses
or shallow lakes. For example, their bones are relatively abundant in the fluviatile deposits
of Bullock Creek LF, and Alcoota LF in the Northern Territory (see Section 1); and are
common in several lacustrine sites around Lake Callabonna in the Eyre basin of Southern
Australia, where dromornithid bones are found within the clays of ancient lake margins
wherein birds were mired, evidently while in search of water during dry periods (e.g., [176]
(p. 208), [15] (p. 3)). Consequently, from the late Miocene in particular, dromornithids may
have become increasingly ‘tethered’ to constricting sclerophyllous woodland remnants
in a drying environment, circumstances which, along with temporal overlap with newly
arrived humans during the late Pleistocene [177], potentially contributed to the eventual
extinction of the group.

The cranial and endocranial morphology of dromornithids is unlike any attained in
the evolution of birds, and represents distinct morphological adaptations to progressively
changing Australian Cenozoic environments. The specialist browsing diet of these giant
birds resulted in the unique juxtaposition of large body size, deep, narrow, and elongate
bills, with frontally directed eyes, affording stereoscopic vision on crania bearing minimal
musculature, and like much of the idiosyncratic Australian fauna of the past, dromornithids
represent combinations of unique adaptations now lost.
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Abstract: The bone microstructure of extinct animals provides a host of information about their
biology. Although the giant flightless dromornithid, Genyornis newtoni, is reasonably well known
from the Pleistocene of Australia (until its extinction about 50-40 Ka), aside from various aspects of its
skeletal anatomy and taxonomy, not much is known about its biology. The current study investigated
the histology of fifteen long bones of Genyornis (tibiotarsi, tarsometatarsi and femora) to deduce
information about its growth dynamics and life history. Thin sections of the bones were prepared
using standard methods, and the histology of the bones was studied under normal and polarised light
microscopy. Our histological analyses showed that Genyornis took more than a single year to reach
sexual maturity, and that it continued to deposit bone within the OCL for several years thereafter
until skeletal maturity was attained. Thus, sexual maturity and skeletal maturity were asynchronous,
with the former preceding the latter. Our results further indicated that Genyornis responded to
prevailing environmental conditions, which suggests that it retained a plesiomorphic, flexible growth
strategy. Additionally, our analyses of the three long bones showed that the tibiotarsus preserved the
best record of growth for Genyornis.

Keywords: Australia; Pleistocene fossil bird; dromornithid; Genyornis; bone histology; osteohistology

1. Introduction

It is well recognised that, during life, the bones of vertebrates are living tissues that
record various aspects of their life history and biology, e.g., [1-3]. A host of studies have
shown that even after millions of years of fossilisation, the bone microstructure is often
well preserved, e.g., [1,2,4-6]. Thus, by studying the bone histology of extinct vertebrates,
various inferences into their biology can be made.

Genyornis newtoni was a giant flightless galloansere bird that belonged to the Dro-
mornithidae [7,8]. The dromornithids first appeared in the fossil record in the Eocene and
reached the height of their diversity in the middle Miocene. By the late Oligocene, the
dromornithids had already attained a large size and were flightless with reduced wings, a
morphology they retained for the next 25 ma [7]. However, by the Pleistocene, Genyornis
newtoni [9,10] was the only surviving member of the family.

Genyornis newtoni was widespread, though usually rare, in south eastern Australia
in the mid-to-late Pleistocene and remains the only species of dromornithid for which
individual skeletal assemblages are known. Genyornis went extinct in the late Pleistocene
along with many other megafaunal animals about 50-40 Ka [7,11]. Aside from some general
reconstructions of Genyornis as a medium-sized dromornithid (180-250 kg) that stood about
2-2.5 m tall, little is known about its biology. However, the well-defined bimodality in
skeletal measurements is attributed to marked sexual dimorphism [12], where the males are
assumed to be the larger sex, as was demonstrated for its larger relative Dromornis stirtoni
for which medullary tissue was found in examples of the smaller morph [13]. Here, we
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investigated its bone histology to deduce various aspects of its biology, particularly to infer
how their growth dynamics allowed them to reach their large body size.

Modern birds generally, grow to adult body size within a single year [14,15]. Even
large modern birds such as Sagittarius serpentarius, the secretary bird [16,17], and the largest
modern bird, Struthio camelus, the ostrich [16,17], reach adult body size within a single
year. Thus, the bones of modern birds generally have uninterrupted growth until an adult
body size is reached, which is usually coincident with the attainment of sexual maturity [4].
However, once their growth rate slows down (usually upon or close to sexual maturity),
their rate of bone deposition (osteogenesis) slows down, and a different type of bone tissue
develops in their compacta. This outer band of tissue, called the outer circumferential layer
(OCL) [18], often shows lines of arrested growth (LAGs) therein, indicating that these birds
experience periodic arrests in growth as they slowly accrete bone for a few more years
until skeletal maturity is reached. Although most modern birds grow like this, there are
exceptions to such rapid growth rates among birds. This is particularly the case among
insular birds such as the Apterygiformes (kiwi) [19], the Dinornithiformes (moa) [20] and
the Aepyornithidae (elephant birds) from Madagascar [5]. Among the aepyornithids,
Vorombe titan is largest, and like the large moa (Emeidae and Dinornithidae) [20], it takes
several years to reach adult body size. It has been suggested that these birds grow much
slower than other birds, because they are island birds without the pressure of mammalian
predators [15]. Long-lived birds possibly also experience slower growth rates, but this
needs to be verified—a single bone of a parrot (Amazona amazonica) had a growth mark
therein [21], but there are no details of the approximate age of the individual.

The aim of our study was to assess the histology of Genyornis to decipher information
pertaining to their growth dynamics and life history. As different bones would be studied,
we also assessed the histovariability of the long bones studied, and we ascertained which
elements were more reliable for growth assessment.

2. Materials

The Genyornis bones we studied were recovered from late Pleistocene lacustrine
deposits at Lake Callabonna (48—-45,000 years ago) and from mid-to-late Pleistocene fluvial
deposits along Cooper Creek and Billeroo Creek [22] Figure 1. These deposits are assumed
to have sampled palaeoenvironments of arid grassland/shrubland with some trees along
watercourses, although current palaeoenvironmental studies are underway and should
shed more light on the palaeoecology of these sites.

Figure 1. Sites in South Australia (inset) where the sampled bones of Genyornis were collected.
(A) Lake Frome area (L.F.) and (B) Lake Eyre area (L.E.). 1, Lake Callabonna; 2, Billeroo Creek sites; 3,
Cooper Creek sites (Malkuni Waterhole and Site 73).
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Fifteen specimens of Genyornis were studied: eight tibiotarsi, three tarsometatarsi and
four femora. As far as possible, standard measurements were taken of the limb bones
studied, and the least shaft circumference of the tibiotarsus was measured in all specimens
where it was preserved. The latter ranged from 134 to 146 mm (Table 1). For specimen SAM
P.53833, we were able to sample different bones of the skeleton: a femur and tibiotarsus. All
the other successfully sampled bones were from different individuals. In some specimens,
parts of the shaft were opportunistically sampled (through natural breakages, etc.), but
the majority of the specimens were core-sampled in the midshaft region to obtain the best

possible track record of growth (see details in Table 1) [1].

Table 1. Details of the Genyornis specimens sampled. All sites are in South Australia. Unsampled elements of individuals

are listed for their ability to reveal the size of the individual. Shading is used to show associated bones of individuals.

Cat;ll(())fgue Locality Field ID Element I_gasltl?ll;;gy Comment Sex
distal width, 85 mm; minimum shaft
Distal left circumference, 140 mm; sampled
SAMP25017  Cooper Creek tibiotarsus y section of shaft 1/3 length from distal Female?
end.
Distal right distal width, 88 mm, shaft inflated by ®
SR (Sl ot Sk, tibiotarsus y salt degradation; sampled caudal facies. e
Right max proximal width, 105 mm; min shaft
SAM P.53826 Callabonna Geny 1A tarsometatarsus width, 45 mm; distal width, 99 mm
Length trochlea III-cotyla lateralis, 358
Right mm; min shaft diameter, 50 mm; distal
SAM P53831 Callabonna Geny 9A tarsometatarsus y width, 110 mm; sampled medioplantar Male
facies.
SAM P53832 Callabonna Geny 9B Left y min shéft diameter, 44.mm,' distal Wldth, Female
tarsometatarsus 95 mm; sampled medioplantar facies.
midshaft diameter, 76 mm; max distal
SAM P.53833 Callabonna Geny 10 Right femur y width, 154 mm, sampled mid-caudal
facies
distal width, 86 mm; total length, 610
SAM P.53833 Callabonna Geny 10 Left tibiotarsus y mm; minimum shaft circumference, 144 Female?
mm; sampled mid-medial facies
Rioht length, 347 mm; TL2, 355 mm, distal
SAM P.53833 Callabonna Geny 10 o egta . width medial-lateral, 102; min shaft
width, 39 mm; max distal width, 92 mm
SAMP54333  Cooper Creek Geny C Distal left y distal width, 91 mm; sampled Female?
tibiotarsus anterolateral facies
C Creck Distal left distal width, 92 mm; minimum shaft
SAM P54334  Cooper Creek 00per ree i y circumference, 140 mm; sampled Female?
73-B tibiotarsus . .
section midshaft
FU2750 Callabonna CB2018-98 part left y min shaft diameter, 38 mm; sampled Female?
tarsometatarsus medial facies
. shaft width, 87 mm; small indiv;
FU2755 Callabonna CB2018-75Ind 1 Right femur y sampled mid-caudal facies
distal width, 88 mm; minimum shaft
FU2755 Callabonna CB2018-75Ind 1 Right tibiotarsus y circumference, 144 mm; small indiv; 2 Female?
samples distomedial facies.
Left distal width, 90 mm; min shaft width,
FU2755 Callabonna CB2018-75Ind 1 tarsometatarsus ;l&g}lrr:;l g;‘a]x proximal width, 102 mm;
Crushed left and
FU2756 Callabonna CB2018-75Ind 2 right femora
distal width, 96 mm; minimum shaft boundary-
FU2756 Callabonna CB2018-75 Ind 2 Right tibiotarsus y circumference 146 mm; big indiv; le/f yl »
sampled midshaft medial facies male/emale:
Left min shaft diameter, 46 mm; max
FU2756 Callabonna CB2018-75 Ind 2 tarsomeetatarsus pljoximal width, 109 mm; max distal
width, £105 mm
FU2760 Callabonna  CB2018-75Ind 3 Right femur y LS 1 DG el Male
mid-caudal facies
Bill midshaft width, 70 mm; surface texture oun
FU2758 11er00 NA Left femur y is porous; crista trochanteris is not fully young
Creek . - - indiv?
formed; sampled mid-caudal facies.
Billeroo Distal left . . Small-
FU2759 Crook NA tibiotarsus y Sampled medial facies female?
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The sampled bones were embedded in resin and were thin-sectioned according to
standard petrographic methods [23]. They were then sectioned along the midline, resulting
in two blocks labelled as A and B (which permitted the investigation of the histology closest
to the neutral region, i.e., the area least affected by remodelling changes [1]). Four thin
sections were prepared from these blocks (A, All; B, BII). The sections were studied under
petrographic microscopes (Nikon Eclipse E200 with a Nikon DS-Fil camera or a Zeiss Ax10
Lab.A1l with an Axiocam camera). All thin section preparations and photomicroscopies
were performed at the University of Cape Town, South Africa.

Given that the dromornithid Dromornis stirtoni has a marked bimodality with females
shown to be the smaller morph through the presence of medullary bone [13], its size has
the potential to establish the sex of Genyornis bones. Genyornis newtoni shows a nonover-
lapping bimodal size distribution [12], where tibiotarsi with a least shaft circumference of
137-150 mm are presumed females and those with values greater than 150 mm are males
(assuming that dimorphism is the same in species of Dromornis and Genyornis, which is
reasonable as males are uniformly larger birds in all extant Galloanseres). However, we
used the totality of measurements from associated bones of an individual to infer sex, as
for several individuals, the minimum shaft circumference was not measurable, but values
for the tibiotarsal distal width or width for the femora and tarsometatarsi of the same
individual were available. These revealed two individuals that were much larger than
those biggest based on tibiotarsal shaft circumference and, thus, were inferred as males
(Table 1).

Here, we followed the traditional histological terminology sensu [1,18,24]. Although
we used the orientation of the canals in the bones as a proxy for the orientation of the
vascular canals, we are aware that this does not accurately reflect the orientation of the
blood vessels therein [15].

3. Results

The histology of several examples of hind limb elements are described and summa-
rized as follows: eight tibiotarsi, four femora and three tarsometatarsi.

3.1. Tibiotarsi
3.1.1. FU2759, Billeroo Creek, F

Thin sections of this specimen showed that the bone tissue had experienced some
taphonomic damage by infiltration of the surrounding minerals and sediment into the
bone, concordant with its fluvial deposition. Thus, most of the specimen showed more
extensive damage to the peripheral parts of the compacta, whereas the internal bone tissues
were better preserved. Figure 2 shows the alteration in the bone microstructure caused
by this infiltration damage. Nevertheless, it is evident that the bone has vascular canals
right up to the margin, and there appears to be no distinctive slowing down in the rate of
bone deposition (Figure 2A). Deeper in the compacta, the tissue continues to be primary
periosteal bone with abundant vascular canals in a woven bone matrix. The vascular canals
tend to be a mixture of longitudinal and short circumferentially oriented canals in a laminar
arrangement (Figure 2B). In the innermost region of the compacta, closest to the medullary
cavity, the bone tissue has a different appearance; here, the bone is still fibrolamellar tissue,
but the vascular canals have a much more disarrayed arrangement with a predominantly
longitudinal-to-radial arrangement in the woven bone matrix (Figure 2C. Throughout the
compacta, secondary osteons are rare, sparse erosion cavities occur and no growth marks
(i.e., LAGs or annuli) are apparent in the compacta (Figure 2).
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Figure 2. Specimen FU2759; tibiotarsus. (A) Outermost region of the compacta showing some
diagenetic features but no change in the rate of bone formation, and vascular canals right up to
the edge of the bone wall. (B) Mid-cortical region showing the circumferential organisation of the
vascular canals. (C) Deep cortex of the compacta showing the more haphazard arrangement of the
vascular canals within a woven bone matrix.

3.1.2. Specimen SAM P.54333, Cooper Creek (Geny C), ?F

The histology of this specimen is reasonably well preserved with the entire compacta
from the periphery to the endosteal region preserved (Figure 3). Localised differences
in the orientation of the vascular canals, and the nature of the bone tissue are evident;
the outermost bone tissue, which is the most recently formed bone, comprises a narrow
(~250 pm) band of avascular lamellar tissue, the OCL (Figure 3A,B). Preceding the OCL,
there is a band of reticular bone tissue (Figure 3A,B), whereas deeper into the compacta, the
tissue changes to a mix of plexiform to circumferential laminar bone tissue (Figure 3A,B).
In the perimedullary region, several enlarged cavities are evident, and there are several
secondary osteons that occur right up to the margin of the medullary cavity (Figure 3A),
and in some areas, cancellous tissue extends into the medullary cavity. A narrow layer of
lamellar bone, the inner circumferential layer (ICL), lines the medullary cavity in localised
areas (Figure 3C). Except for this region, the rest of the cortex comprises mostly primary
bone tissue, although there are a few scattered secondary osteons. In the thickest part
of the bone wall, the innermost bone tissue comprises FBL with more longitudinal and
circumferentially arranged primary osteons (Figure 3C). It is likely that this tissue is bone
formed during the early stages of ontogeny.
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3.1.3. Specimen SAM P.54334, Cooper Creek site 73B, F

The bone wall is incompletely preserved but there is enough of the compacta visible to
make a histological description. The outermost part of the bone wall has a layer of lamellar
bone, the OCL, that varies in thickness around the bone wall. Several lines of arrested
growth (LAGs or rest lines) are visible in the OCL (Figure 4A). Below the OCL is a layer of
richly vascularised bone tissue that varies from a reticular to a plexiform type of bone tissue
with several growth marks in the form of annuli (Figure 4A,B). Note that the innermost and
outermost annuli appear to be quite wide (Figure 4A). In the perimedullary region, there
occurs a region of well-vascularised bone tissue that appears to be bone formed during
the early stages of ontogeny (Figure 4A,C). Closer to the medullary cavity, there is a large
amount of secondary reconstruction (Figure 4A) where numerous secondary osteons are
visible, but these do not reach a high density. In the endosteal region, extensive remodelling
of the compacta is evident, and there are large excavations into the compacta (Figure 4A).
Small patches of ICL are visible in localised areas (Figure 4A).

250um

Figure 3. Specimen SAM P.54333; tibiotarsus. (A) Overview of the histology of the bone wall. (B) Higher magnification of
the framed region in (A), showing the OCL (double-headed arrow) below which is a band of reticular organised FBL(RFLB),
and the more laminar-plexiform (L-P) organised bone tissue deeper in the compacta. (C) A view of the perimedullary region

showing a narrow ICL (arrow), and some remnants of the early formed reticular bone tissue, secondarily enlarged vascular

canals and a few secondary osteons (stars). m, medullary cavity.
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Figure 4. Specimen SAM P.54334; tibiotarsus. (A) Overview of the compacta showing an OCL in the peripheral region
(double-headed arrow), several growth marks (annuli) (arrows) and a resorptive medullary (m) margin. The black arrow

points to remnants of an ICL. (B) A different part of the compacta showing four growth marks (arrows) in the compacta.

(C) Higher magnification of the framed region in (A) showing the reticular FBL bone tissue formed during early ontogenetic

stages. m, medullary cavity.

3.1.4. Specimen SAM P.53826, Callabonna Geny 1A, F

Unfortunately, we were unable to retrieve a full core from this specimen, and only the
outer part of the bone wall was preserved. Microscopical examination revealed that the
bone is badly fractured, concordant with salt damage, but a distinct OCL is visible with at
least three (perhaps four) growth marks in the form of narrow annuli present. Below the
OCL, several circumferentially organised vascular canals are visible.

3.1.5. Specimen FU2756 Callabonna CB2018-75, Indiv 2, ?M/F

The outermost compacta consist of a wide layer of poorly vascularised lamellar bone
tissue that forms the OCL, which is interrupted by at least 10 growth marks (LAGs)
(Figure 5A). Below this outer band of tissue, the cortex consists of a more richly vascu-
larised, more laminarly organised FLB tissue (Figure 5B). A narrow annulus with a LAG
interrupts the deposition of this tissue (Figure 5B). Deeper in the compacta, the bone
formed during the early stages of ontogeny is visible and appears to be FLB with mainly
longitudinally and reticular organised vascular canals (Figure 5C). Some of these vascular
canals have been enlarged by secondary reconstruction, and in some, there are secondary
deposits of centripetally formed lamellar bone which form secondary osteons (Figure 5C).

3.1.6. Specimen FU2755, Callabonna CB2018-75, Indiv 1, F

The bone tissue of this tibiotarsus was not well preserved. The outer cortex was not
sampled, so the most recently formed bone tissue cannot be described (and we cannot
assess whether or not an OCL is present). The part of the compacta that was preserved
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shows a richly vascularised primary compacta with predominantly longitudinal and
reticular-oriented vascular canals.

Figure 5. (A-C) Specimen FU2756; tibiotarsus. (A) The OCL with at least 10 LAGs (arrows). (B) A deeper part of the
compacta showing the laminar organised FBL bone tissue, and a single annulus with a LAG (arrow). (C) FBL bone tissue
with more longitudinal and reticular organised vascular canals. Arrows point to the lamellar bone tissue in the process of
being deposited around an enlarged cavity. (D-F) Specimen SAM P.25017, tibiotarsus. (D) A general view of the compacta.
The double-headed arrow indicates the OCL. RFBL indicates the band of reticular organised FBL bone tissue that precedes
the OCL. (E) Higher magnification of the framed region of (D). The OCL with 5 LAGs (arrows). (F) The innermost part of
the compacta being actively resorbed. m, medullary cavity.

3.1.7. Specimen SAM P.25017, Cooper Creek, Malkuni WH, F

The well-preserved compacta of this tibiotarsus shows that it is heavily vascularised
with a distinctly wide OCL comprised of lamellar bone tissue with at least five LAGs
(Figure 5D,E). A few blood vessels occur in the OCL, but overall, it is much more sparsely
vascularised than the underlying bone tissue. Preceding the OCL is a region comprising
reticular primary bone tissue, whereas deeper parts of the compacta have a more plexiform
arrangement. Overall, the bone wall appears to be primary in nature, but there are some
scattered secondary osteons visible. In parts of the compacta, at least three narrow lamellar
deposits interrupt the rapid deposition of bone. The perimedullary region of the cortex
is uneven due to extensive resorption which cuts into the original early formed primary
compacta of the bone wall (Figure 5E).
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3.1.8. Specimen SAM P.53833, Callabonna, Geny 10, F?

A striking feature of the compacta is the presence of two distinct bands of lamellar
bone towards the outer cortex (Figure 6A,B). These wide bands of more slowly deposited
tissue are separated by an almost equally thick region of fibrolamellar bone tissue. Note
that there are several incursions of blood vessels through both the lamellar layers, but
overall, these layers are not as well vascularised as the tissue below. The outer band of
lamellar tissue has about three LAGs, and this appears to be the OCL (Figure 6A,B). Below
the more inner wide band of lamellar tissue, a narrow annulus is visible, and perhaps
another, but the latter cannot be followed around the compacta (Figure 6A). Deeper in the
cortex (the inner 40% of bone wall) is extensively reconstructed and, in places, reaches
dense Haversian bone levels where even interstitial bone is secondary (Figure 6A). Many
erosion cavities are visible, and there are many examples of these connecting with one
another to form even larger cavities (Figure 6C). No ICL is present.

Figure 6. Specimen SAM P.53833, tibiotarsus. (A) Overview of the compacta. Subperiosteally, there is a wide OCL present
(double-headed arrow), and further in the compacta, another wide band of lamellar tissue occurs (black arrow), below

which is a narrow annulus (white arrow). Deep parts of the compacta show secondary remodelling, and several large

erosion cavities are visible (small black arrow). (B) Higher magnification of the framed region of (A), showing the OCL

and the wide inner band of lamellar tissue. (C) Higher magnification of the framed region in (A), showing the extensively

secondary remodelled perimedullary region.

3.1.9. Summary of the Tibiotarsus Histology

The eight tibiotarsi studied here provide information about the overall growth of this
skeletal element. There are obvious changes that are related to ontogenetic age, such as the
development of the OCL, which clearly indicates that specimen FU2759 is the youngest of
all the tibiotarsi, whereas specimen SAM P.54333 appears to be a slightly older individual
that has already begun slowing down its overall rate of growth and only has a narrow OCL
present. Besides the onset of OCL formation, the latter specimen also shows much more
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secondary remodelling as compared to specimen FU2759, but less than the other tibiotarsi
studied. This suggests that secondary remodelling increases with age. All the other
specimens have a relatively wide OCL with varying numbers of LAGs present—specimen
FU2756 has the widest OCL with at least 10 LAGs present (although it is uncertain whether
any of these are double or triple LAGs). Specimen SAM P.54334 clearly shows at least four
annuli that precede the deposition of the OCL, and interestingly, the deepest annulus and
the last one appear quite wide.

3.2. Femora
3.2.1. Specimen FU2758 Left Femur, Billeroo Creek

Overall, the bone wall is not very well preserved, but histological details are dis-
cernible. The compacta is richly vascularised, and there is a thin band of lamellar bone
tissue visible along the outermost peripheral part of the bone wall (Figure 7A). Below
this, there are mainly longitudinally arranged primary osteons. In the mid-cortex, a
few secondarily enlarged erosion cavities are evident, and a few completely formed sec-
ondary osteons can be seen (Figure 7B). A narrow ICL is present in places, suggesting
that medullary expansion has been completed. No growth marks are visible anywhere in
the compacta.

Figure 7. (A,B) Specimen FU2758; femur. (A) The white arrow points to the narrow deposit of lamellar bone tissue

subperiosteally. (B) Some secondary osteons (arrow) are visible in the compacta. (C,D) Specimen FU2760; femur. (C) The

well-vascularised compacta, and an OCL (double-headed arrow) with one LAG (arrow). (D) The deposition of an ICL
(black arrow). (E-H) Specimen SAM P.53833; femur. (E) The OCL (double-headed arrow) and the laminar bone tissue that
precedes it. (F) The tract of secondary osteons (arrow) that are coincident with the linea. (G) The uneven perimedullary

margin, and the narrow ICL (arrow) in places. (H) The white arrow shows the entry of the nutrient foramen into the femur.

Notice the changes in the orientation of the bone tissue along the margins of the canal. m, medullary cavity.
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3.2.2. Specimen FU2760, Callabonna CB2018-75, Indiv 3, M

The compacta comprise predominantly short circumferentially organised vascular
canals in a laminar arrangement (Figure 7C). An OCL is present, and a distinct LAG is
visible therein (Figure 7C). In the perimedullary region, a well-developed ICL is visible,
which continues along a bony strut that projects into the medullary cavity (Figure 7D).

3.2.3. Specimen FU2755, Callabonna CB2018-75, Indiv 1, F

In this specimen, the core does not penetrate the bone wall completely and, as a result,
only the outer part of the cortex is preserved. In this region, an OCL with at least ~6-7
LAGs is preserved. Below this band of tissue, the cortex consists of laminar FBL bone tissue
with circumferentially organised vascular canals.

3.2.4. Specimen SAM P.53833, Callabonna Geny10, ?F

This specimen preserves a fairly thick layer of cortical bone tissue. A distinct OCL is
evident along the peripheral margin of the bone wall, and at least two LAGs are evident
therein (Figure 7E). Below the OCL, the bone is mainly primary tissue consisting of laminar-
plexiform organised FBL bone tissue (Figure 7E,F). In the outer part of the compacta, the
tissue appears to be more laminarly textured with a predominance of circumferentially
oriented canals (Figure 7E). Several scattered secondary osteons are present throughout the
compacta, but in localised parts of the cortex, a tract of secondary osteons extends from
the peripheral margin to the endosteal region (Figure 7F); this is likely related to the linea
intermuscularis caudalis. In places, an ICL is present, but overall, the endosteal margin
is highly resorptive (Figure 7G). The entry of the nutrient foramen into the bone cortex is
evident in Section 10FB, and there are distinctive changes in the orientation of the bone
tissue around the foramen (Figure 7H).

3.2.5. Summary of the Femoral Histology

The four femora studied showed features related to ontogenetic status. Specimen
FU2758 appears to be from a young individual, which has just begun to deposit lamellar
bone tissue, but an OCL is not yet present in the compacta. In this bone, there are sparse
secondary osteons visible. Specimen FU2756 appears to be a slightly older individual—a
well-developed OCL is present, and a LAG occurs therein. Specimen SAM P.53833 has the
most mature compacta, with an OCL with multiple LAGs, and compacta with evidence
of much more secondary reconstruction. It should be noted, however, that this section
intersects the linea intermuscularis caudalis and the nutrient foramen, and therefore, it
is expected to show localised changes as a consequence. Specimen FU2755 appears to be
the most mature of the four femora—it has five or six LAGs in the OCL, but we cannot
decipher any more of the nature of the bone tissue, because of core failure.

3.3. Tarsometatarsi
3.3.1. Specimen FU2750, Callabonna CB2018-98

Overall, the bone tissue appears richly vascularised, although it is apparent that the
deeper cortex is much more vascularised than the outer compacta (Figure 8). Towards the
outer part of the bone wall, there are two distinct growth marks in the compacta (Figure 8).
Following the outer LAG, there is a distinct OCL, and near the margin of the bone, there
appears to be a LAG present (Figure 8).

3.3.2. Specimen SAM P.53832, Callabonna, Geny 9B, M

This section of the TMT shows a distinct OCL in the outermost part of the cortex
(Figure 9A). Except for the OCL, the rest of the compacta appears to be intensely secondarily
remodelled (Figure 9A-C). Although there is a lot of secondary reconstruction, dense
Haversian bone proportions are not reached in the mid-cortical regions, as there is still
primary bone between neighbouring secondary osteons. However, towards the medullary
cavity, the secondary reconstruction is more extensively developed, and it appears to reach
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dense Haversian levels, but there are also several large unfilled erosion cavities visible in
this area (Figure 9C). In places, a narrow layer of lamellar bone (ICL) is visible (Figure 9C).

Figure 8. Specimen FU2750; Tarsometatarsus. Overview of the well-vascularised, primary compacta
of the bone. In the peripheral region, a narrow OCL (double-headed arrow) and 2 narrow annuli
(arrows) that precede it are visible. Subperiosteally, a LAG is present (black arrow).

3.3.3. Specimen SAM P.53831, Callabonna, Geny 9A, M

Overall, the bone tissue is as described for Specimen SAM P.53832, i.e., the compacta
is extensively remodelled right up to the OCL, and the perimedullary region consists of
dense Haversian bone.

3.3.4. Summary of Tarsometatarsi Histology

Similar to the femora and the tibiotarsi, the tarsometatarsi studied here show onto-
genetic changes in the nature of the bone tissue. In this sample, the tarsometatarsus from
the youngest individual (FU2750) has an OCL, but its compacta are still predominantly
primary in nature, whereas in the tarsometatarsi from more mature individuals, except
for the OCL, the compacta are intensively reconstructed and reaches dense Haversian
characteristics in the deep cortex.
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Figure 9. (A-C) Specimen SAM P.53832 TMT. (A) Except for the OCL (double-headed arrow), the compacta have been
extensively reconstructed. (B) The dense development of secondary osteons (white arrow). (C) The perimedullary margin
lined by an ICL (black arrow).

4. Discussion
4.1. Growth Pattern

In the Genyornis bones sampled, it is evident that during the earliest stages of growth,
FLB was deposited. This tissue is typically formed in young fast-growing birds, e.g.,
Struthio camelus [16], Sagittarius serpentarius [16], Aptenodytes patagonicus [25] and Calonectris
leucomelas [26]. This early bone has a number of longitudinally and reticular arranged
primary osteons, and a large number of globular osteocytes in the woven bone matrix
(see Figure 2C) [1]. In some of the bones, none of this early bone remains, whereas in a
few bones where remodelling changes have not been extensive, the bone formed during
early stages of ontogeny is preserved (e.g., tibiotarsus SAM P.54333), and we therefore
have a continuous record of all the bone tissues formed during development. Often, this
early bone is overlain by a laminar—plexiform bone, which tends to dominate the cortices
of the tibiotarsus and the femora. In the tarsometatarsus, the predominant bone tissue
is Haversian bone. Localised differences in the bone tissue were observed in response to
the anatomy of the bones—for example, in the femur, in the region of muscle insertions,
there is a radial tract of secondary osteons present (Figure 7F), and in the area where the
nutrient foramen penetrates the bone, the bone tissue is organised so as to accommodate
the foramen (Figure 7H).

In contrast to the bone rapidly forming during early ontogeny, in late stages of on-
togeny, a distinct layer of lamellar bone tissue forms subperiosteally. This band of tissue,
the OCL [1,18], marks the change to a slower rate of bone formation. Among many modern
vertebrates, such a change is linked to the attainment of sexual maturity and the subsequent
slow-down in growth, e.g., [1,27]. Thus, the occurrence of the OCL directly suggests that
a slow-down in growth has been reached, which means that, thereafter, only slow accre-
tionary growth will occur from this stage onwards. This seems to be the case in the extant
kiwi [19], but in ducks, sexually immature ducks have been reported to show an OCL [27],
and Watanabe [26] found the same in three species of water birds (Calonectris leucomelas,
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Avrdea cinerea and Phalacrocorax capillatus). Whether the OCL in Genyornis is linked to the
attainment of sexual maturity is uncertain, but in the current study, it is apparent that
Genyornis bones that morphologically appear to be from juveniles do not have an OCL
(see later).

In several of the bones, narrow bands of lamellar bone tissue (annuli) were observed
to have been deposited prior to the deposition of the OCL. The deposition of these periodic
annuli interrupts the rapid phase of growth and reflect a slow-down in the overall rate of
bone deposition [1,24], and they are generally thought to be formed annually in vertebrates,
e.g., [17,27-29]. As most of our samples were cores, we cannot be certain that these annuli
extend around the complete bone wall. In one specimen (tibiotarsus SAM P.54334), at least
four such narrow annuli are observed, suggesting that this individual took at least 4 years
before an OCL formed. Interestingly, in specimen SAM P.54334, the width of the annuli
appears to be quite variable—even around the section (see Figure 4A,B). In parts of the
compacta, some annuli appear as relatively wide bands of lamellar tissue. In most of the
other individuals, there appears to only be about 1-2 growth marks evident in the compacta.
Thus, it is evident that, unlike the largest of modern birds, ostriches (Struthio camelus), which
weigh in at about 150 kg, Genyornis (estimated to have weighed about 250 kg) took more
than a single year to reach skeletal maturity. Vorombe titan, the largest aepyornithid (and
possibly the largest of all birds) [30] also took several years to reach skeletal maturity [5],
and the extinct Dinornithiformes, such as the emeids, Euryapteryx and Anomalopteryx,
as well as Megalapteryx, all experienced extended periods of cyclical growth to somatic
maturity [20]. The extinct Mesozoic bird, Gargantuavis, was also found to have taken at least
a decade to reach skeletal maturity [31]. Thus, it is evident that several large terrestrial birds
experienced protracted growth to adult body size. It appears that other island birds which
are not as large, such as the kiwi, Apteryx species [19], the dodo, Raphus cucullatus [28] and
the solitaire, Pezophaps solitaria [32], also adopted slow, extended growth rates in response
to reduced predation on the islands.

We were unable to identify any sex differences between the Genyornis femora studied.
In Dromornis stirtoni, medullary bone [1], a tissue formed in female birds during ovula-
tion was identified in several tibiotarsi [13], which verified their assignment as females.
However, in the case of our Genyornis sample, medullary bone was not observed in any
of the bones examined. It is likely that the birds were mired during a protracted drought,
which may explain the lack of evidence of breeding (both in the form of hatchlings, and
females with medullary bone), but it is also possible that our small sample size precluded
the observation of sex-specific tissues.

4.2. Histological Variations Evident in Different Skeletal Elements
4.2.1. Histological Differences among Bones without OCL

The tibiotarsus, specimen FU2759, and the femur, FU2758, were recovered from
different individuals and, as such, we cannot directly compare their growth dynamics.
However, on the basis of the histology evident, they appear to be from young individuals
as they both do not have an OCL present. Furthermore, of these two bones, the tibiotarsus
appears to be younger than the femur as rapidly formed FLB occurs subperiosteally in
the tibiotarsus, whereas in the femur, a narrow band of lamellar bone tissue is present,
indicating that the rate of bone deposition had begun to slow down. Interestingly, the
surface texture of specimen FU2758 is clearly porous, and the crista trochanteris is also
not fully formed, which further indicate that this is a young individual. The overall
small diameter of the tibiotarsus specimen FU2759 also agrees with its young ontogenetic
age assessment.

4.2.2. Histological Variations Evident among Bones with OCL

Except for the bones mentioned above, all the other bones have a distinctive OCL,
which means that the appositional growth had passed its most rapid phase of growth [16].
In some of the specimens, it is apparent that within the OCL, there are LAGs—assuming
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that each LAG is formed annually, this indicates that some individuals are older than
others, e.g., [31] (Table 2). This is further supported by an external morphology typical of
tully adult birds; for example, as defined for dinornithiforms by Turvey and Holdaway [33],
where femora all have the adult form of the condyles, all tibiotarsi have a fully ossified
pons supratendineus and fully developed condyles with no sign of the synostosis between
the tibia and proximal tarsal, and tarsometatarsi have no distinction of the fused metatarsi
or distal tarsal.

Table 2. Summary of histology data for specimens studied. Spec. no., specimen number; OCL, outer circumferential layer;

Lags, lines of arrested growth; ICL, inner circumferential layer; hav, Haversian; Resorpt. Perimedull., resorption cavities in

the perimedullary region; Ontog., ontogenetic. Y denotes presence, N denotes absence and ? denotes uncertain.

. Lags in . Dense Hav Resorpt. Ontog.
Specimen Element OCL OCL Annuli ICL Bone Early Bone Perimedull. State
SAM -
P54334 Tibiotarsus Y 4-5 3-4 Y Y Y Y adult
SAM - young
?
P54333 Tibiotarsus Y N 1? Y N Y Y adult
SAM
P53833 Femur Y 2 Y Y Y N Y adult
SAM .
?
P53833 Tibiotarsus Y 3 27 N Y N Y adult
SAM
?
P53832 Tarsometatarsus Y 27 N Y Y N Y adult
SAM
? ?
P53831 Tarsometatarsus Y 2? N ? Y N Y adult
SAM -
_ ? ? ? ? ?
P53826 Tibiotarsus Y 3-4 2? ? ? ? ? adult
SAM -
P25017 Tibiotarsus Y 5 3 Y N Y Y adult
FU2760 Femur Y 1 ? Y N N Y adult
FU2759 Tibiotarsus N N N N Y ? immature
FU2758 Femur Y N Y N Y Y young
adult
FU2756 Tibiotarsus Y ~10 1 N N Y Y mature
FU2750 Tarsometatarsus Y 1 2 ? N Y Y young
adult
FU2755 Tibiotarsus ? ? ? ? N Y? ? ?
FU2755 Femur Y 6-7 ? ? N Y? ? mature

Our sample of Genyornis bones provides evidence for different growth dynamics
between individuals; although most individuals showed a periodic slow-down in growth
in the form of narrow annuli, some individuals (e.g., tibiotarsus, SAM P.53833 from the
Callabonna locality) had a wide band of lamellar tissue, suggesting that it experienced a
particularly stressful period that was lengthy in duration. One specimen, SAM P.54334
(from Cooper Creek), showed four narrow annuli in the tibiotarsus, indicating that it had
at least four periods of slowed growth, and two of these were longer in duration. The facts
that, in some specimens, we find no annuli interrupting growth, and up to four in one
individual, as well as the widely varying thickness of the annuli, suggest that Genyornis
experienced variable growth dynamics, which may have been correlated with the particular
environment during which the individuals were growing up. Such plasticity in growth
appears to be a plesiomorphic trait inherited from their dinosaurian ancestors [1,34].

One of the main reasons for this discrepancy could be the fact that the specimens
studied come from different localities, which, although they are not greatly separated, i.e.,
Billeroo Creek is perhaps 100 km from Lake Callabonna, which is 500 km at most from
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Cooper Creek (Figure 1), they may have had different local ecologies. It is also possible
that the specimens derive from slightly different time periods of the late Pleistocene, which
makes it likely that they experienced different environmental conditions during their lives,
i.e., they do not reflect a single contemporaneous population. The strikingly wide annulus
present in the tibiotarsus specimen SAM P.53833 indicates that this individual experienced
a prolonged stressed period when osteogenesis slowed down (Figure 6) [1,6]. However,
once the conditions changed to a more favourable situation, osteogenesis recovered to
a rapid rate, resulting in FLB tissue being formed. This is directly contrasted with the
tarsometatarsus specimen FU2750, which had no annuli prior to the OCL formation. In
the tibiotarsus specimen SAM P.54334 from Cooper Creek, two distinct wider-than-usual
annuli are also observed (Figure 4A).

The Cooper Creek specimens (SAM P.25017, 54,333 and 54334) and Billeroo Creek
specimens (FU2758, 2759) were deposited in fluvial sediments in a riverine situation, which
does mean they had abundant water at their death. The Callabonna specimens were all
trapped in the dried-out bed of a lake during a protracted drought.

4.2 3. Histological Differences among Specimens Recovered from the Same Site

Specimen SAM P.53832 and SAM P.53831 were both recovered from Lake Callabonna
within 1 m of the other and facing the same direction, which suggests that they may have
been trapped together. Interestingly, both these TMT show that they are mature adult
individuals with a well-developed OCL and heavily reconstructed compacta. The overall
dimension of these bones suggests that SAM P.53832 was the larger bird and likely to be a
male, while SAM P.53831 was a probable female and was similar in size to SAM P.53833.

The tibiotarsi specimens, FU2756 and FU2755, were sampled from individuals that
were recovered from Callabonna CB2018-75. The tibiotarsus from FU2756 has about 10
closely associated LAGs in the OCL, although we cannot be sure if any of them are part
of double or triple LAGs which are known to occur in some vertebrates when conditions
are recurrently unfavourable [1,27]. It must be noted that these lines do not interrupt the
rapid phase of growth but are located in the outermost part of the compacta and are bone
deposits that are responsible for the thickening or robustness of the bones (i.e., they do not
contribute to the lengthening of the bone) [6]. As this tibiotarsus occurs in the boundary
size range of male/female, these histology findings suggest that it is a mature female
(rather than a young male). Unfortunately, the outer compacta of the tibiotarsus of FU2755
is not as well preserved, and we cannot determine whether or not it had passed its most
rapid phase of growth. Its relatively small size suggests it is also a female individual.

4.3. Secondary Reconstruction

Secondary reconstruction was observed in all the skeletal elements, but compared
to the femur and the tibiotarsi studied, the tarsometatarsus was the most extensively
reconstructed element, with dense Haversian bone tissue present. This finding agrees
with [35] that there is a proximodistal gradient in terms of secondary reconstruction with
more distal elements being more extensively remodelled. Note that in the aepyornithids,
the fibula was the most reconstructed element [5], but in the current study, fibulae were not
sampled. It is possible that the high incidence of Haversian bone in the tarsometatarsus
suggests that this element bears more weight and is subjected to more biomechanical forces
than the tibiotarsi [36].

It is also apparent that the extent of secondary reconstruction in the compacta is
age-related—the tarsometatarsus specimen FU2750 has an OCL but shows hardly any
secondary reconstruction, whereas the other two tarsometatarsus studied have compacta
that are completely remodelled right up to the OCL. These findings suggest that secondary
reconstruction increases with age.

As in the aepyornithids [5], the tibiotarsi in Genyornis appears to provide the best
record of growth and preserves most of the primary compacta. The tarsometatarsus is
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useful in young adults, but older individuals show extensive secondary remodelling that
removes the primary bone tissues, and hence the growth record.

5. Conclusions

Genyornis took more than a single year to reach sexual maturity, whereupon an OCL
develops, indicating a change in the rate of osteogenesis.

Of the three skeletal elements studied, the tibiotarsus preserves the best record of
growth for Genyornis.

The occurrence of several LAGs in the OCL indicates that it continued to accrete
bone for several years to reach skeletal maturity. This further indicates that, in Genyornis,
sexual and skeletal maturity were asynchronous, with sexual maturity preceding skeletal
maturity.

Genyornis retained a plesiomorphic flexible growth strategy [1,15] and responded to
prevailing environmental conditions at the time.
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Abstract: A large incomplete ostrich femur from the Lower Pleistocene of North China, kept at the
Muséum National d’Histoire Naturelle (Paris), is described. It was found by Father Emile Licent
in 1925 in the Nihewan Formation (dated at about 1.8 Ma) of Hebei Province. On the basis of
the minimum circumference of the shaft, a mass of 300 kg, twice that of a modern ostrich, was
obtained. The bone is remarkably robust, more so than the femur of the more recent, Late Pleistocene,
Struthio anderssoni from China, and resembles in that regard Pachystruthio Kretzoi, 1954, a genus
known from the Lower Pleistocene of Hungary, Georgia and the Crimea, to which the Nihewan
specimen is referred, as Pachystruthio indet. This find testifies to the wide geographical distribution
of very massive ostriches in the Early Pleistocene of Eurasia. The giant ostrich from Nihewan was
contemporaneous with the early hominins who inhabited that region in the Early Pleistocene.

Keywords: ostrich; China; Nihewan; Pleistocene; femur

1. Introduction

The Lower Pleistocene fossiliferous beds of the Nihewan Basin (Figure 1) in northern
Hebei Province (North China) have been known for their vertebrate remains since the 1920s.
More recently, abundant evidence of early human occupation has also come to light ([1],
and references therein). The fossil mammals from the various formations of the Nihewan
Basin have attracted considerable attention, starting with the pioneering paper by Teilhard
de Chardin and Piveteau [2]. However, although bird bones have been mentioned, few of
them have been described in detail, with the notable exception of a metatarsus belonging
to a crow (Corovus) [3].

Here we describe an ostrich femur, collected in the 1920s and kept in the paleontology
collection of the Muséum National d"Histoire Naturelle (Paris, France). Although this bone
is poorly preserved, a body mass estimate based on its circumference shows that it belonged
to a giant ostrich, significantly larger than the living Struthio camelus. It provides new
evidence of the wide geographical distribution of giant ostriches in the Early Pleistocene
of Eurasia.

A note on spelling: in this paper we have used the modern pinyin spelling for place
names. In the 1920s, a different transliteration was used by paleontologists working in
China: “Nihowan” instead of Nihewan, “Sangkan Ho” instead of Sanggan He, etc.

Institutional abbreviations: MNHN: Muséum National d’Histoire Naturelle, Paris,
France. IVPP: Institute of Vertebrate Paleontology and Paleoanthropology, Beijing, China.
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Figure 1. Map of part of northern China showing location of the Nihewan Basin, WNW of Beijing, with general location in
China (small map at lower right corner). Modified after Teilhard de Chardin and Piveteau [2].

2. Discovery and Geological Setting of the Specimen

Following discoveries of fossil bones by Father Vincent, a missionary based in Ni-
hewan village (some 150 km NW of Beijing; Figure 1), in 1920 [4—6], the area was visited
independently but almost simultaneously by the British geomorphologist George B. Bar-
bour [7] and the French Jesuit and naturalist Emile Licent in 1924 [4]. Abundant vertebrate
(mainly mammal) remains were subsequently collected from the Nihewan Basin in the
course of field trips led by Licent in 1925 and Licent and Teilhard de Chardin in 1926 [6].

The first mention of an ostrich bone from the Nihewan Basin is in a section on the
antiquity of the ostrich in eastern Asia in the monograph by Boule et al. [8] on the Paleolithic
in China. The authors note (p. 92) that Licent has found in the “Sanmenian” [Lower
Pleistocene] beds of the Sanggan He (the river which flows through the Nihewan Basin)
an ostrich femur more than 340 mm in length, indicating a bird larger than the living
ostrich. This brief mention seems to have attracted little attention, although it was noted
by Lowe [9] and Lambrecht [10]. Later, in their study of the Nihewan mammals, Teilhard
de Chardin and Piveteau [2] briefly mentioned in a footnote (p. 126) the few bird remains
in their collection, viz. a humerus of a large vulture and an ostrich femur. These two
bones are kept together at the MNHN, the ostrich bone bearing number NIH008. A second
number, 1927-13, refers to a catalog entry briefly listing a collection of vertebrate fossils
from Nihewan brought back from his second mission to China by Teilhard de Chardin
on 20 November 1927. The words “Struthio” and “Femur” are written in pencil on the
bone. There is therefore no doubt that the femur described below is that mentioned by
Teilhard de Chardin and Piveteau in 1930. Whether it is the same bone as that mentioned by
Boule et al. [8] is not so clear, because specimen MNHN-NIHO00S, in its present condition,
is 247 mm in length, while the length provided by Boule et al. [8] is more than 340 mm.
This may suggest that two distinct ostrich femora were found in the Nihewan beds in the
1920s and that one of them may have remained in China while the other was sent to Paris.
However, no ostrich femur is currently kept at the Hoang Ho Pai Ho Museum in Tianjin,
where Licent’s collections are kept, and there is no evidence that such a bone was part of
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the fossils that were transferred from the Hoang Ho Pai Ho Museum to Beijing in 1940 by
Teilhard de Chardin and Leroy (see Leroy [11] about this transfer) and are now kept at the
IVPP in Beijing. We therefore suppose that MNHN-NIHO008 is indeed the bone mentioned
by Boule et al. [8], which is no longer as complete as it was when Licent found it (probably
during his 1925 collecting trip, when Teilhard de Chardin was not with him, since Licent
alone is credited with the discovery), having lost a good part of the distal end.

Many vertebrate localities are currently known in the Nihewan Basin, in formations
of different geological ages (see Cai et al. [12], for a recent review), and the exact place
where the ostrich femur was found is unclear, all the more so given that Licent does not
mention this find in his publications about his collecting trips in the Nihewan Basin ([4,13]).
However, the early collections made by Licent and Teilhard de Chardin in the region were
restricted to a relatively small area around the villages of Nihewan and Xiashagou (see
map in Teilhard de Chardin and Piveteau ([2], p. 8). This corresponds to what Cai et al. [12]
call the “classic Nihewan fauna” from the middle part of the Nihewan Formation. This
fauna is about 1.8 Ma in age, according to Cai et al. [12].

3. Description

Specimen MNHN-NIHO008 is a right femur (Figure 2) lacking the distal end (at least
one-third of the bone seems to be missing) and the proximal articular head (caput femoris).
Some craniocaudal compression seems to have occurred. Some areas in the proximal region
have been roughly repaired with plaster. The bone is poorly preserved, its cortex being
broken into many pieces on the cranial surface, whereas the caudal surface has been less
affected, except in its proximal part. At the level of the distal break, it can be seen that the
shaft is hollow and filled with brownish clay. Its bony walls are up to 6 mm in thickness.
Cancellous bone can be seen at the proximal end where the cortex is broken. The bony
structure of the specimen is thus clearly avian.

lic

fp

Figure 2. Right femur of giant ostrich (Pachystruthio indet.), MNHN-NIHO008, from the Lower
Pleistocene of the Nihewan Basin, northern China, in caudal (A), cranial (B) and distal (C) views,
compared with a femur of the living ostrich Struthio camelus in caudal view (D). Abbreviations:
fp: fossa poplitea; lic: linea intermuscularis caudalis; or: oblique ridge. Scale bar: 50 mm.
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Very little is preserved of the proximal articular area, both the caput femoris and
the trochanter femoris being destroyed. The cranial face of the bone is relatively flat
and featureless. On the caudal face, a long, well-marked longitudinal ridge, the linea
intermuscularis caudalis (Figure 2, lic), is visible in the medial half of the bone. It is broad
and strongly rugose in its proximal part and becomes sharper distally. At its distal end, it
meets a shorter, oblique ridge that extends mediodistally from the medial margin of the
bone. Beyond this oblique ridge, the surface of the bone is somewhat depressed, indicating
the beginning of the fossa poplitea (Figure 2, fp). At roughly this level, the width of the
shaft begins to increase, but nothing is preserved of the distal articular area.

The minimum width of the bone is 74 mm. Its length as preserved is 247 mm. Consid-
ering that at least one-third of the bone is missing distally and that the trochanter femoris
is broken, its original length must have been very close to the 340 mm mentioned by
Boule et al. [8].

Although the specimen is very incomplete, the characters that can be observed, in
particular the extent and development of the linea intermuscularis caudalis (Figure 2, lic),
are in agreement with an attribution to an ostrich, confirming Teilhard de Chardin and
Piveteau’s identification.

4. Body Mass Estimate, Comparison with Other Giant Ostriches and Identification

Using the equation published by Campbell and Marcus [14] [LogM = 2.411 x LogLCF
— 0.065], we used the minimum circumference of the shaft (LCF = 199 mm) of MNHN-
NIHOO0S to estimate the body mass of the Nihewan ostrich. The estimated mass, 300 kg, is
twice that of a large male Struthio camelus (Figure 3; Table 1). This Early Pleistocene ostrich
was clearly a very large bird, in the mass range of some of the largest known birds, such as
the giant moa, Dinornis robustus [15]. This suggests that the Nihewan ostrich was even larger
than the giant ostrich from the Late Pleistocene of China, Struthio anderssoni. According to a
mass estimate based on the minimum circumference of the shaft of a femur from the Upper
Cave at Zhoukoudian (IVPP V6943), S. anderssoni reached a weight of 269 kg, a result
in good agreement with estimates based on the dimensions of various Pleistocene eggs
from the loess of North China referred to that large ostrich [16]. Morphologically, MNHN-
NIHO008 differs from the Zhoukoudian femur (described by Shaw [17] and Hou [18]) in
having a more robust shaft (Figure 4A). A complete femur from Zhoukoudian Upper Cave
(present whereabouts unknown) measured by Shaw [17] was 355 mm in length and 69 mm
in diameter at midlength, which indicates a more slender bone than MNHN-NIHO008.

490
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8 2403 @ S. camelus
m —
190 P B MNHN-NIH008*
| ® p. dmanisensis’
140 P
. A S, anderssoni
90-lrrl|11T1|Tlr||:|ll|lirr||\1||1||r|
120 140 160 180 200 220 240 260

LCF (mm)

Figure 3. Body mass estimated from the minimum circumference of the shaft (LCF) for several fossil
ostriches found in the Pleistocene of Eurasia, compared with the living Struthio camelus.
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Other Early Pleistocene large ostriches for which the femur is known include
Struthio oldawayi Lowe, 1933 from Olduvai Gorge, Tanzania [19]. The femur of S. oldawayi
figured by Leakey [20] has a more slender shaft than that of the Nihewan bone (minimum
width about 64 mm) but is longer (total length about 400 mm). Ostrich femora more closely
resembling the Nihewan bone are known from the Early Pleistocene of Georgia (Dman-
isi [21,22]) and the Crimea (Taurida Cave [23]) (Figures 4 and 5). The giant ostrich from
Dmanisi was originally described as Struthio dmanisensis by Burchak—Abramovich and
Vekua [21]. More recently, Zelenkov et al. [23] have placed both the ostrich from Dmanisi
and that from the Taurida Cave in the genus Pachystruthio Kretzoi, originally erected as
a subgenus of Struthio by Kretzoi [24] for a large phalanx and eggshell remains from the
Early Pleistocene of Hungary, described as Struthio (Pachystruthio) pannonicus. Femora of
P. dmanisensis described by Vekua [22] are ca. 380 mm and 385 mm in length, with smallest
(mediolateral) shaft widths of 76 mm. The femur of the giant bird from Taurida Cave is
ca. 390 mm in length, with a smallest shaft width of 74.7 mm [23]. In terms of shaft width,
the Nihewan ostrich thus seems more reminiscent of the giant ostriches from Georgia and
Crimea than of S. oldawayi.

Burchak—-Abramovich and Vekua [22] and Vekua [23] used what they called the stout-
ness (or massiveness) index, i.e., the minimum shaft width/total length ratio, expressed
in percent, to compare the femora of various ostriches (Figure 6; Table 1). In the living
Struthio camelus specimens measured by Burchak—-Abramovich and Vekua [22], the index
ranges from 13.8 to 16.4; it is ca. 16 in Struthio oldawayi and 20.0 in P. dmanisensis, which
has an exceptionally massive femur, as noted by Vekua [23]. The stoutness index for
the femur from Taurida Cave, calculated on the basis of the measurements provided by
Zelenkov et al. [23], is 19.15. Based on the measurements provided by Shaw [17], the
stoutness index for the femur of Struthio anderssoni is 19.44. Calculating the stoutness
index for MNHN-NIHO008 is of course difficult because the bone in its present state is
incomplete. If we accept that MNHN-NIHO08 is the femur mentioned by Boule et al. [8],
which was more than 340 mm in length, we obtain a stoutness index of 21.76, using 340
mm as the total length; this is higher than the index for Pachystruthio dmanisensis (Figure 6;
Table 1). However, the index calculated for the Nihewan specimen is probably slightly
exaggerated because, according to Boule et al. [8], the total length of the bone was more
than 340 mm. Nevertheless, it can be assumed that MNHN-NIHO008 had a high stoutness
index, comparable to that of Pachystruthio dmanisensis, which it resembles in the robustness
of the shaft and the development of the linea intermuscularis caudalis (although the latter
is in a more central position on the shaft in the specimen from Taurida Cave than in those
from Nihewan and Dmanisi). Although a precise identification of MNHN-NIHO008 is
difficult because of the incompleteness of the specimen, these similarities with the more
or less coeval species from Georgia and Crimea are notable and, pending the discovery
of more material from the Nihewan Formation, we refer to the specimen as Pachystruthio
indet. Although the eastern European localities and Nihewan are some 6000 km apart
(Figure 5), the occurrence of the same taxon of ostrich at both localities cannot be ruled
out, because there were considerable similarities between the vertebrate faunas of various
parts of Eurasia, from China to western Europe, in the Early Pleistocene, possibly linked to
the development of extensive grasslands [25]—an idea already put forward to explain the
Pleistocene distribution of the ostrich in Eurasia by Andersson [26].
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Figure 4. Comparison of the femur MNHN-NIHO008 with other femora of Pleistocene ostriches. (A) Femur of Struthio ander-
ssoni, from Zhoukoudian (China), specimen number IVPP V6943, in caudal view. (B) Femur of Pachystruthio cf. dmanisensis),
from Dmanisi (Georgia), specimen number D5768, in cranial view (from [22]). (C) Femur of Pachystruthio cf. dmanisensis),
from Dmanisi (Georgia), specimen number D70, in caudal view (from [22]). (D) Femur of Struthio oldawayi, from Olduvai
(Tanzania), in cranial view (from [20]); E: femur of giant ostrich (Pachystruthio indet.), specimen number MNHN-NIHO008,
from the Lower Pleistocene of the Nihewan Basin, northern China, in caudal (E.1) and cranial (E.2) views. (F) Femur of
Pachystruthio cf. dmanisensis, from Taurida Cave (Crimea), specimen number PIN 5644 /56, in caudal view (from [23]).
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SR

Figure 5. Map showing the distribution of skeletal remains referrable to Pachystruthio in the Lower Pleistocene of Eurasia.
1: Kislang, Hungary (phalanx, after [24]); 2: Taurida Cave, Crimea (femur, after [23]); 3: Dmanisi, Georgia (femur, after [22]);
4: Nihewan, China (femur, this paper). The bones are not to scale.
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Figure 6. Stoutness (minimum shaft width/total length ratio) vs. total length of the femora of various Pleistocene fossil
ostriches, compared with the living Struthio camelus.

5. A Brief Review of the Fossil Record of Ostriches in China

The giant ostrich from the Nihewan Formation adds an Early Pleistocene link to a
succession of large to very large ostriches known from Neogene and Quaternary formations
in China. The earliest record of ostriches or ostrich-like birds from China seems to be
eggshell fragments from two Lower Miocene localities in Inner Mongolia [27]. However,
Mikhailov and Zelenkov [28] have suggested that the eggshell fragments may have been
derived from more recent sediments. This suggestion is based on the fact that the eggshell

240



Diversity 2021, 13, 1085

fragments belong to a type which supposedly was not present in Asia at such an early date,
and clearly this claim must be checked, possibly by further field observations, before the
hypothesis of an erroneous dating is confirmed. The earliest skeletal remains have been
referred to two more or less coeval Late Miocene species, Struthio wimani Lowe, 1931 [9]
and S. linxiaensis Hou et al., 2005 [29]. The type specimen of Struthio wimani, a pelvis, was
found in the so-called Hipparion red clay of the Baode area of NW Shanxi [9,30]. These
highly fossiliferous deposits were traditionally referred to the Pontian, a stage once placed
in the Pliocene, but are now referred to the Late Miocene [31]. Struthio linxiaensis was
erected on the basis of a pelvis from the Liushu Formation (Late Miocene) of the Linxia
Basin in Gansu Province [29]. Since both taxa appear to be of roughly the same geological
age, it may be wondered whether they should really be considered as separate species, a
point already made by Mikhailov and Zelenkov [28]. However that may be, both have
been described as being larger than the living Struthio camelus. Ostrich eggshell remains
from the Late Miocene (“Hipparion fauna”) of Shanxi and Gansu, many of them collected by
Emile Licent, were reported by Andersson [30]. Lowe [9] referred these Miocene eggshell
fragments to Struthio wimani.

Next in age is the Pachystruthio femur from the Lower Pleistocene Nihewan Formation
described in the present paper. Eggshell remains have been reported from various anthropic
sites in the Nihewan Basin (see below).

The Late Pleistocene species Struthio anderssoni was originally described by Lowe [9]
on the basis of large eggs from many localities in the loess of northern China [30]. Many
more eggs from the loess referrable to S. anderssoni have subsequently been reported
(e.g., [32,33]). The name was later applied to skeletal remains (femora) from the Upper Cave
at Zhoukoudian [17,18,34,35], for which dates ranging from 35.1 to 33.5 ky are available [36].
Eggshell fragments are known from several of the karstic localities at Zhoukoudian, of
various geological ages, some being significantly older than the Upper Cave [32,35,37]. A
discussion of the stratigraphic distribution of Struthiolithus eggshells in the loess of China
and of the validity of applying the egg-based taxon Struthio anderssoni to skeletal remains
is beyond the scope of this paper. It may be mentioned that mass estimates based on eggs
referred to Struthio anderssoni and on a femur from the Upper Cave yield very similar
results, viz. about 270 kg [16]. Both the eggs and the few skeletal remains thus indicate an
ostrich significantly larger than the living one.

On the basis of C14 dates, Janz et al. [38] have suggested that ostriches survived
in north-eastern Asia, including China, until the Holocene. This is in agreement with
the suggestion by Kurochkin et al. [39], based on C14 dates from eggshell fragments,
that they may have become extinct in the Holocene in Mongolia and Siberia. However,
Khatsenovich et al. [40] have urged caution about dates obtained from ostrich eggshell, a
material that poses special problems (including different ages for the outside and the inside
of the shell) and which in some instances provides ages that are significantly younger than
those obtained from bones from the same sites.

The available fossil record thus suggests that the ostrich has been present in China
possibly from the Early Miocene to the Late Pleistocene, a time span covering some 20 My.
Because of the scarcity of skeletal material (as opposed to the abundance of eggshell
remains), it is difficult to reconstruct the evolution of ostriches in that part of the world and
the relationships between the several species that have been described are unclear. The fact
that these fossil ostriches were larger than the living species seems to be well established,
and the form from the Nihewan Formation may have been the most massive of them all.

6. Conclusions: The Giant Ostrich from Nihewan in Its Environment

Although the presence of ostrich remains among the Early Pleistocene vertebrate
assemblages of the Nihewan Basin was recorded as early as 1928, they have received little
attention. Struthio is mentioned in various recent papers about the Nihewan Basin [1,41-45],
but often no details are given about the nature of the material, an exception being the paper
by Pei et al. [46], which lists eggshells and a coracoid fragment from the Feiliang site. In this
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context, the ostrich is sometimes considered as an environmental indicator. Dennell [44]
considers the presence of the ostrich at the Majuangou III site as in agreement with a
warm, moist climate, but also lists Struthio dmanisensis at Dmanisi as a steppe indicator.
Pei et al. [46] list the ostrich, together with equids, as suggesting large open temperate
grasslands, although other evidence (cervids) indicates that forest environments were also
present. However, the ecology of the giant Nihewan ostrich may not have been completely
similar to that of modern ostriches, which are clearly adapted to open environments. As
noted by Vekua [22], the very robustly built femur of Pachystruthio dmanisensis differs from
the more slender one of other large Pleistocene ostriches such as S. oldawayi, and may
indicate a bird less well adapted to rapid running. Similarly, Zelenkov et al. [23] suppose
that Pachystruthio may not have been as good a runner as modern ostriches because
of its great body mass. The same probably applies to the very robust Nihewan ostrich.
Only the discovery of more complete material will allow a more accurate assessment of
the locomotion of these giant ostriches. More generally, the scantiness of the available
material makes it difficult to reconstruct the general proportions of these birds and to draw
conclusions about their paleobiology. It should be noted that the widespread occurrence
of ostrich eggshell fragments (complete eggs being much less common) in the loess of
China [8,30], which was deposited under a cold climate during glacial episodes, shows
that the presence of ostrich remains cannot be used as evidence for a warm climate.

Largely on the basis of eggshell microstructure and ornamentation, Mikhailov and
Zelenkov [46] have proposed a reconstruction of ostrich evolutionary history that is rather
complex and will not be discussed here in detail. Suffice it to say that their hypothesis
of a Late Pliocene/Early Pleistocene dispersal of giant ostriches belonging to the genus
Pachystruthio, from eastern Europe to Central Asia, seems convincing. The occurrence of
a giant ostrich referrable to Pachystruthio in the Lower Pleistocene beds of the Nihewan
Basin indicates that this dispersal reached much farther eastward than previously realized.
The easternmost occurrences of Pachystruthio mentioned by Mikhailov and Zelenkov [28]
were finds of Late Pliocene/earliest Pleistocene eggshell remains from eastern Kazakhstan.
The Nihewan Basin is located roughly 3000 km farther east, and the occurrence there of
Pachystruthio shows that this giant ostrich in fact inhabited a very large part of central and
north-eastern Eurasia in the Early Pleistocene. This in agreement with the idea of ostrich
dispersal along the Eurasian steppes, all the way to North China, already put forward by
Andersson in 1929 [26].

Zelenkov et al. [23] have suggested that the very large size of Pachystruthio may have
been an adaptation to low-nutrition food linked to increased aridity, a hypothesis already
put forward by Murray and Vickers—Riche [47] to explain the increasingly large size of
Australian dromornithids. This is a possible explanation, but it should be remarked that
in China Pachystruthio lived in an environment that was not especially arid (see above).
Moreover, the later Struthio anderssoni, although large, was smaller than Pachystruthio
despite the fact that it apparently lived under a more arid climate (under which loess was
deposited). Moreover, the living ostrich Struthio camelus, which is significantly smaller than
Pachystruthio, lives (or used to live) in arid environments such as the margins of the Sahara
or the Syrian desert. One could also invoke Bergmann’s rule, which states that within a
zoological group forms living at higher latitudes under colder climates tend to be larger
than those from warmer climates at lower latitudes. However, it can hardly be used to
explain the large size of Eurasian ostriches, and especially Pachystruthio, since very large
ostriches, such as Struthio oldawayi, are also known from the Pleistocene of tropical Africa.

A final point worth noting is that, like at Dmanisi, Taurida Cave and Olduvai, giant
ostriches cohabited with early humans in the Nihewan Basin. Their remains are sometimes
found at anthropic sites, such as Goudi [43] and Feiliang [46]. Although there is factual evi-
dence of Paleolithic humans at least butchering ostriches [48], whether the early hominins
of the Nihewan Basin hunted the giant ostrich is uncertain: a bird twice the weight of the
living ostrich cannot have been an easy prey—although eggshell collecting may have been
less hazardous.
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Abstract: Psammornis rothschildi is an avian taxon established by Andrews in 1911 on the basis of
eggshell fragments surface-collected near the city of Touggourt, in the north-eastern part of the
Algerian Sahara. Since the initial discovery, a number of Psammornis specimens have been reported
from various localities in North Africa (Algeria, Tunisia, Libya, Mauritania) and the Middle East
(Saudi Arabia, Iran). Most of the finds lack a stratigraphic context, which has resulted in considerable
confusion about the geological age of Psammornis, with attributions ranging from the Eocene to
the Holocene. A review of the available evidence shows that only two groups of localities provide
reasonably reliable stratigraphic evidence: the Segui Formation of SW Tunisia, apparently of latest
Miocene age, and the Aguerguerian (Middle Pleistocene) of NW Mauritania. This suggests a fairly
long time range for Psammornis. Psammornis eggs are, in all likelihood, those of giant ostriches,
although the lack of associated skeletal material makes it difficult to interpret the eggshell fragments
in evolutionary terms. However, the oological record suggests that giant ostriches have been present
in Africa since the late Miocene, which leads to the reconsideration of some hypotheses about the
palaeobiogeographical history of the Struthionidae. The lack of Psammornis eggs transformed by
humans suggests that this giant ostrich did not survive until Epipalaeolthic or Neolithic times.

Keywords: Psammornis; ostrich; eggs; Africa; Miocene; Pleistocene

1. Introduction

The genus Psammornis was established in 1911 by Andrews [1], with P. rothschildi as the
type species, on the basis of eggshell fragments collected in southern Algeria in the course
of one of Lord Rothschild’s expeditions to North Africa [2]. Since then, more eggshell
material collected at a number of localities in Africa and the Middle East has been attributed
to Psammornis; this rather enigmatic taxon has been the subject of much speculation, both
because it is represented solely by fragmentary eggshell material not clearly associated
with any skeletal remains, and because the stratigraphic provenance of the specimens is
often very uncertain due to many of them being surface-collected rather than found in
situ in sedimentary formations. Despite these uncertainties, Psammmornis is still often
mentioned in works on ostrich evolution [3] as well as in papers on fossilisation [4], with
different geological age estimates—Pleistocene, according to Mikhailov and Zelenkov [3],
and Holocene, according to Wiemann et al. [4].

The systematic position of Psammornis has been the subject of much debate [5]. Al-
though aepyornithid affinities have been suggested [6,7] and Dughi and Sirugue [8,9]
thought that the microstructure of Psammornis eggshells was closer to that of rheas and
moas, it is now widely accepted that the Psammornis eggs are probably those of giant
ostriches [1,3,5,10]; according to Mikhailov and Zelenkov [3], they belong to their “non-
specialised type S”, and are similar to both the thin-shelled eggs of the modern subspecies
Struthio camelus camelus and the thick-shelled eggs of the Pliocene S. chersonensis from
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Europe. However, the purpose of the present paper is not to discuss systematic issues or
morphological and microstructural characteristics, but to review whatever solid evidence
may be available about the stratigraphic provenance of Psammornis eggshells, on the basis
of a survey of the available literature; this includes papers, mainly in French, which have
been overlooked by many authors dealing with the question. Bearing in mind that the
geological age of the type material of Psammornis rothschildi can rightly be considered as
uncertain [11], widely different opinions have been expressed about the geological age
of Psammornis specimens from various localities; this, in turn, has resulted in divergent
interpretations of ratite evolutionary history in Africa and other continents.

2. The Discovery of Psammornis and the Beginning of the Stratigraphic Conundrum

In 1909, during a visit to southern Algeria, Lord Rothschild and Ernst Hartert explored
the area around the city of Touggourt [2], in the north-eastern part of the Algerian Sahara.
They found abundant fragments of ostrich eggshell on the ground in various places. While
picking up some of them about 22 miles east of Touggourt, Hartert found “three pieces
of a very much thicker egg-shell of a much browner colour” ([2], p. 550). Rothschild
immediately thought that they must belong to “an extinct large Struthionid bird”. The
fragments were handed over for study to C.W. Andrews, a palaeontologist at the British
Museum (Natural History), who described them as Psammornis rothschildi [1]. Andrews
gave a detailed, but not illustrated, description of the microstructure and surface features
of the eggshell, noting its considerable thickness (3.2 to 3.4 mm), much greater than that
of eggs of the living ostrich (up to 2.10 mm) and second only to that of the eggshell of
Aepyornis titan, from Madagascar. His conclusion was that the fragments were evidence of
a “hitherto unknown bird which laid an egg considerably larger than the largest produced
by any modern ostrich” and that, although there were some similarities with Aepyornis,
“with Struthio the relationship was probably very close” ([1], p. 172).

Besides the lack of associated skeletal material, which made precise identification
difficult, Andrews also noted uncertainties about the geological age of the specimens.
Although they had been surface-collected and had been abraded by drifting sand, they
were highly mineralised and had been found in the vicinity of a well. Andrews suggested
that they might have been brought up from a considerable depth when digging the well.
This gave no clue as to the exact antiquity of the eggshell fragments. Hartert [12], discussing
Psammornis-like eggshell fragments found in the western Algerian Sahara, questioned
Andrews’ suggestion, pointing out that the Psammornis fragments often had the same
preservation as Struthio camelus eggshell fragments and, everywhere, were found together
with the latter.

Since the initial discovery in Algeria, many eggshell fragments (but no complete eggs)
attributed to Psammornis have been reported from various parts of North Africa (including
Algeria, Tunisia and Mauritania; Figure 1) and the Middle East (Saudi Arabia, Iran), but
many of them were surface-collected and lack details about their stratigraphic origin.
In addition, some of these purported Psammornis specimens appear to be significantly
different from the fragments described by Andrews [1], and their attribution to the genus
seems dubious.
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Figure 1. Distribution map of Psammornis localities in North Africa: black star (1)—type locality
of Psammornis rothschildi Andrews, near Touggourt, Algeria; red stars—localities with Psammornis
eggshells in situ in a stratigraphic context: 2—Segui Formation (latest Miocene), Chebket Safra near
Moulares, south-western Tunisia, 3—Aguerguerian (Middle Pleistocene), Lévrier Bay area, north-
western Mauritania; blue star (4)—type locality of Psammornis libycus Moltoni (a probable synonym
of Struthio camelus), near Giarabub, Libya; unnumbered green stars—Psammornis finds without a
stratigraphic context in the Algerian Sahara.

3. An Eocene Age for Psammornis?

Rothschild [13] (1911) listed Psammornis among what he called the Heterornithes, a
loosely defined group of large birds which he considered as “fore-runners or ancestral
forms of the Ratite section of the Palaeognathae” ([13], p. 148). This highly heterogenous
group contained birds as different as gastornithids, phorusrhacoids and even the Jurassic
Laopteryx (now considered a pterosaur). Psammornis was listed together with Eremopezus
eocaneus as an Eocene representative of the Heterornithes from North Africa. Eremopezus
eocaneus was described by Andrews [14] on the basis of the distal end of a tibiotarsus from
the Upper Eocene Jebel Qatrani Formation of the Fayum, in Egypt. It was long believed to
be an early ratite, but Rasmussen et al. [15] considered it a representative of an endemic
group of large African birds.

Why Rothschild chose to associate Psammornis and Eremopezus is obscure. In his
description of Psammornis, Andrews [1] mentioned Eremopezus, mainly to remark that it
was only the size of a small ostrich (and, therefore, unlikely to have produced eggs the size
of Psammonis eggs). Moreover, there was no solid reason to believe that the type material of
Psammornis from Algeria came from an Eocene deposit, despite the fact that Andrews had
suggested that the fragments might have been brought up to the surface from a considerable
depth by a well. However, as mentioned above, as early as 1913, Hartert [12] had doubted
that the Algerian Psammornis fragments could have been brought up to the surface by
a well, and in 1918, Geyr von Schweppenburg [16] had noted that it was geologically
unlikely that they were Eocene in age. The hypothesis that the Algerian specimens may
have originated from Eocene deposits was dismissed on geological evidence by Dughi and
Sirugue [8,9]. Sauer [5] reviewed, at some length, the question of the possible relationships
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between Psammornis and Eremopezus and concluded that there was no reason to believe
they were related.

Nonetheless, Rothschild’s idea of an Eocene age for Psammornis was taken up first
by Abel [17] and then by Lambrecht [6], who placed it together with Eremopezus in the
family Eremopezinae within the Aepyornithformes. In 1933, Lambrecht [7] still placed
Psammornis close to Eremopezus but as a genus incertae sedis, and gave it an Eocene age with
a question mark. More recently, Piveteau [18] noted that Psammornis had been discovered in
the Eocene of Touggourt. Brodkorb [19] still considered Psammornis as a possible synonym
of Eremopezus, and also attributed it to the Eocene, with a question mark. Dementiev [20]
used question marks concerning the placement of Psammornis among the “Eremopezidae”
and its attribution to the Eocene. As late as 1965, Swinton [21] wrote that Psammornis had
been found in the Eocene of southern Algeria. Obviously, Rothschild’s ill-founded assertion
that Psammornis was an Eocene taxon has had long-lasting consequences. There is, in fact,
no convincing stratigraphic evidence anywhere suggesting that Psammornis-type eggshells
have been found in Eocene deposits.

4. Psammornis Outside Africa
4.1. Saudi Arabia

In 1933, Lowe [22] attributed to Psammornis a thick eggshell fragment collected by
the explorer and secret agent St John Philby at Shuqqat al Khalfat in Saudi Arabia. He
compared it with Andrews’ original material from Algeria and found close similarities in
thickness and microstructure. The specimen had been surface-collected and lacked accurate
information about its geological origin.

In this connection it should be noted that Bibi et al. [23] attributed eggshell fragments
from the Upper Miocene Baynunah Formation of the United Arab Emirates not to Psam-
mornis, but to Diamantornis, previously described from Namibia and Kenya. The pore
complexes of the specimens from the United Arab Emirates are clearly different from what
has been described in Psammornis, and Philby’s specimen from Saudi Arabia, whatever its
age, may indicate a bird different from that from the Baynunah Formation.

4.2. Iran

Dughi and Sirugue [8] reported on eggshell fragments collected at several localities in
the Lut desert of eastern Iran by the geographer Jean Dresch and the naturalist Théodore
Monod in 1969 and 1970. Although these fragments were significantly thinner (1.8 to
2.3 mm) than the Psammornis material described by Andrews, Dughi and Sirugue attributed
them to Psammornis on microstructural evidence, considering that they belonged to an early,
less advanced form than that from North Africa. However, the Iranian specimens seem
to have been collected in a sand dune environment without a well-defined stratigraphic
context. Caution should be urged when trying to use the putative Psammornis specimens
from Iran for evolutionary interpretations. In connection with these specimens, Dughi and
Sirugue mentioned the large ostrich eggs known from the Neogene and Quaternary periods
of China [3,24-26], which may indeed be more relevant than the African Psammornis.

5. African Records of Psammornis of Doubtful Identification or Stratigraphic Position
5.1. Algeria

In addition to the type material of Psammornis rothschildi from the Touggourt region in
the north-eastern part of the Algerian Sahara, Rothschild and Hartert [2] reported that in
1911, Hilgert had surface-collected a number of large eggshell fragments, rather different
from the type of P. rothschildi, near Biskra, north of Touggourt. Schonwetter [27] discussed
the fragments found by Hilgert and found them similar to the type material from Touggourt.
He also mentioned eggshell fragments collected at Ouargla and El Golea (SW of Touggourt)
by Hilgert and Hartert and at Temassin (S of Touggourt) by Fromholz and found them
different from the type material. In 1960, Schonwetter [28] came back to the topic of
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Psammornis and mentioned additional material from the Iguidi region, in the southern part
of the Algerian Sahara, collected by Colonel Le Pivain.

Le Pivain also collected thick eggshell fragments at various points during a trip
across the western Algerian Sahara in 1930; they were referred to Psammornis by Heim de
Balsac [29].

Dughi and Sirugue [8] mentioned additional Psammornis eggshell fragments collected
at various localities in the north-eastern Algerian Sahara (Souf region). No indications
about the geological context were provided.

Apparently, all of the above-mentioned Algerian specimens were surface-collected
and do not provide any reliable stratigraphic evidence about the age of Psammornis.

5.2. Libya

Psammornis libycus was described by Moltoni [30] on the basis of brownish-red eggshell
fragments found in the dunes south of Giarabub (al-Jaghbub), a town in the eastern
Libyan desert. No stratigraphic information was available. Moltoni established a new
species because the fragments were significantly thinner (2.1 mm) than those of Psammornis
rothschildi eggs. Schonwetter [28] concluded that these fragments had nothing to do with
Psammornis and were reminiscent of specimens from Algeria possibly belonging to Struthio
camelus. Sauer [5] described the type specimens of Psammornis libycus in detail and found
similarities with Struthio camelus, wondering whether they could be the earliest S. camelus (or
a link between Psammornis and Struthio). However, nothing is known about the geological
age of P. libycus. Although this species was mentioned by some authors (e.g., [7,19]), there
seems to be no reason to attribute it to Psammornis. The fragments described by Moltoni
are more likely to belong to Struthio.

Psammornis has also been reported from the important early Miocene Jebel Zelten
vertebrate locality in north-central Libya. However, this record is not based on oological
evidence, and therefore, is completely unreliable. In a preliminary report, Arambourg and
Magnier [31] initially mentioned a giant bird belonging to the Aepyornithidae, without
specifying what kind of material this identification was based on. In 1961, this was clar-
ified by Arambourg [32], who briefly attributed to an aepyornithid an incomplete large
tibia (more properly, a tibiotarsus) lacking both ends, which in terms of size, shape and
proportions was supposed to be reminiscent of Aepyornis. Arambourg then mentioned that
large eggshell fragments from “Mio-Pliocene” deposits in the northern Sahara had been
described as Psammornis rothschildi, but refrained from clearly attributing the Jebel Zelten
giant bird to that genus. In 1967, however, in a list of the Jebel Zelten fauna, he mentioned:
“Aepyornithide [sic] (Psammornis)”, without specifying what kind of material this was
based on [33]. This mention obviously caused some confusion among subsequent authors
who appear to have been unaware of Arambourg’s 1961 paper, in which it is clearly stated
that the evidence for the presence of a giant bird at Jebel Zelten is based on a fossil bone.
Curiously enough, Savage and Hamilton [34], who cite Arambourg’s 1961 paper, list ’?
Eremopezus” among the fossil vertebrates from Jebel Zelten; this is probably a consequence
of the above-mentioned confusion, initiated by Lord Rothschild, between Eremopezus and
Psammornis. Vickers-Rich [35], not being aware of Arambourg’s 1961 paper, was not sure
on what material the mention of Psammornis was based. Mlikovsky [36], who apparently
was not aware of Arambourg’s 1961 paper either, misquoted Arambourg and Magnier (his
quote clearly refers to Arambourg’s 1967 paper, not cited in his list of references) and noted
that the material on which a giant bird was identified at Jebel Zelten was “unknown” but
probably consisted of eggshell fragments, since it was attributed to Psammornis. This, of
course, is erroneous, since Arambourg’s mention of a giant bird was based on a tibiotarsus.

To sum up, there is no evidence of Psammornis-type eggshell material from Jebel
Zelten. The large tibiotarsus from Jebel Zelten mentioned by Arambourg [32] was never
described in detail or illustrated. It is of potentially considerable importance for our
understanding of the evolution of giant birds in Africa, but it cannot provide much reliable
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evidence concerning the question of the geological age of Psammornis, and cannot be used
as evidence for the presence of this egg-based taxon in the early Miocene of Libya.

6. Psammornis from Tunisia: A Late Miocene Record?

As early as 1911, Rothschild and Hartert [2] reported that the German naturalists
Erlanger and Hilgert had found many fragments of large eggshells in the South Tunisian
desert. Bédé [37] noted that he had found eggshell fragments of a brownish colour and
thicker than those of the “ordinary ostrich” at Mezzouna, 100 km SW of the city of Sfax; he
thought they belonged to Psammornis.

A stratigraphically more significant discovery of Psammornis specimens was reported
by Choumowitch (not ‘Choumwitch’ as erroneously printed in his paper) in 1951 [38]. The
eggshell fragments mostly came from outcrops SW of the city of Moulares, in south-western
Tunisia. They were found in abundance in red beds deeply dissected by erosion (Figure 2)
in an area known as Chebket Safra (“yellow network”). The brown-coloured eggshell
fragments were attributed to Psammornis because of their thickness (3 mm). Choumowitch
also noted that they were less convex than ostrich eggshells, thus indicating larger eggs.

Figure 2. The Psammornis-bearing red clays on the southern flank of the Chebket Safra, SW of the city
of Moulares in south-western Tunisia. The level containing remains of broken eggs preserved in situ
is shown by the yellow asterisk. Photo by E.G. Gobert, modified after Chomowitch (1951).

As emphasised by Choumowitch, contrary to previous Psammornis finds, the eggshell
fragments from Chebket Safra came from well-dated sediments. They were found in
palaeosols containing calcareous concretions and fossil helicid gastropods, notably Leu-
cochroa tissoti, considered as indicating a Pontian age. Choumowitch’s investigations
showed that the eggshell fragments did not come from Quaternary pebble deposits topping
the hills. Digging into the red clays to a depth of one metre below the surface, he found an
accumulation of eggshell fragments (weighing altogether more than 11 kg) arranged into
small groups, each of which apparently corresponded to an egg. The whole accumulation
was interpreted as a nest.

According to the geological map, the egg-bearing red beds were Pontian in age,
overlying fluvial sands. Choumowitch noted that similar Psammornis eggshell fragments
occurred at other localities in the area. Other records from Tunisia (Metlaoui, Gabes) were
listed by Dughi and Sirugue [8] on the basis of information provided by Gobert.
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More details about the geology of the localities were sent to Dughi and Sirugue by
Gobert and published by them [8,9]. He mentioned that within the Pontian red marls, the
eggshell fragments were concentrated in a well-defined zone about 50 cm in thickness,
containing abundant helicid gastropods and calcareous concretions, which were interpreted
as having formed around grass roots. The egg-bearing deposit was considered a paleosol
formed in a dry steppe environment.

The observations made by Choumowitch and Gobert thus indicate that at Chebket
Safra, the Psammornis eggshells were found in situ, and not reworked.

Dughi and Sirugue [8,9] gave detailed descriptions of the morphology and microstruc-
ture of the eggshells from Chebket Safra (Figure 3A). They had no hesitation about attribut-
ing the Tunisian specimens to Psammornis rothschildi. However, they noted that Andrews’
description of the pores and canals of the Psammornis eggshell had to be significantly modi-
fied. This raises the question of whether the Tunisian specimens can really be attributed
to Psammornis rothschildi. The comparison between Andrews’ material from Algeria and
the Tunisian fragments is made difficult by the fact that the former have suffered aeolian
abrasion so that their surface features are somewhat obscured [1]. On the basis of the type
material from Touggourt, Andrews [1], and especially Sauer [5], emphasised the similarities
between the eggshells of Struthio and Psammornis. Dughi and Sirugue [8], mainly on the
basis of the Tunisian specimens, came to a somewhat different conclusion, viz. that Psam-
mornis was more closely related to Rheiformes and Dinornithiformes. In a later paper [9],
they found similarities with Aepyornithiformes, Rheiformes, Casuariformes and Dinor-
nithiformes, rather than with ostriches. A detailed comparison between eggshell fragments
from Chebket Safra and the type material of Psammornis rothschildi from Touggourt would
be useful to check whether they can really be attributed to the same ootaxon.

By contrast with the various specimens from Algeria, which lack a stratigraphic
context, the eggshells from Chebket Safra are of considerable importance concerning the
geological age of Psammornis. However, the age attributions proposed at the time of the
discovery need to be discussed in light of current knowledge.

On the basis of previous work in the area, notably that of Solignac [39], Choumowitch
attributed the fossil-bearing red beds to the Pontian. The Pontian is a local stage for the
Peri-Tethyan regions around the Black Sea corresponding to deposits close to the Miocene—
Pliocene boundary. According to Rybkina and Rostovtseva [40], the Pontian of the Black Sea
area can be correlated with the Messinian Salinity Crisis of the upper part of the Messinian
stage (latest Miocene). However, correlations of the so-called Pontian of south-western
Tunisia with the standard stratigraphic scale is not obvious. Moreover, the red beds of the
Chebket Safra lack useful biostratigraphic markers. The abundant helicid gastropods they
contain, in particular Helix (Leucochroa) tissoti, were once considered valuable stratigraphic
indicators for a Pontian age in North Africa [38,41]. However, this has been doubted [42].

The lithostratigraphic characteristics and the abundant helicid gastropods lead to the
consideration that the Psammornis-bearing red beds belong to the Segui Formation. This is
in agreement with the Metlaoui sheet of the geological map of Tunisia at 1/100,000 [43],
which shows a great development of this formation (attributed to the Pliocene) SW of
Moulares, in the area of the Chebket Safra. Although Robinson and Wiman [42] described
the Segui Formation as a temporal enigma, its stratigraphic position is relatively clear.
As early as 1910, Roux and Douvillé [41] placed the red clays containing Helix tissoti in
the upper part of the Miocene series and observed that they overlie white and yellow
sands yielding mammal remains. This sandy formation is now called the Beglia Formation
and two fossiliferous levels within it have yielded a rich vertebrate assemblage indicative
of an age close to the middle-late Miocene boundary ([44] and references therein). The
Beglia Formation has yielded skeletal remains of an ostrich [45], Struthio sp., which is
not larger than the living Struthio camelus, and therefore, unlikely to have produced the
very large Psammornis eggs. The Segui Formation, which in the Moulares region directly
overlies the Beglia Formation, was considered Messinian to Pliocene [46], or Mio-Pliocene to
Villafranchian [47]. In her reviews of Miocene formations in Tunisia, Mannai-Tayech [48,49]
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suggested a late Tortonian—early Messinian age for the Segui Formation. Mannai-Tayech’s
lithological description of the Segui Formation suggests that the level with Psammornis
eggshells is in the upper part of the formation. It is worth noting that Robinson and
Wiman [42] mentioned the occurrence of gypsum deposits in the Segui Formation as
possible evidence for contemporaneity with the Messinian salinity crisis.

Although some uncertainties remain about the age of the upper boundary of the
Segui Formation, the above-mentioned evidence strongly suggests a late Miocene, possibly
Messinian age, for the Psammornis eggshells from the Chebket Safra.

It is worth noting that in 1952, Arambourg [50] mentioned that, according to Gobert,
Psammornis eggshell fragments were relatively frequent in continental deposits, probably
Pontian in age, in southern Tunisia. However, he did not cite Choumowitch’s paper and
seems to have been unaware of it (or possibly Choumowitch’s paper was published after
Arambourg wrote his paper). Vickers-Rich [10] noted Arambourg’s mention of Psammornis
in southern Tunisia, but she was unaware of Choumowitch’s and Dughi and Sirugue’s
papers, so she could not appreciate the real significance of the Tunisian finds.

7. Psammornis from Mauritania: A Pleistocene Record

In 1939, Monod [51] was the first to report the occurrence of Psammornis on the Atlantic
coast of Mauritania in a semi-popular short paper on eggshell fragments he had discovered
at the “root” of the Cap Blanc (Ras Nouadibhou) peninsula, in the northwestern corner
of the country. The specimens were communicated to Schonwetter, who noted that they
were 3 to 3,4 mm thick, and provided estimates for the dimensions of the complete shell
(28 x 21 cm) and the weight of the egg (7 kg)—all of these figures being much larger
than those for the living ostrich (as expressed by a comparative drawing). Monod gave
no information about the geological provenance of the eggshell fragments but jokingly
mentioned the omelets and water containers the Neolithic people of the Sahara could have
made with such eggs, showing that he thought that they were of a comparatively recent date.
In a more formal paper, including a better comparative drawing (Figure 4), Monod [52]
quoted Schonwetter again; the German oologist had no doubt that the fragments belonged
to Psammornis rothschildi, the thickness being the same, although he remarked that the
disposition of the pores was not exactly similar.

The geological provenance of the Mauritanian Psammornis was made clear in 1971,
when Tessier et al. [53] showed that the eggshells came from Aguerguerian deposits (the
Aguerguerian is a local stage of the Pleistocene). They were found in calcareous and clayey
sandstones, which, as in Tunisia, also yielded helicid gastropods. Seven localities (see
map in [9]) were mentioned where Psammornis eggshell fragments were found in situ,
with sharp, unworn edges (unlike the surface-collected specimens showing clear signs of
aeolian erosion). Voisin [54] described the surface features (Figure 3B) and microstructure
of eggshells collected by Hébrard at three Mauritanian localities, noting that they were
extremely abundant at one of them, which seemed to correspond to a nesting site. She
found a complete correspondence with Psammornis rothschildi and noted great similarities
with ostrich eggs in the surface features of the shell. No association with human artefacts
was noted. Dughi and Sirugue [9] also gave a description of Mauritanian eggshells, which
they attributed to Psammornis, noting a certain variability in the eggshell surface.
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Figure 3. Pores on the outer surface of Psammornis eggshell fragments from Tunisia, (A) modified
after Dughi and Sirugue [8]) and Mauritanaia (B), modified after Voisin [54].
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Figure 4. Outline reconstruction of a Psammornis egg by Monod on the basis of Schonwetter’s size
estimates, with outlines of the eggs of an ostich and a hen for comparison. After Monod [51].

The specimens from Mauritania, like those from the Chebket Safra, are of especial
importance because they were found in situ in a stratigraphic context, and therefore,
provide evidence about the geological age of Psammornis. As noted by Tessier et al. [53],
Ortlieb [55] and Hébrard [56], they occur in the Aguerguer sandstones, attributed to the
Aguerguerian stage. A section of one of the localities was published by Hébrard [56]
(Figure 5). As noted by Hébrard et al., [57], the Aguerguerian is, in fact, a regressive facies
of the Middle Pleistocene Aioujian stage, and the clayey sandstones containing helicid
gastropods and Psammornis correspond to paleosols.
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Figure 5. Section showing Aguerguerian deposits at ‘point kilométrique 52’ at the north-eastern end
of Lévrier Bay, north-western Mauritania. White cross-bedded sandstones alternate with yellowish-
brown clayey sandstones containing the snail Helix gruveli and in situ Psammornis eggshells. The
main Psammornis-bearing horizon is at the bottom of the section. Modified after Hébrard [56].

Although the Aguerguerian has long been considered as Middle Pleistocene, its exact
age remained uncertain until radiometric dates became available. C14 ages of more than
39,900 years were obtained for Psammornis eggshell fragments [55], but this was a minimum
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age. Giresse et al. [58] published U/Th dates from fossil mollusc shells from geological
formations corresponding to several Pleistocene local stages along the Mauritanian coast.
No ages were provided for the Aguerguerian; however, ages ranging from 241,000 to
258,000 years were obtained for the underlying Aioujian, and of up to 111,000 years for
the overlying Inchirian. Since the Aguerguerian is considered a facies of the Aioujian,
an age of about 200,000 years seems likely (Middle Pleistocene, Chibanian). As noted by
Hébrard [56], Psammornis does not occur in the Inchirian deposits.

It is worth noting that engraved ostrich eggshells and ostrich eggshell beads are found
in some abundance at prehistoric (Epipalaeolithic and Neolithic) sites in Mauritania [59].
Vernet et al. [59] mentioned that at the Cansado prehistoric site, many Psammornis eggshell
fragments were collected in addition to fragments of Struthio camelus eggs; they noted
that Psammornis had disappeared well before the occupation of the site by humans. More
generally, there does not seem to be any record of the use of Psammornis eggs (for orna-
mentation or other purposes) by prehistoric humans, in Mauritania (R. Vernet, pers. com.)
or elsewhere. Nevertheless, the presence of Psammornis eggs in the Middle Pleistocene
Aguerguerian deposits of coastal Mauritania implies that this giant bird must have been
contemporaneous with early humans, even though no early Palaeolithic industries have
been found in Aioujian and Aguerguerian sediments [56,60]. This absence may possibly
be linked to unfavourable climatic conditions, since the Aguerguerian climate appears to
show an evolution towards greater aridity [56,61].

8. The Stratigraphic Record of Psammornis and its Implications

(1) Most reported occurrences of Psammornis lack a reliable stratigraphic control. This
applies to all records from the Algerian Sahara, including the type material from Touggourt.
They correspond to surface finds, often in a sand dune environment, and the geological
origin of the fragments could not be ascertained. This also applies to finds from Saudi
Arabia (which may belong to Psammornis) and Iran (unlikely to be Psammornis in view of
the thinness of the shell).

(2) The attribution to Psammornis of various eggshell fragments is dubious. This
applies mainly to fragments which are significantly thinner than the original specimens
from Touggourt and do not seem to be much thicker than normal Struthio camelus eggshells.
A case in point is the material of “Psammornis libycus” from Libya which, in all likelihood,
can be attributed to Struthio. As pointed out by Dughi and Sirugue [8], the unusual
thickness of Psammornis eggshells was one of the main defining characteristics used by
Andrews [1] to establish the taxon Psammornis rothschildi. However, among thick eggshells,
differences in the pore system have been noted. This is reflected by the divergences
between the interpretations of Andrews [1], Sauer [5] and Voisin [54], who find great
similarities between Psammornis and Struthio, and that of Dughi and Sirugue [8,9], who
conclude that Psammornis is related to Rheiformes, Casuariformes, Aepyornithiformes and
Dinornithiformes. A revision of the material from Chebket Safra, on which Dughi and
Sirugue’s conclusions were largely based, would help to clarify the question.

(3) Only two groups of localities seem to provide reliable stratigraphic evidence
concerning the geological age of Psammornis:

—  The Segui Formation of south-western Tunisia, where Psammornis ‘nests’ have been
discovered in situ in red sandy clays apparently containing paleosols. Although
some uncertainties remain, the likeliest age for the Segui Formation seems to be latest
Miocene (about 6 My ago);

—  The Aguerguerian of the Mauritanian coast, especially in its northern part, where what
are apparently Psammornis nesting sites have been discovered in situ in sandstone
formations showing evidence of paleosols. The Aguerguerian is placed in the Middle
Pleistocene and may be about 200,000 years old.

These two relatively well dated Psammornis records are rather far apart in time, im-
plying that, if the specimens from Chebket Safra do belong to this oogenus, Psammornis
was present in North Africa over a long time span, covering at least 6 million years. This in
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itself is not unlikely for a genus of giant bird. The genus Struthio has a record extending
from the Early Miocene (S. coppensi) to the present. It seems less likely that the Miocene
and Pleistocene specimens of Psammornis should belong to a single species (P. rothschildi). It
should be remembered, however, that Psammornis is an ootaxon, the evolution of which
probably cannot be followed over time with the same precision as that of taxa based on
skeletal material. In fact, the distribution of Psammornis eggshells mainly shows that very
large ratite birds were present in North Africa over a fairly long period of time, from the
Late Miocene to the Middle Pleistocene. There is no consensus about the systematic position
of these birds, although the idea that they may have been related to the Aepyornithiformes
of Madagascar has never been well-supported. Dughi and Sirugue [8,9], on the basis of
microstructural characteristics, suggested relationships with rheas and moas. However,
following Sauer’s revision [5], most authors [3,10,11,62] seem to agree that Psammornis was
closely related to Struthio—if not, in fact, a member of that genus—and this would lead to
the possible consideration of Psammornis as a junior synonym of the oogenus Struthiolithus.
Further research is needed to decide whether the specimens from Chebket Safra can, indeed,
safely be referred to Psammornis.

It may be worth noting that both in Tunisia and in Mauritania the deposits that yield
Psammornis eggshells apparently show signs of aridity. The giant ostrich may have been
adapted to dry environments, and this may, in turn, explain its large size. Size increase
in the Australian dromornithids has been interpreted as an adaptation to an increasingly
arid environment with decreasing food resources [63,64], and a similar process has been
proposed for some of the giant ostriches of Eurasia [65].

(4) When Psammornis became extinct remains uncertain. The Mauritanian record indi-
cates that it survived until the Middle Pleistocene, roughly 200,000 years ago; this implies
that it was contemporaneous with early humans, although evidence of interactions between
hominins and these giant birds has never been reported. Attributions of Psammornis to the
Holocene (e.g., [4]) are not supported by the available evidence. A point worth noting, as
mentioned above, is that apparently no engraved or otherwise transformed (for instance
for bead-making) Psammornis eggshells have been reported, whereas decorated, cut or
perforated Struthio eggshells are very common at Epipalaeolithic and Neolithic sites in
North Africa [66,67]. This strongly suggests that Psammornis was no longer in existence
when these cultures flourished in the Late Pleistocene and Holocene.

(5) Although very few Psammornis localities are well dated, the available reliable
ages are important in terms of the evolution of giant ratites in North Africa. It should of
course be borne in mind that ootaxa are more difficult to interpret in terms of evolutionary
history than skeletal remains, and that no reliable association between Psammornis-type
eggshells and fossil bones has been reported. Large ostriches have been reported on
the basis of skeletal material from North Africa. They include Struthio barbarus, from
the “Villafranchian’ (early Pleistocene) of Algeria [68], which is not associated with egg
remains. At Ahl al Oughlam (late Pliocene or earliest Pleistocene of Morocco), a few
bones of a large ostrich have been erroneously [3] assigned to Struthio asiaticus by Moure-
Chauviré and Geraads [69]; they are accompanied by eggshell fragments described as
being different from Psammornis. As long as no clear association between skeletal remains
and Psammornis eggs is reported, it will remain difficult to interpret the Psammornis record
in evolutionary terms. However, the stratigraphic evidence yielded by the Tunisian and
Mauritanian records leads us to question some assumptions. For instance, Mikhailov
and Zelenkov [3] assumed that Psammornis rothschildi is late Early Pleistocene to Middle
Pleistocene in age and suggested that the Psammornis lineage evolved in more northern
territories (perhaps from Struthio chersonensis from eastern Europe) and then dispersed to
North Africa. However, if they actually belong to Psammornis, the latest Miocene specimens
from Tunisia are not in agreement with this hypothesis. They indicate the presence in North
Africa of a giant ostrich at a much earlier date and may even suggest an African origin
for the large ostriches of late Neogene Europe, although the direction of dispersal remains
uncertain. The whole picture is made even more complicated by the struthionid record
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from southern and eastern Africa, consisting of both bone and egg remains (but apparently
not including Psammornis-type eggs), which is beyond the scope of the present paper and
has led to speculations about the evolutionary history of the ostriches [70].

9. Conclusions

Ever since the initial description by Andrews in 1911, the egg-based taxon Psammornis
has been the subject of widely divergent interpretations in terms of both zoological affinities
and stratigraphic distribution. There now seems to be a measure of consensus about the fact
that the large thick-shelled Psammornis eggs were produced by giant ostriches, although
the lack of association with skeletal material makes an interpretation in evolutionary terms
difficult. The stratigraphic conundrum which began at the time of the initial description,
when an Eocene age was suggested without any solid evidence, has proved even more
difficult to resolve, because many of the Psammornis finds (even when doubtful records
are eliminated), consisting of surface finds, lack any solid stratigraphic context. However,
a review of the literature, including various important papers which, for some reason,
have been ignored by most authors dealing with the topic, shows that eggs attributed
to Psammornis have been discovered in situ in relatively well-dated formations at two
geographically widely separated groups of localities, in south-western Tunisia and on the
Mauritanian coast. Interestingly, these sites are also quite distinct in geological age: the
Tunisian finds are apparently latest Miocene in age, whereas the Mauritanian occurrences
are in Middle Pleistocene deposits. Whether the Tunisian and Mauritanian Psamrmornis
really belong to a single taxon is a moot point, but the occurrence in North Africa of large
eggs probably produced by giant ostriches at two periods widely distant in time may
suggest a long-lasting lineage of large ratites in that region. This should be taken into
consideration when trying to reconstruct ostrich evolutionary history. In particular, it
seems difficult to accept that giant ostriches dispersed from Eurasia to Africa as late as the
Pleistocene, since they appear to have been present on the African continent as early as
the late Miocene. The large eggs from Tunisia may even suggest dispersal in the opposite
direction, from Africa to Eurasia. A detailed revision of the Tunisian specimens would,
therefore, be very welcome.
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