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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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Table 1. Large terrestrial bird material sampled in this study for histological analysis and simple linear measurements recorded from the limb bones. Abbreviations:
BC, bone core taken at mid-diaphysis; Cm, circumference at a minimal diameter of the shaft (which could be used to estimate the body mass of birds, see [9]); CT,
complete cross-section taken at mid-diaphysis; Dm, minimal diameter of the shaft measured in dorsal or ventral view; 1, left; Lg., maximal length of the limb bone;
pe, proximal extremity; 1, right.

Taxon Sample Number Bone MNHN Collection Number Sample Type Lg (mm) Dm (mm) Lg/Dm Cm (mm)
EXTANT PALAEOGNATHS
Casuarius casuarius Cec-fm-1 Femur (1) 1923-879 SS-S.B.S2.M1.C1 CT 224 - - 87
Casuarius casuarius Ce-fm-2 Femur (r) 1923-879 SS-S.B.52.M1.C1 CT - - - -
Casuarius casuarius Ce-tb-1 Tibiotarsus (r) 1923-877 SS-S.B.S2.M1.C1 CT 389 - - 78
Casuarius casuarius Ce-tb-2 Tibiotarsus (1) 1923-877 SS-S.B.S2.M1.C1 CT 386 - - 78
Casuarius casuarius Ce-tm-1 Tarsometatarsus (1) 1923-878 SS-S.B.S2.M1.C1 CT 295 22.8 12.94 76
Casuarius casuarius Cc-tm-2 Tarsometatarsus (1) 1923-878 CT 290 23.2 12.5 74
Dromaius novaehollandiae Dn-fm-1 Femur (r) 1923-900 SS-S.B.S2.M1.C23 CT 221 * - - 95*
Dromaius novaehollandiae Dn-fm-2 Femur (1) 1923-897 SS-5.B.52.M1.C23 CT 234 - - 99
Dromaius novaehollandiae Dn-tb-1 Tibiotarsus (1) 1923-899 SS-S.B.S2.M1.C23 CT 456 - - 91
Dromaius novaehollandiae Dn-tb-2 Tibiotarsus (1) 1923-899 SS-S.B.S2.M1.C23 CT 454 - - 87
Dromaius novaehollandiae Dn-tm-1 Tarsometatarsus (1) 1923-898 SS-S.B.S2.M1.C23 CT 387 17.92 21.60 76
Dromaius novaehollandiae Dn-tm-2 Tarsometatarsus (r) 1923-898 SS-S.B.S2.M1.C23 CT 400 19.28 20.75 84
Rhea americana Ra-fm-1 Femur (1) 1920-116 CT - - - -
Rhea americana Ra-fm-2 Femur (1) - CT 186 - - 60
Rhea americana Ra-tb-1 Tibiotarsus (r) - CT 286 - - 55
Rhea americana Ra-tb-2 Tibiotarsus (1) 1920-116 CT 354 - - 73
Rhea americana Ra-tm-1 Tarsometatarsus (1) 1920-116 CT 316 15.64 20.20 58
Rhea americana Ra-tm-2 Tarsometatarsus (1) - CT 272 13.15 20.68 48
Struthio camelus Sc-fm-1 Femur (1) A4751 SS-S.B.S2.M1.C21 CT 301 * - - 140 *
Struthio camelus Sc-fm-2 Femur (1) - CT 327 - - 140.5
Struthio camelus Sc-tb-1 Tibiotarsus (1) - CT 597 - - 109
Struthio camelus Sc-tb-2 Tibiotarsus (r) A-5-100 SS-S.B.S2.M1.C21 CT 470 - - 97
Struthio camelus Sc-tm-1 Tarsometatarsus (r) - CT 514 32.95 15.60 97
Struthio camelus Sc-tm-2 Tarsometatarsus (1) - CT 460 28.90 15.92 85
EXTINCT PALAEOGNATHS -

Vorombe titan Ae-fm-1 Femur (r) 1937-62 BC 360 - - -
Aepyornis maximus Ae-fm-2 Femur (1) MAD367 1906-17 CT 380 - - 244
Aepyornis maximus Ae-fm-3 Femur (r) MAD 365 CT 350 - - 244

Vorombe titan Ae-tb-1 Tibiotarsus 1910-12 CT - - - 190

Aepyornithidae indet. Ae-tb-2 Tibiotarsus pe (1) - CT - - - -
Aepyornithidae indet. Ae-tb-3 Tibiotarsus pe (r) - CT - - - -
Aepyornithidae indet. Ae-tb-4 Tibiotarsus (1) 1937-62 BC 612 - - -
Vorombe titan Ae-tb-5 Tibiotarsus (r) 1937-62 BC 645 - - -
Vorombe titan Ae-tb-6 Tibiotarsus (1) 1937-62 BC 670 - - -
Aepyornithidae indet. Ae-tb-7 Tibiotarsus (r) 1937-62 BC 615 - - -
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Table 1. Cont.
Taxon Sample Number Bone MNHN Collection Number Sample Type Lg (mm) Dm (mm) Lg/Dm Cm (mm)
Vorombe titan Ae-tb-8 Tibiotarsus (1) 1937-62 BC 760 - - -
Aepyornithidae indet. Ae-tm-1 Tarsometatarsus (1) 1906-16 Mr Belo CT 430 81.8 5.26 190
Aepyornithidae indet. Ae-tm-2 Tarsometatarsus (1) 1937-62 BC 481 88.03 5.46 -
Dinornis sp. Di-fm-1 Femur (1) - CT 315 - - 182
Dinornis sp. Di-tb-1 Tibiotarsus (1) - CT - - - 160 **
Dinornithidae indet. Di-tb-3 Tibiotarsus (1) - CT - - - -
Dinornithidae indet. Di-tb-4 Tibiotarsus (?) - CT - - - -
Dinornis sp. Di-tm-1 Tarsometatarsus (1) - CT 235 42 5.60 107
EXTINCT NEOGNATHS
Gastornis sp. Ga-fm-1 Fem /tibiotarus (?) Mul2734 Frag. - - - -
Gastornis sp. Ga-fm-2 Femur (r) BR12419 BC - - - -
Gastornis sp. Ga-fm-3 Femur (r) BR12420 Frag. - - - -
Gastornis sp. Ga-tb-1 Tibiotarsus (?) - Frag. - - - -
Gastornis sp. Ga-tb-2 Tibiotarsus (?) CRL2457 BC - - - -

* Estimated lengths from the counterpart element. ** Not at the diaphyseal level. (?) side of skeletal element unknown.
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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 %3 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[y 2 908 [13].



Diversity 2022, 14, 298

7 of 30

Figure 1. Long bone histology of the Southern cassowary Casuarius casuarius. (A) Mid-diaphyseal
cross-section of the femur Cc-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 (Sf).
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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 3EG). 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 3FEG). 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 thea—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 Ricglés 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 SE-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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