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Intraskeletal bone growth patterns in the North Island
Brown Kiwi (Apteryx mantelli): Growth mark discrepancy
and implications for extinct taxa
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ity and collagen fibre organization are direct reflections of growth rate, while bone

own ontogenetic trajectory and microstructure of certain bones may not be a true
representation of whole body growth. Extensive comparative study of modern taxa
is required to resolve intraskeletal discrepancies among age, vascularity and tissue
organization in extinct vertebrates. Despite their comparative utility, studies of bone
microstructure in modern taxa are severely lacking. Here, we add to a growing com-
parative osteohistological database by describing (1) bone tissue organization, (2)
growth mark count, (3) sexually dimorphic bone (e.g. medullary bone) and (4) sec-
ondary cortical reconstruction in the bone microstructure of a 14-year-old male and
5-year-old female North Island Brown Kiwi (Apteryx mantelli). Transverse and longitu-
dinal histological ground sections were processed and described for femora, tibiotarsi,
tarsometatarsi, humeri, ulnae and radii in both kiwis. Cortical bone can generally be
described as parallel-fibered tissue, interrupted by cyclical growth marks, with vas-
cular canals oriented longitudinally within primary and secondary osteons. Tissue
morphologically resembling medullary bone is present in the hindlimbs of the female,
and coarse compacted cancellous bone (CCCB) is found sporadically in the male and
female hindlimbs. Lines of arrested growth (LAGs) are present in all hindlimb bones of
both kiwi, but remodelling has obliterated all LAGs in the male ulnae and radii. LAG
count varies intraskeletally, but large weight bearing elements such as femora and
tibiotarsi have less remodelling and, thus, higher number of LAGs. LAG count did not
match absolute age in any skeletal element; a maximum of seven LAGs are present in
the male kiwi and a maximum of seven LAGs in the female kiwi. The tissue organiza-
tion within the forelimbs and hindlimbs is reflective of the protracted growth strategy
of the North Island Brown Kiwi and congruent with previous studies of the kiwi. LAGs
were highly variable throughout the skeleton of the kiwi and a decoupling of age and
LAG deposition is apparent from the male kiwi samples. Excess LAGs in the 5-year-old
female kiwi may be a product of hatching, egg laying or captivity. Regardless, LAG

count variation in the kiwi stresses the importance of intraskeletal sampling when
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assessing growth patterns of extinct taxa. An extensive ontogenetic sampling of kiwi
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1 | INTRODUCTION

With the importance of applying osteohistology to investigations
of extinct vertebrate growth dynamics now firmly established (see
Bailleul et al., 2019; Kolb et al., 2015 for review), further refine-
ments to understanding the relationships between bone biology
and life history of present-day vertebrates become increasingly
important for permitting more targeted inter- and intrataxic life
history questions using the hard tissue fossil record (Bailleul et al.,
2019; Houssaye, 2014; Kolb et al., 2015; Padian & Lamm, 2013 and
references therein). For example, lines of arrested growth (LAGs)
form annually within bone cortices of modern vertebrates (e.g.
Castanet et al., 2004; Kohler et al., 2012) and, thus, are used to
quantify age in extinct vertebrates (e.g. Lee & O’Connor, 2013;
Turvey et al., 2005; Woodward et al., 2015). Ageing extinct ver-
tebrates enable the study of population dynamics, physiology
and ontogeny (e.g. Erickson et al.,, 2001; Lee & Werning, 2008;
Woodward et al., 2015, 2020). However, intraskeletal variation
in growth mark counts of modern taxa is rarely examined (e.g.
Garcia-Martinez et al., 2011; Kolb et al., 2015; Woodward et al.,
2014) and has immediate implications for interpreting and model-
ling extinct vertebrate growth.

Palaeognaths, the sister group to all other modern aves (neog-
naths), consist of large flightless birds such as the extinct moas and el-
ephant birds, the extinct and extant ostriches, rheas, cassowaries and
emus, and the small tinamous and flightless kiwis (Apterygiformes).
Modern aves like kiwis are descendents of non-avian dinosaurs
and bone growth characters may conserve phylogenetic signals
and be used to reconstruct non-avian dinosaur growth patterns
based on bone cortex similarities. Molecular evidence suggests
Apterygiformes diversified in response to Pleistocene glaciation and
today are comprised of between 5 and 11 species, all of which are
at various levels of ‘at risk’ and declining population sizes (Burbridge
et al., 2003; Robertson et al., 2011; Weir et al., 2016). Population de-
cline is a result of several factors including habitat loss, invasive pred-
ators and slow growth rates (McLennan et al., 1996, 2004; O’Donnell
et al., 2017; Sales, 2005). Protracted growth (extension of juvenile
development phase) in palaeognaths is a life history characteristic
shared among elephant birds, moas and, despite their small size, kiwis
(Bourdon et al., 2009; McLennan et al., 2004; de Ricglés et al., 2016;
Turvey et al., 2005). Slow growth rates and flightlessness in kiwis may
have developed in response to insular environments lacking major

terrestrial predators (Bourdon et al., 2009; de Ricglés et al., 2016;

HECK ano WOODWARD

is necessary for future investigations of bone growth patterns, CCCB formation, med-

ullary bone and LAG deposition and obliteration in these elusive birds.

Apteryx, Aves, bone, growth marks, growth patterns, osteohistology, Palaeognath,

Turvey et al., 2005). However, slow growth rates in kiwis currently
result in prolonged exposure during vulnerable life stages in early
ontogeny to invasive terrestrial predators (McLennan et al., 2004).
Thus, osteohistological examination can further illuminate growth
patterns; information vital for conservation planning and mapping
phylogenetic influences on bone growth (e.g. Legendre et al., 2014;
Marin-Moratalla et al., 2013). Here, we describe hindlimb and fore-
limb intraskeletal variation in bone microstructure, including LAG
counts, in two North Island brown kiwis (Apteryx mantelli) of known

age and gender to accomplish several goals:

1. Establish intraskeletal growth mark count variation and potential
deviations from known age.
Inferring the ontogenetic age of extinct vertebrates requires
consideration of intraskeletal inconsistencies in LAG counts within
extant vertebrates. LAGs, and other cyclical growth marks, repre-
sent an annual cessation or slowing of appositional bone growth
and are present in vertebrates requiring more than 1 year to
reach adult size (Castanet et al., 1993, 2004; Kéhler et al., 2012).
The most complete LAG records in fossils are typically found in
long bones, with quantification of maximum annual apposition
rates quantified specifically from major weight-bearing bones such
as the tibia or femur (e.g. Padian et al.,, 2013; Stein & Sander,
2009). However, establishing optimal bones for age and growth
rate quantification requires further testing and confirmation in
modern taxa (Woodward et al., 2013). Due to variable remodelling
rates, LAG counts can vary both intraskeletally and along the
length of a single bone, complicating ontogenetic age assessment
of extinct taxa given fossil preservation biases, incomplete ma-
terial and institutional limitations on ‘destructive’ sampling (e.g.
Cullen et al., 2014; Horner et al., 1999; Hubner, 2012; Werning,
2012). Rates and extent of medullary cavity expansion, cortical
drift and secondary remodelling also vary intraskeletally and are
influenced by biomechanical, pathological, physiological and eco-
logical factors (Enlow, 1963; Padian, 2013; Padian et al., 2016;
Skedros et al., 2003). Therefore, intraskeletal sampling provides
insight into the extent of remodelling processes, cortical drift
and ideal sampling locations for ageing and assessing growth.
A previous report on bone microstructure in several species
of kiwi noted the presence of LAGs in femora, tarsometatarsi
and tibiotarsi, and extensive remodelling in tarsometatarsi and
tibiotarsi, but precise details of intraskeletal LAG variation were
absent (Bourdon et al., 2009).
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Additionally, the maximum number of LAGs observed in a spec-
imen is often referred to as the ‘minimum age at death’, recog-
nizing potential discrepancies between maximum LAG counts and
actual age (e.g. Kolb et al., 2015). Correlating absolute age and
LAG counts is severely understudied due to, in part, insufficient
age data in modern vertebrate museum collections. Tracking age
in wild individuals requires intense observation, capture-mark-
recapture and tagging: methods that may not be feasible for
solitary or scarce taxa. Osteohistology may prove to be a useful
tool in determining absolute age of salvaged kiwi; thus, provid-
ing essential data for population monitoring and conservation
planning. A recent study on wild red deer of known age found
cortical growth marks unreliable for accurate ageing (Calderon et
al., 2019), but growth mark counts correlate with tooth eruption
patterns, a well-documented technique for accurate ageing in
mammals, in captive and wild Addax nasomaculatis and Equus
hemionus (Marin-Moratalla et al., 2013; Nacarino-Meneses et
al., 2016). Similar studies are lacking in modern aves, and an
alternative ageing technique counting periosteal and endosteal
lamellae in birds of known age has proven controversial (e.g.
Broughton et al., 2002; Klomp & Furness, 1992). Sampling cap-
tive individuals with extensive life history data, including age
at death, is ideal for studying the accuracy of cortical growth
marks for ageing. Our study tests LAG count accuracy utilizing
two captive A. mantelli of known age. Establishing ideal bone
sampling locations for quantifying age, relative to known age
and growth rates in these brown kiwi specimens will assist
targeted bone sampling for establishing baseline life history
data vital for conservation planning, as well as to expand the
foundational extant bone database so that selection of specific
fossil bones for histological analyses is validated.

2. Sex-specific bone microstructure characteristics
Histological sampling of non-avian dinosaurs (hereafter, simply
‘dinosaurs’) revealed the presence of sex-specific medullary bone
in both saurischians and ornithischians (e.g. Hibner, 2012; Lee
& Werning, 2008; Schweitzer et al., 2005, 2016). Medullary
bone remains the only character to confirm female sex in di-
nosaurs despite numerous attempts in identifying sexual dimor-
phism in dinosaurs (see Mallon, 2017 and references therein).
Our sample presents the opportunity to analyse differences
in cortical bone microstructure between sexes for use in ex-
ploring potential sex-specific markers in dinosaur cortical bone.
Cortical signals of sex can also assist in identifying sex among
modern museum specimens or salvaged wild individuals lacking
sex-specific morphological characters, an important utility in
using such specimens for assessing wild species population
structure and dynamics.

3. Contributions to a broad database of vertebrate bone tissue
descriptions.
Life history interpretations from fossil taxa bone microstructure
rely on modern bone microstructure descriptions and detailed
surveys of modern tissue organization can reveal behavioural

correlates with specific bone tissue types (e.g. Padian, 2013).

For example, recent descriptions of mammalian bone tissue
organization suggest a potential link between the presence
of secondarily deposited CCCB and fossoriality (Heck et al.,
2019; Legendre & Botha-Brink, 2018). Ecological and life history
correlates in tissue organization also lend to conservation plan-
ning for related, threatened or difficult to study species using
osteohistological descriptions (Heck et al., 2019; Marin-Moratalla
et al., 2013). Moreover, detailed descriptions are important

foundational works necessary for future hypothesis testing.

To accomplish these objectives, we provide comprehensive de-
scriptions of tissue organization, vascularity and growth marks in
the appendicular skeleton of the previously undescribed A. mantelli.
Our study also incorporates forelimb sampling in addition to hind-
limb skeletal elements. Finally, the specimens in our sample are of
known age and sex, and detailed life history data are available for
the female kiwi.

2 | MATERIALS

A captive-bred male and female North Island brown kiwi (A. mantelli)
with recorded life history details were obtained by H.N.W. through
arrangements with Kathy Brader, Brown Kiwi Species Survival
Program Chairperson for N. Am/EU, and with U.S. Fish and Wildlife
Service import permit number 130066. The male kiwi died of natu-
ral causes at the age of 14 years, 4 months. The female died at the
age of 5 years, 4 months due to post-egg-laying complications. The
female specimen was in the second year of egg production; breeding
history was unavailable for the male kiwi. Captive male kiwis typi-
cally reach sexual maturity at 2 years and 3 months (Kiwi Captive
Management Advisory Committee, 2004), therefore, we assume the
male kiwi had reached sexual maturity as well. Both specimens were
subjected to zoo necropsies and subsequently frozen prior to being
shipped to Oklahoma State University—Center for Health Sciences,
Tulsa, OK, USA, for study. The female kiwi was skeletonized upon ar-
rival, whereas the male kiwi was first prepared for diffusible iodine-
based contrast-enhanced CT (diceCT) using standard methodology
(see Supporting information 1 for complete details) for a separate
study. The male kiwi was destained prior to histological processing.
Left and right femora, tibiotarsi, tarsometatarsi, humeri, ulnae and
radii from each bird were histologically sampled. Generally, larger
weight-bearing bones, such as femora, tibiotarsus and tarsometatar-
sus, preserve a more complete record of higher apposition rates and
can be used to assess annual body mass increases (e.g. Campione &
Evans, 2012; Klein & Sander, 2007; Padian & Lamm, 2013; Sander
& Andrassy, 2006; Stein & Sander, 2009). However, very little to
no histological descriptions of palaeognath forelimb bones have
been published. Forelimb histology has previously been examined
in ostrich and emu to analyse the correlation of bone tissue organi-
zation and absolute growth rates, and, in a separate study, the ef-
fects of biomechanical loading on forelimb bone cortices (Castanet
et al., 2000; Kuehn et al., 2019). Prior to histological processing, the



male kiwi bones were unusually pliable along the longitudinal axis;
the mid-diaphyses bent with slight pressure. Preliminary CT scans,
prior to iodine-based preparation, suggest diminished mineralization
in the male kiwi bones (T. L. Green, Pers. Obs.), but we cannot dis-
count that diceCT preparation or destaining may have had a role in
increased pliability (see Early et al., 2020).

3 | METHODS

Two serial transverse sections were produced from the mid-
diaphysis from limb elements (Figure 1). The cortices of long bones
are thicker at the area of minimum circumference and typically un-
dergo less cortical remodelling relative to the remaining shaft and
preserve a more complete record of growth (Sander & Andrassy,
2006). Additionally, the occurrence of calcified cartilage, metaphy-
seal bone and effects of processes such as trochanters is more lim-
ited at the midshaft relative to other regions along the length of the
bone; cortical bone growth marks are less likely to be altered at the
midshaft than in regions of the metaphysis or muscular processes
(Padian et al., 2013). Longitudinal sections were produced from the
diaphysis of left femora, tibiotarsi and tarsometatarsi of both speci-
mens (Figure 1). Longitudinal sections of forelimb bones were unat-
tainable due to limited material availability from such small bones.
Longitudinal sections are used for confirming tissue identifications

made from transverse sections (see Faure-Brac et al., 2019; Stein
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& Prondvai, 2014). Specimen chemical processing and ground sec-
tion preparation followed protocol for extant undecalcified bone
in Schweitzer et al. (2007). All sections were stained with toluidine
blue at the Woodward Ballard Paleohistology Lab at Oklahoma
State University-Center for Health Sciences to enhance contrast
of cement lines and LAGs. Bone microstructure descriptions fol-
low standard terminology of Enlow (1963), Francillon-Vieillot et al.
(1990) and Huttenlocker et al., (2013) (but see Stein & Prondvai,
2014 and Prondvai et al., 2014) and hindlimb myology is derived
from McGowan (1979). Figures and additional images available at
morphobank.org (P4029).

4 | RESULTS

Osteohistological descriptions are organized by specimen (the fe-
male skeleton is described first) to allow for direct comparison of
growth mark counts throughout each skeleton.

41 | Female Kiwi

411 | Femur

Tissue that is morphologically consistent with medullary bone

(hereafter, simply ‘medullary bone’) extends into the medullary
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FIGURE 1 Cut-line locations. Transverse sections (red lines) taken, approximately, from the mid-diaphysis of (a) male kiwi and (b) female
kiwi hindlimb and forelimb element. Longitudinal sections taken from each left hindlimb element diaphysis (blue shading). Longitudinal
sections were either taken along medial-lateral axis or anterior-posterior (see blue bars on simplified cross sections)
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cavity from the endosteal bone within the female kiwi's left femur
(Figure 2a; see Canoville et al., 2019a, 2019b for medullary bone
description). The endosteal layer of the female kiwi's left femur is
composed of a thin band of transversely oriented avascular lamellar

thinnest around the antero-medial side. A single spicule of trabecu-
lar bone, composed of an outer border of lamellar endosteal tissue
around an interior of woven bone, extends into the medullary cav-
ity towards the antero-lateral side from the antero-medial side. The

mid-cortex is composed of longitudinally oriented parallel-fibered
tissue with regional shifts to transverse orientation and remod-

tissue, and was undergoing active resorption at the time of the ani-
mal's death. The endosteal layer is thickest on the postero-medial

side near the attachment region of m. adductor longus brevis and elled woven tissue. The remodelled woven tissue with secondary
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FIGURE 2 Female kiwi femora microstructure. (a) Transverse section of left femur under circular polarized light showing highly
birefringent endosteal lamellar bone and remodelled woven bone in the poster-medial corner. (b) Longitudinal section of left femur medial
diaphysis under circular polarized light. Mid-cortical parallel-fibered bone fibres are oriented parallel to section as indicated by elongated
osteocyte lacunae. Osteocyte lacunae of outer cortical, transversely oriented, lamellar bone are plump and rounded. (c) Transverse section
of toluidine stained right femur under linear light. Medullary bone extends off endosteal surface and attaches to a crescent-shaped
Kastschenko's line within medullary cavity. Endosteal resorption is evident from multiple Howship lacunae (insert). (d) Three LAGs (arrows)
are present on the medial side of left femur (imaged under linear light). (e) Three LAGs (one in the mid-cortex and two in the outer cortex)
on the antero-medial side of the left femur (imaged under linear light). (f) Posterior side of right femur exhibiting LAG contrast under circular
polarized light (left), linear light out of focus (centre) and linear light in focus (right). (g) Resorption line separates endosteal layer of lamellar
bone and mid-cortical parallel-fibered bone. Arrows—LAGs, A—anterior, EB—endosteal bone, HL—Howship Lacunae, KL—Kastschenko's line,
LB—Ilamellar bone, M—medial, mALB—M. adductor longus brevis attachment, MB—medullary bone, MC—medullary cavity, mPPF—M. piriformis
pars iliofemoralis attachment, PFB—parallel-fibered bone, PO—primary osteon, RL—resorption line, rWB—remodelled woven bone, sVC—
simple vascular canal, TB—trabeculae



osteons oriented longitudinally and radially composes the cortex on
the postero-medial side where the attachment of m. adductor lon-
gus brevis is located (Figure 2a). Interestingly, a remodelled woven
tissue complex is not present on the postero-lateral side where M.
piriformis pars ilio femoralis attaches. Instead, the remaining mid-
cortex is composed of longitudinally and transversely oriented
parallel-fibered tissue. In longitudinal section, the mid-cortex is
highly birefringent and osteocyte lacunae are flattened, confirming
identifications from transverse views (Figure 2b). Vascular canals
in the mid-cortex are typically simple vascular canals and vascular
canals within primary osteons (Figure 2d); vascular orientation is
longitudinal, radial or reticular. Generally, vascular canals on the
medial side have a slight radial tilt, canals are reticular in the deep
region of the mid-cortex on the lateral side and canals elsewhere
are longitudinal. LAGs in the mid-cortex are extremely faint and
cannot be fully traced around the circumference of the bone due
to a lack of contrast. A maximum of three LAGs can be identi-
fied postero-medially in the transverse section of the left femur
(Figure 2d), but LAGs could not be identified in the longitudinal
section of the same bone (Figure 2b). The outer cortex of the left
femur consists of a thin layer of transversely oriented, low vascular
tissue ranging from lamellar to parallel-fibered around the circum-
ference of the femur (Figure 2b). Several longitudinal vascular ca-
nals are located in the outer cortex (Figure 2e), which complicates
labelling the outer cortex as an external fundamental system (EFS).
Instead, the femur of the female kiwi appears to have been actively
growing, albeit slowly, as it approached skeletal maturity.

The transverse section of the female kiwi's right femur mostly
agrees with tissue and vascular composition described in the left
femur. Medullary bone lines the medullary cavity side of endosteal
bone and a condensation of tissue forms a crescent shape deep in
the medullary cavity (Figure 2c). The tissue condensation stains par-
tially blue with toluidine blue and is likely a Kastschenko's line (un-
resorbed mineralized embryonic tissue; see Francillon-Vieillot et al.,
1990; Haines, 1942; Kastschenko, 1881) with medullary bone at-
tached. The medullary bone extends off of the endosteum, contacts
and condenses onto the Kastschenko's line. The Kastschenko's line
may simply be a condensation of medullary bone as a Kastschenko's
line is unexpected in a nearly skeletally mature individual. This study
does not perform the necessary analysis to confirm either explana-
tion. The endosteal layer is thin and displays local regions of lower
birefringence in circular polarization, possibly due to collagen fibres
oriented perpendicular to plane of section in these darker regions.
The medullary border of the endosteal layer displays numerous
Howship's Lacunae (Figure 2c), indicating endosteal resorption was
ongoing at the time of death. The endosteal layer is separated from
the mid-cortex by a resorption line (Figure 2g). The mid-cortex is
longitudinally oriented parallel-fibered bone, and vascularity is ori-
ented longitudinally, radially and, rarely, reticularly. The cortex near
the M. adductor longus brevis attachment site is composed of lon-
gitudinally oriented parallel-fibered tissue with few secondary os-
teons and numerous primary osteons. The muscle attachment site
is not as prominent possibly due to slight differences in the location
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of the section. Maximum LAG count in the transverse section of the
right femur is three on the postero-medial side, similar to the left
femur. Visibility is higher for a few LAGs in the right femur under
circular polarized light (Figure 2f), but many of the LAGs remain dif-
ficult to discern.

4.1.2 | Tibiotarsus

The cortex of the left tibiotarsus has an endosteal layer of trans-
versely oriented, avascular lamellar tissue (Figure 3a). The medul-
lary border of the endosteal layer was being actively resorbed at
the time of death; resorption was concentrated antero-medially.
Similar to the right femur, medullary bone extends off of the en-
dosteal layer into the medullary cavity to a potential Kastschenko's
line (Figure 3a,c,d). The endosteal layer is separated from the mid-
cortex by a resorption line indicating endosteal resorption of mid-
cortical tissue occurred prior to deposition of endosteal lamellar
bone. The mid-cortex of the left tibiotarsus is composed of heavily
remodelled CCCB (Figure 3a). Some secondary osteons in the mid-
cortex have longitudinally oriented tissue fibres resulting in a darker
appearance in circularly polarized light. The mid-cortex of CCCB is
thickest on the antero-lateral side and thinnest medially (Figure 3a).
Mid-cortical CCCB is confirmed on the anterior and posterior sides
in longitudinal section and appears as large interweaving fibre bun-
dles (Figure 3c,d). The outer cortex is parallel-fibered tissue with
longitudinally oriented simple vascular canals, vascular canals within
longitudinally oriented primary osteons and vascular canals within
secondary osteons (Figure 3e). Additionally, longitudinal sections of
the tibiotarsus reveal numerous circumferentially oriented simple
vascular canals within the outer cortex (Figure 3d). Collagen fibres
of the outer cortex of parallel-fibered tissue increases in organiza-
tion towards the periosteal surface; additionally, vascularity within
the outer cortex decreases outward towards the periosteal sur-
face. Decreasing vascularity and increasing collagen fibre organiza-
tion suggest that formation of an EFS was in early development in
the left tibiotarsus. Within the cortex are up to six possible LAGs
(Figure 3e).

The mid-diaphyseal cortex of the right female tibiotarsus is
similar to that of the left tibiotarsus. The medullary bone extends
off the endosteal surface to a potential Kastschenko's line, similar
to the right femur (Figure 3b). The endosteal layer is composed of
avascular lamellar tissue oriented transversely with few regions of
longitudinally oriented lamellar tissue. The mid-cortex is composed
of remodelled CCCB and is thin on the medial side (Figure 3b). The
outer cortex is composed of longitudinally oriented parallel-fibered
tissue with simple vascular canals oriented longitudinally and vascu-
lar canals within longitudinally oriented primary osteons and, rarely,
secondary osteons. The outer cortex is likely a developing, or incip-
ient, EFS as in the left tibiotarsus. Very few secondary osteons im-
pede into the outer cortex and, when present, are typically located
internally in the outer cortex. Seven LAGs are found on the medial
side of the right tibiotarsus (Figure 3f).
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FIGURE 3 Female kiwi tibiotarsi microstructure. (a) Transverse section of left tibiotarsus under circular polarized light. The cortex is
composed of endosteal bone, CCCB and parallel-fibered bone. (b) Transverse section of right tibiotarsus under circular polarized has similar
composition as left tibiotarsus, but with distinct Kastschenko's line within medullary cavity. (c) Longitudinal section of posterior diaphysis
from left tibiotarsus under circular polarized light. (d) Longitudinal section of anterior diaphysis from left tibiotarsus under circular polarized
light. (e) Antero-medial corner of left tibiotarsus has inner mid-cortex of CCCB and outer mid-cortex and outer cortex of parallel-fibered
bone with five LAGs. (f) Antero-medial corner of left tibiotarsus under circular polarized light has seven LAGs. Arrows—LAGs, A—anterior,
CCCB—coarse compacted cancellous bone, cVC—circumferential vascular canal, EB—endosteal bone, KL—Kastschenko's line, L—lateral, MB—
medullary bone, PFB—parallel-fibered bone, PO—primary osteon, SO—secondary osteon, sVC—simple vascular canal

41.3 | Tarsometatarsus

The mid-diaphysis of the female left tarsometatarsus has an en-
dosteal layer of avascular lamellar tissue oriented transversely
(Figure 4a). Medullary bone extends from the endosteal layer into
the medullary cavity (Figure 4a). Medullary bone is not as preva-
lent in the tarsometatarsus as in the tibiotarsus or femur. The
mid-cortex of the left tarsometatarsus is parallel-fibered tissue
of varying organization and orientation with primary osteons and

some secondary osteons. The anterior and posterior mid-cortex
is composed of longitudinally oriented parallel-fibered tissue as
confirmed by longitudinal sampling (Figure 4a,b). Vascularity in the
anterior and posterior mid-cortex is longitudinally oriented simple
vascular canals and canals within primary osteons with a few local
regions of reticular vascularity. Secondary osteons, when present,
are concentrated in the internal regions of the anterior mid-cortex.
Tissue organization of the lateral and medial mid-cortex is loosely
organized, transversely oriented parallel-fibered bone (Figure 4a).
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FIGURE 4 Female kiwi tarsometatarsi microstructure. (a) Transverse section of left tarsometatarsus under circular polarized light
showing a cortex of endosteal bone, parallel-fibered bone and woven bone. (b) Longitudinal section of posterior diaphysis of left
tarsometatarsus under circular polarized light with highly birefringent, longitudinally oriented, parallel-fibered bone. (c) Transverse section
of right tarsometatarsus under circular polarized light (top) and linear polarized light (bottom). Cortex is similar to left tarsometatarsus with
the addition of a small patch of CCCB on the antero-lateral side. (d) Longitudinal section of anterior diaphysis of right tarsometatarsus under
circular polarized light showing highly birefringent parallel-fibered bone of the mid-cortex. () Metaplastic hard tissue is present at entheses
in the left tarsometatarsus. (f) Antero-lateral left tarsometatarsus under linear polarized light in focus (bottom) and out of focus (top).

Four LAGs are present with increased clarity when viewed out of focus. (g) Inner cortex of posterior right tarsometatarsus, stained with
toluidine blue and imaged under linear polarized light, has large, longitudinal collagen fibre bundles in addition to lamellar endosteal bone
and parallel-fibered mid-cortex. Arrows—LAGs, A—anterior, CCCB—coarse compacted cancellous bone, cVC—circumferential vascular canal,
EB—endosteal bone, L—lateral, LCF—longitudinal collagen fibre bundles, IPFB—longitudinal parallel-fibered bone, M—medial, MB—medullary
bone, MP—metaplastic tissue, PFB—parallel-fibered bone, PO—primary osteon, RL—resorption line, SO—secondary osteon, tPFB—transverse

parallel-fibered bone, WB—woven bone

The lateral-medial axis was not longitudinally sampled and, thus,
tissue organization in these regions cannot be confirmed in alterna-
tive orientations. Vascularity in the medial and lateral mid-cortex
is primarily longitudinally oriented simple vascular canals and
canals within primary osteons in addition to few circumferential
canals and secondary osteons. Minimal remodelling has occurred
throughout the cortex and secondary osteons, when present, are
more prevalent postero-medially and postero-laterally. LAGs are
difficult to identify; a total of four LAGs are present in the left tar-
sometatarsus (Figure 4f), but are not traceable around the entire
circumference. The postero-medial and postero-lateral outer cor-
tex is woven tissue (Figure 4a), likely formed in response to muscle
attachments (e.g. m. abductor digiti IV attaches to the postero-
lateral corner). The outer cortices at the entheses also contain
tissue morphologically consistent with metaplastic hard tissue
(sensu Horner et al., 2016; Figure 4e). Elsewhere, the outer cortex

is longitudinally oriented parallel-fibered tissue with few vascular
canals oriented longitudinally.

The right tarsometatarsus of the female kiwi was sectioned at
the mid-diaphysis and varies slightly from the left tarsometatarsus in
terms of mid-cortex tissue organization and vascularity, LAG count
and remodelling. The mid-cortex of the right tarsometatarsus is
composed of CCCB and parallel-fibered tissue (Figure 4c,d). CCCB
composes the interior region of the mid-cortex on all sides, but is
not present along the entire anterior or posterior sides (Figure 4c).
The posterior mid-cortical vascularity of the right tarsometatarsus is
primarily longitudinally oriented vascular canals in primary osteons,
similar to the cortex of the left side. However, vascular orientation
elsewhere consists of a mix of longitudinal, radial and reticular ca-
nals in primary osteons and very few circumferential vascular canals.
Secondary osteon density is higher in the right tarsometatarsus with
increased secondary osteons on the anterior and posterior sides. In
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the right tarsometatarsus, the inner portion of the mid-cortex on the
posterior side, where CCCB is absent, has a region of large, longi-
tudinally oriented collagen fibres interrupted by secondary osteons
(Figure 4g). A total of four LAGs are found in the cortex of the right
tarsometatarsus.

41.4 | Humerus

The left and right humeri of the female are similar in tissue or-
ganization and vascularity at the mid-diaphysis. The humeri have

an endosteal layer of transversely oriented avascular lamellar tis-
sue (Figure 5a,b). The lamellar tissue was being actively resorbed
along its endosteal surface at the time of the animal's death as evi-
denced by numerous Howship's lacunae along the endosteal surface
(Figure 5b). The mid-cortex is remodelled parallel-fibered tissue with
primary tissue fibres oriented transversely. A resorption line sepa-
rates the endosteal layer and the mid-cortex indicating the endosteal
side of the mid-cortex was resorbed prior to deposition of the en-
dosteal lamellar tissue (Figure 5b). Vascularity in the mid-cortex is
longitudinally oriented simple vascular canals and vascular canals
within longitudinally oriented primary and secondary osteons. The

FIGURE 5 Female kiwi forelimb microstructure. (a) Transverse section of left humerus under circular polarized light showing endosteal
lamellar bone, remodelled parallel-fibered bone and an outer cortex of parallel-fibered bone. (b) Four LAGs are found in the cortex of left
humerus under linear polarized light. (c) Transverse section of left radius under linear polarized light (bottom) and circular polarized light
(top). (d) Three LAGs can be found in the cortex of the radius (imaged under circular polarized light). () Transverse section of left ulna
under a full lambda waveplate (left) and under linear polarized light (right). (f) The mid-cortex of the left ulna underwent resorption on the
endosteal surface and periosteal surface prior to the deposition of endosteal bone and the outer cortex. The outer cortex has four LAGs at
the mid-diaphysis. Arrows—LAGs, EB—endosteal bone, HL—Howship lacunae, MB—medullary bone, PO—primary osteon, RL—resorption

line, SO—secondary osteon



secondary osteons are large and lamellar fibres are oriented longitu-
dinally (SO appear dark in circularly polarized light and lacunae are
round) (Figure 5a). There are four LAGs in the cortex of both humeri
(Figure 5b). The outer cortex of the humeri has avascular longitudi-
nal parallel-fibered tissue in addition to local regions of transversely
oriented avascular lamellar tissue.

41.5 | Radius

The left and right radii of the female kiwi were sectioned at the
mid-diaphysis and have an endosteal layer of avascular lamel-
lar tissue that was being resorbed along the endosteal surface
(Figure 5¢,d). The mid-cortex of both radii is composed of parallel-
fibered tissue primarily oriented transversely, but local shifts to
longitudinal orientation occur. Few simple vascular canals oriented
longitudinally and obliquely are present in the mid-cortex in ad-
dition to few secondary osteons (Figure 5c). The outer cortex is
avascular lamellar tissue that shifts between transverse and lon-
gitudinal orientation around the bone and is interpreted as an EFS
(Figure 5c). Three LAGs were found in the mid-cortex of both the
right and left radii (Figure 5d).

41.6 | Ulna

The left and right ulnae have an endosteal layer of avascu-
lar, transversely oriented lamellar tissue undergoing resorp-
tion on the endosteal surface (Figure 5e,f). The mid-cortices of
both ulnae are composed of remodelled, transversely oriented
parallel-fibered tissue (Figure 5e). A resorption line separates
the endosteal lamellar tissue from the mid-cortex in both ulnae.
Mid-cortical vascularity is longitudinally oriented simple vascular
canals and vascular canals within longitudinally oriented primary
and secondary osteons (Figure 5e,f). The outer cortex of the ulna
is EFS of avascular, transversely oriented lamellar tissue with local
regions of longitudinal fibres, similar to the outer cortex of the
female humeri. The longitudinal fibres are likely components of
either parallel-fibered or lamellar tissue, but the ulnae were not
longitudinally sectioned to confirm the tissue identification. The
outer cortex is separated from the mid-cortex by a resorption line
indicating the ulnae have undergone periosteal resorption prior to
deposition of the EFS. Four LAGs were found in the outer cortex
of both ulnae (Figure 5f).

4.2 | Male Kiwi

421 | Femur

The left femur of the male kiwi has a thin endosteal layer of avas-
cular, transversely oriented lamellar tissue (Figure 6a). The en-
dosteal layer is separated from the mid-cortex by a resorption line
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(Figure 6d). The mid-cortex of the left femur is composed of remod-
elled, transversely oriented parallel-fibered tissue (Figure 6a,b,d).
Remodelling is less extensive in the mid-cortex on the anterior and
antero-lateral sides; mid-cortical vascularity is, instead, vascular
canals within longitudinally oriented primary osteons. Secondary
osteon density in the mid-cortex increases along the medial and lat-
eral side of the femur (Figure 6e); secondary osteon density peaks
on the posterior side of the femur. Longitudinal sections show sec-
ondary osteon density also increasing distally on the anterior and
posterior sides of the femur (Figure 6b). Few radial canals are pre-
sent on the anterior side of the femur. The outer cortex of the left
femur is an EFS of avascular lamellar tissue oriented transversely
(Figure 6d). Few secondary osteons have invaded the outer cortex
on the posterior, postero-medial and postero-lateral sides of the
femur (Figure 6e). A maximum of three LAGs are present in the mid-
cortex of the left femur and four additional LAGs are found in the
EFS (Figure 6d).

The right femur of the male kiwi has an endosteal layer of
avascular, transverse oriented lamellar tissue separated from the
mid-cortex by a resorption line (Figure 6c). The mid-cortex of the
right femur is composed of remodelled parallel-fibered tissue and
remodelled CCCB. The collagen fibres of the parallel-fibered tis-
sue are generally oriented transversely with local regions of lon-
gitudinal fibres. The interior of the antero-medial mid-cortex is
CCCB separated from the external mid-cortical parallel-fibered
tissue by a resorption line. Vascular canals within secondary os-
teons are oriented longitudinally and are most dense on the pos-
terior side within the mid-cortex. Vascular canals within primary
osteons are oriented longitudinal, circumferential and radially
throughout the parallel-fibered component of the mid-cortex
(Figure 6f,g). The right femur was cut at the level of a nutrient
canal penetrating the cortex at the attachment site of M. adduc-
tor longus brevis (Figure 6c). The nutrient canal attachment site is
surrounded by radially oriented, highly organized, parallel-fibered
tissue as it penetrates through the cortex towards the medullary
cavity, but the region of outer cortex in which the canal passes
through is composed of longitudinally oriented lamellar tissue. The
posterior edge is also the attachment site of M. adductor longus et
brevis; tissue organization on the posterior side is likely the result
of nutrient canal and muscle attachment site development. The
outer cortex of the right femur is an EFS of avascular, transversely
oriented lamellar tissue with regional shifts in organization to
parallel-fibered tissue. There is a maximum of seven LAGs in the
right femur: three LAGs in the mid-cortex and four LAGs within
the EFS (Figure 6f,g).

4.2.2 | Tibiotarsus

The mid-diaphysis of the left tibiotarsus has a thin endosteal layer
of avascular, transversely oriented lamellar tissue (Figure 7a). The
endosteal layer is separated from the mid-cortex by a resorption
line and the mid-cortex is composed of remodelled parallel-fibered
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FIGURE 6 Male kiwi femora microstructure. (a) Transverse section of left femur under polarized light with full lambda waveplate. (b)
Longitudinal section of left femur under polarized light with full lambda waveplate showing remodelled parallel-fibered bone in the mid-
cortex. (c) Transverse section of right femur under circular polarized light. (d) Lateral side of left femur stained with toluidine blue and imaged
under linear polarized light. Parallel-fibered bone composes the mid-cortex and an EFS forms the outer cortex. A total of five LAGs can be
identified on the lateral side. (e) Cortex of left femur on medial side, imaged under circular polarized light, is heavily remodelled and only

two LAGs can be located. (f) Antero-lateral side of right femur under linear polarized light out of focus (bottom) and in focus (top). Six total
LAGs can be found and have higher contrast when viewed out of focus. (g) Postero-lateral cortex of right femur stained with toluidine blue
under circular polarized light. Four LAGs are found in the outer cortex EFS on this side of the femur. A—anterior, Arrows—LAGs, CCCB—
coarse compacted cancellous bone, EB—endosteal bone, EFS—external fundamental system, M—medial, NC—nutrient canal, PFB—parallel-
fibered bone, PO—primary osteon, RL—resorption line, sVC—simple vascular canal, SO—secondary osteon

tissue; collagen fibres of parallel-fibered tissue are oriented trans-
versely (Figure 7a,c-e). Vascularity in the mid-cortex consists of
vascular canals within longitudinally oriented secondary osteons
in addition to vascular canals within longitudinally and circum-
ferentially oriented primary osteons (Figure 7e). The outer cortex
of the left tibiotarsus is an EFS of avascular, transversely ori-
ented parallel-fibered tissue with local regions of lamellar tissue
(Figure 7c-e). Few secondary osteons are present in the EFS. The

left tibiotarsus has two LAGs in the mid-cortex and three LAGs
within the EFS.

The mid-diaphysis of the right tibiotarsus has a very thin
endosteal layer of avascular lamellar tissue with transversely
oriented fibres (Figure 7b,f-g). The endosteal layer is separated
from the mid-cortex by a resorption line (Figure 7f). The mid-
cortex of the right tibiotarsus is heavily remodelled, parallel-
fibered tissue with longitudinally oriented simple vascular canals
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FIGURE 7 Male kiwi tibiotarsi microstructure. (a) Transverse section of left tibiotarsus under linear polarized light with a full lambda
waveplate. (b) Transverse section of right tibiotarsus under linear polarized light without a waveplate (left) and with a full lambda waveplate
inserted (right). (c) Longitudinal section of anterior diaphysis of left tibiotarsus under linear polarized light with full lambda waveplate. (d)
Longitudinal section of posterior diaphysis of left tibiotarsus under linear polarized light with full lambda waveplate. (e) Lateral cortex of left
tibiotarsus is composed of endosteal bone, remodelled parallel-fibered bone and an EFS. (f) Posterior cortex of right tibiotarsus under linear
polarized light in focus (left) and out of focus (right). Six total LAGs are present on the posterior side in the mid-cortex of remodelled parallel-
fibered bone and in the EFS. (g) Lateral side of right femur under linear polarized light showing the heavy remodelling in the mid-cortex and
an EFS. A—anterior, Arrows—LAGs, EB—endosteal bone, EFS—external fundamental system, L—lateral, LB—lamellar bone, MC—medullary
cavity, PFB—parallel-fibered bone, PO—primary osteon, RL—resorption line, rPFB—remodelled parallel-fibered bone, SO—secondary osteon

and vascular canals within longitudinal primary and second-
ary osteons (Figure 7b,f). Remodelling is less extensive on the
postero-medial region. Parallel-fibered tissue of the mid-cortex
is primarily oriented transversely with regional shifts to longi-
tudinal orientation. The outer cortex is composed of an EFS of
avascular, transversely oriented lamellar tissue with little remod-
elling (Figure 7b,f); secondary osteons are present in the outer
cortex on the antero-medial and lateral sides (Figure 7g). The

right tibiotarsus has three LAGs in the mid-cortex and three ad-
ditional LAGs in the EFS (Figure 7f).

4.2.3 | Fibula

The right and left fibulae were also sectioned with the male tibio-
tarsi at the mid-diaphysis level of the tibiotarsi. Both fibulae were
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entirely remodelled and composed of longitudinally oriented sec-

ondary osteons.

424 | Tarsometatarsus

The mid-cortex of the left tarsometatarsus is partially obstructed
by unusually darkened regions (Figure 8a). The obstruction is
likely the result of prolonged submersion in formalin solution.
Regardless, an endosteal layer of avascular, transversely oriented
lamellar tissue is visible but incomplete along the endosteal bor-
der of the cortex (Figure 8a,b). The endosteal layer is thickest on
the posterior side of the tarsometatarsus and thinnest on the
anterior side. The endosteal layer is separated from the mid-
cortex by a resorption line. The mid-cortex, although partially
obscured, is heavily remodelled parallel-fibered tissue with lon-
gitudinally oriented vascular canals within primary and second-
ary osteons (Figure 8a,b). Longitudinal sectioning reveals some
variation in osteon orientation, but the majority of osteons are

oriented longitudinally (Figure 8b). The extent of remodelling is

100um

difficult to discern due to obstructions, but remodelling appears
concentrated on the posterior side. Anteriorly, the mid-cortical
parallel-fibered tissue is oriented longitudinally as confirmed
by longitudinal sectioning (Figure 8b). The mid-cortex parallel-
fibered tissue is continuous with the outer cortex on the anterior,
postero-medial and postero-lateral sides of the tarsometatarsus.
The outer cortex of the medial, lateral and posterior sides is a
thin layer of avascular lamellar tissue with few secondary osteons
and is interpreted as an EFS. However, the external portion of
the outer cortex of the postero-medial and postero-lateral side
appears to have been torn and is absent (Figure 8a). Obstructions
block LAG visibility in the mid-cortex, but a maximum of two
LAGs are present in the outer cortex of the left tarsometatarsus
on the anterior side (Figure 8d).

Regions of the endosteal layer and innermost cortex of the
right tarsometatarsus are also partially obscured (Figure 8c). An
endosteal layer of avascular, transversely oriented lamellar tissue
is present in unobstructed areas and partially visible through the
darkened obstruction. The endosteal layer and mid-cortex are sep-

arated by a resorption line indicating endosteal resorption of the
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FIGURE 8 Male kiwi tarsometatarsi microstructure. (a) Transverse section of left tibiotarsus under circular polarized light. Cortex

is mostly remodelled parallel-fibered bone and an outer cortex of lamellar and parallel-fibered bone. (b) Longitudinal section of left
tarsometatarsus under circular polarized light confirming cortical composition described in transverse section. (c) Transverse section of right
tibiotarsus under circular polarized light. (d) Antero-medial corner of left tibiotarsus under linear polarized light. Two LAGs are visible in this
region of the left tibiotarsus. (e) Posterior side of right tibiotarsus under linear polarized light showing two LAGs: one in the outer cortex
and one in the mid-cortex. A—anterior, Arrows—LAGs, EB—endosteal bone, L—lateral, LB—lamellar bone, MC—medullary cavity, PFB—
parallel-fibered bone, PO—primary osteon, rPFB—remodelled parallel-fibered bone, SO—secondary osteon



mid-cortex occurred prior to deposition of the endosteal lamel-
lar tissue. The mid-cortex is remodelled, vascular parallel-fibered
tissue oriented transversely (Figure 8c). Primary parallel-fibered
tissue is less remodelled on the lateral and medial sides. Vascular
canals of the mid-cortex are contained within longitudinally ori-
ented primary and secondary osteons (Figure 8e). The outer cortex
is parallel-fibered tissue oriented transversely with little remodel-
ling concentrated postero-medially. The outer cortex of the right
tarsometatarsus is likely an EFS, although the tissue is less orga-
nized than in the left tarsometatarsus. The right tarsometatarsus
has one LAG in the mid-cortex and one LAG within the outer cortex
(Figure 8e).

425 | Humerus

The left humerus of the male kiwi was sectioned proximal to the
mid-diaphysis, while the right humerus was sectioned at the mid-
diaphysis (Figure 1). Both humeri have an endosteal layer of avas-
cular lamellar tissue showing signs of resorption along the layer's
endosteal border (Figure 9a). The endosteal layer is separated from

the mid-cortex by a resorption line (Figure 9b). The mid-cortex of
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the humerus is entirely remodelled and, thus, composed of longitu-
dinally oriented secondary osteons (Figure 9a,b). The outer cortex is
avascular lamellar tissue and is separated from the mid-cortex by a
resorption line (Figure 9b). A maximum of four LAGs are present in
the outer cortex of the right humerus (Figure 9b), but LAGs could not
be identified in the left humerus.

4.2.6 | Ulna/Radius

Removal of soft tissue from small fragile forelimb elements was
difficult due to excess formalin fixation prior to skeletonization.
The forearms of the male kiwi were embedded without skeletoniz-
ing and sectioned approximately at the mid-diaphysis, but section
location could not be visually confirmed due to remaining soft
tissues. The right forearm sections contained both the ulna and
radius; however, the left forearm sections did not contain either
bone. Therefore, we will only describe the right ulna and radius of
the male kiwi. The right ulna and radius of the male kiwi are com-
posed entirely of secondary osteons oriented parallel to the long

axis of the ulna. LAGs were not visible in either of the male ulnae

or radii (Figure 9c,d).

FIGURE 9 Male kiwi forelimb microstructure. (a) Transverse section of left humerus under linear polarized light. (b) Cortex of left
humerus is composed of a thin layer of endosteal lamellar bone, mid-cortex of remodelled bone and an outer cortex of lamellar bone with
four LAGs. (c) Transverse section of left ulna under circular polarized light. Ulna is composed entirely of remodelled tissue. (d) Transverse
section of left radius under linear polarized light. Radius is composed entirely of remodelled tissue. Arrows—LAGs, EB—endosteal bone, RL—

resorption line, SR—secondary remodelling
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5 | DISCUSSION

5.1 | Variation in tissue organization

In general, bone tissue organization is best described as a spectrum
from highly unorganized woven tissue to highly organized lamellar
tissue, and tissue organization reflects rate of bone deposition (e.g.
Amprino, 1947; Francillon-Vieillot et al., 1990). In agreement with
Bourdon et al. (2009), primary tissue organization in the long bones
of the male and female North Island Brown Kiwi is parallel fibered,
interrupted by cyclical growth marks, and with mostly longitudinal
vascular canals within primary and secondary osteons. Cortical pri-
mary organization increases and cortical vascularity decreases from
the innermost cortex to the periosteal surface in both kiwis. Primary
osteons within male and female cortices exhibit few lamellae and
osteocyte lacunae, potentially fitting loose definitions of ‘incipient
primary osteons’ (Woodward et al., 2014). Neither kiwi exhibited
sexually dimorphic cortical tissue organization or vascularity, with
the exception of medullary bone within the medullary cavity of fe-
male hindlimb elements. Thus, skeletal growth patterns in the kiwi
consist of cyclically deposited parallel-fibered tissue with decreasing
vascularity through ontogeny, a departure from typical avian bone
which consists of uninterrupted, rapidly deposited woven tissue
(Bourdon et al., 2009).

Modern and fossil aves are severely under-represented in os-
teohistological descriptions (Wood & de Pietri, 2015). Histological
descriptions have been completed for relatively few avian taxa such
as Charadriformes (Smith & Clarke, 2014), Anseriformes (e.g. Marsa
et al., 2019), Sphenisciformes (e.g. Cerda et al., 2015), Palaeognaths
(e.g. Turvey et al., 2005) and several basal forms such as Hesperornis
and Ichthyornis (Chinsamy et al., 1998; Wilson & Chin, 2014). These
previous investigations have revealed a shared growth strategy
among most ornithurines, including most palaeognaths, in which
fibrolamellar tissue is rapidly deposited followed by the deposition
of an EFS, or outer circumferential layer (OCL), with the attain-
ment of skeletal maturity. However, kiwi bird limb bone growth
strays from this general pattern. Instead, appositional growth is
much slower throughout the individual's life, as indicated by cycli-
cal parallel-fibered tissue, which is similar to patterns found in some
Enantiornithines (e.g. Chinsamy et al., 1995). Similar to most ornithu-
rines, and indeed most vertebrates, skeletal maturity in the kiwi was
represented by an EFS (or OCL) of avascular lamellar and parallel-
fibered tissue (e.g. Ponton et al., 2004; Woodward et al., 2013). Slow,
protracted growth over many years is uniqgue among most ornithu-
rines, and in the kiwi bird is likely due to a combination of (1) the
kiwi's low basal metabolism relative to other aves and (2) environ-
mental factors such as limited resources and the historical absence
of large predators in New Zealand (Bourdon et al., 2009; McLennan
et al., 2004). We review each factor in turn: (1) Bone tissue organi-
zation and vascular density/orientation directly reflect growth rate
which is correlated with physiological parameters such as metabolic
rates (Amprino, 1947). Relatively high growth and metabolic rates in
most modern aves result in bone cortices composed of fast-growing

fibrolamellar tissue (e.g. Turvey et al., 2005). Kiwi has notably lower
metabolic rates relative to most modern aves (Calder & Dawson,
1978; McNab, 1994); lower metabolic rate and lower growth rates
result in slower forming parallel-fibered tissue in the kiwi bone cor-
tices. (2) Vertebrates with high growth rates lower certain predation
risks based on body size attainment alone, but high growth rates also
require high energetic demands and resource consumption. The kiwi
evolved in resource-limited environments devoid of large nocturnal
predators (Holdaway et al., 2001; Lee et al., 2001). McLennan et al.
(2004) suggest the absence of predators allowed kiwi life history
to freely develop in order to minimize energy requirements, thus,
resulting in protracted growth, extreme precociality, small size and
reduced metabolic rates.

Parallel-fibered tissue in kiwi cortices appears to be a reflection
of growth and physiology, but behaviour and biomechanical function
are also represented in the form of a peculiar tissue type: CCCB.
CCCB is formed by osteoblast activity depositing new tissue along
the endosteal margins of trabeculae resulting in the infilling of empty
space between trabecular struts (Enlow, 1963). The overall process
of CCCB formation transforms cancellous bone into compact bone
and typically occurs during cortical drift. CCCB is a peculiar tissue
and has been described in a variety of taxa including armadillos
(Heck et al., 2019), aardvarks (Legendre & Botha-Brink, 2018), wom-
bats (Walker et al., 2020), rodents (Garrone et al., 2021; Montoya-
Sanhueza & Chinsamy, 2017) and some non-avian dinosaurs (e.g.
Avrahami et al., 2019; Woodward et al., 2018), although some au-
thors note that CCCB is difficult to identify and may be more wide-
spread throughout vertebrate cortical tissue than originally thought
(Heck et al., 2019). Nonetheless, CCCB is currently hypothesized to
be indicative of fossorial behaviour to some degree and has been
used to infer fossorial behaviour in orodromine non-avian dinosaurs,
although the link between behaviour and tissue type is complex
(Avrahami et al., 2019; Legendre & Botha-Brink, 2018). CCCB in the
cortices of the kiwi, although sparse and inconsistent in location,
provides another example of a link between this particular tissue and
fossorial lifestyles; kiwis utilize their hindlimbs in the construction of
numerous burrows across their home range and in scratch digging
during foraging, similar to behaviours observed in the nine-banded
armadillo (Sales, 2005).

In addition to influences stated previously, tissue composition in
modern birds and some non-avian dinosaurs is also influenced by a
sex-specific behaviour: egg laying. Medullary bone is formed in fe-
male birds during the egg-laying cycle as a calcium reservoir, and
confirmation of its identification is highly dependent on chemical
analyses (Schweitzer et al., 2016). This tissue forms in the medullary
cavity of female birds along the endosteal margin of the cortex and
is typically woven in organization and highly vascular (e.g. Canoville
etal., 2019a, 2019b; Werning, 2018). Medullary bone has been iden-
tified in some non-avian dinosaurs and is currently the only reliable
method of extinct dinosaur sex determination (Bailleul et al., 2019
and references therein). However, observation of medullary bone
in modern or fossil specimens is highly dependent on the timing of
an animal's death as medullary bone is resorbed and catabolized



for eggshell formation. In the current study, the female kiwi died of
complications shortly after an egg-laying event and medullary bone
is found in the hindlimb cortices of the female kiwi. The distribution
of medullary bone appears to decrease distally among femora, tibio-
tarsi and tarsometatarsi and distally within each element as observed
in longitudinal sections. Werning (2018) used a candling method to
describe the distribution of medullary bone across modern avian
groups and described medullary bone in the humerus, femur and
tibiotarsus of the kiwi. Additionally, Canoville et al. (2019a, 2019b)
investigated the extent of intraskeletal medullary bone across aves
and observed consistent presence of medullary bone in the Rhea
and Tinamidae ulnae and radii. Medullary bone was not found in the
forelimbs of the female kiwi in the current study, and more rigorous
chemical processing is necessary to fully describe the presence and

intraskeletal distribution of medullary bone in kiwis generally.

5.2 | LAG Count Variation

Lines of arrested growth are used to assess absolute age, skeletal
maturity and sexual maturity in extant and extinct vertebrates (see
Woodward et al., 2013). In turn, ageing extinct vertebrates allow fur-
ther analyses of population structure dynamics, heterochrony and
intraspecific variation in growth rates. Life history reconstruction
relies on accurate ageing techniques, but processes such as med-
ullary cavity expansion, cortical remodelling and periosteal resorp-
tion can obliterate cortical growth marks vital for accurate ageing
(Woodward et al., 2013). Intraskeletal sampling of modern verte-
brates of known age is necessary for establishing optimal sampling
locations for ageing and potential differences between known age
and LAG count (e.g. Castanet et al., 2004). Here, North Island brown
kiwi exhibits intraskeletal variation and LAG count variation in rela-

tion to known age (Table 1).

TABLE 1 Counts of lines of arrested growth identified in each
skeletal element of the male and female Apteryx mantelli

Female (5 years Male
Skeletal element old) (14 years old)

Left femur
Right femur
Left tibiotarsus
Right tibiotarsus

Left tarsometatarsus

N N O~ 0 NN

Right tarsometatarsus
Left humerus

Right humerus

Left radius

Right radius

Left ulna

A A W W A DM DN DN N O W
|

Right ulna
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The 14 year-old male kiwi has extensive remodelling, medullary
cavity expansion and periosteal resorption that likely obliterated
numerous LAGs in all sampled skeletal elements. Regardless, large,
weight-bearing hindlimb elements contain the highest number of
observable LAGs: both femora have seven LAGs and tibiotarsi have
a maximum of six LAGs. Tarsometatarsi, fibulae and forelimb ele-
ments have higher levels of resorption and remodelling and, thus,
have lower LAG counts and are, therefore, likely unreliable age indi-
cators in older kiwis. The 5 year-old female kiwi has far less remod-
elling in all skeletal elements. Forelimb and hindlimb elements have
three to four LAGs, with the exception of six to seven LAGs in the
tibiotarsi. The large disparity in LAG count between the tibiotarsi
and other skeletal elements may indicate a delayed onset of exten-
sive cortical remodelling and obliteration of previously formed LAGs
in the tibiotarsi, but a more comprehensive ontogenetic sample is
required to test this hypothesis.

LAG count varied from known age in both specimens. Remodelling
likely obliterated previously deposited LAGs in the male kiwi long
bones, but a more extensive ontogenetic series is needed to confirm
remodelling processes. Still, a decoupling of age and LAG deposition
after attainment of skeletal maturity is supported by our observa-
tions of the 14-year-old male kiwi and is consistent with observations
of wild red deer (Calderon et al., 2019) and captive mouse lemurs
(Castanet et al., 2004). Apteryx mantelli skeletal maturation is obtained
at approximately 4.5-6 years of age followed by low rates of perios-
teal bone deposition, typically resulting in an EFS (Beale, 1985, 1991;
Bourdon et al., 2009). LAG counts within the EFS of the 14-year-old
male kiwi reach a maximum of four in the mid-diaphysis of the femur;
eight to ten LAGs would be expected in the EFS given tight coupling
between age and LAG deposition. The 5-year-old female kiwi also has,
generally, lower cortical LAG counts relative to age, likely a result of
LAG obliteration due to medullary cavity expansion. Curiously, the
female tibiotarsi have six to seven LAGs: five to six within the cortex
and one LAG in the EFS. Intraskeletal disparity in LAG counts may
also be a reflection of increase resource availability or artificial pho-
toperiodicity (see Castanet et al.,, 2004) in captivity and not a true
representation of wild kiwi growth mark deposition (Prier et al., 2013).

Bone growth marks are formed in correlation with unfavour-
able seasons or events interrupting normal bone growth (e.g.
Kohler et al., 2012; Nacarino-Meneses & Kéhler, 2018). For exam-
ple, weaning lines have been observed in bone cortices of some
mammals (e.g. Morris, 1970; Nacarino-Meneses & Koéhler, 2018)
and hatching lines have similarly been described in reptiles (e.g.
Hugi & Sanchez-Villagra, 2012), amphibians (e.g. Bruce & Castanet,
2006) and archosaurs (e.g. Rogers et al., 2016). Bone growth mark
morphology varies and can be a distinct zone of tissue or a dis-
tinct hypermineralized line, as in a LAG (see Francillon-Vieillot
et al., 1990; Klevezal, 1996; Woodward et al., 2013 and references
therein). LAGs are typically formed annually (e.g. Castanet et al.,
2004; Kohler et al., 2012), although the presence of ‘double-LAGs’
or ‘triple-LAGs' in vertebrate long bone cortices is likely a sign of
some developmental plasticity (e.g. Klein et al., 2019). Starck and
Chinsamy (2002) examined cortical bone response, including LAG
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formation, to variable environmental conditions on the Japanese
quail (Coturnix japonica). The authors implemented food limitations
and biomechanical loading to separate experimental groups of C.
japonica, but neither environmental condition induced the forma-
tion of annuli, LAGs or other growth marks. Excess LAGs in the
bone cortices of the kiwi, in addition to the results of Starck and
Chinsamy (2002), indicate plasticity in LAG formation is complex
and require further investigation. The innermost growth mark in
the female kiwi may be a hatching line explaining the discrepancy
between LAG count and actual age. However, the innermost LAG
is morphologically similar to other LAGs within the cortex of the
tibiotarsi. Alternatively, the presence of excess LAGs within bone
cortices of the female A. mantelli could be the cessation of growth
correlating with late stages of egg development.

Egg production is a massive undertaking for kiwi; additional
energy expenditures equivalent to near 100% of the female kiwi's
basal metabolic rate are required during the period of egg produc-
tion (Prinzinger & Dietz, 2002). An average North Island brown kiwi
weighs approximately 2.2 kg and lays an egg around 416 g, an egg
weight 400% higher than expected relative to body mass (Prinzinger
& Dietz, 2002; Sales, 2005). Egg production and laying results in sig-
nificant weight loss in female North Island brown kiwis (Potter et al.,
1996). Appositional bone growth may slow or halt during this period
as resources and energy are focused and mobilized for egg produc-
tion. Formation of a LAG in response to egg laying would be a sex-
ually dimorphic signal within the bone cortices with potential utility
in determining sex in extinct archosaurs. Our current investigations
cannot confirm this potential dynamic, but more intensive ontoge-
netic sampling may resolve such a hypothesis. Regardless, excess
number of LAGs in the kiwi cortices is evidence of plasticity in LAG
formation, although excess LAGs may be a product of artificial con-
ditions in captive rearing. Studies examining cortical growth marks
in wild individuals of known age are necessary to confirm our results
because these findings have widespread implications on previous,
and future, skeletochronological analyses in fossil taxa.

5.3 | Implications for extinct taxa

Growth marks in extinct dinosaurs, both avian and non-avian, are
used to assess ontogenetic changes, sexual maturity and skeletal
maturity (see Bailleul et al., 2019; Padian & Lamm, 2013 and refer-
ences therein). Construction of non-avian dinosaur growth curves
relies heavily on cortical bone growth marks (e.g. Woodward et al.,
2015) and, often, the assumption of minimal intraskeletal variation.
Intraskeletal variation has often been ignored as a potential source
of error due to (1) a lack of foundational intraskeletal examinations
such as this study; (2) the scarcity of the fossil record and (3) limi-
tations on specimen availability for histological sampling. For ex-
ample, Erickson and Tumanova (2000) constructed growth curves
for the ceratopsian Psittacosaurus mongoliensis using growth marks
from fragmented samples of humeri, femora and tibiae. Potential
intraskeletal variation in P. mongoliensis would lead to inaccurate

growth curves and possibly misleading inferences of other fossil
taxa. Here, intraskeletal growth mark variation in the kiwi highlights
the need for consistency in skeletal element sampling for quantita-
tive analyses and interpretations.

Numerous intraskeletal examinations of non-avian dinosaur taxa
suggest skeletal elements with limited medullary cavity expansion,
such as weight-bearing limb bones, contain the highest number of
growth marks (e.g. Cullen et al., 2014; Horner et al., 1999). The large
hind limb elements of the kiwi contain the highest number of growth
marks, similar to growth mark variation found in some mammals
(e.g. Garcia-Martinez et al.,, 2011; Sander & Andrassy, 2006) and
non-avian dinosaurs (e.g. Horner et al., 1999). The cortex of the kiwi
fibulae does not contain any growth marks, is composed entirely of
remodelled tissue and has limited expansion of the medullary cavity.
Similarly, non-weight-bearing bones of the forelimb were composed
primarily of remodelled tissue and LAG counts lower than those
found in the hindlimb elements and support hypotheses stated in
Padian et al. (2016) that remodelling in reduced forelimbs is likely a
manifestation of metabolic processes rather than a biomechanical
response due to minimal usage (Padian et al., 2016). Our findings
provide more support for the use of large weight-bearing limb bones
in examining skeletochronology of extinct dinosaur taxa.

Skeletal maturity can be assessed histologically by the pres-
ence of an EFS lining the outer bone cortex. An EFS is composed
of avascular, slowly deposited tissue such as parallel-fibered bone
or lamellar bone and is the result of drastic reductions in bone ap-
position. Cortical primary tissue can transition into an EFS or can
be delineated from the outer EFS by a periosteal resorption line.
The presence of an EFS within a single bone cortex indicates the
attainment of maturation for that specific bony element. However,
each skeletal element has its own ontogenetic trajectory and each
bone varies in timing of maturity. Therefore, overall skeletal matu-
rity can only be assessed through the identification of widespread
EFS presence throughout an individual's skeleton. The presence of
an EFS is vital to our interpretations of extinct organisms’ life his-
tories. Histological signals of skeletal maturation have been used to
assess the validity of distinct non-avian dinosaur taxa (Woodward
et al., 2020), assign specimens to specific species (e.g. Cullen et al.,
2020), elucidate intraskeletal variation in somatic maturation (e.g.
Woodward et al., 2015) and investigate faunal responses to cli-
matic events such as the cataclysmic Permian-Triassic mass ex-
tinctions (e.g. Botha-Brink et al., 2016). Here, an EFS is found in
the cortices of all hindlimb bones sampled from the male kiwi, but
the forelimb cortices are completely remodelled. Likewise, an EFS
is present in the tarsometatarsus, tibiotarsus and femora of the fe-
male kiwi, but is not present in the forelimbs. In all elements with an
EFS, the primary cortical tissue transitions into the outer avascular
lamellar/parallel-fibered tissue complex indicative of skeletal ma-
turity. Primary tissue in the female kiwi forelimb elements is PFB
with minimal vascularity and little remodelling, characteristics that
obscure a transition from typical primary bone growth to skeletal
maturity due to their similarity in tissue organization with an EFS.
The forelimb elements of the kiwi are extremely small in relation



to the kiwi forelimbs due to flightlessness and appositional bone
deposition in smaller long bone elements is, in general, slower com-
pared to deposition rates in larger weight-bearing elements. Lower
apposition rates in small long bones result in tissue organization and
vascular densities similar to those found in the EFS of larger long
bones, thus, obscuring the presence of an EFS in smaller long bones.

The interpretations of osteohistological characters in extinct
taxa are dependent on observations made of modern species.
Further sampling and investigations of modern taxa are necessary
to refine our understanding of the evolution of life histories across
vertebrates (e.g. Houssaye, 2014; Wood & de Pietri, 2015). Modern
aves present a unique group whose life history characteristics are
applicable in interpreting growth and biology of non-avian dino-
saurs in addition to fossil neornithines. The findings of this current
study impact the interpretations of cortical growth marks, EFS and
intraskeletal variation in extinct taxa, but a larger sample of individ-
uals across ontogeny is necessary to confirm and expand upon our
results.

6 | CONCLUSIONS

Intraskeletal variation in tissue organization, vascularity and
growth mark counts in the North Island brown kiwi has been
fully described for the first time. The tarsometatarsus, tibiotar-
sus, femur, humerus, ulna and radius of a captive raised female
kiwi and male kiwi of known age were histologically sampled.
Generally, tissue organization reflected the kiwi's low metabolic
rates and protracted growth; cortices of hindlimb elements were
composed primarily of cyclical parallel-fibered tissue, longitudinal
vascular canals, sparse secondary osteons and local regions of
CCCB. The 14-year-old male kiwi forelimb cortices exhibited ex-
tensive remodelling, obliterating primary tissue and growth marks.
Intraskeletal LAG counts in the male kiwi hindlimbs and female
kiwi forelimbs and hindlimbs were inconsistent and rarely aligned
with known age of each individual. In particular, LAG counts in
the female tibiotarsi exceeded the actual age of the individual. We
advise caution when using LAGs as age indicators in skeletally ma-
ture kiwis, although decoupling of age and LAG deposition may
be due, in part, to abnormal resource availability in captivity. This
study adds to an increasing extant osteohistological database
and serves as a useful comparative tool for the interpretation of

growth marks in non-avian dinosaurs.

7 | DATA AVAILABILITY STATEMENT
Figures and additional images available at morphobank.org (P4029).
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