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Abstract

Although there are many studies on mammalian bone histology, there are only a few
that have examined the bone histology of artiodactyls or have focused specifically on
osteohistological changes during ontogeny. This study investigates the microanatomy and
histology of giraffe limb bones through ontogeny. Mid-diaphyseal sections were made of
humeri, radii, metacarpals, femora, and tibiae of 14 individuals representing individuals of
known sex, as well as at different ontogenetic stages (foetal, juveniles, subadults, and adults).
Thin sections were prepared for all the bones, and microanatomical (using Bone Profiler) and
histological analyses were conducted on each of the sections. The study examined three main
aspects (1) cross-sectional shape changes in limb bones through ontogeny, (2) histological
changes through ontogeny in each of the limb bones, and (3) histovariability among skeletons.
The results of the study show that the foetus and juvenile bones have round cross-sections, with
small vacant medullary cavities, while cross sections of older giraffe bones tend to be oval with
variable amounts of cancellous bone surrounding the medullary cavity. The highest bone
compactness values were obtained for the humerus and femur of the foetus, whereas the radius,
metacarpal, and tibia bone compactness values are similar across the age classes. In terms of
histology, this study found that the earlier ontogenetic stages had highly vascularised
fibrolamellar bone in their cortices, which contrasts with that of the subadults and adults where
more slowly deposited bone tissue is present. These observations indicate that after rapid initial
growth during early ontogeny, osteogenesis (and overall growth) slows down. This research
also documents the fusion of the metacarpal III and IV, and the associated changes that occur
in the histology. The study also highlights that the tibia is the only bone that has long radial
vascular canals in the cortex. Overall, the results of this study have provided a much better
understanding of the bone histology of giraffes during ontogeny and has therefore filled an
important gap in our knowledge of mammalian bone tissues. Furthermore, this study has direct
implications for any future palaeohistological studies of fossil giraffids from Langebaanweg in
South Africa, fossil giraffids from sites in Kenya and Ethiopia, and fossil giraffids from

Eurasia.
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Chapter 1 Introduction

1.1.Giraffidae: Evolutionary History and Relationships

The origin of the giraffid lineage is linked to the origins of artiodactyl ruminants of
which the oldest known fossil, a rabbit-sized animal called Diacodexis, dates to 60-55 Mya
(Mitchell & Skinner, 2003). Diacodexis were forest dwelling and lived in the area that is now
North America. This ancestor to pecorans has a specialized astragulus, which limits
movement to the vertical plane (Theodor, 2001), an adaptation shared by all their
descendants. After the climatic changes about 35-25 Mya, the surviving artiodactyls mostly
occurred in modern day Eurasia. One particular group, the Gelocidae, inhabited the southern
regions of Eurasia. The genus Gelocus had elongated metapodials which highlighted the role
of speed and agility in artiodactyls (Mitchell & Skinner, 2003). It was this group of Gelocidae
that gave rise to radiations that would eventually result in pecorans. The pecorans radiated
and diverged between 28-23 Mya. The modern families of pecorans are Cervidae, Giraffidae,
Antilocapridae, Moschidae, and Bovidae which all came from the gelocid genetic pool

(Carroll, 1988; Hassanin & Douzery, 2003; Janis & Theodor, 2014).

1.1.1. African Lineage of Giraffa

There are two theories concerning the arrival of Giraffa in Africa. The first theory is
based on a Giraffa fossil that was found in the Kenyan Rift Valley deposits that are dated to
about 7-5.4 Mya (Pickford, 1975). This specimen is considered to be a derivative of the Asian
Giraffa (Giraffa punjabiensis) that entered Africa by migration. However, Mitchell & Skinner
(2003) suggests that this scenario is unlikely because firstly, there is an absence of a
migratory route and secondly, G. punjabiensis is more advanced than the African Giraffa and
differs in morphology. The alternate theory proposed by Mitchell & Skinner (2003) is that the
first Giraffa species in Africa is Giraffa gracilis (Fig. 1.1)—a late Miocene to early
Pleistocene species restricted to East Africa (Shorrocks, 2016). Giraffa gracilis fossils are
abundant at the Laetoli deposits (5-2 Mya) in Kenya, but they are also known from the
Serengeti in northern Tanzania and southwestern Kenya, and Olduvai Gorge in Tanzania—
which are Plio-Pleistocene deposits (Shorrocks, 2016). Giraffa gracilis has an elongated neck
and limbs similar to the modern giraffe, Giraffa camelopardalis. Giraffa stillei is a Plio-

Pleistocene species also found in East Africa (particularly Ethiopia) and on occasion, it is



synonymized with G. gracilis,
even though G. stillei is slightly
smaller than G. gracilis. Giraffa
pygmaea is a rare form (and the
smallest in Africa) found in

Northern Kenya. It is possible that

G. pygmaea was a subspecies of G.

gracilis (Mitchell & Skinner,
2003). Giraffa jumae, a Plio-
Pleistocene species (dated to
between 6.5-4.5 Mya) from East
Africa and Langebaanweg (Harris,
1976; Hendey, 1982; Shorrocks,
2016). While most of the previous
giraffe species were found in East
Africa, G. jumae is the first giraffe
known from the west coast of
South Africa. Both G. jumae and
G. gracilis go extinct about 1 Mya

i.e. approximately when Giraffa

camelopardalis appears. The first G.
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Figure 1.1 Giraffid evolutionary history in Africa drawn up by CSmith
2019

camelopardalis fossil is known from West Turkana, East Africa (Harris, 1991). There is much

debate about whether G. jumae evolved into G. camelopardalis through a reduction in size, or

if G. gracilis evolved into G. camelopardalis by increasing its size. The latter appears to be a

more acceptable hypothesis since G. gracilis is more morphologically similar to G.

camelopardalis, and it is therefore the more likely ancestor of G. camelopardalis (Mitchell &

Skinner, 2003; Shorrocks, 2016).

1.1.2. Giraffa camelopardalis: Life History

The fossil record of Giraffa in Africa includes G. gracilis, G. stillei, G. pygmaea, G.

Jjumae, and the modern giraffe G. camelopardalis. The evolution of Giraffa has been

influenced by the change in climate and resulting habitat/vegetation change (Mitchell &

Skinner, 2003), i.e., with the upliftment of the Himalayas approximately 50 Mya (Zhisheng et

al., 2001), the vegetation became more arid and a migration route between Africa, and



Europe and Asia opened up (Ramstein et al., 1997). Thus, Giraffa were able to migrate from
Asia to Africa, during the Miocene.

One of the key features that occurs in giraffe evolution is an elongation of the distal
elements of their limbs, which increases the mechanical advantages for locomotion. In order
to have stability and strength in their elongated limbs, their limb skeletons underwent
substantial fusion, e.g., fusion of metapodials (a reduction of five to two metapodials which
underwent further fusion resulting the two remaining metapodials to fuse into one
metapodial), and modification of the astragulus (Mitchell & Skinner, 2003).

Traditionally modern giraffes were categorized into species and subspecies based on
their coat pattern and geographical distribution (Kingdon et al., 2013; Fennessy et al., 2016).
However, recent genetic studies involving multi-locus analyses on all giraffe populations
identified four monophyletic giraffe species as opposed to a single species with nine to eleven
subspecies (Fennessy et al., 2016).

Giraffa camelopardalis is the tallest terrestrial mammal with males reaching heights
of 4.9-5.2 meters and females 4.3-4.6 meters (Muller et al., 2018). They are distributed across
southern and eastern Africa, and have smaller populations in west and central Africa
(Shorrocks, 2016). Giraffe population estimates have been recorded by using photographic
capture/re-capture, ground and aerial surveys, best estimates, and interviews (Muller et al.,
2018). In terms of reproduction, the gestation period for giraffes is 15 months, and they only
have one calf at a time, however twins have occasionally been recorded (Shorrocks, 2016).
Females give birth to their first calf at around 5-7 years old. The interval between births is
generally two years, and the average height of a newly born calf is 1.67 cm (Shorrocks,
2016).

Giraffa camelopardalis habitat ranges from desert to woodland/savanna environments
(Muller et al., 2018). They browse on leaves, stems, flowers, fruits, and are also known to eat
bone (osteophagia) (Kingdon et al., 2013). The top five trees/shrubs species that giraffes
forage on are: Vachellia (previously Acacia, Kyalangalilwa et al. (2013). Rhus longispina,
Euclea undulata, Pappea capensis, and Schotia afra (Shorrocks, 2016). However, in drier
months, the species that they browse on varies regionally.

Giraffes have various specialized physiological attributes that allow them to be
successful. For example, their cardiovascular system has adaptations that allow the regulation
of blood in the head i.e., blood vessels in their neck have one-way valves (Kingdon ef al.,
2013). Giraffes also have a rete mirabilis, which is a network of small vessels from the

carotids which expands when the giraffe lowers its head—thus preventing blood rushing



down into the head. The rete mirabilis also helps when the head is raised by retaining blood,
so that the head is not completely drained (Shorrocks, 2016). Giraffes have abundant air
sinuses in their skull that extends from the frontal bone, over the brain case, to the occipital
bone. These expansive air sinuses are possibly used to control the temperature around the
brain, used as a way to reduce the mass of the skull, they may act as a resonance chamber for
their low-frequency sounds, or the air sinuses could have all these functions (Badlangana et
al., 2011). Giraffes are ruminants (mammals with four stomachs), which enables them to
extract more nutrients from their food. However, the downfall of this is that they process their
food very slowly (Shorrocks, 2016). Giraffes efficiently digest cellulose and extract protein
from plant material. Once the plant material has passed through the fourth stomach and the
small intestine, only water is absorbed by the large intestine. Therefore, by eating succulent

plant material they are able to forgo the need of drinking surface water for a couple of days.

1.1.3. Giraffa camelopardalis: Skeleton and Growth

The giraffe skeleton is typical of an even toed ungulate (artiodactyl) (Van Sittert,
2016). It has 50 vertebrae: seven cervicals (C1-C7), 14 thoracics (T1-T14), five lumbar (L1-
L5), four sacrals that are fused, and 20 caudals (Van Sittert, 2016). The seven cervical
vertebrae are 129% longer than the thoracic and lumber vertebrae (Van Sittert, 2016). Since
their vertebrae are long enough for muscle attachment, they have rather shallow dorsal spines
(van Sittert et al., 2010). They also have unique ball and socket joints between consecutive
cervical vertebrae which allows for a large amount of flexibility in their neck (van Sittert ez
al., 2010).

Giraffe limb bones are quite elongated (as compared to other ungulates) and they
show some unique characteristics such as a thicker bone walls and straighter limb bones (Van
Sittert, 2016). The forelimb is composed of the humerus, radius, a poorly developed ulna, and
elongated fused metacarpals. The scapula is as long as the humerus in length, making the
forelimb appear longer (Van Sittert, 2016). The radius is longer than the humerus and
articulates with the carpals. The two metacarpals are elongated to a similar length as the
radius (Van Sittert, 2016). The hindlimb is made up of the femur, tibia, and elongated fused

metatarsals. The tibia and metatarsals are longer than the femur (Van Sittert, 2016).

1.2.Bone Microstructure
Studying the microstructure of the skeleton, i.e. the bone tissue or histology, provides

much information about various aspects of the life history of an individual such as its growth



dynamics, bone remodeling processes, age at maturity, etc. e.g., (Chinsamy-Turan, 2005;
Kolb et al., 2015a). It is also well recognized that studies of the bone microstructure of extant
animals can provide much insight into the life history of extinct animals (Chinsamy-Turan,
2005; Erickson, 2005), and such studies have been useful in enabling a distinction between
wild and domesticated animals, and their respective lifestyles (Zedda et al., 2018). Here I will
discuss the various kinds of bone tissues found in mammalian bone, as well as the growth
marks that are recorded in their bones, the secondary remodeling that occurs through

ontogeny, and present an overview of the bone histology of artiodactyls.

1.2.1. Types of Bone Tissue

At a gross morphological level, it is clear that bone is made up of compact and
cancellous or spongy bone (Currey, 2002). Compact bone, also known as cortical bone,
typically makes up the bone wall and in long bones, encloses the medullary cavity (Chinsamy
& Dodson, 1995; Currey, 2002; Chinsamy-Turan, 2005; Chinsamy-Turan, 2012). Primary
cancellous bone, also known as trabecular bone, forms as a result of endochondral
ossification at the growing ends of the bone (Chinsamy & Dodson, 1995; Chinsamy-Turan,
2005). It can also be found lining the medullary cavity of long bones, pelvic bones, vertebrae
or ribs. Secondary cancellous bone results from the resorption of primary bone tissue (Currey,
2002). This occurs when resorption rates exceed the redeposition of bone and the bone
becomes increasingly porous with permanent resorption cavities in the bone cortex (Currey,
2002).

When osteogenesis is rapid, fibrolamellar bone tissue results (Starck & Chinsamy,
2002; de Margerie et al., 2004; Chinsamy-Turan, 2012; Kolb et al., 2015b). Fibrolamellar
bone tissue is characterized by a woven bone matrix wherein the fibrillar organization (the
arrangement of collagen fibers in the bone matrix) is disorganized (Francillon-Vieillot ef al.,
1990; de Margerie ef al., 2002). It is the main primary bone tissue in large mammals (e.g.
Currey, 2002). Fibrolamellar bone tissue, found in the cortex of the bone, can be classified
into three types based on the arrangement of the vascular channels. (1) Laminar bone tissue
has a network of channels that run parallel to the bone periphery (e.g. Francillon-Vieillot et
al., 1990; Chinsamy-Turan, 2005; Kolb et al., 2015b). (2) Plexiform bone tissue has a
network of both circumferential and radial channels (Francillon-Vieillot et al., 1990; Currey,
2002). (3) Reticular bone tissue comprises a network of disorganized vascular canals
(Francillon-Vieillot ef al., 1990; Chinsamy-Turan, 2005; Kolb et al., 2015b). When

osteogenesis is slow, lamellar bone tissue is produced (Francillon-Vieillot ef al., 1990;



Currey, 2002). Lamellar bone comprises thin, successive layers of lamellae in which collagen
fibers are orientated parallel to each other (Reid, 1996; Chinsamy-Turan, 2005). Under
polarized light, lamellar bone appears as alternating layers of light and dark bands (e.g.
Chinsamy-Turan, 2012).

Other bone tissues found in mammalian bones includes (1) lamellated bone, (2)
parallel-fibered bone, (3) coarse cancellous bone, and (4) inner and outer circumferential
layers. 1) Lamellated bone tissue is also organised in layers and is formed from cyclical
variations of mineral microstructure (Reid, 1996). 2) Parallel-fibered bone has collagen fibrils
that are organised parallel to one another (Francillon-Vieillot et al., 1990, Ziv et al., 1996;
Chinsamy-Turan, 2012) i.e. the fiber bundles are aligned in the same plane as the long bone
axis (Francillon-Vieillot et al., 1990; Ziv et al., 1996). 3) Coarse cancellous bone mainly
appears in the metaphyseal part of long bones (Enlow, 1963). As the bone grows, the coarse
cancellous bone is infilled with lamellar bone tissue, which results in compact coarse
cancellous bone tissue (Enlow, 1963). When the long bone grows and elongates, the
cancellous bone tissue near the distal and proximal regions of the bone is relocated to the
metaphyseal region of the bone (Enlow, 1963). 4) The inner circumferential layer (ICL)
consists of layers of bone tissue that lines the medullary cavity once medullary expansion is
complete. It is often composed of lamellar, parallel-fibered or lamellated bone (Enlow, 1963;
Chinsamy-Turan, 2005). The outer circumferential layer (OCL) or external fundamental
system (EFS) consists of layers of avascular lamellar bone tissue that is periosteally formed
along the periphery of the bone surface (Enlow & Brown, 1957; Jordana et al., Calderon et
al., 2019). The presence of an OCL or EFS either marks the attainment of skeletal or sexual
maturity (Ponton et al., 2004; Woodward et al., 2011; Kolb et al., 2015b).

1.2.2. Growths Marks
Different types of growth marks are found in the cortical bones of vertebrates, e.g.

lines of arrested growth (LAGs), rest lines, neonatal line, reversal lines, cement lines
(Klevezal, 1996; Castanet et al., 2004; Chinsamy-Turan, 2005; Kohler et al., 2012; Kolb et
al., 2015a; Kolb et al., 2015b; Nacarino-Meneses & Kohler, 2018). Lines of arrested growth
are hyper-mineralized lines that indicate an arrest in growth (Castanet ef al., 2004; Chinsamy-
Turan, 2012). They have a smooth appearance that follows the contour of the external surface
of the bone. The periodic arrest of bone deposition results in LAGs in the bone cortex which
results in stratification. (Klevezal, 1996; Castanet ef al., 2004; Chinsamy-Turan, 2012). As a

result, LAGs are often used for age determination or skeletochronological studies (e.g.



Castanet ef al., 2004; Nacarino-Meneses et al., 2016b). Rest lines on the other hand are
grouped close together near the peripheral margin of the bone wall and are formed when
appositional growth (the increase of bone diameter) has almost stopped (Klevezal, 1996;
Castanet, 2006; Chinsamy-Turan, 2012). They are smooth and are generally formed on
unresorbed bone surfaces. Rest lines are often located in the OCL of mammal and bird bones,
which could suggest the attainment of maximum body size ((Klevezal, 1996; Castanet et al.,
2004; Ponton et al., 2004; Chinsamy-Turan, 2012). Reversal lines/tide lines are found on
resorbed bone surfaces, and as the name suggests they are associated with bone remodeling
or reversals in bone deposition, and as a result, the lines have a wavy appearance (Klevezal,
1996; Chinsamy-Turan, 2012). The neonatal line is considered to be a non-cyclical growth
mark related to the birth of an animal (Nacarino-Meneses & Kohler, 2018). These have been
described in young Equus limb bones and in a mandible of a juvenile southern elephant seal,
Mirounga leonina (Nacarino-Meneses & Kohler, 2018; Woolley et al., 2019).

According to Castanet et al. (2004), cortical bone with low vascularization or low
remodeling is best for recording cyclical growth marks, and for their use in
skeletochronology. Different bones, in different animals, record growth marks best. For
example, in horses the femur is best for growth mark preservation (Nacarino-Meneses et al.,
2016b), whereas in deer the humerus, femur, and tibia all keep a good record of growth marks
(Kolb et al., 2015a). However, the tibia is the best skeletal element for skeletochronology in
the mouse lemur (Castanet ef al., 2004) and the angulate tortoise (Bhat et al., 2019).

1.2.3. Secondary Remodeling

Secondary bone remodeling is a process whereby osteoclasts resorbs primary bone
tissue and result in erosion cavities in the bone (Chinsamy-Turan, 2005). Later, osteoblasts
infill the empty space by centripetally depositing lamellar bone tissue (Lieberman et al. 2003;
McFarlin et al. 2008; Chinsamy-Turan 2012), which results in the formation of secondary
osteons. Secondary osteons are easily distinguishable from primary osteons in having a
cement line which marks the furthest extent of bone removal (Chinsamy-Turan, 2012).

The amount of secondary reconstruction that occurs is highly variable among
mammals (Enlow & Brown, 1958; Enlow, 1963; Schaffler & Burr, 1984; Currey, 2002;
Lieberman et al., 2003; Skedros et al., 2007; McFarlin et al., 2008; Chinsamy-Turan, 2012).
A study by Schaffler & Burr (1984) suggest that the distribution and amount of strain on the
bone increases remodeling (Schaffler & Burr, 1984), and that remodeling is a mechanism that

removes and replaces fatigued cortical bone tissue (Schaffler & Burr, 1984). These



differences in distribution and abundance of secondary remodeling in the limb bones relates
to how the animal uses its limbs, e.g. in primates (Schaffler & Burr, 1984; McFarlin ef al.,
2008) there is variation in the extent of secondary remodeling in the femora of the different
primates, with the smaller arboreal types generally having less secondary remodeling.
Interestingly despite weighing more, chimpanzees have similar amounts of secondary
remodeling as compared to spider monkeys (Schaffler & Burr, 1984). Skedros et al. (2007)
suggests that the shape and size of secondary osteons in cortical bone can relate to the type
and amount of strain experienced in bones. For example, in macaques, there is higher density
of secondary osteons in higher stress regions of the mandible (Bouvier & Hylander, 1996).
Since secondary remodeling often erases LAGs, annuli or other growth marks present in the

primary bone, it can affect studies applying skeletochronology.

1.2.4. Bone Microstructure of Artiodactyls

There have been many studies of mammal bone histology (Table 1.1), however, for
this section I am focusing on the order Artiodactyla. Artiodactyla is a mammal order which
includes pigs, hippopotamus, antelope, deer, giraffe, okapi, camels, llamas, alpacas, sheep,
goat, buffalo, and cattle (Theodor, 2001). These animal are known as even-toed ungulates
(hoofed animals), which bears weight evenly on two, or four toes as opposed to five
(Theodor, 2001). Despite the abundance of species in this order, limb bone histology has only
focused on a select few, namely; pigs (Sus, Mori ef al. (2005), deer; fossil and extant deer,
(Cadiacervus ropalophorus, Megaloceros giganteus, Procervulus praelucidus, Dama dama,
Muntiacus muntjak, Cervus elaphus, and Alces alces, Kolb et al. (2015a); red deer, (Cervus
elaphus hippelaphus and C. e. hispanicus, Calderon et al. (2019); and rocky mountain mule
deer, (Odocoileus hemionus hemionus, Skedros et al. (2003), sheep (Ovis, Skedros et al.
(1997); Mori et al. (2005), elk (Cervus elaphus, Skedros et al. (1997), spiral-horned antelope
(Tragelaphus, Jordana et al., 2016), reedbuck (Redunca, Jordana et al., 2016), and oryxes
(Oryx, Jordana et al., 2016). There are also studies on bone strains and loading on sheep
(Ovis, Skedros et al. (1994), and goats (domestic, Capra hircus, Main & Biewener (2004);
Main & Biewener (2006)).

Newborn and one-month old pigs typically exhibit laminar FLB in their bone cortices,
whereas, in the six-month old pig, primary osteons are scattered in the FLB cortex, although
this was more extensively developed in the inner cortex region (Mori ef al., 2005).The
cortices of newborn and one-month old calves generally have laminar FLB, without any

secondary reconstruction whereas, six-month and one-year olds do have secondary osteons



present in their cortices (Mori et al., 2005). A similar trend was observed in (Mori ef al.,
2005). In adult sheep, circumferential lamellar bone tissue is found in the compression region
of the cortex, but in non-compression regions secondary osteons are extensive (Skedros et al.,
1997). Indeed, in adult elk, secondary osteon density is higher in the compression regions
than the tension region of bone cortices (Skedros et al., 1997). The Plio-Pleistocene dwarf
bovid, Myotragus, exhibits zonal bone in the cortex of the tibia and femora with the
appearance of multiple LAGs. In older individuals, the LAGs are closer together in the
peripheral region of the cortex (Kohler & Moya-Sola, 2009). In young specimens, the
predominant bone tissue is zonal FLB bone or lamellar bone with annuli and primary osteons
(Kohler & Moya-Sola, 2009). The occurrence of lamellar-zonal bone indicates that at some
periods of its life it grew rather slowly. In red deer (Cervus elaphus hippelaphus and C. e.
hispanicus, Calderén et al. (2019), plexiform FLB is predominant in femora with localized
patches of reticular FLB in the medial region of the inner cortex. However, in the tibia,
laminar FLB is predominant in nine of the 15 specimens. Through ontogeny, secondary
remodeling expands from the inner to the outer cortex in the femora (Calderon et al., 2019).
The long bones of eight species of fossil and extant deer (Kolb et al., 2015a) all have similar
bone tissue types. The limb bones of medium to large deer have predominantly plexiform
FLB in the cortex, whereas laminar FLB is prominent in the limb bones of small sized deer.
LAGs are found in all the deer, and Kolb et al. (2015a) found that the humeri, tibia, and
femora record the highest number of LAGs

Table 1.1 List of some examples of vertebrates that have been studied histologically.

Taxa References
Multiple taxa (extinct and (Enlow & Brown, 1957; Enlow & Brown, 1958;
extant) Enlow, 1963)
Multiple taxa (Klevezal, 1996)
Felids and Mustelids (Singh et al., 1974)
Elk (Skedros et al., 1997)
Polar Bears (Chinsamy & Dodson, 1995)
Cave Bear (Extinct and (Veitschegger et al., 2018)
Extant)
Sheep (Skedros et al., 1997; Mori et al., 2005)
Pigs (Mori et al., 2005)
Extinct Cave Goat (Kdhler & Moya-Sola, 2009)
(Skedros et al., 2003; Kolb et al., 2015a; Calderon et
Deer al., 2019)

Primates (Castanet et al., 2004; McFarlin et al., 2008)



Monotremes (Chinsamy & Hurum, 2006)

Antelope (Marin-Moratalla et al., 2013)

Miocene Hipparion (Martinez-Maza et al., 2014)
(Nacarino-Meneses et al., 2016a; Nacarino-Meneses
et al., 2016b; Nacarino-Meneses et al., 2017;
Nacarino-Meneses & Kohler, 2018; Nacarino-

Equus Meneses & Orlandi-Oliveras, 2019)
Mole rats (Montoya-Sanhueza & Chinsamy, 2017)
Ruminants (Jordana et al., 2016)

Dwarf Hipparions (Orlandi-Oliveras et al., 2018)
Aardvark (Legendre & Botha-Brink, 2018)
Xenarthra (Straehl et al., 2013; Heck et al., 2019)
Seals (Woolley et al., 2019)

1.3. Rationale and Philosophical Framework

Despite all the above studies on artiodactyl limb bones, except for Foote (1916) no
others reported on the bone histology of giraffes. Foote (1916) examined a left femur of
Giraffa camelopardalis wherein he noted that in the periphery to mid cortical regions of the
anterior, medial and lateral parts of the compacta, bands of laminae interrupted Haversian
bone tissue, whereas in the posterior and inner cortex of the medial and lateral regions
Haversian bone tissue was abundant (Foote, 1916). In a study of the crystallographic
organization of giant extinct and extant animals Dumont et al., (2014), included a giraffe
humerus. Although no histological descriptions of the bone tissue was provided, the study
demonstrated that the crystallographic organization of the bone mineral in giraffes was
orientated along the bone axes (i.e. 001-fibre texture), like that of bison, elephants and
Apatosaurus in response to similar static stresses along the long bone axis (Dumont et al.,
2014). Thus, the focus of the current research is to fill this gap in our knowledge by
examining 14 individual giraffes spanning different ontogenetic ages of known sex. It is
evident that bone tissues change during ontogeny, therefore, the current study examines and
compares the individual bones at different ontogenetic ages. Bone histology also varies in
different bones of the skeleton, and this study compares the histological differences between
three forelimb (humerus, radius, and metacarpal) and two hindlimb (femur, and tibia)

elements within each skeleton.

1.3.1. Hypotheses
The overall hypothesis that will be examined in the thesis is that the bone histology of G.

camelopardalis records various aspects of their life history, such as growth dynamics



through ontogeny, lifestyle adaptations, and the onset of skeletal maturity. If this

hypothesis is true, I expect that:

1.

Each ontogenetic stage (foetal, juvenile, subadult adult) of G. camelopardalis will
exhibit distinct bone histology patterns, i.e. earlier stages of ontogeny will have more
highly vascularised fibrolamellar bone tissue, while later stages will show a
preponderance of more slowly deposited lamellar bone tissue and lines of arrested

growth (LAGs) in the bone cortex.

There will be microanatomical differences between forelimb and hindlimb elements
that reflect their weight bearing capabilities i.e. it is expected that the forelimb
elements, humeri and radii, will have thicker bone walls to support the weight of their

elongated neck.

The attainment of skeletal maturity will result in higher levels of secondary
reconstruction in the bone cortices of females, and particularly pregnant females, as

compared to males.

1.3.2. Aim and Research Objectives

The aim of this aspect of the study is to examine and describe the histological changes,

through ontogeny of giraffe limb bones (humeri, radii, metacarpals, femora, and tibia).

Research objectives

1.

Assess and compare the bone microanatomy of the long bones of modern Giraffa

camelopardalis.
Describe the bone histology of the long bones of modern G. camelopardalis.
Compare the histovariability between the skeletal elements

a. For each age class of G. camelopardalis.

b. For both males and females of G. camelopardalis.



Chapter 2 Materials and Methods

2.1 Specimen and data collection

Giraffa camelopardalis 1imb bones used in the current study were originally collected
for the PhD research (project number V043-08) of Van Sittert (2016). Forty-eight giraffes
were culled by a professional hunter over two years (April 2007, November 2007, April
2008, November 2008, and April 2009) as part of a population management strategy in a
conservancy in south eastern Zimbabwe (21°42 S, 29°54 E).

The sample utilized in the current study comprised of mid-shaft sections of the limb
bones (humerus, radius, femur, tibia, and metacarpals) of 21 individuals (Table A.1). Thus, in
total, this study examined 64 skeletal elements that were recovered from a wide ontogenetic
range of giraffes i.e. from foetus through to adult. The dataset for the 21 individuals includes
morphological information such as sex and body mass, and for each of the bones it includes
data such as, bone length (mm), bone mass (g), cranial-caudal diameter (mm), medial-lateral
diameter (mm), and bone circumference (mm). It should be noted that the age categories were
based on the mass of each giraffe. Therefore, estimates among the subadults and adults are
not clear cut (Van Sittert, 2016). Generally, the following categorization was considered:
foetus’ weigh < 100 kg, juveniles weigh between 100 kg-300 kg, and fully grown females
weigh between 750 kg-1000 kg, whilst males weigh about 800 kg-1400 kg. Thus, subadults
weigh between 300 kg-750 kg. The samples are housed in the 1ziko Museums of South

Africa. 2

2.2 External measurements and

photographs

Eight measurements were taken
of each sample (listed in Fig. 2.1).
Photos of the distal, proximal, medial

(M), lateral (L), caudal (Cd), and

cranial (Cr) sides were taken for each
] Figure 2.1 The eight measurements taken for each bone sample. 1.
sample (Fig. 2.2). Bone Diameter of Cr-Cd, 2. Bone Diameter of L-M, 3. Medullary
Cavity Diameter from Cr-Cd, 4. Medullary cavity Diameter from M-
L, 5. L-MC, 6. M-MC, 7. Cr-MC, 8. Cd-MC (see page 9 for
abbreviations)
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Figure 2.2 Photographs of each side of each
bone. A) Distal, B) Proximal, C) Medial, D)
Lateral, E) Cranial, and F) Caudal. The clear
squares with black dots on each corner
represent centimeter measures as a scale bar.

2.3 Osteohistological methodology

Prior to processing for thin sectioning, the midshaft sections of each of the limb bones
were pretreated in 95% ethanol, for eight hours (repeated thrice), and thereafter in 95%
acetone, for eight hours (repeated twice). Samples were then cleaned using a soft toothbrush
and a mixture of water and dishwashing liquid solution. Standard histological procedures
were used to obtain thin sections (Chinsamy & Raath, 1992) Samples (Fig. 2.3) were
embedded in clear resin consisting of Epoxacast resin and Epoxacast hardener (100:30) and
left to harden for two days. The block was then cut with a diamond-edged saw (Abrasive
cutter Impetech C 10) to fit a petrographic slide (55 x 75mm, ~1mm thickness). The block
was polished on the exposed surface using a series of abrasive carbide grinding discs (400p,
600p, 800p, and 1200p). The last polish was done using Struers OP-U suspension solution on
a velvet cloth covered lap-wheel. At this point, the exposed surface was flat, polished, and
without any irregularities. The polished surface was then mounted onto a frosted petrographic

slide using Epoxacast resin and Epoxacast hardener (100:30). Slides were left to cure for two



days. The specimens mounted onto the slides were then sectioned using an Accutom
precision cut-off machine (Struers Accutom). Thin sections of 120-300 um were obtained. It
was determined that it was best to leave the cut off thin sections overnight to dry completely
before they were ground down with the Accutom grinding disc or graded carbide grinding
discs. Sections were checked frequently under the microscope until optimal thickness was
obtained —if they were too thick, they were ground down again. Final thin sections were
obtained and were polished using OP-U suspension solution again. High quality
photomicrographs were taken using normal, and polarized light using a Nikon Eclipse E200
polarizing microscope and a Zeiss AX10. The complete cross-sectional images, used for

Bone Profiler, was taken using a Nikon SMZ745T.



Page 24

Figure 2.3 Preparing histological
sections of bones. A) mid-diaphyseal
section of the bone. B) The bone is
embedded in resin. C & D) The
surface of interest is polished using a
grinder-polisher machine. E) The
surface of interest is now smooth and
polished ready for gluing to a slide. F)
Bone block glued onto a frosted glass
slide. G & H) The thin section is
performed with an Accutom machine
which has two different blades (one for
cutting and one for grinding). Thin
sections are then polished using the
same cloth in D and is then ready for
viewing under a petrographic
microscope.



2.4 Bone Compactness

Bone Profiler was used to measure the degree of compactness of the cortex of thin
sections of the long bones. This software estimates the compactness of the bone by
quantifying the ratio of bone in the cross section. Bone profiler does this by finding the center
of the bone then reading each pixel of the image until the whole cross section has been read
(Girondot & Laurin, 2003). Bone profiler is a standardized way to analyze compactness and
cortical thickness in bone cross-sections (Girondot & Laurin, 2003), thus allowing authors to
compare these values. For the purpose of this study bone profiler was used to measure the

compactness of the bone tissue (black) excluding the medullary cavity and resorption cavities

(white) (Fig. 2.4).

Figure 2.4 An image of a femoral cross
section used in Bone Profiler.

Black represents the bone tissue.



Chapter 3 Results

3.1 Microanatomy and Histology of the Humeri

3.1.1 Foetus

The midshaft cross section of the humerus of the foetus is circular in shape and has a
thick bone wall (~10-12 mm) (Table A.2), which encloses a small medullary cavity (Fig. 3.1A).
Active resorption of the early bone tissue is evident in the perimedullary region. The large
resorption cavities cut into the primary bone compacta (Fig. 3.1B). The peripheral regions of
the bone wall are highly vascularised with vascular canals arranged in a predominately laminar
pattern (Fig. 3.1C, 3.1D). The midcortical bone has vascular canals in a reticular arrangement
(Fig. 3.1D). A nutrient foramen is present in the cranial region of the bone wall (Fig. 3.1E). The
margins of the nutrient foramen appear resorptive and it is not lined with lamellar bone.

3.1.2 Juvenile

The midshaft cross section of the humerus of the two juvenile individuals studied are
more or less circular in shape (Fig. 3.1F, 3.1G), although there appears to be a widening along
the cranial-caudal direction (8-10 mm) (Fig. 3.1G). Their bone walls are thinner as compared
to the foetus (Table A.2) and they enclose a large medullary cavity (Fig. 3.1F, 3.1G). Some
remnants of the original primary bone tissue extend into the medullary cavity as trabeculae
(Fig. 3.1H, 3.1I). It is evident that the bone tissue closest to the medullary cavity (and also that
of the trabeculae) was formed during an earlier stage of ontogeny and comprises of reticular
fibrolamellar bone (FLB) (Fig. 3.1H). The outer parts of the cortex have circumferentially
arranged vascular canals (Fig. 3.1J-3.1L), although there is a distinctive patch of reticular FLB
present in a localized region (Fig. 3.1K). The perimedullary region of the bone wall has many
large erosion cavities (white arrows) that overall give this region a rather cancellous appearance
(white bracket) (Fig. 3.1L), although in places there are also several small resorption cavities
that cut into the primary bone tissue (Fig. 3.1M). FLB with primary osteons in the caudal region
of the cortical bone (Fig. 3.1N).

3.1.3 Subadult

The midshaft cross section of the humerus of the subadults are elliptical in shape and
tend to be wider along the cranial-caudal plane as opposed to the medio-lateral plane (Fig.
3.2A-3.2D). As compared to the earlier growth stages, the bones have predominately thinner
bone walls, particularly in the cranial region, while the caudal-lateral regions tend to be fairly
thick (~9-40 mm) (Table A.2). A large, predominately vacant medullary cavity is enclosed by

the bone wall. Some cancellous bone occurs in the perimedullary regions, particularly in the



cranial and lateral regions of the cross sections (Fig. 3.2E-3.2G). The cancellous bone appears
to be formed as a result of resorption of pre-existing primary bone tissue. Several of the
enlarged cancellous spaces are lined by narrow bands of lamellar bone tissue (Fig. 3.2G). When
the endosteal margin is void of cancellous bone it tends to be lined with lamellar bone (Fig.
3.2H). A nutrient foramen is visible in a female (Fig. 3.2A) and in male subadults (Fig. 3.2C).
In the female it is near the periphery of the medial part of the bone wall (Fig. 3.2A). This
enlarged cavity is unlined, and has uneven margins suggesting that it was formed by resorption
of the surrounding bone tissue. In both males the nutrient foramina are present in the caudal
region of the bone wall and they also have uneven, resorptive margins. In two male specimens,
BH7 and BHI10 (Fig. 3.21-3.2M), the periosteal margin is uneven suggesting that bone
deposition is underway, and there is evidence of secondary reconstruction (Fig. 3.2J, 3.2L,
3.2M). BH10 has extensive resorption cavities scattered throughout the cortical bone (Fig. 3.21-
3.2K). BH10 is a male that shows unusual and extensive cancellous bone tissue and secondary
reconstruction. The predominant bone tissue is laminar FLB bone tissue, with vascular canals
in circumferential organization with some radial connections (Fig. 3.2H, 3.2K, 3.2N, 3.20). In
the cranial region, the cortex is a mixture of primary and secondary bone tissue with both
primary and secondary osteons present (Fig. 3.2E, 3.2]). Annuli are evident transecting the
plexiform and laminar FLB on the medial-caudal-lateral regions of the bone (Fig. 3.2N, 3.20).
Growth marks are not present in the cranial region as secondary remodeling has erased any
evidence of growth marks. Annuli are predominately found in, males and females, in the caudal
and cranial region (Table 3.1), the maximum number of growth marks recorded in the male
subadults is 6 (Z51), and in the female subadults is 4 (Z24).

3.1.4 Adult

The midshaft cross section of the humerus of the adults are elliptical in shape and they
tend to be wider along the cranial-caudal plane. Except for the caudal part of the section, the
bone walls of the adult’s measures between (~9-25 mm) i.e. the maximum thickness is much
thinner than that of the earlier ontogenetic stages (Table A.2) The caudal region is the thickest
part of the bone wall and measures ~11-20 mm. The mostly compacted humeral bone wall
encloses a large, centrally open medullary cavity. In most of the specimens, a narrow band of
cancellous bone occurs along the margins of the cranial and caudal regions (Fig. 3.3B-3.3D).
However, in four (of seven) specimens the cancellous bone tissue extends to the medial and to
a limited extent to the lateral sides of the bone wall (3.3A-3.3D). The bony struts that make up
the cancellous bone tissue is lined with lamellar bone tissue (Fig. 3.3E-3.3I), and they extend

into the medullary cavity. The endosteal margins that do not have cancellous bone tissue are



lined with lamellar bone tissue, which has several rest lines (indicated with white arrows) (Fig.
3.3J, 3.3K). The peripheral regions of the cortex have FLB (Fig. 3.3L-3.3R) that appears to be
interrupted by growth marks consisting of annuli composed of narrow bands of lamellar bone
tissue. However not all of the growth marks can be followed throughout the cortex due to the
secondary intracortical bone remodeling that occurs (Fig. 3.3N, 3.3R). The cortical bone in
specimen BH5 and BHS has extensive secondary osteons in the cortical bone in the medial side
(Fig. 3.3S) and lateral-caudal side (Fig. 3.3Q). Annuli are predominately found, in males and
females, in the caudal and lateral regions of the bone (Table 3.1). The number of growth marks
recorded in adult humeri is between 5-8, and in the females 3-4.

3.1.5 Bone Profiler Data

The observed compactness data for all specimens shows that the foetus humerus has
the highest compactness value (0.914, Table 3.2) followed by the two juveniles. The subadult,
and adult humerus compactness values are similar, ranging between 0.5-0.8 compactness
(Table 3.2). Two of the largest adult individuals have similar compactness values, which show
that they are comparatively thinner walled as compared to the humeri of the other adults and

also as compared to the younger individuals (Fig. 3.4).
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Figure 3.1: Humeral cortical bone tissues in the foetus and juveniles of Giraffa
camelopardalis. (A) Microanatomy for the cross-section of the foetal humerus (BH14 &),
cortical wall enclosing a medullary cavity. Frames indicated regions for which higher
magnification images are provided. (B) Higher magnification of (A) shows active resorption
of the perimedullary region. (C) Highly vascularised cortical bone of fibrolamellar bone tissue
(FLB). (D) Higher magnification of frame (C) showing reticular FLB. (E) Nutrient foramen in
cranial region. The foramen is not lined and appears resorptive. (F & G) Microanatomy for the
cross-section of the juvenile humeri (BHI5 @ & BH2 @), showing cortical wall enclosing a
medullary cavity with trabeculae. (I) Higher magnification of (H) shows that the trabeculae in
the perimedullary region consists of reticular FLB, some trabeculae are lined with lamellar
bone (white arrow). (J) Laminar FLB in the cortex. (K) Localized patches of reticular FLB
(white brackets) in between laminar FLB. (L) Laminar FLB on the lateral side of cortex, with
secondary bone tissue next to nearest the medullary cavity (white bracket). (M) Small

resorption cavities in the perimedullary region. (N) Reticular FLB in caudal region of cortex.
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Figure 3.2: Humeral cortical bone tissues of the subadults of Giraffa camelopardalis.
(A) Microanatomy of the cross-sections of the subadult humeri, (A) BHI @, showing a thin
cranial cortical wall and thick medial-caudal cortical wall enclosing an open medullary cavity.
(B) BH7 &, showing a cortical wall enclosing a medullary cavity with trabeculae. (C) BH11
&', showing cortical wall enclosing an open medullary cavity. (D) BH10 &, showing cortical
wall with extensive cancellous bone surrounding the mostly open medullary cavity. Frames
indicated regions for which higher magnification images are provided. (E) Higher
magnification of the framed region indicated in (A) showing secondary reconstructed bone
tissue in the cortical bone and cancellous bone tissue in the perimedullary region. Note that the
cancellous spaces are lined with lamellar bone (arrow). (F) Higher magnification of cancellous
bone in (D), (G) Higher magnification of the framed region on (F) cancellous bone is lined
with lamellar bone tissue (white arrows). (H) Lamellar bone tissue (arrow) lining the medullary
cavity on the medial side of framed region in (C). (I) Higher magnification of the framed region
in (D), extensive secondary reconstruction and resorption cavities in the cranial region. (J)
Higher magnification of (I) and (K) higher magnification of (D) shows resorption cavities in
the peripheral zone of the cortex. (M) Higher magnification of (L) showing lamellar bone tissue
in the periosteal margin. (N) and (O) Higher magnification of (A) and (B) showing growth

marks in the cortex (white arrows).
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Figure 3.3: Humeral cortical bone tissues in the adults of Giraffa camelopardalis.
Microanatomy for the cross-section of the adult humeri, (A) BH3 @, showing cortical wall
enclosing a medullary cavity with extensive cancellous bone tissue. (B) BH6 @, showing
cortical wall enclosing a partially vacant medullary cavity with trabeculae. (C) BH5 &, cortical
wall enclosing a partially vacant medullary cavity, (D) BH8 &', showing cortical wall enclosing
an open medullary cavity. Frames indicated regions for which higher magnification images are
provided. (E) Higher magnification of the framed region (A) showing extensive cancellous
bone tissue in the perimedullary region. (F) Higher magnification of framed region (E) showing
lamellar bone lining the cancellous bone tissue. (G) Higher magnification of framed region (D)
showing cancellous bone in the caudal region of BH6. (I) Higher magnification of framed
region in (H) showing lamellar bone tissue lining cancellous bone. (K) Higher magnification
of the framed region in (J) showing rest lines (white arrows) in the lamellar bone lining the
medullary cavity. Growth marks (white arrows) in the peripheral region of the adult humeri

pictured in (L-R). (T) Higher magnification of (S) showing secondary osteons in cortical bone.
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Figure 3.4: Bone profiler data (bone compactness) of the humeri plotted against the

body mass (kg) of giraffe metacarpals (m is male, f is female). Table 3.2, Table A.1



3.2 Microanatomy and Histology of the Radii

3.2.1 Foetus

The midshaft cross section of the radius of the foetus is approximately circular in shape
(Fig. 3.5A), with an unevenly thick bone wall in which the thickest part (measuring ~13mm)
is on the medial side (Table A.2), while the narrowest region on the caudal side measures
~6.5mm. The medullary cavity is vacant except for some trabeculae organised
circumferentially along the inner edge of the bone wall (Fig. 3.5B, 3.5C). Active resorption of
the bone formed during earlier stages of ontogeny is evident in the perimedullary region (Fig.
3.5C). The periosteal margin of the bone wall has a rather spongy texture since it is at an early
stage of FLB bone formation i.e., the woven bone matrix has formed, but the lamellar bone
deposits around the lumen of the vascular canals are still in the process of being deposited (Fig.
3.5D, 3.5E). On the cranial edge of the radius, a small section of the ulna has been fortuitously
sectioned. The region of fusion appears to be lamellar bone tissue (Fig. 3.5F).

3.2.2 Juvenile

The midshaft cross section of the radii of the juveniles tend to have a more or less
circular shape (Fig. 3.5G, 3.5H), but they are slightly wider along the medial-lateral plane. The
thickness of the bone wall measures on average about (~5-12 mm) (Table A.2) and surrounds
an open medullary cavity. Remodeling of the internal cortex has been extensive, and only
remnants of the earlier formed primary bone tissue extends into the medullary cavity as
trabeculae (Fig. 3.51, 3.5J). It is evident that the bone tissue closest to the medullary cavity
(including that of the trabeculae) comprises of reticular FLB. On the medial side of the bone
wall of the radius of one juvenile, there appears to be a stratification of the cortex (Fig. 3.5K)
1.e. an inner zone consisting of circumferential vascular canals (Fig. 3.5L) and an outer zone
consisting of reticular vascular canals (Fig. 3.5M). In the older juvenile (Fig. 3.5H), the cortical
bone consists mainly of plexiform FLB tissue (Fig. 3.5N-3.50). The perimedullary region of
the bone wall has many large erosion cavities that give this region a cancellous appearance,
indicated by white arrows (Fig. 3.5Q).

3.2.3 Subadult

The midshaft cross section of the radii of the subadults are more or less elliptical in
shape, and tend to be wider along the medial-lateral plane (Fig. 3.6A-3.6C). They have
comparatively thin bone walls (~7-19 mm) (Table A.2), which encloses a large medullary
cavity. The endosteal margin of the bone wall is either lined with lamellar bone tissue or
consists of laminar FLB tissue, or shows secondary reconstruction (Fig. 3.6D-3.61). There is

hardly any cancellous bone tissue in the perimedullary region, however numerous resorption



cavities occur in this region (Fig. 3.6D, 3.6E). The larger resorption cavities and several of the
enlarged cancellous spaces are lined with lamellar bone tissue (Fig. 3.6 E). In Fig. 3.6F-3.6I,
the lamellar bone tissue lining the medullary cavity appears to have rest lines. The main cortical
bone, on the lateral and medial sides, appear to be secondary bone tissue, with many secondary
osteons in the cortex (Fig. 3.6H, 3.6J). And in the midcortical to the peripheral zones of the
cranial and caudal regions have circumferential vascular canals (Fig. 3.6K, 3.6L). The annuli
found in the male (maximum 2) and female (maximum 4) subadults are mainly in the peripheral
regions of the cranial, caudal, and medial sides (Table 3.1). Fig. 3.6L shows annuli in the cortex
(arrows).

3.2.4 Adult

The midshaft cross section of the radii of the adults also tend to be elliptical in shape,
although the caudal region of the bone wall tends to be flatter rather than curved (Fig. 3.7A-
3.7D). The bone walls (~9-24 mm in thickness) (Table A.2) encloses a large mostly vacant
medullary cavity. The structure of the perimedullary regions varies across the different
specimens: The endosteal margin of Fig. 3.7A shows a number of resorption cavities (Fig.
3.7E), while two specimens (Fig. 3.7B , 3.7C, specimens BR5 and BRS) have no cancellous
bone and their medullary cavities are lined with lamellar bone tissue (Fig. 3.7F). In BRS5 (Fig.
3.7B), there is a layer of lamellar bone tissue—with rest lines— (Fig. 3.71) and a layer of
reticular FLB overlaying the lamellar bone tissue. (Fig. 3.7F-3.7I). Specimens that have
cancellous bone often have lamellar bone tissue in the medial-cranial-lateral region of the
perimedullary cavity (Fig. 3.7D). The cancellous spaces are lined with lamellar bone tissue
(Fig. 3.7J-3.7K). The cortical bone has undergone extensive secondary bone remodeling (Fig.
3.7L-3.70). Possible remnants of 3 or 4 growth marks in the lateral-cranial periphery are
indicated between white brackets (Fig. 3.7L). The cortical bone has been extensively
remodeled, as indicated by the presences of secondary osteons and resorption cavities (Fig.
3.7M-3.70). Several resorption cavities are found distributed throughout the cortex,
particularly in the peripheral zone of BR20 (Fig. 3.70). In specimen BR20 a section of the ulna
has been fortuitously sectioned with the radius. The periosteal margin of the ulna has a thin
layer of lamellar bone tissue. Like the radius, the ulna is extensively reconstructed (Fig. 3.7P).
Annuli were only observed in the cranial region of the female adult (Table 3.1).

3.2.5 Bone Profiler Data

The observed compactness for the radii shows that all the bones are similarly compact

with values ranging between 0.6-0.9 (Table 3.2) Interestingly, an adult male, BRS, has the
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highest compactness which is mainly due to the small size of the medullary cavity (Fig., 3.7B;

Table 1) and the lack of cancellous bone tissue (Fig. 3.8).
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Figure 3.5: Cortical bone tissues of the radius of the foetus and juveniles of Giraffa
camelopardalis. (A) Microanatomy for the cross-section of the foetal radius (BR14 J)
showing the cortical bone wall enclosing a medullary cavity with trabeculae along the
margins. (C) Higher magnification of the frame in (B) showing the compact bone tissue and
the resorption evident in the perimedullary region. (D) Peripheral region in caudal section of
cortex, (E) Higher magnification of (D) showing reticular FLB in the periosteal region. Note
the large open lumen of the vascular canals (arrows) that give the overall spongy texture. (F)
Shows the ulna (small arrow) that has been fortuitously sectioned. The area of fusion between
the radius and the ulna consists of lamellar bone tissue (arrow), while the other parts of the
bones consist of highly vascularised FLB. (G & H) Microanatomy of the cross-section of the
juvenile radii (BR15 @ & BR2 Q) showing the compacted cortical bone enclosing a
medullary cavity with trabeculae extending into it. (I) Trabeculae in the perimedullary region
comprises of FLB. (J) Higher magnification of the framed region in (I) showing lamellar
bone tissue lining the trabeculae extending into the medullary cavity. (K) cortical bone in the
medial region of the radius. (L & M) Higher magnification of the framed regions in (K)
showing two distinct zones of FLB tissue occur in the medial region of the bone wall. (N)
Low magnification of the caudal zone in (H). (O) Higher magnification of the framed region
in (N) shows laminar FLB cortical bone in caudal region, and (P) Higher magnification of the
framed region of laminar FLB in (O). (Q) Cranial region of (H) showing FLB cortical bone
tissue and several resorption cavities (white arrows) in the perimedullary region. M,

medullary cavity.
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Figure 3.6: Cortical bone tissues of the radius of the subadults of Giraffa
camelopardalis. Microanatomy of the cross-section of the subadult radii, showing a thick band
of cortical bone enclosing a large vacant medullary cavity (A) BR1 @, (B) BR4 &, (C) BR10
&' Frames indicate regions for which higher magnification images are provided. (D) Higher
magnification of the endosteal region of (B). (E) Higher magnification of the framed region in
(D) showing the lamellar bone lining the medullary cavity and resorption cavities. (F) Shows
the medial endosteal margin. (G) Higher magnification of the framed region in (F) shows
lamellar bone tissue lining the medullary cavity. (H) Cortical bone tissue in lateral region. (I)
Higher magnification of the framed region in (H) showing lamellar bone lining the medullary
cavity, with rest lines interrupting the lamellar growth. (J) Secondary osteons in the cortical
bone tissue. (K) Higher magnification of cranial region. (L) Higher magnification of framed
region in (K) showing lamellar bone tissue, with annuli (white bracket) interrupting the FLLB

deposition.
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Figure 3.7: Cortical bone tissues of the radius of the adults of Giraffa camelopardalis.
Microanatomy of the cross-section of the adult radii, showing cortical bone enclosing a large
vacant medullary cavity, (A) BR3 @, (B) BR5 &, (C) BR8 J. (D) BR20, showing a mostly
compacted bone wall enclosing a central vacant medullary cavity. Frames indicated regions for
which higher magnification images are provided. (E) Higher magnification of framed region
in (A) showing resorption cavities lined with lamellar bone tissue. (F) Showing the lateral
endosteal margin. (G) Higher magnification of the framed region in (F) showing rest lines
interrupting the lamellar bone tissue lining the endosteal margin. (H) Showing caudal endosteal
margin. (I) Higher magnification of framed region in (H) showing reticular FLB nearest that
medullary cavity (white bracket) overlaying lamellar bone tissue (white arrows). (I) Extensive
remodeling of the cortical bone in the region. (J) Showing the cranial endosteal margin of
cancellous bone tissue (K) Higher magnification of the framed region in (J) showing lamellar
bone tissue lining the resorption cavities. (L) Showing laminar FLB along the peripheral margin
of the bone wall (white brackets). (M) Showing the medial periosteal margin. (N) Higher
magnification of the framed region in (M) showing secondary osteons in the peripheral zone
of the cortex. (O) Lateral periosteal region of cortex showing secondary bone tissue with
resorption cavities (arrows). (P) Caudal region there is a section of the ulna that has been
fortuitously sectioned. The area of fusion between the radius and the ulna shows a thin layer of
lamellar bone tissue (arrow), while the ulna consists of secondary osteons and resorption

cavities. 9
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Figure 3.8: Bone profiler data (bone compactness) of the radii plotted against the body
mass (kg) of giraffe metacarpals (m is male, f is female). Refer to data Table 3.2, Table A.1



3.3 Microanatomy and Histology of the Metacarpals

The cross sections of the metacarpals are distinct in that the medullary cavity appears
to be bisected by a band of primary bone tissue. Closer inspection of the bone tissues revealed
that the unusual microanatomy is the result of the fusion of metacarpal III and IV (Fig. 3.9A,
3.9F, 3.9G). The cross sections of the separate metacarpals are clearly visible with each having
their own distinctive medullary cavities. Overall, the bone wall of the cross section of the fused
metacarpal is unevenly thick with the thickest part of the compacta in the cranial region, whilst
the thinnest bone wall is in the caudal region in the vicinity of the fusion (Table A.2). In the
foetal and juvenile bones, it should be noted however, that the lateral bone wall of metacarpal
IIT and the medial bone wall of metacarpal IV are the thinnest, but they have become fused and
now bisect the joined medullary cavities (Fig. 3.9). The region of fusion has an unusual
structure in that it forms a distinct band of FLB tissue that runs from the cranial to the caudal
region (Fig. 3.9A, 3.9F, 3.9G, 3.9])

3.3.1 Foetus

The fused midshaft cross section of the metacarpal of the foetus is circular in shape and
has an uneven cortical wall thickness (~5-12mm) (Table A.2). The small medullary cavity of
MC III and IV are clearly visible and separated by a band of bone tissue that represents the
merged medial and lateral walls of MC III and IV respectively. (Fig. 3.9A). The periosteal
margins are clearly in a state of active osteogenesis (Fig. 3.9B, 3.9C), while the perimedullary
margins of both the separate medullary cavities are highly resorptive (Fig. 3.9E). Overall, the
bone wall comprises of highly vascularised reticular FLB tissue (Fig. 3.9D).

3.3.2 Juvenile

The midshaft cross section of the metacarpals of the juveniles are circular in shape (Fig.
3.9F, 3.9G). Overall, the cortical wall of the fused metacarpal ranges from ~4-9 mm (Table
A.2). The region of fusion of metacarpal III and IV is substantially reduced in thickness as
compared to the foetus, and there appears to be a distinct compaction of the original medial
and lateral bone walls of the separate MC III and IV, and the vascular canals increasingly
become more laminar (Fig. 3.9H, 3.91) in organization. The periosteal region of the bone wall
comprises of plexiform FLB that is being actively formed (Fig. 3.9J). The endosteal margin is
uneven and indicates active resorption of the bone tissue (Fig. 3.9K). In the older juvenile (Fig.
3.9G), the cortical bone tissue is predominately reticular FLB (Fig. 3.9L, 3.9M).

3.3.3 Subadult

At this stage all traces of the independent MC III and IV are not visible. The midshaft

cross section of the metacarpals of the subadults are circular in shape (Fig. 3.10A, 3.10B,



3.10C). The cortical wall is evenly thick (~11-17 mm), except for the caudal region which has
the thinnest part of the bone wall (~5-7 mm) (Table A.2). Only one of the four subadults
metacarpals studied has cancellous bone present in the perimedullary region of the cranial part
of the bone wall (Fig. 3.10A, 3.10D, 3.10E). The cancellous spaces are lined with lamellar bone
tissue (Fig. 3.10E). The periosteal margin of the caudal region is uneven, and consists of early
stages of FLB tissue (Fig. 3.10F-3.10I). Specimen BMC23, (Fig. 3.10B) shows lower
magnification of reticular FLB up to the endosteal margin (Fig. 3.10J). The predominant
cortical bone tissue is reticular FLB (Fig. 3.10K), with small resorption cavities distributed
throughout the cortex (Fig. 3.10K). In the metacarpal of the female (Fig. 3.10C) and one male
(not pictured), the medullary cavity is lined with lamellar bone tissue with rest lines (white
arrows) interrupting the lamellar deposition (Fig. 3.10M). The two other males (BMC23 and
BMC28) do not have lamellar bone lining the medullary cavity.

3.3.4 Adult

At this stage all traces of the independent MC III and IV are not visible. The midshaft
cross section of the metacarpals of the adults are more or less circular in shape with bone wall
thickness measuring ~6-11 mm, and the thinnest region measuring ~4-11 mm, in the caudal
region where the original two MC fused (Table A.2). (Fig. 3.11A, 3.11B, 3.11C). The
cancellous bone tissue in the adults vary in quantity and distribution (Fig. 3.11D, 3.11E): this
tissue tends to be present in the cranial region, and to a lesser extent on the medial and lateral
sides. The cancellous bone appears to be formed as a result of resorption of pre-existing primary
bone tissue (Fig. 3.11D, 3.11E). Several of the enlarged cancellous spaces, and resorption
cavities, are lined by narrow bands of lamellar bone tissue. Specimen BMC6, (Fig. 3.11C) has
no cancellous bone tissue, but many resorption cavities are present in the cranial region. The
cortical bone tissue in all the adults are highly remodeled, with many secondary osteons present
and resorption cavities (Fig. 3.11F, 3.11G, 3.11K). The periosteal margin is uneven and it
appears to still be actively growing (Fig. 3.11H, 3.11I). The endosteal margin of the caudal
region of specimen BMC4 (Fig. 3.11J) is lined with lamellar bone tissue.

3.3.5 Bone Profiler Data

The observed compactness for the metacarpals shows that all the bones observe a

similar compactness, ranging between 0.7-0.9 compactness (Fig. 3.12, Table 3.2).
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Figure 3.9: Metacarpal cortical bone tissues in the foetus and juveniles of Giraffa
camelopardalis. Microanatomy for the cross-section of the foetal metacarpal, (A) BMC46 &,
fused metacarpals Il and I'V showing the cortical wall enclosing two vacant medullary cavities.
Frames indicated regions for which higher magnification images are provided. (B) Cortical
wall of metacarpal IV. (C) Higher magnification of the framed region in (B) showing highly
vascularised reticular FLB and uneven endosteal and periosteal margins. (D) Highly
vascularised cortical bone caudal and (E) cranial regions. Microanatomy for the cross-section
of the juvenile metacarpals. (F) BMC47 @ and (G) BMC2 @, showing a band of compacted
cortical bone enclosing two vacant medullary cavities that are separated by a ‘column” of
primary bone tissue. (H & I) Region of fusion of MCIII and MCIV. (J) Plexiform FLB in the
periosteal region (white bracket). (K) Highly vascularised FLB in the endosteal region of the
cortex. (L) Showing cranial cortical bone tissue. (M) Higher magnification of framed region in

(L) showing reticular FLB.

Figure 3.10: Metacarpal cortical bone tissues in the subadults of Giraffa
camelopardalis. Microanatomy for the cross-section of the subadult metacarpals, (A) BMC1
Q, (B) BMC23 &, and (C) BMC 33 variably thick cortical wall enclosing a vacant medullary
cavity. Frames indicated regions for which higher magnification images are provided. (D)
Showing the cranial endosteal region. (E) Higher magnification of the cancellous bone framed
in (D) showing lamellar bone tissue lining the cancellous spaces. (F) Showing periosteal region
of (A). (G) Higher magnification of framed region in (F) showing spongy-texture of the early
stages of FLB formation (white bracket). (H) Showing cranial periosteal zone. (I) Higher
magnification of framed region in (H) showing plexiform FLB tissue. (J) Showing cranial
endosteal region. (K) Higher magnification of framed region in (J) shows highly vascularised
FLB and scattered resorption cavities (white arrows). (L) Showing cranial endosteal region.
(M) Higher magnification of framed region in (L) showing lamellar bone tissue interrupted by

rest lines (white arrows).
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Figure 3.11: Metacarpal cortical bone tissues in the adults of Giraffa camelopardalis.
Microanatomy for the cross-section of the adult metacarpals, (A) BMC 4 Q, (B) BMC 6 &, and
(C) BMC 16 &, showing cortical wall enclosing a vacant medullary cavity. Frames indicate
regions for which higher magnification images are provided. (D) Higher magnification of
framed region in (A) shows lamellar bone lining the medullary cavity and resorption cavities
just preceding this region. (E) Higher magnification of framed region in (B) showing lamellar
bone lining the resorption cavities in the perimedullary cavity. (F) Secondary remodeling of
the cortical bone tissue nearest the original fusion part of the metacarpals III and IV. (G)
Secondary osteons in the caudal region of (A). (H & I) Higher magnification of the framed
regions in (B & C) showing a partially uneven periosteal margin due to secondary remodeling
of the bone tissue. (J) Higher magnification of caudal endosteal region framed in (A) showing
lamellar bone tissue lining the medullary cavity. (K) Heavily remodeled cortical bone in the

caudal part of the bone wall.
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Figure 3.12: Bone profiler data (bone compactness) of the metacarpals plotted against
the body mass (kg) of giraffe metacarpals (m is male, f is female). Refer to data Table 3.2,
Table A.1



3.4 Microanatomy and Histology of the Femora

3.4.1 Foetus

The midshaft cross section of the femur of the foetus is oval in shape (with the longer
axis being along the caudal-cranial plane) and encloses a vacant medullary cavity (Fig. 3.13A).
The cortical wall on the lateral side is thinner (~6 mm) than the medial side (~13 mm) (Table
A.2). Active resorption of the early bone tissue is evident in the perimedullary region (Fig.
3.13B). The peripheral region of the bone wall is highly vascularised, and the newer bone tissue
here appears to be plexiform fibrolamellar bone tissue (Fig. 3.13C). The periosteal margin is
spongy-textured and shows the early stages of fibrolamellar bone formation in this region (Fig.
3.130).

3.4.2 Juvenile

The midshaft cross section of the femora of the juveniles are elliptical in shape (Fig.
3.13D, 3.13E) being elongated in the cranial-caudal plane. The average cortical wall thickness
is between ~6-10 mm (Table A.2). The perimedullary region of the bone wall shows extensive
erosion, and it is evident that this region of the bone wall has been resorbed to form large
cancellous spaces (Fig. 3.13D, 3.13E). Some remnants of the original primary bone tissue
extend into the medullary cavity as trabeculae (Fig. 3.13F, 3.13H). However, not all the
trabeculae consist of primary bone tissue; some are lined with lamellar bone tissue (Fig. 3.13G,
3.130). In juvenile BF15, there are two distinct zones in medial-caudal side of the bone wall
(Fig. 3.13J). Higher magnification of Fig. 3.13J shows that the bone tissue in the peripheral
region consists of more radial FLB (Fig. 3.13K)), while the bone tissue underlying this tissue is
a mixture of laminar and reticular FLB (Fig. 3.13L). In the older juvenile, specimen BF2, the
peripheral bone tissue is laminar FLB. The cortical bone tissue in both juveniles is
predominately a mixture of laminar and reticular FLB, in both the lateral and medial sides (Fig.
3.13N-3.13P).

3.4.3 Subadult

The midshaft cross section of the femora of the subadults are generally more elliptical
in shape (with the larger diameter in the cranial-caudal plane) (Fig. 3.14A, 3.14B) with a large
medullary cavity. The average cortical wall thickness is between ~10-22 mm (Table A.2).
Cancellous bone tissue is only found in the cranial and caudal endosteal regions (Fig. 3.14A).
Nearest the medullary cavity, cancellous spaces are lined with lamellar bone tissue (Fig. 3.14C,
3.14D). The endosteal regions of the medial-lateral parts of the bone wall are either unlined
(Fig. 3.14E, 3.14F) or have lamellar bone tissue (Fig. 3.14G). BF1 has vascularised lamellar

bone, and the cancellous bone tissue, in all four specimens, is lined with lamellar bone is



vascularised. The periosteal margin in the caudal regions are uneven, and there appears to be
extensive secondary reconstruction in the cortex as indicated by the presence of secondary
osteons right up to the periosteal surface (Fig. 3.14H, 3.14I). The peripheral regions on the
medial and lateral sides have laminar FLB tissue (Fig. 3.14J). Three to four annuli found in
male subadults (BF10 and BF4) tend to be located in the peripheral parts of the cranial and
medial region of the cortex (Table 3.1). The female subadult BF1, did not exhibit growth marks.
BF11 (Z51) shows a possible (thin) OCL in the cranial-lateral region.

3.4.4 Adult

The midshaft cross section of the femora of the adults are elliptical in shape, with the
caudal region tapering to a point/apex (Fig. 3.15A, 3.15B, 3.15C). The average cortical wall
thickness is between ~7-19 mm (Table A.2). Endosteal regions void of cancellous bone tissue
are lined with lamellar bone tissue (Fig. 3.15D, 3.15E, 3.15F, 3.15I, 3.15H). Cancellous bone
tissue is distributed mainly in the cranial and caudal regions (Fig. 3.15G). The cancellous bone
appears to be formed as a result of resorption of pre-existing primary bone tissue. Several of
the enlarged cancellous spaces are lined by narrow bands of lamellar bone tissue. The periosteal
margin in the caudal region (Fig. 3.15J) has an uneven matrix of woven bone indicated between
the white brackets. However, further in, the cortex is extensively remodeled with primary and
secondary osteons present (Fig. 3.15K). BF3 (Fig. 3.15N), has a layer of lamellar bone tissue
in the peripheral part of the compacta, which is an outer circumferential layer (OCL). The
cortical bone tissue has extensive primary osteons with a couple of erosion cavities (Fig. 3.15P,
3.15Q). Annuli are present (~4 in the female and ~5-8 in males) in the peripheral regions of the

cranial and medial parts of the of the bone wall (Fig. 3.15L, 3.15M, 3.150; Table 3.1).

3.4.5 Bone Profiler Data
The observed compactness for the femora shows that the foetal bone has the compactnss
index is relatively smilar among all of the bones, ranging between 0.5-0.8 compactness. It is

perhaps curious that the female subadult (yellow) and adults (orange) have the lowest observed

compactness 0.5-0.6 (Fig. 3.16, Table 3.20).






Figure 3.13: Femoral cortical bone tissues in the foetus and juveniles of Giraffa
camelopardalis Microanatomy of the cross-section of the foetal femur, (A) BF14 &, showing
a thick medial cortical wall and thin lateral cortical wall enclosing an open medullary cavity.
Frames indicated regions for which higher magnification images are provided. (B) Higher
magnification of the frame in (A) shows resorption cavities in the perimedullary region. (C)
Higher magnification of the frame in (A) showing the osteogenic periosteal margin.
Microanatomy for the cross-section of the juvenile femora. (D) BF15 @, and (E) BF2 @,
showing cortical bone wall enclosing a medullary cavity surrounded by extensive cancellous
bone and trabeculae. Frames indicated regions for which higher magnification images are
provided. Note the perimedullary margin of the cross section has a cancellous texture. (F & H)
Higher magnification of the frame in (D & E) showing cancellous bone in the perimedullary
region. (G & I) The trabeculae comprise predominately FLB, however some trabeculae are
showing lamellar bone. (J) Higher magnification of the caudal-lateral region shows two zones.
(K) Outer more peripheral zone with a number of radial canals, and (L) an inner zone consisting
of reticular vascular canals. (M) Laminar FLB in the peripheral region of the cortex. (N)
Laminar FLB in the medial side of the bone wall. (O) Showing medial endosteal region. (P)
Higher magnification of (O) showing FLB in the cortex.

Figure 3.14: Femoral cortical bone tissues in the subadult of Giraffa camelopardalis
Microanatomy for the cross-section of the subadult femora, (A) BF1 &, showing cortical wall
enclosing a partially vacant medullary cavity. (B) BF10 &, showing cortical wall enclosing a
partially vacant medullary cavity. Frames indicated regions for which higher magnification
images are provided. (C) Showing cancellous bone tissue in caudal region. (D) Higher
magnification of framed region in (C) showing the caudal endosteal margin of the bone wall.
Note the cancellous bone lined with lamellar bone (white arrow). (E) Showing caudal endosteal
margin. (F) Higher magnification of framed region in (E) showing secondary osteons in the
FLB. (G) Higher mag of the framed region in (A) showing lamellar bone tissue lining the
medullary cavity on the medial side. Note the surprisingly well vascularized nature of this
tissue. (H) Showing caudal periosteal region. (I) Secondary osteons right up to the periosteal
margin. (J) Higher magnification of framed region in (B) showing laminar FLB in peripheral
region of cortex. (K) Primary and secondary osteons in the caudal region of the bone cortex.
(L) Showing cortical bone in cranial region. (M) Higher magnification of framed region in (L)

showing a mixture of primary and secondary bone tissue in the cortex (white brackets).
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Figure 3.15: Femoral cortical bone tissues in the adult of Giraffa camelopardalis
Microanatomy for the cross-section of the adult femora, (A) BF 3 @, showing cortical wall
enclosing a partially vacant medullary cavity. (B) BF 8 &, and (C) BF12, showing cortical wall
enclosing an open medullary cavity. Frames indicated regions for which higher magnification
images are provided. (D) Higher magnification of (A) shows many of the resorption cavities
as well as the medullary cavity are lined with lamellar bone tissue (white arrow). (E) Showing
caudal endosteal margin. (F) Higher magnification of framed region in (E) shows lamellar bone
tissue lining medullary cavity. (G) Extensive secondary remodeling in bone tissue surrounding
the medullary cavity, the cancellous bone tissue is thinly lined with lamellar bone tissue. (H)
Showing caudal endosteal region. (I) Higher magnification of region framed in (H) showing
lamellar bone tissue lining the medullary cavity (white arrow). (J) Showing caudal periosteal
region. (K) Higher magnification of the uneven periosteal margin in the framed region of (J)
(white bracket). (L) Annuli in periphery of femoral cortex. (M) Higher magnification of annuli
in periphery (white arrow). (N) Outer circumferential layer (lamellar bone tissue) in the cranial

region. (O) Growth marks in the peripheral region of (A) (white arrow).
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Figure 3.16: Bone profiler data (bone compactness) of the femora plotted against the

body mass (kg) of giraffe femora (m is male, f'is female). Refer to data Table 3.2, Table A.1



3.5 Microanatomy and Histology of the Tibia

3.5.1 Foetus

The midshaft cross section of the tibia of the foetus is oval in shape with the larger
diameter in the medial-lateral plane (Fig. 3.17A). The average bone wall thickness is between
~9-13 mm (Table A.2), and it encloses a small medullary cavity. All around the perimedullary
region, it is apparent that active resorption is underway (Fig. 3.17B). There are also a number
of large erosion cavities in medial region that overall give this perimedullary region a
cancellous appearance Fig. 3.17B). The peripheral and cortical bone comprises predominately
laminar FLB (Fig. 3.17C), however there are long radial vascular canals in the cortex that
appear to connect across several laminae (Fig. 3.17D).

3.5.2 Juvenile

The midshaft cross section of the tibia of the juveniles are elongated in the medial-
lateral plane (Fig. 3.17E, 3.17F), and their bone walls have uneven thicknesses (Table A.2).
The average bone wall thickness is between ~7-12 mm, and it encloses a small medullary
cavity. The cancellous bone in the perimedullary region is variably distributed. In specimen
BT15, the cancellous bone is predominately in the lateral-cranial-medial regions (Fig. 3.17E),
but in the older specimen it is distributed in the lateral-caudal regions (Fig. 3.17F). It is evident
that the bone tissue closest to the medullary cavity (and also that of the trabeculae) consists of
bone formed during an earlier stage of ontogeny and comprises of reticular FLB (Fig. 3.17G-
3.17J). The vascular arrangement in the periosteal margin is predominately circumferential
(Fig. 3.17K, 3.17M), however there is a localized patch of reticular FLB shown in (Fig. 3.17L)
which could be a site of muscle attachment (white brackets). The cortical bone is predominately
laminar FLB, with long radial vascular canals and resorption cavities cutting through the bone
tissue (Fig 3.17N-3.17P).

3.5.3 Subadult

The midshaft cross section of the tibia of the subadults are elongated into an oval shape,
and are wider along the medial-lateral plane (Fig. 3.18A, 3.18B, 3.18C). The average bone wall
thickness is between ~7-26.5 mm (Table A.2), which encloses a vacant medullary cavity. Three
of the six specimens have cancellous bone in the perimedullary region, which has a limited
distribution in the perimedullary region of the medial part of the cross section, and is overlain
by a narrow band of lamellar bone tissue (Fig. 3.18D). Some parts of the perimedullary region
has secondary reconstruction right up to the endosteal edge (Fig. 3.18E), whilst in other parts
the medullary cavity is lined by an endosteal deposit of lamellar bone tissue (Fig. 3.18F). The

peripheral part of the caudal region of the cross section is composed predominately of laminar



FLB and there are a number of secondary osteons present in the cortex (Fig. 3.18G, 3.18H).
There are several annuli present that interrupt the bone tissue deposition in the peripheral parts
of the cranial region of the cross section, (Fig. 3.181). There also appears to be growth marks
in the medial part of the cross section (Fig. 3.18J). The cortical bone tissue on the lateral side
has undergone extensive bone remodeling and a large number of secondary osteons are present
in the cortex (Fig. 3.18K, 3.18L). Annuli were only observed in the tibia of the female, and
were located in the peripheral region of the cranial part of the cross section (Table 3.1).

3.5.4 Adult

As compared to the subadults, the midshaft cross sections of the tibia of the adults are
much more elongated along the medial-lateral plane (Fig. 3.19A, 3.19B, 3.19C). The cortical
bone walls average between 10-25 mm (Table A.2) and enclose a mostly vacant medullary
cavity. When present cancellous bone tends to be distributed on the medial side of the
medullary cavity (Fig. 3.19A). The cancellous spaces are lined with lamellar bone tissue, and
are interrupted by rest lines (white arrows) (Fig. 3.19D). Lamellar bone lines the medullary
cavity in areas void of cancellous bone (Fig. 3.19E), and here too there are rest interrupting
(white arrows) the bone deposition (Fig. 3.19F). In several areas, the periosteal margin is
smooth and is finished off by a layer of lamellar bone tissue which forms the OCL (Fig. 3.19G).
Two rest lines are present in the lamellar OCL (Fig. 3.19H). The periosteal margin of the medial
side of the cross section is uneven (Fig. 3.191). According to the image, there are two rest lines
visible in this region (Fig. 3.191). In the caudal and lateral regions of the cross sections the
cortical bone is extensively reconstructed and there are many secondary osteons in the cortex
(Fig. 3.19J). Fig. 3.19K shows the low magnification of the cortical bone showing two different
orientations of vascular canals. Fig. 3.19L, 3.19N has more longitudinal vascular canals
compared to (Fig. 3.19M, 3.190). Annuli were observed only in one of the four adult males,
and were restricted to the peripheral region of the lateral part of the cross sections (Table 3.1).

3.5.5 Bone Profiler Data

The bone profiler analyses show that the foetal tibia and the adult male BT5 have
similarly high compactness values (Table 3.2, Fig. 3.20). The rest of the samples have
compactness values that range between 0.7-0.8, although the data for the two adult females’

group closer together (Fig. 3.20).






Figure 3.17: Tibial cortical bone tissues in the foetus and juveniles of Giraffa
camelopardalis. Microanatomy for the cross-section of the foetal tibia, (A) BT14 &, showing
cortical wall enclosing a central medullary cavity. Frames indicated regions for which higher
magnification images are provided. (B) Higher magnification of the frame indicated in (A)
showing the perimedullary region with a number of secondarily and resorption cavities. (C)
Higher magnification of the frame indicated in (A) showing laminar FLB near the periphery of
the bone wall. (D) Radial vascular canals extending through several laminae of laminar FLB.
Microanatomy for the cross-section of the juvenile tibia. (E) BT15 @, and (F) BT2 @, showing
cortical wall enclosing a medullary cavity with trabeculae extending into it. (G) Showing the
perimedullary region. (H) Higher magnification of framed region in (G) showing resorption
cavities (white arrows) cutting into FLB. (I) Showing the perimedullary region. (J) Higher
magnification of framed region in (I) showing resorption cavities (white arrows) cutting into
FLB. (K) Showing lateral periosteal region. (L) Higher magnification of framed region in (K)
showing a localized patch (white brackets) of FLB in cortical laminar FLB. (M & N) Compact
primary bone in the peripheral region of bone. Distinct radial vascular canals traverse the
cortex. (O) Showing FLB in cortical bone in caudal region. (P) Higher magnification of framed

region in (O) showing laminar FLB.
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Figure 3.18: Tibial cortical bone tissues in the subadult of Giraffa camelopardalis.
Microanatomy for the cross-section of the subadult tibia, (A) BT10 &, showing cortical wall
enclosing a partially vacant medullary cavity. (B) BT7 &, and (C) BT13, showing cortical wall
enclosing a vacant medullary cavity. Frames indicated regions for which higher magnification
images are provided. (D) Resorption cavities in the cranial region of the endosteal part of the
compacta. Note the lamellar bone tissue lining the medullary cavity and resorption cavities
(white arrows). (E) Extensive secondary remodeling in the cortical bone. (F) Lamellar bone
tissue (white brackets) lining the medullary cavity, overlaying FLB with secondary osteons in
the cortex. (G) Showing caudal periosteal region. (H) Higher magnification of framed region
in (G) showing laminar FLB. (I) Annuli in the cranial periphery (white arrows). (J) Laminar
FLB in medial cortex. (K) showing cortical bone in lateral region, and (L) showing secondary

osteons in the cortex.
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Figure 3.19: Cortical bone tissues of the Tibiae of adult of Giraffa camelopardalis.
Microanatomy for the cross-section of the adult tibia, (A) BT 3 @, showing the cortical wall
enclosing a partially vacant medullary cavity. (B) BT 5 &, and (C) BT9 &, showing cortical
wall enclosing a vacant medullary cavity. Frames indicated regions for which higher
magnification images are provided. (D) Higher magnification of framed region in (A) shows
lamellar bone tissue lining cancellous spaces and the rest lines in lamellar bone tissue (white
arrows). (E) Showing caudal endosteal margin. (F) Higher magnification of framed region in
(E) showing lamellar bone tissue lining the medullary cavity. (G) Showing periosteal region on
the cranial side of the cross section. (H) Higher magnification of framed region in (G) indicates
extensive secondary reconstruction in the peripheral region of the bone wall, and an outer
circumferential layer is indicated by the white arrow. (I) Circumferential vascular canals
interrupting the secondary bone tissue in the periphery of the cortex. Two annuli present in
peripheral region (yellow arrows). (J) Extensively remodeled cortex in caudal region. (K)
Showing cortical bone in lateral side. (L) Laminar FLB and secondary osteons in the region
next to (M). (M) Secondary osteons in one region. (N) Higher magnification of framed region
in (L) showing laminar FLB. (O) Higher magnification of framed region in (M) showing

abundant secondary osteons.
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Figure 3.20: Bone profiler data (bone compactness) of the tibia plotted against the
body mass (kg) of giraffe tibia (m is male, f is female). Refer to data Table 3.2, Table A.1
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Chapter 4 Discussion

The histology of mammalian bone is reasonably well studied with the bones of several
taxa having been examined (Table 1.1). However, only a few have looked at the histological
changes through ontogeny (Bathyergus, Montoya-Sanhueza & Chinsamy (2017); ruminants,
Kohler et al. (2012); Marin-Moratalla et al. (2013); Jordana et al. (2016); Equus, Nacarino-
Meneses et al. (2016a); grey mouse lemur, Microcebus murinus, Castanet et al. (2004); deer,
Kolb et al,, (2015a); and humans, Cambra-Moo et al., (2012). The current study documents the
pre- and postnatal microanatomy and histology of long bones of Giraffa camelopardalis. In
addition, comparisons are made across the different growth stages, as well as within single

skeletons to assess the variability in the microanatomy and histology.

4.1 Microanatomical assessment using Bone Profiler

In the current study, all the giraffe cross sections have a clear distinction between the
cortical wall and the medullary cavity. All the bones have open medullary cavities, and thick
cortical walls. The humeri, femora, and tibia have some trabeculae and/or cancellous bone tissue
development in the perimedullary region, whereas the metacarpals and radii do not have
trabeculae extending into the medullary cavity. This differs from other large terrestrial mammals
like the rhinoceros (Rhinoceros unicornis, Houssaye et al. (2016b), or elephants (Elephas and
Loxodonta, Houssaye et al. (2016b) where the medullary cavity is indistinct from the cortical
wall, and is filled with many trabeculae (Houssaye et al., 2016b). The African buffalo (Syncerus
caffer) however, has a largely open medullary cavity and thick cortical wall similar to the giraffe
(van Schalkwyk et al., 2004; Houssaye et al., 2016b). As outlined in the methods section, the
proportions of compact bone and medullary cavity (and open pore spaces) is calculated by the
program in Bone Profiler (Girondot & Laurin, 2003). The bone compactness values of different
long bones through ontogeny obtained in the current study (humerus; subadult 0.538-0.736, and
adult 0.496-0.733, and femur; subadult 0.584-0.676, and adult 0.563-0.705) is like previous
compactness values obtained for a single giraffe specimen (0.576 for the femur and 0.648 for the
humerus) (Houssaye et al., 2016b). These Bone Profiler values are lower than the bone
compactness data previously obtained for the rhinoceros, Rhinoceros unicornis (0.8295, humerus
and 0.7275, femur); elephants, Elephas and Loxodonta (0.842 and 0.815, humerus and 0.772 and
0.855, femur); and the African buffalo, Syncerus caffer (0.808, humerus and 0.7295, femur).



Furthermore, the bone profiler data for the close extant relative of giraftes, the okapi, Okapia
johnstoni is 0.555 for the humerus, and 0.632 for the femur (Houssaye ef al., 2016b), which is
quite similar to those obtained for the giraffes in both the current study and in Houssaye et al.
(2016b). These comparative data for bone compactness and proportions of medullary/cortical
area for large terrestrial mammals seems to suggest that graviportality and semi-aquatic lifestyles
influence the bone microanatomy. In graviportal animals, a large bone cross section and an
increase in bone compactness is related to resisting the high compression and tension strains due
to increased body size and weight, whereas increased bone compactness in aquatic tetrapods can
have evolved to maintain buoyancy, and improve gravity resistance (Houssaye ef al., 2016a;
Houssaye ef al., 2016b).

In the current study, the humeri, femora, and tibia bone profiler data for the juveniles are
different as compared to in the bone compactness data of the foetus (Table 3.2), whereas the data
for the radii and metacarpals are similar (Table 3.2). Indeed, the foetal humerus and femur bone
compactness data is higher than all the subsequent age classes, but the radius, metacarpal, and
tibia values remain virtually unchanged throughout ontogeny. The thicker bone walls in the
foetus can probably be explained by the fact that in utero it is suspended in amniotic fluid, and
does not need to support its body weight i.e. it has thick cortical bone as observed in aquatic
animals (Houssaye et al. 2016b). However, after birth the bone microanatomy changes,
especially in the weight bearing elements. This suggest that the changes in lifestyle is reflected in
the microanatomical structure of the bones. This is not uncommon, and has been shown in
various other taxa. For example, the fossorial tortoise (Chersina angulata) and subterranean
mole rats (Bathyergus), shows the opposite condition to the giraffe in having much higher bone
compactness values (Montoya-Sanhueza & Chinsamy, 2017; Bhat et al., 2019) because of
adaptations for their particular lifestyle.

The shape of the humerus, femur, and tibia cross sections changes the most during
ontogeny. Generally, the cross-sectional shape of the bones morph from being more or less
circular while in utero to become more elliptical in shape in the juveniles and older individuals
by expansion along one plane (i.e. in the humeri and femora along the cranial-caudal plane, and
tibia along the medial-lateral plane). Interestingly, the cross-sectional shape of the radii and
metacarpals do not change as much as the other limb bones during further ontogenetic

development. The change in shape from circular to elliptical is possibly related to the fact that



the embryo skeleton is not bearing any weight. Axial and compression load bearing studies on
goats (Lieberman et al., 2003) and turkey (Rubin et al., 1992) found that juveniles that have
undergone extra loading show a significant increase in periosteal growth as opposed to adults
(that were similarly loaded) that do not show a significant increase in periosteal growth. In the
femur it appears that the caudal region was loaded more, but in the tibia the cranial region was
mostly affected (Lieberman et al., 2003). These studies could explain the changes in cross
sectional shape observed in the giraffes, particularly between the embryo and the older
individuals. The embryos have restricted movement and they do not support their body weight,
whereas the juveniles, subadults, and adults constantly bear their body weight and also deal with
the stresses of locomotion. The change in cross-sectional shape in the two juveniles could be the
result of biomechanical forces impacting on how the bone grows during locomotion (Biewener
& Taylor, 1986). During ontogeny the cross section of the radius of the giraffes elongates along
the medial-lateral plane. This was also observed in a study of juvenile and adult goat radii, where
the bone cortex changes from circular to elliptical cross-sectional shape (Main & Biewener,
2004). The latter study found that goats experience more loading in the cranial-caudal plane,
while the medial-lateral regions grows faster (Main & Biewener, 2004). Therefore, if bone is
deposited faster along one plane of the bone cross section, and not the other, the cross-sectional
shape of the bone will tend to be more elliptical in shape.

When comparing the bone compactness data between males and female giraftes no
differences were observed in the subadult humeri, radii, and metacarpals. However, the femora
and tibia of the subadult female studied has a slightly lower bone compactness. When looking at
the adult bones, except for the metacarpals, the females have a lower bone compactness than the
males (Table 3.2). In general, the bone compactness values are similar in all the subadult bones
(0.538-0.789), while among the adults, the values are much more variable (0.496-0.881). This
high variation in the data is mainly the result of the low compactness values of the female adults
which show more extensive development of cancellous bone tissue (0.496). Indeed, the second
lowest compactness value is of a subadult female (0.534). The adult humeri has the highest
variation of bone compactness between males and females (0.496-0.664). Most of the published
studies that have examined bone compactness (Canoville & Laurin, 2010; Laurin et al., 2011;
Houssaye ef al., 2016b) have not considered differences that may be sex related. However, in the

case of Bathyergus suillus (dune mole rat) females were found to show more variation in bone



compactness, and they also exhibited more resorption cavities in their cortices (Montoya-
Sanhueza 2014). There is clearly a need for further investigation into differences in cross
sectional geometry and bone compactness of males and females, and especially how
reproduction affects these parameters.

In a study examining the bone compactness of a number of large bodied mammals,
(Houssaye et al., 2016b) found that increasing body weight resulted in higher bone compactness.
In the current study, this appears to also be the case: the two adult males with the largest body
mass (individuals Z29, 1208 kg and Z44, 1258 kg) have the highest bone compactness values
(Table 3.2).

4.2 Histological changes during ontogeny

The five G. camelopardalis bones studied here (humerus, radius, metacarpal, femur, and
tibia) present the following general histological features (1) primary bone tissue is FLB, (2)
trabeculae consists of some lamellar bone and FLB tissue in the perimedullary region of some
juvenile bones, (3) Endosteally formed lamellar bone tissue lines the medullary cavity of
subadults and adults, (4) secondary remodeling is limited to subadults and adults, and (5) growth
marks are only found in subadults and adults, and they are restricted to the outer cortex.

All five bones have the same bone tissue in the foetal stage i.e. a cortex comprising of
highly vascularised FLB and showing resorption of earlier deposited bone near the medullary
cavity. The bone tissue is particularly spongy in the periosteal region where the newest bone is
being formed by appositional deposition (Chinsamy-Turan, 2005). This agrees with the general
bone tissue type present in young (juvenile) mammals, such as; equids (Equus steinheimensis
and E. osbachensis) (Nacarino-Meneses et al., 2016a; Nacarino-Meneses ef al., 2016b;
Nacarino-Meneses & Orlandi-Oliveras, 2019), ruminants (3 species of cervids and 27 species of
bovids), Jordana et al. (2016), a small primate, grey mouse lemur (Microcebus murinus)
(Castanet et al., 2004), red deer, Cervus elaphus hispanicus and C. e. hippelaphus (Calderdn et
al., 2019), and a phocid seal (Homiphoca capensis) and a juvenile southern elephant seal
(Mirounga leonine, Woolley et al. (2019). Although these mammals have varying body sizes, the
overall spongy texture of the bone and the deposition of woven bone entrapping vascular spaces
(incipient FLB) indicates that the bone deposition at this young stage of ontogeny is occurring at

a rapid rate (de Margerie ef al., 2004). Of the foetal and juvenile bones, the metacarpals



qualitatively show the highest vascularization, whilst the tibia has the most organised
circumferential and radial vascular canals. Giraffe (current study), Holstein calves (Mori ef al.,
2003), and Equus young (foetal and juvenile) (Mori et al., 2003), share similar distribution of
laminar FLB in the cortex. In contrast to the giraffe foetal bones, the periosteal bone tissue is
more compacted in the giraffe juveniles, subadults, and adults since endosteally formed lamellar
bone infills the spaces left when the rapidly formed woven bone matrix was deposited, and
results in the formation of primary osteons (Currey, 2002).

Endosteally formed lamellar bone is found lining the trabeculae of some juveniles, and
lamellar bone was often seen lining the medullary cavity in almost all subadults and adults.
However, the degree of lamellar bone deposited varies through ontogeny, between the sexes, and
among the different skeletal elements. In some juveniles, lamellar bone tissue lines some
trabeculae in the perimedullary region of the bone wall. In fossorial animals, endosteally formed
lamellar bone appears more extensively developed and can often lead to infilling of the
medullary cavity (Montoya-Sanhueza & Chinsamy, 2017; Legendre & Botha-Brink, 2018; Bhat
et al., 2019), whereas terrestrial, non-fossorial animals endosteally formed bone tends to be a
narrower band of tissue that line the medullary cavity, forming the inner circumferential layer
(ICL) (Canoville & Laurin, 2010; Houssaye et al., 2016b). In four of the specimens (two
subadults and two adults, one male and one female in each) the ICL has multiple rest lines
interrupting the deposition of the lamellar bone tissue. Such pauses in the rate of endosteally
formed bone tissue has been recorded in several taxa, e.g., in echidna (Chinsamy & Hurum,
2006), and cape dune mole rats (Montoya-Sanhueza & Chinsamy, 2017). The rest lines divide
bands of bone tissue (Amprino, 1947; Enlow, 1963), and indicates a reduction in the rate of bone
deposition ( Castanet et al., 2004; Chinsamy-Turan, 2005).

Secondary remodeling (as explained in Chapter 1), refers to the process of secondary
reconstruction and often the end result is the formation of secondary osteons e.g., McFarlin ef al.
(2008). Secondary remodeling is most extensive in the inner cortical regions of the subadults and
adults. In the periosteal regions, secondary remodeling varies in distribution: it is more
extensively developed in the cranial and caudal regions of the humeri and femora, whereas it
occurs in most regions of the radii (except the lateral region), and in the tibia except in the
medial region. Of the adult bones, the metacarpals show the most extensive intra cortical

remodeling, with very little primary bone tissue remaining in the cortex. These differences in



distribution could relate to biomechanical loading (Biewener, 1983; Francillon-Vieillot et al.,
1990; Rubin et al., 1992; Lieberman et al., 2003). The generally accepted hypothesis relating to
extensive secondary remodeling in the cortical bone is related to biomechanical stresses and
strains or to repair microdamage (Wolff, 1986; Frost, 1994). However, secondary remodeling can
also be indicative of the animals age. To a certain extent, the number of secondary osteons
increases with age (Padian et al., 2016). Padian et al. (2016), recently presented a new
hypothesis stating that the degree of secondary remodeling is rather related to the different
growth trajectories of the different elements i.e. that bigger bones would have less remodeling
due to faster growth as opposed to smaller bones (that do not bear weight) growing slower. This
could be a part explanation for the metacarpals of the giraffe, they are thinner than the humeri,
radii, femora, and tibiae. However, the metacarpals do bear weight. In the current study, juveniles
show little to no secondary remodeling, unlike in deer femora (Kolb et al., 2015a), where even at
an early stage of ontogeny juveniles already begin to undergo secondary remodeling. The giraffe
adult bones show similar levels of secondary remodeling to deer (Kolb et al., 2015a). While the
cortex of most giraffe bones is highly remodeled, growth marks are still visible in the cortex (see
section 4.4 in discussion). Both giraffe and deer radii are highly remodeled in the caudal region,
while the tibiae are remodeled in the medial and lateral sides. Habitual strain environments
experienced by different limb bones in cursorial animals require regionally specific structural
and material adaptations to ensure fracture resistance (Skedros ef al., 1994; Skedros et al., 1996;
Skedros et al., 2003; Jasinoski & Chinsamy-Turan, 2012). Generally, secondary osteons are
greatest in the more distal elements of cursorial animals as an adaptation to fatigue damage
(Chan et al., 2007). Stress in the radius and metacarpals general increase with increasing speed
(Schellhorn & Pfretzschner, 2013), and it appears that the regions of the bones that have the
highest amount of secondary remodeling/secondary osteons have the most strain/stresses. The
stresses imparted on limbs depend on factors like gait, locomotion, speed, posture, bone
microanatomy, and tendon and muscle attachment (Skedros ef al., 1994; Skedros et al., 1996;
Skedros et al., 2003; Jasinoski & Chinsamy-Turan, 2012). While primary bone is stronger and
more fatigue resistant than remodeled bone, secondary osteons are thought to prevent the further
spread of microcracks (Skedros et al., 1994; Skedros et al., 1996; Jasinoski & Chinsamy-Turan,
2012). Therefore, based on the afore mentioned, giraffe humeri and femora experience more

loading/strains along the cranial-caudal plane and the radii and tibia experience more



loading/strains along the medial-lateral plane. While the giraffe metacarpal, which presents
almost full cortical secondary remodeling/extensive secondary osteons experiences the most
strain in the forelimb. Further histological studies on the metatarsal need to be done before
inferences can be made about the stresses and strains the hindlimb experiences.

It is worth mentioning that amongst all the study samples, specimen Z51 (Table 3.1, 3.2
& Fig. 3.2, 3.6, 3.10), a male subadult, had rather unusual histology: its humerus is highly
remodeled i.e. a larger number of resorption cavities and an extensive development of cancellous
bone tissue. The humerus bone wall is particularly thin, especially in the cranial region, and
radius also has a much thinner bone wall as compared to the other radii. Additionally, the
metacarpal, femur, and tibia have more cancellous bone tissue as compared to the other subadult
bones. The rather unusual development of secondary reconstruction, without further redeposition
of bone which gives a rather osteoporotic appearance to the cortices of the bones (Chinsamy-
Turan, 2005) seems to point to some sort of imbalance in phospho-calcic metabolism in this
subadult individual.

4.2.1 Histological variation within individuals

Of the five limb bones studied, the tibia is the only element that has long radial vascular
canals that extend through large parts of the cortex and connect the circumferentially orientated
vascular canals. Such long radially organised vascular canals have been previously noted in other
taxa such as the femur of the elephant bird, Aepyornis (de Ricqles et al., 2016; Chinsamy et al.,
2020), and sauropterygian, Cymatosaurus (Klein, 2020).

The femora and humeri record the most growth marks in the outer cortex, whereas the
radius and tibia record the most rest lines in the endosteal lamellar bone tissue lining the
medullary cavity. Only three specimens (BF11, subadult male 791 kg, BF3, adult female 924.5
kg, and BT5, adult male 1208.5 kg) show clear evidence of an OCL, indicating that they have
reached skeletal maturity (Chinsamy-Turan, 2005). BF3 and BT5 have unfused epiphyses.
Therefore, the bones are still capable of growth in length although appositional growth has
virtually ceased as indicated by the OCL. This situation differs from that of extant deer where the
presence of an OCL and epiphyseal fusion occur concurrently in most specimens (Calderon, et
al., 2019). In specimen BF11 the diaphyseal appositional growth and growth in length has
ceased, which indicates that it had reached adult status and that its original designation as

subadult is incorrect. It should be noted that original age-class estimation of the adult and



subadult giraffes was based on the mass of the animals (van Sitter, 2016, whereas now using the
bone histology and epiphyseal fusion, a more accurate assessment of the ontogenetic status of
BF11 is obtained. Digit reduction arose many times in the evolution of tetrapods (Lande, 1978).
The distal limbs of artiodactyls have shifted its central axis from digit III to digit III and IV
(Cooper et al., 2014). Both molecular and cellular mechanisms are the reasons behind digit loss
in artiodactyls (Cooper ef al., 2014). This study, clearly demonstrated the fusion between MC III
and IV in the foetus and juvenile metacarpals sectioned.
4.3 Histological changes between sexes

Histological differences in bones between males and females is often seen in birds with
females having medullary bone (Dacke et al., 1993; Prondvai, 2017; Canoville ef al., 2019).
Medullary bone is an endosteally formed bone tissue in female birds during egg laying which is
used as a reserve for the production of eggshell (Bloom et al., 1958; Dacke et al., 1993;
Prondvai, 2017; Canoville et al., 2019). However, in mammals, bone histology differences in
males and females are not well documented. These following studies compare these differences;
white antelope (Addax nasomaculatus, Marin-Moratalla et al., 2013), North American brown
bats hibernation (Myotis luifugus lucifugus, Kwiecinski et al., 1987), mice (Wallace et al., 2007),
and mole rats (Bathyergus, Montoya-Sanhueza & Chinsamy, 2017). In small mammals there
appears to be a more noticeable difference in histology between males and females i.e. in bats,
females had thin cortices after lactation although all bats had thin cortices after hibernation.
However, males had the summer before hibernation to recover bone tissue lost due to resorption
from the previous hibernation, whereas females that were pregnant did not have the chance to
fully deposit bone tissue after hibernation (Myotis luifugus lucifugus, Kwiecinski ef al., 1987). In
a study of the dune mole rat, Montoya-Sanhueza & Chinsamy (2017) found that females have
more trabeculae that extend into the medullary cavity, than males, and bone resorption is also
more prevalent in female humeri and femora as compared to the males. Such histological
difference between the sexes is not seen so explicitly in giraffes. In the current study, males and
females have similar amounts of cancellous bone tissue, secondary remodeling and resorption
cavities. The study has four pregnant females, of which individual Z26 exhibits the most
cancellous bone tissue of the adult humeri, but the other bones elements (from this individual) all

present similar bone compactness to the rest of the adults. As stated earlier under section 4.2, the



only noticeable individual that shows a drastic difference in bone histology is the subadult male
Z51. It is possible this individual could have been misidentified.
4.4 Growth mark changes during ontogeny

As outlined in Chapter 1, growth marks, in long bones and teeth, are used in the study of
skeletochronology in many mammals (Klevezal, 1996; Castanet ef al., 2004; Chinsamy-Turan,
2005; Jordana & Kohler, 2011; Kohler ef al., 2012; Marin-Moratalla et al., 2013; Kolb et al.,
2015a; Kolb et al., 2015b; Jordana et al., 2016; Nacarino-Meneses et al., 2016b; Nacarino-
Meneses et al., 2017; Nacarino-Meneses & Kohler, 2018; Orlandi-Oliveras et al., 2018)
However, in the current study, skeletochronology was not the main objective, although the
histology and occurrence and number of growths marks were noted. Of the sample studied, only
the subadults and adults exhibited growth marks in the cortex i.e. out of 15 subadults and adults
studied, only 11 showed growth marks in their cortices. The number of growth marks, and
distribution varies between the limb bone elements from the same individual (Table 3.1). Several
studies of a variety of extant vertebrates has shown that different animals will have different
bones in their skeleton that best records their growth. In the current study it appears that the
giraffe humerus and femur are the bones that have the highest number of growth marks recorded
in both subadults and adults. Interestingly, in Equus, the femur is also the best bone for
skeletochronology (Nacarino-Meneses et al., 2016a; Nacarino-Meneses ef al., 2016b), whilst in
deer specimens sampled by Kolb ez al. (2015a) the humerus, femur, and tibia all kept a good
track record of their growth. Kohler per. obs. (2006) suggested that using metapodials for
skeletochronology does not work due to the fusion of metacarpals III and IV (Nacarino-Meneses
et al., 2016a). From the results of the current study the aforementioned is supported, not only due
to the fusion of the metacarpals III and IV, but also due to the extensive remodeling in the
metacarpal cortices. This study found that the metacarpals were too remodeled to find growth
marks in either the subadults or the adults.

In the giraffe bones studied here, the femora and humeri in the adult bones show the
highest amount of growth marks, whilst amongst the subadults the humeri shows the highest
number of growth marks, whilst the two juvenile giraffes do not exhibit any growth marks in
their cortices. Furthermore, the growth marks in the giraffe specimens studied here, tend to be
present only in the peripheral regions of the cortex; and they do not extend around the

circumference of the bone. Thus, unlike in the ungulates studied by Jordana et al. (2016), among



the giraffes, it is likely that bone remodeling and not medullary expansion, is the main cause for
obliterating growth marks.

In the current study, the two juvenile giraffes do not exhibit any growth marks in their
cortex. Interestingly, the length and circumference of each of bone compared favourably to a five
months old giraffe in the vertebrate collections at I1ziko South African Museum (Cape Town),
suggesting therefore that these specimens were under one year old. Thus, this explains the
absence of any growth marks in their cortices. Similarly, Nacarino-Meneses et al. (2016a);
Nacarino-Meneses ef al. (2016b) found that the foals of Equus did not have growth marks whilst

a yearling had one growth mark.



Chapter 5 Conclusions

5.1 Outcomes of current study

This is the first study to examine (1) the cross-sectional shape changes in limb bones
through ontogeny, (2) the histological changes in different limb elements through ontogeny, and
(3) the histovariability in skeletons of Giraffa camelopardalis.

1) Cross-sectional shape changes in limb bones through ontogeny

The shape of the bone cross sections of each bone element changed through ontogeny.
The humeri and femora elongate in the cranial-caudal direction, and the radii and tibia elongate
in the medial-lateral direction. The change in shape is related to the bone’s response to
accommodate safe levels of stress across the whole bone (Bertram & Biewener 1990). The bones
from the forelimbs and hindlimbs overall had similar bone wall thickness and bone compactness.
This is contrary to the original expectation that the forelimb bone walls would be thicker than the
hindlimbs due to the latter supporting the extra weight of the giraffe’s long neck. Thus, the
overall similarities in bone wall thickness and bone compactness of the forelimb and hindlimb
elements leads to the rejection of the hypothesis (page 20) which postulated that there will be
microanatomical differences between forelimb and hindlimb elements.

2) Histological changes in different limb elements through ontogeny

The foetal and juvenile stages have highly vascularised FLB cortical bone. The cortical
bone tissue of the subadults and adults’ changes to a more slowly deposited bone tissue, and
growth marks tend to occur in the outer cortex. Three specimens show a narrow band of outer
circumferential layer that consists of lamellar tissue and which indicates that they have reached
skeletal maturity. These findings support the original hypothesis (page 20) that each ontogenetic
stage of Giraffa camelopardalis will have distinct bone histology.

3) Histovariability in skeletons of Giraffa camelopardalis

The tibia is the only bone with long radial vascular canals in the cortex. This is an
interesting finding because so far, such features have only been reported in the giant extinct
elephant bird, Aepyornis and sauropterygian, Cymatosaurus.

The current study clearly demonstrated how the giraffe metacarpal results from the fusion
of metacarpal III and IV. The histology of this bone also demonstrated that it is the most

remodeled of the five bones studied. Additionally, the results showed that the bones of females



do not have more secondary remodeling or cancellous bone tissue than males, contra (Montoya-
Sanhueza & Chinsamy, 2017). However, the femora of adult females tend to have a lower bone
compactness as compared to the adult males, and it is also lower than the values obtained for the
subadults of both sexes. All other bones of females, have similar bone compactness to the males
throughout ontogeny. Thus, there is little to no difference in the bone tissues of males and
females (even in the cases of pregnant females), which leads to the rejection of the hypothesis
(page 20) which postulated that the attainment of sexual maturity will result in higher levels of
secondary reconstruction in the bone cortices of females, and particularly pregnant females, as

compared to males.

5.2 Limitations of the Current Study and Future Directions

Although the current study is novel in that it permitted insight into the histology of limb
bones of several giraffes through ontogeny, it is also limited, as each ontogenetic stage is poorly
represented 1.e. this study examined one male foetus, two female juveniles, one female subadult
and six male subadults, four female adults, and three male adults. Furthermore, the small sample
size precluded the use of statistical analysis. It is proposed that future studies ensure a more
robust sampling to assess the validity of the findings observed in the current study. It would also
be important to examine a wider range of juveniles (especially of known ages), so that the onset
of the formation of growth marks in the cortex be more rigorously assessed. The latter will have
important implications as to whether the growth marks can be effectively used for
skeletochronology among giraffids. It is also proposed that more females be incorporated in any

future studies so that sex differences can be better addressed.

Despite the limitations mentioned above, it is evident that this study has laid the
foundation for future studies concerning the growth and biology of extinct giraffids, such as the
Pliocene Sivatherium hendeyi and Giraffa jumae from Langebaanweg in South Africa. Indeed, it
would also be interesting to examine the bone histology of the closely related living relatives of
modern giraffes, the okapi (Okapi johnstonii), to deduce information about their biology, which

is poorly known.
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Appendix

Table A.1. General measurements of each of the bones of Giraffa camelopardalis analysed in this study. Giraffe individual refers to

one giraffe skeleton and specimen number refers to each individual bone from each giraffe skeleton. (Abbreviations: mm-millimetres,

g-grams, Cr-Cranial, Cd-Caudal, M-Medial, L-Lateral, f-female, m-male).

Body Bone Cr-Cd M-L
Giraffe Specimen Mass Length Bone diameter diameter Circumference
individual number Bone Type Age Class  Sex (Kog) (mm)  Mass (g) (mm) (mm) (mm)

A BF12 Femur A A A A A A A n

n BH11 Humerus Subadult m A n n N N A

A BR20 Radius A A A A 3222 52,16 63,37 190

AN BT13 T|b|a AN AN N AN AN AN AN AN
z-07 BH12 Humerus Adult f 816,8 A 2382 65,16 61,2 204
z-24 BF1 Femur Subadult f 5815 258 2681 56,93 48,57 174
z-24 BH1 Humerus Subadult f 5815 450 2525 70 54,2 196
z-24 BMC1 Metacarpus Subadult f 581,5 670 1915 44,24 47,38 158
z-24 BR1 Radius Subadult f 5815 668 2914 46,6 56,8 173
z-24 BT1 Tibia Subadult f 5815 300 2297 43,9 61,5 174
z-25 BF2 Femur Juvenile f 222 182 1078 41,6 36,1 125
z-25 BH2 Humerus Juvenile f 222 163 863 41,4 40,5 132
z-25 BMC2 Metacarpus Juvenile f 222 228 650 31,9 33,8 112
z-25 BR2 Radius Juvenile f 222 230 1056 32,2 39,2 120



z-25
z-26?
z-26?
z-26?
z-26?
z-26?

z-27

z-27

z-27

z-27
z-27?

z-28

z-28

z-28
z-28?

z-29

z-29

z-29

z-29
z-29?

z-30

z-30

z-30
z-32?

BT2
BF3
BH3
BMC4
BR3
BT3
BF14
BH14
BMC46
BT14
BR14
BF4
BR4
BT4
BH4
BF5
BH5
BMC6
BTS
BR5
BH6
BR6
BT6
BMC16

Tibia
Femur
Humerus
Metacarpus
Radius
Tibia
Femur
Humerus
Metacarpus
Tibia
Radius
Femur
Radius
Tibia
Humerus
Femur
Humerus
Metacarpus
Tibia
Radius
Humerus
Radius
Tibia

Metacarpus

Juvenile
Adult
Adult
Adult
Adult
Adult
Foetus
Foetus
Foetus
Foetus
Foetus
Subadult
Subadult
Subadult
Subadult
Adult
Adult
Adult
Adult
Adult
Adult
Adult
Adult
Adult

3 - - -3 3 3 3 3 3 33333 33 3 = =+ - =+ =+ =

222
9245
9245
9245
9245
924,5

77
77
77
77
77

618

618

618

618

1208,5
1208,5
1208,5
1208,5
1208,5

860

860

860

967

385
497
488
668
736
606

228

251

469
654
569
434
556
536
749
664
810
474
698
574
788

905
2521
2938
2256
3395
2585
318
238
343
278
305
2359
2879
2378
2294
3968
4460
3659
4600
6448
3278
3419
2577
3125

34,8
69,7
78,85
47,56
50,71
47,2
34,7
30,7
27,4
28,1
27,5
57,4
48,14
43,39
59,21
67,53
81,54
54,61
57,08
61,54
72,92
50,5
48,2
52

43,1
54,46
71,27
42,18
63,52
64
30,8
34
29,3
34,7
29,3
46,8
57,09
60,68
55,7
68,53
73,46
57,76
78,43
75,88
66,64
66,45
67
60,1

129
186
228
174
190
185
107
103
98
103
98
171
169
172
182
201
247
185
221
226
219
193
190
190



z-40
z-43
z-43?
z-43?
z-43?
z-44
z-44
z-44?
z-44?
z-47
z-47
z-47?
z-47?
z-48
z-48
z-48
z-48
z-48
z-51
z-51
z-51
z-51
z-51?
z-52

BMC23
BMC28
BH7
BR7
BT7
BR8
BT8
BF8
BH8
BR9
BT9
BF9
BH9
BF15
BH15
BMc47
BR15
BT15
BF11
BH10
BMC33
BT10
BR10
BF10

Metacarpus
Metacarpus
Humerus
Radius
Tibia
Radius
Tibia
Femur
Humerus
Radius
Tibia
Femur
Humerus
Femur
Humerus
Metacarpus
Radius
Tibia
Femur
Humerus
Metacarpus
Tibia
Radius

Femur

Subadult
Subadult
Subadult
Subadult
Subadult
Adult
Adult
Adult
Adult
Adult
Adult
Adult
Adult
Juvenile
Juvenile
Juvenile
Juvenile
Juvenile
Subadult
Subadult
Subadult
Subadult
Subadult
Subadult

3 3 3 3 3 3 = =+ - -~ -3 3 3 3 3 3 3 3 3 3 3 3 3

500
498
498
498
498
1258
1258
1258
1258
975,9
975,9
975,9
975,9
141
141
141
141
141
791
791
791
791
791
706

324
280

392
344

1168
1501
1436
2008
1610
5489
3991
3419
3949
3826
3057
2759
3266
602
474
393
584
561
2688
2815
2066
2700
3049

40,1
41,5
55,1
41,7
41,7
57,2
54,6
73,4
80,9
53,2
48,5
63,9
73,5
35,4
36,2
26,3
27
29,5
61,28
67,2
46,87
45,4
47,9

N

44,3
46,2
52,22
55,7
58,3
73,6
57,8
58,6
74,7
66,1
69,2
56,5
66,83
30,5
33,6
29,2
34,9
36,2
53,6
64,8
51,37
66,7
60,2

N

143
148
175
162
165
22
217
207
254
197
196
194
224
110
116
94
102
108
184
219
167
185
182



10

11

12

13

14

z-55 BF13
z-55 BT12

Femur
Tibia

Adult
Adult

988
988

N

2328

N

57,3

N

48,2

169

"~ No data available

Table A.2. Bone wall thickness measurements of the cross sections of Giraffa camelopardalis specimens analysed in this study.
(Abbreviations: mm-millimetres, Cr-MC bone wall thickness measurement from cranial margin to endosteal margin of medullary

cavity, Cd-MC bone wall thickness measurement from caudal margin to endosteal margin of medullary cavity, Lat to MC bone wall

thickness measurement from lateral margin to endosteal margin of medullary cavity, and Med to MC bone wall thickness

measurement from medial margin to endosteal margin of medullary cavity, refer to Fig 2.2).

Lat to Med to
Giraffe Specimen Cr-MC  Cd-MC MC MC
individual number Bone Type Age Class  Sex (mm) (mm) (mm) (mm)
" BF12 Femur " " w7 1105 945 10,03
" BH11 Humerus Subadult m 15,95 16,48 10,25 18,38
" BR11 Radius " " 11,65 7,89 14,11 12,36
" BR12 Radius " " s 825 1093 14,88
" BR20 Radius " " 1289 1032 135 14,99
" BT11 Tibia " " 11,84 11,91 14,83 19,45
" BT13 Tibia " " 10,52 10,84 14,94 13,9
z-07 BH12 Humerus Adult f 11,71 11,35 9,3 14,19
z-24 BF1 Femur Subadult f 10,64 15,47 22,02 13,27



z-24
z-24
z-24
z-24
z-25
z-25
z-25
z-25
z-25
z-26?
z-26?
z-26?
z-26?
z-26?
z-27
z-27
z-27
z-27
z-27?
z-28
z-28
z-28
z-28?
z-29

BH1
BMC1
BR1
BT1
BF2
BH2
BMC2
BR2
BT2
BF3
BH3
BMC4
BR3
BT3
BF14
BH14
BMC46
BT14
BR14
BF4
BR4
BT4
BH4
BF5

Humerus
Metacarpus
Radius
Tibia
Femur
Humerus
Metacarpus
Radius
Tibia
Femur
Humerus
Metacarpus
Radius
Tibia
Femur
Humerus
Metacarpus
Tibia
Radius
Femur
Radius
Tibia
Humerus

Femur

Subadult
Subadult
Subadult
Subadult
Juvenile
Juvenile
Juvenile
Juvenile
Juvenile
Adult
Adult
Adult
Adult
Adult
Foetus
Foetus
Foetus
Foetus
Foetus
Subadult
Subadult
Subadult
Subadult
Adult

20,92
14,32
19,27
26,5
6,29
8,37
9,31
7,84
9,13
10,09
15,86
14,55
14,73
10,12
5,52
10,17
11,54
12,84
7,35
10,03
10,92
11,27
17,7
19,38

9,12
7,25
8,59
8,63
10,06
9,34
4,77
7,12
7,45
13,22
16,03
6,99
9,08
11,02
7,88
11,24
5,66
9,87
6,73
19,68
8,81
11,55
14,93
14,16

41,75
13,68
17,58
7,75
9,59
7,74

9,44
11,58
8,78
8,05

15,32
11,84
6,17
12,5

12,43
10,16
7,68
11,93
14,63
10,61
13,94

17,07
13,55
15,53
14,91
8,73
10,77

9,89
11,44
11,41

9,9

14,09
18,72
10,87
12,25

10,16
13,05
9,81
14,7
18,55
18,52
14,15



z-29
z-29
z-29
z-29?
z-30
z-30
z-30
z-32?
z-40
z-43
z-43?
z-43?
z-43?
z-44
z-44
z-447
z-44?
z-47
z-47
Z-477
z-47?
z-48
z-48
z-48

BH5
BMC6
BTS
BR5
BH6
BR6
BT6
BMC16
BMC23
BMC28
BH7
BR7
BT7
BR8
BT8
BF8
BH8
BR9
BT9
BF9
BH9
BF15
BH15
BMc47

Humerus
Metacarpus
Tibia
Radius
Humerus
Radius
Tibia
Metacarpus
Metacarpus
Metacarpus
Humerus
Radius
Tibia
Radius
Tibia
Femur
Humerus
Radius
Tibia
Femur
Humerus
Femur
Humerus

Metacarpus

Adult
Adult
Adult
Adult
Adult
Adult
Adult
Adult
Subadult
Subadult
Subadult
Subadult
Subadult
Adult
Adult
Adult
Adult
Adult
Adult
Adult
Adult
Juvenile
Juvenile

Juvenile

18,41
19,72
18,44
23,99
15,98
12,11
11,28
18,04
11,62
11,82
10,54
9,15
11,37
14,74
16,25
12,55
17,09
11,55
13,17
10,39
15,55
8,47
8,2
8,02

20,29
11,52
18,18
14,29
16,61
7,11
10,81
6,75
6,24
5,56
10,57
7,94
11,02
12,82
13,74
17,22
18,1
11,86
12,79
18,39
16,97
9,79
8,81
5,15

14,8

22,42
21,77
11,68
14,81
17,37

N
N

AN

9,43
14,3
13,95
14,82
19,9
12,18
12,23
13,51
19,62
9,61
12,64
8,86
9,19

N

25,35

25,31
19,93
19,12
11,83
17,13

N
N

N

14,26
10,12
12,37
17,75
23,48
13,19
21,24
15,96
20,09
10,48
15,21
8,32

8,94

N



15
16
17
18
19
20
21
22
23
24
25
26

z-48
z-48
z-51
z-51
z-51
z-51
z-51?
z-52
z-55
z-55

BR15
BT15
BF11
BH10
BMC33
BT10
BR10
BF10
BF13
BT12

Radius
Tibia
Femur
Humerus
Metacarpus
Tibia
Radius
Femur
Femur
Tibia

Juvenile
Juvenile
Subadult
Subadult
Subadult
Subadult
Subadult
Subadult
Adult
Adult

8,32
8,84
12,57
14,67
17,09
11,97
11,02
17,11
10,12
11,38

5,64
7,4
18,85
15,21
6,43
11,28
7,27
11,01
7,61
11,07

12,12
9,46
11,76
12,39

18,26
8,62
12,45
7,48
15,74

10,97
8,44
12,1

19,78

20,86
11,47
13,71
9,02

16,49

"~ No data available



Table A3. Summary of histological findings of Giraffa camelopardalis bones. (Abbreviations: ELB-endosteal lamellar bone, GM-

27
28
29

growth marks, OC-outer circumferential layer, HB-Haversian bone, H-humerus, R-radius, MC-metacarpal, F-femur, T-tibia, N-not

present; Y-present,  bone not studied)
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