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ABSTRACT

Testudines are a group of reptiles characterised by the presence of a shell comprised
of bony shields. Stigmochelys pardalis is the most widely distributed terrestrial
testudine in southern Africa. Although relatively common with some life history traits
(e.qg. lifestyle, reproduction, longevity) being well known, the growth of this species has
yet to be studied in any detail. This study is the first to use bone histology and
microanatomy to examine the growth and biomechanics in an ontogenetic series of
S.pardalis. The study also indicates clear short-comings in the determination of
lifestyle using a single section on the diaphysis in S. pardalis and possibly in other

testudines.

The bone microanatomy of this clade differs from that found in other amniotes. In other
amniotes, aquatic species tend to display large osteoporotic bone with large infilled
medullary cavities and thin cortices. Semi-aquatic species have thick bone walls with
small or no medullary cavities whereas terrestrial species tend to have thinner bone

walls, open medullary cavities and a sharp transition from cancellous to compact bone.

A detailed histological analysis of the limb bones of S.pardalis reveals extensive
variation through ontogeny. Cortical bone becomes increasingly thicker through
ontogeny and is finally resorbed in the late sub-adult stage, resulting in a thin cortex
and a large infilled medullary cavity. The predominant bone tissues are parallel-fibred
and lamellar-zonal for forelimb and hind limbs respectively. In certain cases parallel
fibred bone tissue transitions to lamellar-zonal bone tissue later in ontogeny. A few
older individuals exhibit and External Fundamental System indicating that the growth
rate had decreased substantially by this stage. However, these individuals are
between 56% and 60% maximum known size indicating that this slow growing species

takes many more years to reach its maximum body size.

Inter-elemental variability is most prevalent between the forelimb and hind limb.
Forelimb elements exhibit characteristics such as faster growing parallel-fibred bone
tissue, slightly higher vascularisation and a predominance of annuli over Lines of
Arrested Growth compared to the hind limb which exhibits poorly vascularised, slower
growing lamellar zonal-bone interrupted by LAGs. These differences indicate that the
forelimb grew more rapidly than the hind limb, possibly due to the method of

locomotion typical in chelonians.
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Lifestyle inferences using Bone Profiler indicate an aquatic lifestyle for this species
despite it being clearly terrestrial. Sections from individuals of various ontogenetic
stages were tested and although the microanatomy of the bone changes dramatically
with age, the lifestyle readings remained inaccurate. The extensive bone resorption
that occurs from the early sub-adult stage destroys much of the primary cortex, thus
destroying the ecological signal. This supports the results from other studies that have

found that using bone microanatomy to determine lifestyle in testudines is inaccurate.

viii



ACKNOWLEDGEMENTS

| thank my supervisor, Dr Jennifer Botha-Brink for her tireless assistance, advice and

guidance, without her this project would not have been possible.

| would like to thank to thank the Mammology Department and the Karoo Vertebrate
Palaeontology at the National Museum, Bloemfontein for the use of their facilities and
equipment. | am thankful for the material supplied by Dr Jackie Codron and Sharon

Stone.

| am indebted to Bobby Eloff for her constant assistance with the practical aspect of

the project.

| am grateful to the Council and Director of the National Museum, Bloemfontein for
their support of the study and the National Research foundation for their funding of this

project as well as the University of the Free State for the use of their facilities.

| would in particular like to thank my mom and dad for their support during these two
years and always believing in me and my ambitions. | would also like to thank my
friends for their encouragement and in particular Gerhard de Jager, for his moral

support and guidance.



TABLE OF CONTENTS

D =Tod F=T = U1 0] o PP ii
IS A0 o 18 =SSR iii
LISt OF tADIES ..o Vi
ADSTITACT .. Vil
ACKNOWIEAGEMENTS ... IX
TabIe Of CONTENTS... .. e X
I [ 0o o [¥ o [0 o [PPSR 1
BACKGIOUNG ...ttt 1
General information and ClasSifiCatioN ...........coooeeviiiiiiiiiii e 1
BiolOgY @Nd ECOI0QY . ... .uuuuuiiiiiiiiiiiiiiiiiiii e 2
Challenges in turtle bone miCroanatomy...........cccevvviiiiiiiiiie e 3
Skeletochronology and histological analysis................cceiiiiiiiiiiiiicii e, 5
AIMS and NYPOTNESES .......i e a e eaaans 6
N 1 (=T = LU (= =T 7
Detailed evolutionary NIStOIY............ciiiiiiiiiiecce e e eaanes 7

= To] aTC T 1S3 0] [0 o | P UPRPPPRPPPN 9
Ontogenetic influence on bone histology .........ccoovvviiiiiiii e, 11
3. Material and MEthOUS. .........uuiiie e e e 13
1= =T 4 -SSP 13
MaACIO-MEASUIEIMENTS......uiiiiieeeei ettt e e e e e e e e e e e e e e e eaaaeeeeas 13
BONE HISTOIOQY ...evevttiiiiiiiiiiiiiiiietti bbb 16
Pre-trealMeNT .. ... e 16

LI LIRS ex 1o 11 o o [ 16

N T2 1] 17

A, RESUILS ...t 19
I = o T o L= 110 ] (oo Y P 19



o I R o 11 0 0 1Y o [T 19

4.1.1.0 JUVENIIES ...t 19
4.1.1.2 Early sub-adults .......ccooorimiii e 24
4.1.1.3 Late SUD-BAUILS..........cooiiiiiieieeeee e 27
O ¥ Lo || P S 31
4.1.2. 1 JUVENIIES .. 31
4.1.2.2 EArly SUD-BAUIES .........uuiiiiiiiiiiiiiiiiii e 33
4.1.2.3 Late SUD-AUILS..........uuiiiiiiiiiiiiiiiiiiiiii 36
413 UINAE .o 38
4.1.3. 1 JUVENIIES ..o 38
4.1.3.2 Early sub-adults .......ccooormimii e 40
4.1.3.3 Late SUD-AAUILS.........coooiiiiiee e 42
N T [0 = PP 45
4141 JUVENIIES ...t 45
4.1.4.2 Early sub-adults .......ccooorimiiiii e 47
4.1.4.3 Late SUD-AdUILS.........coooiiiiiiieie e 49
R I o] = 1= PP 51
4.1.5.1 JUVENIIES ...t 51
4.1.5.2 EArly SUD-BAUIES ........uuuiiiiiiiiiiiiiiiiiiiii e 52
4.1.5.3 Late SUD-AUILS..........uuiiiiiiiiiiiiiiiiiiiii e 54
4.1.6 FIDUIBE ... 55
4.1.6.1 JUVENIIES ..ottt 55
4.1.6.2 EArly SUD-BAUIES .........uuiiiiiiiiiiiiiiiiiiiiii e 57
4.1.6.3 Late SUD-AUILS..........uuiiiiiiiiiiiiiiiiiiiiiiii e 58
4.2 LITESIYIE oo 60
DISCUSSION ...t 62
5.1 Bone growth through ONtOgEeNY ........ccovuuiiiiiiiiiee e 62

Xi



5.2 Microanatomy and lIfeStyle ..........ooovveiiiiii e 64

B.  CONCIUSIONS . e e e 67
R B I EINCES ..o e e 68
Y o] 01T T o = U 76

Xli



1. INTRODUCTION

Background
General information and classification

Testudines (Chelonia) are one of the oldest living groups of reptiles. The clade falls
within Reptilia and is comprised of three subgroups, namely tortoises, terrapins and
turtles (Schmidt & Inger 1957). These sub-groups are further divided according to a
number of different features including morphological characteristics, reproduction,
feeding behaviour and distribution although all, to some extent, have a protective

encasing, formed from interlocking plates that act as armour (Rose 1950).

Testudines have several features that separate them from other groups within Reptilia
including a shell covered with horny shields, distinct digits with four or five claws and
pectoral shields separated from the marginal bones by infra-marginals. Within
Testudines, various characteristics separate the families and allow for easier practical
identification of individuals (See Table 1 for classification of focus species). Although
no longer used frequently in classification studies, Testudines’ are also classified as
anapsid reptiles, i.e. the absence of any temporal fenestrae in the skull. This feature
is another characteristic that separates Testudines’ from other extant reptiles (and
birds) that are classified as diapsids based on the presence of two temporal fenestrae
in the skull (Zardoya & Meyer 2001).

Table 1: Taxonomic classification of Stigmochelys pardalis.

Kingdom: Animalia

Phylum: Chordata

Class: Reptilia

Order: Testudines/Chelonia

Family: Testudinidae

Genus: Stigmochelys (Formerly Geochelone)
Species: pardalis
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Biology and ecology

South Africa contains the highest diversity of land tortoises in the world (Testudinidae)
(Branch 1998; McMaster & Downs 2006; Daniels et al. 2010) and despite being listed
under the IUCN Appendix Il list (McMaster & Downs 2009), little research has been
done on the biology of this group. Several studies have examined the molecular
systematics (Daniels et al. 2010), ecology (Branch 1984; McMaster 2001; McMaster
& Downs 2006), biomechanics (Erickson et al. 2002), vision (Simang et al. 2010) and
evolutionary history (Lyson et al. 2010; Lyson et al. 2011; Lyson et al. 2013) of this
group. Furthermore, given their longevity, ontogenetic and reproductive studies are
also limited. This is problematic because this information is important in the
understanding the ontogeny, demography, adaptive and evolutionary processes within
a group or singular organism (Castanet 1994). Moreover, the use of captive specimens
(Patterson et al. 1989) may negatively impact results because the lack of
environmental fluctuations in an artificial environment influences the ecology,
physiology and various behavioural mechanisms of the animal (Seebacher et al. 2004;
McMaster Downs 2006). Captive specimens may even reach sexual maturity faster
and grow to maximum size more quickly than wild individuals (Furrer et al. 2004),
suggesting that the conditions under which organisms are studied influences their

metabolic activity.

However, despite various constraints, information regarding the southern African
leopard tortoise S. pardalis, has been successfully been collected in several studies
that reveal important information ranging from habitat and ecology to reproductive
maturity and longevity. This makes it an ideal species for testing theories related to
testudine growth.

Stigmochelys pardalis is the most widely distributed species of tortoise in southern
Africa (Fritz et al. 2010). Its distribution ranges from southern to eastern Africa
(McMaster & Downs 2006) and it occupies various habitats including arid, semi-arid,
grassland, savannah, tropical woodland (Boycott and Bourquin 2000; McMaster &
Downs 2006) and valley thicket (Mason & Weatherby 1995). Within this wide
distribution there exists different shell shapes, colour-morphs and patterns (Fritz et al.
2010), body sizes (McMaster & Downs 2009; Fritz et al. 2010), population densities
(McMaster & Downs 2009), gender ratios (McMaster & Downs 2006) and food
preferences (Simang et al. 2010).
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The leopard tortoise, like most other reptiles is oviparous. The number, size and shape
of the eggs differ between species. According to Orenstein (2012), leopard tortoises
lay approximately five clutches per nesting season with roughly 10 to 12 eggs per
clutch. Tortoises lay eggs all year round and are buried in a hole, covered in sand and
in certain cases the mother will flatten the soil above the hole by raising herself above
the area as high as possible and dropping herself until the soil is flat. Developing eggs
are protected for 12 to 14 months and will only emerge when rain comes into contact
with them (Rose 1950). Environmental conditions influence the sex of the offspring
and (with some exceptions) females are formed at higher temperatures and males at
lower temperatures (Miller & Fowler 2015). Individuals reach sexual maturity within

approximately 15 years and may live as long as 75 years (Orenstein 2012).
Challenges in turtle bone microanatomy

The internal architecture of bones, or bone microanatomy, varies with changes in
ontogeny, ecology and biomechanics and may provide insight into the relationship
between an element’s internal structure and an animal’s lifestyle. In order to assess
differences in bone microanatomy in vertebrates with diverse lifestyles, various
features such as thickness of the compact bone wall (cortex), structure of the bony
trabeculae in and around the medullary cavity and ratio between compact and spongy

bone, must be examined.

Laurin has been the most prominent researcher in studying the bone microanatomy of
various amphibian and amniote limb bones (e.g. Germain & Laurin 2005; Kriloff et al.
2008; Canoville & Laurin 2009; Laurin et al. 2011). Results generally show that the
bones of animals with an aquatic pelagic lifestyle (e.g. dolphins, whales) have
osteoporotic bones that comprise mostly spongy bone with a gradual transition from
the medullary cavity to outer cortex. The medullary cavity is generally completely
infilled by bone trabeculae (spongy bone). This is thought to improve diving capabilities
by decreasing the weight of the bones. In contrast, species that live in shallow water
(e.g. manatees) tend to have pachyostotic bones that are highly compact and have no
or tiny medullary cavities. These features are thought to aid in counter-acting
buoyancy while in the water. Terrestrial animals tend to have thinner bone walls
compared to aquatic species, clear medullary cavities and a sharp transition from
medullary cavity to cortex. However, Laurin and colleagues found that Testudines do

not always follow these patterns, but instead, contradict the pattern found in other

3
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amniotes. Freshwater aquatic Testudines’ tend to exhibit more compact bone, marine
aquatic species tend to exhibit large regions of spongy bone (in some cases to the
extent where the cortical bone cannot be distinguished) whereas terrestrial species
have smaller medullary cavities with a large proportion of compact cortical bone
(Laurin et al. 2011).

Laurin and colleagues standardize their method by comparing the mid-diaphysis of the
limb bones of sub-adult or fully grown individuals (Germain & Laurin 2005). This region
is generally the most appropriate as it should exhibit the strongest ecological signal
because it preserves the thickest compact cortex and least secondary remodelling.
Secondary remodelling is a process that alters the thickness of the bone wall via
resorption and redeposition of bone. A potential problem with this method is that the
mid-diaphysis is assumed to represent the thickest part of the mid-shaft and this may
not always be the case. In a study by Nakajima et al. (2014) on the compactness of
turtle humeri, it became clear that the growth centre (the point from where bone growth
originates) and thus, thickest compact cortex, is not necessarily located in the mid-
point of the diaphysis in Testudines. The growth centre shifts as the organism

develops.

Moreover, Testudines experience a distinctive limb bone loading during terrestrial
locomotion due to the orientation of bending and high degree of torsion (twisting)
(Butcher & Blob 2008). Limb bone loads might be expected to be low in terrestrial
Testudines because of their slow walking speed, but the orientation of the limb in a
sprawling position increases the loading. The most noteworthy feature of turtle limb
bones is the oddly shaped humerus, which experiences a remarkably high degree of
torsion. This feature changes the mechanical property of the bone and influences the

microanatomy of the element, thus potentially affecting data used to predict lifestyle.

To date, no study has tested the viability of using the mid-diaphysis in terrestrial
Testudines to assess lifestyle, nor the effect of ontogeny on the microanatomy of the
limb bones. Given their distinctive locomotion and failure of the microanatomy to fall
within the pattern of other terrestrial amniotes, these factors should be assessed to

test the validity of the findings obtained in previous studies.
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Skeletochronology and histological analysis

Skeletochronology is a technique used to determine the age of vertebrates using
histological information gathered from long bones (Klein et al. 2009). This technique
has been used in numerous studies (e.g.: de Buffrenil & Castanet 2000; Guarino et al.
2003; Misawa & Matsui 2009; Chinsamy & Valenzuela 2008) and involves counting
the number of growth marks to determine the developmental age of an organism (Klein
et al. 2009). These marks are referred to as annuli or Lines of Arrested Growth (LAGS)
and are located in the compact bone. However, these rings are influenced by bone
remodelling during growth, bone plasticity and inconsistent deposition of bone. The
deposition of LAGs is also not constant. Padian et al. (2004) suggested that juvenile
turtles do not always display annual LAGs. Furthermore, disease may result in the
deposition of two LAGs in a single year (Klein et al. 2009) and Tucker (1997)
suggested that egg laying females exhibit increased bone remodelling which destroys
the growth rings. Furthermore, Klein et al (2009) suggested that female osteoderms
act as calcium stores during oogenesis which could result in difficulties when counting

growth marks.

Histological analysis is a complicated process that requires the use of specialised
equipment to determine various characteristics of bone including morphology, cell
structure, bone matrix type and arrangement of various cells within the matrix (An &
Martin 2003). These characteristics include a variety of different aspects of the bone

tissue but for this study will include the following:

Cortical thickness and medullary cavity analysis: The relationship between cancellous

and compact bone and how changes through ontogeny influence this relationship.

Bone matrix analysis: The type and structure of bone matrices and how they differ

between elements and through ontogeny.

Vascular canals analysis: The orientation, size, arrangement, placement and quantity
of the vascular canals in the primary cortex and how these features differ between

elements and ontogenetic stages. .

Secondary osteon and resorption cavity analysis: The size, quantity, position and

influence of secondary osteons between elements and different ontogenetic stages.

Growth marks: The type of growth marks and differences between elements and

ontogenetic stages.
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Sharpey’s fibres: The presence and depth of the fibres indicating regions of tendinous
or ligamentous insertion into the bone tissues and variation between elements and

ontogenetic stages.
Aims and hypotheses

Aim: To assess the effects of growth and biomechanics on the ecological signal

exhibited in the bone histology and microanatomy of Stigmochelys pardalis.
Objectives:

1. Assess changes in growth through ontogeny
2. Assess inter-elemental variation in bone tissues and microanatomy

3. Assess the influence of intra-elemental variation on microanatomy interpretations.

Hypothesis: Ontogeny and biomechanics do not destroy the ecological signal in the

bone microstructure of Stigmochelys pardalis.
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2. LITERATURE REVIEW

Detailed evolutionary history

The presence of a shell and distinctive body plan makes Testudines one of the most
recognisable groups in nature, but these features are also responsible for the
controversy regarding the phylogenetic relationships of this clade (Lee 1997). The
origin and placement of Testudines has fascinated zoologists for many years (Reisz
& Laurin 1991; Lee 2013; Lyson et al. 2013; Shaffer et al. 2013), this uniqueness is
important for identifying the structural and developmental evolution in turtles (Lyson et
al. 2014) both on a molecular and morphological scale (Hill 2005). The difficulties in
understanding the origin of these distinctive features has caused one of the most

intensive debates in the field of macroevolution (Lee 2013).

Although Reisz and Laurin (1991) agreed that Testudines were parareptiles, they
proposed a closer affinity to procolophonids, based on the discovery of Owenetta from
South Africa. They focused on similarities in the postcranial skeleton because
information regarding changes in the skeleton have resulted in the differing opinions
regarding testudine evolution. They suggested that procolophonids and turtles were a
monophyletic group due to similar derived characteristics that are still in primitive form
in other Palaeozoic reptiles. These characteristics include “a great reduction in the
length of the cultriform processes, the loss of replacement teeth on the transverse
flange of the pterygoid and replacement with a ventral ridge, a distinct anterodorsal
expansion of the maxilla formed directly posterior to the external naris, a close contact
between the prefrontal and palatine, lateral exposure of the dorsal process of the
guadrate, and the squamosal and the enlarged quadratojugal forming the edge of a
well-developed tympanic notch. The slender stapes has lost both its dorsal process
and foramen, the distinctly shaped anterior edge of the splenial on the lower jaw is
excluded from the symphysis, the dorsal surface of the retro-articular process is wide
and concave and is formed by a minimum of three bones (articular, angular and
prearticular), the post-parietal is greatly reduced or completely lost and the
entepicondylar foramen of the humerus is lost” (Taken directly from Reisz & Laurin
1991).

Another theory on testudine relationships was proposed by Rieppel and deBraga

(1996). They suggested that the closest relatives of turtles are the sauropterygians,
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an extinct group of aquatic reptiles. The theory is based on the similarity between
various synapomorphies. These include the formation of a choana, constriction of the
parasphenoid, the angle of the external edge of the transverse flange, a mineralized
sternum, a coracoid foramen, humeral torsion, femoral condyles for the crus, number
of pedal centralia and the limb morphology. Although the results of this study indicated
some similarity between the diapsid sauropterygians and turtles, Testudines do not
display any of the basal diapsid characteristics, which raises questions about the
validity of results

Lee (1997) later concluded that pareiasaurs were monophyletic with turtles. These
taxa share characteristics that not only suggest pareiasaurs are the closest relatives
of Testudines, but that pareiasaurs may be their ancestors with the most closely
related genus being Pumilionpareia. Lee (1997) also indicated that the evolution
towards extant Testudines’ occurred in a number of separate (possibly linked) steps
over millions of years. He came to his conclusions based on various synapomorphies
of Pareiasauria and Testudines. These characteristics include: pleaurosphenoid
ossification, a prefrontal-postfrontal contact, fused basicranial articulation, thick
braincase floor, reduced presacral count, an acromion process on the scapula, four
sacral ribs and dermal armour. This study also suggested that the turtle shell, one of
Testudines most distinctive characteristics, was not the first to evolve, but might have
been a result of modifications in other parts of the body.

Hill (2005) conducted a phylogenetic analysis using morphological and histological
characters of the skin and osteology as well as behavioural characters together. He
concluded that turtles are the most closely related to Lepidosauromorpha (Diapsida)
and based his findings on the broad spectrum of characteristics used in their
comparison (a large character and taxonomic data set). The findings, however,
suggest a “de-evolution” from Diapsida (two temporal fenestra) back to Anapsida (one
temporal fenestra) together with other various other characters that are shared
between Testudines and Parareptilia. This theory is viable due to this phenomenon
occurring in other taxa, such as in Araroscelidia, Acleistorhinidae, Crocodylomorpha
and Dinosauria (Hill 2005).

Evidence collected by Crawford et al. (2012) suggests an archosaur (birds and
crocodiles) and turtle relationship. A genomic phylogenetic analysis of 1145 nuclear

loci was completed using DNA from a tuatara and two species of crocodilians,
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squamates and turtles. They also emphasised the importance of using tuatara in their
analysis and elaborated further on why using micro-RNA revealed a close relationship
between lepidosaurs and turtles in other studies and not between archosaurs and
turtles.

Lee (2013) then proposed that turtles fall within Parareptilia and are most closely
related to the relatively newly discovered fossil, Eunotosaurus. The use of
morphological characters combined with molecular information from extant turtles
showed that they are most closely related to extant archosaurs. This study showed
the importance of large samples because their large data set showed that turtles and
Eunotosaurus fall within Parareptilia. Additionally, in the anapsid based analysis,
turtles were originally placed with ankyromorphs (pareiasaurs and procolophonids)
within Parareptilia, but with the use of extra characters, turtles grouped with
Eunotosaurus. These results support recent comparative studies on the ventilator
apparatus (Lyson et al. 2014) and lifestyle (Lyson et al. 2016) of extant turtles and

Eunotosaurus.

As seen above, the evolutionary debate regarding the origin and relationships of
Testudines’ is ongoing. Technological advancements have resulted in increased use
of molecular work but the importance of morphological comparisons continues to be
as important in classification studies. The discovery of new fossils such as
Eunotosaurus has led to new opinions and classification methods, as well as more
comprehensive analyses of similar characteristics. Furthermore several studies have
emphasised how the character base for comparison influences the results and how
results vary between the use of soft tissues and hard tissues and in certain cases, the
use of RNA instead of DNA.

Bone Histology

Bone is a complex connective tissue composed of cells (osteocytes) and extra-cellular
matrix and is formed via osteogenesis, the histo-cytological process of bone formation.
It corresponds to the secretion and spatial arrangement of collagenous and non-
collagenous matrix by osteoblasts and the mineralization of calcium phosphate that
gives it its stiffness (Ross & Pawl