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Chapter S: Growth and Ontogeny

5.1. Introduction
5.1.1. Growth, ontogeny and developmental stage

The wealth of research into regulatory controls of gene expression, epigenetic effects and the
burgeoning field of ‘evo-devo’ is a testament to the importance that neontologists place upon
heterochrony as a mechanism for evolutionary change. Vertebrate palacontology and functional
morphology, however, have embraced ontogenetic studies to a lesser degree (e.g. Roth 1984, Shea 1985,
O’Higgins et al 2001). This reflects a number of practical and theoretical hurdles to including ontogenetic
data in vertebrate palacontological studies: the availability of juvenile specimens (through collection and
preservation biases); the bias towards using adult character states and adult type specimens; and the
genuine scientific need to compare individuals at equivalent developmental stages combined with the
difficulty of aging specimens, especially extinct ones. Emphasis on establishing the phylogenetic
relationships of extinct taxa, and the description of new taxa, has had a particular role in excluding
juvenile specimens from palacontological analyses. The inclusion of juveniles potentially inhibits the
ability to discriminate taxa, by both increasing the morphological variation within a sample and, as
juveniles of closely related taxa are often morphologically similar, decreasing the variation between
samples. Nevertheless, the consideration of ontogeny is becoming more common in vertebrate
palaecontology (Weston 2003, Weston et al 2004, Turvey et al 2005, Goswami and Prochel 2007),
highlighting its importance in identifying the underlying evolutionary processes in vertebrate evolution.

In the context of this thesis, the study of elephant ontogeny is of particular interest. Insular dwarf
elephants are the result of rapid, phyletic change in body size, thought to have occurred through the
heterochronic process of paedomorphosis (Accordi & Palombo 1971). Heterochrony encompasses all
changes of developmental timing, either through changes in rates of growth and development, or through
the truncation or extension of ontogeny (Gould 1977) A careful consideration of patterns of elephant
growth is thus a pre-requisite for further analyses. Elephants present a particularly interesting case for
ontogenetic studies. They have an extended period of post-natal growth, which can continue well after
reproductive maturity in both males and females (Laws 1966; Lee and Moss 1995; Figure 5.1). Elephants,
therefore, can be considered ‘immature’ with respect to longitudinal growth for a considerable period of
their lives, despite being socially and sexually mature.

A consequence of the decoupling of the timing of sexual, social and physical maturity is the
ambiguity of the terms ‘adult’ and ‘juvenile’, having no shared relationship to chronological age. A
developmental marker is needed to designate a common stage at which we can compare the size and
shape of organisms to establish whether acceleration or deceleration of growth rates have occurred, and

without being able to directly measure chronological age, this marker must be equivalent and identifiable
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in the individuals under study. This is not a phenomenon limited to elephants; indeed, the correspondence
between intrinsic developmental and life history traits is highly variable across species, and such
variability is evidence for the importance of heterochrony in evolution. The long life-span of elephants
(over 60 years in wild individuals), however, combined with the extended growth period, makes the
disjunction between these ‘intrinsic’ markers of maturity more of a problem. Our marker of

developmental stage needs to be explicit.

What is an ‘adult’?

The term ‘adult’ is the most commonly used synonym for maturity or attainment of some
terminal stage in development. Adult elephants are often qualitatively identified by tusk or overall body
size in field studies (Moss 1988), by known age (in combination with either an assumption about sexual
maturity or the mean age for attainment of physical maturity, e.g. having more than 2 calves) (Shrader et
al 2006), or by some marker of sexual maturity alone (e.g. musth in males). These markers are not
equivalent to one another in terms of chronological age (Figure 5.1). The age boundaries for ‘juvenile’
and ‘sub-adult’ may be even more blurred, reflecting changes in feeding and social behaviour such as
weaning or, in males, leaving the matriarchal herd. In palacontology, as neither social nor sexual maturity
can be identified in the fossil record, the term ‘adult’ is usually synonymous with either completion of
growth, as identifiable through epiphyseal fusion, or the presence of a terminal stage of development,
such as the eruption of the final tooth in a series. In this sense, the term adult is often more explicitly tied
with the ‘developmental maturity’ of the trait or specimen under study, but is dissociated from other

intrinsic, life-history markers of maturity.

Aging techniques vs investigations of heterochrony and ontogeny

Species-specific patterns in ontogenetic markers are often used as tools for aging individuals in
palaeonotology, archacology and forensic science (e.g. O’Connor et al 2008, Cardoso 2008, Serrano et al
2004, Lister 1999, Roth and Shoshani 1988, Laws 1966), creating an interdependency between these
studies and research into ontogeny and heterochrony. Validation of aging methodologies usually depends
on the correspondence of a particular trait (e.g. tooth eruption and wear, degree and sequence of
epiphyseal fusion, shoulder height) with chronological age. When all traits can be directly compared in
this manner, it is straightforward to ascertain changes in rates and timing of development. When it is
impossible to know the chronological age of a specimen, such as with extinct taxa, aging methodologies
can only be correlated with each other, decreasing our ability to identify heterochrony in individual traits.
Relative changes of rate and timing can be established, but not the trait in which change occurs. This loss
of power reflects the tension between aging studies and studies of heterochrony — once an ontogenetic
marker has become sequestered as an aging tool, it is less likely to be the focus of studies investigating
heterochrony in that marker. Instead, such traits become the chronological marker for assessment of
growth and ontogeny in other morphological traits, but, as stated above, this is still a study of relative

change. This fact can often be overlooked.
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Figure 5.1. Developmental markers in Loxodonta africana. Shoulder height curves calculated using
von Bertalanffy curve equations for male (black line) and female (red line) L. africana from Schrader et
al 2006. Shading highlights regions where shoulder height can predict age for both sexes (cream),
females (yellow) and males (orange). Teeth come into wear sequencially during the life of an elephant
(red stars; after Laws 1966 & Jachmann 1988). Life history markers indicated by red (female) and black
(male) arrows (from Moss 1983).
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Microanatomical studies of mammalian teeth and tetrapod bone have established morphological
markers indicative of periodicity in tissue formation (e.g. cross-striations and striae of Retzius in tooth
enamel; lamellar bone and lines of arrested growth, or LAGs, in limb bones) (Dean 1987, Horner &
Padian 2004, Castanet et al 2004, Bromage et al 2009). The cross-species evidence for common patterns
of periodicity (daily for enamel cross-striations; seasonally — taken as annually — for LAGs) has enabled
the use of these markers for the ‘direct’ aging of specimens, and the comparison of developmental rates
between taxa (Dean 2006, Horner & Padian 2004). However, as (i) the applicability of enamel
developmental markers for reconstructing elephant life history are still in development (Wendy Dirks,
pers, comm.), (ii) the effect of remodelling on the interpretation of LAGs in mammalian bone has been
little studied, and (iii) permissions for destructive sampling were not granted, these methods were not
employed in this study. Instead, dental age is employed as a proxy for chronological age, recognising the
necessary caveats about the extrapolation of this tool to extinct taxa.

In living elephants, tooth eruption and wear have been correlated with age, and tooth aging
schemes are well established for E. maximus and L. africana (Laws 1966, Jachmann 1988, Roth and
Shoshani 1988). Shoulder height in L. africana and E. maximus has also been shown to correlate well
with age until 15 years in females, and 36 and 20 years, respectively, in males (Shrader ef al 2006,
Sukumar 1989; Figure 5.1), these ages reflecting the asymptotic nature of longitudinal growth in these
sexes. Epiphyseal fusion, however, has only ever been correlated with tooth-ages of E. maximus, L.
africana and Mammuthus primigenius (Roth 1984, Haynes 1991, Lister 1999). In M. primigenius such
comparisons are further complicated by the fact that the tooth-aging scheme was adapted from the
schemes for living elephant taxa, thus assuming no heterochrony exists in the timing of tooth eruption and
wear in these taxa. Here, I employ dental age as a common ontogenetic marker, to investigate the
correspondence between epiphyseal fusion and longitudinal growth in elephants; heterochronic
differences between elephant taxa in the rate and timing of eruption and wear are not investigated further..
Molar-wear and progression rate-differences between extant elephant species would potentially provide
insight in to the functional morphology of elephant molars. This merits further research, but was beyond

the scope of this thesis.

5.1.2. Limb bone ontogeny

In many mammals epiphyseal fusion, where the growth plate cartilage (or ‘metaphysis’) is
completely ossified, indicates the end of longitudinal growth in that bone (Nilsson & Baron, 2004) and as
such is a key developmental marker. Epiphyseal fusion can be seen as an ordered change of state from
‘unfused’, where diaphysis and epiphysis are completely separated by the cartilaginous growth plate,
through intermediary, progressive stages of ‘fusing’ as the metaphysis ossifies, to ‘fused’, where
diaphysis and epiphysis are united as a single ossified structure (Figure 5.2). Whilst this process is a
continuous one, the obvious dichotomy between ‘unfused’ and ‘fused’ has resulted in the production of

various discrete scoring systems used to ‘age’ or classify the developmental stages of mammalian limb
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0: Epiphysis unfused 1: Epiphysis fused internally; 2 & 3: Epiphyseal line part 4: Epiphysis is 100% fused, 5: Epiphyseal line is 100%
and separate epiphyseal line 100% open  fused (2=<50%; 3=>50%) but line is still visible fused and line obliterated

Figure 5.2. Scoring scheme developed for epiphyseal fusion in elephants. Distal ulnae are used to illustrate the fusion stages used to score epiphyses in full-
sized and dwarf elephants, but stages are applicable to all limb-bone epiphyses. Stages progress with age from 0-5: In the image for stages 2 & 3, epiphysis is
fused on the left but open on the right. Distal radius is also shown in image for stage 5.
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bones (e.g. humans — Cardoso 2008, O’Connor ef al 2008; ibex — Serrano et al 2004; mammoth — Lister
1999; African elephant — Roth 1984, Haynes 1991; Asian elephant — Roth 1984). These vary in the
number of fusion ‘stages’ recognised between ‘unfused’ and ‘fused’, reflecting the speed at which
ossification occurs in a species (if it is fast, then there will be very few individuals exhibiting an
intermediary state of fusion, and thus fewer categories) and the type of material worked on (fossilized
specimens are more difficult to score for intermediary stages due to poor preservation and/or
reconstruction by conservators).

Within an individual the timing of epiphyseal fusion varies between bones and, often, between
epiphyses of the same bone. Relative timing of epiphyseal fusion may vary between species, and absolute
timing of fusion may vary between sexes (Roth 1984; Lister 1999; Cardoso 2008; Serrano et al 2004;
O’Connor et al 2008). This variation in timing of epiphyseal fusion has two major implications: (i) in
terms of both chronological age and developmental stage, epiphyseal fusion in one bone is not necessary
equivalent to epiphyseal fusion in another and, therefore, (ii) chronological age of an individual can only
be estimated if the species-specific pattern and relative timing of epiphyseal fusion are known. Appendix

8 investigates the utility of epiphyseal fusion as an aging tool in elephants.

Long bone fusion in elephants

Epiphyseal fusion of the limb bones in extant and extinct elephants has been shown to occur late
in life (Roth 1984; Haynes 1991; Lister 1999), with some long bone epiphyses not fusing fully until the
late 30’s. This has obvious implications for osteological studies of elephant species — the exclusion of
‘juvenile’ individuals (those who have not yet finished growing) is nigh impossible. As such, studies of
elephant morphology are, by default, also ontogenetic studies to varying extents — a fact rarely
acknowledged in the literature — and party to the problems of growth rate variation mentioned below (see
also Chapter 6). The three studies of elephant epiphyseal fusion to date are Roth (1984) (Loxodonta
africana, Elephas maximus and Mammuthus columbii), Haynes (1991) (L. africana) and Lister (1999)
(Mammuthus primigenius). These studies all produced species-specific sequences of epiphyseal fusion,
suggesting heterochrony between mammoths, Asian and African elephants in relation to the timing of
fusion in the proximal ulna (Table 5.1). L. africana and M. primigenius are most similar to each other in
fusion order, despite M. primigenius and E. maximus being more closely related to each other (Krause et
al 2006, Rogaev et al 2006), however sample sizes are low, and the equivalence of scoring methods has

not been established.

Epiphyseal fusion and longitudinal growth

As the final body proportions of an organism are the product of the duration and rate of growth of
all the constituent parts of its body, the relative timing of epiphyseal fusion ought also to relate to this
(Roth 1984). The exact correspondence between degree of epiphyseal fusion and longitudinal growth is,
however, not clear. Whilst complete fusion at the epiphysis is evidence of the senescence of the growth

plate at that epiphysis, and thus signals that longitudinal growth has ceased in this region, it does not tell
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Loxodonta africana
(Roth 1984)

Loxodonta africana
(Haynes 1991)

Elephas maximus
(Roth 1984)

Mammuthus primigenius
(Lister 1999)

Dist. Humerus

Dist. Humerus

Dist. Humerus

Dist. Humerus

Prox. Tibia; Dist. Tibia;

Prox. Tibia; Dist. Tibia;

Prox. Ulna

Prox. Tibia; Dist. Tibia

Dist. Femur Dist. Femur

Prox. Ulna Prox. Ulna; Prox. Prox. Tibia; Dist. Tibia; Dist. Femur; Prox. Ulna
Humerus; Prox. Femur Dist. Femur

Prox. Humerus Prox. Humerus Prox. Humerus

Prox. Femur Prox. Femur Prox. Femur

Dist. Ulna Dist. Ulna Dist. Ulna Dist. Ulna

Table 5.1. Epiphyseal fusion sequences in L. africana, E. maximus and M. primigenius following Roth 1984, Haynes 1991 and Lister 1999. Rows highlighted

in grey indicate agreement across all studies. Note that only the fusion of the proximal ulna presents an indication of heterochrony between L. africana/M.

primigenius and E. maximus. Other discrepancies may reflect degree of subdivision of stages (e.g. Haynes 1991 groups fusion of proximal ulna, proximal humerus
and proximal femur for L. africana, whereas Roth 1984 and Lister 1999 subdivide this as proximal ulna — proximal humerus — proximal femur). Dist. is distal,

Prox. is proximal.
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us when longitudinal growth actually ceased (Parfitt 2002). In fact, epiphyseal fusion and cessation of
longitudinal growth seem to be regulated by very different mechanisms — epiphyseal fusion is controlled
by oestrogen levels (a systemic control) and longitudinal growth is controlled by the proliferative
capacity of stem-like cells in the bone’s growth plate (an intrinsic control) (Nilsson & Baron 2004). The
longitudinal growth rate of the bone slows and ceases prior to epiphyseal fusion, and fusion is the result
of growth cessation rather than the cause (Parfitt 2002).

Such a distinction is fundamental. It tells us that the rate of bone growth is variable prior to the
observable developmental marker of epiphyseal fusion, and, therefore, unfused bones are not necessarily
equivalent to each other in developmental terms. This has major ramifications when considering the
functional morphology of skeletal proportions through ontogeny, as the age profile of the sample will
affect the scaling relationships observed (Chapter 6). In addition to this, the time frame over which
longitudinal growth rates significantly decline, cease and then are followed by epiphyseal fusion vary in
mammals: weeks to months in small mammals, months to years in large mammals (Nilsson & Baron
2004). In elephants, cross-sectional studies suggest that epiphyseal fusion in the limb bones may occur
over a period of years (Roth 1984; Lister 1999; Haynes 1991). There are no data for the cessation of
longitudinal growth prior to fusion, although lack of correlation between skeletal growth and epiphyseal
fusion scores suggest that this is the case (Roth 1984). Despite this, and without clear demonstration of
the efficacy of the method, elephant post-cranial fusion sequences have been suggested as an alternative
specimen aging-tool (Lister 1999). Intraspecific variation in fusion timing, however, indicates epiphyseal

fusion in elephants has little use as an absolute aging tool (Appendix 8).

5.1.3. Aims of this chapter

In this chapter, using the largest dataset of epiphyseal fusion for African and Asian elephants to
date, I will establish key trends in the ontogeny of limbs of full-sized elephants, characterise longitudinal
growth in the femur, tibia, ulna and humerus and address the problems of ‘aging’ dwarf elephant
postcrania. I will reassess the sequence of epiphyseal fusion in L. africana, E. maximus, M. primigenius
and, for the first time, that of Palaeoloxodon antiquus, and establish if the heterochrony previously
observed between mammoths and living elephants is an artefact of the scoring system used and/or the age
profile of the sample studied. I will then place Mediterranean dwarf elephant limb-bone fusion into the
context of Elephantidae fusion sequences, and assess the implications for dwarf elephant limb-bone
analyses. Finally, I will investigate the relationship between longitudinal growth and epiphyseal fusion in
the elephant fore- and hind limb. This will inform much of the underlying rationale for the subdivision of
fossil samples in following chapters, as well as underpinning the major findings of my thesis. The
identification of allometric patterns specific to developmental stage, both within and between species of
dwarf and full-sized elephants, also enables the synthesis of allometry in ontogenetic (concerned with
relative growth rates) and biomechanical approaches (concerned with ‘optimisation’ approaches in

functional morphology, Alexander 2001; see Chapter 6).
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5.2. Materials and methods

5.2.1. Data collection

Sample

Skeletons of Loxodonta africana (n=32) and Elephas maximus (n=8) with associated dental
material were scored for dental age and epiphyseal fusion of the humerus, ulna, femur and tibia using the
scoring system developed for this study (Figure 5.2, see below). A further 6 L. africana skeletons without
associated dental material were also scored for epiphyseal fusion. Data from Roth 1984 (E. maximus,
n=19; L. africana, n=24) were combined with my datasets resulting in total sample sizes of n=62 for L.
africana and n=27 for E. maximus. These are the largest epiphyseal fusion datasets for extant elephants to
date. Nine Palaeoloxodon antiquus skeletons were also scored for epiphyseal fusion and tooth age
following Herridge (thus study). Data for Mammuthus primigenius (n=23) were obtained from Lister
1999 and Lister, unpublished data. With the exception of fused zeugopods, where ulna and radius or tibia
and fibula become fused to each other along the diaphysis, and 2 examples of associated tibia/fibula and
ulna/radius (in P. tiliensis from Charkadio Cave, Tilos, and Sicily 3 from San Teodoro Cave, Sicily), no
associated skeletal material exists for any Mediterranean dwarf elephant taxa under study in this thesis.
Importantly, no examples of associated proximal and distal limb segments, nor associated fore- or hind-
limb material are known of. In addition, no postcranial elements have been found in association with
dental material. Epiphyses in dwarf taxa were therefore assessed for individual bones on relative order of
within-bone fusion, and were scored following Figure 5.2 for P. falconeri (humerus, n=76; ulna, n=64;
femur, n=104; tibia, n=75), Sicily 3 (humerus, n=23; ulna, n=11; femur, n=16; tibia, n=21) and P.
tiliensis (humerus, n=32; ulna, n=40; femur, n=31; tibia, n=67). On fragmentary specimens, or where
only one epiphysis could be scored, the epiphyses was coded as missing rather than absent (as opposed to
‘unfused’ where the epiphyses is generally absent, but fusion state can be scored). Collections details are

given in Chapter 2.

Dental age

Teeth were aged and converted to ‘African elephant years’ (LAY) following Laws (1966) and
Jachmann (1988) for L. africana, and ‘Asian elephant years’ (EMY) following Roth & Shoshani (1988)
for E. maximus. P. antiquus teeth were aged using both methods. Literature data for Laws’ tooth ages of
L. africana, E. maximus and M. primigenius (Roth 1984, Lister 1999) were included as published, except
where raw data were available for cross-checking for M. primigenius (Lister, unpublished data). EMY for
M. primigenius specimens (Lister 1999) were reassessed using raw data and Laws’ stages against Roth &
Shoshani (1988) to ensure equivalence with my calculation of EMY. Laws’ stages for E. maximus in
Roth 1984 were converted to EMY, or using absolute ages from Roth & Shoshani (1988) for relevant
specimen numbers. Where LAY and EMY disagreed, an appropriate mid-point was chosen. For example,

E. maximus specimen 1983.119 has an LAY of 24 years and an EMY of 22-27 years. In this instance the
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median age 25 was chosen as both ages are broadly in agreement, but EMY taken in preference as the

specimen in question is an Asian elephant. However, Trofimov’s Mammoth has an LAY of 53-55 and an
EMY of ‘more than 50°; in this case the LAY median value of 54 was used. Where data for absolute age
were available this was used in preference to tooth age. In this section I assume no heterochrony in tooth

eruption and wear, and that tooth ages are equivalent across species.

Epiphyseal fusion

I developed a 6-stage (0-5), ordered, scoring system of epiphyseal fusion (Figure 5.2). Each stage
is assumed to follow on from the next in a continuous manner, with the pattern of epiphyseal fusion
occurring internally before the visible epiphyseal suture, or ‘line’, closes (personal observation, Roth
1984, Haynes 1991). From initial, internal fusion, the epiphyseal line knits progressively until totally
closed, and then becomes obliterated in older individuals. Stages 2 and 3 represent arbitrary divisions of
the progression of epiphyseal fusion and are, respectively, less-than or more-than/equal to 50% fused,
providing a semi-quantitative assessment of ‘early’ and ‘late’ stages of fusion. The proximal and distal
epiphyses of the humerus, ulna, femur (which has two separate proximal epiphyses: the head and the
greater trochanter (GT)) and tibia were scored using my scoring method, and those of Roth (1984) and
Lister (1999).

The scoring systems of Herridge, this study, Roth 1984, Lister 1999 and Haynes 1991 were
compared. Equivalence between stages was assessed by using published methodologies and through
personal communication with V.L. Roth and A.M. Lister (Table 5.2). Hayes’ scheme was discarded for
further analyses as it emphasized the period prior to initiation of fusion, and therefore had limited
applicability to fossil taxa. Fusion data collected for this study and literature data were then re-scored
after Roth 1984 and Lister 1999, following these stage-equivalencies. When re-scoring from a lower
resolution scheme to a higher resolution scheme (e.g. Lister (1999) to either Roth (1984) or to my scoring
scheme), fusion stage was assessed as potentially belonging to any of the equivalent stages in the higher
resolution scheme. For example, Lister’s ‘(X)’ could be either ‘2” or ‘3’ in both Roth’s and my scheme,
and so is rescored as 2-3; this differs from a score of 2-3 given by Roth or myself on our raw datasets,
which instead implies a specimen could not be accurately assigned to either class due to obscuring of the
epiphysis in some way. Both scores of 2-3 are treated in the same way, however, as total fusion score can

be calculated for minimum and maximum fusion states (see Analyses).

Morphometric measures of longitudinal growth

Diaphysis length (DL) was measured for all specimens of Loxodonta africana and E. maximus
studied by Herridge (this study). DL is taken on the anterior surface of the bone, between the proximal
and distal epiphyseal lines. In addition, shaft width was measured in a medial-lateral (ML) direction:
maximum mid-shaft ML in the femur, tibia and ulna; minimum ML (at the ‘waist”) in the humerus.

Measurement protocol is given in Chapter 2, Tables 2.5-2.8.
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Herridge (this study) Roth 1984 Lister 1999 Hayes 1991

0 - Completely unfused 0 - Epiphysis detaches entirely O - unfused 0 - Epiphysis detaches entirely
- - O - unfused 1 - Increasing fit between diaphysis and epiphysis
- - O - unfused 2 - Increasing fit between diaphysis and epiphysis
1 - Epiphyseal line completely 1 - A deep cleft separates epiphysis O - unfused 3 - Early stages of fusion, suture still open
unfused, but fused internally from diaphysis, although two are

attached
2 - Epiphyseal line <50% fused 2 - Epiphysis and diaphysis are fused (X) - Fusing/

but suture line is clearly visible recently fused
3 - Epiphyseal line >50% fused 3 - Suture line only partially visible (X) - Fusing/

recently fused

4 - Epiphyseal line completely fused 4 - Epiphysis and diaphysis fused, X - Fused 4 - Suture is ossifying, although still visible as a
but visible suture well knit ‘seam’
5 - Epiphyseal line fused and 4 - Epiphysis and diaphysis fused, X - Fused 5 - Full sutural closure and obliteration of the
obliterated suture well knit fusion line

Table 5.2. Equivalence of epiphyseal scoring schemes of Herridge (this study), Lister 1999 and Roth 1984. Equivalence of stages assessed through published
methodologies and through personal communication with V. L Roth and A. M. Lister. Note that Hayes 1991 places emphasis on early fusion stages. Herridge and
Roth schemes are similar, with Herridge recognising one additional post-fusion category. Lister 1999 has fewest categories, reflecting his focus on fossil taxa,
where fusion lines are less visible than in extant comparative material. All, except Hayes 1991, are easily transformed to Lister 1999’s simplified scheme for
comparison and combination of datasets.
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5.2.2. Analysis

Fusion Order

Fusion order was determined by a 3-step process, combining the methodologies of Roth (1984),
who used ‘total-fusion scores’ and grouped epiphyses if they were only different by one point, and Lister
(1999), who ranked specimens by tooth age and then qualitatively assessed fusion pattern within
individuals. First, following the method of Roth (1984), epiphyses were scored in line with their fusion
stage. As all fusion schemes recognise the ordered nature of fusion, a later stage has a higher ‘score’.
Thus stages 0-5 in Herridge (this study) are scored 0-5 respectively, whilst Roth’s stages receive scores of
0-4. Lister’s categories of ‘O’, (X) and X are scored as 0, 1 and 2 respectively. Second, the ‘total fusion
score’ of each epiphysis was calculated for each species for each fusion scheme, and used to produce a
preliminary fusion order by ordering these total scores. This equals the sum of all the scores for that
epiphysis. Where an epiphysis had been scored as intermediary between stages, or as potentially
belonging to a number of stages (e.g. 0-1 or 2-3), mean, minimum and maximum total scores were
calculated. For example, individuals scored as 0-1 would be treated as 0.5 (mean), 0 (minimum) or 1
(maximum) in each total scoring scheme. The total fusion score for each epiphyses gives an indication of
the relative fusion timing of epiphyses as, within a sample made up of associated skeletons (i.e. each
individual has all epiphyses present), a higher relative score for an epiphysis indicates earlier fusion (Roth
1984). Individuals that did not have a score for all epiphyses were excluded.

This method is sensitive to both the age- and sex-profile of the sample and the epiphysis-specific
fusion pattern: (i) a deficit of individuals in critical age ranges where epiphyseal fusion occurs can result
in a lack of observed difference in scores between epiphyses, obscuring trends, and this can be
exacerbated by unequal numbers of males and females (as females fuse earlier than males; Roth 1984),
while (ii) epiphyses that fuse gradually over a long period may receive equal or higher scores than an
epiphysis that finishes fusion earlier, but does so rapidly (multiple low scores rather than fewer high
scores), and this is even more problematic if the age distribution is skewed. This approach also gives a
global picture of epiphyseal fusion, and does not consider the fusion sequence within an individual.
However, more qualitative approaches face similar problems, and with large data sets this approach
provides an easy ‘first pass’ through the data.

Once this initial fusion order is established, its validity is assessed by the third, and final step of
considering intra-individual patterns of fusing within a species. Each individual is checked to see if the
predicted sequence order is conserved; in particular, those epiphyses of equal or very similar total fusion
scores are considered for consistent patterns of fusion. Only individuals which varied in fusion state for
one or more epiphyses were considered informative (i.e. totally unfused or totally fused individuals could
provide no information on intra-individual relative fusion order). Individuals that did not conform to the
predicted fusion sequence for their species indicate that the preliminary fusion order is not robust to intra-
specific variation. Epiphyses were grouped accordingly to achieve a more general fusion sequence that

could accommodate intra-specific variation in epiphyseal fusion. This final stage could have been taken
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without recourse to the second step (sensu Lister 1999 and Lister, pers. comm.), but with large data sets
(e.g. n=62 for L. africana) such qualitative assessment becomes unwieldy, and this approach allows
comparison between the methods of Roth (1984) and Lister (1999). The resulting fusion order for each
scheme, and for species within each scheme, can then be compared. Total scores are not directly
comparable between schemes, or between species within a scheme, being affected by number of fusion

stages (more stages results in higher scores) and sample size (more individuals results in higher scores).

Dwarf elephant limb bone fusion

Epiphyseal fusion patterns, and significant differences in mean ages between fusion times of
epiphyses (Appendix 8), for full-sized elephants were assessed for each limb bone independently. These
patterns were then compared with those observed in dwarf elephant taxa, and the frequency of dwarf
elephant limb-bones conforming to those patterns was calculated for each dwarf species. For example, if
it was shown than the distal humerus always fused before the proximal humerus in full-sized elephants,
the frequency of specimens showing a similar pattern in a dwarf species indicates whether the same was
true in that species. If specimens show the opposite trend (frequency <100%), then there is some evidence

of heterochrony in the dwarf taxon relative to the observed, full-sized elephant trend.

Longitudinal growth and epiphyseal fusion

Cross-sectional growth curves of diaphyseal length and ML shaft diameter were computed for the
humerus, ulna, femur and tibia for L. africana, E. maximus, M. primigenius and P. antiquus. Asymptotic
DL and ML values were calculated in Statistica using an iterative Levenberg-Marquadt non-linear

estimation of the Von Bertalanffy (1938) growth function (1000 iterations, 0.0001 convergence criteria):

Y= Y. (1-et10) [5.1]

Where Y; is DL or ML, Y.. is asymptotic DL or ML, k is the growth rate, t is the age of an individual and t, is the theoretical age
when DL or ML equals 0

Individual points were marked as ‘fused’, ‘fusing’ or ‘unfused’ for each epiphyses on the species-
specific growth curve for each bone. If the growth curve asymptote was reached before fusion was
evident from the marked points, it was considered that growth in that bone stopped prior to epiphyseal
fusion and that there was a dissociation between epiphyseal fusion and longitudinal growth. The age at
which the asymptote was reached was read from the graph, and compared with the age of fusion for each
epiphysis. Asymptotic and fusion ages were compared between bones of each species.

The relative amount of postnatal bone growth between limb-bone can also be assessed by least-
squares regression of DL of different bones (Roth 1984). Complementary regression analyses were
carried out on all bone pairs (bone x on bone y, and bone y on bone x) sensu the approach of Roth (1984).
The bone which is the dependent variable in the regression with the greater slope shows the most post-
natal growth. Slopes are only considered significantly different from one another if there is at least 2x

standard error between them.
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5.3. Results

5.3.1. Preliminary epiphyseal fusion order

All species, in all scoring schemes, show a general pattern of earliest fusion in the distal humerus
(Tables 5.3-5.6). After the distal humerus has fused, the fusion sequence varies between (and within)
schemes, and between species. Such within- and between-scheme variation indicates that the preliminary
fusion order sequence is not robust to fusion scoring scheme methodology, and therefore requires the
second proposed step of investigating the fusion order shown within individuals. By grouping epiphyses
to accommodate within-scheme variation, more generalised fusion sequences were obtained (Tables 5.3-
5.6). These fusion sequences also accommodated the between-scheme variation without further grouping
of epiphyses.

Despite within- and between-scheme variation, all scoring systems identified a general trend that
was consistent across species: epiphyses could consistently be identified as either ‘early’ or ‘late’ fusers.
Early fusing epiphyses are the distal humerus, proximal ulna, distal femur, proximal tibia and distal tibia.
Late fusing epiphyses are proximal humerus, distal ulna and proximal femur (greater trochanter and head
fusion centres). Although the sequence order for M. primigenius does not suggest a clear distinction
between ‘early’ and ‘late’ fusers, total scores for each epiphyses are in line with these groupings (see
Appendix 9). This trend indicates that all long bones, with the exception of the tibia, have one ‘early’ and
one ‘late’ fusing epiphysis, with the earliest fusing epiphyses occurring at the knee and elbow joints. One
possible exception to this general trend is P. antiquus (Table 5.6), for which all schemes identify the
distal humerus as fusing first and the distal ulna as fusing last, congruent with the ‘early’ and ‘late’ fusion
patterns, but also identify the proximal humerus as fusing before or coincidentally with the other
remaining epiphyses. This is in contrast to the pattern seen in L. africana, E. maximus and M. primigenius
where the proximal humerus is consistently identified as late fusing. Fusion scores, however, illustrate the
small differences observed between epiphyses in P. antiquus, indicating that the sample is not only small,
but lacking in sufficient age/fusion variation to diagnose fusion sequence confidently (Tables A9.10-
A9.12).

M. primigenius (Table 5.5) appears to show the greatest resolution of all species in fusion order,
but this results from the direct recoding of data from Lister (1999) to my or Roth’s more complex
schemes (from which no additional information is gained). Consequently, there is no within- or between-
scheme conflict, and thus no grouping of epiphyses (other than distal tibia and proximal ulna, which have
equal total scores). The extant elephants (Tables 5.3 & 5.4) differ primarily in the relative fusion order of
their late fusing epiphyses. Early fusing epiphyses are less resolved, being more prone to within- and
between-scheme variation (epiphyses have very similar scores), and show no clear species-specific trends
for extant elephants beyond those already discussed. The key difference between Elephas maximus and
Loxodonta africana preliminary sequences is in the timing of fusion of the femur GT relative to the distal
ulna and femur head (the latter pair are grouped together in both species). In E. maximus, the distal ulna

and femur head fuse latest, whilst in L. africana the femur GT is the last to fuse. Such species-specific
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Herridge (this study)

Roth (1984)

Lister (1999)

Mean Min Max Mean Min Max
1 Dist. Humerus Dist. Humerus Dist. Humerus Dist. Humerus Dist. Humerus Dist. Humerus Dist. Humerus
2 Prox. Ulna Prox. Ulna; Dist. Femur  Prox. Ulna Prox. Ulna Prox. Ulna; Dist. Femur Prox. Ulna Dist. Femur
2 Dist. Femur Dist. Femur; Dist. Tibia  Dist. Femur Dist. Tibia Dist. Tibia
2 Dist. Tibia Dist. Tibia; Prox. Tibia Dist. Tibia Dist. Tibia; Prox. Tibia  Dist. Femur Prox. Tibia; Prox. Ulna
2 Prox. Tibia Prox. Tibia Prox. Tibia Prox. Tibia
3 Prox. Humerus Femur GT Prox. Humerus Prox. Humerus Femur GT Prox. Humerus Femur GT
3  Femur GT Prox. Humerus Femur GT Femur GT Prox. Humerus Femur GT Prox. Humerus
4 Dist. Ulna Dist. Ulna Dist. Ulna Dist. Ulna Dist. Ulna Dist. Ulna Dist. Ulna; Femur Head
4 Femur Head Femur Head Femur Head Femur Head Femur Head Femur Head

Table 5.3. Preliminary epiphyseal fusion order for Elephas maximus following Herridge (this study), Roth 1984 and Lister 1999. Prox. is Proximal, Dist. is
Distal. Differences between mean, minimum and maximum total scores following schemes of Roth 1984 and Herridge (this study) result in changes in relative
order or grouping of (i) Prox. Ulna; Distal Femur; Distal Tibia; Prox. Tibia and (ii) Prox. Humerus and Femur GT. This indicates that the fusion order in these
epiphyses is not robust. Differences observed in the Lister fusion order can also be accommodated by the previous groupings. Thus, a preliminary fusion order of
(1) Distal Humerus (2) Prox. Ulna; Distal Femur; Distal Tibia; Prox. Tibia (3) Prox. Humerus; Femur GT (4) Distal Ulna, Femur Head is proposed. Epiphyses are
ordered by score from high-low. Epiphyses in the same row in a score column have equal scores. Rows of the same colour occupy the same position in the
preliminary fusion order.
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Herridge (this study)

Roth (1984)

Lister (1999)

Mean Min Max Mean Min Max
1 Dist. Humerus Dist. Humerus Dist. Humerus Dist. Humerus  Dist. Humerus Distal Humerus Dist. Humerus
2 Dist. Tibia Dist. Tibia; Prox. Tibia Dist. Tibia Dist. Tibia Dist. Femur Dist. Tibia Prox. Tibia
2 Dist. Femur Dist. Femur Dist. Femur Dist. Femur Dist. Tibia; Prox. Dist. Femur; Prox. Tibia Dist. Tibia; Dist.
Tibia Femur
2 Prox. Tibia Prox Tibia; Prox. Ulna Prox. Tibia
2 Prox. Ulna Prox. Ulna Prox. Ulna Prox. Ulna Prox. Ulna Prox. Ulna
3 Prox. Humerus Prox. Humerus Prox. Humerus Prox. Humerus  Prox. Humerus Prox. Humerus; Dist. Dist. Ulna

Ulna

3 Femur Head; Femur Head Dist. Ulna Dist. Ulna Dist. Ulna; Femur Prox. Humerus;
Dist. Ulna Head Femur Head

3 Dist. Ulna Femur Head Femur Head Femur Head

4 Femur GT Femur GT Femur GT Femur GT Femur GT Femur GT Femur GT

Table 5.4. Preliminary epiphyseal fusion order for Loxodonta africana following Herridge (this study), Roth 1984 and Lister 1999. Prox. is Proximal, Dist. is
Distal. Differences between mean, minimum and maximum total scores following schemes of Roth 1984 and Herridge (this study) result in changes in relative
order or grouping of (i) Prox. Ulna; Distal Femur; Distal Tibia; Prox. Tibia and (ii) Prox. Humerus, Femur Head and Distal Ulna. This indicates that the fusion
order in these epiphyses is not robust. Differences observed in the Lister fusion order can also be accommodated by the previous groupings. Thus, a preliminary
fusion order of (1) Distal Humerus (2) Prox. Ulna; Distal Femur; Distal Tibia; Prox. Tibia (3) Prox. Humerus; Distal Ulna; Femur Head (4) Femur GT is proposed.
Epiphyses are ordered by score from high-low. Epiphyses in the same row in a score column have equal scores. Rows of the same colour occupy the same position

in the preliminary fusion order.
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trends need to be examined further at the intra-specific level. Neither M. primigenius nor P. antiquus
preliminary sequences group the distal ulna and the femur head together, although both identify the distal
ulna as the latest fusing epiphyses. Femur head and femur GT are grouped together (along with the

majority of epiphyses) for P. antiquus. There is no data for femur GT fusion in M. primigenius.

Differences between scoring schemes

Broadly similar preliminary sequences are produced by all scoring schemes (Tables 5.3-5.6).
Within-scheme variation can accommodate most of the between-scheme differences in fusion order, and
the majority of the differences between the fusion sequences produced by each scheme occur in the
degree of grouping of epiphyses rather than in the relative order of epiphyseal fusion. This is not
indicative of heterochrony, as schemes remain consistent with each other. Only the E. maximus proximal
ulna shows a between-scheme difference in fusion order that cannot be accommodated by the within-
scheme variation (Table 5.3). Lister’s scheme shows the proximal ulna fusing after the distal femur and
tibia, while both my and Roth’s schemes show the proximal ulna as fusing before, or coincidentally, with
the distal femur, proximal tibia and distal tibia. Such between-scheme differences indicate that published
fusion order differences between species may be the result of the scoring scheme employed, rather than
true evidence of heterochrony, particularly as differences between M. primigenius (scored in Lister 1999)

and E. maximus (scored in Roth 1984) centre on the relative position of the proximal ulna.

5.3.2. Final epiphyseal fusion order

Elephas maximus

Only sixteen of the twenty-seven E. maximus individuals included in this study could be
considered as informative; of the remaining eleven individuals, eight were scored as entirely unfused and
three were scored as fully fused for all epiphyses by all schemes. Of the informative individuals, only
AMNH 39082 provides positive evidence for the fusion sequence across all epiphyses. All other
individuals are only informative on parts of the sequence order. There is considerable evidence of
variation between the fusion order of epiphyses between individuals and there is no strong evidence for a
fusion order resolvable at the level of each epiphyses for E. maximus (Tables 5.7-5.9).

All informative individuals, in all schemes, show the distal humerus to be ahead of, or equal to,
all other epiphyses in its fusion state (Tables 5.7-5.9). There is no evidence of the distal humerus fusing
later than other epiphyses, and thus the distal humerus can be said to fuse first in E. maximus. Comparing
the fusion states of the ‘early fusers’ identified from the preliminary analyses (proximal ulna, distal
femur, distal tibia and proximal tibia) with the ‘late fusers’ (proximal humerus, femur GT, distal ulna and
femur head) within each individual, there are four individuals under Roth’s and my schemes that show
evidence of some ‘late fusing’ epiphyses being advanced in fusion stage relative to the ‘early fusing’
group (Tables 5.7 & 5.8). These individuals (AMNH 39685, AMNH 14119, NHM 1983.119 and YPM

1454) each show different epiphyses to be advanced, but in each case the ‘late fuser’ is only 1 point ahead
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Herridge (this study) Roth (1984) Lister (1999)

Mean Mean
1 Distal Humerus Distal Humerus Distal Humerus
2  Proximal Tibia Proximal Tibia Proximal Tibia
3 Distal Tibia; Proximal Ulna Distal Tibia; Proximal Ulna Distal Tibia; Proximal Ulna
4  Distal Femur Distal Femur Distal Femur
5 Proximal Humerus Proximal Humerus Proximal Humerus

Table 5.5. Preliminary epiphyseal fusion order for Mammuthus primigenius following Herridge (this study), Roth 1984 and Lister 1999. All schemes are in
agreement, as are total mean, minimum and maximum score values for Roth 1984 and Herridge scoring schemes. This is unsurprising given that all data were
recoded from Lister 1999 and Lister (unpublished data) and thus no additional information is gained. A preliminary fusion order of (1) Distal Humerus (2)
Proximal Tibia (3) Distal Tibia; Proximal Ulna (4) Distal Femur (5) Proximal Humerus (6) Femur Head (7) Distal Ulna. Epiphyses are ordered by score from high-
low. Epiphyses in the same row in a score column have equal scores. Rows of the same colour occupy the same position in the preliminary fusion order.
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Herridge (this study) Roth (1984) Lister (1999)

Mean Min Max Mean Min Max
1 Dist. Humerus Dist. Humerus Dist. Humerus Dist. Humerus  Dist. Humerus Dist. Humerus Dist. Humerus
2 Prox. Humerus  Prox. Humerus Prox. Humerus Prox. Prox. Humerus; Prox. Prox. Prox. Humerus
Humerus; Ulha Humerus;
Prox. Ulna Prox. Ulna
2 Prox. Ulna Prox. Ulna Prox. Ulna; Femur Femur Head; Femur Head; Prox. Ulna; Femur
Head; Prox. Tibia Prox Tibia Prox Tibia Head; Prox. Tibia; Dist.
Tibia; Dist. Femur;
Femur GT
2 Femur Head; Femur Head; Prox. Femur Head; Prox.
Prox. Tibia Tibia; Dist. Tibia; Dist. Tibia; Dist. Tibia; Dist.
Femur; Femur GT Femur; Femur GT
2 Dist. Tibia; Dist. Tibia; Dist. Femur; Dist. Tibia; Dist. Tibia;
Dist. Femur; Femur GT Dist. Femur; Dist. Femur;
Femur GT Femur GT Femur GT
3 Dist. Ulna Dist. Ulna Dist. Ulna Dist. Ulna Dist. Ulna Dist. Ulna Dist. Ulna

Table 5.6. Preliminary epiphyseal fusion order for Palaeoloxodon antiquus following Herridge (this study), Roth 1984 and Lister 1999. Small sample size
means that there is little resolution in the observable fusion pattern, resulting in a preliminary fusion order of (1) Distal Humerus (2) Proximal Humerus; Proximal
Ulna; Femur Head; Proximal Tiba; Distal Tibia; Distal Femur; Femur GT and (3) Distal Ulna. Epiphyses are ordered by score from high-low. Epiphyses in the same
row in a score column have equal scores. Rows of the same colour occupy the same position in the preliminary fusion order.

Tables 5.7-5.16. Epiphyseal fusion scores for informative individuals of E. maximus, L. africana, M. primigenius and P. antiquus. Individuals which varied
in fusion state for one or more epiphyses were considered informative; there may be less informative individuals under Lister’s scoring system. Only the scoring
scheme of Lister 1999 is shown for M. primigenius (other schemes simply recode from this, producing no difference in results). Individuals are arrayed in
ascending age-order (or, for L. africana only, by age order within sex) and epiphyses are ordered from left to right following their total epiphyseal score from
the preliminary fusion order assessment (consequently epiphyseal fusion order may vary between tables). Coloured shading groups epiphyses based on the
species-specific preliminary fusion order established previously. Red boxes highlight epiphyses that are advanced relative to their preceding epiphysis; green
boxes highlight epiphyses which violate ‘early’ and ‘late’ fusion groups. Hum. is humerus, Fem. is femur, Prox is proximal, Dist is distal, M is Male, F is Female, ?
is unknown sex, yrs is years estimated from LAY and EMY.
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of its ‘early fuser’ counterparts. Under Lister’s scheme most of these differences disappear (Table 5.9).
However, YPM 1454 still shows a difference (delayed fusion in the proximal ulna). Only one individual
(AMNH 39082) provides positive evidence for ‘early fusers’ showing advanced fusion relative to ‘late
fusers’ in all schemes. The remaining individuals exhibit fusion states consistent with this pattern but, as
fusion states are the same across epiphyses, can provide no evidence in support of, or against, this
preliminary sequence. The proximal ulna seems to have the most variable/inconsistent fusion state, and if
its fusion state is ignored, the ‘early fuser’-‘late fuser’ order is consistent for all individuals in all
schemes.

Within the early fusers, Roth’s and my schemes both established the preliminary fusion order:
proximal ulna — distal femur — distal tibia — proximal tibia. Lister’s scheme predicts the same relative
order for the femur and tibial epiphyses, but places the proximal ulna at the end of the fusion sequence.
Four out of seven of the informative individuals for these epiphyses do not conform to the predicted
sequence following Roth’s or my schemes (Tables 5.7 & 5.8); two out of the six informative individuals
do not conform to the sequence following Lister (Table 5.9; similarly if the fusion scores from Roth’s and
my schemes are compared with the preliminary order predicted by Lister’s scheme, two individuals do
not conform). Under Roth’s and my scheme each of the four epiphyses are identified as showing the most
advanced fusion in at least one individual. Lister’s scheme has less resolution, but still suggest that no
definitive fusion sequence can be established within these four ‘early’ fusing epiphyses for E. maximus
(Table 5.9).

Within the ‘late fusers’, the preliminary fusion order suggests that femur GT and proximal
humerus show advanced fusion relative to femur head and distal ulna (in all schemes). Of eight
informative individuals (under Roth’s and my schemes), two individuals do not conform to this
preliminary order, with AMNH 39085 showing the distal ulna to be advanced in fusion relative to both
proximal humerus and femur GT (1 vs 0, respectively) and NHM 1983.119 showing femur head to be
advanced relative to proximal humerus (3 vs 0-1) (Tables 5.7 & 5.8). Following Lister’s scheme, only
NHM 1983.119 (out of 5 informative individuals) continues to provide evidence against the preliminary
fusion order (Table 5.9). In all schemes, only two individuals provide positive evidence in support of the
preliminary sequence (AMNH 39082 and YPM 1454) for late fusers.

Given these intra-individual and intraspecific differences, the most highly resolved fusion order

for E. maximus (Figure 5.3) supported by the available evidence is therefore:

[1] Distal Humerus — [2] (Distal Femur; Distal Tibia; Proximal Tibia) ?(Proximal Ulna)? — [3] (Proximal

Humerus; Femur GT; Distal Ulna; Femur Head)

Loxodonta africana

Out of the original sample of sixty-two African elephants, there are just 17 informative L.
africana individuals under Roth’s and my scoring schemes (8 females, 6 males, 3 unknown gender), and

16 following Lister’s scheme. Consequently, despite a much larger total dataset for African elephants,
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Specimen Source Age Sex Hum. Ulna Fem. Tibia Tibia Hum. Fem. Ulna Fem.
(yrs) Dist Prox  Dist Dist Prox Prox GT Dist Head
NHM 1984.510  Herridge 13 ? 2 0-1 1 0-1 0-1 0-1 0 0-1 0
AMNH 39085  Roth 1984 13 M 2 1 0 0 0 0
YPM 230 Roth 1984 18 ? 4-5 2 0 0 0 0 0 0 0
YPM 1660 Roth 1984 19 M 2 0 0 0 0 0 0 0 0
NHM 1983.119  Herridge 25 2 3 3 3 2 2 01 [3 o
AMNH 14119 Roth 1984 26 M 2-3 0 0 0 0 | 1 0 0 0
AMNH 3819 Roth 1984 26 M 4-5 3 0 0-1 0-1 0 0 1 0
USNM 49639 Roth 1984 26 M 3 0 0 0 0 0 0 0 0
AMNH 30249 Roth 1984 2 M 45 0 03 0 0 0 0 0
AMNH 39082 Roth 1984 35 M 4-5 4-5 45 4-5 4-5 2-3 2 1 0
AMNH 5441 Roth 1984 35 M 2 0 0 0 0 0 0 0 0
YPM 1428 Roth 1984 37 M 4-5 0 0 0 0 0 0 0 0
AMNH 54452 Roth 1984 39 F 4-5 34 45 4-5 4-5 4-5 4-5 3-4 3
AMNH 54453 Roth 1984 39 M 2-3 0 - - - 0 - 0 -
1984.511 Herridge 56 ? 5 3 4-5 | 3 3-4 3 2 2 1
YPM 1454 Roth 1984 62 F 4-5 3 4-5 4-5 45 | 45 45 |2 2

Table 5.7. Epiphyseal fusion in E. maximus following Herridge’s (this study) scoring scheme.

Specimen Source Age Sex Hum. Ulna Fem. Tibia Tibia Hum. Fem. Ulna Fem.
(yrs) Dist Prox  Dist Dist Prox Prox GT Dist Head
NHM 1984.510  Herridge 13 ? 2 0-1 1 0-1 0-1 0-1 0 0-1 0
AMNH 39085  Roth 1984 13 M 2 1 0 0 0 0
YPM 230 Roth 1984 18 ? 4 2 0 0 0 0 0 0 0
YPM 1660 Roth 1984 19 M 2 0 0 0 0 0 0 0 0
NHM 1983.119  Herridge 25 2 3 3 3 2 2 o1 [3 o
AMNH 14119 Roth 1984 26 M 2-3 0 0 0 0 [ 0 0 0
AMNH 3819 Roth 1984 26 M 4 3 0 0-1 0-1 0 0 1 0
USNM 49639 Roth 1984 26 M 3 0 0 0 0 0 0 0 0
AMNH 30249 Roth 1984 2 M 4 0 03 0 0 0 0 0
AMNH 39082 Roth 1984 35 M 4 4 4 4 4 2-3 2 1 0
AMNH 5441 Roth 1984 35 M 2 0 0 0 0 0 0 0 0
YPM 1428 Roth 1984 37 M 4 0 0 0 0 0 0 0 0
AMNH 54452 Roth 1984 39 F 4 34 4 4 4 4 4 3-4 3
AMNH 54453 Roth 1984 39 M 2-3 0 - - - 0 - 0 -
1984.511 Herridge 56 ? 4 3 4 | 3 3-4 3 2 2 1
YPM 1454 Roth 1984 62 F 4 3 4 4 4 | 4 4 | 2 2

Table 5.8. Epiphyseal fusion in E. maximus following Roth’s (1984) scoring scheme.

Specimen Source Age Sex Hum. Fem. Tibia Tibia Ulna Fem. Hum. Fem. Ulna
(yrs) Dist Dist Dist Prox Prox GT Prox Head Dist
NHM 1984.510  Herridge 13 ? (X) 0 0 0 0 0 0 0 0
AMNH 39085 Roth 1984 13 M (X) 0 0 0 0 0 0 0 0
YPM 230 Roth 1984 18 ? X 0 0 0 (X) 0 0 0 0
YPM 1660 Roth 1984 19 M (X) 0 0 0 0 0 0 0 0
NHM 1983.119  Herridge 25 ? (X) (X) (X) (X) (X) (X) 0] (X) 0
AMNH 14119 Roth 1984 26 M (X) 0 0 0 0 0 0 0 0
AMNH 3819 Roth 1984 26 M X 0 0 0 (X) 0 0 0 0
USNM 49639 Roth 1984 26 M (X) 0 0 0 0 0 0 0 0
AMNH 30249 Roth 1984 32 M X (X) (X) 0 0 0 0 0 0
AMNH 39082 Roth 1984 35 M X X X X X (X) (X) 0 0
AMNH 5441 Roth 1984 35 M (X) 0 0 0 0 0 0 0 0
YPM 1428 Roth 1984 37 M X 0 0 0 0 0 0 0 0
AMNH 54452 Roth 1984 39 F X X X X (X)-X X X X) (X)X
AMNH 54453 Roth 1984 39 M (X) - - - 0 - 0 - 0
1984.511 Herridge 56 ? X X X) X) X) X) X) 0
YPM 1454 Roth 1984 62 F X X X X (X) (X) (X)

Table 5.9. Epiphyseal fusion in E. maximus following Lister’s (1999)) scoring scheme.

219



there is no real difference in the number of informative individuals for E. maximus and L. africana. No L.
africana individual provides positive evidence for the preliminary sequence in all epiphyses.

As with E. maximus, and consistent with the preliminary fusion order, there is no evidence in L.
africana for the distal humerus fusing later than other epiphyses — all informative individuals in all
schemes show the distal humerus to be ahead of, or equal to, all other epiphyses in its fusion state (Tables
5.10-5.12). ‘Early fusers’ and ‘late fusers’, however, do not maintain their relative positions with respect
to each other in all individuals. Following Roth’s and my schemes, two of the eleven informative
individuals (one of the eleven under Lister’s scheme) show ‘late fusing’ epiphyses advanced relative to
‘early’ epiphyses. These individuals (NHM 1961.8.9.82 and NHM 1929.1.1.36) commonly show the
proximal humerus advanced relative to all or some of the early fusers (Tables 5.10-5.12). Simply
changing the position of the proximal humerus in the relative fusion order does not resolve this problem
as six (seven following Lister’s scheme) of the eleven individuals show this epiphysis fusing after the
‘early fusers’. This suggests that the proximal humerus is variable in its relative order but, on average,
groups with the late fusers.

As with E. maximus, the proximal ulna is problematic; but in L. africana it is variable relative to
the other ‘early’ fusers. Total fusion scores predict that this will be the last of the ‘early’ fusers to fuse,
but two individuals (USNM 270933 and RMCA 5456) in all schemes, as well as RMCA 11774 in my
scheme show this epiphysis to be advanced in its fusion state relative to the other ‘early’ fusers. As four
individuals in Roth’s and my schemes, and three individuals in Lister’s scheme show the proximal ulna to
be delayed relative to at least one of the other early fusers, it is clear there is no consistent trend in the
relative position of the proximal ulna (Table 5.10-5.12). Additionally, no consistent fusion pattern
amongst these three ‘early fuser’ epiphyses can be established. The preliminary grouping of these ‘early
fusing’ epiphyses in L. africana is thus supported without further resolution.

The preliminary fusion sequence for L. afiicana predicted that the femur GT would fuse last out
of the ‘late’ fusers. However, for the six informative individuals scored for these epiphyses following
Roth’s and my schemes, and the four informative individuals scored following Lister’s, two (RMCA
37441 and RMCA 11774) and one (RMCA 11774) individuals, respectively, show the femur GT to be
advanced in fusion state relative to either the proximal humerus (RMCA 11774) or the distal ulna
(RMCA 37441) (Table 5.10-5.12). Consequently, the preliminary sequence for the late fusers is not
upheld, although if the proximal humerus is treated as a ‘variable’ epiphysis and excluded from the
consideration of fusion order (it also violates the early/late fuser groupings), the preliminary sequence is
supported by data coded after Lister’s scheme. The fusion order supported by all schemes of intra-

individual fusion patterns in L. africana (Figure 5.3) is therefore:

[1] Distal Humerus — [2] (Distal Femur; Distal Tibia; Proximal Tibia; Proximal Ulna) — [3] ?(Proximal

Humerus)? (Distal Ulna; Femur Head; Femur GT)
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Specimen Source Age  Sex Hum. Tibia Fem. Tibia Ulna Hum. Ulna Fem. Fem.
(yrs) Dist Dist Dist Prox  Prox  Prox Dist Head GT
AMNH 90102 Roth 1984 12 F 1 0 0 0 0 0-1 0 0 0
RMCA 16169 Herridge 14 F 2 0-1 0-1 0-1 0-1 0-1 0-1 0-1 0-1
AMNH 42496 Roth 1984 15 F 3-5 03 0 1-2 0 0 0 0 0
NHM 1961.8.9.82  Herridge 16 F 5 0 01 0 0 0 0 0
RMCA 27842 Herridge 20 F 3 0-1 0 0 0 0-1 0 0 0
USNM 270933 Roth 1984 225 F 4-5 3 3 3 4-5 0-1 0-3 0 0
RMCA 5456 Herridge 24 F 3-4 0 0-1 0 1-2 1 0 0-1 0-1
RMCA 17772 Herridge 44 F 5 5 4-5 5 4 4-5 4 4 3
NHM 1918.5.12.1  Herridge 9 M 2-3 0 0 0 0 0 0 0 0
AMNH 3283 Roth 1984 26 M 4-5 34 3 4-5 | 0-3 0 0 0 0
AMNH 90258 Roth 1984 26 M 4-5 1 | 2 1 0 0 0-1 0 0
AMNH 90176 Roth 1984 32 M 4-5 45 45 4-5 4-5 0 2 0-1 0
AMNH 35185 Roth 1984 39 M 4-5 2 2 0-2 0 0 0 0 0
NHM 1929.1.1.36  Herridge s M 5 - 2 - - - 1 1
NHM 1858.11.15.1  Herridge 20 ? 4-5 0-1 0-1 0-1 0-1 0-1 0-1 0 0
RMCA 37441 Herridge 36 ? 5 5 4-5 5 5 4-5 2 [5 ] 3
RMCA 11774 Herridge 43 ? 5 4 4-5 4 |5 | 3 | 4 4-5 45 |
Table 5.10. Epiphyseal fusion in L. africana following Herridge’s (this study) scoring scheme.
Specimen Source Age  Sex Hum. Tibia Fem. Tibia Ulna Hum. Ulna Fem. Fem
(yrs) Dist Dist Dist Prox  Prox  Prox Dist Head GT
AMNH 90102 Roth 1984 12 F 1 0 0 0 0 0-1 0 0 0
RMCA 16169 Herridge 14 F 2 0-1 0-1 0-1 0-1 0-1 0-1 0-1 0-1
AMNH 42496 Roth 1984 15 F 3-4 03 0 1-2 0 0 0 0 0
NHM 1961.8.9.82  Herridge 16 F 4 0 01 0 0 0 0 0
RMCA 27842 Herridge 20 F 3 0-1 0 0 0 0-1 0 0 0
USNM 270933 Roth 1984 225 F 4 3 3 3 4 0-1 0-3 0 0
RMCA 5456 Herridge 24 F 3-4 0 0-1 0 1-2 1 0 0-1 0-1
RMCA 17772 Herridge 44 F 4 4 4 4 4 4 4 4 3
NHM 1918.5.12.1  Herridge 9 M 2-3 0 0 0 0 0 0 0 0
AMNH 3283 Roth 1984 26 M 4 34 3 4 | 0-3 0 0 0 0
AMNH 90258 Roth 1984 26 M 4 1 | 2 1 0 0 0-1 0 0
AMNH 90176 Roth 1984 32 M 4 4 4 4 4 0 01 0
AMNH 35185 Roth 1984 39 M 4 2 2 0-2 0 0 0 0 0
NHM 1929.1.1.36  Herridge 5 M 4 - 2 - - - 1 1
NHM 1858.11.15.1  Herridge 20 ? 4 0-1 0-1 0-1 0-1 0-1 0-1 0 0
RMCA 37441 Herridge 36 ? 4 4 4 4 4 4 2 [4 ] 3
RMCA 11774 Herridge 43 ? 4 4 4 4 4 3 | 4 4 4 |
Table 5.11. Epiphyseal fusion in L. africana following Roth’s (1984) scoring scheme.
Specimen Source Age  Sex Hum. Tibia Tibia Fem. Ulna Ulna Hum. Fem. Fem
(yrs) Dist Prox  Dist Dist Prox  Dist Prox Head GT
RMCA 16169 Herridge 14 F (X) 0 0 0 0 0 0 0 0
AMNH 42496 Roth 1984 15 F (X) (X) (X) 0 0 0 0 0 0
NHM 1961.8.9.82  Herridge 16 F X 0 0 0 0 0 0 0 0
RMCA 27842 Herridge 20 F (X) 0 0 (0] 0 (0] 0 (0] (0]
USNM 270933 Roth 1984 225 F X (X) (X) (X) X 0-(X) 0 0 0
RMCA 5456 Herridge 24 F (X)-X 0 0 0 (X) 0 0 0 0
RMCA 17772 Herridge 44 F X X X X X X X X (X)
NHM 1918.5.12.1  Herridge 9 M (X) 0 0 0 0 0 0 0 0
AMNH 3283 Roth 1984 26 M X X X)X (X) (X) 0 0 0 0
AMNH 90258 Roth 1984 26 M X 0 0 (X) 0 0 0 0 0
AMNH 90176 Roth 1984 32 M X X X X X (X) 0 0 0
AMNH 35185 Roth 1984 39 M X (X) (X) (X) 0 0 0 0 0
NHM 1929.1.1.36  Herridge 5 M X - - (X) - 0 0
NHM 1858.11.15.1  Herridge 20 ? X 0 0 0 0 0 0 0 0
RMCA 37441 Herridge 36 ? X X X X X x [ X X | (X
RMCA 11774 Herridge 43 ? X X X X X X x) |_X X |

Table 5.12. Epiphyseal fusion in L. africana following Lister’s (1999) scoring scheme.

221



Mammuthus primigenius

The lack of inter-scheme variability for M. primigenius means that the preliminary order has a
higher resolution that those for the other elephant species under investigation. There are fourteen
informative individuals, only slightly less than the numbers for E. maximus and L. africana, but 8/14
informative individuals provide no information on the relative order of the proximal tibia, distal tibia,
proximal ulna, distal femur and proximal ulna (Table 5.13). This leaves only five individuals on which to
base the assessment of fusion order for six epiphyses (one individual contains missing data), making it
impossible to resolve the order fully even should a consistent fusion order exist. Of these five, two can
only resolve the order as far as grouping the ‘early fusers’ identified for E. maximus and L. africana, and
showing these to be advanced relative to the proximal humerus, whilst the remaining three provide some
further resolution within the ‘early fuser’ group. Because it is clear that the M. primigenius fusion order is
not resolvable to the level of the preliminary sequence, it makes sense to use the approach for E. maximus
and L. africana and consider the general trends of early vs late fusers, and then hone in on potential
patterns within these groups.

There is no evidence of the distal humerus fusing later than any other epiphysis — all informative
individuals show the distal humerus to be ahead of, or equal to, all other epiphyses in its state of fusion,
consistent with the preliminary fusion scheme (Table 5.13). All of the twelve informative individuals are
also consistent with ‘early fusers’ fusing before ‘late fusers’, but only three provide positive evidence of
this (Ahlen, Khatanga and Praz Rodet; Table 5.13). The remaining nine have at least one of the ‘late
fusers’ showing an equivalent fusion state to the ‘early fusers’. This is not evidence against the early/late
fuser groupings, as the progressive nature of fusion does not require that epiphyses do not occupy the
same state, only that there might be some offset between the timing of attainment of each state. Two
bones may be classified as fusing, but one may be in the early stages of fusing, and the other almost fused
(something that the other scoring methods have tried to capture), and eventually all epiphyses will attain
full fusion. How different this offset is has implications for the efficacy of using epiphyseal fusion to age
a specimen (Appendix 8). Consequently, with no evidence against the ‘early fuser’:‘late fuser’
dichotomy, and three individuals showing positive evidence for this, and given that phylogenetic
optimisation within the crown clade Elephantidae would predict this in the absence of any evidence, it
seems reasonable to accept it is present in M. primigenius.

Four individuals are informative on the relative fusion order with the four ‘early’ fusing
epiphyses (proximal tibia, distal tibia, proximal ulna, distal femur), but they provide conflicting evidence.
Berovska and Liakhov Island show the proximal ulna fusing before all other epiphyses, while Ahlen
shows the proximal ulna and the proximal tibia advanced in fusion relative to the distal tibia and distal
femur (these three individuals are therefore consistent with each other; Table 5.13). Condover B shows
the proximal and distal tibia to be fused before the distal femur and proximal ulna have begun to fuse
(Table 5.13). Consequently, the early fusers can potentially be grouped (proximal tibia; distal tibia;
proximal ulna) — distal femur, although with such a small number of informative individuals and the

variation seen in other species, this might be premature.
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Specimen Source Age Sex Hum. Tibia Tibia Ulna Fem. Hum. = Fem.
(yrs) Dist Prox  Dist Prox  Dist Prox Head
Yuribei Lister 1999 11 F (X) 0 0 0 (0] (0] (0]
Condover B Lister 1999 27 M X X X [0) 0 0 (0]
Ahlen Lister 1999 32 M X X (X) X (X) 0 (0]
Beresovka Lister 1999 38 M X 0 0 (X) 0 (0] 0
Khatanga Lister 1999 38 ? X X X X X 0 (0]
Liakhov Island Lister 1999 38 M - 0 0 (X) 0 ° (0]
Praz Rodet Lister 1999 43 M X X X X X (X) (0]
Mochovaya River Lister 1999 45 ? X X X X X X 0
Gyda River Lister 1999 47 M X X X X X X X
Taimyr Lister 1999 47 M X X X X X X (X)
Yenisei Basin Lister 1999 47 M X X X X X X 0
Polch Lister 1999 54 ? X X X X X X -
Trofimov’s Mammoth Lister 1999 54 ? (X) 0 0 0 0 0 (0]
Gewande Lister 1999 ? M X X X X X X (X)

Table 5.13. Epiphyseal fusion in M. primigenius following Lister’s (1999) scoring scheme.

Specimen Source Age Sex Hum. Hum. Ulna Fem. Tibia Tibia Fem. Fem. Ulna
(yrs) Dist Prox Prox Head Prox Dist Dist GT Dist
Crumstadt Herridge 19 ? 3 0 0 0 0-1 | 2 | 0 0 -
Aveley 1 Herridge 29 ? 5 0-1 0-1 0 0 0 0
Bruhl, Herridge 36 ? - - - 0 1 2 1 1
Schlangenwinkel
Grobern b Herridge 39 ? 5 5 5 5 5 5 5 5 0-1
Rheinhausen, Herridge 47 ? 5 5 3 5 5 5 5 5 1
Osterweisen
Table 5.14. Epiphyseal fusion in P. antiquus following Herridge (this study) scoring scheme.
Specimen Source Age Sex Hum  Hum. Ulna Fem. Tibia Tibia Fem. Fem. Ulna
(yrs) Dist Prox Prox Head Prox Dist Dist GT Dist
Crumstadt Herridge 19 ? 3 0 0 0 0-1 | 2 | 0 0 -
Aveley 1 Herridge 29 ? 4 0-1 0-1 0 0 0 0
Bruhl, Herridge 36 ? - - - 0 1 2 1 1
Schlangenwinkel
Grobern b Herridge 39 ? 4 4 4 4 4 4 4 4 0-1
Rheinhausen, Herridge 47 ? 4 4 3 4 4 4 4 4 1
Osterweisen
Table 5.15. Epiphyseal fusion in P. antiquus following Roth (1984) scoring scheme.
Specimen Source Age Sex Hum  Hum. Ulna Fem. Tibia Tibia Fem. Fem. Ulna
(yrs) Dist Prox Prox Head Prox Dist Dist GT Dist
Crumstadt Herridge 19 ? (X) 0 0 0 0 (X) 0 (0] -
Aveley 1 Herridge 29 ? X (X) (X) 0 0 0 0 (0] 0
Bruhl, Herridge 36 ? - - - 0 0 (X) 0 (0]
Schlangenwinkel
Grobern b Herridge 39 ? X X X X X X X X 0
Rheinhausen, Herridge 47 ? X X (X) X X X X X 0

Osterweisen

Table 5.16. Epiphyseal fusion in P. antiquus following Lister (1999) scoring scheme.
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Eight individuals are informative on the relative fusion order of the ‘late’ fusing epiphyses. All
are consistent with the proximal humerus fusing before the femur head or the distal ulna (femur GT was
not scored by Lister 1999), and all are consistent with the distal ulna fusing last (Table 5.13). Seven out
of eight provide positive evidence of the proximal humerus fusing before the remaining epiphyses, while
1/8 (Mochovaya River) shows equal fusion states in the proximal humerus and the femur head (both are
advanced relative to distal ulna). Three individuals (Gyda River, Taimyr and Gewande) show the femur
head to fuse earlier than the distal ulna. Consequently, the fusion order within the ‘late fusers’ is
consistent with the preliminary order. Fusion order in M. primigenius (Figure 5.3) can therefore be

summarised as:

[1] Distal Humerus — [2] (Proximal Tibia; Distal Tibia; Proximal Ulna) — [3] Distal Femur — [4]

Proximal Humerus — [5] Femur Head — [6] Distal Ulna

Palaeoloxodon antiquus

All P. antiquus individuals are consistent with the preliminary sequence, however, with only five
informative individuals, it is impossible to gain full resolution of fusion order for all nine epiphyses.
Crumstadt and Aveley 1 provide positive evidence for the distal humerus fusing first in all schemes, and
no individuals provide evidence against this, in line with the pattern in the other full-sized elephant taxa
(Tables 5.14-5.16). Two individuals (Grobern b and ‘Rheinhausen, Osterweisen’) also provide evidence
in all schemes that the distal ulna fuses last (Tables 5.14-5.16).

The preliminary fusion sequence groups all other epiphyses together, and the total scores in each
scheme do not reflect the general early/late fuser groupings seen in the other elephant species (Appendix
9, see above). Inta-individual fusion provides evidence against the ‘early’ and ‘late’ fusion groups in all
three schemes: Aveley 1 shows the proximal humerus (a ‘late fuser’) to be advanced in fusion relative to
the distal femur and the proximal and distal tibia, putative ‘early’ fusers, and Rheinhausen, Osterweisen
shows the proximal ulna (an ‘early’ fuser) to be delayed relative to all ‘late’ fusers except the distal ulna
and to the other ‘early’ fusers (Tables 5.14-5.16). The distal tibia is advanced in fusion relative to all
other epiphyses in Crumstadt and Bruhl, Schlangenwinkel in all schemes (Tables 5.14-5.16). Thus, within
the epiphyses grouped by the preliminary sequence, there are examples of the proximal humerus, the
proximal ulna and the distal tibia fusing first and the proximal ulna fusing last. Further resolution within-
and between early and late fusers is problematic and, with acknowledgement of the small dataset
providing little in the way of robust support, the fusion order for P. antiquus (Figure 5.3) may be

summarised as:

[1] Distal Humerus — [2] ?Proximal Humerus? Distal Tibia —[3] (Proximal Tibia; Distal Femur; Femur

GT; Femur Head ) ?Proximal Ulna?— [4] Distal Ulna
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A. Generalised order of epiphysis fusion for elephants
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B. Species specific order of epiphsysis fusion
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Figure 5.3. Epiphyseal fusion in elephants. Epiphyses are labelled to show their relative position in
species-specific epiphyseal fusion sequences. [A] the general pattern of epiphysis fusion in elephants
established by this study: distal humerus fuses first in all species, followed by ‘early fusers’ (proximal
ulna, proximal tibia, distal femur and distal tibia) then by ‘late fusers’ (proximal femur, proximal
humerus and distal ulna). [B] species-specific orders of fusion established by this study, and previous
studies of Roth 1984 and Lister 1999. Proximal humerus and proximal ulhna seem to be the most intra-
specifically variable in their position in the fusion sequence, potentially explaining previous
identification of these epiphyses as displaying heterochrony in elephants (Roth 1984; Lister 1999).

225



All schemes, in all species, broadly support the ‘early’ vs ‘late’ patterns of epiphyseal fusion,
with the distal humerus always fusing first, suggesting there is a general fusion pattern common to all
elephant species studied (Figure 5.3). Intra-individual patterns of fusion reduce the resolution of relative
fusion order, illustrating intraspecific variation in relative fusion timing. Even without the consideration
of absolute timing of fusion (Appendix 8), this indicates that there is limited efficacy in epiphyseal fusion

of limb bones as an accurate aging tool.

5.3.3. Within-bone fusion patterns and dwarf elephant limb bone fusion

The generalized elephant fusion order established above indicates that all bones except the tibia
have one ‘early’ fusing epiphysis and one ‘late’ fusing epiphysis, and that the early fusing epiphysis is at
the knee or elbow joint (Figure 5.3). The within-bone fusion patterns confirm this for all bones in all
species of full-sized elephant (except for the femur in P. antiquus, where data are insufficient; Table
5.17). When bones are informative on the relative fusion order of the epiphyses (i.e. they have epiphyses
with different scores), ‘early’ fusing epiphyses always show an advanced state of fusion relative to the
‘late’ fusing epiphyses (Table 5.17). The tibia was previously identified as having two ‘early’ fusing
epiphyses that could not be consistently ordered relative to each other when the other ‘early’ fusers were
accounted for. Here, it is shown that E. maximus and P. antiquus always show the distal tibia fusing
before the proximal tibia, whilst L. africana and M. primigenius show the opposite trend (Table 5.17).
The number of informative individuals for this bone is, however, very low, and these trends may not be
robust to more data. It is likely that the low number of informative individuals is partly due to the age
profile of the samples, and also possibly the rate of fusion in the tibia (see discussion).

Within-bone fusion patterns for dwarf elephant species with postcranial material available for
study (P. falconeri, P. tiliensis and Sicily 3) indicate that the humerus, ulna and femur follow the same
patterns of fusion to full sized elephants: the distal humerus is always advanced in fusion stage relative to
the proximal, the proximal ulna is always advanced relative to the distal, and the distal femur is always
advanced relative to the head (Table 5.18). P. tiliensis also follows the full-sized elephant pattern for the
femur greater trochanter (GT) (delayed relative to the distal femur). In P. falconeri, however, the femur
GT is seen to be advanced in fusion stage relative to the distal femur in 1/3 informative bones (Table
5.18). The relative fusion order of distal femur and femur GT cannot be ascertained in Sicily 3 owing to a
lack of informative bones.

The tibia in P. falconeri shows no clear fusion order between the proximal and distal epiphyses
(Table 5.18). Of the seven informative bones for the tibia in this species, four show the proximal to be
advanced relative to the distal, while the remaining three show the opposite trend. P. tiliensis and P.
antiquus both show the proximal tibia to be advanced in fusion relative to the distal tibia, although

numbers of informative individuals are low.
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Fusion Score |[| E. maximus | L. africana | M. primigenius | P. antiquus
Tibia Prox = Dist 25/26  [(X)(X)=1] | 59760 [(X)(X)=3] | 20/21 6/8
Prox > Dist 0/26 1/60 1/21 0/8
Dist > Prox 1/26 0/60 0/21 2/8
Femur | Dist = Head 21726 [()(X)=1] | 55761 [(X)(X)=1] | 14/21 8/8
Dist > Head 5/26  [X0=2] | 6/61 [X0=1] | 7/21 [X0=4] | 0/8
_Head >Dist || 0/26 | o/61 | 0721 | /8 .
Dist = GT 23726 [(X)(X)=1] | 52/60 N/A 7/7
Dist > GT 3/26 8/60 [XO=1] N/A 0/7
GT > Dist 0/26 0/60 N/A 0/7
Ulna Prox = Dist 23/27  [()(X)=1] | 55/60 [(X)(X)=3] | 10/20 174
Prox > Dist 4/27  [X0=1] | 5/60 10/20 [X0=8] |3/4 [XO=1]
Dist > Prox 0/27 0/60 0/20 0/4
Humerus | Prox = Dist 13/27 47/60 13/20 5/7
Dist > Prox 14/27 [X0=4] | 13/60 [X0=6] |7/20 [x0=4] |2/7
Prox > Dist 0/27 0/60 0/20 0/7

Table 5.17. Within-bone fusion patterns in full-sized elephants. The number of specimens showing
(i) proximal and distal epiphyses at equivalent fusion stages (Prox = Dist), (ii) proximal advanced in
fusion relative to distal (Prox > Dist) or (iii) distal advanced relative to proximal (Dist > Prox) are
displayed as a fraction of the total number of bones scored for that species. The scoring scheme of
Lister (1999) was used (O = unfused, (X) = fusing, X = fused) to facilitate comparisons across species,
however using schemes of Roth (1984) and Herridge (this study) would produce the same result. Bones
scored as Prox = Dist can have epiphyses completely unfused [00], both epiphyses fusing [(X)(X)] or
completely fused [XX]; none of these are informative on relative fusion order, although (X)(X) suggests
that epiphyses are fusing in tandem. Bones scored as unequal (Prox > Dist or Dist > Prox) are
informative on relative fusion order and can have any of 3 states: (i) (X)O, (ii) X(X) or (iii) XO. XO
indicates that one epiphyses is considerably advanced relative to the other, suggestive of a greater
discrepancy in fusion time between a bone’s epiphyses. Numbers of (X)(X) and XO individuals are shown
in square brackets for each bone in each species. Bones with one or more missing epiphyses were not
included. With the exception of the tibia, limb bones were previously identified as having both ‘early’
and ‘late’ fusing epiphyses. This pattern is confirmed, with 100% of informative bones showing the
‘early’ epiphyses advanced in fusion relative to the ‘late’ (highlighted in grey).

Fusion Score || P. falconeri | P. tiliensis | Sicily 3
Tibia Prox = Dist 58/65 [(X)(X)=7] | 54/56  [(X)(X)=2] | 18/21
Prox > Dist 4/65 2/56 3/21 [XO=1]
Dist > Prox 3/65 0/56 0/21
Femur Dist = Head 34/36 24/24  [(X)(X)=1] [ 12/13
Dist > Head 2/36 0/36 1/13
Head >Dist ||’ /36 . ___....|10/36 | /13 .
Dist = GT 36/39  [(X)(X)=3] | 20/24 12/12
Dist > GT 2/39 4/24 0/12
GT > Dist 1/39* 0/24 0/12
Ulna Prox = Dist 28/46 32/35 5/8
Prox > Dist 18/46 [X0=11] | 3/35 3/8 [X0=1]
Dist > Prox 0/46 0/35 0/8
Humerus | Prox = Dist 32/33 22/23 17/19
Dist > Prox 1/33  [X0=1] 1/23 2/19  [XO=1]
Prox > Dist 0/33 0/23 0/19

Table 5.18. Within-bone fusion patterns in dwarf elephants. Legend as Table 5.17. All dwarf species
show the same within-bone fusion patterns as full sized elephants, with the exception of femur GT in
P. falconeri (*).
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Offset in fusion timing of epiphyses

Where proximal and distal epiphyses have equal scores (OO, (X)(X) or XX), no information on
relative fusion order can be gained. However, the (X)(X) category is of interest as it contains information
on the offset of fusion between the epiphyses of a bone. If a bone is scored as (X)(X) we know that both
of its epiphyses were in an intermediary fusion stage at the same time, and thus there is little offset in the
fusion times of these epiphyses. Conversely, a score of XO tells us that there is considerable offset
between the fusion times of a bone’s epiphyses (one epiphysis is fully fused whilst the other is completely
unfused).

In E. maximus and L. africana, (X)(X) fusion states occur in all bones except the humerus (Table
5.17). No (X)(X) states are recorded for any bone in either M. primigenius and P. antiquus. XO states are
seen in the femur (head), ulna and humerus for E. maximus and M. primigenius; in the femur (head and
GT) and humerus in L. africana; while in P. antiquus, XO is only observed in the ulna (Table 5.17). The
frequency and/or absence of these states are highly affected by the age profile of the sample (e.g. the
distal ulna in M. primigenius shows a higher number of XO states for the ulna than the humerus, but has
an age profile biased towards older individuals, where the distal humerus is already fused), and
interpreting the meaning of these frequencies is problematic. However, the general absence of XO states
in the tibia and (X)(X) in the humerus, suggest that, in full-sized elephants, the tibia has the least offset in
fusion timing between its epiphyses, whilst the humerus has the most. This is in line with the general
fusion order for elephants.

In the dwarf elephant taxa, P. falconeri exhibits (X)(X) fusion states in the tibia and the femur
(GT), and XO states in the ulna and humerus; in P. tiliensis, (X)(X) is seen in the tibia and femur (head),
but no XO states are observed; no examples of (X)(X) occur in any bone of Sicily 3, but XO is observed
in the tibia, ulna and humerus (Table 5.18). As these dwarf samples are not from associated skeletons,
and there is no independent aging method, we do not know how much the presence/absence of these
states is related to age-profile biases, but broadly speaking the dwarf elephant taxa are consistent with the
full-sized elephant pattern: (i) the humerus shows an offset in fusion time between its epiphyses in all
taxa, (ii) P. tiliensis and P. falconeri are also consistent with there being only a small offset, if any, in the
fusion of the proximal and distal tibia. However, in P. mnaidriensis, XO is observed in the tibia,
suggesting that a greater degree of offset may occur in the timing of fusion between the tibial epiphyses

in this species.

5.3.4. Longitudinal growth and epiphyseal fusion

Epiphyses generally remain unfused well into the asymptotic region of DL of all bones for both
E. maximus and L. africana, and fusing and fused epiphyses only occur in this region (Figures 5.4 & 5.5).
This suggests that longitudinal growth generally ceases before fusion at the epiphyses is observed, and
that fusing and fused epiphyses are equivalent ontogenetic markers for the cessation of longitudinal
growth. Exceptions to this are the distal humerus, and, to a lesser degree, the proximal ulna, which show

individuals as fusing or fused close to, or before DL growth asymptotes (Figures 5.4A & 5.5A). This
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Figure 5.4. Long-bone growth and epiphyseal fusion in Elephas maximus. Cross-sectional growth
data for: A & B. diaphyseal length [DL] (mm) and C. shaft medial-lateral [ML] diameter (mm). Points
are marked as unfused (open circles), fusing (half-closed circles) and fused (closed circles) for early
fusing epiphyses in A and late fusing epiphyses in B. Von Bertalanffy growth curves were fitted to the
data. For DL growth, bone fusion occurs in the asymptotic region of the curve, with ‘early fusers’
fusing close to the start of this region. Data are poor for shaft ML, but there is some suggestion that
growth asymptotes late, if at all. MDML is midshaft ML; MinML is minimum ML; Max MDML is maximum
diameter at midshaft. Age is dental age unless chronological age is known.
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Table 5.19. Von Bertalanffy growth curve parameters for E. maximus. The Von Bertalanffy growth function Y=Y!(1-e™***) was fitted to shaft length/width
data (mm) and dental ages using an iterative Levenberg-Marquardt estimation procedure (1000 iterations, 0.0001 convergence criteria), where Y is the shaft
measure, Y! is the asymptotic value of Y, k is the growth rate per EMY, t is age in EMY and t; is the theoretical age at which individuals have a shaft measure of
0. Parameters are shown * standard error. *** P=0.0001, ** P=0.001, * P=0.05. Ex. Var. is the variation in the data explained by the growth equation.
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suggests that longitudinal growth may continue at the ‘late’ fusing epiphysis, after their *early’ fusing
epiphyses have begun to fuse. However, it could also reflect the limitations of a cross-sectional data set.
Fusion at the proximal humerus and distal ulna occur well into the asymptotic regions of the species VBG
curve, and thus there is also some disjunction between the cessation of longitudinal growth (as
characterized by cross-sectional data) and the visible fusion of these epiphyses. In the E. maximus and L.
africana femur, longitudinal growth appears to cease shortly prior to the fusion of the “‘early’ fusing
epiphysis (Figure 5.4A & 5.5A); fusion at the femur greater trochanter and head thus appears to be
decoupled from longitudinal growth. The close tie between the first sign of epiphyseal fusion (at the distal
humerus) and the cessation of growth across all bones may indicate the synchronous and systemic control

of longitudinal growth.

Sex differences in longitudinal growth

The sex-specific VBG curves for L. africana DL indicate that males asymptote later and at higher
values than their female conspecifics (Figure 5.6), in line with previous observations on shoulder height
growth (Shrader et al 2006, Lee and Moss 1995). Male curves suggest that asymptotic values will not be
reached during the life span of an elephant, and that growth is indeterminate. However, this may be
owing to a lack of sampling in the “true” asymptotic region (no individuals over 54 years), preventing
proper depression of the growth rate at later ages. Female DL growth curves begin to asymptote shortly
after 10 years, consistent with sex-specific patterns of growth in shoulder height in L. africana (Shrader et
al 2006). Visual assessment of the male and female data also shows some male specimens falling on the
‘female’ line, particularly in the femur and tibia (Figure 5.6). This raises the possibility that some males
follow the typically female growth trajectory resulting in small size. One such small male was a captive

individual (AMNH 35185), and also appears to have been delayed in fusion relative to other males.

Species differences in longitudinal growth

Asymptotic values of DL and ML widths are always higher in L. africana than in E. maximus
(standard errors do not overlap), while growth rates are similar for both species (Tables 5.19 & 5.20) .
Consequently L. africana growth curves asymptote later than in E. maximus, suggesting that larger body
mass in this species is achieved through an extended growth period. Female L. africana growth curves are
more similar to E. maximus, even though the E. maximus sample is at least 50% male (asymptotic values
for DL in L. africana females are lower than those for E. maximus; SE do not overlap for all bones except
the tibia; Tables 5.19 & 5.20).

M. primigenius and P. antiquus data are limited, and too scanty for VBG functions to be
estimated, but fusion trends can be compared qualitatively with extant elephants in M. primigenius (P.
antiquus data, not shown, produces similar results). Scatter plots of shaft DL as a function of dental age in
M. primigenius show patterns consistent with those of extant elephants (Figure 5.7). Fused and fusing
epiphyses appear to occupy the ‘asymptotic’ region of longitudinal growth. The oldest mammoth

individual included for the humerus and ulna is also a female (Sievsk), and this point appears to be
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Figure 5.5. Long-bone growth and epiphyseal fusion in Loxodonta africana. Legend as Figure 5.4.
Von Bertalanffy growth curves were fitted to all individuals (black line), males only (blue line) and
females (red line). Non-significant growth curves are shown as dashed lines for comparison. Females
clearly asymptote earlier and at lower values than males. For DL growth, bone fusion occurs in the
asymptotic region of the curve, with “early fusers’ fusing close to the start of this region. Data are poor
for shaft ML, but there is some suggestion that growth asymptotes later than shaft DL, if at all and that
this may be particularly true of males (see text for further discussion). MDML is midshaft ML; MinML is

minimum ML; Max MDML is maximum diameter at midshaft. Age is dental age unless chronological age
is known.
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Table 5.20. Von Bertalanffy growth curve parameters for L. maximus. Legend as Table 5.19; k is per LAY, age is in LAY.
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Figure 5.6. Male and female growth in diaphyseal length. Male (blue) and female (red) data points
for L. africana are shown for diaphyseal length (mm), for comparison with 5.5. The oldest female
elephant is identified as L. africana cyclotis RMCA 17772), and is also smaller than the general L.
africana sample.

Figure 5.7. Diaphyseal length as a function of age in Mammuthus primigenius. Diaphyseal length
data (DL, mm) is only available for some M. primigenius specimens and is insufficient for calculating
Von Bertalanffy growth equations. Despite this, fusing and fused data appears to occupy the
‘asymptotic’ region, similar to extant elephants. The oldest individual has the shortest humerus and
femur DL, and is also a female, reflecting sexual dimorphism (no data for ulna and tibia in this
individual). No shaft medial-lateral widths were available.
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Species X y Slope | SE R?

E. maximus humerus DL femur DL 1.27 0.04 0.98
tibia DL femur DL 1.67 0.07 0.96
ulna DL femur DL 1.44 0.05 0.98
femur DL humerus DL 0.77 0.02 0.98
tibia DL humerus DL 1.33 0.06 0.96
ulna DL humerus DL 1.10 0.05 0.95
femur DL tibia DL 0.58 0.02 0.96
humerus DL tibia DL 0.72 0.03 0.96
ulna DL tibia DL 0.84 0.04 0.95
femur DL ulna DL 0.68 0.02 0.98
humerus DL ulna DL 0.87 0.04 0.95
tibia DL ulna DL 1.13 0.05 0.95

L. africana humerus DL femur DL 1.22 0.02 0.99
tibia DL femur DL 1.62 0.03 0.99
ulna DL femur DL 1.50 0.03 0.98
femur DL humerus DL 0.81 0.01 0.99
tibia DL humerus DL 1.32 0.01 0.99
ulna DL humerus DL 1.23 0.02 0.98
femur DL tibia DL 1.23 0.02 0.99
humerus DL tibia DL 0.61 0.01 0.99
ulna DL tibia DL 0.74 0.01 0.98
femur DL ulna DL 0.92 0.02 0.99
humerus DL ulna DL 0.66 0.01 0.98
tibia DL ulna DL 0.90 0.01 0.99
humerus DL femur DL 1.07 0.02 0.99

Table 5.21. Slope values for least squares regression of bone diaphyseal lengths. All possible
regressions were computed to allow ranking of bones by slope values. In a bone pair comparison, the
dependent variable (Y) with the highest slope values has grown the most (see text). Growth rates
between bone-pairs are significantly different (bold text) if slope + 2xSE does not encompass 1.0.
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significantly lower than the other, male, specimens. This implies a difference in growth trajectories in

male and female M. primigenius, similar to that observed in L. africana.

Relative growth in bone shaft length

Growth rates in shaft DL are similar between bones and across species, with overlapping standard
errors of k (Tables 5.19 & 5.20). However, the relative amount of elongation in each bone for E. maximus
and L. africana, provides another index of relative bone growth (Roth 1984). Ordering of least-square
slope values (Table 5.21) enables ranking of bones for the relative amount of post-natal growth (it
incorporates information on growth rate and duration of growth). Ranked orders, from less growth to

more growth, are:

E. maximus: 1. Tibia L. africana: 1. Tibia
2. Ulna 2. Ulna
3. Humerus 3. Humerus
4. Femur 4. Femur

Growth in shaft length vs shaft width

Although data are poor for ML shaft widths, there is some suggestion that ML widths asymptote
later than shaft lengths, if at all (Figures 5.4C & 5.5C). In the L. africana data, this appears to be
particularly true of males. Although there are few identified males for this measure, the female data
clearly shows an asymptotic curve in line with DL data, but the total species curve does not. Specimens
driving this difference may well be male individuals, although this cannot be corroborated. This would be
consistent with the observation that body mass does not asymptote in male elephants (Laws 1966), as

shaft widths are supposed to be better predictors of body mass than shaft lengths (Christiansen 2007).

5.4. Discussion

Elephants are the largest living terrestrial mammals, exhibiting an extended growth period with
epiphyseal fusion in the long bones occurring into the late thirties (this study, Haynes 1991, Roth 1984).
The link between body mass, longitudinal growth and epiphyseal fusion, however, remains anecdotal,
despite its obvious ramifications for the evolution of large body size (and, by extension, the dwarfing of
large mammals). An interesting correspondence between relative amounts of postnatal growth and timing
of epiphyseal fusion has been shown (Roth 1984), but this work predated the recent advances in
understanding the mechanisms of bone growth (Stevens and Williams 1999, Ballock and O’Keefe 2003,
Kronenberg 2003) and epiphyseal fusion (Parfitt 2002, Nilsson and Baron 2003). It is now apparent that
longitudinal growth is mainly controlled by intrinsic paracrine regulators (e.g. insulin-like growth factor,
hedgehog proteins and fibroblast growth factors), whilst epiphyseal fusion is under the systemic control
of sex hormones (androgen and oestrogen) (Parfitt 2002, Kronenberg 2003). Furthermore, the cessation

of longitudinal growth does not result from, and may occur well in advance of, epiphyseal fusion (Parfitt
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2002, Nilsson and Baron 2003), although the two processes may still interact (Gerber et al, 1999).
Relative patterns of limb growth in African and Asian elephants are thought to be the same, although
their epiphyseal fusion sequences were shown to differ (Roth 1984), and average adult body size is lower
in E. maximus. Revisiting elephant long bone ontogeny in light of these findings, and establishing
parameters for both timing of growth cessation and epiphyseal fusion is paramount for our understanding

of elephant morphology.

5.4.1. Pattern and timing of epiphyseal fusion

Relative fusion order patterns support a general elephant fusion order of:

1. distal humerus
2. proximal tibia
distal femur

proximal ulna

3. proximal humerus

femur head
late

femur greater trochanter

distal ulna

Further ordering was not robust to inter-specific variations in individual relative fusion patterns,
nor to mean age comparisons (Appendix 8). However, this general order was supported by all three
scoring schemes used. Differences between schemes (such as the relative position of the proximal ulna in
E. maximus) were negligible, and disappeared once intra-specific variation in individual fusion sequence
was accounted for in the later step. Lister’s (1999) scoring methodology recognized fewer problematic
individuals in all cases, as this scheme did not differentiate between the 0 and 1 or 2 and 3 categories of
Roth (1984) and my scoring scheme. However, this made no impact on the final fusion orders for each
species — intra-specific variation was such that no consistent pattern could be established by the ‘higher
resolution” methods, and such inconsistencies were also apparent using the ‘coarser’ method of Lister.

The resulting species-specific epiphyseal fusion sequences established in this study differ from
published schemes, showing no evidence of heterochrony between extant elephants and Mammuthus
primigenius in the relative timing of fusion of long-bone epiphyses (Figure 5.3). Previous work had
suggested that M. primigenius and L. africana shared a common fusion order, and differed to E. maximus
in the relative position of the proximal ulna (fusion was advanced relative to the tibia and distal femur in
E. maximus) (Roth 1984, Lister 1999). This study refutes this: (i) the fusion order for M. primigenius
shows the proximal ulna to be advanced relative to the femur, and grouped with the tibia, reversing the

order observed by Lister (1999) and (ii) intra-specific variation in both L. africana and E. maximus does
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not support a consistent order of the proximal ulna relative to the tibia and distal femur. These revised
fusion sequences derive from larger datasets for all species, using a methodology that acknowledges the
importance of intra-individual patterns of fusion patterns.

For M. primigenius, | included a further 3 individuals — “Trofimov’s Mammoth’ (Lister,
unpublished data) and two individuals classed as ‘exceptions to the rule’ (Lister 1999; p 94), as |
considered them to be informative on the normal variation in M. primigenius epiphyseal fusion. The
inclusion of supposedly anomalous individuals (showing delayed fusion in chronological terms, but
relatively advanced ulna fusion) is justifiable based on equivalent variation observed in extant elephants.
These additional data added weight to the observation that there is no consistent relative order of
proximal ulna to the tibial epiphyses (also apparent in the ‘Ahlen” mammoth, although this is not
explored in Lister 1999).

E. maximus and L. africana datasets include Roth’s published data, with minor corrections by the
author (VL Roth, pers. comm.), as well as my own unpublished data, producing the largest samples for
investigating epiphyseal fusion in each of these species to date. The total scores of these samples produce
preliminary sequence orders identical to those of Roth (1984), and so the differences here reflect the use
of the additional step of considering variation in individual fusion pattern. The species differences
observed by Roth (1984) were not robust to this variation and the apparent heterochrony not supported.
Although the fusion sequences produced for L. africana and E. maximus in this study show less
resolution than those of Roth (1984), recognising just three stages in each fusion sequence for both
species rather than six (L. africana) or seven (E. maximus), this properly reflects the variation observed in
individual fusion patterns of epiphyseal fusion.

In L. africana, E. maximus and P. antiquus the proximal ulna and proximal humerus violate the
‘early’/’late’ dichotomy in some individuals, although age-range data provide additional support
(Appendix 8). This, in part, reflects a key issue in assigning fusion order — does an epiphysis always show
the same relative fusion order for each fusion stage? This is an underlying assumption when equal weight
is given in all epiphyses to the transition from unfused to fusing and from fusing to fused. There is no
reason, however, to assume that an epiphysis that starts fusing early will also complete fusion early.
Variation in the duration and timing of each fusion stage between epiphyses will result in conflicting
fusion patterns (Figure 5.8).

The conflicting fusion patterns observed in the proximal ulna can potentially be explained by a
fusion pattern similar to that of epiphyses ‘3B’ in Figure 5.8, with a long “fusing’ stage that results in it
behaving as an ‘early’ fuser with respect to the transition from O to (X), but as a ‘late’ fuser in the
transition from (X) to X. The proximal humerus, on the other hand, may behave as a ‘late’ fuser from O
to (X), and as an ‘early’ fuser from (X) to X (at least in L. africana). Such subtle variations in timing and
duration of fusion probably affect all epiphyses, and, combined with further intra-specific variation in
such timing, make any trends difficult to establish without large sample sizes. That, in spite of this, a
general fusion sequence can be established that is broadly consistent across species implies the

differentiation of *early’ and ‘late’ fusing epiphyses reflects real differences and not sampling artefacts.
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A B C A B C A B C
0 0 0 0 0 0 0 0 0
! 1 1 1 1 1 1 1 1
0 0 0 (X) 0 0 0 0 0
! 1 1 1 1 1 1 1 1
0 0 0 (X) (X) o] 0] X) 0
1 1 1 1 1 1 1 1 1
X) X) X) X) X) X) 0] X) X)
1 1 1 1 1 1 1 1 1
X) X) X) X X) X) X) X) X
1 1 1 1 1 1 1 1 1
X) X) X) X X X) X X) X
1 1 1 1 1 1 1 1 1
X X X X X X X X X

Figure 5.8. Potential ‘strategies’ of epiphyseal fusion. 1. Epiphyses A, B and C fuse in synchrony;
timing of fusion and duration of each fusion stage is the same for all epiphyses. 2. A, B and C do not
fuse in synchrony, however duration of stage (X) is equal in all epiphyses, thus relative fusion order is
maintained across fusion stages. 3. A, B and C do not fuse in synchrony and duration of (X) varies
amongst epiphyses, thus fusion order is not maintained across fusion stages.
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With the exception of the tibia, all bones have an ‘early’ and ‘late’ fusing epiphysis. This
distinction in fusion timing within bones is more robust than the general groupings for all epiphyses: the
proximal ulna always behaves as ‘early’ relative to the distal ulna, and the proximal humerus always
behaves as ‘late’ relative to the distal humerus. Comparisons of mean and minimum ages also lend
support to the early/late fusion dichotomy, but tend to highlight the considerable overlap in ages for all
epiphyses at all stages (Appendix 8, Figure A8.2). These within-bone patterns also hold true for all dwarf
elephant taxa, again implying a general relative fusion pattern may be applicable to all elephant taxa,
independent of body size. Size and shape difference would thus be the result of differing amounts of
offset between the relative fusion times, or to different relative growth rates, rather than heterochrony in
the fusion sequence itself.

Interestingly, knee and elbow joint epiphyses are all “early” fusers (Figure 5.3). It is unsurprising
that epiphyses that articulate with each other would grow in synchrony to maintain joint function,
although it is not known how this is co-ordinated (Kronenberg 2003). The synchrony in fusion time at
both the knee and elbow joint is more interesting, and suggests some functional significance, perhaps
relating to joint stability. The growth plate is weaker than the adjoining bone and articular cartilage, and
(in humans) particularly injury-prone at the period of maximum linear growth (Alexander 1976), possibly
selecting for a faster rate of epiphyseal fusion at these joints once bone growth has ceased. Joint flexion,
at all speeds, is greatest in the elephant knee and elbow, and the ankle (which, based on the distal tibia,
also fuses early) also shows increased flexion relative to the wrist (Ren et al 2008). This suggests that
these joints would be under relatively large loads, particularly during rapid locomotion. The smaller duty
factors (the fraction of stride length the limb is in contact with the ground) observed in the elephant
hindlimb (Hutchinson et al 2006), the more column-like forelimb stance, and the inferred ‘groucho
running’(Ren et al 2008) may further add to hindlimb loading and joint strain. One might thus infer
greater selection for joint stability at the knee and ankle; the early fusion at the ankle (but not the wrist)
and the greater variability in fusion timing at the proximal ulna ay reflect differences in this selection

pressure.

Relative vs absolute timing of fusion

Age-range overlap between epiphyses of the same fusion stage groups epiphyses into the ‘early’
and ‘late’ fusion categories, but not robustly (Appendix 8). The age-range of each fusion stage in each
epiphyses is large, and variation in timing of epiphyseal fusion high (Figure A8.2, Table A8.2). This
suggests that, in elephants, the time-scale for epiphyseal fusion in an individual is much shorter than the
age variation between individuals in the initiation of fusion. There would otherwise be a clear offset in
the timing (mean and minimum ages) of fusion, in line with the observed offset in the degree of fusion
(e.g. X vs O stages within and between bones; Table 5.17). In rat models, epiphyseal fusion has been
shown to be an abrupt event once initiated (Weise et al 2001), and this suggests a similar situation in

elephants.
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The relative offset of fusion between epiphyses in elephants is also low, reflected by the
necessary degree of grouping between epiphyses (the “‘early’ vs ‘late’). For the most part this reflected a
lack of consistency in fusion order, indicating that the timing for the onset and completion of fusion is not
tightly constrained, but it is also borne out by the number of epiphyses scored at the same fusion stage
within an individual. For relative fusion, epiphyses at the same fusion-stage were classed as
‘uninformative’, but, for intermediary fusion stages and individuals that aren’t completely fused or
unfused, these provide evidence for limited offset in fusion timing, even without age data. In L. africana
and E. maximus, all early fusers are shown to score (X) at the same time in at least one individual, and in
E. maximus there are two individuals where ‘late’ fusing epiphyses are scored as fusing at the same time
as ‘early’ fusers.

Fusion, therefore, seems to be progressing roughly in tandem across all epiphyses, but with a
slight offset in timing distinguishing “early’ and ‘late’ fusing epiphyses. As epiphyseal fusion appears to
be under hormonal control, stimulated by high oestrogen levels (Nilsson and Baron 2003), this is
unsurprising. Epiphyses in humans also show synchrony in the timings of fusion of their long-bone
epiphyses (O’Connor et al 2008, Flecker 1932, Davies and Parsons 1927), but studies show a significant
difference in timing of fusion between the sexes, and a close correspondence between fusion stage and
age, similar to the pattern in strategy 1 of Figure 5.8, lending itself to an accurate, if restricted (10-20
years of age) technique (O’Connor et al 2008). This is in part due to the use of X-ray methodologies
allowing for the designation of more, repeatable, fusion stages that actually document the internal fusion

of the epiphysis, in comparison to relying on external evidence of fusion.

Aging individuals from epiphyseal fusion.

Accurate (and therefore useful) aging techniques require close correspondence between timing
and offset of fusion stages, but this may be achieved in a number of ways: (i) the timing of transition from
one fusion stage to the next is tightly constrained, and error results from the age range of each transition
as well as the number of stages (small observed age-range for transition and large number of stages
increase accuracy), (ii) epiphyses differ significantly in their timing of fusion, in a predictable order
(small fusion stage age-range and increased number of offset epiphyses increases accuracy) and (iii) a
combination of the above (potentially offering the highest degree of accuracy). The lack of both relative
and absolute (Appendix 8) offset in fusion timing in elephants mean that epiphyseal fusion is not useful
for aging individuals, and the most accurate age estimates may still have an error of 20 years (Table
A8.9). Whether this is due to an intrinsically long fusion phase that cannot be accurately sub-divided into
many intermediary stages (e.g. Lister’s (X) stage was deemed superior to 2/3 of Roth and Herridge as
these showed no consistent pattern in fusion order), or to wide variation in the timing of fusion between
individuals, or both, could not be established from cross-sectional data. There was no significant
difference in mean ages of fusion stages between male and female L. africana (Appendix 8), and males

often showed early fusion, indicating that any variation between individuals is not related to sex (and
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therefore size) of individual. Small sample size may obscure trends, but it is clear that individuals are

highly variable in the timing of fusion within all species.

5.4.2. Longitudinal growth in limb bones

Longitudinal growth in all bones of L. africana and E. maximus appears to asymptote at roughly
the same age (around 20 years), and growth rates are not significantly different. These data conform
closely to growth rates and ages for end of longitudinal growth predicted from shoulder heights of much
larger samples of male and female L. africana (Shrader et al 2006). Relative bone elongation, inferred
from least squares regression slope comparisons, however, show that relative growth rates are not equal
(2x standard error of slopes does not include 1.0), and that relative bone growth appears to follow the
same pattern in Asian and African elephants (Table 5.21): the femur grows the most, followed by the
humerus, then the ulna, with the least growth observed in the tibia. This order of bone elongation is
slightly different to that produced by Roth (1984) in the relative order of the humerus and ulna. Growth in
the forelimb appears to occur more equally across limb segments than in the hindlimb. Growth rates
were not significantly different according to Von Bertalanffy growth curves estimation, incontrast to the
inferred rate difference from the relative bone elongation. This suggests that relative timing in the
cessation of longitudinal growth, rather than differences in growth rates, may explain the deviation from a
slope of 1.0, and this is supported by epiphyseal fusion order. However, the lack of difference in VVon
Bertalanffy growth rates could reflect the broad size scatter in the data, particularly in the static ‘adult’
(asymptotic) region.

Growth cessation appears to be partially linked with epiphyseal fusion. Evidence of fusion in
‘early’ fusing epiphyses is seen in points close to the beginning of the asymptotic region of all shaft
length measures in L. africana and E. maximus. ‘Late’ fusers do not show fusion until well into the
asymptotic region, and their fusion seems decoupled from longitudinal growth. The initiation of fusion at
the distal humerus best approximates the beginning of the asymptotic region, and this asymptote occurs at
broadly similar times across bones (once sex has been accounted for), potentially signifying that bone
growth cessation is synchronous, even if epiphyseal fusion is not. As mentioned above, the growth plate
is the weakest part of the bone, particularly during periods of rapid growth or fusion when the
hypertrophic region of the growth plate becomes enlarged (Alexander 1976). The epiphyses whose fusion
is closely linked with longitudinal growth cessation are the early fusers at the knee and elbow joints, and
this further supports the idea that early fusion may reflect a greater need for stability and increased safety
factors at these joints.

Relative amounts of bone elongation, however, also correspond to epiphyseal fusion. The tibia
shows the least postnatal bone growth, has two early fusing epiphyses, fusing at the start of the
asymptotic region of longitudinal growth. The three other bones have one late and one early fusing
epiphysis. The humerus and ulna do not grow as much as the femur, and these both have early fusing

epiphyses that appear to fuse in advance of the asymptotic growth regions, indicating that growth must
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continue at their proximal ends. In the femur, which shows the greatest relative bone elongation, the distal
epiphysis (an ‘early’ fuser) does fuse in line with the asymptotic region of growth, but proximal fusion is
delayed until much later. Having a late fusing epiphysis is therefore linked with a larger degree of post-
natal growth, and whilst the asymptotic region suggests that bone growth has ceased, it is more likely that
it has actually slowed considerably in the unfused epiphysis. Time of fusion may therefore reflect a trade
off between joint stability and reaching maximum growth. The limitations of these small, cross-sectional
datasets mean that establishing whether longitudinal growth ceases at around the timing of the fusion of
the distal epiphysis, or whether it does continue at these later fusing epiphyses, is not possible in this

study. Both are potentially plausible.

Controlling factors for longitudinal growth

Longitudinal growth is thought to be determined by an intrinsic proliferative capacity of the
growth plate (Ballock and O’Keefe 2003). Oestrogen, and other sex hormones, thought to be causal
agents of epiphyseal fusion, have also been show to increase growth rate at the growth plate (Nilsson and
Baron 2003) and contribute to growth plate senescence (Weise et al 2001). In rabbits, fusion has been
shown to occur abruptly once the chondrocyte proliferation rate in the growth plate reached zero (Weise
et al 2001). The lag between the observed end of longitudinal growth (Parfitt 2002) and epiphyseal fusion
is a question of scale — on one level fusion is measured by examination of X-rays or directly scored on
bones and growth is measured using callipers on X-rays or bones, whilst on another level (in those studies
interested in identifying the molecular underpinnings of growth) fusion and growth are assessed at the
cellular level. Cellular level processes are unlikely to be recorded by instruments accurate to the nearest
0.1mm, and thus growth is observed to cease earlier and fusion to start later in ‘lower resolution’ studies.
Fusion also occurs first internally between the epiphysis and the metaphysis, and is not always visible
externally, exacerbating this discrepancy in observed fusion times. Attempts to capture the first evidence
of fusion in a scoring system are difficult without radiographic data. One cannot be sure if a bone has had
its epiphyses glued in place by a conservator, leading to scoring ambiguities such as the high number of
0-1 scores under Roth’s and my scoring schemes. Lister’s scoring approach acknowledges this by
combining these categories into a single ‘unfused’ group. This may be valid if wanting to score
progression of fusion for aging purposes, but is misleading as a developmental marker as many epiphyses
marked unfused are probably in the early stages of fusion. The persistence of unfused individuals after
longitudinal growth has ceased (i.e. in the asymptotic region) may potentially be explained by this.

The link between oestrogen and growth plate senescence offers an explanation for the offset in
fusion between epiphyses, despite fusion being controlled systemically (predicting that all epiphyses
would be affected at the same time by increased hormone levels in the blood; note this is supported by the
observed co-incidence of fusion at the distal epiphysis and the beginnings of the asymptotic growth
region of all bones). Oestrogen accelerates growth plate senescence by speeding up cell proliferation
(Nilsson & Baron 2003), however absolute timing of senescence is related to the amount of proliferative

ability remaining in the growth plate. A rise in oestrogen, for example at adolescence, will increase

243



chondrocyte proliferation in all growth plates at the same time, but a growth plate which has a greater
intrinsic proliferative ability will take longer to exhaust, assuming that growth rates were equal prior to
this. Only once the plate is exhausted, and chondrocyte proliferation hits zero, does epiphyseal fusion
begin (Weise et al 2001). If the proximal humerus, distal ulna and proximal femur have growth plates
with greater intrinsic proliferative ability, they will therefore fuse later.

A further interesting corollary of this hypothesis is that sensitivity to oestrogen levels may
explain other features of epiphyseal fusion and growth in elephants. If oestrogen levels drop before the
growth plate is exhausted, proliferation at the growth plate will slow and delay senescence once more,
and fusion will not occur. Variability in absolute levels and sensitivity to oestrogen in elephants could
well explain the wide variation in observed fusion time, the wide scatter in body size (unusually observed
to be greater in females than males (Shrader et al 2006)), males that show both delayed fusion well into
adulthood, and also the capacity for a secondary growth spurt in males (Laws et al 1975). Extreme size
reduction in mammals is more often linked to mutations affecting the regulators of growth plate
development (e.g. IGF-1 haplotypes in miniature dog breeds (Sutter et al 2007)) and it is tempting to
speculate about similar causes in dwarf elephants (growth, thyroid and sex hormones deficiencies affect
body size, but often to lesser degrees). This, of course, cannot be verified by the current study.

Longitudinal growth is also explicitly linked with sexual maturity via the sex hormones. The
asymptotic shaft lengths in females are significantly lower, and occur earlier than those of males, and this
is further corroborated by published shoulder height studies. Female Loxodonta asymptote in shaft length
and shoulder height shortly after 10 years of age, the time at which they also become sexually mature
(Figure 5.1; Moss 1983). Male Loxodonta become sexually mature around the same time as females, but
do not experience musth (when they are reproductively successful) until much later. This two-tiered
sexual maturity in males suggests two periods of sex-hormone activity, which could explain the presence
of some males with advanced fusion. Early fusing males in my data were not small for their size, whilst
some small males showed delayed fusion, and so a simplistic relationship between early fusion and
growth truncation cannot be invoked. It would not be unreasonable to speculate, however, that early
fusing, normal sized males may have grown faster than their conspecifics, (with cell turnover mediated by
food intake, perhaps), thus having less proliferative capacity remaining in the growth plate and
consequently reaching growth plate senescence and fusion during this first hormonal surge at
adolescence. The trade-off between growth and reproduction can also be explained mechanistically by
this simplified growth system, and suggests a greater correspondence between these developmental

markers in elephants than previously recognised.

Appositional growth and body mass

Growth in body mass in male elephants is thought to be indeterminate (Laws 1966). Tusks
continue to grow, skull sutures also remain open (Debruyne 2003) (presumably in part to accommodate
tusk growth) and growth in body length occurs until late in life in males and females (Moss 1983, Haynes

1991). Female body mass is not thought to behave in the same indeterminate manner as males (Laws
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1966), although it still asymptotes much later than shoulder height (Laws 1966, Lee and Moss 1994,
Shrader 2006) and also long bone lengths (this study). Growth data for medial-lateral shaft diameters
were scanty, but did imply that growth in shaft width asymptotes later than shaft length (if at all),
particularly in males. Growth in shaft width occurs through appostitional growth, rather than longitudinal
growth, and is therefore decoupled from the growth plate. Growth occurs through osteoblast proliferation
at the edge of the periosteum without a cartilaginous precursor phase (as at the growth plate), and growth
rate appears to be controlled by intrinsic factors as well as mechanical loading (Pearson and Lieberman
2006, Ruff et al 1994; Carter and Beaupré 2001). Oestrogen is again implicated as an up-regulator of
osteoblast activity (Pearson and Lieberman 2003). Bones respond most to mechanical loading during
adolescence in humans, when long bones are still growing; in adults, mechanical loading of the bone has
little effect on external bone dimensions (Ruff 1994). Body-mass increase during ontogeny means that
long bones loading increases with age, and appositional bone growth rates are expected to be affected.

If appositional growth responds more to loading prior to the cessation of longitudinal growth, and
following limb bone fusion is limited to Haversian remodelling (Pearson and Lieberman 2003), then the
longer growth period in males would predict a greater degree of observable appositional bone growth
(modelling) over a longer period. In contrast medial-lateral growth in female elephants would be expected
to follow diaphyseal growth curves, and this is indeed the case. This different response of bone to
mechanical loading during different phases of development has implications for the allometry of limb

bones (see Chapter 6).

5.4.3. Implications for dwarf elephants

Dwarf elephant bone fusion patterns broadly fitted with the general elephant fusion pattern, but
small differences in relative timing of the fusion of the femoral greater trochanter in P. falconeri and the
apparent greater offset of fusion between proximal and distal tibial epiphyses in Sicily 3 may translate
into differing amounts of limb growth. More importantly, the link between fusion at the early fusing
epiphysis and longitudinal growth in elephants is fairly close, and there is no reason to assume otherwise
in dwarf elephant studies. Fusion scoring of epiphyses enables bones to be grouped as part of the static
adult population (fusing and fused epiphyses), or as juveniles that had not reached the end of longitudinal
growth, and compared accordingly. However, it should be noted that juvenile specimens may not be
equivalent to each other in terms of growth rate: this may vary during ontogeny, particularly towards the
end of longitudinal growth. Some individuals will be misidentified as unfused when fusion will actually
have been initiated internally, including some static-adult data in any calculations of relative growth rates
of bone dimensions. This will slightly depress growth rates, and is likely to be more of a problem for
bones scored only by late fusing epiphyses. The impact on size variation and allometric relationships is
potentially greater if ‘juveniles’ are mistakenly included with static-adult data; this must be taken into

account in Chapter 6.
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The evolution of small body size in dwarf elephants is likely to have been achieved through either
a truncation of the growth period, or a reduced rate of growth, but without associated skeletons we cannot
identify even relative heterochronic changes. Patterns of bone allometry, particularly the contrast between
longitudinal and appositional growth provide further insight on dwarf elephant growth and ontogeny
(Chapter 6).

5.5. Conclusion

Epiphyseal fusion patterns are broadly similar across elephant species, refuting previous
suggestions of heterochrony between L. africana and M. primigenius on the one hand, and E. maximus on
the other. Dwarf elephant species also conform to this general pattern. Epiphyses display synchrony of
fusion, and can be classed as ‘early’ or ‘late fusers’. This, along with significant inter-specific variation in
fusion timing (Appendix 8), prevents their use as an accurate aging tool. Patterns of epiphyseal fusion
appear to relate closely to longitudinal bone growth, and to other intrinsic life history traits. In L.
africana, longitudinal growth in shaft length ceases shortly after 10 years in females and after 30 years in
males, and this discrepancy in bone fusion time can also explain differences in growth in shaft widths
despite a trend in both sexes of increased body mass beyond the end of longitudinal growth. Bones are
developmentally equivalent, regardless of sex and age, if their late-fusing epiphyses have started to fuse.
Before this, unfused bones may vary in growth rate, particularly in the lead up to fusion, and are not
developmentally equivalent. This finding enables the definition of ‘adult’ to vary depending on the aims
of the study. When considering taxonomic issues (Chapter 4), ontogenetic variation in the “adult’ samples
is minimized by identifying adult limb bones of the basis of the late-fusing epiphysis. Conversely, dwarf
elephant limb allometry (Chapter 6) will be considered within two key groups: the static adult population
(as defined by evidence for the initiation of fusion in the *early fusing’ epiphyses), and juvenile, where
epiphyses are unfused or ‘O’ sensu Lister (1999). This maximises sample sizes for “adult’ individuals,
increasing statistical power, but may mean that comparisons between bones are affected by some
ontogenetic variation (especially the humerus, which has significant offset between proximal and distal
fusion timings). However, as (i) the age-range of unassociated limb bones can not be assessed a priori,
(ii) growth rates slow as asymptotic growth is approached, but appear to remain constant prior to this,
using the early fusing epiphyses to identify ‘adult’ individuals minimises the chance of comparing

developmentally non-equivalent juvenile samples.
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Chapter 6: Allometry

It may be a truism to say small body size and body size reduction are key characteristics of dwarf
elephant morphology and evolution, but this does not detract from their importance. The size of an
organism is fundamental to its biology. Interspecifically, body size correlates closely with life history and
reproductive parameters, metabolic and physiological variables, as well as a number of ecological
characteristics that define its niche (e.g. diet, home-range, population density) (Damuth & MacFadden
1990, and references therein). The observed correlations are so pervasive and so consistent across living
taxa that they are often taken to have powerful predictive abilities in our study of extinct organisms (e.g.
Roth 1990, Christiansen 2004). Moreover, it has been recently suggested that there may be a mechanistic
link between body size and metabolic and life-history parameters (Bromage et al. 2009), strengthening
the applicability of body mass-linked correlations to extinct taxa, and adding nuance to discussions on the
selection dynamics of morphological evolution. Size is also linked with biomechanically influenced
parameters such as gait and stance, and is thought to constrain locomotor abilities and impact on limb
morphology (e.g. Schmidt-Nielsen 1984, Biewener 1989, 1990, 2005; Alexander 1976, 1979, 2006;
Christiansen 1999, 2007; Hutchinson and Garcia 2002; Hutchinson 2004a, 2004b, Hutchinson et al.,
2006). Chapter 4 highlighted the probable impact of allometric correlations on dwarf elephant taxonomy,
and Chapter 5 investigated the ontogeny of elephant limb bones; in this chapter | consider the
implications of both these subjects in more detail through the allometric study of dwarf elephant molars

and limb bones.
6.1. Introduction
6.1.1. Allometry

The relationship between body size and other biological parameters is rarely one-to-one; rather it
is allometric. The term allometry was first coined by Huxley & Teissier (1936), and in its broadest sense
refers to proportional changes in physical or physiological parameters that are correlated with the size of
an organism (i.e. changes in the relative size of different parts of an organism). Simple allometry is

expressed as a power-law, which describes how two variables scale in relation to one another:

y = ax” [6.1]

where x and y are the morphological variables of interest (x is often total body size, or a size-proxy), a is
the allometric coefficient and the value of y when x = 1, and b is the allometric exponent (Gould 1966,
Schmidt-Nielsen 1984, Packard & Boardman 2008). The terminology and notation of the simple
allometric formula differs between authors, and can cause confusion (Table 6.1). Expressed in log-

transformed notation, the formula of simple allometry conforms to the equation for a straight line.
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Notation/terminology Reference
Schmidt-Nielsen (1984)

2 b Packard & Boardman (2008)
b k Huxley (1924, 1932)
k ! Teissier (1934)
b I Huxley & Teissier (1936)
i Gould (1966)
# Warton et al (2006)
allometric coefficient Gould (1966)

allometric exponent

coefficient of proportionality (log b = slope)

(log a = intercept)

Schmidt-Nielsen (1984)
Packard & Boardman (2008)
equilibrium constant, | Huxley & Teissier (1936)
growth-constant
- allometric coefficient | Klingenberg (1996)
scale factor - Gould (1971)

initial growth-index

Table 6.1. Commonly used terminology and notation for the simple allometric formula y = ax”. Highlighted terms are those employed in this study, and were
selected based on (i) their use in both ontogenetic and biomechanical literature and (ii) their neutrality with respect to implied biological meaning. In practice, |
use the log-transformed expression of simple allometry (Equation 6.2) and thus refer to log a as the ‘intercept’. This is a biologically neutral term, and avoids
confusion resulting from the conflicting use of the term ‘allometric coefficient’ by various authors.
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Here | refer to the allometric exponent and coefficient by their log-transformed mathematical functions

(log a as the y-intercept; b as the slope):

logy =log a+ b log x [6.2]

This log-transformed equation is widely used in allometric studies: (i) it is relatively simple to
understand and interpret, both visually (e.g. through graphing) and mathematically, (ii) the analytical
tools for linear data are readily available in most statistical packages, and are well understood, and (iii)
the linear equation can be extended to make a multivariate generalisation of simple allometry (Jolicoeur
1963). Using straight-line estimation techniques, the values of log a and b can be calculated, and the
scaling relationship between x and y variables described: when x and y share the same dimensions, y
scales with “positive allometry” with respect to x if b > 1; with ‘negative allometry” if b < 1; and with
‘isometry’ (i.e. non-allometric, though still characterized by the simple allometric equation) if b =1
(Huxley & Teissier 1936). This last situation indicates no change in shape with size, and thus x and y are
said to scale with geometric similarity (Schmidt-Nielsen 1984).

The simple allometric equation has its roots in empirical observations of log-linear relationships
in size-variable morphological datasets (Huxley 1932, Klingenberg 1996, Gayon 2000), and has been
applied to data at different taxonomic levels, for the investigation of different biological questions. After
Cock (1966), static, ontogenetic and evolutionary allometric studies can be distinguished from one
another in their biological focus, an important caveat when trying to apply or test theoretical scaling
‘laws’ (see below), or compare scaling relationships across studies. Static and ontogenetic allometric
studies reflect different aspects of intraspecific scaling, while evolutionary allometry is interspecific in its
focus (Klingenberg 1996).

Static allometry deals with size-shape variation between conspecifics of the same age-
group/developmental stage, and is based on cross-sectional data (a sample of different individuals). For
mammalian osteometric studies, static allometry is usually used synonymously with “static-adult’
allometry, as ‘adult’ (= full-grown; see Chapter 5) is the only ontogenetic stage that can be clearly
identified on the basis of epiphyseal fusion. Ontogenetic allometry deals with the variation of characters
during growth and can employ either cross-sectional or longitudinal (the same individual re-sampled over
time) data; the simple allometric equation which characterises ontogenetic allometry is also referred to as
the ‘ontogenetic trajectory’ (McGhee 2006). Evolutionary allometry considers size-shape variation across
a cross-sectional sample of individuals at the same developmental stage, from different taxa (Cock 1966,
Klingenberg 1996). In many cases (although this occurs most frequently in interspecific studies), the
allometric scaling relationships uncovered are interpreted as biological ‘laws’, especially when allometric
exponents are common to a wide range of taxa, or fit theoretical predictions (Kleiber 1947, West et al
1997). They are, however, better understood as descriptors that may shed light on underlying mechanisms
or processes (Spence 2009), or generate ideas for more insightful hypotheses about mechanistic

correlations between size and biological functions.
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Size-related versus size-required allometry

The scaling relationships observed inter- and intraspecifically can be interpreted as either “size-
related” or “size-required” (Gould 1966). Ontogenetic scaling is generally treated as “size-related”
change (Shea 1995): the observed intra-specific scaling relationship is taken primarily as a description of
relative growth, and this can be extrapolated (= peramorphosis) or truncated (= paedomorphosis) to
explain the evolution of shape change along that scaling trajectory in other taxa. Similarly the ontogenetic
trajectory in one taxon can be used as criterion of subtraction to identify shape change that is not related
to size-change along a common ontogenetic trajectory, and thus provide evidence for heterochrony in
evolution (Gould 1975). Interspecific and static-adult intraspecific allometry are more often interpreted as
“size-required” (= “biomechanical scaling” after Shea 1995), reflecting functional constraints that arise
out of the geometrical relationship between linear (1), area (! 1% and volumetric (! I°) dimensions. A
doubling of all linear dimensions would produce a geometrically similar object which has a relatively
greater mass in proportion to its surface or cross-sectional area. Any biological function (e.g. structural
support or diffusion across a membrane) which is adapted for a particular area:volume ratio will deviate
away from that ratio as a consequence of geometrically-similar size increase. Selection for the
maintenance of this ratio may thus result in (or “require”) allometric change.

Limb bone scaling studies have been highly influenced by a size-required approach, interpreted
within two main paradigms of deductive (sensu Medawar 1945) allometry. McMahon (1973, 1975) used
mechanical loading models to predict the expected scaling of limb bone dimensions under different
loading constraints (Table 6.2): (i) the maintenance of ‘elastic similarity’ (McMahon 1973), whereby a
structure is scaled such that it responds similarly to bending stresses imposed by loading under its own
weight (and does not fail), or (ii) the maintenance of ‘static-stress similarity’(McMahon 1975), whereby a
structure is scaled so that it experiences similar maximum compressive stress. Scaling studies tend to
focus on adult bones, even though juvenile forms also need to be adapted to their environment and size-
changes in ontogeny can be as great, or greater, than that observed in many interspecific studies. Despite
this, and an expectation that evolution occurs through the modification of development, there have been
few attempts to synthesize size-related and size-required allometric change in biology (but see Gould
1971, Carter & Beaupré 2001, Main & Biewener 2004 and C. E. Miller et al. 2008 as notable exceptions).

The allometric exponent ‘b’

The interpretation of b forms the primary focus of the majority of allometric research, whether
inter- or intra-specific in focus, as it is the quantitative descriptor of the change in shape with size in the
sample under study; what b ‘means’ is more nuanced. Across all types of allometric study, any value of b
that significantly deviates from isometry is usually presumed to reflect adaptation or functional
constraints on morphology at different sizes (Schmidt-Nielsen 1984; see above). However, the logic
behind treating isometry as the default null-hypothesis — with no change in shape needing no further
explanation — has been questioned (Gould 1971, Shea 1995). In ontogenetic studies, b has a special

relevance: it is the relative growth rate between measurements (Huxley & Teissier 1936).
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y
X [ d CSA mass
geometric I . 1.0 2.0 3.0
similarity d 1.0 . 2.0 3.0
CSA 0.5 0.5 1.5
____________________ mass_| 0.33 033 067 . |
elastic | . 1.49 5.33 4
similarity d 0.67 . 3.56 2.67
CSA 0.17 0.28 1.33
____________________ mass_| 0.25 0375 075 . |
static-stress | | . 2.0 4.0 5.0
similarity d 0.5 . 2.0 2.5
CSA 0.25 0.50 1.25
mass 0.20 0.40 0.80

Table 6.2. Expected scaling exponents (b) for the three allometric models tested in this study.
Exponents are given for all possible bivariate permutations of length (1), diameter (d), cross-sectional
area (CSA) and body mass (mass) for the relationship y=ax®, although this study focuses solely on I=ad”
(shaded).
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The allometric coefficient ‘a’

In contrast to the wealth of discussion on scaling exponents, coefficient a is largely ignored. The
influence of the comparative method effectively removes a from the discussion in many interspecific
studies (regression lines based on phylogenetically independent contrasts must pass through the origin;
Warton et al 2006). Furthermore, because in its most fundamental sense a is the value of y when x =1,
and its absolute value is dependent on scale and may be a distant extrapolation from the study-sample, the
biological *‘meaning’ of a is unclear (White & Gould 1965, Gould 1971; see discussion). If discussed at
all in single-sample studies, a is generally taken as an indicator of an off-set between x and y in evolution
or development (e.g. heterochrony, particularly clear in holometabolous organisms, or those with
secondary sexual characteristics) (McKinney & Schoch 1985). However, the simple allometric equation
has a theoretical expectation that when x=0, y=0 (this is also a biological expectation if x is body-mass or
a body-mass proxy) and so any such ‘offset” must render simple allometry inappropriate. The allometric
relationship is instead dubbed ‘complex’.

The use of log a as an indicator of offset has been linked with confusion over the ‘phantom axis’
of log-log plots and the conflation of these with (non-log) heterochrony diagrams (Bales 1996). Yet |
contend it may also reflect an intuitive understanding of the magnitude of the expected ‘instantaneous
difference’, relative to the scale chosen for that study. If measurement error (ME), not to mention the
standard error associated with sample variation, is in excess of the absolute size of the y-axis feature at its
first appearance (evolutionary or developmental); and measurement precision and the scale of the log-log
plot are such that x =1+ME (log x =0+log ME) approaches this size; then a value of log a significantly
different to O provides evidence for complex allometry. If a straight line is a good fit for the observed
data, this complex allometry occurs outside of the sample-range, and suggests either offset or a change in
b at an earlier point in ontogeny or evolution. Log a cannot, therefore, characterize offset directly, nor
differentiate between the heterochronic processes of rate and timing, but it can provide some biological
insight nonetheless.

In relative terms, a does provide biological insight and it is most often employed in comparing
the allometry of different groups. In ontogenetic allometry, true ‘ontogenetic scaling’ (where
morphological differences between two taxa can be explained by the extension or truncation of a common
ontogenetic trajectory) is identified through the concordance of a and b in each of the study-taxa. In
evolutionary allometry, a is often referred to as the ‘coefficient of proportionality’ (Schmidt-Nielsen
1984), and is important in the identification of ‘grade shifts’: where different taxa (e.g. mammals vs
reptiles) both show the same within-group scaling relationship, but — on a log-log plot — are displaced
from one another so that one group has absolutely higher values for a (Figure 6.1b). The recognition and
characterisation of grade shifts underpin many classic macroevolutionary studies (e.g. the scaling of brain
size with body size in different tetrapod clades; Jerison 1973), and have provided support for the notion
of universal scaling ‘laws’ (multiple taxonomic groups sharing common allometric exponents, and

differing only in a).
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Figure 6.1. Identification of grade shifts is dependant on the taxonomic subdivision of the sample. See text for explanation. Dashed ellipse and black line
represent the 95% confidence ellipse and regression line, respectively, for the higher level taxonomic sample; shaded ellipse and grey line represent the 95%
confidence ellipses and regression lines, respectively, for the constituent lower level taxonomic samples.
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Identification of grade-shifts depends on the sub-division of data, and this has clear implications
for allometric interpretation. For example, the size-shape relationship in a high-level taxonomic sample
can be characterised by a single, simple allometric equation (Figure 6.1a). This sample can be sub-divided
into lower taxonomic groupings (e.g. genera within a family, or species within genera), each of which can
also be characterised by their own allometric relationship, and between which grade-shifts may be evident
(Figure 6.1b). The value of b will, however, only be the same in higher- and lower-level allometric
relationships if there have been no grade shifts (or the unlikely situation of equal and opposite grade shifts
around the higher—level slope) (Figure 6.1c). Thus the existence of grade shifts implicitly acknowledges
the dependence of b on the taxonomic grouping, and that a universal biological explanation may not be
possible across all taxa and taxonomic levels. Extending this logic, intraspecific allometry may comprise
‘grade-shifted’ size-dimorphic sexes, or a series of individual-level ‘grade-shifts’ reflecting the initial
variation in shape between individuals at the start of ontogeny. Again, this underlines the need to ensure

that comparisons of values of b between studies are broadly equivalent in terms of sample composition.

6.1.2. Allometry and elephants

Extant elephants are the largest living terrestrial mammals. As such, they represent the endpoint
taxa for our current understanding of many interspecific allometric relationships. However, because both
extant species of elephant share a highly derived morphology, and their closest living relatives in the
Afrotheria are equally — but differently — specialized, teasing apart the relative impact of phylogenetic-
and size-constraints on elephant evolution is problematic. Allometric studies involving elephants can be
grouped into three broad categories: (i) those focussed on macroevolutionary trends across broad
taxonomic scales (the classic ‘mouse-to-elephant’ curve) (e.g. Alexander et al. 1979, Iriarte-Diaz 2002),
(ii) those restricted to members of the Proboscidea, usually the crown group Elephantidae (e.g. Haynes
1991; Christiansen 2007), and (iii) a small number of intraspecific studies of living and fossil taxa (e.g.
Lister & Joysey 1992, Christiansen 2007, C. E. Miller et al. 2008). Of the latter two categories, the vast
majority of studies have focussed on postcranial functional morphology, in particular limb bone scaling in
adults. Dwarf elephants offer a unique opportunity to investigate what happens when the elephant body-
plan is released from the constraint of large body size.

The taxonomic framework (Chapter 4) indicates multiple dwarfing events within one genus
(Palaeoloxodon), possibly deriving from a single mainland species (P. antiquus), effectively forming a
‘hard’ polytomy (Maddison 1989; although speciation in this sense has not arisen through a simultaneous
radiation, there is no evidence for evolutionary trends through time within P. antiquus (Davies 2002) and
temporally distinct P. antiquus populations can be considered equivalent taxonomic entities). Assuming
this phylogenetic reconstruction is valid, interspecific allometric relationships derived from those taxa do
not, therefore, need to be corrected for phylogeny (Felsenstein 1985), providing a rare example of

interspecific allometry that both accounts for phylogeny and allows consideration of parameter a.
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Dwarfing and paedomorphosis

Insular dwarfism in elephants is thought to have occurred through paedomorphosis, whereby
dwarf elephants resemble the similar-sized juvenile form of their mainland ancestor, rather than a smaller
version of the adult (Gould 1966, 1977; Sondaar 1977, Accordi & Palombo 1971; Roth 1990,19923;
Lister 1996a). This observation is primarily based on qualitative observations of P. falconeri (from
Spinagallo Cave) skull morphology, which lacks the highly pneumaticized frontal bones typical of adult
members of the Elephantidae (this feature reflects a trade off between neck-muscle attachment area and
the weight of the head itself; Maglio 1973). Cranial shape variation between male and female L. africana,
and between savannah and forest forms of Loxodonta, is also explicable by ontogenetic scaling
(Debruyne 2003), indicating that this mechanism underpins intraspecific shape variation in living
elephants. However, P. falconeri skull morphology does not appear fully paedomorphic (Roth 1992a),
and there are no published quantitative tests of this scaling hypothesis. There are also no published
studies of the role of ontogeny in the scaling of elephant teeth (dwarf or otherwise), although allometric
trends are evident (see below). Roth (1990,1992a) indicates, without supporting data, that ontogenetic
scaling can explain limb bone shape across the Elephantidae, including dwarf taxa, and this is

indistinguishable from geometric scaling.

Size-related trends in elephant molar evolution

Gould (1975) noted that increases in hypsodonty and molarisation, alongside positive allometry
of post-canine tooth area, represented ‘weak but pervasive generalities’ (p.353) in static, interspecific
scaling of mammalian dentition relative to body size. These trends, as well as an increase in molar
lamella number and complexity, also characterise proboscidean evolution (Aguirre 1969, Maglio 1973,
Shoshani 1998, Tassy 1996a). Macroevolutionary studies of elephant molar morphology have tended to
focus on phylogenetic analysis and/or chronological or geographical patterns in univariate or qualitative
data, rather than allometry (e.g. Maglio 1973, Lister & Sher 2001, Lister et al 2005, Todd 2010).
Consequently, for the majority of previous studies, allometric patterns have to be inferred, although a
number of unpublished PhD theses do provide allometric data and/or inference (Roth 1982, Davies 2001,
Debruyne 2003, Chang 2010).

Proboscidean molar evolution is understood to reflect a functional shift from grinding to
shearing, followed by an increase in shearing ability: increasing molar size and number of lamellae,
alongside a thinning of enamel (which in turn becomes more folded), contribute to a four-dimensional
increase in the total length of the ‘leading edge’ of enamel (Maglio 1973). As proboscidean evolution is
also characterised by size increase (Shoshani 1998), partly inferred from the molar dimensions
themselves in fossil taxa, it is difficult to assess from literature data alone, whether these variables scale
with positive allometry relative to body size across the Proboscidea, in line with the broader mammalian
trend (although molar size certainly increased in absolute terms). However, the thinning of enamel clearly
indicates negative allometry of this variable relative to both body size, and to molar size; and the broad

trend towards increasing hypsodonty allows intrinsic molar allometry to be inferred, with molar height

255



scaling with positive allometry relative to molar width across the order as a whole. At lower taxonomic
levels, interspecific allometric trends are harder to characterise from published data. For example, in
Mammuthus, the decrease in body size between M. trogontherii and M. primigenius accompanies
increases in plate number and lamellar frequency (Lister et al. 2005), in opposition to the broader
Proboscidean trend. Morphological trends are expected to track species-specific feeding adaptation, and
the signal from this may overwhelm any size-related trend when only higher taxonomic levels are
considered (which are also likely to bemore similar in size). There is, however, evidence for significant
positive interspecific allometry in molar length vs molar width in Mammuthus, with length T width*"®
(Lister & Joysey 1992).

Intraspecific studies of Mammuthus and Palaeoloxodon have identified an inverse allometric
relationship between lamellar frequency (y-axis) and molar width (x-axis), with b-values for upper M3s
ranging from -0.48 to -0.93 in Mammuthus (Lister and Joysey 1992), and from -0.335 to -0.995 in Far
Easten Palaeoloxodon (Chang 2010). Confidence intervals for slope values are large, and slopes were
non-significantly different between taxa and/or populations for both datasets, providing weak support for
a common allometric trend within each genus and suggesting that lamellar frequency differences between
populations can be partly explained by intraspecific size change (rather than being taxonomically
informative; Lister & Joysey 1992). However, ‘grade-shifting’ of these trends between M. meridionalis,
M. trogontherii and M. primigenius (with phylogenetically more basal taxon-slopes displaced
downwards, having lower lamellar frequencies for their molar width) provides evidence for scaling
differences not explicable by body-size differences, and aiding the delineation of these taxa (Lister &
Joysey 1992).

The intraspecific size-dependence of lamellar frequency may relate, in part, to the susceptibility
of elephant dentition to mechanical deformation during development. An interplay between plate growth
and development (with plate number assumed to be pre-determined/fixed, and species specific), and the
space available in the jaw as those plates developed, has been argued to result in tighter packing of
lamellae in smaller-jawed individuals (Lister & Joysey 1992, Roth 1992b). Lamellar frequency has been
shown to be higher in P. cypriotes (Davies 2001), and in Wrangel Island dwarfed M. primigenius (Lister
1996a), although not in M. exilis (Lister 1996); data presented in Chapter 4 indicate that Mediterranean
dwarfs were also characterised by increasing lamellar frequencies in smaller taxa, and this possible link to
jaw-size reduction is interesting in regards to dwarf elephant molar morphology.

There is evidence that female African elephants have smaller mandibles than males (Debruyne
2003), and that female Asian elephants have similar plate numbers, but higher lamellar frequencies than
males (Chang 2010); but the “plate packing’ hypothesis has yet to be tested. Given that length differences
in male and female L. africana lower M1-M3s were not significantly different (although females means
were slightly lower; Roth 1992b), and sexual dimorphism in molar size is not seen to characterize the
Elephantidae (Roth 1992b, Averianov 1996), or mammals in general (Gingerich 1974), it does not appear
to be the case that smaller jaws lead to smaller teeth in females. Instead, female teeth have been shown to

be relatively large in relation to mandible/body size for a number of taxa (Fortelius 1985, Carranza &
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Pérez-Barberia 2007). It should be noted, however, that sexual dimorphism in molar size has been
inferred for Gomphotheres (Tassy 1996b), although whether female Gomphotherium angustidens molars

are still relatively large (once jaw/maxilla dimorphsm is accounted for) is not clear.

Dwarf elephant molar allometry

Dwarf elephant tooth allometry has not been widely explored, although allometric trends seem
apparent from preliminary analyses in Chapter 4 (where, broadly speaking, dwarf elephant M3s were
shown to have fewer plates, higher lamellar frequency and relatively thick enamel than their putative
mainland ancestors, while retaining a similar shape). Further interesting trends can be identified from
previous studies. Firstly, molars of M. exilis, the dwarf mammoth from California, fall within the same
developmental trajectory as M. columbi, their mainland ancestor (Roth 1982); and — while this was not
investigated explicitly — lamellar frequency data for P. cypriotes appear to do the same in relation to P.
antiquus dental ontogeny (my observations from data in Davies 2001). This suggests a potential role for
the truncation/retardation of ancestral dental development in dwarf elephant molar evolution, in-line with
evidence from incremental growth lines in P. cypriotes enamel (Bromage et al. 2002). Secondly, insular
dwarf mammals are often characterized by relatively large teeth, at odds with the macroevolutionary
mammalian trend: Malagasy fossil dwarf hippopotamus have large post-canine tooth area relative to skull
length in comparison to mainland H. amphibius (Gould 1975); M. exilis has molars which are relatively
large in comparison to its jaw-size (Roth 1982); and fossil dwarfed red deer from Jersey experienced a
lesser degree of size reduction in their teeth than their limb bones (Lister 1989, 1996).

Data on percentage body size decrease presented in Chapter 4 suggests that the same is true of
Mediterranean dwarf elephant taxa. Given that (i) females in a number of mammalian taxa have relatively
large teeth, (ii) that mandibular and maxillary sexual dimorphism in L. africana and G. angustidens is
consistent with ontogenetic scaling (Debruyne 2003, Tassy 1996b), and (iii) dwarf elephant skull
evolution appears to consistent with paedomorphosis (Accordi & Palombo 1971), the relatively large
teeth of island dwarf mammals — and female mammals in general — might be explicable by a greater
truncation/deceleration of growth in the jaw than in the dentition, or that molar growth and jaw growth
are themselves offset in rate and timing during ontogeny. Indeed, the suggested presence of a secondary
growth spurt at around 30 years (i.e. after M3 has started to form) in L. africana males was inferred, in
part, from mandible length growth data (Laws et al 1975). Finally, enamel is relatively thick in dwarf
elephants (Chapter 4, Ambrosetti 1968, Maglio 1973, Davies 2001), and this has been argued to be a
morphological adaptation for maintaining molar shearing efficiency (Maglio 1973, Davies 2001).
However, Maglio’s (1973) arguments for relating enamel thickness to shearing efficiency were primarily
linked with a reduction in enamel thickness as lamellar frequency increased, allowing the spacing of
enamel ridges, and thus shearing efficiency, to be maintained. The pattern in dwarf elephants is, instead, a
relative thickening of enamel alongside an increase in lamellar frequency, and does not conform to this

reasoning.
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Elephant limb bone allometry

There are few studies of limb bone allometry specific to elephants, and fewer still that are
specific to dwarf elephants. Those published focus on biomechanical scaling, and provide little evidence
to support either elastic or static-stress similarity , intra- or inter-specifically. Christiansen (2007)
purported to show negative allometry between long-bone length and shaft circumference across the
Proboscidea (i.e. increasingly more robust limb-bones in larger-sized taxa). However, isometric scaling
could not be rejected for any long-bones within the Proboscidea or the Elephantidae (95% Cls include
b=1.00), and the stated conclusion that ‘proboscideans ... compensate osteologically for the increased
bone stresses associated with increasing body size’ (Christiansen 2007, p. 433) cannot be supported;
instead reported scaling exponents are consistent with Roth’s (1990, 1992a) findings of geometric
similarity. Similarly, Raia et al (2001) report isometric scaling of long bone length and midshaft diameter
in the humerus and femur between adult P. falconeri (Spinagallo Cave) and P. antiquus.

Intraspecific scaling exponents vary between studies, taxa and bones, but contrast with Roth
(1990, 19924a) in supporting allometric shape-change in a number of cases for extant elephants.
Christiansen (2007) showed that the L. africana humerus, ulna, femur, and tibia, the E. maximus
humerus, ulna and femur and the M. primigenius femur become more robust with increasing size;
however, isometry could not be rejected for the E. maximus tibia and the M. primigenius humerus, ulna
and tibia. Elephant tarsal and carpal bones, on the other hand, stay the same shape or become more
gracile during ontogeny (C. E. Miller et al. 2008). Scaling differences (between taxa, bones or studies)
should not be over-stated, however. Standard errors for b generally overlap between taxa in Christiansen
(2007) (except for the tibiae of E. maximus and M. primigenius, which are significantly different in
scaling exponent from all other E. maximus and L africana long-bones, and from M. primigenius femora).
Standard errors for b are also relatively large in C.E. Miller et al. (2008), and cannot reject elastic or static
stress similarity for a number of comparisons (studies are often hampered by the small absolute
differences between the scaling hypotheses being tested relative to the observed error on the allometric
exponents). Allometric differences between C. E. Miller et al (2008) and Christiansen (2007) could
reflect a difference in the age profiles of the included samples, rather than implying loading differences
between bones of the legs and the pes/manus, given that growth rates of limbs vary during ontogeny
(Chapter 5). C. E. Miller et al. (2008) focussed on ontogenetic allometry, while the age-profiles of the
samples in Christiansen (2007) are not given; based on the spread of data in the published figures, it
appears juvenile specimens were included by Christiansen, but it is unlikely to be developmentally
equivalent to Miller et al.”’s sample.

Other qualitative observations of shape differences between dwarf and full-sized elephants
include relatively short distal limb elements (Sondaar 1977, Roth 1984, Roth 1990, Ferretti 2008), which,
alongside a higher frequency of fused metapodials (Ambrosetti 1968, Ferretti 2008), has been argued to
reflect an adaptation to *low-gear locomotion’ (Sondaar 1977). A “friskier’ locomotion has also been
proposed for dwarf elephants (Roth 19923, Lister 1996a), based upon: (i) a decrease in torsion along

femur in P. falconeri (30° in falconeri vs 50° in large elephants; Ambrosetti 1968), suggesting that feet
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were placed less centrally beneath the knee, (ii) knee and elbow articulation indicative of a more ‘flexed’
stance in M. exilis (Roth 1992a), and (iii) increased bowing in the posterior surface of the femur in P.
falconeri and M. exilis, suggestive of a less graviportal, pillar-like stance (Roth 1992). However, little
effort has been made to quantify either dwarf elephant limb-bone morphology or ‘low-gear’ and “frisky’
locomotion as biomechanical models, making it difficult to assess their adaptive value. Furthermore,
quantitative data placing dwarf elephant morphology within the context of elephant inter- and
intraspecific variation are lacking. Roth (1992a) notes similar articular morphology in dwarf M. exilis and
juvenile E. maximus limb bones, yet gaits appear similar in juvenile and adult elephants (Hutchinson et
al. 2006, Ren et al. 2008); this undermines inferences of locomotory difference in dwarf elephants based

on this feature.

6.1.3. Body mass estimation in elephants

The majority of elephant scaling studies have considered the allometric relationship between
osteometric variables, rather than comparing those variables with body mass. This reflects the paucity of
body-mass data associated with osteological specimens. Those specimens with associated body-mass data
have, however, been employed in body-mass estimation studies. Body-mass estimation, and the
extrapolation of interspecific allometric trends to make inferences about extinct species, is an alternative
focus of allometric research on elephants. These mass-estimation studies differ from other allometric
studies in taking body-mass as the y, rather than the x, variable and focussing on predictive utility of,
rather than being interested in, the relationship between x and y. Extrapolation of the allometric
relationship to extinct taxa assumes, or trusts to, a shared allometric relationship. A move towards three-
dimensional digital reconstructions of specimen body mass (e.g. Hutchinson et al. 2007) recognizes the
issue of allometric artefacts in mass-estimation for extinct taxa, but is dependent on accurate
reconstructions of complete specimens, and is computationally-intensive. As such, allometric mass-
estimation techniques are still widely used, despite their limitations.

Body-mass estimation studies can also provide insight into morphological allometry. For
example, disparity in mass-estimates for a specimen calculated from different morphological parameters
is evidence for allometry between that specimen and the model sample. Such mass-estimation differences
have shown that dwarf elephants are relatively robust in their limb dimensions (Roth 1990), and that the
Elephantidae are broadly similar in limb bone dimensions (Christiansen 2004; this contrasts with his
(2007) conclusions, but is consistent with the data therein). The value of b in mass-estimation studies can
also be informative in respect to scaling, and has shown that shoulder height and body mass tend to scale
close to geometric similarity for some L. africana samples (Johnson & Buss 1965, Laws 1966, Laws et
al. 1975, Roth 1990) and some E. maximus samples (Christiansen 2004), while others scale with
exponents between isometry and elastic-similarity, or between elastic and static-stress similarity
(Benedict 1936, Flower 1943, Roth 1990, Christiansen 2004). Furthermore, differences in b between

mass-estimation equations generated from different model samples indicate allometric differences, and
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has suggested that female elephants become relatively more massive for their height as they increase in
size, and thus invest more in body-mass than in stature (Christiansen 2004), and that a similar situation is
observed in E. maximus as a whole (Roth 1990, and references therein).

The variation in b is also testament to the dependency of the model on the underlying sample,
which may span different age-ranges, sizes and include organisms of variable condition. Roth’s (1990)
thoughtful paper on the subject highlighted the inherent size variability in elephants of the same shoulder
height, due to both physical condition and tusk size, as well as to inherently variable features such as food
and water intake/load, and pregnancy. In consequence, body mass estimation in elephants has an inherent
standard error of a factor of 2-3 that simply reflects the true variation in the model populations, and
makes more accurate mass estimation impossible. Given these constraints, bone lengths were shown to be
the best predictors of body mass from isolated bones for living elephants under 2000kg (i.e. those
including juvenile specimens), whereas bone circumferences performed better for elephants larger than
2500kg (Roth 1990); this is consistent with the lower prediction errors in bone circumference than bone
length for all long bones, except the femur and the radius, observed by Christiansen 2004, whose sample
contained only 1 individual <2000kg.

Body mass estimates lose accuracy when there is allometry between the study and model taxa; it
is also inappropriate to extrapolate mass-estimation equations beyond their model-sample size range; as
such applying body mass estimation to dwarf elephants (i) offers no extra information than the raw data
in regards to size change, and (ii) may actually obscure size-change trends. However, body mass is an
intuitive short-hand for explaining dwarf elephant evolutionary trends, and is widely used in the scientific
and popular literature (e.g. Roth 1992a, Lister 1996a, Lister & Bahn 2007, ). Mass estimation also
facilitates the exploration of possible demographic, physiological and life-history trends in dwarf
elephants, using interspecific allometric trends based on body mass, and their implications for the causes
and correlates of body size change. As such, body mass estimation needs to be discussed alongside

allometry to enable its accuracy and value to be assessed.

6.1.4. Testing dwarf elephant allometry

Allometric trends in dwarf elephant morphology have not been well characterized inter- or
intraspecifically, yet may provide insight into the probable mechanisms underpinning dwarf elephant
evolution, and have broader implications for elephant functional evolution and morphology. This chapter
provides the first comprehensive analysis of dwarf elephant limb and molar allometry to test key
hypotheses: (i) is the evolution of dwarf elephant morphology consistent with ontogenetic scaling?; (ii)
do inter- and intra-specific scaling trends vary between parameters, bones and taxa?; (iii) are scaling
relationships consistent with either elastic and static-stress similarity, suggesting functional constraints on
morphological evolution?; (iv) do similar trends apply in living elephants?; and (v) do dwarf elephants
have relatively shorter distal limb segments? In addition, body mass estimates for dwarf elephant taxa are

calculated from existing mass-estimation equations, and interpreted within the framework of observed
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allometric trends, to help enable the use of body mass, within certain constraints, as an intuitive tool for

understanding and communicating the magnitude of body-size change in dwarf taxa.
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6.2. Materials and methods

6.2.1. Molar allometry

Elephant molars wear down during life, reducing in both height and length as they progress
through the jaw. In addition, fossil teeth are often fragmentary. Teeth are therefore rarely complete and
cannot be considered developmentally or morphologically equivalent, even within homologous tooth
elements, making them unsuitable for multivariate analysis and leading to an increase in variation (or
noise) which may obscure allometric signals (Roth 1989). Noise can be reduced by sub-dividing teeth
into equivalent wear-stages, but this reduced sample sizes to unusable numbers; instead teeth were only
included in analyses where it was felt they gave a good approximation of their living maximum
measurement. Molar width was therefore taken as a proxy for tooth size, as tooth length and crown height
could not be accurately recorded for a number of teeth (due to wear and breakage).

Dwarf elephant molar allometry was assessed using bivariate analysis of the M3 teeth of dwarf
taxa in relation to (i) the M3 teeth and (ii) dp4-M3 teeth of their putative sister taxa; the latter is
analogous to a cross-sectional ontogenetic dataset in that it captures the development of the dentition,
rather than of individual molars. In this way dwarf elephant molar morphology can be interpreted within
the paedomorphic paradigm for insular dwarfism. Chapter 4 suggested that P. antiquus was not the sister-
taxon of P. cypriotes, however no pre-M3 tooth data was available for P. iolensis for comparison. | thus
compare P. cypriotes with P. antiquus, and consider the impact of any scaling similarities between these
taxa on the ancestry debate.

Major-axis (MA) slopes were estimated using SMATR (1000 iterations, p-critical = 0.050, Cl =
95%, min. group-size n=4; Falster et al 2006, Warton et al 2006) for log-transformed (natural logarithm)
molar width (x-axis) and other parameters of upper and lower molars (y-axis; Table 6.3; Chapter 2 for
measurement protocols) for (i) Palaeoloxodon M3s (P. antiquus, P. tiliensis, P. cypriotes, P. falconeri, P.
mnaidriensis and Sicily 3), (ii) dwarf Palaeoloxodon M3s, (iii) all Palaeoloxodon molars, (iv) all P.
antiquus molars, (v) all P. cypriotes molars (no other dwarf taxon had sufficient pre-M3 teeth that could
be unambiguously ascribed to a single taxon, rendering them unsuitable for ‘ontogenetic’ intraspecific
allometry), (vi) M. meridionalis and M. creticus M3s and (vii) all M. meridionalis molars. MA
estimation’ fits a line to bivariate data by minimizing the sum of squares of residuals to the line but,
unlike linear regression (LR; also called least-squares regression), takes account of x-axis contribution to
residual scores, and is thus more appropriate for allometric studies (Shea 1985, Sokal & Rolf 1995). MA
residuals are minimized along an axis perpendicular to the fitted line, and the major axis is equivalent to
the first principal component calculated from a covariance matrix (and thus assumes that x and y are
measured on similar scales) (Warton et al 2006, Sokal & Rohlf 1995). I therefore use MA estimation for

bivariate line-fitting to ensure allometric exponents calculated in bivariate and multivariate analyses are

! Warton et al 2006 point out that the term “model 11 regression’ is incorrectly applied to these line-fitting methods,
and | follow their terminology here
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X

y

Molars

Ln Width

Ln Plate Count

Ln Length

Ln Crown Height

Ln Min. Crow Height
Ln Enamel Thickness

Humerus

Ln MinAP**
Ln MinML**
Ln PAP

Ln PML

Ln DAP**
Ln DML**
Ln DeltML**

Ln Diaphysis Length**

Ln MDAP**
Ln MDML**
Ln PAP**
Ln PML**
Ln DAP

Ln DML**

Ln Diaphysis Length**

Ln MDAP**

Ln MaxMDML**
Ln PAP

Ln PML**

Ln DAP**

Ln DML**

Ln Diaphysis Length**

Ln MDAP**
Ln MDML**
Ln PAP*
Ln PML**
Ln DAP**
Ln DML**

Ln Diaphysis Length**

Table 6.3. Bivariate allometric variables. Major axis slopes were estimated for the above variables,
and compared within and between elephant taxa. Abbreviations as Tables 2.5-2.8. * indicates variables
used in intraspecific PCA only, ** indicates variables used in inter- and intraspecific PCA.
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directly comparable. It should be noted, however, that confidence intervals (Cls) for slopes calculated by
MA estimation are known to be larger than Cls for reduced-major axis (RMA) or LR slopes calculated
from the same data (Warton et al 2006), and bivariate MA estimation may be associated with a greater
rate of type Il error.

Patterns of bivariate allometry can be compared through statistical testing of MA slope and
intercept similarity among taxa, or among age classes within a taxon/interspecific sample using the
software program SMATR (Falster et al 2006); this approach is analogous to ANCOVA, but can be
extended to produce (i) post-hoc pair-wise comparisons of slopes, identifying differences between
individual samples, and (ii) shifts along a common slope (Figure 6.2). This allows a direct test for
ontogenetic scaling, which would be characterised by a shift along a common slope (shift ‘C”) among
ontogenetic trajectories of different taxa, or between adult and juvenile data within a taxon, and for the
identification of grade shifts (shifts ‘B’ & *D’) between taxa. Statistical comparison of MA slopes and
intercepts in SMATR were used along with visual inspection of bivariate plots to test the following
hypotheses for elephant molars:

1. Dental ontogeny is similar in P. antiquus and M. meridionalis (Ho: differences in In a and b

are non-significant)

2. Dwarf elephant M3s are geometrically similar to M3s of their putative mainland ancestor (Ho.
b=1.0)

3. Dwarf elephant molar allometry is consistent with ontogenetic scaling (Ho: differences in In a
and b between P. antiquus and dwarf elephant M3s are non-significant; and dwarf elephant
molars plot onto the ‘ontogenetic trajectory’ of their putative mainland ancestor)

4. Dental ontogeny is similar in P. antiquus and P. cypriotes (Ho: differences in In a and b are

non-significant)

6.2.2. Limb bone allometry

Inter- and intraspecific allometry of the humerus, ulna, femur and tibia are investigated using two
approaches: (i) multivariate allometry, using a covariance matrix-based PCA, and (ii) bivariate allometry,
using MA estimation to consider the allometric relationship between log-transformed diaphyseal length
(Ln DL; y-axis) and each of the other shaft AP and ML parameters (x-axis) in each limb-bone Table 6.3;
Chapter 2 for measurement protocols). Radius, fibula, and bones of the pes and manus were not included
in this study owing to time limitations in the data-collection schedule. Multivariate analysis explores size-
shape trends in each limb-bone diaphysis as a whole, in a semi-quantitative, but non-statistical manner;
whereas bivariate analysis employs a hypothesis testing approach to establish differences between and
within taxa, and to compare slope values with theoretical b-values relating to specific scaling hypotheses
(Table 6.2).

Covariance matrix-based principal components analysis (PCA) is the multivariate generalization

of the simple allometric formula, with principal component 1 (PC1) representing the size, and size-related
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Figure 6.2. Identifying allometric differences between samples. A sample (dark grey ellipse) can
significantly differ from other samples (light grey ellipses) in slope (Shift A), intercept (Shift B), or can
be shifted along a common slope (Shift C; this is equivalent to ontogenetic scaling in ontogenetic
datasets), or can be both shifted along a common slope and differ in intercept (Shift D). Modified from

Warton et al. (2006).

265



shape, axis (Jolicoeur 1963, Shea 1985). If size underpins the shape variation in the study sample, PC1
will account for the majority of variation in the sample, and its eigenvalue will be high. Allometry is then
identified by considering the eigenvector loadings in PC1: isometry is indicated if all eigenvector
loadings are equal to 1/Ynumber of variables (n,) (Jolicoeur 1963); deviations from this value can be
interpreted for each parameter’s eigenvector loading as positively allometric (>1/1n,) or negatively
allometric (<1/In,). Multivariate analysis enables size and shape to be characterised for a whole
morphological element, rather than performing a large number of bivariate comparisons, or relying on a
size-proxy. Available statistical packages do not allow for significance testing of eigenvector loadings,
and thus PCA is used here for data exploration rather than hypothesis testing, and to provide a whole-
bone allometric signal to supplement the bivariate data.

PCA parameters were chosen to maximise both sample size, leading to the exclusion of some
variables (Table 6.3; Tibia PAP was also excluded for interspecific PCA owing to non-equivalence of this
measurement in P. tiliensis). 6-variable PCAs were carried out for all interspecific analyses, and for the
humerus, ulna and femur intraspecifically; 7-variable PCAs were performed for the tibia intraspecifically.
For each analysis, PC1 eigenvector loadings were compared to the expected eigenvector loadings for
isometry in PC1 (6 variables: 1/16 = 0.408; 7 variables 1/17 = 0.378) for all variables to identify
allometric variables, and then to other eigenvector loadings within a bone (to identify any potential
loading and/or growth differences along a bone), and between the same parameters in different samples
(identifying age related differences in inter and intra-specific allometry, as well as taxon differences in
intraspecific allometry).

Interspecific bivariate and multivariate analyses were carried out for samples made up of (i) adult
members of L. africana, E. maximus, P. antiquus, P. falconeri, P. tiliensis and Sicily 3, with ‘adult’ bones
identified on the basis of their early fusing epiphysis to maximise adult sample sizes (Chapter 5), (ii)
juvenile members of the same, (iii) the combined juvenile and adult dataset, (iv) adult members of
Palaeoloxodon (i.e. excluding extant elephants) and, in bivariate analysis only, (v) adult members of L.
africana, E. maximus, P. antiquus (the ‘full-sized’ elephants). The same taxa were then considered
individually for adult, juvenile and combined (= “All’) datasets to establish intraspecific bi- and
multivariate allometry.

Bivariate slopes were tested in SMATR against three different scaling hypotheses (inter- and
intraspecifically): isometry (b=1.00), elastic similarity (b=0.67) and static-stress similarity (b=0.50). MA
estimations were also compared between samples for slope shifts (Figure 6.2). This enabled allometric
trends to be assessed across the Elephantidae, within the genus Palaeoloxodon specifically and within
each taxon, in relation to each other and to explicit scaling hypotheses. It also allowed the impact of
sample age-profile on inter and intra-specific allometric to be assessed. There were insufficient juvenile
data to characterize the ontogenetic trajectory for P. antiquus limb bones, preventing a direct test of
ontogenetic scaling in dwarf elephants relative to their full-sized ancestor. However, L. africana and E.

maximus could be compared with dwarf elephants and, because these taxa phylogenetically bracket the
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Elephantidae, any shared ontogenetic trajectory between these taxa and P. falconeri and P. tiliensis can be

considered as good evidence for ontogenetic scaling in dwarf elephants.

Relative size of limb elements

Interspecific limb bone allometry provides some insight into limb bone proportions, as
increasingly positive allometry in distal limb elements (tibia and ulna) relative to proximal elements
(femur and humerus) would indicate that distal elements in smaller taxa have become disproportinately
shorter. However, the allometry of individual bones cannot account for differing amounts of size change
(i.e. the magnitude of change along a common slope), even if shape change in both elements is shown to
be similar. To investigate distal limb shortening further, the ratios of mean diaphysis length between
proximal and distal limb bones were calculated for the fore and hind limb in male and female P. falconeri
and P. tiliensis, and compared with the (i) the average of individual ratios (i.e. calculated from associated
limb bones), and (ii) the ratios of mean diaphysis length for L. africana, E. maximus and P. antiquus.
Dwarf taxa were separated into putative sexes following Appendix 5 to maximise the chances of
comparing DL between similar sized individuals (and thus gaining a better approximation of the ‘true’
individual ratio). The mean of these sex-averages was then calculated to produce a taxon average, to be
compared with the taxon averages in full-sized taxa. Limb ratios were also plotted against size (based on
the diaphysis length of the distal limb segment) to identify any ontogenetic allometry in relative limb-

segment growth.

6.2.3. Body Mass Estimation

Body mass estimates (kg) were calculated for adult P. falconeri, P. tiliensis, Sicily 3 and P.
mnaidriensis (although the taxonomic identity of limb-bone material attributed to this taxon is
problematic; Chapter 4), and for P. antiquus, L. africana and E. maximus using equations from Roth
(1990) and Christiansen (2004) for which I had equivalent limb-bone parameters (Table 6.4).
Christiansen (2004) did not describe his measurement protocol (e.g. where along the shaft he took
circumferences and widths), but the L. africana specimen ZE 1961.8.9.82 was common to both our data
sets, allowing measurement equivalence to be established for a number of variables (Appendix 10).
Masses were calculated from mean adult values for each taxon, as well as separately for putative sexes
where data was sufficient. Mass estimates were compared within each taxon, to identify likely body mass
ranges for dwarf and full-sized elephants and establish and disparity in mass-estimates relating to limb
bone allometry, which might undermine the reliability of those estimates. Dwarf limb bones are all
unassociated; full-sized elephant limb bones were mostly taken from complete skeletons. In consequence,
the body mass ranges in full-sized taxa better reflect the intrinsic error in body mass estimation, whereas

size ranges for dwarf species will also include variation due to sample composition.
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y = Body Mass (kg) y =TL
Reference Bone X (mm) Log a b Allometry b Allometry
Christiansen (2004) Humerus TL -4.15 2.64 +ve . .
MinCirc -1.6  0.57 SS+ 0.22 SS+
______________ MinML____-0.66_ 212 _SS+ 080 __ -ve
Ulna TL -4.14  2.67 +ve
MDML -0.19 1.74 SS+ 0.65 ES
MDAP -0.87 2.3 SS+ 0.86 -ve
______________ MDCirc  -1.35 202 SS+ 076 -ve
Femur TL -5.57 3.04 +ve
MDML -0.34 1.9 SS+ 0.63 ES
MDCirc -1.61 2.07 SS+ 0.68 ES
______________ LatCondML __ -1.51 2.7 ES 089 _ -ve
Tibia TL -3.06 2.378 +ve
MDCirc -2.72  2.65 ES 1.11 +ve
MDAP 1.04 1.4 SS+ 0.59 SS
_______________________________________ MDML . 0.95 139 SS+  058 _ SS
Roth (1990) Humerus TL -4.56 2.675 +tve
______________ MinCirc _ -3.02 2.611 _ EStoss 098 I
Femur TL -3.02 2.654 +ve
MDCirc -3.42  2.827 | to ES 1.07 I

Table 6.4. Body mass estimation equation variables from Roth (1990) and Chrisitiansen (2004).
Body mass was estimated using the allometric equation Body mass (kg)=Log a + b*Log x (mm).TL is
total bone length. b-values can be compared with values in Table 6.2 to see how they compare with
exponents for isometry (1), elastic (ES) and static-stress (SS) similarity. Bone lengths appear to scale
with positive (+ve) allometry relative to body mass, while bone widths and circumferences with quite
extreme negative (-ve) allometry (+ after ES or SS indicates more extreme -ve allometry than predicted
by that scaling hypothesis). The allometric exponent can be predicted for y = TL, and x = bone width
from body mass b-values by dividing bwidth or circumference) BY BerLy-
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6.3. Results

Molar allometry, limb allometry and body mass estimation results are outlined in detail in
separate sections, with some accompanying discussion relating to methodological considerations. The
results of all three sections are then reviewed and summarized in Section 6.3.4 to provide a general

overview prior to the wider discussion in Section 6.4.

6.3.1. Molar allometry

Allometric comparisons within and between species are hampered by non-developmental
equivalence of samples, and an increased level of noise and variation owing to this, which may obscure or
affect scaling trends. This occurs both in ontogenetic samples (which may comprise different tooth-series
ranges, or proportions of different molar types) and in M3-only samples (with different teeth at different
wear stages). Despite this, samples were compared to one another without further subdivision to
maximise sample sizes (resampling methods were not employed, as these would not correct for existing
data gaps, and pre-M3 identity of dwarf molars was not always clear). Visual inspection of bivariate data

was employed to try and explore potential biases relating to sample composition.

Full-sized fossil elephants

P. antiquus and M. meridionalis b-values are significantly different for the majority of analyses,
with P. antiquus exhibiting more extreme allometry (Tables 6.5 & 6.6, Figure 6.3 & 6.4). Hypothesis 1
(dental ontogeny is similar in P. antiquus and M. meridionalis) can therefore be rejected. However, there
are broad similarities in the allometric trends observed in P. antiquus and M. meridionalis. Upper and
lower molar length, upper molar crown height and upper minimum crown height increase with positive
allometry relative to molar width across the molar series in both species. Lower molar height also
increases with positive allometry in P. antiquus, though the ontogenetic trend in M. meridionalis crown
height is close to isometry (Table 6.7). Lower molars thus show more extreme allometric length increase,
while upper molars show more positively allometric crown height increase (Tables 6.7 & 6.8). Although
P. antiquus lower molar crown height shows slight negative allometry (albeit not significantly different
from isometry), and thus appears to buck this trend, the sample only includes M2 and M3 specimens;
were earlier erupting molars included in the sample it is likely the b-value would increase in line with
minimum crown height observations. Lamellar frequency (LF) shows inverse allometry relative to molar
width for both upper and lower molars in both species. In M. meridionalis, LF scales similarly with molar
width for both upper and lower molars (b=-0.80), while upper and lower molars have significantly
different b-values in P. antiquus (lower molars show a steeper rate of decrease in LF: lower molar b=-
0.92 whereas upper molar b=-0.70). Developmentally younger (and thus smaller) molars thus have more
closely packed plates (higher lamellar frequencies) in both taxa, similar to the trend observed across
dwarf and full-sized elephant M3s (Chapter 4).

269



o 5 5 2 o =
y Taxon £ 52 S e S 2
© 8 s & 9 E
*f 8 § ° 3
P. antiquus .
Palaeoloxodon M3s A .
o Palaeoloxodon A A .
% Spinagallo Cave C A A .
= P. cypriotes C A A NS )
M. meridionalis A A D A A .
. Mammuthus . A Al DA A NS
P. antiquus .
~ Palaeoloxodon M3s A .
‘é Palaeoloxodon A A )
@ Spinagallo Cave C C NS .
< P.cypriotes C A NS NS .
M. meridionalis A A D C C
. Mammuthus . A Al D_.C. C.___NS_
P. antiquus .
Palaeoloxodon M3s A .
L Palaeoloxodon A D .
< Spinagallo Cave A A A .
- p. cypriotes C C C A .
M. meridionalis A D C A C
. Mammuthus . A D C.LLA .. C.___NS_
P. antiquus .
Palaeoloxodon M3s D .
T Palaeoloxodon A A .
(é Spinagallo Cave C C C .
= P. cypriotes A A A NS i
M. meridionalis D A A C A
.. Mammuthus C A A . C__A__Ns_
P. antiquus .
- Palaeoloxodon M3s A .
O  Palaeoloxodon C A .
-é Spinagallo Cave C C C .
5 P cypriotes C C C C .
M. meridionalis NS NS NS NS NS
.. Mammuthus NS NS NS __ NS NS_ NS _
P. antiquus .
— Palaeoloxodon M3s A .
' Palaeoloxodon C A .
Z Spinagallo Cave A A A .
S P.cypriotes C A C A .
M. meridionalis A A A A A .
Mammuthus A A A A A NS

Table 6.5. Allometric slope comparisons for lower molars. MA lines of Ln molar width (x) vs each y
variable were compared between samples for slope (b) differences (shift A), and, if slopes were not
significantly different, for shifts in intercept (a) (shift B), shifts along a common slope (shift C) or both
(shift D). NS is no shift. Grey shading highlights comparisons in which one or both MA estimations show
a non-significant correlation between x and y. All samples include pre-M3 teeth except Palaeoloxodon

M3s.
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Figure 6.3. Dwarf elephant lower molar interspecific allometry. Lower M3s of dwarf taxa are plotted
for comparison with the ‘ontogenetic’ trajectory (dashed lines) of their putative mainland ancestors P.
antiquus (black) and M. meridionalis (dark green). The interspecific allometry of Palaeoloxodon M3
teeth (black solid line) is also shown. Y is dP2; X is dP3; + is dP4, open squares are M1s, open triangles
are M2s, open circles are M3s; dots are unidentified teeth. Dark red is P. falconeri, dark blue is P.
mnaidriensis, orange is Sicily 3, purple is P. cypriotes, light green is P. creutzburgi, pink is M. creticus.
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Plate count (PC) and enamel thickness scale differently in P. antiquus and M. meridionalis. In P.
antiquus, PC scales with slight positive allometry relative to molar width in upper and lower molars
(although scaling is not significantly different to isometry in lower molars), while in M. meridionalis PC
scales with negative allometry (Tables 6.7 & 6.8). Enamel thickness scales close to isometry relative to
molar width in M. meridionalis, but scales with negative allometry in P. antiquus (Tables 6.7 & 6.8). P.
antiquus teeth thus become relatively longer and taller, with relatively thinner enamel, and a relatively
higher number of more widely spaced plates across dental ontogeny. M meridionalis teeth also become
relatively longer, and upper teeth become relatively taller during dental ontogeny (to a lesser degree than
in P. antiquus). However, M. meridionalis lower molar crown heights and enamel thickness (in upper and
lower teeth) stay proportionally similar. Their plates also become more widely spaced (although, again, to
a lesser degree than in P. antiquus), but while plate number increases absolutely, this increase does not
keep pace with the increase in molar width (Figures 6.3 & 6.4).

P. antiquus and M. meridionalis MA slopes converge at lower molar widths, with
developmentally younger teeth more similar across taxa. Although upper crown height differences
between M. meridionalis and P. antiquus appear established at dP2, differences in plate counts, lengths,
enamel thickness, and in lower M3 lamellar frequency, are not apparent until dP4/M1, indicating that
differences become manifest during postnatal ontogeny (dP2 and dP3 are fully formed during gestation;
Roth 1992b) (Figures 6.3 & 6.4). Post-dP4 upper molar lamellar frequency overlaps in M. meridionalis
and P. antiquus, and scaling differences between these taxa, and between upper and lower molars in P.
antiquus, may reflect a lack of dP2 teeth in the P. antiquus sample. The only P. antiquus upper dP2 falls
within the M. meridionalis upper dP2 scatter, in line with the trend observed for dP2s across variables,
and is a significant outlier from the P. antiquus MA line (Figure 6.4); additional dP2 data, if also similar
to M. meridionalis dP2s as expected, would result in a higher negative slope value for P. antiquus LF. LF
slopes would then be similar between P. antiquus and M. meridionalis upper molars, but with the M.
meridionalis sample displaced above and to the right (i.e. M. meridionalis molars are (i) absolutely wider,
and (ii) have a higher LF relative to P. antiquus molars of the same width). Differences in pre-M1 scaling
appear to be driven by differences in mean width for each tooth, and width differences appear to manifest

from dP3 onwards in both upper and lower molars (Figures 6.3 & 6.4).

Dwarf elephant interspecific molar allometry

MA slopes for the interspecific Palaeoloxodon M3 samples (comprising P. antiquus and dwarf
elephant M3 teeth), and the intraspecific P. antiquus dental series, are significantly different for all
variables, in both upper and lower teeth, except for upper Ln LF. Hypothesis 2 (dwarf elephant molar
allometry is consistent with ontogenetic scaling) can thus be rejected for these data (Table 6.5 & 6.6).
Interspecific M3 slopes are lower (more negatively, or less positively, allometric) than the corresponding
P. antiquus intraspecific slope (Tables 6.7 & 6.8), with smaller dwarfs falling away from, and Sicily 3
(the largest dwarf taxon) mapping onto, the P. antiquus ontogenetic trend (Figures 6.3 & 6.4). This

convergence of inter- and intraspecific slopes at increasing molar widths can be seen to occur across the
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Taxon

P. antiquus

Palaeoloxodon

M3s

Palaeoloxodon

Spinagallo Cave

P. cypriotes

Ln Av. ET

P. antiquus
Palaeoloxodon M3s
Palaeoloxodon
Spinagallo Cave

P. cypriotes

M. meridionalis

P. antiquus
Palaeoloxodon M3s
Palaeoloxodon
Spinagallo Cave

P. cypriotes

M. meridionalis

P. antiquus

P. antiquus + dwarf M3s

Palaeoloxodon
Spinagallo Cave

P. cypriotes

M. meridionalis

P. antiquus
Palaeoloxodon M3s
Palaeoloxodon
Spinagallo Cave

P. cypriotes

M. meridionalis

P. antiquus
Palaeoloxodon M3s
Palaeoloxodon
Spinagallo Cave

P. cypriotes

M. meridionalis

P. antiquus
Palaeoloxodon M3s
Palaeoloxodon
Spinagallo Cave

P. cypriotes

M. meridionalis

>0 > >-

> >0 > -

Table 6.6. Allometric slope comparisons for upper molars. Legend as Table 6.5. There are no M.

creticus upper molars.
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Figure 6.4. Dwarf elephant upper molar interspecific allometry. Upper M3s of dwarf taxa are plotted
for comparison with the ‘ontogenetic’ trajectory (dashed lines) of their putative mainland ancestors P.
antiquus (black) and M. meridionalis (dark green). The interspecific allometry of Palaeoloxodon M3
teeth (black solid line) is also shown. Y is dP2; X is dP3; + is dP4, open squares are M1s, open diamonds
are M2s, open circles are M3s; dots are unidentified teeth. Dark red is P. falconeri, dark blue is P.
mnaidriensis, orange is Sicily 3, purple is P. cypriotes, light green is P. creutzburgi, pink is M. creticus.
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entire size-range of Palaeoloxodon M3s, and is not an artefact of P. antiquus M3s forming the end-
members of both trends. Smaller dwarf Palaeoloxodon M3s thus become disproportionately longer and
taller, with a higher plate count and thicker enamel, than developmentally younger P. antiquus teeth of
equivalent molar width.

The addition of M. creticus to the M. meridionalis ontogenetic series made no significant
difference to the MA estimations for lower teeth (Table 6.5; there were no sufficiently complete M.
creticus upper molars), and M. creticus falls onto the M. meridionalis ontogenetic trend for crown height
and lamellar frequency (Figure 6.3). This suggests that M. creticus morphology is consistent with
ontogenetic scaling, and that Hypothesis 2 cannot be rejected. However, the signal from the large sample
of M. meridionalis teeth obscures the observed deviation of M. creticus M3s from the M. meridionalis
trend for plate count and molar length (Figure 6.3). M. creticus is longer, and has a higher plate count
than developmentally younger M. meridionalis teeth of equivalent molar width, in line with the observed
trend in small Palaeoloxodon dwarf elephants.

Although b-values for Ln Width vs Ln LF were significantly different for interspecific
Palaeoloxodon M3s and intraspecific P. antiquus (Tables 6.5 & 6.6), there is clear overlap between these
trends, with dwarf M3s showing broadly similar lamellar frequencies to P. antiquus molars of similar
width (Figures 6.3 & 6.4). The total Palaeoloxodon sample (all pre-M3 dwarf teeth identified as
Palaeoloxodon, including those for which species attribution is problematic) also shows a clear allometric
trend which fully encompasses, and appears to be an extension of, the P. antiquus trend (Figures 6.5 &
6.6; note, b is not significantly different between Palaeoloxodon and P. antiquus upper molars, but is for
lowers). M. creticus M3s also plot on, or close to, the M. meridionalis lamellar frequency trend-line.

Despite deviating from the P. antiquus ontogenetic trend, Palaeoloxodon M3s scale at, or close
to, isometry for upper molar length and crown height (Table 6.8), and Hypothesis 3 (dwarf elephant M3s
are geometrically similar to M3s of their putative mainland ancestor) cannot be rejected for these data, in
line with observations in Chapter 4. P. cypriotes upper M3s, which were shown to be relatively short in
Chapter 4, potentially rejecting P. antiquus ancestry, fall slightly away from the isometric trend-line for
crown height (Figure 6.4). However, this deviation is no greater than that observed in P. falconeri (Figure
6.4), suggesting that the taxonomic importance of differences in mean shape-ratio in P. cypriotes may
have been over emphasised.

M. creticus lower M3 crown heights fall almost exactly on to the M. meridionalis ontogenetic
trend; as this trend is isometric, M. creticus M3s also scale geometrically in relation to their putative sister
taxon for crown height and Hypothesis 3 cannot be rejected. Palaeoloxodon dwarf lower M3s do not,
however, scale with isometry relative to P. antiquus M3s for crown height and molar length, rejecting
Hypothesis 3 for both key descriptors of lower molar shape; instead Palaeoloxodon lower M3s scale with
positive allometry relative to molar width for these variables (Table 6.7), and thus Palaeoloxodon dwarf
lower M3s are relatively shorter and lower crowned than their putative mainland ancestor. Although M.
creticus lower M3 length is not tested here for isometric scaling relative to M. meridionalis, length index

results (Chapter 4) indicate that this not the case: M. creticus lower M3s are thus disproportionately long
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y Taxon n R? p b

P. antiquus 36 0.80 0.00 1.09 0.92 1.30 1.00 1.20 -1.91+ 0.78 0.40
Palaeoloxodon M3 37 0.79 0.00 0.39 0.32 0.46 0.35 0.43 1.17+ 0.27 0.14
Palaeoloxodon 124 0.72 0.00 0.67 0.60 0.75 0.63 0.71 -0.09+ 0.27 0.14 *

@)
DC' Spinagallo Cave 6 0.95 0.00 1.04 0.74 1.47 0.89 1.26 -0.86+ 1.08 0.55
- p. cypriotes 13 0.71 0.00 1.31 0.86 2.11 1.08 1.72 -2.03+ 1.74 0.89

M. meridionalis 46 0.78 0.00 0.71 0.60 0.83 0.66 0.77 -0.76+ 0.47 0.24 *

_______ Mammuthus 48 0.67 0.00 0.69 0.56 0.85 0.62 0.77 _ -0.66+ 0.59 0.30 -

P. antiquus 17 0.92 0.00 1.76 1.50 2.10 1.63 1.93 -1.81+ 1.18 0.60 *

. Palaeoloxodon M3 20 0.94 0.00 1.19 1.05 1.36 1.12 1.28 0.66+ 0.58 0.30 *
*é Palaeoloxodon 74 0.93 0.00 1.38 1.29 1.47 1.33 1.42 -0.18+ 0.31 0.16
@ Spinagallo Cave 3 0.28 0.65 1.83 ! ! ! ! -1.33+ 124.0 63.25 -
S P.cypriotes 6 0.81 0.01 1.78 0.94 4.76 1.35 3.30 -1.33+ 3.88 1.98

M. meridionalis 42 0.97 0.00 1.36 1.28 1.44 1.32 1.40 -0.62+ 0.33 0.17 *
_______ Mammuthus 43 0.95 0.00 1.35 1.26 1.45 1.31 140 _ -0.59+ -0.39 -0.20 -
P. antiquus 45 0.87 0.00 -0.92 -1.04 -0.81 -0.98 -0.87 5.54+ 0.46 0.24 *
Palaeoloxodon M3 68 0.81 0.00 -0.75 -0.84 -0.66 -0.80 -0.70 479+ 0.36 0.18 *
u Palaeoloxodon 152 0.92 0.00 -0.82 -0.87 -0.78 -0.84 -0.80 5.10+ 0.15 0.07 *
_C' Spinagallo Cave 8 0.09 0.46 -8.24 3.23 -1.66 -2.39 -4.88 29.48+ 85.1 43.41
- P cypriotes 11 0.66 0.00 -0.88 -1.58 -0.47 -1.24 -0.67 5.26+ 1.51 0.77
M. meridionalis 60 0.91 0.00 -0.80 -0.87 -0.74 -0.84 -0.77 5.19+ 0.28 0.14
_______ Mammuthus 63 0.91 0.00 -0.79 -0.86 -0.73 -0.83 -0.76 _ 5.16+ 0.27 0.14 -
P. antiquus 11 0.66 0.00 0.82 0.43 1.46 0.62 1.15 155+ 1.89 0.96 *
Palaeoloxodon M3 28 0.93 0.00 1.18 1.06 1.33 1.12 1.26 -0.02+ 0.51 0.26 *
T Palaeoloxodon 64 0.94 0.00 1.20 1.13 1.28 1.17 1.24 -0.12+ 0.27 0.14 *
('C) Spinagallo Cave 4 054 0.27 0.57 ! ! ! ! 2.02+ 5.16 2.63
= P. cypriotes 7 0.86 0.00 2.27 150 4.06 1.88 3.18 -3.563+ 3.29 1.68
M. meridionalis 24 0.94 0.00 1.04 0.93 1.17 0.98 1.10 0.06+ 0.49 0.25 *
_______ Mammuthus 26 0.95 0.00 1.05 0.95 1.16 1.00 1.11 _ 0.03% 0.44 0.22 -
P. antiquus 21 0.91 0.00 1.53 1.32 1.80 1.42 1.66 -1.66+ 0.96 0.49 *
T Palaeoloxodon M3 41 0.89 0.00 1.08 0.97 1.21 1.02 1.14 0.23+ 0.47 0.24
O Palaeoloxodon 109 0.87 0.00 1.41 1.31 1.52 1.36 1.47 -1.13+ 0.37 0.19 *

-‘25 Spinagallo Cave 6 0.37 0.20 2.42 1 ! ! ! -4.01+ 14.36 7.33

g P. cypriotes 7 081 0.01 1.32 0.74 2.61 1.02 1.98 -0.67+ 2.36 1.21 -
M. meridionalis 6 0.95 0.00 1.14 0.84 1.57 0.98 1.36 -0.42+ 1.26 0.64 *
_______ Mammuthus 7 0.92 0.00 1.15 0.82 1.65 0.98 141 _ -0.53+ 1.39 0.71 -
P. antiquus 48 0.64 0.00 0.79 0.62 0.98 0.70 0.88 -2.71+ 0.73 0.37 *
— Palaeoloxodon M3 79 0.59 0.00 0.39 0.32 0.47 0.35 0.43 -1.00+ 0.29 0.15 *
W Palaeoloxodon 203 0.75 0.00 0.73 0.67 0.79 0.70 0.76 -2.32+ 0.21 0.11
Z Spinagallo Cave 13 0.68 0.00 1.60 1.04 2.75 1.31 2.19 -4.82+ 2.33 1.19
S P.cypriotes 16 0.62 0.00 0.63 0.37 0.97 0.50 0.80 -1.90+ 0.90 0.46
M. meridionalis 62 0.82 0.00 0.99 0.88 1.12 0.93 1.06 -3.45+ 0.52 0.26
Mammuthus 64 0.79 0.00 0.96 0.84 1.10 0.90 1.03 -3.31+ 0.54 0.27 -

Table 6.7. Major axis estimation for lower molars. MA slopes conforming to the relationship Lny = Ln
a + b*Ln Molar Width were estimated for each inter and intraspecific sample. Blue shading highlights
negatively allometric b-values that reject isometry (are significantly different to 1.0); green shading
highlights inversely allometric b-values that cannot reject isometry; orange shading highlights
positively allometric b-values that reject isometry; yellow shading highlights positively allometric b-
values that cannot reject isometry; pink shading indicates inversely allometric b-values which cannot
reject b=-1.0; purple shading indicates negatively allometric b-values which can reject b=-1.0.
Unshaded b-values have non-significant correlations between x and y. * indicates slopes which have
significantly different b-values to their corresponding upper molar MA estimation.
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y Taxon n R? p b

P. antiquus 36 0.93 0.00 1.12 1.02 1.24 1.07 1.18 -2.08+ 0.44 0.22
Palaeoloxodon M3 41 0.78 0.00 ' 0.41 0.34 0.48 0.37 0.45 1.08+ 0.28 0.14
Palaeoloxodon 148 0.69 0.00 ' 0.79 0.71 0.88 0.75 0.84 -0.60+ 0.31 0.16

@)
DC' Spinagallo Cave 6 0.36 0.21 1.42 1 ! ! ! -2.28+ 8.78 4.48
- P cypriotes 8 0.77 0.00 1.64 0.97 3.32 1.30 2.50 -3.25+ 2.95 1.50

M. meridionalis 65 0.69 0.00 /0.80 0.67 0.95 0.73 0.88 -1.20+ 0.59 0.30
______Mfaimmy_t_hg_s _________ 6_5_ ______ o2 e S R, e '________'_________:_____i: ________________
P. antiquus 24 0.99 0.00 1.62 1.53 1.71 1.57 1.66 -1.46+ 0.34 0.17
. Palaeoloxodon M3 26 0.95 0.00 1.04 0.94 1.15 0.99 1.10 1.08+ 0.41 0.21
*é, Palaeoloxodon 105 0.96 0.00 1.39 1.34 1.45 1.36 1.42 -0.44+ 0.20 0.10
@ Spinagallo Cave - - - - - - - - -+ - -
S P.cypriotes 4 0.94 0.03 1.49 0.65 5.15 1.06 3.35 -0.62+ 3.81 1.94
M. meridionalis 54 0.96 0.00 1.46 1.38 1.54 1.42 1.50 -1.16+ 0.35 0.18
______Mfaimmy_t_hy_s _________ 5_4_ ______ R, R, R, e oo '________'_________:_____i_ ________________
P. antiquus 60 0.78 0.00 -0.70 -0.80 -0.60 -0.75 -0.65 4.86+ 0.40 0.21
Palaeoloxodon M3 73 0.82 0.00 -0.60 -0.67 -0.54 -0.64 -0.57 444+ 0.27 0.14
u Palaeoloxodon 224 0.72 0.00 -0.70 -0.76 -0.64 -0.73 -0.67 481+ 0.22 0.11
_C' Spinagallo Cave 11 0.10 0.34 -2.30 ! ! ! ! 10.10+ 17.66 9.01
- p. cypriotes 12 0.48 0.01 -0.70 -1.55 -0.23 -1.13 -0.46 4.86+ 1.72 0.88
M. meridionalis 88 0.93 0.00 [-0.80 -0.85 -0.75 -0.83 -0.78 5.30+ 0.21 0.11
______Mfaimmy_t_hy_s _________ 8_8_ ______ R, R, R, e oo '________'_________:_____i_ ________________
P. antiquus 21 0.98 0.00 1.45 1.34 1.56 1.39 1.50 -1.13+ 0.44 0.23
Palaeoloxodon M3 38 0.96 0.00 1.00 0.93 1.07 0.96 1.04 0.80+ 0.28 0.14
T Palaeoloxodon 110 0.94 0.00 1.28 1.22 1.34 1.25 1.31 -0.36+ 0.23 0.12
('C) Spinagallo Cave 6 0.10 0.54 4.93 1 ! 1 ! -12.38+ 68.49 34.94
— P. cypriotes 11 0.72 0.00 1.66 1.06 2.91 1.35 2.30 -1.60+ 2.57 1.31
M. meridionalis 47 0.93 0.00 1.32 1.22 1.43 1.27 1.38 -1.13+ 0.47 0.24
______Mfaimmy_t_hy_s _________ 4_7_ ______ R, R, R, e oo '________'_________:_____i_ ________________
P. antiquus 35 0.85 0.00 1.84 1.59 2.16 1.71 2.00 -3.01+ 1.12 0.57

- Palaeoloxodon M3 23 0.90 0.00 1.02 0.88 1.19 0.95 1.11 0.66+ 0.61 0.31
© Palaeoloxodon 114 0.89 0.00 1.33 1.24 1.42 1.28 1.37 -0.79+ 0.33 0.17
c .
S Spinagallo Cave 6 0.54 0.10 -2.68 7.24 -0.88 2.38 -1.76  13.29% 11.71 5.97
c
-

P. cypriotes - - - - - - - - -+ - -
M. meridionalis 5 0.97 0.00 1.80 1.35 2.52 1.57 2.16 -3.30+ 2.29 1.17
—....Mammuthus ! S S S - S SRS
P. antiquus 52 0.75 0.00 0.71 0.60 0.84 0.66 0.78 -2.52+ 0.48 0.25
. Palaeoloxodon M3 69 0.54 0.00 0.33 0.26 0.41 0.29 0.37 -0.79+ 0.30 0.15
w  Palaeoloxodon 213 0.36 0.00 0.69 0.57 0.82 0.63 0.76 -2.22+ 0.47 0.24
3:' Spinagallo Cave 12 0.07 0.40 2.77 ! ! ! ! -8.90+ 23.63 12.06
S P.cypriotes 12 0.51 0.00 0.56 0.20 1.08 0.38 0.82 -1.74+ 1.28 0.65
M. meridionalis 67 0.72 0.00 0.95 0.81 1.06 0.88 1.00 -3.29+ 0.64 0.33
Mammuthus 67 . . . . . . . . +

Table 6.8. Major axis estimation for upper molars. Legend as Table 6.7.
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relative to both the M3s of their putative ancestor, and to developmentally younger M. meridionalis teeth
of equivalent molar width.

Although Palaeoloxodon dwarf upper M3 are geometrically similar to those of P. antiquus

1.04 1.
h 0: 00

(width T molar length*®, and I crown height"®), while lower M3s are not (width ¥ molar length***, and

1 crown height'*®

), both upper and lower M3s are characterised by similar scaling exponents for the key
shape variables within a tooth. This suggests that the evolution of crown height and molar length (and
thus molar shape) occurs in suite, and possibly similarly constrained (perhaps by allometric trends in the
mandible and maxilla). The allometric differences in molar scaling presumably underpin the differences
in size-reduction trends observed in the upper and lower M3s in Chapter 4 (where lower M3s suggested a
greater degree of dwarfism had occurred than upper M3s from the same mOTUs, Table 4.29).

Plate count does not scale isometrically for Palaeoloxodon M3s, being negatively allometric
(Tables 6.7 and 6.8). There is some debate whether plate count is a ‘shape variable’ (and thus the null
hypothesis would one of no change in plate number, or b=0; e.g. Davies 2001); the results here reject both
hypotheses of no shape change for dwarf elephant M3s (b is significantly different to both 1.0 and 0.0).
Similarly, upper and lower Palaeoloxodon M3 lamellar frequency scales relative to molar width with
slopes that are significantly different to 1.0 and 0.0. Hypothesis 3 can also be rejected for Palaeoloxodon
plate count and lamellar frequency. M. creticus lower M3s were previously shown to have significantly
different mean lamellar frequency from M. meridionalis (Chapter 4), rejecting geometric similarity
(equivalent to Ho: b=0) for this variable. However, plate counts are not significantly different in M.
meridionalis and M. creticus, suggesting that, if plate count is treated as a ‘shape variable’, M. creticus is

geometrically similar to M. meridionalis, and Hypothesis 3 cannot be rejected.

Dwarf elephant intraspecific molar allometry

P. cypriotes and P. antiquus intraspecific allometry is broadly similar, and Hypothesis 4 (dental
ontogeny is similar in P. antiquus and P. cypriotes) cannot be rejected for 9/11 slope comparisons.
However, common slopes appear grade-shifted (albeit non-significantly) to the left, so that P. cypriotes
achieves a similar y-variable value at a lower width; dental development in P. cypriotes is therefore
inconsistent with true ontogenetic scaling for variables other than LF, although dental-series development
appears to proceed similarly (Figures 6.5 & 6.6). Only two MA slopes are significantly different: lower
molar Ln Width vs Ln Crown Height and upper molar Ln Width vs Ln Plate Count (Tables 6.5 & 6.6).
Scaling differences between P. cypriotes and P. antiquus for lower crown height is probably owing to the
limited, and developmentally non-equivalent, P. antiquus sample (M1-M3 only), as minimum crown
heights scale similarly in these taxa. Interestingly, P. cypriotes appears to show a smaller amount of
relative size increase across ontogeny. Both P. cypriotes and P. antiquus lower molar samples encompass
a dP4-M3 developmental range for most variables, but the P. cypriotes scatter on the log-log plots (i.e. on
a proportional scale) is smaller. Developmentally earlier teeth in P. antiquus and P. cypriotes are more
similar in size than developmentally later ones (Figure 6.5). Because of the difficulties in identifying

dwarf elephant teeth with certainty, and verifying such identifications, this could be owing to a
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Figure 6.5. Dwarf elephant lower molar ontogenetic allometry. ‘Ontogenetic’ trajectories of P.
cypriotes (purple line) and P. falconeri form Spinagallo Cave (red line) are compared with that of P.
antiquus (black dashed line). The interspecific allometry of all Palaeoloxodon teeth (black solid line) is
also shown. Point legend as Figure 6.3, plus light blue are pre-M3 teeth from Luparello Cave (either
juvenile P. falconeri or P. mnaidriensis)
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Figure 6.6. Dwarf elephant upper molar ontogenetic allometry. ‘Ontogenetic’ trajectories of P.
cypriotes (purple line) and P. falconeri form Spinagallo Cave (red line) are compared with that of P.
antiquus (black dashed line). The interspecific allometry of all Palaeoloxodon teeth (black solid line) is
also shown. Point legend as Figure 6.4, plus light blue are pre-M3 teeth from Luparello Cave and grey
are pre-M3 teeth from Malta (either juvenile P. falconeri or P. mnaidriensis).
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misidentification of developmentally later teeth as dP4s. Equally, however, it could indicate
heterochronic differences between P. antiquus and P. cypriotes, such as a truncation or retardation of
dental development, with implications for tooth homology. Data for Spinagallo Cave lower molars also
indicates less relative size increase across ontogeny, though to a lesser degree than in P. cypriotes (Figure
6.5).

Intraspecific analyses for Spinagallo Cave lack significant correlations for all upper, and the
majority of lower MA estimations, and comparisons with P. antiquus and P. cypriotes were only
meaningful for lower plate count and enamel thickness (Tables 6.5 & 6.7). Lower molar plate count
slopes were non-significantly different between Spinagallo Cave and both P. cypriotes and P. antiquus
(Table 6.5). Spinagallo Cave b-value for Ln Width vs Ln ET, however, was significantly different to
those of both P. cypriotes and P. antiquus, showing extreme positive allometry (b=1.60; Table 6.7,
Figure 6.5). Other pre-M3 teeth could not be confidently assigned to species level, as they were excavated
from localities containing multiple con-generic taxa (Chapters 3 & 4). However, visual inspection of the
point scatter for the Sicilian (light blue) and Maltese (grey) pre-M3 teeth in relation to either P. falconeri
or P. mnaidriensis M3s indicate that intraspecific allometric trends would also broadly parallel that of P.
antiquus (Figures 6.5 & 6.6). Palaeoloxodon dwarf elephant dental ontogeny thus appears consistent with
a grade-shifted, P. antiquus-like developmental trajectory. Spinagallo Cave enamel thickness seems the
exception to this rule; however, if the relatively thinner enamel of Luparello Cave and Maltese P.
falconeri (Chapter 4) were the M3 end-members of an ontogenetic trajectory following from the
unidentified pre-M3 teeth from their respective localities, the resultant allometric relationship would be

less positively allometric, and thus more similar to P. antiquus and P. cypriotes.

6.3.2. Limb bone allometry

Interspecific multivariate allometry

In all bones, of all age classes, PC1 accounts for over 96% of the sample variation (Table 6.9),
indicating that the majority of interspecific long-bone shape differences can be explained by size. As |
was unable to calculate confidence intervals for eigenvector loadings, it is not possible to assess if
eigenvector loadings in each bone, for each sample, are significantly different to isometry, or if adult-,
juvenile- and total datasets are significantly different to each other. All sample sizes (except
Palaeoloxodon-only adult femur) are close to, or greater than, thirty, the suggested minimum sample size
for a six- variable PCA (a 5:1 ratio of sample-size to variable number is recommended; Lehman et al
2005), and some confidence can be placed in the reliability of the eigenvector loadings. However, as only
two samples exceed 100 specimens (all data, ulna and tibia; Table 6.9), sample-sizes may not be
sufficient to achieve the degree of precision necessary to discriminate between similarly-loaded
eigenvectors (Lehman et al 2005). Given this, and the observed similarity of eigenvector loadings at low
precision-levels (i.e. to one decimal place), I limit my discussion of interspecific allometry to the

identification of more general trends, which will be investigated further using bivariate analysis

281



Adult

Adult Juvenile All (Palaeoloxodon)
n 44 38 82 30
% variation
PC1 96.61 97.48 98.17 97.87
PC2 1.50 1.12 0.89 0.83
«»n [PC3 0.98 0.57 0.43 0.75
g PC 1 Eigenvector loading
£ |LNDL 0.43 0.42 0.40 0.43
% LN MinAP 0.42 0.41 0.43 0.41
LN MinML 0.41 0.41 0.42 0.41
LN Deltoid ML 0.38 0.43 0.44 0.38
LN DAP 0.41 0.42 0.40 0.41
_______ LNDML 040 036 036 .04
n 36 67 103 28
% variation
PC1 98.45 98.32 98.38 98.82
PC2 0.76 0.91 0.98 0.54
PC3 0.34 0.27 0.22 0.24
‘_é PC 1 Eigenvector loading
= LN DL 0.43 0.44 0.42 0.41
LN MDML 0.43 0.40 0.42 0.44
LN MDAP 0.39 0.36 0.39 0.41
LN PML 0.39 0.39 0.38 0.38
LN PAP 0.41 0.44 0.43 0.41
_______ LNDAP _ ......040 041 041 040
n 29 68 97 21
% variation
PC1 98.05 99.00 99.04 97.79
PC2 0.75 0.40 0.40 0.96
« [PC3 0.61 0.24 0.21 0.60
E PC 1 Eigenvector loading
ljf LN DL 0.41 0.44 0.42 0.38
LN MDAP 0.37 0.39 0.40 0.39
LN MAX_MDML 0.44 0.43 0.44 0.44
LN PML 0.44 0.40 0.41 0.45
LN DAP 0.39 0.39 0.38 0.37
_______ LNDML .. 040 039 039 .04
n 81 57 138 73
% variation
PC1 98.93 98.26 98.42 98.94
PC2 0.31 1.03 0.87 0.35
PC3 0.30 0.33 0.30 0.29
%’ PC 1 Eigenvector loading
~ LN DL 0.43 0.46 0.42 0.41
LN PML 0.39 0.39 0.39 0.40
LN MDAP 0.40 0.36 0.39 0.40
LN MDML 0.43 0.40 0.42 0.43
LN DAP 0.39 0.41 0.40 0.40
LN DML 0.40 0.42 0.42 0.41

Table 6.9. Principal component (PC) 1 loadings in inter-specific multivariate allometry. Adult
(Palaeoloxodon) samples comprise only dwarf elephant taxa plus P. antiquus. Eigenvector loadings of
0.4 (1 d.p.) suggest isometry; grey shading highlights those not equal to 0.4 at 1 d.p.
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Eigenvector loadings on PC1 are close to the calculated isometric value (Isometrys variabies = 1/16
= 0.408) for bones in all age-classes, and, with the exception of juvenile tibia Ln DL and adult
(Palaeoloxodon-only) femur Ln PML, would be indistinguishable from isometry if loadings were
rounded to one decimal place (Table 6.9). This suggests that long-bone shape scales isometrically with
long-bone size within the Elephantidae (E. maximus and L africana phylogenetically bracket this clade,
even though Mammuthus post-crania is not included in this study); and that the included dwarf elephant
taxa (P. falconeri, P. tiliensis and Sicily 3) are, as adults, geometrically similar to their putative mainland
ancestor P. antiquus.

The total adult sample and the Palaeoloxodon-only sample show broadly similar eigenvector
loadings (Figure 6.7; points coincide or are very close together), supporting an elephantid-wide
interspecific scaling pattern. Palaeoloxodon-only adult samples are more negatively allometric for Ln
DL, but more positively allometric for Ln MDAP, that the total adult sample in the ulna, femur and tibia,
suggesting that Palaeoloxodon has relatively shorter, more antero-posteriorly robust bones in larger
individuals than extant elephants; this finding is supported by bivariate analyses (see below). There are
observable differences between different age classes: interspecific eigenvector loadings for Ln DL, Ln
MDAP and Ln MDML in the juvenile tibia, ulna and, to a lesser degree, femur deviate widely from the
equivalent loadings in the adult and total data samples (Figure 6.7). In contrast to the differences noted
above between the loadings on Ln DL and Ln MDAP in the total adult and Palaeoloxodon-only adult
samples, juvenile Ln DL loadings are relatively more positively allometric, and Ln MDAP and Ln
MDML relatively more negatively allometric than equivalent loadings in adult and total data samples.
The addition of adults to the sample thus results in scaling consistent with a relative increase in
robusticity at larger sizes. In the humerus, juvenile and total-data eigenvector loadings differ from adults
on one parameter only, Ln DeltML, but this difference is large (showing positive allometry in the former
two samples, but negative allometry in the latter). Although in absolute terms loading differences are
small, and broadly consistent with isometry, these age-class related differences highlight the need to be

explicit about the ontogenetic make-up of a sample included in allometric analysis.

Interspecific bivariate allometry

17/25 of the allometric relationships within each of the total adult and Palaeoloxodon-only adult
samples cannot reject isometry indicating that, in general, dwarf elephant long-bones scale with isometry
relative to full-sized elephants (Tables 6.10-6.13; Figure 6.8c). Distal limb-bone elements (particularly
the tibia) are more prone to positive allometry, in line with previous observations of relatively short distal
limb bones in dwarf elephants (Sondaar 1977, Roth 1990). However, this positively allometric trend in
the tibia and ulna is less clear in the Palaeoloxodon-only sample, suggesting the Elephantidae-wide signal
may be partly driven by inter-generic differences in scaling (relatively longer, less robust limbs in extant
elephants), rather than the dwarfing trend (Tables 6.11 & 6.13). Because relatively short distal limbs
reflect both limb element shape and the proportional length of those elements, limb shortening is difficult

to identify from allometry of individual bones. However, allometry at functionally integrated regions of
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Figure 6.7. PC1 loadings in interspecific principal components analyses (PCA) of long bones. Adult (closed circles), adult (Palaeoloxodon-only) (triangles),
juvenile (open circles) and total-data (crosses) samples are shown for a. Humerus, b. Ulna, c. Femur, d. Tibia. Dashed line shows value for isometry in a 6
variable PCA (1/16 = 0.408); points above the line indicate positive allometry, and points below the line indicate negative allometry, in that variable relative to
the total size of the bone (as characterised by the included variables). PC1 loading scale is the same for all bones allowing amount of scatter (= deviation from

isometry) to be compared directly.
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the limbs (the knee and elbow articulation) provides some additional insight: tibia Ln DL vs Ln PML
scales with positive allometry, while femur Ln DL vs Ln DML scales with isometry in Palaeoloxodon-
only adults, and is consistent with a relatively shorter distal limb at smaller sizes. Inter-generic
differences are further supported by significant differences in slope between the Palaeoloxodon-only and
total adult samples for 8/17 bivariate comparisons, seven of which occur in either the tibia or the ulna, in
line with multivariate allometric trends (Tables 6.11 & 6.13). The remaining slope difference was seen in
femur DML, which is expected to be functionally integrated with tibia PML. In all cases, the total adult
sample was more positively allometric than the Palaeoloxodon-only sample, suggesting that the extant
elephants are more gracile than both full-sized and dwarf Palaeoloxodon.

Focussing on the overall allometric signals, rather than the absolute values of the scaling
exponents, allometric trends across bones are also broadly similar in functionally integrated regions:
articulating joint surfaces show similar patterns of scaling (Figure 6.8; ML and AP allometry similarities
at the knee and elbow joints), and where there is mismatch (e.g. Tibial Ln DL scales with positive
allometry vs Ln PML, whereas femoral Ln DL vs Ln DML cannot reject isometry), allometric exponent
Cls overlap (Tables 6.10 & 6.11). Allometric patterns at midshaft in the tibia and femur also indicate
similar loading patterns: both show Ln DL to scale with a more positively allometric relationship with
midshaft AP than midshaft ML. Negative allometry is uncommon. In the Palaeoloxodon-only sample,
three hindlimb comparisons show slight negative allometry: Ln DL vs Ln MDML (tibia and femur) and
Ln DL vs PML (femur). The mid-shaft comparisons are only just significantly different to isometry at
p<0.05, with an upper CI for the allometric exponent of 0.99, and slope values are insufficiently
negatively allometric to match either elastic or static-stress similarity hypotheses (Palaeoloxodon-only
femur Ln DL vs Ln PAP cannot reject ES, but the low R? value (0.84) and large Cl mean isometry also
cannot be rejected).

When dwarf elephant taxa are excluded from analyses the observed interspecific allometric
exponents for adult data change dramatically, showing negative allometry. This suggests that large body-
size is a limiting factor in elephant limb-bone proportions. Full-sized elephant scaling exponents are
significantly different to those for total and Palaeoloxodon-only adult samples in 21/25 and 20/25
bivariate comparisons, respectively. Samples that lack significant difference reflect the low R? values, and
thus large slope Cls, for the full-sized elephant samples, rather than providing clear support for a
similarity between the full-size only sample and adult samples including dwarf taxa (R? values range
from 0.45 to 0.78; Tables 6.10-6.13).

Significance testing of loading hypotheses, rather than a qualitative assessment of the value of a
in relation to these hypothesis, is shown to be important: for example, values of b for full-sized adult
elephant femur or tibia Ln DL vs Ln MDAP (0.67 and 0.66 respectively), or humerus Ln DL vs MinAP
(0.66) imply elastic similarity; in actuality neither elastic nor static-stress similarity can be rejected for
these comparisons (Tables 6.10-6.12). R? values are lower, and thus confidence intervals wider, in full-
size elephant adult samples than in the adult samples which include dwarf elephants, reflecting the

amount of size variation encompassed by each sample. Cls are thus large relative to the absolute
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Shift

Low. Upp.
Ln DL vs Sample n R? b Cl Cl Logaa ClI Allometry Ad J Ad2

Ln MDAP Adult 39 0.93 1.14 1.04 1.25 1.68 % 0.43 +ve

Juvenile 84 0.97 1.11 1.07 1.15 1.92 £ 0.15 +ve c .

All 123 0.967 1.06 1.03 1.10 2.04 + 0.13 +ve c C

Adult (pal. only) 30 0.914 1.05 0.93 1.18 2.00 * 0.49 I N .
L Adult (Full-size) 10 0.882 0.67  0.49 0.90 3.81 +0.90  ES, 85 A . A
Ln MaxMDML Adult 40 0.96 0.93 0.87 1.00 2.25 % 0.27 I

Juvenile 84 0.98 1.01 0.98 1.04 2.06 % 0.11 I A .

All 124 0.976 0.95 0.93 0.98 2.23 + 0.10 -ve C A

Adult (pal. only) 31 0.953 0.91 0.83 0.99 2.36 * 0.32 -ve N .
S Adult (Full-size) 11 0.854 0.61 0.43 0.82 3.86 +0.93  ES, S8 A . A
Ln PAP Adult 20 0.74 0.92 0.67 1.24 2.41 +1.23 I

Juvenile 66 0.84 1.23 1.11 1.38 1.28 £ 0.48 +ve A .

All 86 0.87 1.10 1.01 1.19 1.73 £ 0.35 +ve c C

Adult (pal. only) 13 0.84 0.82 0.60 1.10 2.77 % 1.07 ES, | N .
L Adult (Full-size) 9 0.892 0.43  0.30 0.57 4.79 +0.64 $s A . A
Ln PML Adult 35 0.943 0.92 0.84 1.01 1.72 +0.40 I

Juvenile 80 0.979 1.07 1.04 1.11 1.04 £ 0.15 +ve A .

All 115 0.977 1.03 1.00 1.06 1.20 + 0.13 +ve A C

Adult (pal. only) 26 0.948 0.85 0.77 0.94 2.04 £ 0.41 -ve N .
e Adult (Full-size) 11 0.448 053 0.11 119 3.90 246 1, ES,$S C . C_
Ln DAP Adult 35 0.951 1.06 0.97 1.14 1.33 % 0.40 I

Juvenile 76 0.974 1.10 1.06 1.15 1.10 % 0.17 +ve c .

All 111 0.977 1.10 1.07 1.13 1.14 +0.14 +ve c C

Adult (pal. only) 26 0.931 1.02 0.91 1.15 1.46 * 0.54 I N .
L Adult (Full-size) 11 0.746 0.65 0.39 0.99 3.44 +1.49  ES, 85 C . C .
Ln DML Adult 38 0.974 1.02 0.96 1.07 1.31 £ 0.28 I .

Juvenile 77 0.978 1.12 1.08 1.16 0.84 £ 0.17 +ve A .

All 115 0.982 1.09 1.06 1.12 0.95 + 0.13 +ve A C

Adult (pal. only) 29 0.983 0.95 0.90 1.00 1.59 * 0.24 I A .

Adult (Full-size) 11 0.725 0.63 0.36 0.99 3.42 + 1.62 ES, SS A C

Table 6.10. Bivariate inter-specific allometry in the elephantid femur. Major axis estimation was
carried out for In diaphyseal length (y-axis) versus In shaft AP and ML variables (x-axis; for variable
abbreviations see Table 2.7) in the adult (Ad) and juvenile (J) femur, as well as for the total elephant
sample combined. In addition, two adult sub-samples were compared with each other and with the
total adult sample: a Palaeoloxodon-only (Ad2) sample and a full-sized elephant only sample
(comprising E maximus, L. africana and P. antiquus). MA lines were compared for slope (b) differences
(shift A), and, if slopes were not significantly different, for shifts in intercept (a) (shift B), shifts along
a common slope (shift C) or both (shift D). Allometric exponents were also tested for significant
difference to three different scaling hypotheses (i) isometry (I; b =1.0), (ii) elastic similarity (ES; b =
0.67) and (iii) static-stress similarity (SS; b = 0.5). Slopes consistent with any of these hypotheses are
identified in the ‘allometry’ column. If a slope was significantly different from isometry, but did not
conform to one of the other scaling hypotheses, it was simply identified as showing either positive
(+ve) or negative (-ve) allometry. All slopes were significantly different to zero at p<0.02. Low. is
lower, Upp. is upper, Cl is confidence interval, Pal. is Palaeoloxodon.
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Shift

Low. Upp
Ln DL vs Sample n R? b Cl Cl Loga+ ClI Allometry Ad J Ad2

Ln MDAP Adult 109 0.97 1.10 1.06 1.14 1.34 +0.15 +ve

Juvenile 86 0.90 1.28 1.19 1.38 0.88 +0.31 +ve A .

All 195 0.92 1.11  1.07 1.16 1.36 +0.17 +ve C A

Adult (pal. only) 100 0.97 1.05 1.01 1.09 1.51 +0.14 +ve A .
e Adult (Full-size) 16 0.78 _ 0.66 _0.47 0.88 3.40 £0.91 ES,SS A . A.
Ln MDML Adult 112 0.97 0.99 0.95 1.02 1.80 +0.13 I

Juvenile 84 0.94 1.17 1.10 1.23 1.26 % 0.22 +ve A .

All 196 0.95 1.04 1.00 1.07 1.64 +0.12 +ve A A

Adult (pal. only) 103 0.97 0.95 0.92 0.99 1.92 + 0.13 -ve N .
e Adult (Full-size) 17 0.78 _ 0.77  0.56 1.03 _2.84 +1.05 LES ¢ C ... ! C..
Ln PAP Adult 101 0.78 1.01 0.91 1.13 1.25 +0.46 I

Juvenile 77 0.93 1.10 1.04 1.17 0.90 = 0.27 +ve c .

All 178 0.87 1.05 0.99 1.11 1.09 + 0.25 I cC C

Adult (pal. only) 92 0.71 0.98 0.86 1.12 1.37 + 0.55 I N .
] Adult (Full-size) 16 0.64 077 047 1.20 244 +171 1,ES,88 C . C_
Ln PML Adult 101 0.97 1.09 1.05 1.13 0.53 +0.19 +ve

Juvenile 75 0.74 1.10 0.96 1.27 0.59 £ 0.64 I c .

All 176 0.86 1.05 0.99 1.12 0.74 +0.29 I cC C

Adult (pal. only) 92 0.98 1.04 1.01 1.07 0.73 £0.15 +ve A .
e Adult (Full-size) 17 0.62 _ 0.59 0.36 0.89 3.22 +1.36 _ES,SS A . A.
Ln DAP Adult 99 0.97 1.10 1.06 1.14 0.96 +0.16 +ve .

Juvenile 78 0.96 1.14 1.09 1.20 0.91 +0.20 +ve c .

All 177 0.96 1.09 1.05 1.12 1.07 +£0.13 +ve c C

Adult (pal. only) 90 0.98 1.03 1.00 1.07 1.22 +0.13 I A .
o Adult (Full-size) 16 0.65  0.65 040 0.97 3.24 +1.32 ES, S8 A . A
Ln DML Adult 102 0.97 1.06 1.02 1.10 0.89 +0.17 +ve .

Juvenile 73 0.96 1.11 1.06 1.17 0.81 +0.21 +ve c .

All 175 0.96 1.04 1.01 1.07 1.02 +0.14 +ve c C

Adult (pal. only) 93 0.97 1.010 0.98 1.05 1.09 + 0.15 I A .

Adult (Full-size) 17 0.74 0.60 0.42 0.82 3.32 +1.00 ES, SS A A

Table 6.11. Bivariate inter-specific allometry in the elephantid tibia. Legend as Table 6.10. See
Table 2.8 for variable abbreviations.
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Shift

Low. Upp.
Ln DL vs Sample n R? b Cl Cl Loga+ ClI Allometry Ad J Ad2
Ln MinAP Adult 60 0.89 1.02 0.93 1.12 1.74 £0.41 I .
Juvenile 50 0.94 1.08 1.01 1.16 1.68 % 0.27 +ve c .
All 110 0.95 0.95 0.91 1.00 2.07 +0.17 -ve C A
Adult (pal. only) 40 0.92 1.02 0.93 1.13 1.68 +0.44 I N .
o Adult (Full-size) 27 0.82 0.66 0.54 0.79 3.48 +0.61 ES,SS A . A
Ln MinML  Adult 59 0.91 1.04 0.96 1.13 1.74 +0.38 I .
Juvenile 51 0.94 1.10 1.03 1.19 1.64 +0.28 +ve c .
All 110 0.95 1.00 0.95 1.04 1.96 + 0.17 I C A
Adult (pal. only) 39 0.96 1.02 0.95 1.09 1.79 £ 0.29 I N .
o Adult (Full-size) 28 0.86  0.64 0.54 0.75 3.62 +048 ES,SS A . A
Ln PAP Adult 45 0.77 1.17 0.99 1.39 0.12 +£1.04 I .
Juvenile 46 0.95 1.01 0.95 1.08 0.95 +0.30 I A .
All 91 0.93 1.05 0.99 1.11 0.78 £0.29 I C C
Adult (pal. only) 27 0.95 1.12 1.03 1.23 0.25 + 0.53 +ve N .
o Adult (Full-size) 25 0.70 0.57 042 0.74 349 +0.86 ES,SS A . A
Ln PML Adult 48 0.89 1.04 0.93 1.15 1.00 = 0.54 I .
Juvenile 46 0.97 0.98 0.93 1.04 1.34 +0.24 I c .
All 94 0.96 0.95 0.92 0.99 1.44 +£0.18 I A C
Adult (pal. only) 28 0.96 1.00 0.92 1.09 1.12 + 0.43 I N .
o Adult (Full-size) 25 0.86  0.64 0.53 0.76 3.17 +0.60 ES,SS A . A
Ln DAP Adult 57 0.94 1.07 1.00 1.15 1.19 +0.36 I .
Juvenile 45 0.95 1.02 0.95 1.09 1.50 +0.28 I c .
All 102 0.97 0.99 0.96 1.03 1.57 +0.16 I A C
Adult (pal. only) 37 0.98 1.05 0.99 1.11 1.27 £ 0.27 I N .
I Adult (Fullsize) 27 0.87  0.71 060 0.83 3.02 +057  ES A . A
Ln DML Adult 57 0.95 1.10 1.03 1.17 0.50 £ 0.34 +ve .
Juvenile 44 0.96 1.12 1.05 1.19 0.39 +0.32 +ve c .
All 101 0.97 1.10 1.07 1.14 0.47 +£0.18 +ve cC C
Adult (pal.only) 38 0.98 1.06 1.02 1.11 0.64 +0.23 +ve N .
I Adult (Fullsize) 28 0.92  0.74 0.66 0.83 249 +047  ES A . A
Ln DeltML  Adult 57 0.88 1.07 0.97 1.18 1.24 +0.50 I .
Juvenile 50 0.93 1.00 0.93 1.09 1.77 +0.30 I c .
All 107 0.94 0.91 0.86 0.95 2.06 +0.19 -ve A A
Adult (Pal. only) 39 0.94 1.04 0.96 1.14 1.32 +0.41 I N .
Adult (Full-size) 27 0.78 0.64 0.51 0.79 3.44 + 0.69 ES, SS A A

Table 6.12. Bivariate inter-specific allometry in the elephantid humerus. Legend as Table 6.10. See
Table 2.5 for variable abbreviations.
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Low. Upp. __shift

Ln DL vs Sample n R? b Cl Cl Loga+ ClI Allometry Ad J Ad2
Ln MDAP Adult 50 0.91 1.08 0.99 1.18 1.36 + 0.40 I
Juvenile 91 0.89 1.22 1.13 1.31 1.09 + 0.30 +ve c .
All 143 0.90 1.07 1.02 1.13 1.51 +0.21 +ve C A
Adult (pal. only) 40 0.96 0.97 0.90 1.04 1.75 % 0.27 I A .
. Adult(rullsize) 16 0.77 049 034 066 416 072  SS A . A
Ln MDML Adult 47 0.94 1.00 0.93 1.08 1.71 + 0.32 I
Juvenile 92 0.93 1.11 1.05 1.18 1.50 + 0.21 +tve A .
All 142 0.93 1.00 0.96 1.05 1.80 % 0.17 I cC A
Adult (Pal.only) 39 0.95 0.93 0.86 1.00 1.94 + 0.27 I N .
... Adult(Funl-sizey 15 0.80 _0.55 0.40 0.73 3.86 + 0.76 _ ES,SS A . A
Ln PAP  Adult 46 0.95 1.03 0.96 1l.11 0.60 * 0.37 I .
Juvenile 84 0.96 1.02 0.97 1.07 0.83 % 0.20 I C
All 132 0.96 0.98 0.94 1.01 0.97 £ 0.16 I A C
Adult (pal. only) 37 0.98 0.97 0.92 1.02 0.87 % 0.24 I N .
. Adult(rulsize) 17 0.84 053 041 0.67 347 £071 ES%SS A . A
Ln PML  Adult 45 0.97 1.12 1.06 1.18 0.36 % 0.29 +tve
Juvenile 75 0.97 1.14 1.09 1.18 0.32 +0.21 +ve c .
All 122 0.98 1.11 1.08 1.14 0.42 £+ 0.15 +tve cC C
Adult (pal. only) 35 0.98 1.06 1.01 1.11 0.59 %+ 0.25 +tve N .
_____Adult(Fullsiz) 16 0.80 0.73 0.53 0.97 249 #1.15 ES,S§ A . A
Ln DAP  Adult 45 0.95 1.09 1.02 1.16 0.82 = 0.34 +tve .
Juvenile 87 0.97 1.09 1.04 1.13 0.92 + 0.18 +ve c .
All 135 0.97 1.05 1.02 1.09 1.02 +0.14 +tve cC C
Adult (pal. only) 36 0.97 1.00 0.94 1.06 1.16 + 0.26 I A .
____Adult(Fulsiz) 16 0.73 0.57 0.38 0.79 3.50 + 1.02 ES,S§ A . A
Ln DML  Adult 40 0.97 1.04 0.98 1.10 1.14 + 0.26 I .
Juvenile 84 0.95 1.03 0.98 1.09 1.25 % 0.20 I c .
All 126 0.96 1.02 0.98 1.06 1.28 + 0.15 I c C
Adult (Pal.only) 32 0.98 0.98 0.93 1.02 1.39 % 0.20 I A .
Adult (Full-size) 14 0.84 0.61 0.45 0.79 3.36 * 0.85 ES, SS A A

Table 6.13. Bivariate inter-specific allometry in the elephantid ulna. Legend as Table 6.10. See
Table 2.6 for variable abbreviations. ES*, slope is significantly different to elastic similarity at p=0.047.
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difference between competing loading hypotheses, and are mostly consistent with more than one scaling
hypotheses. 18/25 cannot reject elastic or static-stress similarity, 1/25 cannot reject isometry or elastic
similarity and, 2/25 comparisons slope values cannot reject isometry, elastic similarity or static stress
(Tables 6.10-6.13; N.B. R values for full-size samples are generally higher in the forelimb than the
hindlimb; this may reflect a larger ontogenetic component to ‘adult’ variation in the forelimb). Only three
comparisons for full-sized elephants are consistent with a single scaling hypothesis: static-stress
similarity for femur Ln DL vs Ln PAP and ulna Ln DL vs Ln MDAP, and elastic similarity for the distal
humerus (Ln DL vs Ln DAP and Ln DML). Thus, although long bones broadly scale with negative
allometry to varying degrees in full-sized elephants, there is no clear signal for significant scaling
differences, and thus different biomechanical loading patterns, between, or along, bones. Interspecific
allometry of adult full-size elephants cannot be generalized as conforming to a particular biomechanical
loading hypothesis.

The degree to which ontogenetic variation appears to impact on patterns of interspecific
allometry in the Elephantidae also differs depending on whether one considers slope differences between
two samples, or which scaling hypotheses best describes each sample. There are no significant
differences in slope or intercept between adult and juvenile samples for the majority of bivariate
comparisons (17/25, Tables 6.10-6.13), suggesting that the age-profile of a sample has only limited
impact on patterns of interspecific allometry, and that adult- and juvenile- interspecific allometry falls
along a common trajectory. Thus interspecific differences in limb-bone shape may be explicable by
ontogenetic scaling. Bivariate comparisons which do show differences between adult and juvenile
samples (Tables 6.10-6.13) are still consistent with an ontogenetically-linked explanation if a relatively
greater deviation from the ‘ontogenetic line’ is observed in large taxa, and not in the smaller dwarfs;
intraspecific data suggest this may be the case (see below). When interspecific slopes are tested for
significant difference to Isometry (Ho: b = 1), however, adult slope values generally cannot reject
isometry while juvenile interspecific comparisons can, and are characterized by positive allometry,
(Figure 6.8c). This may be driven by small grade-shifts in ontogenetic trajectory and/or differences
between the dwarf Palaeoloxodon and extant full-sized elephants; again, intraspecific data supports this
interpretation (see below; there is insufficient juvenile P. antiquus material to consider Palaeoloxodon-
only juvenile interspecific allometry).

Allometric ‘interpretations’ differ between adult and juvenile samples for 11/25 comparisons
(Figure 6.8a&Db). This highlights an important interpretive differentiation when considering allometric
differences between samples: the slopes of two samples may overlap in SE at one end of their sample
distribution, and thus show no significant difference, while only one of those two samples overlaps with,
and thus cannot reject, a specific scaling hypothesis (i.e. b =1) at the other end of their sample
distribution. Considering a sample’s match to a scaling hypothesis alone may over-emphasize differences
between samples, as small differences in slope can be sufficient to result in different allometric
interpretations (or, conversely, slopes themselves may be significantly different, yet be unable to reject a

particular scaling hypothesis as 95% CI is typically used to reject a scaling hypothesis, while non-overlap
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Figure 6.8. Patterns of bivariate inter-specific
limb bone allometry. Allometric relationships of
Ln shaft length (DL) to Ln shaft ML and AP
parameters are shown for a. the hind-limb and
b. the fore-limb. Black text is the total adult
sample, blue is the total juvenile sample and red
is the Palaeoloxodon-only adult sample. |
indicates isometry, +ve is positive and -ve is
negative allometry for Ln DL in relation to that
measure. c. Total number of positive, negative
and isometric relationships in each sample. The
majority of adult [A] analyses show isometry,
with a small number of positively allometric
relationships (2/3 cases of negative allometry in
Palaeoloxodon-only [A(P)] are only slightly below
isometry; see Tables 6.7 & 6.8, whereas the
converse is true of the juvenile [J] sample. NB.
Allometric differences are slight as adult-only
and juvenile-only slopes are significantly
different for only 8/25 slopes (boxed).
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of SE determines sample difference). Differences between adult and juvenile samples are less prevalent in
the forelimb than the hindlimb (Figure 6.8) and this may reflect the potentially larger ontogenetic
component to the variation in the forelimb adult sample (‘adult’ limb-bones were identified based on their
early-fusing epiphysis to maximize sample size; Chapter 5).

Although intercept differences between adult and juvenile samples are non-significant, slight
offsets between adult and juvenile data are visible on graphed data (Figure 6.9, Appendix 11) and could
further reflect ontogenetic processes in the evolution of body-size difference in elephants. Visual
inspection of bivariate plots indicates that the juvenile line either overlies the adult line or is displaced
above the adult line for the region characterized by the data, even if a higher intercept is recorded for the
adult sample. (Figure 6.9, Appendix 11). If interspecific body-size change is achieved by a truncation or
extension of a common ontogenetic trajectory (paedomorphosis or peramorphosis, respectively), then
interspecific shifts characterized by a (non-significant) higher juvenile-only intercept should result when
growth continues in shaft ML or AP measures after longitudinal growth has ceased, perhaps relating to
appositional growth in response to continued body mass increase (Chapter 5).

Results for multi- and bi-variate analyses are broadly consistent for the hindlimb. In the femur,
adult-only Ln DL scales isometrically, while juvenile-only and total data Ln DL scales positively
allometrically with respect to shaft AP and ML widths, in line with eigenvector loadings (except adult
femur Ln MDAP). In the tibia, Ln DL scales with positive allometry vs shaft AP and ML widths, in all
age-classes (except vs Ln MDML and Ln PAP in adults, and Ln PML in juvenile-only and total data
samples), also in line with eigenvector loadings (Ln PAP is not included in PCA). In the forelimb,
however, minor differences between PC1 eigenvector loadings and bivariate allometric exponents
indicate that deviations from isometry observed in PC1 loadings may lack significance. In the adult
humerus, Ln DL scales isometrically with all parameters except Ln DML, whereas PC1 loadings for adult
humerus Ln DL are slightly positively allometric. In the juvenile humerus, Ln DL scales either
isometrically or with positive allometry in bivariate comparisons, despite slight negative allometry
indicated by eigenvector loadings. In the adult ulna, Ln DL scales isometrically in the majority of
bivariate analysis (Ln DL shows positive allometry vs Ln PML or Ln DAP), whereas PC1 loadings
suggest slight positive allometry. As noted above, 8/25 slope comparisons between the total adult sample
and the Palaeoloxodon-only adult sample support a multivariate allometric trend towards shorter, more
robust bones in Palaeoloxodon relative to the extant elephants. Overall, the conclusions reached from
bivariate and multivariate analyses are broadly similar, but the value of a significance testing approach in
the former upholds the decision to focus on bivariate analyses for detailed discussion of scaling

hypotheses.

Intraspecific multivariate allometry

Sample sizes are small for all bones in all taxa, particularly when split into juvenile-only or adult-
only sub-sets, and PC1 loadings cannot be considered robust at high levels of precision (only six samples
have n > 30; Lehman et al 2005). PC1 loadings are therefore recorded to 2.d.p. (Table 6.14 & 6.15), but
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Figure 6.9. Inter- and intra-specific bivariate limb bone allometry. Major axis slopes are shown for adult (solid lines) and juvenile (dashed lines) inter (above)
and intra- (below) specific allometry in the (a) humerus, (b) ulna, (c) femur and (d) tibia. Open circles are juvenile bones (unfused); closed circles are adult
bones; black is P. antiquus; purple is L. africana; light blue is E. maximus; red is P. falconeri (allometric lines calculated from Spinagallo Cave material only);
green is P. tiliensis; orange is Sicily 3; grey is unidentified Maltese material; dark blue is Maltese P. mnaidriensis; very light blue is Luparello Cave material; for
these last three, allometry was not characterized due to ambiguities surrounding species attribution (Chapter 4). Parameter abbreviations as Tables 2.5-2.8.
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general patterns between bones and sample-subsets are interpreted for deviations from isometry at 1 d.p.
While this may mask allometric trends, it is a conservative approach: any evidence for intraspecific
allometry (positive or negative) at 1 d.p. is likely to be robust to the addition of more data. As with
interspecific multivariate allometry, | focus here on broad patterns of allometry within and between taxa
and explore allometric trends in more detail with bivariate analyses (for which significance testing and
computation of confidence intervals on allometric co-efficients are available).

In all bones, for all taxa for which comparisons were possible, the percentage of variation
accounted for by PC1 is higher in juvenile-only and total-data samples than in adult-only samples (Tables
6.14 & 6.15), with allometric trends in the total-data sample apparently driven by the juvenile component.
Juvenile and total-data samples also show less deviation from isometry (Figure 6.10), with 83/93
juvenile-only, and 84/120 total-data PC1 loadings consistent with isometry, compared with 50/144 for
adult-only data. There is also less discrepancy between eigenvector loadings along a bone in juvenile-
only samples, suggesting that postnatal relative growth rates are similar across limb-bones, characterised
by isometric growth, and common to all taxa, in line with interspecific scaling trends (Figure 6.10; Tables
6.14 & 6.15). Adult elephants appear to show more extreme intraspecific allometry, as well as greater
allometric differences between taxa, than juvenile elephants. There are also no consistent similarities in
static-adult PC1 eigenvector loadings along a bone, between dwarf elephant taxa, or between full-sized
elephants, providing little support for scaling similarities relating to function, phylogeny or size. However
the correspondence between the amount of variation accounted for by PC1 and the observed disparity in
eigenvector loadings suggest this may be owing to a lack of correlation of bone-shape with size in the
adult samples. This lack of correlation may result from idiosyncratic variation in samples, rather than
reflecting ‘real’, taxon-specific, allometric differences related to function or biomechanical loading. This
appears to be borne out by the lack of significant difference between static-adult allometric exponents of
different taxa in bivariate comparisons (see below).

P. falconeri is unusual among elephant species in showing only minor differences between adult
and juvenile PC1 eigenvector loadings, and thus also a greater degree of isometry in P. falconeri adult
limb-bones than other taxa. 18/25 PC1 eigenvector loadings are consistent with isometry in the P.
falconeri adult sample, whereas adult-only P. tiliensis, E. maximus and L. africana samples show 8/25,
and adult-only Sicily 3 just 3/25, eigenvector loadings consistent with isometry (totalled for each taxon
across all bones; Tables 6.14 & 6.15). Only 4/19 PC1 eigenvector loadings show differences in allometric
interpretation between adult-only and juvenile-only samples in P. falconeri, in contrast to 16/25
differences in P. tiliensis and L. africana, and 19/25 in E. maximus (totalled for each taxon across all
bones; Tables 6.14 & 6.15). Furthermore, one of these highlighted differences in P. falconeri (tibia Ln
PML is classed as ‘negative’ in the juvenile but isometric in the adult sample) obscures a similarity in
eigenvector loadings which fall either side of the 1d.p. boundary for isometry. Thus, in general, the adult

allometric signal appears to follow the ontogenetic signal in P. falconeri.
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P. falconeri Sicily 3 P. tiliensis P. antiquus L. africana E. maximus
A J Al A J Al A J Al A J Al A J Al A J Al
n 6 0 6 13 1 14 5 11 16 6 0 6 9 23 32 5 3 8
% variation
PC1 91.89 - - 42.00 - 74.25 91.60 95.30 98.00 85.05 - - 94.30 97.59 98.52 88.40 99.83 98.31
PC2 4.51 - - 28.90 - 12.38 5.28 3.34 1.17 10.73 - - 3.50 1.07 0.60 8.92 0.17 0.94
o [PC3 2.92 - - 17.22 - 6.52 1.95 0.75 0.44 1.95 - - 0.98 0.65 0.42 1.74 0.00 0.43
=
‘-'EJ PC 1 Eigenvector loading
D [LN DL 0.36 - - 0.42 - 0.18 0.30 0.36 0.41 0.34 - - 0.25 0.40 0.40 0.29 0.39 0.37
T LN MinaP 0.30 - - 0.12 - 0.43 0.33 0.35 0.39 0.61 - - 0.47 0.43 0.43 0.51 0.41 0.48
LN MinML 0.41 - - 0.31 - 0.34 0.46 0.40 0.40 0.39 - - 0.47 0.43 0.43 0.50 0.40 0.40
LN Deltoid ML  0.62 - - 0.77 - 0.60 0.41 0.48 0.47 0.44 - - 0.48 0.44 0.45 0.37 0.43 0.41
LN DAP 0.28 - - -0.24 - 0.44 0.49 0.46 0.42 0.28 - - 0.38 0.41 0.40 0.38 0.46 0.43
______ INDML 039 - - 025 - 034 042 038 035 030 - - 034 035 034 035 034 0.34
n 14 16 30 4 0 4 5 19 24 5 0 5 5 28 33 3 4 7

ULNA

% variation

PC1 85.55 99.00 98.84 55.76 - - 88.71 98.35 98.72 88.59 - - 95.58 98.04 98.40 93.86 98.95 99.02
PC2 6.45 0.43 0.44 32.39 - - 8.79 0.62 0.51 7.16 - - 2.60 0.80 0.65 6.14 0.89 0.51
PC3 3.61 0.27 0.31 11.85 - - 1.86 0.43 0.00 4.01 - - 1.13 0.47 0.34 0.00 0.16 0.38
PC 1 Eigenvector loading

LN DL 0.36 0.35 0.38 0.46 - - 0.35 0.38 0.39 0.39 - - 0.22 0.41 0.40 0.31 0.42 0.38
LN MDML 0.40 0.42 0.42 -0.02 - - 0.39 0.39 0.40 0.45 - - 0.39 0.43 0.45 0.58 0.40 0.43
LN MDAP 0.40 0.42 0.40 -0.19 - - 0.55 0.41 0.41 0.48 - - 0.44 0.39 0.40 0.51 0.43 0.45
LN PML 0.33 0.39 0.38 0.44 - - 0.34 0.38 0.35 0.26 - - 0.39 0.37 0.37 0.27 0.35 0.34
LN PAP 0.52 0.46 0.46 0.57 - - 0.43 0.48 0.47 0.41 - - 0.51 0.43 0.43 0.42 0.43 0.44
LN DAP 0.41 0.39 0.40 0.49 - - 0.35 0.41 0.42 0.42 - - 0.44 0.42 0.41 0.23 0.41 0.39

Table 6.14. Principal component (PC) 1 eigenvector loadings in intra-specific multivariate allometry of the forelimb. A is adult-only, J is juvenile-only and
All is the combined juvenile and adult sample. Grey shading indicates loadings that would not differ from isometry if rounded to 1 d.p., orange and blue shading
indicate positive and negative allometry, respectively. In all taxa, adult-only samples tend to show greater amounts of allometry, and have less of the total
variation explained by PC1, than juvenile-only and total samples. This indicates that juvenile bones show similar allometric trends both across taxa and within
bones, whereas adult bones do not.
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P. falconeri Sicily 3 P. tiliensis P. antiquus L. africana E. maximus
A J All A All A J All A J All A J All A J All

n 6 23 29 8 8 5 11 16 2 2 4 5 28 33 3 4 7
% variation
PC1 80.12 98.60 98.95 43.27 - 83.06 96.63 98.45 - - 96.04 79.90 97.8598.35 89.52 98.99 99.05
PC2 12.66 0.58 0.39 39.12 - 12.60 2.03 0.83 - - 233 17.70 0.95 0.70 10.48 0.86 0.55
PC3 5.44 0.42 0.34 8.79 - 3.48 0.89 0.37 - - 263 2.14 0.52 0.38 0.00 0.16 0.19

5

E PC 1 Eigenvector loading

. |LN DL 0.43 0.41 0.42 -0.15 - 0.33 0.47 0.46 - - 0.40 0.14 0.45 0.43 0.47 0.44 0.41
LN MDAP 0.49 0.43 0.43 0.65 - 0.21 0.41 0.41 - - 0.38 0.31 0.38 0.39 0.51 0.38 0.40
LN Max_MDML 0.38 0.43 0.44 0.62 - 0.40 0.43 0.46 - - 0.32 0.53 0.46 0.47 0.39 0.49 0.47
LN PML 0.37 0.41 0.39 -0.02 - 0.55 0.39 0.39 - - 0.49 0.61 0.42 0.41 0.30 0.41 0.43
LN DAP 0.32 0.39 0.39 -0.35 - 0.44 0.37 0.35 - - 0.40 0.38 0.36 0.36 0.48 0.32 0.33

______ LNDML 043 038 038 022 - - 043 037 037 - - 043 029 037 037 0.20 039 0.39
n 34 6 40 12 13 18 17 35 7 1 8 4 27 31 4 3 7
% variation
PC1 87.91 99.22 96.70 66.46 64.12 83.5597.63 96.37 90.37 - 88.62 88.12 98.44 98.66 93.64 99.49 99.06
PC2 4.78 0.47 1.20 17.99 17.34 8.45 1.30 2.78 5.80 - 6.71 10.69 0.79 0.70 6.21 0.51 0.53
PC3 2.52 0.22 0.77 6.27 0.07 2.83 0.50 0.28 2.47 - 2.66 1.19 0.34 0.27 0.15 0.00 0.27

<

o PC 1 Eigenvector loading

= LN DL 0.35 0.39 0.38 0.29 0.31 0.28 0.36 0.40 0.29 - 0.31 0.19 0.39 0.38 0.30 0.41 0.36
LN PAP 0.38 0.38 0.39 0.50 0.51 0.51 0.42 0.23 0.25 - 0.24 0.39 0.40 0.40 0.36 0.45 0.42
LN PML 0.36 0.34 0.36 0.32 0.30 0.34 0.37 0.39 0.47 - 0.45 0.62 0.35 0.34 0.45 0.32 0.35
LN MDAP 0.40 0.38 0.38 0.47 0.47 0.45 0.36 0.38 0.40 - 0.43 0.22 0.36 0.38 0.42 0.37 0.42
LN MDML 0.39 0.38 0.35 0.37 0.37 0.40 0.37 0.39 0.39 - 0.40 0.29 0.38 0.40 0.27 0.35 0.37
LN DAP 0.39 0.41 0.40 0.32 0.30 0.31 0.37 0.39 03 - 0.34 0.36 0.38 0.37 0.32 0.38 0.35
LN DML 0.37 0.36 0.38 0.32 0.33 0.29 0.40 0.43 0.45 - 0.43 0.40 0.37 0.37 0.49 0.36 0.37

Table 6.15. Principal component 1 eigenvector loadings in intra-specific multivariate allometry of the hindlimb. Legend and abbreviations as Table 6.14.
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Figure 6.10. PC1 eigenvector loadings for intraspecific analyses of fore- and hindlimb. PC1 eigenvector loadings shown for juvenile (top), combined adult and
juvenile (middle) and adult (bottom) elephants for a. humerus, b. ulna, c. femur, d. tibia. P. falconeri (red), P. tiliensis (green), Sicily 3 (orange), P. antiquus
(black), L. africana (purple) and E. maximus (blue). Dashed line shows value for isometry (6 variable PCA: 1/16 = 0.408; 7 variable PCA: 1/17 = 0.378); points
above the line indicate positive allometry, and points below the line indicate negative allometry, in that variable relative to the total size of the bone (as
characterised by the included variables). PC1 loading axis is drawn to same scale for each bone, allowing magnitude of point scatter to be compared between
graphs as an indication of age-related allometric trends as well as direction of deviation. Adult-only PC1 loadings are more widely scattered around the isometric
line than juvenile-only data, indicating higher amounts of allometry, as well as greater differences between taxa in static-adult intraspecific allometry
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Intraspecific bivariate allometry

Elephant taxa are broadly similar to one another in static-adult bivariate MA slope for the
majority of parameters across all bones, providing little support for scaling (and thus functional/loading)
differences between taxa, or between or along bones within a taxon. Only 19/291 of the pair-wise
comparisons between taxa of static-adult values of b are significantly different, and these differences
occur for the most part (15/19) between Palaeoloxodon taxa and the extant elephants (Tables 6.16-6.19),
with the former always showing relatively more positive, or less negative, allometry than the latter (6.20-
6.23). These intraspecific scaling differences also occur mainly in the forelimb (13/19 comparisons), with
a disproportionate number at the knee and elbow joints (11/19). It is tempting to speculate that this is
indicative of heterochrony in the timing of epiphyseal fusion between Palaeoloxodon and the living
elephants. In relation to this, the Palaeoloxodon adult samples show a greater offset between early and
late fusing epiphyses and thus include a larger amount of ontogenetic variation in the “adult” sample as a
result. However, epiphyseal data are insufficient to establish this (Chapter 5).

Of the adult slopes showing a significant correlation, a small number are ‘grade-shifted’ in
relation to other taxa (shifts B and D, Tables 6.16-6.19). There does not seem to be a consistent trend in
the occurrence of these grade-shifts, although they mostly occur between full-size and dwarf species.
Visual inspection of bivariate plots suggest that a greater number of intercept shifts might be expected
(adult samples appear “displaced’ from one another; Figure 6.9; Appendix 11). It is possible that the low
sample-size and wide confidence intervals of the adult samples are obscuring trends, particularly between
similar-sized taxa.

The majority of static-adult bivariate slopes (84/134, ~ 63%) are consistent with isometry, elastic
and static-stress similarity, indicating that static-adult intraspecific data are unable to unequivocally
support a particular scaling hypothesis (Tables 6.20-6.23). However, based on MA estimations showing
significant correlations, some general trends are apparent. First, elephant limb-bone parameters are
generally characterized by negatively allometric b-values, and this is most clear in the extant taxa: there
are no examples of positively allometric b-values in adult L. africana and only one in E. maximus,
compared with five in P. antiquus, eight in P. falconeri, and four in Sicily 3 (Tables 6.20-6.23; note that
only 9/17 of the positive Palaeoloxodon slopes are significantly different from either L. africana or E.
maximus, and so scaling differences should not be overstated). Second, none of these positive slopes are
significantly different from isometry in any taxa, whereas a number of negative slopes are, and are
consistent with elastic- and/or static-stress similarity (19/134: 10 in L. africana, 2 in E. maximus, 2 in P.
falconeri, 3 in P. tiliensis, and 1 in Sicily 3; Tables 6.20-6.23). Finally, L. africana is consistent with
static-stress similarity alone for femur Ln DL vs Ln DAP, and ulna Ln DL vs Ln DAP. Taken together, it
can be seen that adult elephant limb-bones do not scale with positive allometry, and are usually consistent
with negative allometry, albeit with limited significance.

With the exception of P. falconeri humerus Ln DL vs Ln DAP, even those parameters highlighted
as positively allometric slopes are consistent with isometry, but not elastic or static-stress similarity, also

have large Cls, encompassing a wide range of negatively allometric values (Appendix 11).
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X Taxon L. africana E. maximus P. antiquus P. tiliensis P. falconeri
Ln PAP L. africana 1 . C

E. maximus no shift 1 .

P. antiquus © C 1 .

P. tiliensis C C C 1 .

P. falconeri D C C C L
________________ Sicily3 | noshift _ noshift ¢ ¢ . C
Ln PML L. africana 1 . C

E. maximus no shift Ll .

P. antiquus C C 1 .

P. tiliensis C C C 1 .

P. falconeri D C C C L
________________ sicilys___|_..¢ ... ¢ ... ¢ ... ¢c _._._..¢c .
Ln DAP L. africana 1 . A

E. maximus no shift Ll .

P. antiquus A A 1 .

P. tiliensis C C C 1 .

P. falconeri A A C C L
________________ sicilys___|_..¢ ... ¢. ... ¢ ... ¢c _._...¢c .
Ln DML L. africana 1 . A

E. maximus no shift 1 .

P. antiquus B C L .

P. tiliensis C C C 1 .

P. falconeri B C C C L
________________ sicilys___ | 8 ¢ ¢ . C . C_
Ln MINAP L. africana 1 . C

E. maximus no shift 1 .

P. antiquus C no shift 1 .

P. tiliensis C C C 1 .

P. falconeri C C C C 1
________________ sicilys___|..¢__._...¢. ... ¢ ... ¢c _._._..¢c .
Ln MINML L. africana 1 . C

E. maximus no shift 1 .

P. antiquus A A 1 .

P. tiliensis C C C 1 .

P. falconeri A C C D 1
________________ sicilys___ | A A . C_ . C . C___
Ln DELTML L. africana . C

E. maximus no shift Ll .

P. antiquus C C 1 .

P. tiliensis C C C 1 .

P. falconeri D C C C L

Sicily 3 C © © © ©

Table 6.16. Intraspecific allometric differences in the elephant humerus. Major axis slopes were
compared between taxa for adult (below diagonal) and juvenile (above diagonal) samples. Slopes were
identified as either significantly different (A); sharing a common slope with significantly different
intercepts (B); shifted along a common slope (C: = ontogenetic scaling in juvenile samples); showing a
shift in intercept and a shift along a common slope (D); or statistically indistinguishable (no shift). Grey
shading highlights comparisons for which at least one of the taxa has a non-significant slope.
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X L. africana E. maximus P. antiquus P. tiliensis P. falconeri

LN MDML L. africana L no shift C C

E. maximus . 1 . C C

P. antiquus no shift Ll . .

P. tiliensis C C 1 C

P. falconeri C C C 1
_______________ Sicily3_ | DS

LN MDAP L. africana Ll no shift C A

E. maximus no shift 1 . C C

P. antiquus C C 1 . .

P. tiliensis C C C 1 A

P. falconeri C C C C 1
_______________ sicilys___ | ..¢_.__¢ ... ¢ ... ¢c ... ¢c

LN PML L. africana 1 no shift C A

E. maximus no shift L . C ©

P. antiquus A C L . .

P. tiliensis C C C 1 C

P. falconeri C C C C 1
_______________ sicily3 | A . C . C . C . C

LN PAP L. africana Ll no shift A A

E. maximus no shift 1 . C C

P. antiquus A no shift L] . .

P. tiliensis A (o C 1 C

P. falconeri A (o C C 1
_______________ sicilys___ | .. ¢ ... ¢ ... ¢ ... ¢ ... ¢c

LN DML L. africana Ll no shift D C

E. maximus . 1 . C C

P. antiquus no shift 1 . .

P. tiliensis C C Ll D

P. falconeri D C C 1
_______________ Sicily3. | C eSS

LN DAP L. africana 1 no shift C C

E. maximus no shift 1 . C C

P. antiquus no shift C 1 . .

P. tiliensis C (o (o 1 C

P. falconeri D (o (o C 1

Sicily 3 C © © © ©

Table 6.17. Intraspecific allometric differences in the elephant ulna. Legend as Table 6.16
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X L. africana E. maximus P. tiliensis P. falconeri

LN MDAP L. africana L no shift C A

E. maximus . Ll no shift A

P. tiliensis C . Ll A

P. falconeri C . (o 1
sicilys [ c D G|

LN Max MDML L. africana Ll no shift C C

E. maximus . 1 no shift D

P. tiliensis C Ll D

P. falconeri C C 1
sicilys [ c D G|

LN PAP L. africana 1 no shift C A

E. maximus . 1 C D

P. tiliensis | A

P. falconeri . . Ll
.sicilys [ o

LN PML L. africana 1 no shift C C

E. maximus . 1 C C

P. tiliensis D . 1 C

P. falconeri D . (o 1
sicilys [ D . e G|

LN DAP L. africana 1 no shift C C

E. maximus . 1 C C

P. tiliensis C . 1 C

P. falconeri A . C 1
.sicilys [ D . e G|

LN DML L. africana Ll no shift C A

E. maximus . 1 C C

P. tiliensis C Ll A

P. falconeri C C 1

Sicily 3 C C A

Table 6.18. Intraspecific allometric differences in the elephant femur. Legend as Table 6.16
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X L. africana E. maximus P. antiquus P. tiliensis P. falconeri

LN PAP L. africana 1 no shift . o o

E. maximus no shift 1 . o o

P. antiquus no shift C 1 . .

P. tiliensis © C C 1 o

P. falconeri D D C A Ll
_____________ Sicilys | ..¢_ .. ¢ .¢6._.._ ¢ . ¢c
LN PML L. africana 1 A . D A

E. maximus no shift 1 . o o

P. antiquus no shift no shift 1 .

P. tiliensis D C C 1 no shift

P. falconeri D D D D Ll
_____________ Sieilys ... B .S ... ¢ ¢ ... C ..
LN MDAP L. africana L] no shift o o

E. maximus no shift 1 . o o

P. antiquus no shift C 1 .

P. tiliensis C C A Ll no shift

P. falconeri C C C A 1
_____________ Sicilys __ |..¢_.._..¢ . ¢ ¢ . ¢Cc
LN MDML L. africana 1 no shift o D

E. maximus C 1 . C C

P. antiquus no shift C 1 .

P. tiliensis C C C 1 B

P. falconeri © C o o 1
_____________ Sieilys .6 C ... ¢ ¢ ... C .
LN DAP L. africana L] no shift o o

E. maximus no shift 1 . o o

P. antiquus no shift C 1 .

P. tiliensis D C C 1 no shift

P. falconeri D C C C 1
_____________ sicilys __ |..¢.....¢6 ... ¢6. ... ¢6. ... ¢c_
LN DML L. africana 1 . . A o

E. maximus | no shift 1

P. antiquus no shift no shift 1 .

P. tiliensis C D C Ll B

P. falconeri D A C C 1

Sicily 3 C © © C C

Table 6.19. Intraspecific allometric differences in the elephant tibia. Legend as Table 6.16
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However, given that static-adult intraspecific allometry is characterized by relatively low R? values — with
correspondingly high confidence intervals — in all taxa (103/107 MA lines have R? ! 0.85; Appendix 12),
are based on small sample sizes, and that MA slopes are typically associated with larger confidence
intervals than RMA or least-squares regression lines calculated from the same data (Warton et al 2006), it
may be that MA slope estimation is too conservative a test for establishing differences in intraspecific
allometry for these data, and prone to Type Il error. Adult data cannot, therefore, provide robust support
for similarity in long-bone scaling among elephant species.

Juvenile slopes also show little difference between elephant taxa, supporting an Elephantidae-
wide ontogenetic trajectory that is generally in line with isometry. 95/112 pair-wise comparisons of taxa
cannot reject the null hypothesis of a common MA slope (62 slopes cannot reject isometry), 89 of which
do not have significantly different intercepts and are thus consistent with ontogenetic scaling (Figure
6.11, Tables 6.20-6.23). Differences generally occur between the three largest juvenile samples (usually
between P. tiliensis and/or L. africana and P. falconeri, and most prevalent in the tibia), suggesting that
sample size may limit the sensitivity of the analysis to shifts in Ln a. Visual inspection of bivariate plots
further suggests that small grade-shifts may be more common than indicated by statistical difference and
appear to follow a body-size trend: smaller taxa are displaced downwards and to the left relative to larger
ones, therefore having relatively shorter, more robust limb-bones (Figure 6.9; Appendix 11). Elephant
limb bone morphology may not, therefore, be fully explainable by ‘strict’ ontogenetic scaling (see
below). In addition, a large proportion of juvenile intraspecific intercepts are significantly different to
zero (65/85 significantly correlated slopes; non-significance generally occurs in low-n samples; Tables
6.20-6.23). This is consistent with the inference that the postnatal ontogenetic trajectory is unable to
characterize prenatal relative growth rates, and is indicative of a complex allometry which might explain
grade-shifts between taxa.

Slopes which are significantly different (Tables 6.16-6.19) can be explained, in part, by
developmentally non-equivalent samples, an unavoidable problem with non-associated juvenile
postcrania. First, the P. tiliensis juvenile humerus sample does not extend up to the adult size range, and
if the gap between the two samples was “filled in’, it would probably increase the juvenile b-value, and
bring it closer to that of L. africana (e.g. Ln DL vs LN DML and Ln DAP, Figure A11.1). Second, the P.
falconeri juvenile ulna sample includes some very large individuals (at the upper end of the adult range;
Figure 6.9b; Figure A11.2), which may be developmentally adult even if their proximal ulna is unfused,
thus artificially depressing the juvenile growth rate. However, it should also be noted that the discrepancy
between adult and juvenile slopes is not as clear cut in dwarf taxa (see below). Third, E. maximus and P
tiliensis juvenile samples both lack very small (= young) individuals, possibly resulting in b-values lower
than the ‘true’ relative growth rate, and explaining the difference in scaling across the knee joint in the
latter species.

While recognizing that the overwhelming intraspecific trend is cross-taxon similarity and
isometric scaling, some noteworthy allometric trends are apparent in the juvenile and total-data samples.

The forelimb is more negatively allometric than the hindlimb in all taxa, but particularly in the dwarf
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Allometric

Slope Comparison

X Taxon Coefficient Scaling Hypothesis dvs Advs Allvs
Adult Juv All Adult  Juv All Juv All Juv
L. africana  0.43*0.94*1.07* 1,ES,SS | | AT A AT
o E.maximus 0.87 1.05* [1,ES,SS | C
< Pp.antiquus 0.76 . 0.76 I,ES,SS . I,ES,SS )
c P. tiliensis 0.79 0.86*0.94* [I,ES,SS -ve | c C NS
- p. falconeri 1.37 0.90* I,ES,SS | C
______ Sicily3_ ... 036 . 0.3 _IESSS . _L,ESSS . . . .
L. africana  0.58*0.90*0.95* ES,SS -ve [ AN AN NS
1 E.maximus 0.72 0.88* I,ES,SS -ve C
= Pp.antiguus 1.00 . 1.01 1,ES,SS . 1,ES,SS )
c P. tiliensis 0.78 0.93*0.91* I,ES,SS | -ve c c NS
- P. falconeri 1.34 0.98* |,ES,SS | C
__.Sicily3 044 . 0.44 [IES,SS . 1ESSS . .
L. africana 0.61*0.97*1.00* ES,SS | [ AN AN NS
o E.maximus 0.68* 0.87* I,ES,SS -ve C
< P.antiguus 1.21 . 1.21 | : | i
c P. tiliensis 0.71*0.77*0.98* 1,ES,SS ES | C c AT
— Pp. falconeri 1.26 1.26 | | .
... Sicily3 ....0.35 . | 0.27 I,ES,SS . _ESSS . | NS
L. africana 0.71*1.15 1.17 ES,SS +ve +ve [NIARY AT NS
_ E.maximus 0.83 1.11  1,ES,SS | C
= P.antiguus 1.06 1.06 | : | . .
c P.tiliensis 0.71 0.96*1.17 I,ES,SS | +ve C D AW
= P. falconeri 1.02 0.92* I,ES | C
___..Sicilys 120 . 0.68* LES _ . . LESSS . NS
L. africana 0.56*0.96*0.93* ES,SS | [ AN AN NS
% E.maximus 0.57* 0.77* ES,SS -ve C
£ P.antiguus 0.64* . 0.64* I,ES,SS . 1,ES,SS )
= p.tiliensis 1.04 0.97*1.04* 1,ES,SS | | c c NS
S P. falconeri 1.08 0.91* 1,ES,SS | C
. Sicily3 017 . ] 0.20____. ESHSSM ... -ve . S
L. africana  0.55*0.95*0.94* ES,SS | [ AN AN NS
S E.maximus 0.57* 0.92* I,ES,SS | C
£ P.antiquus 1.17 . 1.17 | . | . .
= p. tiliensis 0.75*0.98*1.05* 1,ES,SS | | c D NS
S P. falconeri 0.88* 1.00* I,ES | C
. Sicily3 146 . 0.64 _ ILES . 1ESSS . NS .
_, L.africana  0.51+0.92*0.88* ES,SS | ve AN AWM NS
= E.maximus 0.56 0.88* |I,ES,SS | C
= P.antiquus 0.75* . 0.75* 1,ES,SS . 1,ES,SS )
O P. tiliensis 0.67 0.81 0.87* 1,ES,SS I, ES | C C NS
S P. falconeri 0.59* 0.78* ES,SS -ve C
Sicily 3 0.47* 0.28  I,ES,SS -ve NS

Table 6.20. Summary of intraspecific bivariate allometry in the elephant humerus. Major axis
slopes conforming to the relationship Ln DL = Ln a + b*Ln x were estimated for adult (Ad), juvenile
(Juv) and total (All) samples for each species, where n>3. Adult bones were identified on the basis of
fusing/fused early-fusing epiphyses. Grey shading highlights slopes with p-values > 0.05 (slopes are not
significantly different to 0 and variables are uncorrelated). Blue shading highlights negatively
allometric b-values that reject isometry (I; b=1.0) (are significantly different to 1); green shading
highlights negatively allometric b-values that cannot reject isometry; orange shading highlights
positively allometric b-values that reject isometry; yellow shading highlights positively allometric b-
values that cannot reject isometry. * indicates slopes with a y-intercept that significantly different to
0. b-values were also tested for significant difference from elastic (ES; b=0.67) and static-stress
similarity (SS; b=0.50); scaling hypotheses consistent with b are shown. If slopes were reject I, Es, and
SS they were designated as either negatively (-ve) or positively (+ve) allometric accordingly. Slopes
were also compared between age-classes within a species, abbreviations for slope ‘shifts” as Table
6.16; variable abbreviations as Table 2.5.
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Allometric

Slope Comparision

X Taxon Coefficient Scaling Hypothesis Advs  Advs Al ve
Adult Juv All Adult  Juv Al Juv All Juv
L. africana 0.52 * 0.95* 0.89 * |[,ES,SS | -ve D C -
E. maximus 1.07* 0.90 * | | LA
= I,ES,S
g P. antiquus 0.76 0.76 I,ES,SS . S .
< P. tiliensis |10.91  0.90* 0.93 * I,ES,SS -ve -ve C c NS
P.
falconeri 0.80 * 0.84* 0.89 * 1,ES,SS -ve -ve C C NS
|..sicily3 248 . | 2.48 P . :
L. africana 0.50 * 1.04* 1.00 * ES,SS | | AR AT AT
E. maximus 0.60 * 1.00* 0.82 * 1,ES,SS | -ve c LA
I,ES,S
% P. antiquus 0.83 * 0.83 * I1,ES,SS . S .
=| P. tiliensis 0.62 * 0.95*0.96 * 1,ES,SS | I AT AT Ns
S| P.
falconeri  0.77 * 0.83*0.92 * 1,ES,SS -ve -ve C C
I,ES,S
| Sicilys 090 . | 0.90  IES;SS . S U
L. africana 0.54 * 1.09* 1.08 * 1,ES,SS +ve +ve AL AT Ns
I,ES,S
| E.maximus 1.07 1.18 1.11 | S | C - NS
=| P.antiquus 1.50 1.50 I . I . .
c| P.tiliensis 0.96 0.99%*1.11* 1LES |  +ve c c AT
P.
falconeri 1.06 0.92* 1.00 *  I,ES -ve I C C -
|.Sicily3 133 . 133  LES . LES e
L. africana 0.42 * 0.94* 0.93 *  SS | | AT AT NS
E. maximus 0.81  0.98 0.86 * I,ES,SS I|,.ES -ve c c NS
a| P.antiquus 0.90 0.90 I,ES . I,ES . .
<| P.tiliensis 0.80 0.77*0.81 * I,ES,SS -ve -ve C C NS
c| P.
- falconeri [ 0.68 * 0.76* 0.83 * ES,SS -ve -ve C --
I,ES,S
Sicily3_ 079 .| 0.79  LES,;SS . . S RS
L. africana 0.46. 0.95* 0.94 * I,ES,SS | | D D NS
I,ES,S
E. maximus 1.02 0.94 * S I NS
— I,ES,S
=| P.antiquus 0.80 0.80 I,ES,SS . S .
| P.tiliensis [0.64 0.80%0.88 * [LES,SS -ve -ve C c NS
P.
falconeri 0.85 *0.87*0.93* I,LES -ve -ve C c -
I,ES,S
|_.sicilys 122 . (122 [LES,SS . S e
L. africana 0.48 * 0.98*0.98 * ES,SS | | AT AT NS
E. maximus 1.93 1.03* 1.02 * |,ES,SS | | © C NS
I,ES,S
%| P.antiquus 0.83 0.83 I,ES,S§ . S .
S| P. tiliensis  0.56, 0.93* 0.96 * I,ES,SS | | c c NS
| P.
falconeri  0.84 * 0.92* 0.95 * I,ES -ve I C C NS
I,ES,S
Sicily 3 0.41 0.41  1,ES,SS S
Table 6.21. Summary of intraspecific bivariate allometry in the elephant ulna. Legend as Table

6.20.
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Allometric

Slope Comparison

X Taxon Coefficients Scaling Hypothesis Advs Advs Allvs
Adult Juv  All  Adult Juv All Juv All Juv
L. africana 0.54* 1.19*1.10 * |,ES,SS +ve +ve D D NS
o | E. maximus 1.15%1.03 * wve | A
é P. antiquus . 0.59 . . 1,ES,SS .

. P. tiliensis 1.60 1.13*1.12 * I,ES,SS | +ve C C NS
- P. falconeri  0.93* 0.96*0.95 * 1,ES,SS | -ve C C NS
S|C|Iy3'037 __________ l 09|,ES,SS _____ I ______ - _ NS
| Loafricana [0.28 0.98+0.90 *[1,ES,SS | ve ANEAT A
g E. maximus 0.91*0.87 * | -ve NS
= P. antiquus . 0.71 * . . I,ES,SS .

‘2" P. tiliensis 0.93 1.06*1.01 * I,ES,SS | I C C NS
S P. falconeri  0.96* 0.96*0.94 * |,ES I -ve C C NS
)..sicily3 373 . | 0.94* LESSS . 1 NS L

L. africana | 0.07 0.97%0.91 * 1,ES,SS | o AN AT NS
0 E. maximus 0.95*0.86 * I,ES I B
~ P. antiquus 0.21 . LES,SS
S P. tiliensis 0.90*0.90 * I I
P. falconeri . 1.16*1.16 * . tve tve
o |sicilys 0.19 . | 0.9  1LESSS . LES,SS . .. ...
L. africana 0.12 1.09*1.04 * I,ES,SS | I D D NS
E. maximus 1.09 0.96 * | | NS
= P. antiquus . 0.42 . . 1,ES,SS .

% P. tiliensis 0.62 1.13*1.14 * |,ES,SS | +ve D D NS
- P. falconeri 1.03 1.00*1.04 * I,ES | | C C NS
__________S_'_QiJ}’_?’_________:?_-_E!? __________ 2_ :5_7_____I_'_E_S_'_$_S _____ S I_'_ES_'_S_S___ - _ - .

L. africana | 0.39* 1.24 1.18 * S5 +ve +ve A AN ns
o E. maximus 1.37 1.24 I,ES | NS
< P. antiquus . 0.56 * . . 1,ES,SS .
< P. tiliensis 0.71 1.22 1.27 * |,ES,SS +ve +ve C C NS
P. falconeri 1.28 1.04*1.04 * 1,ES,SS | | C C NS
| sicilys 0.78 . | 0.78 1ES,SS . LESSS .. ...
L. africana 0.55 1.24 1.17 * |,ES,SS +ve +ve D D NS
» E. maximus 1.12 1.05 * I,ES | NS
= P. antiquus . 0.58 * . . 1,ES,SS .
s P. tiliensis 0.85 1.31 1.25 I,ES,SS +ve  +ve C C NS
P. falconeri 1.11 1.09*1.10 * | tve tve C C NS
Sicily 3 1.94 1.94 | |

Table 6.22. Summary of intraspecific bivariate allometry in the elephant femur. Legend as Table

6.20.
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Table 6.23. Summary of intraspecific bivariate allometry in the elephant tibia. Legend as Table

6.20.

X Taxon Allometric Scaling Hypothesis Slope Comparision
Coefficients Advs Advs Allvs
Adult Juv  All Adult  Juv All
L. africana 0.44 0.96*0.95* |,ES,SS | I
o E. maximus 0.83 0.89 0.88* I,ES,SSI,ES,SS |
= P.antiquus 1.32 . 1.42 I,ES,SS . |
5 P. tiliensis 0.54* 0.84* 1.57 ES,SS  -ve +ve
P. falconeri 0.92* 1.02* 0.98 * I I I
__________ Sicily3 _0.58* . 088 ESSS . 1 . . B ..
L. africana 0.28 0.69*0.78* |,ES,SSI,ES,SS |
N E. maximus 0.66* 1.30 1.05 I,ES,SS | I
E P. antiquus 0.65* . 0.70  I,ES,SS |
< P. tiliensis 0.72* 0.95*1.04* 1,ES,SS | I
P. falconeri 0.95* 1.14 1.07* I I I
__________ Sicily3 . 0.82* . 091 IES . 1 . NS .
L. africana 0.62 1.07*0.98* |I,ES,SS | I
a E. maximus 0.66 1.05 0.88* |,ES,SSI,ES,SS |
é P. antiquus 0.81* . 0.75* I,ES |
c P. tiliensis 0.57* 0.95* 1.05* ES,SS I I
- P. falconeri 0.88* 1.02* 1.01 * I I I
__________ Sicily3 . 0.74* . 0.78* 1ESSS . 1 . . NS . _
L. africana 0.65 1.01*0.95* |I,ES,SS | I
- E. maximus 1.05 1.15 0.99* |,ES,SS | I
E P. antiqguus 0.80 . 0.79* 1,ES,SS . |
E P. tiliensis 0.69* 0.95* 1.02* ES,SS I I
- P. falconeri 0.88* 1.05* 1.10 * I I +ve
__________ Sicily3 __ 0.76* . 0.91* IESSS . I
L. africana 0.56* 1.03* 1.03* |,ES,SS | I
o E. maximus 0.79 1.10 1.02* I,ES,SS | I
< P.antiquus 0.95 . 1.02 I,ES,SS . I
< P. tiliensis  0.93* 0.94* 1.03 * I I I
P. falconeri 0.93* 0.96* 1.00 * I I I
__________ Sicily3 091 . 125 IESSS . 1 . . NS .
L. africana 0.45 1.05*1.02* I,ES,SS | I
N E. maximus 0.61* . 0.99* ES,SS . I
g P. antiquus 0.65* . 0.71  I,ES,SS . |
< P. tiliensis 0.88* 0.90 0.94* I,ES I -ve
P. falconeri 0.92* 1.09* 1.02 * I I I
Sicily 3 0.97 . 1.01 I,ES,SS . I
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elephants (which have a large number of negative b-values significantly different to isometry; Tables
6.20-6.23). The femur is also more positively allometric than the tibia in all taxa, with the P. falconeri
proximal and distal femur significantly more positively allometric than the same regions in both P.
tiliensis and L. africana (Figure 6.11; N.B. the E. maximus sample-size is small with large Cls, thus non-
significant difference is not a good indication of similarity). As the diaphysis is a biologically integrated
osteological unit, with the prevailing postnatal growth rate determined by the growth plates and mediated
by the endocrine system (Chapter 5; Nilsson & Baron 2004), it is perhaps unsurprising that different
regions of the same limb grow, for the most part, at relatively similar rates (e.g. isometry: a doubling of
shaft length is generally accompanied by a doubling in shaft width).

Similarly, functionally integrated regions might be expected to grow at similar rates, and, as with
the interspecific bivariate data, the articulating joint surfaces at the elbow appear to show similar
allometric trends (Figure 6.9). The knee does not, although only L. africana and P. tiliensis are
significantly different for b-values across the distal femur/proximal tibia (Figure 6.11; see Appendix12
for SE values). This may be explainable through differences in sample composition in P. tiliensis (see
above). However, another potential explanation is the early development of tuberous/rugose muscle
attachments in the proximal tibia (on the tibial tubercle and fibula articulation; personal observation),
effectively increasing the AP and, to a lesser extent, ML relative growth rate in the tibia alone. This is
consistent with the data for E. maximus and P. falconeri, which are also less positively allometric in the
proximal tibia vs the distal femur, albeit non-significantly. Furthermore, the knee and elbow have very
different articulations, with the elbow more functionally integrated as a well-constrained hinged. The
knee joint undergoes rotation and medial-lateral movement during normal locomotion in elephants
(Weissengruber et al. 2006). This less constrained movement-axis may “allow’ (or not select against)
scaling differences in the distal femur and proximal tibia.

Intraspecific allometry differs between juvenile and adult samples of the same taxon, and these
differences follow a general trend across all taxa. Within a species, on average, adult b-values are lower
(i.e. more negatively, or less positively, allometric) than juvenile ones for the same y-parameter: for
comparisons with adult samples showing a significant correlation, 44/48 have an adult b-value < juvenile
b-value (Tables 6.20-6.23). This trend is most evident in full-sized extant elephants, which show a larger
discrepancy in b-values between the two age groups, and a greater number of significantly different
slopes. This difference in b-values can even have a significant affect on the b-value for the combined
adult and juvenile sample, which broadly appears to be driven by the juvenile component (e.g. it
generally scales with isometry), and yet is significantly different to the juvenile slope for a number of
comparisons (Tables 6.20-6.23). Dwarf taxa follow this trend but, with exception of the tibia, differences
between the adult and juvenile slopes are small, and usually non-significant (there are also 4 examples in
P. falconeri where adult b > juvenile b, but all are non-significant; ulna Ln DL vs Ln PML, femur Ln DL
vs Ln PML, LN DAP, LN DML; Tables 6.21 & 6.22).

Adult full-size extant elephants therefore appear to deviate away from their ontogenetic

trajectory, creating an inflection point in the general trend across the combined sample (Figure 6.9)
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Figure 6.11. Within and between species trends in intraspecific scaling of juvenile elephants. The broad-scale patterns in the allometric relationship of
diaphyses length (y) with shaft AP and ML parameters (x) are shown for L. africana (L. a), E. maximus (E. m), P. falconeri (P. f) and P. tiliensis (P. t): the
majority of slopes cannot reject isometry (I; b=1.0), although some (I*) are consistent with elastic similarity (ES) and/or static-stress similarity as well. Positive
allometry (+ve: b>1.0) is most common in the femur, whilst negative allometry (-ve) is most common in the dwarf ulna. Significantly different slopes between
taxa for a given x-parameter are highlighted: to L. africana (single box), to L. africana and P. tiliensis (double box) or to L. africana, P. tiliensis and E. maximus
(triple box). At the knee joint, both ML and AP slopes of the proximal tibia and distal femur are significantly different in L. africana and P. tiliensis; other knee
and elbow slopes are non-significantly different within each taxon. Coloured shading reflects the absolute value of b, in line with Table 6.20 legend.
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consistent with the later growth asymptote for shaft ML parameters (i.e. DL growth slows and ceases,
while shaft width growth continues, possibly owing to indeterminate growth in body-mass in elephants;
e.g. Laws 1966, Chapter 5). The presence of this complex intraspecific allometry is also hinted at by the
relatively high number of adult intercepts that are significantly different to 0, given the large Cls in the
adult data (56/87 slopes with significant correlations have intercepts that are significantly different to
zero, and thus the adult slopes cannot be seen as good approximations of the total growth of an elephant;
Tables 6.20-6.23). Complex allometry is only apparent in the dwarf elephant tibia. P. tiliensis and P.
falconeri adult data appear to follow the ontogenetic trajectory in the ulna and femur, whereas in P.
tiliensis the adult humerus appears to deviate away for the ontogenetic trajectory for all parameters
except Ln MinAP, though this is less pronounced (Figure 6.9, Appendix 11). Juvenile data are
insufficient to make comparisons for P. antiquus, but as adult b-values are generally higher (albeit non-
significantly) in this taxon than in other full-sized elephants, it may be that P. antiquus follows the dwarf

elephant trend of showing relatively little scaling difference between adult and juvenile samples.

Relative size of limb elements

P. falconeri and P. tiliensis have similar limb element ratios to full-sized elephants in the
forelimb, but slightly higher ratios in the hindlimb, suggesting that the tibia is relatively short in relation
to the femur, particularly in P falconeri (Table 6.24; Figure 6.12). This is in line with the hypothesis of
distal limb-element shortening in dwarf elephants, but only in the hindlimb. However, the dwarf species’
taxon means fall within the observed range of individual limb-bone ratios in full-sized taxa for both the
hindlimb and the forelimb (Figure 6.12), suggesting that the difference in dwarf elephants is slight, and
may be the product of non-equivalent sample variation rather than a real morphological trend. There is no
evidence for ontogenetic allometry in relative limb-segment growth in extant elephants, with ratios

remaining approximately equal throughout postnatal growth (Figure 6.12).

6.3.3. Body mass estimation

Body-mass estimates for dwarf elephants vary considerably, ranging from 58kg to 1942 kg in P.
falconeri, from 268kg to 3558kg in P. tiliensis and from 678kg to 4568kg in Sicily 3 (Tables 6.25-6.29).
In all cases the lowest mass estimate is based on humerus length, after Roth 1990 (Table 6.25), and the
highest estimate on tibia midshaft AP, after Christiansen 2004 (Table 6.29). Body mass estimations from
different parameters follow broadly similar patterns across the dwarf taxa, in line with isometric scaling
trends. Bone widths and circumferences tend to result in higher mass estimates than bone lengths for
dwarf taxa. Differences are most exaggerated in the tibia and in P. falconeri, suggesting that there are
allometric differences between dwarf taxa and the source populations for the mass-estimation equations
(a mouse-to-elephant interspecific dataset in Roth 1990, and an extant elephant sample in Christiansen
2004). Roth (1990) noted that bone lengths underestimated, while bone circumferences overestimated,

body mass in extant elephants, and this pattern is borne out for dwarf elephants and P. antiquus where
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DL Ratio

Taxon Forelimb Hindlimb
P. falconeri Av. Male & Female 1.20 1.73
Av. Male DL 1.26 1.67
. Av.FemaleDL 115 . 179 .
P. tiliensis Av. Male & Female 1.26 1.67
Av. Male DL 1.24 1.66
. Av.FemaleDL 1.28 1.68
P. antiquus Ind. Average 1.30 1.60
.. AverageDL 131 1.60
L. africana Ind. Average 1.21 1.58
... AverageDL 122 159 .
E. maximus Ind. Average 1.17 1.63
Average DL 1.18 1.60

Table 6.24. Relative size of limb elements. The ratios of humerus:ulna (forelimb) and femur:tibia

(hindlimb) diaphysis length (DL) were calculated from the mean (Av.) male and female for P. falconeri
and P. tiliensis, then these sex-specific ratios were averaged to produce the taxon mean. Taxon-means

were calculated in two ways for full-sized taxa: (i) the average of ratios from bones of the same

individual (Ind. Average) and (ii) the ratio of mean taxon DL (Average DL), this latter being comparable

to the approach in dwarf taxa.
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Figure 6.12. Relative size of limb bones in the forelimb (top) and hindlimb (bottom). The average of
male and female limb-element ratios for P. falconeri (red line) and P. tiliensis (green line) are plotted
onto the range of individual limb-element ratios for full-sized juvenile (open circles) and adult (closed
circles) L. africana (purple), E. maximus (blue) and P. antiquus (black). The distal limb diaphysis
length provides a size axis, indicating there are no allometric trends in relative limb-element size.
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bone lengths produce lower mass estimates than widths (Table 6.25). L. africana and E. maximus vary
consistently in mass estimations across different parameters and bones, maintaining broadly similar body
mass ratios to one another, indicating that they share broadly similar bone shapes, in line with allometric
results. P. antiquus mass estimates, however, are almost twice as high in relation to the extant elephants
in the humerus (all measures) and in ulna widths/circumference, while tibia and ulna lengths tend to
produce lower mass estimates (Tables 6.26-6.29). P. antiquus is thus shown to differ from extant
elephants in limb-bone shape and proportions, having a relatively long, robust, humerus, and a relatively
short, robust ulna and tibia, again in line with inferences from bivariate allometry.

Comparing P. antiquus mass estimates from hind limb lengths with those for dwarf taxa, it can be
seen that femur length predicts almost double the percentage mass reduction than the tibia (mass ratios
for the femur are 1:10:46 for P. falconeri: P. tiliensis: P. antiquus, compared to 1:5:23 in the tibia), which
— if body-mass estimates were accurate for both bones — would argue against a relative shortening of the
tibia in dwarf taxa. Mass differences between dwarf taxa and P. antiquus are greatest when calculated
from ulna length (where masses are approximately in the ratio 1:5:8:50, for P. falconeri: P.tiliensis: Sicily
3: P. antiquus), and least in the tibia midshaft (a mass ratio of 1:2:3:6 for tibia MDAP, and 1:2:3:7 for
tibia MDML). This indicates that dwarf elephants may be relatively robust, particularly in the tibia. This
result is at odds with bivariate limb bone allometry, which instead support geometric similarity for
Palaeoloxodon. There is slight negative interspecific allometry for Tibia Ln DL vs Ln MDML, but this is
not as extreme as would be suggested by mass estimate difference, and is countered by slight positive
allometry for Tibia Ln MDAP (see above).

Variation in mass estimates for dwarf elephants and P. antiquus may therefore also indicate
problems linked with extrapolating the body mass estimation equations beyond their source-sample size
range, a common problem in palaeontology (Millien 2008). For example, Christiansen (2004) used an
extant elephant sample heavily biased toward large individuals (6/7 were >2000kg), indicating a
predominately adult sample. However, bivariate allometry (above) shows that adult extant elephants
show scaling differences to juvenile samples in their limb-bones. While the limb bone allometry
discussed above is not directly comparable with body mass estimation data, limb bone allometry of the
mass-estimation model sample can be inferred from the b-values for bone length and bone width vs. body
mass providing a basis for comparison (Table 6.4). Predicted limb allometry in the Christiansen (2004)
model sample is similar to the adult scaling patterns presented here and also highlights the difference in
biomechanical scaling interpretations that can be inferred from the same dataset if limb-bone parameters
are compared directly rather than with body mass (Table 6.4).

Consequently, either bpone widgth OF Doone tength, OF DOth, calculated from these data cannot accurately
predict interspecific scaling patterns for dwarf elephants (or juvenile extant elephants) for body mass
Based on the limb bone scaling trends explored above, bone widths are likely to substantially
overestimate body mass. Given this, the large body mass ranges for dwarf Palaeoloxodon and P. antiquus
(which ranges from 2452 kg to 17,021 kg), and the evidence of allometry between Palaeoloxodon and

extant elephants from both body mass estimation data and bivariate allometry, it must be concluded that it
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Body Mass Estimate (kg)

Femur Length (mm) Femur Midshaft Humerus Length (mm) Humerus Minimum
Circumference (mm) Circumference (mm)

(mass=9.448x10**femTL2%%% (mass=3.79x10**femcirc?%?") (mass=2.767x10*humTL?57%) (mass=9.45x10™**humcirc®®)

Taxon Sex n Min Max Mean n Min Max Mean n Min Max Mean n Min Max Mean
E. maximus 1 1548.9 1548.9 1548.9 3 2657.7 4994.3 3822.3 1 1560.1 1560.1 1560.1 5 1482.6 6191.2 3680.9
L. africana 5 2274.6 3328.1 2692.1 5 4618.8 10905.6 8273.5 10 964.5 3601.0 1869.1 11 841.7 7949.8 3519.1
P. antiquus 2 3045.9 3711.9 3368.7 5 3234.7 14919.7 9532.3 6 2709.1 5876.6 4021.2 8 4148.6 12258.1 8306.7
P. tiliensis . 4 324.6 568.2 431.6 6 547.8 972.6 757.5 6 268.1 531.0 400.1 10 486.4 1120.5 746.4
F 2 324.6 38l.2 352.2 4 547.8 900.1 668.0 3 268.1 354.5 309.1 6 486.4 752.3 631.1
M 2 476.9 568.2 521.3 2 900.1 972.6 936.4 3 468.8 531.0 506.2 4 730.9 1120.5 919.3
P. falconeri . 10 79.7 166.7  115.0 23 150.7 433.5 243.1 5 58.2 179.5 115.8 22 1455 454.1 267.6
F 5 79.7 104.8 89.9 14 150.7 259.9 193.3 2 58.2 74.2 65.9 11 1455 216.7 176.3
M 4 132.6 166.7 150.3 8 205.1 433.5 323.6 3 133.3 179.5 159.3 11 276.2 454.1 358.9
Sicily 3 . 6 575.0 869.5 700.8 13 1002.6 2832.1 2034.8 10 679.5 1065.3 794.6 18 1499.0 2316.7 1924.7

Table 6.25. Body mass estimates of full-sized and dwarf elephant taxa after Roth (1990). Mass estimation equations in parentheses.

314



Table 6.26. Body mass estimates of full-sized and dwarf elephant taxa from humerus variables after Christiansen (2004). Mass estimation equations in

parentheses.

Body Mass (kg) Estimated from Humerus after Christiansen 2004

Total Length
(log mass=-4.15+2.64*log TL)

Minimum Circumference
(log mass=-1.60+0.57*log MC)

Minimum ML

(log mass=-0.66+2.12*log MinML)

Taxon Sex n Min Max Mean n Min Max Mean n Min Max Mean
E. maximus 1 4317.6 4317.6 4317.6 5 1972.2 6097.9 3966.6 5 1551.1 5907.8 3302.6
L. africana 10 2688.4 9841.7 5478.1 11 1261.2 7429.0 3792.4 11 1087.8 7557.8 3339.0
P. antiquus 6 7435.7 15944.0 11299.7 8 4445.0 10458.2 7603.7 9 4382.8 10369.7 6546.0
P. tiliensis . 6 761.9 1493.3 1152.9 10 817.8 1580.9 1141.9 11 656.1 1229.7 919.4
F 3 761.9 1003.1 879.9 6 817.8 1154.2 1003.3 7 656.1 904.3 780.4
M 3 1321.0 1493.3 1426.0 4 1128.2 1580.9 1349.6 4 1087.8 1229.7 1162.7
P. falconeri . 5 169.1 513.0 351.8 22 315.3 774.6 504.3 23 204.7 719.7 400.5
F 2 169.1 214.9 192.0 11 315.3 432.0 366.4 12 204.7 370.4 285.1
M 3 382.9 513.0 458.4 11 523.2 774.6 642.2 11 421.6 719.7 526.4
Sicily 3 10 1904.0 2965.1 2235.1 18 1989.4 2805.7 2420.9 19 1927.4 2606.9 2312.7
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Body Mass (kg) Estimated from Ulna after Christiansen 2004

Total Length Midshaft ML Midshaft AP Midshaft Circumference

(log mass=-4.14+2.67*log TL) (log mass=-0.19+1.74*log MdML) (log mass=-0.87+2.30*log MdAP) (log mass=-1.35+2.02*log MdCirc)

Taxon Sex n Min Max Mean n Min Max Mean n Min Max Mean n Min Max Mean
E. maximus . 1 3687.8 3687.8 3687.8 3 2090.4 4838.1 3700.0 4 2393.9 7363.9 4600.5 4 2599.5 6383.9 4450.8
L. africana . 4 5394.2 8343.1 6441.6 5 2473.4 9105.0 6116.9 5 1491.2 7069.7 4312.6 4 2178.3 6980.8 4734.6
P. antiquus . 5 4446.4 9826.4 7217.3 6 6501.4 17021.6 11139.5 6 5699.2 16547.1 10782.5 7 6202.9 13891.8 10049.7
P. tiliensis . 7 490.7 989.2 760.9 11 633.5 1428.1 1056.8 11 749.2 2219.6 1267.6 9 950.2 1951.7  1399.5
F 4 490.7 692.1 616.2 5 633.5 1151.0 867.6 5 749.2 1017.2 841.1 4 950.2 1233.4 1045.8

M 3 922.2 989.2 953.7 4 11447 1271.5 1203.1 4 1464.8 2219.6 1819.4 4 1589.8 1951.7 1773.2

P. falconeri . 8 974 210.2  146.8 23 236.1 551.3 323.6 20 276.3 642.1 382.7 10 388.5 816.2 531.9
F 7 974 162.2  137.8 18 236.1 403.8 287.8 16 276.3 447.6 341.0 7 388.5 557.4 459.0

M 1 210.2 210.2 210.2 3 520.8 551.3 532.0 2 523.9 642.1 583.0 1 816.2 816.2 816.2

Sicily 3 3 1071.0 1157.0 1111.8 8 2720.9 3350.8 3028.0 10 2164.1 4127.1 3069.4 6 3033.1 3803.0 3345.4

Table 6.27. Body mass estimates of full-sized and dwarf elephant taxa from ulna variables after Christiansen (2004). Mass estimation equations in
parentheses.
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Body Mass (kg) Estimated from Femur after Christiansen 2004

Total Length (mm)
(log mass=-5.57+3.04*log TL)

Midshaft ML (mm)
(log mass=-0.34+1.9*log MdML)

Midshaft Circumference (mm)
(log mass=-1.61+2.07*log MdCirc)

Lateral Condyle ML
(log mass=-1.51+2.70*log LCondML)

Taxon Sex n Min Max Mean n Min Max Mean n Min Max Mean n Min Max Mean
E. maximus 1 3281.3 3281.3 3281.3 3 2868.7 4270.0 3548.2 3 2594.1 4119.8 3365.0 1 3339.9 3339.9 3339.9
L. africana 5 5092.9 7871.1 6221.5 5 4072.3 8031.1 6284.9 5 3890.3 7304.5 5913.7 4 6003.6 9717.5 7798.3
P. antiquus 2 7112.6 8917.9 8015.3 5 2924.2 7763.4 5816.7 5 2996.1 9191.7 6489.1 3 2452.8 14012.0 9313.3
P. tiliensis . 4 549.2 1042.0 775.9 6 834.8 1330.6 1029.0 6 814.7 1241.2 1028.1 5 763.9 1849.0 1152.2
F 2 549.2 659.9 604.5 4 834.8 1052.9 912.9 4 814.7 1172.7 938.7 2 763.9 968.4 866.1
M 2 852.7 1042.0 947.3 2 1192.1 1330.6 1261.3 2 1172.7 1241.2 1206.9 1 1849.0 1849.0 1849.0
P. falconeri . 10 110.1  256.3 172.4 24 334.8 779.3 475.6 23 316.3 686.2 444.7 29 161.5 633.1 273.3
F 5 110.1 150.7 126.9 15 334.8 542.2 409.3 14  316.3 471.7 378.8 18 161.5 296.2 202.3
M 4 197.3 256.3 228.3 8 500.0 779.3 591.0 8 396.4 686.2 551.0 10 262.5 633.1 395.4
Sicily 3 6 1056.1 1695.1 1340.6 13 1213.2 2868.7 2199.7 10 1269.2 2717.8 2150.5 10 927.1 2163.8 1753.5

Table 6.28. Body mass estimates of full-sized and dwarf elephant taxa from femur variables after Christiansen (2004). Mass estimation equations in

parentheses.
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Body Mass (kg) Estimated from Tibia after Christiansen 2004

Total Length (mm) Midshaft Circumference (mm) Midshaft AP (mm) Midshaft ML (mm)
(log mass=-3.06+2.378*log TL) (log mass=-2.72+2.65*log MdCirc) (log mass=1.04+1.40*log MdAP) (log mass=0.95+1.39*log MdML)
Taxon Sex n Min Max Mean n Min Max Mean n Min Max Mean n Min Max Mean
E. maximus . 1 3283.2 3283.2 3283.2 4 3368.9 7745.1 5561.8 4 4148.7 6823.4 5507.8 4 3683.1 5097.3 4435.6
L. africana . 4 4945.8 7507.4 5920.2 4 6452.3 10366.0 8427.0 4 5350.2 7271.6 6497.1 4 5023.6 6632.3 5837.2
P. antiquus . 4 3418.2 6567.0 4988.6 5 5564.0 14004.9 10795.4 7 5085.5 9004.8 7842.4 8 4303.5 7771.3 6480.1
P. tiliensis . 23 660.2 1282.6 847.3 26 774.7 1839.5 1228.3 26 1908.5 3658.0 2555.8 27 1371.1 2558.4 1917.0

F 14 660.2 835.4 728.9 14 7747 1490.1 1000.1 14 1908.5 2768.4 2222.7 14 1371.1 2148.1 1691.8
M 7 872.1 1282.6 1108.8 9 1332.3 1839.5 1623.1 9 2760.3 3658.0 3135.5 10 1861.3 2558.4 2249.5

P. falconeri . 39 148.2 4144 218.4 48 199.1 628.9 314.7 50 910.4 1941.7 1295.8 49 678.3 1423.4 925.3
F 31 148.2 229.2 186.2 36 199.1 333.5 252.3 38 910.4 1418.9 1171.3 37 678.3 1003.3 832.3
M 7 3105 4144 357.1 11 391.5 628.9 515.7 11 1419.5 1941.7 1712.6 11 1023.5 1423.4 1231.4

Sicily 3 . 14 776.3 1667.7 1323.1 16 1289.2 3486.5 2465.1 19 2594.6 4567.8 3502.3 21 2114.6 3683.1 2987.0

Table 6.29. Body mass estimates of full-sized and dwarf elephant taxa from tibia variables after Christiansen (2004). Mass estimation equations in
parentheses.
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is not possible to produce a precise and robust mass estimate for dwarf elephants using available
estimation equations. Instead, it can be seen from bivariate comparisons that adult P. falconeri specimens
are most similar in dimensions to neonate L. africana, which typically weigh in the region of 100 kg
(Dale 2010). Although P. falconeri bones are more robust than those of juvenile extant elephants. which
could indicate greater body mass, this suggests that mass in P. falconeri was of the order of hundreds,
rather than thousands of kg. Thus, while mass estimates from these data may be prone to large error, bone

lengths appear to produce more biologically realistic estimates for dwarf taxa.

6.3.4. Results summary

Molar allometry

Dental ontogeny differs in P. antiquus and M. meridionalis, although similarities are apparent
(such as the positive allometry in molar length in both taxa). Dwarf elephant M3s do not plot onto the
dental ontogeny of their putative mainland ancestor (with the exception of M. creticus lower M3 crown
height and LF, and Palaeoloxodon upper M3 LF). Across all taxa, lamellar frequencies show broadly
similar, or non-significantly different, size-related trends across ontogeny. Dwarf elephant M3s are
geometrically similar to their putative ancestor for upper molar length and crown height in
Palaeoloxodon, and for lower crown height and possibly plate count in M. creticus. All other variables
are allometric in relation to molar width for interspecific M3 analyses. The interspecific allometric signals
for Palaeoloxodon M3 shape (length and crown heights vs width) differ between uppers and lowers, but
are similar within a molar. Lower M3s length and crown height sale to the power of 1.19 and 1.18
respectively, while upper M3s scale to the power of 1.04 and 1.00. This suggests that evolution of upper
and lower molar shape may be underpinned by a common controlling factor (such as mandible or maxilla
allometry), rather than each molar variable evolving independently of one-another. P. cypriotes dental
ontogeny is similar to P. antiquus, but appears to be grade shifted and encompass relatively less size
increase. This pattern may apply to other dwarf taxa, and may underpin observed interspecific allometric
trends (Figure 6.13), although this has not been verified quantitatively. Spinagallo Cave intraspecific
allometry appears to deviate from this potential shared ontogeny for enamel thickness, with Spinagallo
Cave M3s having disproportionately thick enamel. Similarities in molar size and shape are more similar

between all taxa in developmentally earlier teeth.

Limb allometry

Intraspecifically, dwarf and full-sized elephants are broadly similar in ontogenetic and static-adult
allometry patterns in the humerus, ulna, tibia and femur. Ontogenetic allometry is characterised primarily
by isometric relative growth (with a tendency to positive allometry in the femur and negative allometry in
the dwarf ulna). Static-adult samples are characterised by relatively more negative allometry, particularly
in the full-sized extant elephants, although this cannot be said to indicate elastic or static-stress similarity.

Interspecific scaling patterns are also broadly similar between adult-only, juvenile-only, and combined
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data sets, tending towards isometry in the adult samples (particularly the Palaeoloxodon-only sample)
and positive allometry in the juvenile sample. This can be understood within the intraspecific ontogenetic
framework (Figure 6.14).

Statistically, there are few significant differences in intraspecific (between taxa, and between age-
classes within a taxa) or interspecific slopes or intercepts (between age-classes of samples including
dwarf taxa). This is consistent with ontogenetic scaling underpinning intra- and inter-specific differences
(Figure 6.14a). However, slight differences in intercept between interspecific adult and juvenile datasets
are apparent, and may be due to the scaling differences observed between static-adult (negative) and
ontogenetic (isometric) intraspecific allometry (Figure 6.14b). Intraspecific ontogenetic slopes also tend
to have intercepts which are significantly different to 0, suggesting that prenatal and postnatal relative
growth rates differ, and could give rise to (i) slight grade-shifts in ontogenetic trajectories between taxa of
different sizes, where larger taxa presumably gestate for longer, and thus (ii) the slight positive allometry
observed interspecifically in juveniles (Figure 6.14c) A taxon-specific instantaneous difference in size
between x and y parameters at their first developmental appearance in the limb-bud could also explain
this, and would instead cause the prenatal ontogenetic lines to be grade-shifted; a foetal L. africana
specimen falls away from its taxon’s ontogenetic trajectory, and within that of either P. tiliensis or P.
falconeri (Figure 6.9, Appendix 11), suggesting prenatal growth-rate differences underpin the observed
postnatal grade-shifts.

Juveniles may also show positive interspecific allometry owing to the more positively allometric
intraspecific postnatal ontogeny observed in extant taxa for some parameters (Figure 6.11d). Differences
between juvenile and adult interspecific slopes may be exaggerated by the inclusion of some larger-sized
taxa in the adult sample only (Figure 6.14d). Finally, the more negative interspecific allometry in full-
sized elephants can be explained within this common framework of grade-shifted ontogenetic trajectories,
and is the expected outcome if similar-sized taxa are sub-sampled from the broader trend (Figure 6.14d),
although this cannot rule out large body mass or limb-bone loading as a functional constraint.

There is no evidence for differences in long bone scaling between extant elephant species. There
is also little support for biomechanical loading hypotheses (maintenance of elastic and static stress
similarity) underpinning intraspecific or interspecific allometry involving dwarf elephants, although
interspecific allometry of full-size elephants is consistent with both these hypotheses. In all taxa, small-
sized elephants (juveniles and/or dwarfs) may be ‘over-designed’ relative to their loading requirements,
and the (non-significant) grade-shifts between taxa mean that smaller dwarfs are increasingly so. As
adults, dwarf elephants are geometrically similar to their putative ancestor P. antiquus, or show similar
scaling in analogous regions deviating from isometry, there is no evidence to support a relatively shorter
distal limb element in the forelimb, although hind limb data support the inference that the dwarf elephant
tibia may be relatively short compared to the femur. Palaeoloxodon as a genus appears to be more robust

than extant elephants.
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Body mass estimation

Body mass estimates for dwarf elephants range from 58kg to 1942 kg in P. falconeri, from 268kg
to 3558Kg in P. tiliensis and from 678kg to 4568kg in Sicily 3. In all cases the lowest mass estimate is
based on humerus length, after Roth 1990, and the highest estimate on tibia midshaft AP, after
Christiansen 2004, and mass estimates are generally lower for bone lengths. Limb-bone allometry
suggests that scaling trends based on adult data cannot be extrapolated to juvenile or dwarf elephants, and
that this is most problematic for bone widths. As such, existing body-mass estimation equations for
elephants have limited utility. Direct comparisons between bone dimensions of adult P. falconeri and
neonate African elephants indicate that P. falconeri weights are likely to be of the order of hundreds of
kilograms, and thus more similar to mass-estimates from bone lengths. Thus, if mass-estimates are to be
used for dwarf taxa, bones lengths should be used in preference to bone-widths. An intraspecific
ontogenetic model for elephant body mass estimation would be a useful extension to published methods,
and this study stresses the need for a direct consideration of allometric trends between the model and

study samples, alongside mass-estimation to examine the likelihood of mass-estimation error.
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6.4. Discussion

6.4.1. Molar allometry

Full sized elephants

Both P. antiquus and M. meridionalis show, to differing extents, positive allometry in molar
length relative to tooth width. This partly reflects the size of the tooth in proportion to the total occlusal
surface, and thus jaw length, in more derived elephantids (Figure 6.13b). Elephant molars come into
occlusion sequentially, and for most of an elephant’s life there are two teeth in wear in each jaw quadrant
at any one time. However, early in dental ontogeny dP2, dP3 and dP4 can be in wear together, while late
in ontogeny M3 is the only tooth in wear (Laws 1966, Sikes 1971, Roth & Shoshani 1988). Thus, across
ontogeny one expects a broad, if imprecise, trend towards increasingly long teeth, relative to each other
and to jaw size, as those teeth converge on the maximum jaw length. In consequence, lower M3 size and
shape are a good proxy for the size and shape of the mandibular corpus, whereas developmentally
younger teeth (individually) are not; this has implications for the interpretation of dwarf elephant
allometry (maxilla shape is more difficult to infer due to complexities such as angle of eruption of the
upper molar).

The allometric differences observed between P. antiquus and M. meridionalis in molar length and
crown height may also reflect differences in jaw shape (and thus, presumably, jaw ontogeny). Integrating
allometric trends with observations in Chapter 4 on absolute M3 size differences in these taxa, it can be
seen that M. meridionalis’ lower M3s are absolutely wider, shorter and lower crowned than P. antiquus
lower M3s (Figure 4.25). Its upper M3s are also wider and lower crowned, but are similar in length to P.
antiquus (Figure 4.25). This suggests that the M. meridionalis adult mandible is shorter than the P.
antiquus adult mandible (at least in the post-mandibular symphysis region), and — because upper M3s are
more similar in length — this difference in length probably reflects a deeper posterior jaw region,
containing a larger alveolar cavity (where the molar forms), in P. antiquus. In turn, because divergence in
lower molar length allometry occurs after dP4, ontogenetic differences in mandible length probably begin
to manifest at this stage. Thus very young (pre-dP4) M. meridionalis and P. antiquus jaws may be more
similar to one another in size and shape, with M. meridionalis jaws becoming relatively shorter during
postnatal ontogeny, in line with jaw ontogeny trends in E. maximus (Roth 1982) and L. africana
(Debruyne 2003). Interspecific differences in crown height are present prenatally, and thus | would
predict that jaw-shape differences in young P. antiquus and M. meridionalis would manifest most

strongly in mandibular corpus height.

M3 shape in dwarf elephants

The deviation of M3 lengths away from the ontogenetic trends of putative sister taxa is observed
to increasing degrees in small-sized dwarf taxa. This may be explicable by the relationship between tooth

length and jaw length during ontogeny. P. cypriotes intraspecific allometry suggests that a common, but
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Figure 6.13. An ontogenetic framework for understanding molar allometry. a. Molar size and shape shows similar relative rates of ‘growth’ across the dental
series between dwarf elephants (purple and blue lines) and their mainland elephants (dashed black line), but this developmental trajectory is grade-shifted
away from the developmental trajectory. Static interspecific comparisons will, such as those between dwarf and full-size Palaeoloxodon M3s will, therefore, be
more negatively allometric than the ontogenetic trajectory. b. Jaw bone allometry is expected to affect M3 proportions. The intraspecific dental trajectory
(dashed line) captures absolute molar size increase, and the relative increase in molar size in comparison to the tooth row. If dwarf elephant jaws and lamellar
frequency are ontogenetically scaled, M3 size and plate number will better equate with the size of the tooth row in a full-sized juvenile of equivalent jaw size.

If the ancestral pattern of jaw ontogeny is allometric, differently shaped M3 teeth in dwarf elephants will result.
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grade-shifted trajectory could characterize dental development across the molar series in P. cypriotes and
P. antiquus for the majority of variables. Data for other dwarf taxa was consistent with this, also
approximately paralleling the P. antiquus trend. If dwarf dental development and progression is
analogous to that of full-sized elephants, and tooth identity is homologous across dwarf and full-sized
taxa, we would expect dwarf M3s to be disproportionately longer than developmentally younger teeth:
the negative allometry of static interspecific data results from grade shifting and shifts along this common
slope in progressively smaller dwarfs (Figure 6.13a; here M3 static interspecific allometry is shown, but
the same trend would apply between all homologous tooth elements). Furthermore, as in full-sized
elephants, dwarf M3 length should reflect the size of the jaw in a dwarf elephant adult, and if the jaws
and teeth both conform to ontogenetic scaling, then dwarf M3 length should be equivalent to the total
length of the tooth row in a juvenile elephant of equivalent molar width (Figure 6.13Db).

If this interpretation is correct, it has significant implications for M. creticus taxonomy and
evolution. M. creticus M3s are relatively long in comparison to M. meridionalis M3s, and this was
highlighted as the only character that did not support a sister taxon relationship for these species (Chapter
4). If, as reasoned above, M. meridionalis and P. antiquus jaws are more similar in size and shape early in
ontogeny (pre-dP4), with M. meridionalis jaws (and thus M3 teeth) becoming relatively shorter during
ontogeny, then the long M. creticus M3 could simply reflect a relatively long, ontogenetically scaled jaw
in that taxon. Thus M3 length in M. creticus is predicted to be equivalent to the total row of a juvenile M.
meridionalis with dP3-dP4 in wear, which in turn is expected to be similar in length to the tooth row of P.
antiquus at the same wear stage. This would further strengthen the proposed sister-taxa relationship
between M. meridionalis and M. creticus. Similarly, deviations from isometry in Palaeoloxodon dwarf
elephant lower molars may reflect positive allometric growth in the mandible (compared to hypothesized
isometric growth in the maxilla), which is inferred for P. antiquus mandible ontogeny — at least in

comparison to M. meridionalis.

Jaw allometry and molar size in the Elephantidae

In L. africana, the molar-bearing regions of the maxilla and mandible grow isometrically, while
total mandible length grows with negative allometry (Debruyne 2003), but it is not known whether L.
africana molar dimensions also scale isometrically, or whether isometric growth in these regions is
typical of other elephant species. Roth (1982) suggested that E. maximus jaw ontogeny differs from that
of L. africana, with E. maximus mandibles becoming relatively shorter in the pre-alveolar region, and L.
africana jaw shape at an M3 wear stage resembling E. maximus jaw shape at an M2 wear stage.
Developmental differences do, therefore, appear to exist between species, and species shape differences
may vary along a common or similar developmental trajectory. Neither shape difference nor jaw
ontogentic allometry were quantified by Roth (1982), preventing comparison with data in Debruyne
(2003), and I am not aware of similar data for other Elephantidae taxa. Jaw ontogeny thus remains largely
unexplored, but it is interesting to note the macroevolutionary trend towards relatively shorter jaws across

the Proboscidea in the context of ontogenetic scaling trends also characterised by jaw shortening: if size
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increase in proboscideans was achieved through peramorphosis, relatively shorter jaws would be
predicted in larger taxa.

Dwarf elephant molars have been shown to be relatively large in proportion to jaw size (Roth
1982), and in relation to post-crania (Chapter 4); the same is inferred to be true in female full-sized
elephants, and has also been observed intraspecifically in non-island, but secondarily dwarfed,
populations such human pygmies (Shea & Gomez 1988). There is, therefore, some dissociation between
jaw size and molar size, making the link between M3- and jaw size and shape problematic, and liable to
circular reasoning.

In the majority of mammals, tooth development occurs prenatally and/or early in ontogeny, and
differences in the relative rate or duration of postnatal growth in the jaw and skull after teeth have
finished developing may account for the differences in relative tooth size (Shea & Gomez 1988). In
elephants, the system of horizontal tooth replacement means that dental development continues alongside
postnatal growth of the skeleton, and may not be developmentally disassociated in the same way. The
apparent similarity of male and female elephant molar size, and the observed secondary growth spurt in
L. africana male jaws post-M3 initiation and early growth (Laws et al 1975), however, suggests that a
similar — if delayed — mechanism underpins relative tooth size in male and female elephants. Any such
disassociation does not, however, negate the connection between jaw size and tooth size (and shape) in
elephants: the mandible and maxilla must also be large enough to house the molars within them. In a size
reduction scenario (be it sexual dimorphism or insular dwarfism) where teeth are disproportionately large,
molar size and shape might actually be expected to be a better proxy for jaw shape. Indeed, the late
growth of the male L. africana mandible actually suggests that juveniles have relatively large teeth for
their jaws, and that this may itself underpin the relatively large teeth in dwarf elephants. Furthermore, the
developmental control of postnatal skeletal and molar growth are both presumably underpinned by life-
history, with dental eruption and progression needing to keep pace with the metabolic demands of growth

and reproduction.

Lamellar frequency is ontogenetically scaled in dwarf elephants

Lamellar frequency data are noisy, reflecting the problems associated with the measurement
method (it cannot always be taken at the same point along the tooth), which may be exacerbated by
differences in the curvature of the tooth (a highly curved M3 will not be equivalent to a more parallel-
sided, developmentally earlier, tooth of similar width, and will be more affected by variation in LF due to
inconsistencies in where it was measured along the tooth). Upper molar lamellar frequencies are less
noisy. The more parallel lamellae in upper molars may facilitate consistent alignment with calliper teeth
and improve repeatability, and may thus be more reliable, and a better proxy for the ‘true’ lamellar
frequency of the tooth (although this needs to be verified by further methodological study).

Allometric trends in upper lamellar frequency are similar, but grade-shifted, across taxa and
between inter- and intra-specific samples, indicating that there may be a common, size-related

ontogenetic trend in LF. If this is the case, then plate count will reflect the size-related lamellar frequency,
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Figure 6.14. An ontogenetic framework for understanding interspecific limb-bone allometry. Intraspecific (above) allometry gives rise to interspecific
scaling trends in juvenile (dashed lines) and adult (solid lines) data. Differences can arise even if taxa share pre- (dotted line) and postnatal relative
growth rates (a-c), but are exaggerated if relative rates differ (d). a. pre- and post-natal relative growth rates, and static-adult intraspecific allometry
have the same b (=1.0) and log a (=0), b. adult b-values become negative and deviate from the ontogenetic trajectory, c. postnatal relative growth rates,
adult allometry and relative gestation time as in b, but prenatal relative growth rate differs, leading to more positive juvenile interspecific allometry; d.
postnatal relative growth rates move from negative (red) to positive (purple), further increasing b in juvenile interspecific allometry. Theoretical taxa are
shown in different colours; stars indicate birth; light grey line indicates b=1.0 in ¢ and d for comparison of slopes; see text for further discussion.
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multiplied by the length of the tooth. Plate counts for M. creticus and Palaeoloxodon dwarfs both deviate
from the intraspecific ontogenetic trend of their putative ancestor, explicable in part by the relative size of
the M3 tooth (Figure 6.13b). However, plate count appears to reduce in Palaeoloxodon dwarf M3s
relative to their mainland ancestor, but not in M. creticus M3s, and this could be seen as (i) evidence for a
different evolutionary mechanism underpinning dwarfing in Mediterranean Mammuthus and
Palaeoloxodon or (ii) evidence against P. antiquus ancestry for Sicilian, Maltese and Cypriot dwarfs. The
ontogenetic scaling of lamellar frequency and the developmental model outlined below enables all plate
counts to be explained by the same underpinning mechanism: each plate count reflects the length of the
M3 as ultimately proscribed by jaw length multiplied by the ontogenetically scaled LF (Figure 6.13Db).
This can be interpreted as ‘size-related’ rather than ‘size-required’ change, although it should be stressed
that this does not dismiss an adaptational hypothesis. Juvenile lamellar frequencies are functionally viable
(and presumably under selection), thus molars of similar width sharing a lamellar frequency might also
reflect a functional optimum (if molar width is a good proxy of jaw size and loading). Clearly, the
evolution of dwarf elephant molars needs to be examined within the framework of jaw allometry and
ontogeny. This was beyond the scope of my thesis, but is an obvious area for future research, with this

study setting up a number of hypotheses to be tested.

A developmental framework for elephant molars

Species-specific cusp patterns and tooth shapes form the basis of fossil mammalian systematics
(Kemp 2005). Cusp position and number has been shown to result from a ‘patterning cascade’ (the
iterative activation and silencing of conserved signalling pathways; Jernvall 2000) (Figure 6.15a).
Disruption of this patterning cascade can cause a suite of character changes, with implications for the
independence and phylogenetic value of dental traits (Kangas et al 2004). Increased expression of
ectodysplasin (a tumor necrosis factor protein involved in dental placode formation and the enamel knot
signalling pathway(s); Jernvall & Thesleff 2000, Pispa et al 2008) in K14-Eda transgenic mice resulted in
a larger number of more widely spaced molar cusps, which united to form straight, lamella-like transverse
crests reminiscent of proboscidean molars (Kangas et al 2004). This level of variation observed in
palaeontological material would be sufficient to justify attributing each to a new species (Kangas et al
2004). Normal, intraspecific variation in this patterning cascade, growth rates of the dental epithelium
and/or the duration of crown morphogenesis can also result in differences in cusp number and tooth shape
in mammals (Figure 6.15; Jernvall 2000). As growth rate and duration are also likely to be linked to
body-size and/or life history parameters, one might therefore predict non-independent, size-related
changes in tooth morphology.

Elephant development is not amenable to laboratory manipulation and experimentation for ethical
and practical reasons, and the developmental basis for the highly derived elephant molar is not known. It
is, however, expected to fit within the broader mammalian developmental framework to some degree.

Although often treated as a series of distinct plates, bound together by cementum, a longitudinal cross
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section of a developmentally mature elephant molar illustrates the contiguous nature of the plates within a
tooth (Figure 6.15b, left). Each plate is a dentine-filled, invaginated pocket of the dental epithelium (Roth
1989), and in this way it is possible to equate each plate with a cusp on a less derived mammal tooth
(Figure 6.15b). Each unworn plate also appears to be made up of ‘cusps’ in a bucco-lingual direction
(Figure 6.15b, right), and it is the shape, number and separation of these cusps which determine the
species- or genus-specific wear pattern. Elephant molar morphology may therefore result from an
‘exploded’ version of the mammalian cusp patterning cascade (Figure 6.15). By analogy with Jernvall’s
(2000) model, elephant molar plate number can thus be hypothesized to reflect the interplay between the
species-specific signalling cascade and the timing and duration of crown morphogenesis, as in other
mammals. | postulate that interspecific differences in lamellar frequency are, in part, a signal for
interspecific differences in this signalling cascade. Intra- and interspecific differences in plate number
would therefore reflect both differences in this signalling cascade and differences in growth rate and
duration (and thus size).

Delimiting elephant species on the basis of dental characteristics such as plate count thus requires
a consideration of the size-related, ontogenetic trends in lamellar frequency: if two individuals of
equivalent molar width have highly different lamellar frequencies, they are likely to be different taxa. In
addition, if one accepts that body-size difference alone may be sufficient to delineate a species (as with
dwarf taxa), then a shared size-related trend in lamellar frequency may be indicative of a close
phylogenetic relationship. This would support the close taxonomic affinity of P. cypriotes and P.
antiquus, but without a consideration of the pan-generic trend this cannot be said to prove a sister-taxon
relationship (as all Palaeoloxodon species may share a common ontogenetic trend).

As the tallest cusp is the first to develop in mammals (Jernvall 2000), the initial cusp-forming
enamel knot in Palaeoloxodon is likely to be the apical cusp of either the second or third plate
(consistently the tallest, or equal-tallest plate in unworn P. antiquus M3s, pers. obs). Furthermore, both
the antero-posterior asymmetry of the elephant molar and the bucco-lingual symmetry of each molar plate
can be inferred to reflect root formation. Roots form first at the front of the tooth, paralleling the plate
formation axis (Sher & Garutt 1987). Across all P. antiquus molars the first three plates are consistently
united above a single root (the ‘anterior root’, pers. obs; this is analogous to the conservative pattern of 4
plates and the anterior talon over the anterior root observed in M. primigenius, Sher & Garutt 1987), thus
plate morphogenesis of plates 1 to 3 would halt at the same time, with the earlier-forming of these plates
reaching the greater height. Bucco-lingual symmetry would reflect the simultaneous termination of plate
morphogenesis across each plate, presumably alongside root formation. However there are many
examples of ‘half-lamellae’ in elephant teeth, particularly in stressed populations (Laws 1966, Roth
1989). As the anterior root is slightly offset relative to the midline of the tooth (and the second root,
where present, strongly so), and posterior roots are usually paired or united into a ‘root fringe’ (Sher &

Garutt 1987), this plate asymmetry might result from the disruption of normal root-initiation, which is
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Figure 6.15. Mammalian cusp patterning and elephant molar development. a. Variation in cusp
number in mammalian teeth can be explained by cumulative signalling effects within a patterning
cascade. Smaller inhibitory fields (top) lead to closer spacing of subsequent enamel knots, resulting in
less height difference between cusps (modified from Jernvall, 2000). 1. cusp formation begins at the
site of a non-proliferative cell signalling centre or ‘enamel knot’ (blue circle), which stimulates the
proliferation and invagination of the dental epithelium (black lines) around it. An inhibitory field
surrounds the enamel knot (dashed circle), preventing the formation of further enamel knots. The size
of this field is affected by the production of activator molecules (blue arrows) diffusing from the
enamel knot and the action of long-range inhibitor molecules (pink arrows). Differences in the size of
this field have a cumulative impact on tooth morphology. 2. The dental epithelium proliferates, and
the extent of the inhibitory field determines the position of subsequent enamel knots (orange and
green circles in 3). 3 & 4. the enamel knot disappears after formation of the cusp tip, and the dental
epithelium differentiates into enamel-forming ameloblasts (grey shading)(modified from Jernvall 2000)
5. the cumulative effect of smaller inhibitory fields means that more cusps may be formed before the
end of crown morphogenesis (initiation of root formation), and the number of cusps will reflect
variations in inhibitory fields, growth rate and duration (e.g. timing of root formation). b. This model
provides a paradigm for understanding elephant molar development. Elephant molars may result from
patterning cascades operating both antero-posteriorly (left; apex of each plate corresponds to an
enamel knot) and bucco-lingually (right; where each plate is itself made up of a series of cusps. See
text for further discussion

329



itself inherently — but only slightly — asymmetric; this could be tested observationally but was beyond the

scope of the current study.

Plate number, lamellar frequency and molar size and shape

Another interesting extension of the Jernvall model in elephants is the link between the number
of cusps in a single plate, the lamellar frequency and ultimately plate number. Macroevoltionary trends in
the Proboscidea suggest a correlation between plate complexity (= increased number of cusps) and
increasing lamellar frequency. This would be predicted if cusp patterning in both bucco-lingual and
antero-posterior directions were underpinned by species-specific cascade signalling (or at least linked
signalling cascades). Enamel knot spacing is controlled by inhibition fields around each knot, and the size
of this field is likely to be species-specific to some degree (Figure 6.15a); a species with a small
inhibition field would thus be expected to have more ‘cuspy’ plates and a higher lamellar frequency.
Combine this with a general trend towards larger size (and presumably a longer ontogeny), and the
accompanying macroevolutionary trend towards increasing plate number for the Proboscidea as a whole
may be explicable. Parallelisms in the evolution of plate count, tooth size and shape and lamellar
frequency in Elephas and Mammuthus are already recognised (Thomas et al. 2000); this model provides a
developmental explanation for homoplasy in these taxa.

Lamellar frequency is, however, also seen to vary during ontogeny, inversely correlating with
molar width in both M. meridionalis and P. antiquus. Developmentally younger teeth also exhibit the
species- or genus specific wear pattern (and thus can be identified to species level). If the wear pattern
reflects the number and spacing of bucco-lingual cusps, each plate is predicted to have similar bucco-
lingual cusp number and pattern independent of tooth size. This needs to be verified from empirical
observations, but if demonstrated this would suggest that the inhibition field around each enamel knot is
increased in a predictable, size-related manner during ontogeny, possibly relating to signals emanating
from the surrounding jaw tissue. For example, if juvenile teeth/alveolar cavities are disproportionately
large in relation to jaw size, as might be predicted based on sexual dimorphism trends in living elephants,
the relative distance that long-range inhibitors have to travel would be greater in smaller individuals,
reducing their impact along the median line of the alveolar cavity (where the initial, apical cusp is
expected to form; pink, gradated arrows in Figure 6.15b). In addition, if the volume of these inhibitors is
proportional to the volume of surrounding tissue (and not limited by a diffusion surface), the inhibition
effect would be further reduced in smaller individuals. Both these scenarios could lead to closer packing
of cusps and plates without altering the underlying activity of the enamel knot itself. As with the
hypothesised relationship between lamellar frequency and individual plate complexity in
macroevolutionary trends outlined above, this could be tested observationally and is an obvious direction
for future research.

Elephant tooth morphology can thus be understood within the framework of mammalian dental

development, but this interpretation cannot be verified independently from the data presented here or
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elsewhere. Plate count itself could be taxon-specific and pre-determined, with interspecific variation in
lamellar frequency reflecting the space available in the jaw, i.e. not linked with jaw size mechanistically,
but still affected by it (Roth 1989, Lister & Joysey 1992). The functional integration of dental traits (see
below) will also result in the covariance of these traits for adaptive reasons, without needing to invoke
developmental integration as well (though, of course, these need not be mutually exclusive). This model
does, however, provide a pleasing paradigm for understanding both intraspecific and interspecific
variation in lamellar frequency and plate number, and the capacity for rapid evolutionary changes in plate
counts between closely related species if accompanied by body size change as observed in insular
dwarfing. Furthermore, it provides a single explanation for the seemingly disparate trend of plate
reduction in Palaeoloxodon dwarfs versus no change in plate count between M. meridionalis and M.
creticus: (i) inferred ontogenetic trends for jaw shape predict similar molar length in M. creticus and
Palaeoloxodon dwarfs of similar size, (ii) lamellar frequency is ontogenetically scaled, and predicts a
similar LF for Mammuthus and Palaeoloxodon molars of similar width, hence (iii) similar plate count

would also be predicted, regardless of the ancestral M3 plate count.

Molar form and function

Although this study did not aim to assess the functional impact of scaling in dwarf elephant
molars, the results highlight some perplexing questions about dwarf elephant adaptation and adaptive
scenarios for dental evolution across the Elephantidae. Macroevolutionary trends show an increase in
lamellar frequency alongside enamel thickness decrease, combined with an increase in hypsodonty index
these have been argued to reflect mutual adaptations for shearing efficiency (Maglio 1972, 1973). Dwarf
elephants appear to buck this trend. Maglio (1972, 1973) suggested that the relatively thicker enamel in
dwarf elephants were an adaptation to counter increased rates of wear expected in a smaller species
(owing to higher relative metabolic requirements), and that this was compensated for by the reduced plate
number (with the inference being that they also had a relatively lower lamellar frequency). However, my
data clearly show that while Palaeoloxodon dwarf taxa do have a reduced plate number, and relatively
thick enamel, their lamellar frequency has actually increased. Similar lamellar frequency and enamel
thickness trends are observed in M. creticus (which has not reduced its plate number).

Comparing each dwarf M3 with developmentally earlier teeth of similar width in its sister-taxon,
this scaling difference is particularly clear: lamellar frequencies are similar, but dwarf M3 enamel
thickness is much higher than that of similar sized, developmentally younger teeth (Figure 6.5). As
juvenile elephant teeth must also be functionally viable, we can assume their enamel thickness-lamellar
frequency ratios are not maladaptive, and their enamel thickness not outside functional limits. Unless
dwarf elephants are themselves maladapted, their thick enamel challenges the idea that shearing
efficiency is underpinned by the inter-enamel ridge distance (although it does not affect Maglio’s
reasoning that relatively thick enamel might be an adaptation to increased metabolic rate in dwarf

elephants).
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One possible scenario, given the apparent shared, but grade-shifted ontogeny in P. cypriotes Ln
width vs Ln enamel thickness, is that there might be a minimum functional limit to enamel thickness, as
suggested by Maglio (1972). Selection for this will act on the smallest, developmentally youngest teeth
(which have the thinnest enamel), and this may account for the observed grade-shift. Enamel thickness on
P. antiquus dP2s may already be at, or close to, the minimum functional limit, and so selection acts
against a proportional reduction in enamel thickness in the smaller P. cypriotes dP3s (no dP2s are
available for this taxon), and which thus have a similar enamel thickness at smaller tooth size.
Development then follows a similar track, perhaps relating to the duration and rate of ameloblast activity
during ontogeny, resulting in the relatively thicker enamel observed in M3.

The Maltese and Sicilian pre-dP4 teeth (uppers and lowers) largely plot onto the extrapolated P.
antiquus trend, in contrast to the P. cypriotes molars. Spinagallo Cave M3 enamel is relatively thick, even
in comparison with other dwarf taxa of similar size, and their enamel seems to becoming increasingly
thick across the dental series (the highly positive allometry already noted). This suggests that ontogenetic
scaling could ‘explain’ the enamel thickness of the earliest teeth in Sicilian elephants (and as LF also
scales ontogenetically, the inter-ridge trend would also fit ontogenetic predictions which are more in-line
with shearing functional hypotheses; see below), but that dental developmental rates differ thereafter.
Thus, evolution may not be truly parallel for this feature in P. cypriotes and P. falconeri. However, as P.
cypriotes post-natal allometry is more similar to P. antiquus, this creates a further question: is a shared
developmental trajectory itself evidence for taxonomic affinity? If so, this supports the affinity of P.
cypriotes and P. antiquus, but not the affinity of P. falconeri and P. antiquus — directly at odds with the
findings in Chapter 4.

The adaptive value of dental traits may be important here, and needs to be considered in relation
to life-history parameters and the (unknown) flexibility in the control of enamel thickness during elephant
molar development. The rate of wear of an elephant molar is hypothesised to be affected by the
interaction between the type of food being consumed, the thickness of enamel and the spacing of the
enamel ridges (T LF). The total life-span of the dentition (which will also determine organism lifespan)
will equal the rate of wear multiplied by the four-dimensional occlusal surface (crown height and number
of plates across the entire molar series). Thus the total life-span of the dentition can be increased by
slowing the wear rate equally across the entire dentition (increasing shearing efficiency, or by increasing
the hardness of the enamel), or by increasing tooth height and the total length (i.e. number of plates) of
the dentition. Dwarf elephants generally have relatively large teeth (Chapter 4), and even accounting for
increased metabolic rates in smaller organisms, this may ‘allow’ (by not selecting against) a reduction in
shearing efficiency as total dental life-span is not critically shortened. Higher wear rate is compensated
for by a disproportionately large (in four dimensions) occlusal surface, and while metabolic rate (and thus
food consumption) is higher, total food consumption is absolutely less given the faster life-history

predicted.
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Interestingly, Spinagallo Cave males were shown to be the only dwarfs to show equal amounts of
size reduction in teeth and post-crania (Chapter 4), and this was interpreted as part of the wider, size-
related trend towards increasing equality in the relative size of the dentition in smaller taxa, potentially
linked with time of isolation (after Lister 1996a). It is tempting to speculate that the relatively thick
enamel in Spinagallo Cave elephants might reflect a subsequent adaptation to the increased metabolic
demands of small body-size, and a faster life-history, given their more equally-sized teeth, but it is hard to
reconcile this with selection against further tooth-size reduction. Alternatively, given the positive
allometry of enamel thickness across dental ontogeny in Spinagallo Cave elephants, the relatively thick
enamel may simply reflect an alternative approach to maintaining a viable dental life-span: the thinner
enamel of the developmentally younger teeth results in faster wear rates early in life, and this is
compensated by the increasingly thick enamel (and thus slower rates of wear) in later teeth. As we do not
know how inter-ridge thickness and enamel thickness affect wear rate, however, we cannot assess the
merits of these hypotheses.

The data here are insufficient to discriminate between the value of these hypotheses, but serves to
highlight further that we do not fully understanding the quantitative effect of molar form on function and
rates of wear in elephants of any size, nor the developmental mechanisms underpinning them. The data
does, however, imply non-parallel evolution in Spinagallo Cave (and possibly all Sicilian and Maltese
taxa) and P. cypriotes for the shared character of relatively thick M3 enamel. Spinagallo Cave is
characterised by developmental rate differences, and P. cypriotes by pre-natal grade shifts, and possibly
developmental truncation. This again raises the issue of taxonomic affinity, and indicates further research
iS needed.

The ontogenetic trends for enamel thickness and lamellar frequency appears to mirror the
macroevolutionary trend within the main Elephantidae lineages: enamel becomes thicker as lamellar
frequencies decrease during ontogeny. A quick exploration of these trends show that upper Ln LF (y-axis)
vs Ln enamel thickness (x-axis) scales similarly across ontogeny in both M. meridionalis and P. antiquus,
but that M. meridionalis slope is grade-shifted above P. antiquus (b = -0.80 in P. antiquus, b =-0.78 in M.
meridionalis; slopes are not significantly different). This could indicate the maintenance of function
across ontogeny, with the grade-shift between species reflecting different dietary adaptation, but as the
relationship is not isometric, the scenario is not as simple as maintaining an optimal shearing index. One
might speculate that loading differences during ontogeny may influence this functional relationship,
perhaps relating to the scaling of muscle force with body mass: muscle force relates in part to muscle
cross-sectional area (Hutchinson 2004a), thus shearing efficiency may help to compensate for excessive
allometry in muscle mass. This does not provide a satisfactory explanation for the dwarf elephant trend,
however, as dwarf elephant adults would be expected to experience roughly similar loading to a juvenile
of equivalent size). Again, unless the dwarf taxa are maladapted, this questions the fundamental role of

shearing efficiency.
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Maglio’s (1972) model of elephant mastication, and the associated trends in mandible, skull and
molar evolution, is an elegant example of functional biological reasoning, but it has never been
quantitatively assessed. The adaptive value of these dental features are thus unknown. Again, performing
such an assessment was beyond the scope of my thesis, but is an exciting area for future work. The
evolution of elephant dentition is a text-book example of macroevolution (Lister & Sher 2001),
understood within the paradigm of an adaptive tend towards greater shearing efficiency that itself
reflected environmental changes to colder and/or dryer, grassland dominated environments. If the
functional relationship prove not to be as straightforward as previously assumed (which may be the case,
given the difference in morphology between L. africana and E. maximus molars, despite similar diet, life-
span and body size in these taxa); and if key trends turn out be explicable not by feeding-related adaptive
difference in molar morphology, but by shifts in underlying developmental controls or body-size trends
(though these are not mutually exclusive); then this would challenge our understanding of this classic

scenario of evolutionary change.

6.4.2. Limb bone allometry

The patterns of inter- and intra-specific limb bone allometry reported here show (i) that elephant
scaling patterns are affected by the age-profile of the sample, (ii) that if this accounted for, elephants
show similar intraspecific allometry, with isometry characterizing limb bone ontogeny (with key
exceptions, see below), and negative allometry characterizing adult data, and (iii) that this leads to an
interspecific scaling relationship for adult elephants that is also broadly characterized by isometry,

particularly within Palaeoloxodon.

Limb-bone scaling trends are affected by sample age-profile

Proboscidean limb bone lengths and circumferences have previously been shown to scale intraspecifically
and interspecifically with negative allometry, becoming relatively more robust with increasing size
(Christiansen 2007), while elephant metacarpal and metatarsal bone were observed to stay the same shape
or become more gracile during ontogeny (C. E. Miller et al. 2008). This study shows that the age-profile
of the study sample drives this scaling difference, rather than implying loading differences between bones
of the legs and the pes/manus. The age-profiles of the samples in Christiansen 2007 are not given but,
based on the spread of data in the published figures, it appears the sample is not developmentally
equivalent to Miller et al’s (C. E. Miller et al. 2008), despite the inclusion of some juvenile specimens.
This study found no evidence for scaling differences between E. maximus and L. africana, in line
with evidence for gait and limb-loading similarity in extant elephants (Hutchinson et al., 2006; Ren &
Hutchinson 2008, Ren et al. 2008): both share a common ontogenetic trajectory which in turn gives rise
to similar static-adult variation. Intraspecific scaling differences reported for these taxa (e.g. Christiansen

2007), or between other elephant taxa, may actually reflect the underlying age- or sex-profile of the
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sample. Females are expected to share this common trajectory with males, but finish growth at smaller
body size (longitudinal growth data is consistent with this; Chapter 5). Although my data is not sufficient
to test this; an adult sample containing only males is thus likely to have a more negatively allometric
slope, than one made up of both males and females; Figure 6.14b ). It is therefore imperative that elephant
scaling studies are explicit about the sex and ontogenetic make-up of their sample, and account for this
before making biomechanical inferences regarding limb loading and gait from scaling exponents,

particularly for extinct taxa.

Interspecific static-adult allometry fits functional and ontogenetic expectations

Interspecific allometry of full-sized elephant taxa was shown here to be negatively allometric,
with limb bones becoming relatively more robust at larger sizes, in line with previous work (Christiansen
2007). Allometric scaling exponents were consistent with both elastic and static-stress similarity, and thus
could not identify whether compressive or bending forces were more important as functional constraints
in full-sized elephants. Placing full-sized elephant allometry within the broader setting of elephant
ontogeny and dwarfing, it can be seen that negative allometry between similar sized taxa is expected
when taxa reach their final body size through a common ontogenetic trajectory, and may be an artefact of
sub-sampling the end-members of the Elephantidae trend (Figure 6.14d). Similarly, sub-sampling
sections of the juvenile dataset would be expected to show a lack of correlation or more negative
allometry (Figure 6.16b, juvenile groups 1 and 2). This does not rule out body-size related functional
constraints on elephant limb-bone morphology, however. Firstly, the true relationship between bone
dimensions and body mass is not explored, and is only inferred. Elephants of the same shoulder height
can vary by 1000 kg (Roth 1990), whereas bone widths and circumferences are shown to be better body
mass proxies in large extant elephants (Roth 1990, Christiansen 2004). Hence we might thus expect a
lack of correlation between these two variables, resulting in large confidence intervals which obscure a
functionally-limited scaling trend. Secondly, the observed differences between intraspecific static-adult
and ontogenetic data in extant elephants provide evidence for the action of such constraints. Thirdly, the
allometric exponents published for body-mass estimation equations suggest that bone widths are better
fits to biomechanical scaling hypotheses, as well as being better predictors of body-size in adult elephants
(Table 6.4), and this supports a functional basis for ongoing appositional growth in bone widths after the

cessation of longitudinal growth.

An ontogenetic model for limb bone evolution

L. africana and E. maximus phylogenetically bracket the Elephantidae, and their common
ontogenetic trajectory may be typical of the clade as a whole. There are few significant differences
between ontogenetic trajectories of different elephant species included here, suggesting postnatal
development is similar among taxa, and that dwarf elephant limb-bone morphology is explicable by

ontogenetic scaling relative to extant elephants. However, given some differences do exist (particularly in
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the P. falconeri femur and ulna), additional juvenile data are needed to robustly establish the presence of
a family-wide postnatal relative growth rate. In particular P. antiquus juvenile data are needed to directly
test the hypothesis that dwarf elephant limb bone morphology is explicable by ontogenetic scaling.
Nevertheless, both extant elephant and dwarf elephant limb bone ontogeny (with the exception of the P.
falconeri ulna) are broadly characterized by isometry or positive allometry, in line with ontogenetic
scaling observations on elephant metatarsals and metacarpals (C. E. Miller et al. 2008), and in the goat
radius (Main & Biewener 2004), suggesting these relative growth rates may be more broadly applicable.
Dwarf and juvenile elephant limb bones are more robust than would be expected based on full-sized
interspecific scaling trends, and may be ‘over-designed’ in respect to limb-loading requirements, with
dwarf elephants increasingly so owing to the lateral shifting of common ontogenetic trajectories.
However, without whole-skeleton modelling of limb-bone loading across different theoretical gaits,
alongside a consideration of material properties (e.g. juvenile limbs have a higher cartilaginous
component) and limb-bone safety factors, we cannot be sure that dwarf or juvenile elephants are ‘over-
designed’. Increased robusticity may itself be adaptive.

Isometric, or positively allometric growth during ontogeny (whereby the limb becomes either
absolutely, or functionally, more gracile at larger sizes), followed by negative allometry in adults (with
relatively robust limb bones at larger sizes) may reflect a compromise between achieving rapid
longitudinal growth to large body-size, and the risk of structural failure through excessive loading at that
large size. Adult elephants may be *optimised” (sensu Alexander 2001) for loading at large size, but large
body size in elephants is itself an adaptation to the elephants’ ecological niche, as are other aspects of
elephant morphology and physiology which may also be linked with size — such as the length of gestation
and neonatal size. Furthermore, an elephant neonate must grow up into a viable adult, and does this
relatively quickly (reaching physical and reproductive maturity as young as 9 years in females, Moss
1988; Chapter 5), but it must also be biomechanically viable during its growth. By scaling close to
isometry relative to a functionally viable adult (i.e. a baby elephant looks broadly like an adult elephant,
at least in limb dimensions), the selective importance of limb bone loading is diminished at smaller body
sizes, as smaller individuals may be further away from structural failure limits (Figure 6.16b). Small
elephants can therefore invest in growing rapidly to maximum shoulder height, and achieving core
functional parameters like maximum stride length (key to ecological efficiency), which may have greater
selective importance. As small elephants approach the functional limits of limb bone loading, selection
against bone failure should increase and favour thicker bones (Figure 6.16a). Appositional bone growth
provides a mechanism to compensate for idiosyncratic body mass differences, or for increases in mass
that continue after longitudinal growth, resulting in adult allometry that parallels expected biomechanical
scaling hypotheses (Figure 6.16b).

Under this model, sub-adult males are likely to be the most vulnerable to limb bone failure, and
elephant life history and behaviour may enable a capacity for ‘catch-up’ strengthening of limbs through a

time-lag between reaching the ecologically adapted shoulder height and the onset of reproductively
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Figure 6.16. Limb-bone scaling and selection pressure. a. (modified from McMahon 1973). Elastic buckling limits were calculated for an ideal cylinder made
of green wood by McMahon (1973) (solid line with intercept a*). American tree species scaled similarly (b=0.67; dashed line with intercept a?and data-points
approximate McMahon’s data for illustrative purposes), but were laterally shifted relative to the theoretical buckling limit. The evolutionary significance of
this lateral shift is clear: there is an expected selection gradient where selection pressure for morphological maintenance of elastic similarity is strong (red
shading) close to and above the critical limit an individual is, and weaker (blue shading) below it. As individuals approach the critical limit, selection against
structural failure will create a “push-back’ effect (arrows) ensuring that well-adapted species always fall below the structural failure threshold, and resulting
in a linear relationship characterised by an intercept lower than a'. Where selection is weak (away from the buckling threshold), it may be countered by
selection against investment in unnecessary material (e.g. bone), resulting in plethora of scaling relationships (thin solid lines) at e.g. lower taxonomic levels
or b. during ontogeny (open circles, dotted line), while adults (closed circles) may be constrained by these limits, potentially more so in males (blue) than in
females (red).
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linked, increased loading activity. The extended period of longitudinal growth in males also increases the
time-period in which, in humans at least, appositional growth appears to have most effect: adolescence
(Raff 1994, Chapter 5). Elephants do occasionally rear onto their hind limbs to feed, but excessive and
high frequency limb-bone loading would be disproportionately seen in older, musth males (rearing on
hind limbs to mate; high-speed charging/chasing oestrous females; as well as fighting and the ongoing
growth of large tusks; Moss 1988, Sukumar 2003). Females, who appear to reach the end of longitudinal
growth at around reproductive maturity, and show less of a tendency to ongoing growth in shaft widths
(Chapter 5), might also be relatively ‘over-designed’ if they followed the ontogenetic scaling predicted by
this model; they would thus be pre-adapted to any additional loading that would occur during mating
and/or pregnancy, as well as ongoing growth in mass. As appositional growth is limited once bone fusion
has occurred (Ruff 1994), such pre-adaptation might be selected for alongside early reproductive maturity
in elephant females. Similarly, dwarf elephants, which also seem over-designed, may not need to
compensate for additional body mass loading, explaining the greater similarity between juvenile and
static-adult allometry in these taxa. The presence of this ‘inflection point’ in limb bone allometry is,
therefore, a possible indicator that a species is near its the functional limits of limb-bone loading.

This model provides an adaptive explanation for over-designed juvenile elephants, which does
not require a further functional explanation for isometric or positively allometric ontogenetic trajectories.
It is, however, also compatible with suggestions that juvenile limbs need to compensate for their greater
cartilaginous component (Main & Biewener 2004, C. E. Miller et al. 2008), and that juveniles might
experience higher relative loading during locomotion through increased atheleticism (as their stride length
is shorter, they need to increase stride frequency — and thus reduce duty factors — to keep up with the
herd; Hutchinson et al. 2006); these factors may all contribute to the observed scaling trend. This model
does not, however, provide an adaptive scenario for the relatively robust dwarf elephant limb bone
morphology. Instead it suggests that the evolution of dwarf elephant limb bone morphology does not
require an functional explanation, being explicable within the ontogenetic scaling paradigm which here
allows for lateral shifting of postnatal trajectories, relating to expected heterochronic differences in

gestation in species of different sizes (Figure 6.14).

Limb bone allometry is not sufficient to prove gait-differences in dwarf elephants

This model thus can be said to be ‘size-related’, rather than *size-required” sensu Gould (1966).
Selection against investment in unnecessary bone tissue might be expected in dwarf taxa, however,
especially if resource limitation is a driver of body-size reduction. Yet, as ontogenetic scaling provides a
likely mechanism for rapid phyletic body-size change, it may be that the relative over-investment in bone
widths is countered by the selection for absolutely smaller size (smaller individuals may be more robust,
but they are, by definition, smaller). Once body-size reduction reaches an evolutionary stable state in an

insular population, selection for more gracile individuals may become more important. Dwarf elephants
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may not have been isolated for long enough at their end-point body size for this to be observed; without
good geochronological data (Chapter 3) this cannot be addressed directly.

It is of course possible that differences in gait and stance might explain the robustness of dwarf
elephant bones, but the ontogenetic expectation of such robustness, even in the absence of gait changes,
reduces the requirement for such inferences. In addition, juvenile elephants are also shown to have
relatively robust limbs, yet they do not differ kinematically to their full-sized conspecifics (Hutchinson et
al. 2006; Ren et al., 2008), undermining adaptive reasoning of this sort for dwarf elephants. The
robustness of dwarf elephant limb bones, which body mass calculations suggest was greatest in the tibia
and ulna, may also have contributed to the idea that dwarf elephants have relatively short distal limbs, and
thus a different gait to full-sized elephants (adapted to ‘low-gear locomotion’, Sondaar 1977).

There is some evidence from limb bone allometry and limb-segment ratios that dwarf elephants
exhibit relative shortening of the tibia. However, as (i) dwarf elephant hindlimb ratios are within the
observed variation of extant taxa, (ii) body mass estimates do not support a relatively greater reduction in
tibia size, (iii) there is no observed shortening of the ulna in the forelimb, and (iv) dwarf elephant limb
bones are geometrically scaled in relation to P. antiquus for the majority of limb bone parameters, this
may not be significant. A consideration of the mean size-reduction observed in diaphysis length further
confirms the lack of evidence for relatively shorter distal limbs. Calculations of diaphysis length as a
percentage of the mean P. antiquus value from Tables 4.26-4.28 (Chapter 4) show that proximal and
distal limb segments underwent similar amounts of size reduction within a limb (Table 6.30). Only
Spinagallo Cave females show any evidence of a shorter tibia, and this may drive the signal in the P.
falconeri data. Roth (1984) based her distal limb proportions for P. falconeri on a composite skeleton
which she mistakenly believed to be associated; this may explain our different interpretations. However,
it may also be that this was a ‘female’ P. falconeri from Spinagallo Cave. Interestingly, the forelimb
shows a greater amount of size-reduction overall, across all dwarf taxa for which data were available.
This suggests a “flatter’ profile of the spine in dwarf elephants than in P. antiquus, and may indicate
adaptive changes in stance and gait not picked up by individual bone allometry.

Even if the data had supported a shortening of the distal limb-elements in dwarf elephants,
without associated skeletons, it is not possible to assess whether a relatively shorter tibia equates to a
relatively shorter limb on limb-bone proportions alone: low gear locomotion is associated with increased
power and a shorter stride length, improving steep-slope capabilities (Sondaar 1977), and this distinction
is important. It is also impossible to distinguish between a shortening of the tibia and a lengthening of the
femur. The P. falconeri femur is characterised by extreme positive ontogentic allometry, and lengthening
of the femur may indeed drive any difference in the relative size of limb-segments in this taxon. It may
even mean the P. falconeri hind limb is relatively long in proportion to the body, which would necessitate
a different interpretation to ‘low gear locomotion’. Ultimately, detailed analysis of bone density along the
limbs to model bone-loading, alongside quantitative analysis of bone torsion through the limb, articular

surface morphology and muscle attachment points, as well as the discovery of an associated skeleton (or,
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Diaphysis Length as % of P. antiquus

Dwarf mOTU Sex Tibia Femur Ulna Humerus
Spinagallo Cave M 31 31 28 28

F 24 31 22 20
Puntali Cave M 54 56 47 54
P. tiliensis M 50 50 47 47

F 42 42 39 40

Table 6.30 Mean diaphysis length as a percentage of the full-sized ancestor. Data from Tables 4.26-4.28 are re-tabulated here for ease of comparison. In
both the forelimb and the hindlimb, proximal and distal limb elements have reduced in size to similar degrees (they are similar percentage of P. antiquus
values), largely refuting the idea that dwarf elements have relatively short distal limbs. Only female Spinagallo Cave tibia appear disproportionately short,
and this may reflect difficulties in sex-delineation in the femur (Appendix 5). Although differences are slight, the forelimb appears to have shortened to a
greater degree than the hindlimb.
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failing that, careful modelling of body proportions from composites), are needed to establish whether
dwarf and full-sized elephants were significantly different in stance and locomotor capabilities. This was
beyond the scope of the current study and will provide a likely area for fruitful further research. Until this
is done, limb bone allometry is not sufficient to prove any such differences existed.

The more negatively allometric relative growth rate in the dwarf elephant ulna (especially in P.
falconeri) is perplexing: dwarf Palaeoloxodon appear to be growing relatively more robust as they
increase in size, in line with biomechanical expectations, but the trend in full-size elephants is in line with
isometry. It therefore seems unlikely that structural failure/support at increasing size is driving this trend
in the dwarf elephant ulna. There is insufficient P. antiquus juvenile data to establish whether this
negatively allometric trajectory is typical of the ontogeny of the genus as a whole, or specific to dwarf
taxa. However, as negative allometry appears to characterize the forelimb alone, and this is the major
weight-bearing limb-section (loaded directly by the skull and tusks), this may reflect a disproportionate
amount of loading either in dwarf elephants (perhaps reflecting a relatively larger head, or relatively
larger structures within that head; dwarf elephant teeth, for example, are disproportionately large) or in
Palaeoloxodon as a whole. Palaeoloxodon skulls are characterized by a well developed supraorbital
torus, which may itself be evidence for a larger amount of muscle mass/attachments and/or loading on
those muscles by the head, and thus — indirectly — suggestive of a heavier head. Alternatively, it could
indicate a greater reliance on the fore-limbs in generating forward propulsion (analogous to ‘front-wheel’
drive), extending the trend seen in Asian elephants (Ren et al. 2010). The evidence from limb-bone size
reduction also suggests that the forelimb was relatively shorter overall in dwarf elephants (Table 6.30),
and this may offer further evidence for gait differences, or relate to a increase in relative loading as an
artefact of limb-shortening. Without further evidence, however, all this remains purely in the realms of

speculation.

6.5. Conclusion

If similar genes or developmental pathways underpin the evolution of a trait in closely related
taxa, evolution is generally considered to be parallel rather than convergent (Arendt & Reznik 2007).
Ontogeny appears to provide a common mechanistic framework for the evolution of dwarf elephant
morphology, both for achieving size-reduction and for understanding shape differences between dwarf
and full-sized elephants. This is true of molar and limb bone morphology (although molar data is limited),
despite dwarf elephant molars exhibiting strong allometry in a number of key features (e.g. plate count
and lamellar frequency) compared with the isometric trends characteristic of limb evolution.

Limb and molar allometry also appears to run contrary to predicted adaptive trends, indicating
that alternative adaptive explanations merit investigation, or that morphological changes may be ‘size-
related’ rather than “size-required’. Although molar and limb-bone datasets are not directly comparable,

as there is limited ontogenetic data for taxa included in both analyses, the commonality of a shared,
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grade-shifted post-natal relative growth rates provides strong evidence for the pervasive importance of
development in underpinning dwarf elephant evolution. This supports the notion of parallel evolution of
dwarfism on different islands, in both Mammuthus and Palaeoloxodon, in that while the underlying genes
and pathways are not identified, relative rates of post-natal development appears to play a similar and
important role in their evolution. The possible exceptions to this are Spinagallo Cave enamel and ulna
ontogeny. The shared dental-series development of P. cypriotes and P. antiquus, and the fact that P.
cypriotes upper M3 length is not a strong outlier to the general isometric trend, strengthens the case for a
sister-taxa relationship. Although the data here is insufficient to move beyond informed speculation, the
ontogenetic models presented here propose new avenues for the investigation of macroevolutionary
trends in the Proboscidea, and perhaps even across mammals in general. This study provides a strong case
for the integration of ontogenetic data in research into macroevolutionary studies, and has helped to shed

new light on ongoing debates in elephant functional morphology and evolution.
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Chapter 7: Conclusion

This thesis investigated the evolution of Mediterranean dwarf elephants, asking when and where
they evolved (Chapter 3), how many dwarf elephant species there were and the number of times they
evolved independently in each genus (Chapter 4), and what mechanisms might underpin their evolution
(Chapters 5 and 6). Through this | hoped to shed new light on the phenomenon of insular dwarfism and
wider issues in elephant evolution and functional morphology. The preceding chapters have involved
extensive discussion of their findings and implications, as well as contextualising these within the current
research framework. In this chapter I summarise those findings, and highlight the links between each
chapter, to show what my research has contributed to elephant palaeontology, evolutionary biology, and
functional morphology. | then return to the question of ‘why’ dwarf elephants evolved on islands,
introduced in Chapter 1, and discuss how my research affects this debate. Finally, I outline my proposals
for the direction of future research to address the multiple questions about elephant evolution and insular

dwarfism raised by this thesis.
7.1. Findings of this thesis

7.1.1. Chapters 3 and 4

Palaeogeography and geochronology

In Chapter 3, I highlighted the lack of precision in, and low reliability of, the existing
Mediterranean dwarf elephant geochronology. Amino acid racemisation (AAR) dates were shown to be
especially problematic, yet these dates are widely cited and form the basis for the accepted time-line for
dwarf elephant evolution on Crete and Sicily (Palombo 2001a, Poulakakis et al 2002a, Poulakakis et al
2006, Marra 2005, Millien 2006). By performing the first critical audit of the published dates, I showed
that new research is needed to verify the antiquity of Mediterranean dwarf elephants and that, until then,
existing dates should be treated with caution.

This chapter also stressed the interdependence of dwarf elephant biochronology and taxonomy,
and the potential for false biostratigraphic correlations if homoplasy was widespread among parallel-
evolving, closely related (e.g. con-generic) island endemics. By returning to first principles and revisiting
original literature, | was able to reassess the evidence for stratigraphical association between taxa,
rendering my conclusions independent of the accepted biostratigraphic schemes (where sites and/or taxa
are often identified to faunal complex, but the data supporting this decision is not provided). In the
process | also produced a comprehensive overview of each dwarf elephant fossil locality included in this
study (Appendix 1), and was able to establish that stratigraphic data from Luparello Cave (where
‘medium-sized’ dwarf elephants were said to underlie ‘small-sized” dwarf elephants, Vaufrey 1929) had

been largely ignored in discussions of Sicilian dwarf elephant evolution.
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Finally, I outlined the difficulties of reconstructing past island area in a tectonically active region,
in particular the current ambiguity surrounding the Middle Pleistocene palaeogeography of Sicily and
Malta. The assumption of a contiguous Sicily-Malta palaeo-island underpins the synonymy of Pleistocene
Sicilian and Maltese taxa; if they were isolated from one another, taxonomic splitting may be required.
Again, the likelihood of homoplasy in independently evolving island lineages is important. If homoplasy
were shown not to be a problem in the evolution of insular dwarfism, there would be less likelihood of
meta-taxa within species identified by phenetic grouping. Phenetic similarity would then provide a more
robust indicator of conspecificity, and thus better support for sympatry and contemporaneity between
specimens. Hence, the findings of Chapters 4 to 6 become relevant to a final assessment of the
biostratigraphy and palaeogeogrpahy of Sicily and Malta, as it is in these chapters that the impact of
homoplasy and parallelism is assessed. Just as good, independent contextual information (here shown to
be lacking) can be used to inform evolutionary and systematic hypotheses, sound evolutionary and

systematic conclusions can inform biogeography and biostratigraphy.
Taxonomy and systematics

Chapter 4 investigated the validity of the current taxonomic framework for Mediterranean dwarf
elephants and showed it to require substantial revision. At the species level, named taxa were shown to be
valid (although P. falconeri is a nomen dubium), but the taxonomic integrity of the P. mnaidriensis
hypodigm was rejected and a new species of ‘large-sized’ dwarf elephant on Sicily and Malta identified.
Seven dwarf elephant taxa were recognized across Malta, Sicily, Crete, Cyprus and Malta (Table 7.1),
however | was unable to fully assess the taxonomic integrity of the ‘large-sized’ P. creutzburgi and P.
chaniensis from Crete, or the un-named ‘large-sized’ elephant from Cyprus. Sicilian specimens currently
referred to P. falconeri could not be discriminated from the Maltese P. melitensis hypodigm. For this
reason, and to preserve taxonomic stability, | recommended that a neotype be designated for P. falconeri
from the Sicilian Spinagallo Cave material; that P. falconeri and P. melitensis be synonymised; and that
(as the senior synonym) P. melitensis be conditionally suppressed to retain the more commonly used P.
falconeri for the Sicilian and Maltese ‘small-sized’ taxon. Conditional suppression was recommended
over full suppression, given the evidence for slight phenetic differences among Maltese and Sicilian
small-sized mOTUs, and the likelihood of meta-taxa on Sicily and Malta (see below). P. falconeri should
be used for this taxon pending the submission of, and ruling on, this petition to the ICZN.

At the genus level, the revision of ‘P’. creticus to the genus Mammuthus was recommended on
the basis of enamel figure shape and early wear pattern. This finding provides clear evidence for extreme
insular dwarfism in two elephantid genera. Previously, the smallest dwarf elephants were only known
within Palaeoloxodon, with insular dwarf mammoths generally showing a lesser degree of size-reduction
(Lister 19964a,). A ‘small-sized” mammoth suggests that there is no phylogenetic effect inhibiting the
degree of insular dwarfism across the Elephantidae, and that family-wide differences in the size of insular
elephants probably reflect differences in the island environments. All other dwarf elephant taxa studied

were shown to have Palaeoloxodon affinity, and did not require

344



Species Authority Type Type Locality Sister Taxon Island

P. falconeri (Busk 1867) Neotype TBA TBA (Spinagallo Cave, Sicily) P. antiquus Sicily & Malta  *
P. mnaidriensis (Adams 1874) NHM 44304 [L] Mnaidra Gap, Malta P. antiquus Sicily & Malta *
Palaeoloxodon sp. nov. Herridge et al. (in prep.) TBA TBA (Puntali Cave, Sicily) P. antiquus Sicily & Malta *
P. cypriotes (Bate 1903) NHM M8591 [L]  Imbohary, Cyprus Palaeoloxodon sp.  Cyprus

P. tiliensis (Theodorou et al. 2007)  Syntype series § Chakadio Cave, Tilos Palaeoloxodon sp.  Tilos

P. antiquus CRETE # - - - P. antiquus Crete

M. creticus (Bate 1907) NHM 9381 [L] Cape Maleka, Crete M. meridionalis Crete

Table 7.1. Mediterranean dwarf elephant species recognised following taxonomic revision in this thesis. Taxa marked with an asterisk have a higher
likelihood of being meta-taxa, as inferred from morphological variation within a sample and/or the possibility that future evidence may indicate
geographic or temporal separation. TBA is to be assigned, accompanied by recommendation in parentheses. [L] is lectotype. # P. antiquus CRETE material
is referred to P. a. creutzburgi, but the taxonomic integrity of this taxon could not be assessed on the limited available sample. § the full syntype series is
listed in Theodorou et al. (2007).

Figure 7.1. Parallel evolution of insular dwarfism in a phylogenetic and palaeogeographic context. a. Pleistocene geochronology (Ma). b. sea-level
curve from 0-800 ka (calculated by E. Rohling), with hypothesised periods of insularity (based on current bathymetrical data) on Sicily and Tilos shaded. c.
‘Small-’ (red), ‘medium-’ (blue) and ‘large-sized’ (orange) dwarf elephants evolved from full-sized (grey) mainland taxa on Sicily and Malta (S & M),
Cyprus (Cyp), Tilos (Til) and Crete. Solid shading indicates time-periods in which taxa are thought to have existed, constrained by a
published/recalculated date; broken shading indicates error on published dates, and/or time-periods inferred from biostratigraphical association. Solid
lines indicate hypothesised temporal distribution for each lineage/taxon. As dates vary widely, and have large error margins, | constrained temporal
isolation using the sea-level curve (assuming a higher likelihood of faunal turnover at eustatic lowstands). This results in a conservative estimate of
isolation time, and may be an understimate; the shaded regions illustrate a less constrained hypothesis. Dotted lines indicate proposed phylogenetic
interrelationships and timing of speciation events. This was inferred as occurring during the sea level low-stand which precedes the temporal distribution.
Dashed lines indicate the possibility of further lineage duration. Compiled from findings of Chapters 3 & 4. Dates have low reliability and may be
erroneous, and species may be meta-taxa; however, this scheme represents the most conservative hypothesis based on the existing data, which can be
tested in future work. See text for further discussion.
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generic revision (beyond my recommendation of a nomenclatural shift to Palaeoloxodon from Elephas,
to reflect current taxonomic opinion).

The identification of the sister taxa/mainland ancestors of Mediterranean dwarf elephants was
hampered by the need for further systematic study of North African and Middle Eastern elephants, and
the evidence for allometric effects in dwarf elephant molars. M. meridionalis was identified as a likely
sister-taxon for M. creticus, on the basis of hypsodonty index. Although M. creticus had a relatively long
molar, this may be related to mandibular scaling trends (Chapter 6). M3 shape differences could not reject
P. antiquus affinity for any Sicilian or Maltese taxon, or for P. tiliensis and ‘P. antiquus CRETE’.
However, there were a number of indications that dwarf Palaeoloxodon lower M3s were relatively
shorter and lower crowned than in P. antiquus (this was confirmed by interspecific allometry in Chapter
6). P. cypriotes upper M3s were also relatively short in comparison to those of P. antiquus, supporting a
greater affinity with P. iolensis, but bivariate allometry (Chapter 6) indicated that such differences were
negligible in relation to the residual scatter of all dwarf taxa around the isometric trend. Furthermore, P.
cypriotes and P. antiquus showed similar post-natal dental ontogeny (Chapter 6), which could itself be an
indication of taxonomic affinity. Together, this evidence suggests that the data are not sufficient to rule
out P. antiquus as a potential sister-taxon for P. cypriotes.

Plate count was not used to inform generic affinity directly, as the size-related signal picked up
for lamellar frequency was taken as evidence for the size dependency of this variable (and thus its limited
use for comparing full-sized and dwarf taxa). However, P. iolensis has a reconstructed plate count of 13-
17, and L. atlantica one of 12-15 (Maglio 1973). These plate counts overlap with the plate counts for P.
cypriotes, P. mnaidriensis and P. falconeri and could be seen as evidence in support of a sister-taxon
relationship with a North African taxon, especially as M. creticus also shows limited reduction in plate
count compared with its likely sister-taxon M. meridionalis. Molar allometry and the ontogenetic scaling
of lamellar frequency (Chapter 6) provide a developmental model that would be consistent with either P.
antiquus or a North African ancestry, and cannot discriminate between these separate hypotheses on the
basis of existing data. Further investigation (systematic and allometric) into Middle Eastern and North
African taxa, as well as Southern European P. antiquus, is needed before robust sister-taxon relationships

can be established within Palaeoloxodon dwarf elephants.

Homoplasy and meta-taxa

Chapter 4 investigated the impact of homoplasy on dwarf elephant taxonomy by grouping taxa on
the basis of size, and then comparing taxa of similar sizes from the Eastern and Central Mediterranean
(these were taken as independent evolutionary lineages on the basis of allopatry). This approach indicated
that Mediterranean dwarf elephants could be loosely grouped into three size-classes on the basis of molar
width (‘small’, “medium’ and ‘large’ taxa), and that dwarf elephants of similar sizes tended also to be
similar in plate count, lamellar frequency, enamel thickness and molar shape, regardless of generic
affiliation. Within a genus, crown heights were also similar between similar- sized taxa. Dwarf elephant

systematics were thus shown to be complicated by potential homoplasies relating to allometric change
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and that, in consequence, the revised species (Table 7.1) may in fact be meta-taxa. This finding means
that dwarf elephant species cannot, in isolation, provide robust support for palaeogeographical or
geochronological hypotheses.

The hypodigms for P. cypriotes, P. tiliensis and M. creticus are all single-site assemblages, and
thus the likelihood of these species being meta-taxa is low. On Sicily and Malta, however, species’
hypodigms comprise specimens from multiple sites, across both islands, and P. falconeri, P. mnaidriensis
and Palaeoloxodon sp. nov. have a higher likelihood of being meta-taxa. There is no independent
geochronology for Malta, while Sicily’s geochronology is problematic. Current evidence can neither
reject nor confirm whether the two islands were contiguous in the past, independent of the taxonomic
evidence. Sicily itself may not have been a single, contiguous island throughout the Middle Pleistocene.
Moreover, there is evidence of phenetic differences among P. falconeri’s constituent mOTUs.

The species groupings here reflect a conservative approach to the number of dwarf elephant taxa
present in the Mediterranean during the Pleistocene (Table 7.1). By using the available geochronology,
and acknowledging its limitations, a conservative estimate of the number of independent dwarfing events,
and their relative timing, can also be made (Figure 7.1). P. mnaidriensis is identified as a possible
phyletic ancestor of P. falconeri, returning (in part) to the hypothesis of Pohlig (1893) and Vaufrey
(1929). This rests entirely on the presence of two taxa at Luparello Cave (Sicily), their phenetic similarity
to Maltese P. falconeri and P. mnaidriensis, and the evidence from Vaufrey (1929) that larger-sized
elephant specimens from this site were stratigraphically older. Should any of the steps in this chain of
reasoning be refuted on the basis of new evidence, the support for an ancestor-descendent relationship
between P. mnaidriensis and P. falconeri would break down, and so would the inferred geological age of
P. mnaidriensis. The commonly-cited refutation of P. mnaidriensis ancestry for P. falconeri (e.g.
Bonfiglio & Insacco 1992, Palombo 2001a, Palombo & Ferretti 2005)) is thus no longer valid (regardless
of the taxonomy and geochronology of Luparello Cave material): this was based on the erroneous
identification of ‘large-sized’” (= Palaeoloxodon sp. nov.) dwarf elephant material on Sicily to P.
mnaidriensis. While the source data are not ideal, this phylogeochronological framework (Figure 7.1)
provides a hypothesis that can be tested in future work, and is a synthesis of the findings of Chapters 3 &

4. Its wider implications are discussed further in section 7.2.

7.1.2. Chapters 5 and 6

Growth and Ontogeny

Chapter 5 and Chapter 6 investigated different aspects of growth and ontogeny in elephants, with
the former focussing on absolute, and the latter on relative, growth. In Chapter 5, | showed epiphyseal
fusion patterns to be broadly similar across elephant species, albeit with high levels of intraspecific
variation, and to relate closely to the relative timing of the cessation of longitudinal limb-bone growth
among different limb-bones in full-sized extant and extinct taxa. This refuted previous work by Lister

(1999) and Roth (1984) which suggested there were species-specific heterochronic differences in the
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Figure 7.1. Parallel evolution of insular dwarfism in a phylogenetic and geochronological context.
Legend on p.345.
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timing of epiphyseal fusion, and that epiphyseal fusion could be used to ‘age’ specimens with precision.
Elephant limb bones were also shown to fuse earliest at the knee and elbow joints, a pattern which may
have a functional relevance relating to joint stability, and which had not been previously recognised.
Although the usefulness of epiphyseal fusion as an accurate and precise ageing tool was disputed on the
basis of intraspecific variation in the relative (Chapter 5) and absolute (Appendix X) timing of fusion, a
single bone was shown to provide almost as much information on the general age of a specimen as an
entire skeleton. This is owing to another novel finding of Chapter 5: that each major limb bone (except
the tibia, whose epiphyses fuse at similar times) was shown to have an ‘early’ and ‘late’ fusing epiphysis.

Chapter 5 also showed absolute rates of limb bone growth to be similar in E. maximus and L.
africana, for both bone lengths and midshaft medio-lateral widths, and indicated that size differences in
these taxa reflected the duration of post-natal ontogeny. Likewise, Chapter 6 indicated that relative rates
of limb-bone growth (as characterised by the bivariate log-linear relationship between bone length and
various bone-width variables) were similar across elephant species (dwarf and full-sized), and usually
isometric, both within and between bones. These similar ontogenetic trajectories appeared to be grade-
shifted, with smaller taxa displaced below larger taxa (and thus becoming increasingly robust at smaller
sizes). Although these shifts were largely non-significant, the ubiquity of the size-related shifting of
trajectories identified by visual examination of bivariate plots suggested that dwarf elephant evolution
was affected by differences in the duration, timing or rates of pre-natal development. Together this
provides strong evidence for elephantid-wide similarities in post-natal limb-bone ontogeny, and a
common developmental framework for dwarf elephant limb-bone evolution. However, it should be noted
that there was assumed to be no heterochrony in tooth eruption and wear (used to estimate age) across
elephant species, and similarity in absolute growth rates rests partly upon this assumption.

In Chapter 5, growth in diaphyseal widths was shown to cease later (if at all) than growth in
diaphyseal lengths, and to be less associated with epiphyseal fusion. As males appeared to show a greater
tendency towards indeterminate growth in diaphyseal widths, as well as a longer period of growth in
diaphyseal lengths, this was inferred to reflect the greater response of appositional growth to bone loading
during longitudinal growth (after Ruff 1994). The difference in intraspecific scaling exponents between
juvenile and adult bones observed in full-sized elephants in Chapter 6 supported this inference, and
appositional growth in adults (especially males) is likely to reflect a flexible response to the constraints of
large body size on limb-bone loading, in line with mechanobiological predictions and Wolff’s Law of
bone deposition and resorption (Carter & Beaupré 2001, Pearson & Lieberman 2006).

Dental ontogeny was investigated in Chapter 6 through bivariate analysis of relative rates of
molar size increase across the dental series. It must, therefore, be considered a ‘pseudo-ontogenetic
trajectory’ in that it approximates development across several non-homologous elements, but still appears
to provide developmental insight. This is a novel approach, and the data strongly suggested similar
patterns of molar development in the ‘small-sized’ P. cypriotes and full-sized P. antiquus, albeit over a
relatively shorter ‘ontogenetic trajectory’ in P. cypriotes. This finding further supports the notion of a

common developmental framework for dwarf elephant evolution, and is in line with the limb-bone
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ontogeny results. In contrast, dental ontogeny in P. antiquus and M. meridionalis was only similar for
upper molar lamellar frequency. Instead, the pattern of molar development appeared consistent with the
idea that it was mediated by jaw-bone ontogeny (not studied), and that this provides a useful framework
for understanding dwarf elephant molar evolution and allometry.

The differences between the ontogeny of the majority of molar variables in M. meridionalis and
P. antiquus suggested that a common dental developmental framework for the Elephantidae did not exist.
However, the apparent cross-taxon similarity in ontogenetic trends for upper molar lamellar frequency,
and the greater morphological similarity between developmentally earlier teeth in M. meridionalis and P.
antiquus (which implicated jaw shape and ontogeny as a covariate in dental development) provided the
basis for a hypothesis for a common underlying mechanism for molar development, and linked elephant
molar development with current theories of mammalian dental development. This mechanism provided a
common explanation for seemingly different patterns of dwarf elephant M3 morphology and evolution in
Mammuthus and Palaeoloxodon. The crucial role of lamellar frequency in this mechanism, and in dwarf
elephant evolution, was supported by the fact that dwarf elephant M3 lamellar frequency was shown to

plot on to the ‘ontogenetic’ trajectory of their putative sister-taxa.

Allometry

In Chapter 6, patterns of intraspecific limb-bone allometry were shown to be consistently affected
by the age profile of the sample, with ontogenetic allometry characterised by isometry and static-adult
allometry by negative allometry. This could explain published scaling differences in E. maximus and L.
africana, and between bones within a taxon (e.g. Christiansen 2007). This finding stressed the need for
authors to be explicit about the ontogenetic make-up of their study-sample when investigating scaling
trends, particularly for elephants. A protracted ontogeny, and a general paucity of osteological specimens,
mean that ‘adult’ elephant specimens are few, increasing the likelihood that ‘large juveniles’ are included
for sample-size maximisation, and meaning that samples may not be developmentally equivalent across
studies.

Interspecific limb-bone allometry, both between full-sized and dwarf taxa and for full-sized taxa
alone, could be understood to result from a shared but grade-shifted ontogenetic trajectory (Figure 6.14).
Data for molar allometry and ontogeny was poorer than that for limb-bone analyses, but consistent with a
similar interpretation (Figure 6.13). As such, shape change (or, in the case of limb-bones, the lack of
shape change) in dwarf elephants could be interpreted as “size-related’ rather than ‘size-required’, and the
product of parallel evolution within a common ontogenetic framework. The deviation of interspecific
scaling exponents from functional morphology predictions did not, therefore, necessitate an adaptive
explanation (e.g. gait difference, or shearing efficiency and/or feeding differences), although it could not
rule this out. Instead, the functional significance of ontogenetic trends was highlighted as meriting further
attention, as they may either reflect trade-offs between functional optimisation at different sizes and the
rapid achievement of an optimised adult form, or provide evidence for functional adaptation across the

ontogenetic size-range. Current data cannot differentiate between these two hypotheses.
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Chapter 6 also refuted the commonly-held belief that dwarf elephants had shortened distal limb
elements, analogous the shortened metacarpals and metatarsals of insular dwarf deer and Mytotragus (e.g.
Sondaar 1977). As | did not consider the axial skeleton, owing to time-constraints, | could not establish
whether dwarf elephant limbs were relatively short in comparison to the body, and thus could not refute
dwarf elephant adaptation to ‘low-gear’ locomotion. Differences in the observed size-reduction in limb-
bone lengths and molar size (Chapter 4) provides some evidence that legs were relatively short, but it
needs to be confirmed that this does not reflect relatively larger teeth within a proportionally reduced
head in insular dwarfs (a commonly cited phenomenon; e.g. Gould 1985, Lister 1996). As the lack of
shortening in distal limb-elements is itself not in line with low-gear locomotion, this study undermines
the existing support for this hypothesis, and suggests that a more holistic approach to the investigation of

dwarf elephant adaptation and functional morphology is needed.

7.1.3. Chapters 4 and 6

Body size reduction and mass-estimation

In Chapter 4, | showed that estimates of body-size reduction in dwarf taxa differed for upper and
lower molars, and for molars and post-crania. Estimates of dwarf size as a percentage of their full-sized
ancestor could be ranked from high (least size-reduction) to low (most size-reduction) as follows: upper
M3 > lower M3 > hindlimb > forelimb. Interestingly, differences between tooth and postcranial estimates
appear to lessen as dwarf taxa reduce in size (although differences between upper and lower molars do
not), indicating a size-related effect on the mosaic evolution of dwarf elephant morphology, which may
reflect a covariance with time of isolation. Selection pressures for body-size reduction (achieved by
truncating/accelerating common ontogenetic trajectories in both limb-bones and molar morphology, that
are themselves offset from one-another within a species) may initially out-weigh selection against
unnecessary investment in molar size. Once an evolutionarily stable state has been achieved for insular
body size, the relative selective importance of the latter increases, bringing molar-size reduction into line
with body-size reduction (Lister 1996); both this and extreme body-size reduction are more likely to be
observed in populations that have been isolated for considerable amounts of time, if body-size is treated
as evolving towards an optimum, at a rate that is proportional to the selection pressure for its reduction.
The relative reduction in the size of teeth (as compared with the postcrania) is only partly consistent with
relative length of isolation predicted for dwarf taxa in Figure 7.1, suggesting that other factors are

involved (see section 7.2.2), or that isolation time estimates are flawed:

Isolation time: P. falconeri > P. cypriotes > zslaneoczlloxodon > P. tiliensis

Palaeoloxodon

Relative reduction of teeth: P. falconeri > P. cypriotes > P. tiliensis sp. nov
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Chapter 4 also showed the existence of three, broad size-categories of dwarf elephants, regardless
of whether molar -size or limb-bone size were used as a size proxy. These were colloquially termed
‘small-sized’, ‘medium-sized’ and ‘large-sized’ dwarf elephants. While this terminology is relative,
it provides a useful, if crude, short-hand for capturing the degree of dwarfism. For comparison with other
insular dwarf elephant species, and for analysis of wider trends in insular body-size change, however, |
recommend expressing dwarf size as a percentage of the mainlaind ancestor/sister-taxon to provide a
standardized frame of reference. While this is not ideal, given the mosaic nature of insular size-change
noted above, it is preferable to introducing further error through inappropriate body-mass estimation.

Body-size estimation for dwarf elephants was shown to be highly problematic in Chapter 6, given
the allometric differences between adult and juvenile elephants. By analogy with published mass
measurements for neonate extant elephants (approximately 100kg; Dale 2010), to which P. falconeri is
most similar in bone dimensions, mass estimates from bone lengths appeared to produce more
biologically realistic predictions. However, the veracity of these mass estimates could only be assessed as
being roughly the correct order of magnitude, and still had an inferred associated error of up to + 200kg
(presumably relating to the issues of allometry noted above). Their applicability across the entire
age/dwarf body-size range also could not be established. Furthermore, dwarf elephants limb bones are
more robust than extant juvenile bones of the same shaft length, which may itself be evidence that dwarf
elephants were heavier. Hence, using body-mass estimates for dwarf elephants could be highly
misleading, especially if such estimates were then used to estimate physiological, life-history or
demographic parameters for dwarf taxa from interspecific allometric relationships. Given the state of our
present knowledge, | would limit the use of body-mass estimates for dwarf elephants to popular
communication (and even then, shoulder height estimates may be preferable); reliance on them in
scientific communication, even with acknowledgement of error, encourages their subsequent use in meta-

analyses which may result in highly erroneous conclusions.

7.1.4. Chapters 3 to 6: the parallel evolution of insular dwarf elephants

In summary, this thesis has shown that insular dwarfism has evolved independently in
Mediterranean elephants at least six times, resulting in at least seven dwarf elephant species (Table 7.1,
Figure 7.1). Dwarf elephant species group into three, broad size classes: ‘small-sized’ (P. falconeri, P.
cypriotes and M. creticus), ‘medium-sized’ (P. mnaidriensis and P. tiliensis) and ‘large-sized’
(Palaeoloxodon sp. nov. and P. antiquus Crete). Size and shape similarities between independent lineages
from the east and central Mediterranean indicate that homoplasy is likely among similar-sized taxa, with
implications for the existence of meta-taxa. These homoplasies appear to result from the exploitation of
ontogenetic trajectories common to the Elephantidae, underpinning the evolution of small size. Finally,
interspecific allometry between dwarf and full-sized species can be seen to result from these common, but
grade-shifted ontogenetic trajectories, and this is may also be true of broader macroevolutionary trends in

the Proboscidea. These size-related grade-shifts (smaller taxa are increasingly grade-shifted) indicate that
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similar, but increasingly extreme modification of pre-natal development (truncation and/or acceleration)
underpins the evolution of insular dwarfism in elephants.

Parallel and convergent evolution are usually distinguished on the basis of the phylogenetic
closeness of the taxa which share the trait of interest, reflecting an underlying assumption that similar
genes or developmental pathways underpin the evolution of a trait in closely-related taxa (Arendt &
Reznik 2007). Mediterranean dwarf elephants are closely related, and the evidence presented here
strongly suggests that development is modified in a consistent way. Despite this, it is not possible to
prove that the same genes or developmental pathways definitely underpin the evolution of dwarfism in all
lineages, as body-size is under the control of many pleiotropic genes (Gomer 2001). However, describing
dwarf elephant evolution as “parallel’ seems appropriate given the evidence for a shared developmental
framework, and making a distinction between “parallel” and ‘convergent’ evolution at this level of
phylogenetic relatedness probably reflects a false dichotomy in the use of the two terms (Arendt &
Reznik 2007). Thus, this thesis has shown that by modifying underlying developmental trajectories in
similar ways, insular dwarfism evolved multiple times and to different degrees, in parallel, in

Mediterranean elephants (Figure 7.1).

7.2. Implications for the dwarfing debate

7.2.1. Dwarfism and a ‘faster’ life history

Insular dwarfism in elephants has been proposed as an adaptation in its own right, with selection
favouring a faster life-history (linked with small body size) following release from a large body-size
niche on the mainland (Bromage et al. 2001, Raia et al. 2003). This thesis has shown that the
modification of pre-natal ontogeny is likely to underpin dwarf elephant evolution. However, because
absolute ontogenetic age cannot be established from available data, the link between smaller body-size
and a faster life history must still be assumed on the basis of interspecific allometric trends (Charnov
1991), whereby smaller taxa are, on average, more r-selected (MacArthur & Wilson 1967).

Insular dwarfism is an example of phyletic body-size reduction, and is expected to be related
closely to underlying intraspecific scaling patterns (as seen with the ontogenetic framework for dwarfism
produced here), yet the link between the intra- and interspecific scaling of life-history variables and body
size is controversial and inexact (for example, dog breeds show an inverse relationship between size and
life-history variables, and demographic shifts to earlier sexual maturity in humans are linked with
increased stature and body mass; Speakman et al. 2003, Carel et al. 2004). P. cypriotes dental
development appeared to occur over a relatively (as well as absolutely) smaller range of bivariate
morphospace, which suggests a more fundamental reduction of post-natal growth in this taxon, that could
be linked with an earlier age of reproductive maturity, and thus a greater investment in reproductive effort
rather than growth. Ongoing research into the rate and duration of growth in both dwarf elephant molars

(Wendy Dirks, University of Newcastle) and limb bones (V. Louise Roth, Duke University), using
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incremental growth line evidence, will hopefully provide a direct test of this hypothesis and establish if it
is applicable to all insular dwarf taxa. My findings cannot establish if size-differences resulted from pre-
and post-natal developmental differences in absolute rate, or a truncation of the normal development of
the full-sized ancestor, but it is consistent with the expectations of the ‘fast life’ model for insular
dwarfism. Furthermore, the central role of ontogeny in the evolution of insular dwarfism, established by

this thesis, provides evidence for a mechanism by which a faster life-history evolved.

7.2.2. Ecological and environmental causes and correlates of insular dwarfism

Selection for a faster life history may provide a potential framework for understanding the
direction of body-size change, but it does not tackle the question of why elephant species became dwarfed
to differing degrees on different islands, or on the same island at different times. Previous research has
suggested resource limitation (e.g. Sondaar 1977, Heaney 1978, Roth 1992, Lister 1996) and release from
predation and inter-specific competition (Sondaar 1977, Raia & Meiri 2006), but all had limited power
for predicting dwarf elephant body-size trends (see Chapter 1 for discussion). In addition, these factors
are expected to co-vary under the tenets of island biogeography (MacArthur & Wilson 1967), potentially
explaining why no single-driver hypothesis has been established as the best predictor of the degree of
dwarfism.

This thesis highlighted the difficulties with estimating past island area in a tectonically active
region, during a period characterised by cycles of climate-related eustatic sea-level change (Siddall et al.
2003). This is particularly true for Early to Middle Pleistocene Sicily (Bonfiglio et al. 2002). By
focussing on present-day island area, the full impact of island biogeography on insular dwarfism may
have been underestimated by earlier research. However, even if one hypothesizes that P. mnaidriensis
and P. falconeri existed on small islands within a Calabrian archipelago (Bonfiglio et al. 2002), with the
concomitant implications for taxonomy, a tight correlation between island area and degree of dwarfism is
still prevented by P. cypriotes (Cyprus) and M. creticus (Crete). Although the existing data are too poor
to test hypotheses relating to palaegeographical effects on insular dwarfism, they provide the basis for a
novel hypothesis for the observed patterns of dwarfism, which combines island biogeographic theory and
the concept of ‘optimal body-size’ (sensu Damuth 1993), and is also compatible with the fast life-history
hypothesis of Bromage et al. 2002 and Raia et al. 2003. This hypothesis is outlined below.

The weak correlation between presence of competitors (and to a lesser extent, predators) on
degree of dwarfism observed by Raia & Meiri (2006) may reflect the covariation of species diversity with
degree of “insularity’, which is itself a combination of two factors: island area and extent of isolation (in
space and time). The greater the difference between the island environment and the mainland in terms of
competitors, predators and niche availability (i.e. the more ‘insular’ it is), then the greater the likelihood
that the island will be *permissive’ with respect to the evolution of body-size change (see Chapter 1).
Alongside stochastic effects such as colonisation history (which will affect niche encumbency), this will

create the selective environment, and thus determine the evolutionarily stable state for insular body size
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towards which the elephant will evolve over time. Because small islands are expected to be resource-
poor, and depauperate in fauna, they can be both ‘restrictive’ and ‘permissive’ at the same time (Table
1.1); as the predicted direction of body-size change in large mammals is the same for both these
scenarios, the selective effect could be cumulative (or even multiplicative), and accelerate the rate of
body size change.

Insularity must be considered in both space and time in palaeontological studies, as fossil samples
may not be sampled at their evolutionarily stable state, and may be ancestral to younger, smaller-sized
taxa (e.g. P. mnaidriensis, Figure 7.1). The hypothesised isolation times produced here suggest that all of
the smallest elephant taxa had ample time to evolve small body size (Figure 7.1) in a species-poor — and
thus more ‘insular’ — environment (Marra 2005, Masini et al. 2008, Chapter 3), especially given the
potential for rapid body-size evolution on islands (Lister 1989, Millien 2006). The ‘large-sized’ taxa do
not (on present evidence) appear to have been isolated for significantly less time (Figure 7.1), but they are
each associated with a richer, more mainland-like, island fauna, and their larger size may reflect the
optimum for that environment. P. tiliensis is part of a highly depauperate fauna (Theodorou 1990), and is
found on a very small island (approximately 63 km?). Both of these factors are predicted to favour body-
size reduction on a par with the small-sized dwarf elephants, yet P. tiliensis is a medium-sized taxon. It
also has the shortest estimated isolation time (Figure 7.1) and thus may not have reached its
evolutionarily stable state before going extinct.

While this scenario provides a plausible hypothesis for insular dwarfism, and acknowledges the
co-variance between environmental and ecological correlates in island biogeographical theory, its validity
is entirely dependent on the taxonomic and geochronological framework outlined in Figure 7.1. | have
confidence in the former, as it is conservative as to its estimates of dwarf elephant species and

evolutionary lineages. The latter, however, is highly problematic and must be a focus for future research.

7.3. Proposals for future work

Throughout this thesis | have made numerous suggestions for the extension and improvement of
my research findings, and the extension of my research to the remaining Mediterranean dwarf elephant
taxa is a logical next-step. However, | feel that two areas should be prioritised as foci for future work: the
development of a robust geochronology for the Mediterranean islands, and a quantitative study of the
relationship between jaw ontogeny and molar allometry. My thesis results for inter- and intraspecific
molar allometry made clear predictions about the link between molar shape and jaw shape during
ontogeny, which would be relatively easy to assess using a morphometric approach. Without these data,
the picture of dwarf elephant molar evolution, and probably elephant molar evolution in general, is likely
to be incomplete. Ideally the study would also be extended to include detailed quantification of the
biomechanics involved in mastication, and the effect of different molar and jaw morphologies, to provide
a test of Maglio’s (1972, 1973) hypotheses for molar adaptation and functional morphology. Together,

this is likely to shed considerable new light on the pattern and process of elephant evolution.
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Good geochronological information is needed to investigate the likelihood of meta-taxa in dwarf
elephant species, especially on Malta and Sicily, and to provide vital information about the timing of
dwarf elephant evolution. It would also provide an independent test of Sicilian and Cretan
biostratigraphy, and enable the use of faunal data in the investigation of island biogeography and faunal
turnover during the Pleistocene without risking circular reasoning. Furthermore, island area and distance
from the mainland, two of the key tenets of island biogeography, are closely linked with sea-level. Thus
the rapid fluctuations between glacial and interglacial environmental conditions during the Quaternary,
and their associated sea-level changes (Siddall et al. 2003, Figure 7.1) are likely to have had a dramatic
effect on the island biota. Yet we cannot, with confidence, assign any dwarf elephant species to even the
level of Marine Isotope Stage on the basis of current evidence, and thus cannot assess the possible role of
climatic change as a driver of island evolution. Given the levels of popular and scientific interest in dwarf
elephants, and their emblematic role within island body-size change discussions, it imperative to answer
key guestions about the tempo and mode of dwarf elephant evolution.

In addition, my thesis supports the more general inclusion of ontogenetic data in allometric
studies, particularly those concerned with interspecific trends between closely related taxa, or exploring
the interface between micro- and macroevolutionary processes. Island body-size change studies, in
particular, require the consideration of ontogeny as an underlying mechanism for body size change. My
findings for teeth and limb bones support similar conclusions from a study of brain-size reduction in
Malagasy dwarf hippopotamus for the existence and importance of pre-natal grade-shifts in insular
evolution (Weston & Lister 2009), and this may be a widespread phenomenon. By applying a similar

approach to other island taxa, we may yet uncover a general paradigm for understanding the island rule.

356



Appendix 1: Site Descriptions

The fossil localities for the dwarf elephant material included in this study are shown in Figure
3.1. Each is described below, based on published information and personal observations, outlining the
known stratigraphical provenance of the dwarf elephant material and its faunal association. Faunal
remains present at each locality are listed under ‘associated fauna’, even if their exact provenance within
that locality is unknown; provenance/association between each species is described under this sub-
heading, and thus association is not implied by listing under of this sub-heading alone.
Al.l. Malta
Al.1.1. Zebbug Cave
Type Locality: P. falconeri (Busk 1867), P. melitensis (Falconer in Busk 1867)
Location: North side of rocky valley between Zebbug and Seggieni, Central Malta (Spratt 1867).
Description: Figure Al.1. Karstic fissure filled with yellow and grey sandy clay (Spratt 1867).

Stratigraphy: none recorded

Elephant species/stratigraphical relationship: P. falconeri, P. ‘melitensis’, ‘large-sized elephant’. No

recorded stratigraphical separation (Spratt 1867, Busk 1867, Adams 1870).

Associated fauna: Giant dormice Leithia melitensis, L. cartei, two species of giant swan (including

Cygnus falconeri, for which Zebbug Cave is also the type locality) and a giant tortoise (Spratt 1867).

Dating: none.

Notes: Discovered 1859/1860 during the digging of a water tank in the garden of Signor Buttegieg (Spratt
1867, Falconer 1868). The ‘cave’ was uncovered 4 metres below the level of the upper terrace garden,
and the sediment therein was removed for the construction of the water tank. This excavated sediment
was left by the workers in a heap near the tank mouth. Elephant material from this ‘excavation’ was
brought to the attention of Spratt, who gained permission to reopen and explore Zebbug Cave. It is
unclear if he made any further excavations, but documented the layout of the cave (Figure Al.1.a), and
sifted the contents of the soil heap. It appears that this sifting yielded the bulk, if not all, of the Zebbug
material. As the sediment was excavated in an uncontrolled manner, and no stratigraphy recorded, it is
unknown whether this large-sized material derived from a similar level to P. melitensis/P. falconeri.
Spratt was particularly struck by the absence of Hippopotamus and reasoned that this deposit represented

an earlier period in Malta’s past (Spratt 1867).
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Figure A1.1. Zebbug Cave. a. plan of Zebbug Cave reproduced from Spratt (1867), indicating it’s postion either side of the water tank in Signor Buttegieg’s garden, b.
photo of the lower terrace of the garden thought to occupy the same plot as Signor Buttegieg’s (John Borg, pers. comm.), taken by the author May 2006.This
needs to be verified with local records, however (e.g. there is no obvious sign of the 40ft cliff indicated in Spratt’s plan).
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Al.1.2. Mnaidra Gap (Mnajdra Gap)

Type Locality: P. mnaidriensis (Adams 1874)

Location: South Coast, Malta. Near to Mnaidra Temple.

Description: Figure Al.2. Karstic fissure; 30m long; filled with hardened red and blue clays.

Stratigraphy: Figure Al1.2.c&d. An upper ‘white drift’ layer containing bone fragments and molars of
elephants and dormice, underlain by stalagmite; below this lay ‘red and blue clays’ containing the greatest
concentration of elephant remains, including some bones in apposition, along with a giant turtle, the giant
swan C. falconeri and L. melitensis (Adams 1870, 1874).

Elephant species/stratigraphical relationship: P. ‘melitensis’, P. mnaidriensis, stratigraphically associated
in layers A, C & F (Adams 1870, 1874).

Associated fauna: L. melitensis, C. falconeri, giant turtle

Dating: none.

Notes: Excavated by Adams over a period of three years between 1863 and 1866. The limestone cliffs in
that region were heavily quarried in the mid-late 20" Century, destroying Mnaidra Gap and the
neighbouring Malak and Middle Caves (John Borg, pers. comm., Figure Al1.2). Adams (1870) interprets
the stratigraphy of the cave as reflecting the periodic and gradual ‘denuding’ of animal remains from the
neighbouring watershed, probably by seasonal flash floods that occur in Malta to this day. The deposits
accumulated against the concave eastern wall, suggesting they were washed into the open fissure from the
north-west.

After Adams (1870): The lower sterile layers (E-H and K-H in Fig 2.x.c. & d., respectively)
represent early infill, overlain by a stalagmitic layer D/G. After this, animal remains began to accumulate
on the watershed and the first fossiliferous layer (F, Fig. 2.x.c.) was washed in. This was followed by the
rapid deposition of the main fossil-bearing earth (C), which appears to have been carried in by a more
powerful flood of water than layer F. Layer C contains large blocks of local sandstone, and also some
bones that were found in anatomical connection, indicating that they were introduced in the flesh and that
the waterborne deposit was powerful enough to pick up large objects. The varying degrees of damage to
the fossils, with the most interior finds the most complete, suggest differing amounts of transportation;
the most complete may have travelled the least distance, perhaps being carcasses picked up close to the
fissure opening and carried at the front of the water body. After layer C was deposited, enough time
lapsed for a calcareous sheet to form, which was then overlain by another, scantier fossiliferous layer that
filled the cavern.

While this depositional scenario is plausible, the destruction of the site means that it cannot be
verified. Nevertheless, Adams clearly states the repeated co-occurrence of these taxa, and as there appears
to be a well documented stratification of deposits throughout the fissure, disturbance and internal
reworking of deposits seems unlikely. This has implications for the possible sympatry of dwarf elephant

taxa on Malta.

359



Figure A1.2. Mnaidra Gap, south Malta, Type locality for P. mnaidriensis. a. illustration of the location of Mnaidra Gap from Adams (1870); b. the coastline in 2006 -
limestone cliffs have been quarried, and the site destroyed; stratigraphical section of sediments at c. the entrance and d. the northern extremity (back) of
Mniadra Gap, both from Adams (1870). Legend of stratigraphical sections (after Adams 1870): c. A. white drift, B. stalactite, C. red clay and rounded stones, D.
stalactite, E. red loam, F. yellow loam, G. reddish black loam. A & C yielded fossil remains, which were partially encrusted by adjacent stalactite. d. A. white
drift, B. stalactite, C. red soil and water worn stones, E. yellow sand depending from D., with black seams 1 & 2 above and below, F. fossiliferous deposits like
C., G. stalagmitic earth, H. red loam, I. yellow loam, J. red and black loam, K. stalagmite with black seam. A,C & F yielded fossil remains, which were partially
encrusted by adjacent stalactite.

360



Al.1.3. Benghisa Gap
Type Locality: N/A
Location: South-east Coast, Malta, west of Birzebugga.

Description: Figure Al1.3. “...a cove or inlet up which the sea penetrates for 700 feet, to the base of a
large bank, composed of stratified red soil and water-worn blocks of sandstone, the height of which was
some thirty-two feet from the water level. The sides of the gorge incline at angles of forty-five degrees,

embracing between them a surface breadth of 110 feet of alluvial deposit.” Adams (1870, p. 190.)
Stratigraphy: Figure Al.3a and caption. Layer D is main fossiliferous layer.

Elephant species/stratigraphical relationship: P. ‘melitensis’, P. mnaidriensis. No recorded stratigraphical

provenance (Adams 1870, 1874). P. mnaidriensis predominates (Adams 1874).

Associated fauna: Dormice, ‘large birds’, a chameleon-sized lizard and giant river turtle (Adams 1870).

No recorded stratigraphical provenance

Dating: none.

Notes: Benghisa Gap was excavated by Adams in 1864. It is a small inlet on the south-east coast of
Malta, now on private land, owned by the nearby container shipping port (John Borg, pers. comm.).
However, Benghisa gap is accessible with permission, and the general stratigraphy described by Adams
(1870) can be observed in the remaining sediments (Figure Al1.3). Adams excavated a small area of
Benghisa Gap, no more than 2.5m wide, on the south-west side of the inlet. Nearly 150 years of coastal
erosion have removed the surface features noted by Adams, but the inlet has otherwise remained
undeveloped, and closely matches the general description by Adams quoted above (pers. obs.).

No records remain as to whether elephant taxa came from the same stratigraphical layer, as in Mnaidra
Gap, or if there was a stratigraphical distinction between the taxa. As with the Mnaidra Gap material,
there are no records of the stratigraphical provenance of each specimen, so this cannot be ascertained
retrospectively. Layer D is described as containing the majority of the fossil remains (Adams 1870),
implying that other layers also yielded material. The only layer explicitly mentioned as not containing
‘organic remains’ was A, the top-most ‘white drift” (the similarly described top layer in Manidra Gap did

contain fossil material).
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Figure A1.3. Benghisa Gap, south-east Malta. a. vertical section of Benghisa Gap, reproduced from Adams (1870). Legend: A. White calcareous drift, B. not
described. C. pebbles and red soil, D. rounded, very water-worn blocks, E. ferruginous red loam, F. gravel and water-worn freestone pebbles, G. red soil and
silt. The majority of elephant remains came from layer D, although some were also found in layer G. b. Benghisa Gap & c. section of deposits in 2006 (photos by

the author).
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Al.1.4. Gandia Fissure (Ta Gandja Fissure)

Type Locality: N/A

Location: Near to Micabba, Central Malta. Runway for Malta International Airport at Luga now covers

site.
Description: Karstic fissure; 2.5m x 3m x 1.5m; filled with red earth (Adams 1870).

Stratigraphy: No stratigraphy; sediment contains angular pebbles; a single layer of material, all
introduced at the same time, that had been ‘suddenly swept pell-mell into the gaping rent’ (Adams 1870,
p.165).

Elephant species/stratigraphical relationship: P. mnaidriensis

Associated fauna: L. melitensis, C. falconeri (Adams 1870); Anseres (= infra-order Anserides, the group

encompassing ducks, geese and swans) and Hippopotamus (Adams 1874).

Dating: none.

Notes: Excavated by Adams in 1865, after lengthy negotiations with the owners (an elephant molar and
post-cranial fragments had been uncovered in 1857, but the fissure had been filled in to form a terraced
field before excavation could occur) (Adams 1870). The fissure had been covered up and levelled and
was buried beneath a layer of alluvial soil. The underlying red earth layer showed signs of disturbance
and had been partially removed during the 1857 investigation. There was no evidence of stratigraphy, and
the soil contained angular pebbles, but none of the faunal remains showed evidence of rolling (although

many were broken and splintered).

Al1.1.5. Ghar Dalam

Type Locality: N/A

Location: Near to Birzebugga, South-east Malta (500m from the coast) (Zammit-Maempel 1989)
Description: Karstic Cave in the Lower Coralline Limestone; 15 m above sea level (a.s.l.).
Stratigraphy: Table Al.1 and Figure Al.4

Elephant species/stratigraphical relationship: P. falconeri, P. ‘melitensis’, P. mnaidriensis. All apparently

associated in the bone breccia layer. Limited evidence for elephants in red earth/deer layer.

Associated fauna: Hippopotamus pentlandi, H. melitensis, H. minor, L. cartei or Eliomys (Maltamys),
‘bats and birds’ (Zammit-Maempel 1989).

Dating: Hippopotamus, bone breccia layer: 115 ka (unpublished ESR tooth enamel, Bouchez et al 1988
(cited in Hunt & Schembri 1999)).

Notes: Ghar Dalam, or ‘Cave of Darkness’, is open to the public as a show cave. The cave deposits are

among the best studied in Malta, and have yielded well stratified fauna and archaeological material from
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Zammit-Maempel Savona-Ventura & Micromammal Stage Megafauna Age
(1989) Mifsud (1998) (Storch 1974)
Layer Layer Sediment
6| Upper domestic cave earth layer dark red clay Rattus rattus Bos taurus Holocene;
animals/ Capra hircus Phoenician-
pottery layer Ovis aries Modern
Sus scrofa (c. 2700-75
Felis catus BP)
Equus sp.
Cervus sp.
Lower domestic small stones/ Dark grey Apodemus sylvaticus Holocene;
animals/ pebbles layer earth, sub- Bronze Age
pottery layer angular stones (c. 5,200~
& pebbles 2700 BP)
5] calcareous sheet - - - - -
4| Cervus layer Upper red earth deep Pitymys melitensis C. elaphus Late
layers vegetable soil Bos sp. Pleistocene
(Cervus stage) with
Lower red earth alternating C. elaphus
layers brown-red and Canis lupus
(Carnivora stage) white layers. Vulpes vulpes
5+ divisions by Ursus arctos
stalagmitic Hippopotamus?
plates/torba Palaeoloxodon?
floors
3| Pebble layer Pebble layer _rolled pebbles | _ - Lat_e
in red clay Pleistocene
2| Hippopotamus layer | Bone breccia layer | Light green- Leithia cartei or H. pentlandi Late
brown clay, Eliomys(Maltamys) sp. | H. melitensis Pleistocene;
consolidated H. minor 130-110 ka
to breccia in P. mnaidriensis | (ESR,
outer regions P. melitensis Bouchez et al
p. falconeri 1988, in Hunt
& Schembri
1999)
1| Bone-free clay layer | Detrital Clay layer | plastic Sterile layer - Early-Middle
laminated Pleistocene
clay, yellowish
blue colour
0| Lower Coralline - - - - Oligocene
Limestone

Table 2.11. Stratigraphy of Ghar Dalam Cave. Deposits are well stratified and correlated throughout
the cave. Savona-Ventura & Mifsud (1998) collated all published stratigraphies from 12 excavations,
1865-1996, augmenting that of Zammit-Maempel 1989, and highlighting the presence of sub-layers
within the Late Pleistocene Cervus layer. They also suggested that the presence of hippo and elephant
in the Cervus layer was not due to contamination from the lower breccia, and could represent
contemporaneous existence of these taxa. Faunal identifications follow published lists and have not
been independently verified. The multiplicity of hippo and elephant taxa in layer 2 reflects the lack of
taxonomic investigation at this site, which casts doubt of the veracity of identification of fauna in

other layers
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the Pleistocene through to the Holocene. Despite this, a lack of detailed taxonomic study on the fossil
fauna hampers biostratigraphic correlation with other Maltese (and Sicilian) localities. The stratigraphy of
the cave floor is well documented (Zammit-Maempel 1989, Savona-Ventura & Mifsud 1998, Hunt &
Schembri 1999; summarised in Table Al.1), and can be observed in situ from exposed sample pillars and
wall sections (Figure Al.4).

The Cervus, or red earth, layer (up to 180cm deep in places) has been traditionally regarded as a
single stratigraphical unit (Zammit-Maempel 1989), despite early reports of a distinct stratigraphical
layering of deposits within this layer (Cooke 1893), and the identification of at least two size categories
of deer derived from the deposits (Zammit-Maempel 1989, Lister pers. comm). Following revision by
Savona-Ventura & Misfud (1998), sub-strata are now recognized. However, this new stratigraphy has
been compiled from published reports rather than novel excavation and the correspondence between these
stratigraphical/biostratigraphical units, and the excavated material in museum collections, is difficult to
verify. Many Maltese-housed Ghar Dalam specimen labels were destroyed, lost or separated from their
respective specimens during World War 11, and reconstructing direct associations between specimen and
stratigraphical provenance is unlikely. Details on sub-strata provenance do remain for some Ghar Dalam
material housed in the NHM, London (pers. obs.), offering a potential avenue for future investigation.

There is only limited evidence of elephant material in the red earth layer. This may be the result
of disturbance or contamination from the lower layers (e.g. pottery from the upper layer was also
recovered from the red earth layer; Cooke 1893), but a difference in preservation between hippo and
elephant material purportedly from this layer has been reported (Savona-Ventura & Misfud 1998).
Additionally, preliminary efforts at obtaining relative ages for hippo, deer, pig and horse bones from
differing layers has suggested that hippo and deer material are of similar age, but older than pig and horse
(Savona-Ventura & Misfud 1998). This was based on direct comparisons of levels of fluorine, uranium,
nitrogen, phosphate and iron in each specimen, a technique that has low levels of accuracy (Walker
2005). Consequently, a result of non-significant difference in age must be treated as such, and not as
positive evidence of contemporaneity.

The Ghar Dalam elephant material is thus thought to originate from the bone breccia or
Hippopotamus layer, where there is well-documented evidence of provenance and co-occurrence of these
taxa. Fossils from this layer are highly rolled (personal observation; Zammit-Maempel 1989). The
taxonomic affinity of the material in this layer must be considered uncertain: multiple hippo and elephant
taxa are listed, encompassing all known Maltese and Sicilian taxa, and the dormouse material is referred
to either Leithia cartei (Zammit-Maempel 1989) or Eliomys (Maltamys) sp. (Storch, pers. comm. to
Savona-Ventura & Misfud 1998). This uncertainty has been interpreted by authors as positive evidence
for the presence of multiple taxa from all three faunal groups (e.g. Hunt & Schembri 1999), but this has
not been adequately investigated. Inferences made from published faunal lists should therefore be treated

with caution. By extension, the taxonomic composition of other layers may be called into question.
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Figure Al.4. Ghar Dalam, south-east Malta. a. Generalised stratigraphy of Ghar Dalam (from Zammit-Maempel 1989), the numbering is used throughout to label
photographs; b. exterior of Ghar Dalam, with sample stratigraphic pillar and wall visible in the foreground (note the presence of 2 visible bands of stalagmitic
sheet in the latter); c. interior Ghar Dalam, illustrating the depth of previous excavation, the bone-breccia layer is visible on the cave floor; d. sample
stratigraphic pillar with layers 3, 4 and 5 visible; e. lower level of sample wall (layers 5 and 4) and detail f. showing deer bones in situ, g. bone breccia (layer 2)
with unexcavated material (hippo and/or elephant?). Photos: author.
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AL.2. Sicily

Al.2.1. Spinagallo Cave

Type Locality: N/A

Location: Hyblean Plateau, inland (west) of Syracuse.
Description: Figure A1.5. Karstic Cave, 110 m a.s.l. (Ambrosetti 1967).

Stratigraphy: Figure Al.5a. Three distinct fossiliferous layers: a lower marine ‘panchina’ (Layer 2),
containing a molluscan fauna, overlain by a red calcareous sand containing the P. falconeri remains
(Layer 4), and an upper bone breccia that containing ‘P. mnaidriensis’ and H. pentlandi fossils (Layer 3)
(Ambrosetti 1968).

Elephant species/stratigraphical relationship: P. falconeri, ‘P. mnaidriensis’. ‘P. mnaidriensis’ (Layer 3)

overlies P. falconeri (Layer 4).

Associated fauna: P. falconeri: L. melitensis and L. cf. cartei (Ambrosetti 1968), large-sized owl,

Aegolius martae (Pavia 2008). ‘P. mnaidriensis’: H. pentlandi. Unknown provenance/association:
Crocidura esuae (= C. sicula) (Kotsakis 1984, Sondaar & Van der Geer 2005, Dubey et al 2008)

Dating: P. falconeri at 460 +92 ka (AAR tooth enamel, recalculated from Belluomini & Bada 1985)

Notes: Excavated by B. Accordi, University of Catania from 1958 to 1960, and has yielded the largest
collection of Sicilian P. falconeri to date. The initial interpretation of the relative age/depositional
sequence was influenced by the assumption of a progressive dwarfing trend from P. mnaidriensis to P.
falconeri (Pohlig 1893, Vaufrey 1929), leading Ambrosetti (1968) to infer that Layer 3 must be
stratigraphically older than Layer 4, despite overlying it. A complex erosion-deposition sequence was
invoked to explain the ‘inverted’ order of layers: with Layer 4, containing P. falconeri, presumed to be an
infill of an eroded region of Layer 3. The layers were numbered according to this inferred order.
However, AAR dating later indicated that Spinagallo P. falconeri fossils were older than “P.
mnaidriensis’ and H. pentlandi material derived from other sites (Bada et al 1991), discrediting this
earlier assumption. Since then, Layer 4 has been treated as stratigraphically older than Layer 3, in line
with the observed layer order.

It is difficult to obtain unambiguous identification of associated fauna (faunal lists tend to be
published for the ‘Elephas falconeri FC’, with the original locality of taxa not recorded). A large-sized
owl, Aegolius martae, has recently been described from here (Pavia 2008), and a shrew Crocidura esuae
(= C. sicula) (Kotsakis 1984, Sondaar & Van der Geer 2005, Dubey et al 2008) is often referenced as
originating from Spinagallo Cave deposits. It is unclear whether C. esuae came from Layer 3 or 4, and
whether this taxon forms part of both the “‘Elephas falconeri FC’ and/or the “‘Elephas mnaidriensis FC’. It
is also unclear whether it is conspecific with Crocidura from Ghar Dalam, Malta (Bonfiglio et al 2002,
Dubey et al 2008).
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Figure A1.5. Spinagallo Cave, Southeast Sicily. a. stratigraphic section of the main cave. Legend: 1. Miocene Limestone, 2. Marine panchina, 3. Breccia with “P.
mnaidriensis’ and H. pentlandi, 4. Calcareous sandstone containing P. falconeri, 5. Cemented blocks, 6. Stalagmite, 7. Recent stalagmite and stalactite. b. plan
and c. longitudinal section of Spinagallo Cave. Legend: a. 1958 excavation, b. 1960 excavation, d. entrance to main cave, e. excavated lower cavity. Drawings
reproduced from Ambrosetti (1968). Photo: Adrian Glover, 2005.
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Al1.2.2. Luparello Cave

Type Locality: N/A

Location: Northern Sicily. Near to Baida Village.
Description: Figure Al1.6. Karstic Fissure.

Stratigraphy: Figure A1.6. Four main layers beneath a superficial deposit of reworked older and recent
layers (from top to bottom): 1. upper red earth layer 2.75 m deep, containing highly crushed fossils and P.
falconeri remains; 2. (approximately 1.80 m depth) 0.5 m thick stalagmitic deposit subdividing the P.
falconeri layer; 3. lower red earth layer containing well preserved ‘P. melitensis’ fossils, less affected by

water percolation than the upper layer; 4. (4 m depth) beach deposit with very few shells (Vaufrey 1929).

Elephant species/stratigraphical relationship: P. falconeri, ‘P. melitensis’. ‘P. melitensis’ underlies P.
falconeri (Vaufrey 1929).

Associated fauna: Deer and P. falconeri co-occur in superficial reworked depositis (thus not treated as

associated; Vaufrey 1929). Unknown provenance: L. melitensis and L. cartei, isolated specimens of dwarf
Vulpes vulpes and dwarf Ursus (arctos?), ‘uninteresting species of birds’ (Vaufrey 1929); C. elaphus
siciliae, Crocidura sp., various pigeon species, woodcocks, crows and various bats and amphibians
(Burgio et al 2002).

Dating: AAR ages for Luparello Cave P. falconeri enamel give an average age estimate of 380 + 76 ka
(recalculated from Bada et al 1991; see 3.4.1 for discussion). However, as Luparello Cave elephants are

treated as a single taxon, tooth samples could be from either the upper or lower layer.

Notes: Luparello Cave was described and excavated by Vaufrey (1929). The “cave’ is a fissure, with a
true roof only in place for a small section of the cave where the excavations were carried out (Figure A1.6
a&b). Vaufrey documented the stratigraphy of Luparello Cave (Figure Al.6c), recognizing 4 main layers
beneath a superficial reworked layer. In the reworked surface deposit, recent detritus is mixed with red
earth and P. falconeri fossils, as well as a “now disappeared’ black earth containing deer remains
(Vaufrey 1929). There is no further reference to this black earth deposit. Clear stratigraphic delineation
between the two elephant taxa indicates a medium-sized dwarf elephant underlying a small-sized dwarf
elephant (following Vaufrey’s erroneous interpretation of the taxon names; 4.1.1). This has been largely
ignored by recent authors, as ‘P. melitensis’, or an intermediate-sized taxon, is not widely recognized on
Sicily, and AAR dates indicated that larger dwarf taxa were stratigraphically younger than small dwarf
taxa at other sites. However, there is no independent evidence, to my knowledge, to falsify Vaufrey’s
stratigraphy of Luparello, and while his interpretation of dwarf elephant evolution may no longer be
accepted, his direct observations should not be dismissed. Stratigraphical provenance is not recorded for
either the IPH (Paris) or the G. Gemmellaro Museum (Palermo) elephant specimens from Luparello
Cave, but IPH material is labelled as “E. falconeri’ or ‘E. melitensis’. This may represent Vaufrey’s

original designation, and thus also reflect the stratigraphical provenance.
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Figure A1.6. Luparello Cave, North Sicily. a. plan of Luparello Cave. The railway between Palermo and Monreale no longer exists, b. transverse section across
x-y, and c. longitudinal and stratigraphical section of Luparello Cave.
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A1.2.3. Puntali Cave

Type Locality: N/A

Location: Monte Lungo, near Carini, Northern Siciliy (~ 1 km inland) (Ferretti 2008).
Description: Karstic Cavity, 90 m a.s.l.

Stratigraphy: Three separate accounts, each summarized from top to bottom. Pohlig (1893): (1) a marine
conglomerate and beneath this, (2) a brown fluvial clay layer containing vertebrate remains. Schweinfurth
(1907; in Burgio et al 2002): (1) An upper layer containing pottery, overlying (2) a middle layer of brown
clay containing diverse, darkly coloured bones and, (3) a bottom layer of bones of large animals, mostly
elephants. Brugal (1987): (1) An upper layer of clay and marine conglomerate containing fauna and
Neolithic artefacts, (2) a sandy clay with pebbles containing ‘P. mnaidriensis’, C. elephas siciliae, Bos
sp., Sus scrofa, Canis lupus and B. primigenius siciliae, (3) a layer (approx 30cm thick) of compact clay
and calcareous plates containing hippopotamus and ‘P. mnaidriensis’ and (4) a bottom layer of similar

sediment to Layer 3, but containing only H. pentlandi.

Elephant species/stratigraphical relationship: ‘P. mnaidriensis’.

Associated fauna: Layer 3: H. pentlandi. Layer 2: C. elephas siciliae, Bos sp., Sus scrofa, Canis lupus and

B. primigenius siciliae

Dating: Elephant tooth enamel from Puntali Cave has been dated to a mean age of 142 + 28 ka
(recalculated from Belluomini & Bada 1985, Bada et al 1991; see 3.3.2 for discussion). Ferretti (2008)
indicated that the biostratigraphical information might result in a reassessment of the geological age of
‘P. mnaidriensis’ from Puntali Cave. As yet this work is not published, but a consideration of published

faunal lists provides further insight.

Notes: The cave was excavated by G. G. Gemmallaro between 1868 and 1870. It has yielded the most
numerous and best preserved remains of Sicilian ‘P. mnaidriensis’, including several crania (Ferretti
2008). Pohlig (1893) reported on the cave and partially described the elephant material from the earlier
excavations. Ferretti (2008) gave a more detailed description and analysis of the elephant material,
confirming its palaeoloxodontin affinity.

The associated fauna listed here is consistent with the ‘E. mnaidriensis FC’ (Masini et al 2008).
However, Burgio et al (2002) list further fauna, with no provenance information, which include Equus
hydruntinus, supporting inclusion in the San Teodoro-Pianetti FC. These two faunal complexes share
several taxa (Table 3.11), but are delineated by the presence of H. pentlandi and Panthera leo spelaea
(‘E. mnaidriensis FC’), and E. hydruntinus (San Teodoro-Pianetti FC) (Masini et al 2008). The Puntali
Cave deposits appear to encompass both faunal complexes: H. pentlandi and ‘P. mnaidriensis’ co-
occuring in the lower deposits, and (assuming that E. hydruntinus derives from Brugal’s Layer 3), the
upper deposits reflecting the younger San Teodoro-Pianetti FC. Critical to this is the provenance of E.

hydruntinus; the absence of evidence for H. pentlandi in Layer 3 is not evidence of it absence. The
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material collected from Puntali Cave is not labelled according to its horizon, precluding verification of
this, or the investigation of morphological differences between elephants (or other taxa) from different
horizons.

If the upper faunal deposits are correlated with the San Teodoro-Pianetti FC, then the potential
geological age range for the Puntali Cave elephants is larger than previously thought. This also raises the
question of the likely age of the upper-most marine deposit, which overlays the fossil fauna (Pohlig 1893)
and has not been dated. The San Teodoro-Pianetti FC is estimated to date from 70-30 ka (Masini et al
2008), but estimated sea level curves (Figure 3.4) suggest that a post-30 ka marine deposit at Puntali Cave
would be unlikely without tectonic uplift at a considerably higher rate that that already calculated for the
region (Antionoli et al 2006). The last sea level high-stand before present was in MIS 5, approximately
125 ka (note: the MIS 5 high-stand would fit with a ‘E. mnaidriensis FC” designation for Layers 3 and 4
and AAR dates for Puntali Cave). The minimum geological age of the Puntali Cave elephant fauna thus

remains unresolved, and reflects wider issues with the biostratigraphic framework of Sicily.
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Al.2.4. Za Minica

Type Locality: N/A

Location: between Toretta and Capaci, Za Minica, Northern Sicily
Description: 30 m x 28 m cave, 100 m a.s.l.

Stratigraphy: Fabiani (1932), from top to bottom: 1. stalagmitic crust; 2. Layer (approx. 0.5m deep)
containing pebbles and angular calcareous fragments, with remains of deer and hyaena, as well as
abundant hyaena coprolites; 3. A small layer of incrustation (? stalagmitic), devoid of remains; 4.
Yellowish clay with angular calcareous fragments and numerous pebbles and limestone block, containing

elephant and other mammalian remains (approx 0.8m deep); 5. A white clay layer with quartz grains.

Elephant species/stratigraphical relationship: ‘P. melitensis’ (Fabiani 1932); ‘P. mnaidriensis’ (Fabiani

1932, Burgio et al 2002). No stratigraphical separation.

Associated fauna: Table Al1.2; all unknown provenance

Dating: none.

Notes: Excavated in 1928 (Fabiani 1932). In front of the cave, just below the entrance, was a deposit

containing remains of H. pentlandi (Figure A1.7), and a prehistoric deposit, possibly containing flints, as
well as marine and terrestrial molluscs adhered to the roof of the mouth of the cave (Figure A1.7 d)
(Fabiani 1932). The excavated area was located just inside the mouth of the cave, to the left-hand side
(Figure A1.7 a.). Fabiani (1932) lists the mammalian fauna (Table Al.2), but does not specify from which
depositional layers they derive. Consequently, while it seems that Layer 2 contained evidence of deer and
hyaena only (as they were the only taxa mentioned), it is not clear whether these taxa were limited to this

layer or if they also were found within Layer 4.

Species Frequency of occurrence

Excavation inside Za Minica

Canis sp. ind. rare

Crocuta crocuta spelaea very frequent

Sus scrofa not rare

Cervus elephas frequent

Bos primigenius quite rare

‘P. mnaidriensis’ very frequent

‘P. melitensis’ less frequent than “P.

Deposit outside Za Minica

H. pentlandi frequent

Table A1.2. Mammal fauna excavated from Za Minica Cave. Species following the identification of
Fabiani. Later authors recognize 1 elephant taxa only from Za Minica, ‘P. mnaidriensis’, identify deer
material as C. elephas siciliae and Bos as B. primigenius siciliae (Burgio et al 2002).
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Figure Al1.7. Za Minica Cave, North Sicily. a. plan of Za Minca. A-F are point references also shown in b-d. J is the breccia deposit contaning H. pentlandi, b.
longitudinal section, c. transverse section and d. cave mouth showing prehistoric deposits (P) on the roof of the cave. S may refer to stalagmitic deposits,
however no legend is provided in Fabiani (1932). All figures reproduced from Fabiani (1932)

374



Al.2.5. Cavern di Carini

Type Locality: N/A

Location: Unknown; Carini, Northern Sicily.
Description: Unknown.
Stratigraphy: Unknown.

Elephant species/stratigraphical relationship: Undescribed.

Associated fauna: Unknown

Dating: none.

Notes: Carini has many fossiliferous caves in its vicinity. No records remain at the NHM, London of the
origin of the Cavern di Carini material, which could derive from one of the caves in that region for which
published excavation reports exist (Puntali, Maccagnone, Amoroso or Carburangeli Caves (Burgio et al

2002)), or from an otherwise unnamed cave whose precise locality is unknown.

Al.2.6. San Teodoro Cave

Type Locality: N/A

Location: Aquedolci, Northeast Sicily.

Description: Figure Al1.8. Karstic Cave, 144 m a.s.l. Dimensions: 60 m x 20 m x 20 m (Bonfiglio et al
2008).

Stratigraphy: Burgio & Di Patti (1990) describe four layers (from bottom to top): (1) sterile sands; (2) a
layer containing vertebrate fossils, referred to as either (i) a breccia of limestone fragments (Anca 1860),
(ii) a red clay (Vaufrey 1929) or (iii) a yellowish-grey sandy clay; (3) a layer 0.2-1.0m thick contaiining
stone tools and (4) a superficial layer of detritus. These broadly correspond to the three ‘units’ described
in Bonfiglio et al (2008): Unit A, an Upper Late Glacial sediment containing Epigravettian tools (=Layer
3); Unit B, containing Upper Pleistocene mammals that form the type assemblage for the San Teodoro-
Pianetti FC (=Layer 2, or part of it) and Unit C, a sterile sediment (=Layer 1). Unit B stratigraphy

expanded in more detail in Figure A1.8 b.

Elephant species/stratigraphical relationship: P. falconeri, ‘P. melitensis’, ‘P. mnaidriensis’. P. falconeri,

‘P. mnaidriensis’ co-occur in Layer 2 (Burgio & Di Patti 1990).

Associated fauna: Layer 2 contains remains of Cervus, Hyaena, rodents and mollusca (Helix, Ostrea and

Cardium); Layer 3 contains Equus, Sus, Cervus, Bos and Homo (Burgio & Di Patti 1990)

Dating: Flowstone overlying and underlying ‘P. mnaidrienis’: 32+4 ka (**Th/***U; Bonfiglio et al 2008).

‘P. mnaidriensis’ tooth enamel: 370 £74 ka (AAR; recalculated from Bada et al 1991). Bone samples

375



from San Teodoro Cave could not be radiocarbon-dated due to a lack of collagen preservation (Bonfiglio
et al 2008).

Notes: This site was first excavated in 1859 by F. Anca, and has been investigated by several authors
since then (Burgio & Di Patti 1990, and references therein). Two major periods of excavation occurred
recently, in 1998, and 2002-2006 (Bonfiglio et al 2008), and future excavation is planned. A marine
terrace (itself uplifted to between 60 m and 130 m above sea level) dated to MIS 5 occurs at the base of
these cliffs, and an older terrace tentatively referred to the Late Middle Pleistocene cuts into the cliff 5-
10m above the roof of San Teodoro (Bonfiglio et al 2008). The San Teodoro Deposit, a talus at the base
of the cliff below San Teodoro containing H. pentlandi (Hippopotamus tooth enamel dated to 142 + 28
ka (AAR, recalc. from Bada et al 1991), is not directly correlated with the fauna inside the cave and is
treated as a separate depositional event (Burgio & Di Patti 1990, Bonfiglio et al 2008).

It is unclear whether the stratigraphic association of fauna given by Burgio & Di Patti (1990) is
based on provenance, or if these groupings reflect contemporary opinion on biostratigraphy (faunas are
stated as ‘grouped by association’). The differing descriptions of Layer 2 sediment also indicate that this
vertebrate-bearing layer is not a single stratigraphic unit, and that the cave contains a more complex
stratigraphy. Unit B in the 3 trench excavated between 2002-2006 has been described in detail (Figure
A1.8 b). Grey-green clayey sands (thus most closely resembling the description of Graziosi [1943]),
contain a flowstone layer that has been dated to 32+4 ka (Bonfiglio et al 2008). Vertebrate remains,
including those of ‘P. mnaidriensis’, have been found in deposits above and below this flowstone layer,
indicating some are younger than 32 ka. The maximum age of the deposits is unverified, although the San
Teodoro-Pianetti FC is considered to succeed the early ‘E. mnaidriensis FC’ at around 70ka (Masini et al
2008).
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Figure A1.8. San Teodoro Cave, Northeast Sicily. a. plan of the cave and b. summary of stratigraphy of B trench. From bottom to top: S3, clayey sands; CL,
flowstone layer dated by 2°Th/?*U method to 32+4 ka; B3, concreted boulders; S2, clayey sands; B2, non-concreted boulders containing elephant remains; S1,
clayey sands; B1, boulders; B0, boulders; R, recent level. S, fine clayey-sand containing fossil remains in squares A-C of the B trench, underlying recent deposits.
H, height in cm. Reproduced from Bonfiglio et al (2008).
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Al.3. Crete

A1.3.1. Cape Maleka

Type Locality: M. creticus (Bate 1907)

Location: Figure AL1.9 a. Just before Cape Maleka, Akrotiri Penninsula, North-east Crete (Bate 1905).
GPS co-ordinates: 35°35°25.3”N, 24°09°50.6”E

Description: ‘Much damaged and weathered cave-deposit in the limestone cliffs’ (Bate 1907, p. 239), of

which “no trace is left of the former cave walls’ (Bate 1905, p.195)
Stratigraphy: Not recorded.

Elephant species/stratigraphical relationship: M. creticus.

Associated fauna: Kritimys kiridus.

Dating: none

Notes: In 1904, Dorothea Bate excavated nine imperfect elephant molars, and the remains of small
rodents, but was forced to abandon the excavation after a matter of hours due to the time constraints of
her trip. Following the directions in Bate (1905), | retraced the route from Moni Gouvenernetou to Cape
Maleka, and identified a Pleistocene red earth deposit consistent with the locality described, containing
what appear to be dwarf elephant and micro-mammal remains (Figure A1.9).

Bate (1942) attributed the rodents excavated from Cape Maleka to Rattus kiridus (Bate 1942),
which was later revised to the endemic genus Kritimys (Kuss & Misonne 1968, Mayhew 1977), and the
locality is thus attributed to the K. kiridus sub-zone, considered to be the oldest Pleistocene faunal
complex on Crete. The geological age of this deposit requires careful consideration (3.4.2), but it is
widely — and possibly erroneously — cited as dating to before 800 ka (Marra 2005, Poulakakis et al 2002a.
2006). Poulakakis et al (2006, 2007) extracted a fragment of supposed elephant rib bone from this area
for aDNA analysis, supposedly from a cave ‘where environmental conditions remain relatively constant’
(Poulakakis et al 2007, p.60). While Bate refers to a “cave-deposit’, it is clear she is not referring to a
cave environment. There are no intact caves anywhere along the coastline between Katholikou and Cape
Maleka (pers. obs. 2007), and all Pleistocene deposits are open to coastal erosion and weathering. This
appears to have been the case in 1904 when Bate explored the region (Bate 1905). Given the extensive
erosion already noted by Bate (1904), it seems reasonable to assume that the fossil deposits in this region
have been exposed to Cretan seasonal variations for a number of years, contrary to the claims made by
Poulakakis et al (2007). This throws doubt on the provenance of the material used by Poulakakis et al
(2006, 2007), and possibly its identification as M. creticus (a rib bone is un-diagnostic at the species level
and the attribution of this material to M. creticus was made based on its derivation from the type locality

for this taxon).
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Figure A1.9. Cape Maleka, Northwest Crete. a. the Akrotiri Penninsula in Northeast Crete. The type locality for M. creticus (Bate 1907) is at Cape Maleka (red
open circle), accessible along the coast from the ruined monastery of Katholikou. b. view back (west) along the coast from Cape Maleka toward he entrance to
the gorge leading to Katholikou. Note the open limestone coastline in-filled with red earth. c. fragment of molar, d. cross section of humerus and e. vertebrae in
anatomical connection, all in situ at Cape Maleka and thought to belong to a dwarf proboscidean (pers. obs. 2007). Photos: the author.
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Al.4. Cyprus

Al.4.1. Imbohary

Type Locality: P. cypriotes (Bate 1904).

Location: Southern side of the Kyrenia mountains, near to Pano Dhikomo, Northeast Cyprus.
Description: Collapsed cave deposit (one of the original cave walls is still standing).
Stratigraphy: No stratigraphic information was recorded by Bate (1904, unpublished diaries).

Elephant species/stratigraphical relationship: P. cypriotes.

Associated fauna: Phanourios minutus.

Dating: none.

Notes: Excavated by Dorothea Bate in 1902, this deposit yielded 46 elephant molars or molar fragments,
as well as isolated tooth plates, some tusk fragments and a portion of distal femur (Bate 1904). It is
currently in use as a corral for sheep by local shepherds (Bate 1904, Tim Bromage pers. comm. 2007).
Bate notes the preponderance of Phanourios minutus remains at Imbohary, and at other the sites in the
Kyrenia Range (there were six other caves close by, between the Aghirdhi Pass and the village of
Kythrea; only Imbohary contained elephant remains) (Bate 1904). A scarcity of elephants is also typical
of other Pleistocene sites on Cyprus (Marra 2005; Reese, unpublished manuscript; Theodorou, pers.
comm.. 2005). Imbohary still provides the largest collection of well-preserved elephant molar material

from Cyprus.

Al.5. Tilos

Al.5.1. Charkadio Cave

Type Locality: P. tiliensis (Theodorou et al 2007)
Location: Messaria Valley, Tilos
Description: West facing cave, 120 m a.s.l., approximately 180 m? (Hujer et al 2008).

Stratigraphy: Theodorou (1988): dwarf elephant bones to a depth of 3.9m, followed by a sterile layer,
then from 4.5 to 7m a layer containing only deer. Hujer et al (2008), from bottom to top: (i) poorly sorted,
reddish clay, (ii) poorly sorted reddish silt with limestone clasts, (iii) a flowstone layer dated to 107 ka
(U-series), (iv) reddish silt with limestone clasts and (v) bedded sandy layer containing dwarf elephant

bones and volcanic tuff correlated to the KPT.

Elephant species/stratigraphical relationship: P. tiliensis
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Associated fauna: possibly deer (Bachmayer et al 1984).

Dating: P. tiliensis bone: 4.4 ka, 7.9 ka, 17 ka,; calcitic layer: 35 ka, 45 ka (uncalibrated 4c. Bachmayer
& Symeonides 1975, Bachmayer et al 1984); 21.5 ka, 30.6 ka (U-series; Bachmayer et al 1984). Deer
bone: 140 ka (U-series; Bachmayer et al 1984); flowstone: 107 ka (U-series, Hujer et al 2008)

Notes: Charkadio Cave has been extensively excavated over several field seasons from 1972 to the
present day. The cave stratigraphy has been described piecemeal and there is some ambiguity surrounding
key features such as the co-occurrence of deer and elephants, and the nature and distribution of tuff
deposits; no clear stratigraphical figures have been published. Bachmayer et al (1984) summarize the

stratigraphy of a 6m section as follows (dates are discussed in 3.4.4):

Depth: Dated to: Fauna/depositional features:

0.6m 17 ka (**C) dwarf elephants

2.5m 21.5 ka(U-series) ¢

3.1m 30.6 ka (U-series)

3.5-3.6m 35-45 ka (*'C) calcite layer

4.8mto6m 140 ka (U-series) dwarf elephants & normal sized deer

The co-occurrence of deer and elephant beneath the calcite layer is clearly stated. Theodorou
(1988) describes a different stratigraphy which has superseded that of Bachmayer et al (1984)
(Theodorou 1990, Poulakakis et al 2002b): dwarf elephant bones to a depth of 3.9m, followed by a sterile
layer, then from 4.5 to 7m a layer containing only deer. No detailed discussion exists as to why the
original stratigraphy was discredited. Deer remains are still cited as 140 ka, and dwarf elephant remains
as 45 - 3.5 ka (Theodorou 1991, Theodorou et al 2007). This suggests dates were directly derived from
bones of the respective taxa (sampling procedure is unclear in Bachmayer et al 1984), allowing the
geochronology to be retained even if the stratigraphic association of deer and elephant was overturned. It
should be noted that the methodologies employed for these dates are known to be unreliable, and these
dates should be treated with caution (3.3.1 & 3.3.4). Bachmayer & Symeonides (1975) also describe a
separate section as cave loam mixed with tuff, containing dwarf elephant bones and human artefacts,
however recent taphonomical work challenges this association, and suggests that reworking of these
deposits had occurred (Theodorou et al 2007).

Hujer et al’s stratigraphy of Charkadio Cave is at odds with the association of tuff with the deer
remains implied by Theodorou (1988), and also lacks internal consistency, as 161 ka deposits overly a
107 ka flowstone. This stratigraphy is a non-peer reviewed abstract; no independent verification of the
flowstone date can be found, and G. Theodorou describes the stratigraphy of Hujer et al (2008) as
‘unacceptable’ (G. Theodorou, pers. comm., 2008). It is clear that there is a significant need for a
definitive publication on the stratigraphy of Charkadio Cave, as the current descriptions are highly
ambiguous and tightly interwoven with extinction hypotheses. These hypotheses can only be verified if

the data supporting them is independent and well substantiated.
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Appendix 2: Measurement Repeatability

Measurement repeatability was assessed using the percentage repeat error, calculated following
White (1991). All measurements had an error of less than 5%, which is within acceptable limits.
Note that enamel thickness has high % repeat error.

Specimen Species U/L L/R ID PC L LF W CH MCH ET
44306 P. mnaidriensis a U L M3 -/112X 166 7.7 51.2 100.0 - 1.7
44306 P. mnaidriensis b U L M3 -/112X 166 7.8 49.0 99.9 - 1.7
44306 P. mnaidriensis ¢ U__L__ M3_-/112Xx 172 7.8 51.0 100.2- 1.8
Mean 168 7.8 50.4 100.1 - 1.7
Av. Deviation from mean 5.3 0.1 0.8 0.2 - 0.1
% REPEAT ERROR 3.2 0.9 1.6 0.2 - 4.4

Table A2.1. Repeatability of measurements taken on the upper molar. Percentage Repeat
error = average (Av.) deviation from mean/mean*100. Average deviation from the mean
is the average of mean-observed value. Three repeat measures were taken, with several
months passing between measurements. Abbreviations as Table 2.3

Specimen Species U/L L/R ID PC L LF W CH MCH ET
27907 P. antiquus a L R M3 119x 391 4.5 80- 133.5 2.0
27907 P. antiquus b L R M3 119x 388 4.6 80 - 137.8 1.6
27907 P. antiquus c L R__ M3 '9x 390 4.6 79-  136.0 1.8
Mean 390 4.6 79.7 - 135.8 1.8
Av. Deviation from mean 0.6 0.0 -0.9 - 0.3 0.0
% REPEAT ERROR 0.1 1.0 -1.1 - 0.2 0.9

Table A2.2. Repeatability of measurements taken on the lower molar. Legend as Table
A2.1.
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Number Species L/R A/ Lawsage LAY EMY AGE DL PAP PML DAP DML MinAP MinML DeltML

1984.516 E. maximus L J VII-VIII 6-8 5 5 436 151 120 86 157 57 59 74
1984.516 E. maximus L J VII-VIII 6-9 6 6 435 152 120 83 156 56 57 75
1984.516 E. maximus L J Vi-vill 69 6 6 433 144 125 88 158 56 56 73
Mean 435 149.0 121.7 85.7 157.0 56.3 57.3 74.0
Av. Deviation from mean 1.1 3.3 2.2 1.8 0.7 0.4 1.1 0.7
% REPEAT ERROR 0.3 2.2 1.8 2.1 0.4 0.8 1.9 0.9

Table A2.3. Repeatability of measurements taken on the humerus. Legend as Table A2.1. Abbreviations as Table 2.6

Number Species side A/J Lawsage LAY EMY AGE DL MDAP MDML PAP PML DAP DML
1984.516 E. maximus R J VII-VIII 6-8 5 5 466 45 46 135 131 89 85
1984.516 E. maximus R J VII-VIII 6-9 6 6 461 45 46 136 134 90 85
1984.516 E. maximus R J Vi-vih 69 6 _ 6 467 45 47 136 132 91 85
Mean 465 45 46.33 136 132.3 90 85
Av. Deviation from mean 2.0 0.0 0.4 0.0 1.1 0.7 0.0
% REPEAT ERROR 0.4 0.0 1.0 0.0 0.8 0.7 0.0

Table A2.4. Repeatability of measurements taken on the ulna. Legend as Table A2.1. Abbreviations as Table 2.6
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Number Species L/R A/ Lawsage LAY EMY AGE DL MDAP MaxMDML PAP DAP PML DML

1984.516 E. maximus L J VII-VII 6-8 5 5 536 45 66 59 123 135 130
1984.516 E. maximus L J VII-VIII 6-9 6 6 544 46 66 60 124 140 128
1984.516. E. maximus L J MVi-vih 69 6 _ 6 550 45.7 65.8 57 121 135 136 __
Mean 543 45.6 65.9 58.7 122.7 136.7 131.3
Av. Deviation from mean 4.9 0.3 0.1 1.1 1.1 2.2 3.1
% REPEAT ERROR 0.9 0.7 0.1 1.9 0.9 1.6 2.4

Table A2.5. Repeatability of measurements taken on the femur. Legend as Table A2.1. Abbreviations as Table 2.7

Number Species side A/J Lawsage LAY EMY AGE DL MDAP MDML PAP PML DAP DML
1984.516 E. maximus L J VII-VIII 6-8 5 5 333 52.00 54 93 119 68 162
1984.516 E. maximus L J VII-VIII 6-9 6 6 332 51.00 54 93 118 69 164
1984.516 E. maximus L J M-Vl 6-9 6 6 33 54 557 97 124 72 164
Mean 333 52.3 54.6 94.3 120.3 69.7 163.3
Av. Deviation from mean 1.1 1.1 0.8 1.8 2.4 1.6 0.4
% REPEAT ERROR 0.3 2.1 1.4 1.9 2.0 2.2 0.3

Table A2.6. Repeatability of measurements taken on the tibia. Legend as Table A2.1. Abbreviations as Table 2.8
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Appendix 3: Calibrating Amino Acid Racemisation Rates

AAR dates have been published for a number of Mediterranean dwarf elephant localities included
in this study, or for localities (e.g. Katharo Basin, Crete) that are biostratigraphically correlated with
dwarf elephant material (Table 3.5). The isoleucine racemisation’ rate (kis,) for Sicily was calibrated to D-
alloisoleucine/L-isoleucine (alle/ile) ratios in P. antiquus tooth enamel from Isernia La Pineta in central
Italy, with a correction for a +4°C mean annual temperature difference between Sicily and Isernia
(Belluomin & Bada 1985). The calibration site for Katharo Basin is not stated (Reese et al 1996),
however Belluomin & Bada (1985) is given as the reference for rate calculation, and back calculations
from the published Katharo Basin kis, are consistent with the use of Isernia La Pineta and a +5.5°C
temperature difference (calculated by me from Reese et al 1996). Where racemisation rate is dependent
on a single calibration point, any change to that calibration date will shift the ‘baseline’ for that age
calculation. At the time of the original analysis, the P. antiquus bearing layers of Isernia La Pineta were
dated to 700 ka. This date has now been revised to 600 ka (*’Ar/**Ar; Coltorti et al 2005), and thus the
dates as published are overestimates.

Following Belluomini & Bada (1985), ki, for Isernia La Pineta (ILP) can be recalculated from
[3.1] and [3.2]:

kiso = INQ/1.8t [3.1]
Q = 1+alle/ile/1-0.8*alle/ile [3.2]
then
Kiso (ILP) = 2.48 x 107 yr*

alle/ile = 0.15
t = time (years) = 600,000

Correcting for temperature difference of +4°C using the Arrhenius Equation [3.3] the new

Sicilian racemisation rate can be calculated:

k = Ae®/RT [3-3]

A = prefactor, a constant at small temperature changes
E. = activation energy = 33 kcal mol™ = 138072 J mol™
R = gas constant = 8.31 J K mol™
T = temperature (Kelvin)

! this reaction is more properly referred to as epimerisation (Penkman 2009), but | continue to use the term
‘racemisation’ because of its more general applicability in AAR dating
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Neither Belluomini & Bada (1985) nor Reese et al (1996) provide the annual temperature data
used for Isernia La Pineta, Sicily, or Crete. However, the new racemisation rates can be calculated using

ratios of the published ki, values and the new ki, for Isernia La Pineta [3.4-3.7].

ko/ ki =(Ae=RT?)/(AeB/RTY) [3.4]

k, = rate ILP = 2.48 x 107" yr*; T1 = temp. ILP
k, = rate Sicily or Crete; T2 = temp. Sicily/Crete

Given that A, Ea, R, T1 and T2 do not alter with a new k;, for Isernia La Pineta, then:

(Ae—Ea/RTZ)/(Ae—Ea/RTl) - k2(o|d)/k1(0|d) [3 . 5]
and

k2 (new) :(Ae—Ea/RT2)/(Ae—Ea/RT1) * I(l(new) [3-6]

thus

K2 (new) = Kagotay/ Koldy * Kignew) [3.7]

Kz oiay: (i) Sicily = 4.7 x 107 yr™; (ii) Crete = 6.3 x 10 " yr™
The new racemisation rates for Sicily and Crete are therefore:

Ksicity = 5.6 x 107 yr™*

Kerete = 7.4 x 107 yrt

(NB. k is usually calculated in seconds, but as this calculation is dependent on ratios, the units of k are
unimportant; years are therefore used for convenience)

New AAR dates can then be calculated for Sicily and Crete by solving the [3.1] for time (t)
(Table 3.5). These recalculated ages differ from those published by up to 100,000 years, although relative
ages remain unchanged. Those authors who continue to accept dwarf elephant AAR absolute dates as
valid should use these new recalculated dates in preference to those published. The AAR dates for Cyprus
are calibrated to the *C dates for Akr. Aetokremnos, and thus do not need to be corrected for Isernia La
Pineta’s revised age (but see below).

Because of the impact of temperature and other depositional environment factors on racemisation
rate, rates are usually calibrated against samples and sites selected for their similarity to that under
investigation. Where a close match is not possible, temperature can be corrected for, as shown above. For
dwarf elephant AAR dates, the choice of calibration site is a pragmatic one: Isernia La Pineta is one of the
best-dated P. antiquus localities in Italy (Coltorti et al 2005), and the paucity of other equally well studied
sites precluded multiple calibration dates. Published Cretan rates were temperature-corrected using
Cyprus’ annual temperature (Reese et al 1996). Following the same logic, Cretan rates ought also to be

applicable to Cyprus, and vice versa. On Cyprus, however, the **C dates for Akr. Aetokremnos allowed
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for local calibration using the site average of 10 ka. The impact of this can be seen by comparing the
alle/ile ratios of samples from Sicily and Cyprus directly (Table 3.5): Akr. Aetokremnos alle/ile values
are similar to those from Puntali Cave, yet their AAR ages are an order of magnitude different. This
difference is entirely due to the choice of calibration date.

One could argue that there is as good a case for calibrating Sicilian and Cretan material to Akr.
Aetokremnos as to Isernia La Pineta, or vice versa (Table 3.5., Recalc. Age 2). This would fundamentally
alter our perceptions of the antiquity of Sicilian and Cretan dwarf elephants. Objectively deciding on
which calibration date is more appropriate is impossible without additional reliable, independent dating.
ESR dates from Crete, Cyprus and Sicily (see below) provide some support for the use of Isernia La
Pineta for Sicily and Crete, and Akr. Aetokremnos for Cyprus. These comparisons do, however, indicate
that racemisation rate is not the same at Isernia La Pineta and Akr. Aetokremnos, and that Mediterranean-
wide generalizations of ki, are inappropriate, even when temperature effects are accounted for. A single
calibration date for any AAR protocol is insufficient (Clarke & Murray-Wallace 2006), particularly for
the fluctuating climatic conditions of the Quaternary. As with **C calibration, multiple, paired calibration
points are needed, to assess the temporal shifts in racemisation rate, and model the rate equation
accordingly. Until such time, AAR dates associated with Mediterranean faunas should be treated with

caution.
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Appendix 4: Correspondence between Hugh Falconer and
Charles Darwin, 1859 - 1863

Reproduced from http://www.darwinproject.ac.uk). Footnotes are only included where

deemed necessary; all in-text references to footnotes are retained to allow cross-reference
with the on-line originals.

Letter 2511: 25" October/12" November 1859, Falconer to Darwin
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Letter 2524: 11" November 1859, Darwin to Falconer

Letter 2587: 17" December 1859, Darwin to Falconer

Letter 2863; 9 July 1860, Falconer to Darwin
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Letter 2927a: 25" September 1860, Lyell to Darwin (including reference to
Falconer’s opinion of elephant evolution and Origin of Species)
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Letter 3737: 24™-27" September 1862, Falconer to Darwin
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Letter 3746: 1% October 1862, Darwin to Falconer

Letter 3747: 1% October 1862, Darwin to Lyell (containing ref. to Falconer’s changing views)
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Letter 3806: 14" November 1862, Darwin to Falconer

Letter 3898: 3rd January 1863, Darwin to Hooker
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Letter 3908: 8" January 1863, Falconer to Darwin
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Appendix 5: Postcranial variation and sexual dimorphism in

Mediterranean dwarf elephants

A5.1. Introduction

The predicted bimodal distribution of adult post-cranial variables within a size-dimorphic species
can pose problems when deciding whether a sample contains one sexually dimorphic species, or two
distinct, non-dimorphic, species. Overlap between distributions and the comparison with other dimorphic
species is often used as evidence in support of sexual dimorphism (Plavcan & Cope 2001). We cannot,
however, predict a priori the degree of sexual dimorphism in insular dwarfs, nor the degree of size
divergence between species, and known dimorphic traits should not be used for taxonomic discrimination
(Cope & Lacy 1995).

High levels of sexual size dimorphism are known in extant and extinct full-sized elephants (Moss
1988, Lister 1996b, Tassy 1996b, Sukumar 2003), with male elephants sometimes reaching twice the
adult body mass, and 1.5 times the adult height of a female elephant (Hanks 1972, Laws et al 1975). This
size-dimorphism is reflected in the post-cranial dimensions of full-sized elephants (section 5.3.4). It is
reasonable to assume that dwarf elephant taxa will also exhibit sexual size dimorphism in their post-
cranial dimensions, and this has been inferred from the Spinagallo Cave and Tilos dwarf elephants
(Ambrosetti 1968, Theodorou 1983, Theodorou et al 2007). The absence of a bimodal distribution in
post-cranial variables is not, however, evidence for a lack of sexual dimorphism. Assemblages may be
taphonomically biased to single sex assemblages (Berger et al 2001), and with small sample sizes, even
non-overlapping male and female distributions can appear unimodal (Godfrey et al 1993). Here |
investigate the pattern of post-cranial variation to identify sexual size-dimorphism, and to identify if there
these patterns are compatible with a single species hypothesis for the mOTUs they are associated with
(Chapter 4).

Ab.2. Methods

Post-cranial variables (Table A5.1) were measured for dwarf elephants from Sicily, Malta and
Tilos following the protocols in Chapter 2. Bivariate scatter-plots (natural logarithm transformed (Ln)
variables) of all pairwise comparisons, and frequency distributions (untransformed measures) were
produced for the adult humerus, ulna, femur and tibia. Specimens were identified as ‘adult’ based on their
late-fusing epiphyses (see Chapter 5), to minimize ontogenetic variation in the samples. Plots were
arrayed to facilitate visual comparisons (point colours indicate fossil locality). Sicilian plots and
distributions were visually assessed for (i) disjunction between specimens from different sites (gaps
between site clusters) and (ii) possible bimodalism within each site (sexual dimorphism). Tilos bivariate

plots were assessed for bimodalism only (sample is from a single site). If within-site bimodalism was
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observed, specimens were grouped into small and large size categories, and provisionally designated
‘female’ and ‘male’, respectively. Ratios of mean diaphysis length (DL) between these putative sexes
were calculated for each mOTU and compared to literature values for extant elephant sex-differences in
shoulder height, to identify whether inferred dimorphism in dwarf taxa approximated that in extant taxa.
Adult post-cranial material from Malta and Cyprus was too fragmentary to merit similar treatment, but
Maltese material (juvenile and adult) was plotted with Sicilian material to see if post-cranial similarity

between named taxa corroborated dental phenetic groupings from Chapter 4.

Ab5.3. Results and Discussion

Ab.3.1. Sicily

Patterns of post-cranial variation in Sicilian dwarf elephants are consistent with the phenetic
groupings based on M3 variation (4.3.3), and the presence of at least three different-sized dwarf taxa is
supported. In all long-bones, for all univariate and bivariate comparisons of shaft variables, there is clear
disjunction between Spinagallo Cave specimens and the material from Puntali Cave, Za Minica, San
Teodoro Cave and unknown Sicilian localities (which cluster together for all variables; Figures A5.1-
Ab.4). This conforms to predictions of phenetic similarity between Puntali Cave and Za Minica material
based on molar variation (there are no San Teodoro Cave M3s and no C. di Carini postcrania for
comparison).

Bimodality is evident in Spinagallo Cave post-cranial material, consistent with sexual dimorphism
(Figures A5.1-Ab.4). Specimens in the large-size class were considered probable males, those in the
small-size class probable females. Any points that did not consistently group with either size class, or
were intermediate in size, were not assigned to a sex category; this will enhance apparent male-female
size difference and be likely to overestimate sexual dimorphism. Sexual size dimorphism ratios of shaft
lengths and widths are, however, within the range seen in extant elephant taxa (all measures, Table A5.2),
and are also in line with shoulder height dimorphism observed in African elephants (males 1.5 x female
shoulder height; Hanks 1972, Laws et al 1975). This supports the presence of a single, size-dimorphic
elephant taxon at Spinagallo Cave.

‘Large-sized’ dwarf elephants cluster closely together for all long-bones, except for single outliers
in both the tibiae and femora from Puntali Cave. These could potentially represent female specimens, and
dimorphism ratios between these individuals and the remaining Puntali Cave material confirm that size
differences could be accommodated by dimorphism patterns in other elephant taxa (Table A5.2).
However, as the amount of variation in a single sex has not been fully investigated (and is beyond the
scope of this thesis; this would require a much larger extant elephant data set with individuals of known
sex), and a single outlier cannot provide clear evidence of bimodality, assignation of sex cannot be made
with confidence.

Luparello Cave post-crania plot within the range of Spinagallo Cave ‘male’ (ulna Ln MDML vs Ln
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PML or LN PAP) and ‘female’ (distal ulna, distal humerus) specimens, or between Spinagallo Cave and
the ‘large-size’ elephant cluster (humerus, ulna and tibia; Figures A5.1, A5.2 & A5.4). This implies the
presence of three size-classes, consistent with both the separation of Luparello Cave dental material into
two mOTUs, and the presence of a ‘medium-sized’ Sicilian dwarf elephant. This variation can be
interpreted as either (i) a medium-sized dimorphic taxon where Luparello ‘females’ are equivalent in size
to Spinagallo ‘males’ (ulna MDML dimorphism ratios of 1.52 are within the range of L. africana; Table
Ab5.2), plus a small-sized taxon of unknown sex, (ii) a small-sized taxon, equivalent in size and
dimorphism to Spinagallo Cave, plus a medium sized taxon of unknown sex, or (iii) a single taxon which
is higher in variation and dimorphism than other elephant species (tibia MDML ratios are considerably
higher than those of other extant and dwarf taxa, although tibia DL ratios are only marginally higher;
Table A5.2). There is not sufficient post-cranial evidence to definitively separate Luparello Cave post-
cranial material into distinct taxa, and lack of association means that we also cannot establish how these

post-crania match up with dental mOTUs. This has implications for dwarfing trends (see below).

A5.2. Malta

Maltese postcranial material is scarce, fragmentary and mostly juvenile, and thus of limited
taxonomic utility. However, post-cranial material is included in the type-series of each Maltese taxon
(Appendix 6). No post-cranial material from Ghar Dalam was included in this study, and thus Maltese
post-crania come from sites with dental material assigned to either Malta 1 (equivalent to the P.
melitensis hypodigm) or Malta 2 (equivalent to the P. mnaidriensis hypodigm), and is assumed to belong
to one of these mOTUs. The validity of P. falconeri, for which dental material was undiagnostic, also
rests on the post-cranial material in its type-series.

Maltese humeri, ulnae (Figure A5.5), femora and tibiae (Figure A5.6) are shown in the context of
Sicilian post-cranial variation. With the exception of one ulna specimen (NHM 44554), the Maltese
material follows the intra- and inter-specific trends observed in Sicilian elephants. Size, therefore, is the
primary diagnostic character, and unfused (juvenile) material has little diagnostic value, unless it can be
show to be larger than the upper extreme of the adult size range in a taxa.

All material exclusively assigned to P. falconeri is juvenile, and all of it falls within the juvenile
range of Spinagallo Cave and Luparello Cave juvenile material. Two well-preserved specimens, the
humerus NHM 49253 and the femur NHM 49260 were attributed to P. falconeri by Busk (1867) and to
P. melitensis by Falconer (1868) (black or grey cross, Figures A5.5A & A5.6A). The unfused femur falls
in the upper range of Spinagallo Cave juvenile material, whilst the distally fused humerus (potentially
still growing longitudinally, see Chapter 5) falls in the lower range (= ‘female’) of Spinagallo adult
material. Both specimens are therefore consistent with inclusion in the same phenetic grouping as the
Spinagallo Cave material. Although the femur could not be excluded as a juvenile of a larger taxon, it is
unlikely the humerus would have reached a final size outside of the Spinagallo Cave range.

Adult ‘P. melitensis’ humeri fall within, or close to, the upper-end of the adult range (= ‘male’) of
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Spinagallo Cave material (open triangles, Figure A5.5A). The larger of these specimens is from Zebbug
Cave, the smaller from Benghisa Gap. If NHM 49253 (see above) is considered to belong to the same
taxon, then the ‘P. melitensis’ sample would be consistent with a taxon similar in size and level of
dimorphism to the Spinagallo Cave material (PML ratios, Table A5.2). This is in line with the proposed
molar phenetic grouping. However, a juvenile humerus head from Gandia Fissure, assigned by Adams
(1874) to P. melitensis, falls well outside of the Spinagallo Cave adult range, and close to a Luparello
Cave specimen. This specimen is still growing, and it is impossible to know its predicted adult size. If it
were close to the end of longitudinal growth, the size range between this specimen and the other P.
melitensis material could be interpreted as sexual dimorphism in a medium-sized taxon, and the smaller
humerus material assigned to a separate taxon of smaller size. A femur from Zebbug Cave (NHM 49230,
diaphysial section, no fusion stage information) also falls at the upper limit of the adult Spinagallo Cave
material (Figure A5.6A). This specimen could be adult, or may not have reached it full-size, and is
therefore consistent with either a small- or medium-size for P. melitensis.

Adult material attributed to P. mnaidriensis (open squares, Figures A5.5 & A5.6) falls at the lower
limit, or just outside, the Sicily 3 adult ranges for each long-bone (there are no adult P. mnaidriensis
ulnae). An unfused distal fragment of femur diaphysis, NHM 44459, clusters with an adult P.
mnaidriensis specimen, NHM 44433, from Mnaidra Gap (Figure A5.6A). The distal femur is the early-
fusing epiphysis in this bone (see Chapter 5), indicating that NHM 44459 may not have reached full
adult-size. The adult tibia, NHM 44440, is also similar in proximal and midshaft diameter to a specimen
from Luparello Cave, F2928. With NHM 44430/8, this bridges the gap between F2928 and Sicily 3
(Figure A5.6B). Diaphyses length, however, shows a much larger separation between NHM 44430/8 and
F2928 than shaft width measures. These specimens can be interpreted as a different taxon to P.
melitensis, following the designation of Adams (1874), or be treated as the ‘male’ phenotype of the P.
melitensis material already discussed; dimorphism ratios of Head AP are consistent with this (Table
A5.2).

A5.3.3. Tilos

The majority of the P. tiliensis syntypes are post-cranial specimens (Theodorou et al 2007), and
some syntype material was included in this study (square points, Figures A5.7-A5.10). Although the full
syntype series was not assessed, a large number of referred specimens from the type locality of Charkadio
Cave permitted a consideration of the post-cranial variation in P. tiliensis Visual assessment of bivariate
scatter plots and univariate distributions of postcranial shaft variables indicate the presence of two size
clusters/probable bimodality in the humerus (Figure A5.7), ulna (Figure A5.8), femur (Figure A5.9) and
the tibia (Figure A5.10), consistent with a single, sexually dimorphic taxa. Ratios of putative ‘males’ to
putative ‘females’ are also well within the range seen in extant elephants (Table A5.2), further supporting
a single-species hypothesis for P. tiliensis. All syntype material fell within the range of referred adult

material from Charkadio Cave, although syntypes T.01.198.2 (ulna; Figure A5.8, light green square) and
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T01.136 (tibia; Figure A5.9, light green square) appear to be wider at the midshaft than the average
‘female’ specimens. However, neither specimen can be considered an ‘outlier’ and this is likely to reflect
normal variation in these variables. P. tiliensis post-cranial variation is thus consistent with the presence

of a single species.

Ab5.4. Conclusions

Maltese and Sicilian post-cranial variation is consistent with the presence of three size-classes of
elephants, supporting the findings based on M3 phenetic groupings (Chapter 4). For Maltese and
Luparello Cave material, this can be interpreted as two size-dimorphic taxa, in line with the number of
mOTUs identified at these sites: either (i) males and females of a small-sized taxon, equivalent in size to
Spinagallo Cave, and a larger taxon of unknown sex, approaching Sicily 3 in size or (ii) males and
females of a medium to large-sized taxon, and a small-sized taxon of unknown sex, equivalent in size to
Spinagallo Cave females. Dental material (Chapter 4) cannot act as an arbiter between these two
scenarios, as post-cranial and dental material is unassociated, and thus it is also not possible to assign the
post-crania to a particular mOTU with confidence. The validity of P. falconeri as a Maltese taxon is not
upheld by post-cranial material: size variation between P. falconeri and ‘P. melitensis’ is consistent with
sexual dimorphism. P. tiliensis variation is consistent with a single species hypothesis and this taxon is

considered valid.
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Ulna Humerus Tibia Femur
Total Length (TL) TL TL TL
Diaphyseal Length (DL) DL DL DL
Midshaft AP Diameter (MDAP) Min. AP Diameter (MinAP) MDAP MDAP
Midshaft ML Diameter (MDML) Min. ML Diameter (MinML) MDML MA5. MDML (Max_MDML)
Proximal AP Diameter (PAP) PAP PAP PML
Proximal ML Diameter (PML) PML PML DAP *
Distal AP Diameter (DAP) DAP DAP DML*
Distal ML Diameter (DML) DML DML
Deltoid ML Diameter (DeltML)

Table A5.1. Post-cranial parameters employed in this study. All measurements are taken in mm. Details of measurements and indices in Chapter 2. Min. is
minimum; MA5. is maximum. Postcranial variables are logged for use in bivariate plots.

Table A5.2. Sexual size dimorphism in dwarf elephant OTUs. ‘Male’ and ‘female’ dwarf elephants are inferred from patterns of post-cranial variation, and
compared with extant elephant specimens of known sex. Because the sample sizes are small, especially for extant taxa, and variation within a sex unknown,
ratios of mean values were considered to be a poor indicator of the possible range of sexual size dimorphism. Thus, ‘minimum’ (Min) and ‘maximum’ (Max) size
dimorphism ratios (M:F) were calculated: the minimum M:F is Min male value/Max female value, max M:F is max male value/min female value. Within taxa,
mean, min and max M:F values are broadly similar between bones and measures. Between taxa, dwarf M:F values are similar to extant elephant values. Only
Luparello Tibia MDML shows a M:F ratio that is considerably higher than other taxa (highlighted in grey), and there is evidence of multiple taxa at this site based
on dental evidence. Ratios for Malta large and small specimens are also broadly consistent with the sexual dimorphism of other dwarf taxa, and in extant
elephants for other measurements, although the mA5. ratio of Head AP is quite large (highlighted in grey). M:F PML ratios for Maltese elephants illustrate
putative dimorphism | a “‘small-sized” taxa equivalent in size to Spinagallo Cave, whereas Head AP ratios are for a larger-sized taxon (thus the ‘males’ in PML are
treated as ‘females’ in Head AP). Minimum M:F values in extant taxa suggest that males and females are similar, or overlap, in size at the lower and upper ends
of their respective size ranges, thus lack of clear bimodalism in limited fossil sample is not good evidence for the presence of a single sex sample.
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Table A5.2. Sexual size dimorphism in dwarf elephant OTUs. Legend overleaf.

401



Figure A5.1. Variation in adult Sicilian dwarf elephant humeri.
A. Scatter-plot matrix of Ln humerus variables. B. Frequency
distributions for untransformed variables. Note the clear
disjunction of Spinagallo Cave humeri (red) from Puntali Cave
(orange) and Za Minica (purple) humeri on all bivariate plots.
Puntali Cave and Za Minica are combined (=Sicily 3; orange bars)
in B. Luparello Cave (blue) falls between these two distinct
clusters on the bivariate plots, but a smaller individual (fused
distally only) is included in B, which falls within the variation of
Spinagallo Cave. There is a wider scatter and suggestion of
bimodality/two size-clusters within the Spinagallo Cave sample,
inferred to indicate a sexually size-dimorphic population. The
observed variation and the presence of a single cluster of Puntali
Cave and Za Minica specimens suggest the presence of a single
sex-assemblage.



Figure A5.2. Variation in adult Sicilian dwarf elephant
ulnae. A. Scatter-plot matrix of Ln ulna variables. B.
Frequency distributions for untransformed variables.
Point and bar colours as Figure A5.1, light purple points
are from unknown Sicilian localities. Again, there is a
clear disjunction between Spinagallo Cave and Puntali
Cave/Za Minica/unknown locality (Sicily 3), with
Luparello specimens clustering with either Spinagallo
Cave or intermediary in size between it and Sicily 3.
There is some suggestion of bimodality in Spinagallo
Cave, but disjunction between size classes is not clear.
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Figure A5.3. Variation in adult Sicilian dwarf elephant
femora. A. Scatter-plot matrix of Ln femur variables. B.
Frequency distributions for untransformed variables. Point and
bar colours as Figure A5.1. Spinagallo Cave and the Sicily 3
cluster are disjunct for all measures. A small adult (potentially
female) from Puntali Cave bridges the gap. Bimodality and two
size-clusters are also evident in the Spinagallo Cave material.
There are no adult Luparello Cave femora for comparison.
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Figure A5.4. Variation in adult Sicilian dwarf elephant
tibiae. A. Scatter-plot matrix of Ln tibia variables. B.
Frequency distributions for untransformed variables.
Point and bar colours as in Fig. A5.1; green is San
Teodoro Cave. As with the other long-bones, there is
clear disjunction between Spinagallo Cave and Sicily 3;
Luparello Cave specimens fall within Spinagallo Cave
variation, or between the two main size clusters. There
is bimodality/two disjunct size clusters within Spinagallo
Cave, but not in Sicily 3.
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Figure A5.5. Comparison of Maltese and Sicilian dwarf elephant forelimb measures. [A]
humerus [B] ulna. Maltese specimens are plotted alongside Sicilian dwarf elephant material
(closed circles). The fusion state of each specimen is indicated by the point colour, with
darker colours representing developmentally later stages: Black ‘spectrum’ is Malta: grey,
unfused; black, fused. Red spectrum is Spinagallo Cave: light pink, unfused; dark pink, ‘early
fusing’ epiphyses fused, late fusing epiphyses unfused or missing (see Chapter 5); red, both
epiphyses fused or late fusing epiphyses fused, early fusing epiphyses missing. Blue spectrum
is Luparello Cave: light blue, unfused; dark blue fused. Orange spectrum is Puntali Cave: light
orange, unfused; dark orange, fused. Purple spectrum is Za Minica: light purple, early fusing
epiphyses fused, late fusing epiphyses unfused or missing; dark purple, both epiphyses fused
or late fusing epiphyses fused, early fusing epiphyses missing. This allows non-adult Maltese
specimens to be assessed relative to similar developmental stages in Sicilian specimens.
Symbols for Maltese elephants follow type-series identifications: x, P. falconeri and ‘P.
melitensis’; open circles, P. falconeri; open triangles, ‘P. melitensis’; open squares, P.
mnaidriensis; black closed circles, unspecified taxonomic affinity.
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Figure A5.6. Comparison of Maltese and Sicilian dwarf elephant hind-limb measures. [A]
femur [B] tibia. Maltese specimens are plotted alongside Sicilian dwarf elephant material
(closed circles). Green is San Teodoro Cave (fused epiphyses) other symbols and colours as in
Figure A5.5. Black arrows indicate the approximate position of very fragmentary Maltese
material that have been included for completeness, but whose measurements cannot be
considered equivalent to other specimens due to their damaged or fragmentary nature. As
the magnitude of error in these specimens is not known, the arrows represent the general
trend of predicted measurement increase.
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Figure A5.7. Dimorphism in adult Tilos dwarf elephant
humeri. A. Scatter-plot matrix of humerus shaft Ln
variables showing bivariate variation and B. univariate
frequency distributions of untransformed variables.
Square points are syntypes (Theodorou et al 2007). Light
green points and white bars represent ‘female’
specimens; dark green points and grey bars are ‘male’
specimens. Points were selected in an interactive graph
format in JMP 7, which simultaneously selected the
same specimens in all other charts. Specimens could
then be verified as cluster across all parameters. Note
the clear division and lack of overlap between the two
groups: MInAP is the only parameter to show overlap
between these two size classes. Bones are classed as
adults based on proximal fusion.
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Figure A5.8. Dimorphism in adult Tilos
dwarf elephant ulnae. A. Scatter-plot
matrix of ulna shaft Ln variables showing
bivariate variation and B. univariate
frequency distributions of untransformed
variables. Square points are syntypes
(Theodorou et al 2007). Light green
points and white bars represent ‘female’
specimens; dark green points and grey
bars are ‘male’ specimens. open
circles/black bars are specimens that
could not be consistently assigned to a
size class.
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Figure A5.9. Dimorphism in adult
Tilos dwarf elephant femora. A.
Scatter-plot matrix of femur shaft Ln
variables showing bivariate variation
and B. univariate frequency
distributions of the same
untransformed variables. Points and
colours as in Figure A5.7.
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Figure A5.10. Dimorphism in adult Tilos
dwarf elephant tibiae. A. Scatter-plot
matrix of tibia shaft Ln variables showing
bivariate variation and B. univariate
frequency distributions of the same
untransformed variables. Point/bar
colours as in Figure A5.7. ‘Sex’ was
primarily assigned based on TL and DL
measures, and there is a lack of
disjunction, or overlap, in shaft breadth
measures.

412



Appendix 6: Type-series and referred material for Maltese elephants

Table A6.1. Molar type-series and referred material for P. falconeri (Busk 1867). Type and referred specimens were identified by cross-referencing text and
figures in Busk (1867), Falconer (1868) and Adams (1874) with Lydekker (1886) and NHM material. Species attribution is based solely on the explicit identification
of the cited author, or reasoning therein, and nomenclature in the table reflects usage of that author. Molar identification follows that given in these

references. Shaded rows are specimens included in this study. Specimens were excluded only if (i) they were not located or (ii) were considered too fragmentary

to yield useful measurements. Note that no M3 teeth are referred to E. falconeri, and that two teeth (49267 & 49239) also form part of the type series for E.
melitensis
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Table A6.2. Molar type-series and referred material for ‘P. melitensis’ (Falconer, in Busk 1867). Legend as Table 4.7. The type series includes those
specimens attributed to ‘E’. melitensis by Falconer (1867, in Busk, 1868); specimens noted by Busk (1867) and Adams (1874) are referred material, but not part
of the type series. T denotes the specimen fixed as type for P. melitensis in Osborn (1942).
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Table A6.3. Molar type-series and referred material for P. mnaidriensis (Adams 1874). Legend as Table 4.7. The type series includes those specimens
attributed to ‘E’. mnaidriensis by Adams (1874). T and P denote specimens fixed as type and paratype, respectively, for P. mnaidriensis in Osborn (1942).
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Table A6.4. Limb-bone type-series and referred material for P. falconeri, ‘P. melitensis’ and P. mnaidriensis. Legend as Table 4.7. Only material referred
to E. falconeri by Busk (1867), to E. melitensis by Falconer (1868) and to E. mnaidriensis by Adams (1874) are part of the respective type-series for those
species. All other specimens are referred material. Shaded rows are specimens included in this study. Specimens were excluded only if (i) they were not located
or (ii) were considered too fragmentary to yield useful measurement.
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Appendix 7: Preliminary cladistic analysis of dwarf elephant
relationships

A7.1. Approach

A preliminary cladistic analysis was carried out in PAUP 4.0 (unordered, unweighted characters,
heuristic search, random step-wise addition) to investigate the interrelationships of dwarf elephants and
European and African mainland taxa. Character polarity was determined by the outgroup, Primelephas
gomphotheroides. The number of characters (n=9, Table A7.1) was less than the number of terminal taxa
(n=20) and a fully resolved most-parsimonious tree could not be expected. Dwarf elephant and P. antiquus
data were collected for this study, but the remaining data was taken from measurements, descriptions and
photographs in Maglio (1973). Without first-hand measurements for some taxa, or a consideration of the
normal variation of characters within them, it was only possible to produce a very simplistic coding scheme.
For example, ‘Character 1’ (Table A7.1) codes for medial expansion(s) (presence or absence) on enamel
wear figures, but no distinction was made between the presence of a large, looped expansion (the likely
plesiomorphic sate) and the possibly more derived ‘triangular’ expansion seen in Palaeoloxodon. Equally, no
distinction was made if expansions were present on both edges of the enamel figure, or just one, although
this might potentially be informative. In addition, molar characteristics alone are not thought to be sufficient
for resolving proboscidean relationships. Unfortunately my dwarf elephant dataset is currently limited to
dental and post-cranial specimens, this latter requiring detailed consideration to develop suitable character
coding. As this was a preliminary analysis, and the number of most parsimonious trees so high, the
differences between trees was not explored in detail, and instead a consideration of the strict and majority-

rule consensus trees was used to identify key sources of incongruency.
A7.2. Results and Discussion

100% of 1278 most parsimonious trees returned a (P. antiquus, M. trogontherii, P. iolensis) clade
(Node G, Figure A7.1) and 100% of trees supported L. adaurora as sister taxa to all other Elephantidae taxa
included in the analyses (Node B, Figure A7.1). Consequently, Loxodonta and Mammuthus are shown to be
paraphyletic. The lack of congruence between trees, and the position of M. trogontherii (a well-studied taxon
with clear Mammuthus affinity) with a palaeoloxodontid clade suggest there are insufficient characters and
potential character coding issues for robust cladistic analysis. Table A7.2 provides the data matrix and ci and
ri values for each character (taken from Tree 1 of 1278 trees). From this it can be seen that characters 4
(enamel folding) and 9 (plate number) have the highest ci and ri values, whereas characters 3, 7 and 8
(enamel figure shape, length/width and size-corrected enamel thickness) are the most homoplasious.
Interestingly, all of the most likely ancestors for Sicilian, Maltese and Cypriot dwarf elephants (Chapter 4)
have highly folded enamel, and thus the less folded enamel of their dwarf descendents is assumed to be a

homoplasious secondary loss in each independently evolving lineage, rather than a symplesiomorphy as
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shown here (Figure A7.1). The topology of the consensus tree place the smaller dwarf elephant taxa more
basal to the larger dwarfs and their putative mainland ancestors (the Palaeloxodon clade; Figure A7.1),
whereas the opposite relationship (at least with respect to non-dwarf taxa) would be predicted. This further
suggests that the dwarfing process results in the loss of key synapomorphies and the homoplasious evolution
of characters; cladistic analysis using parsimony interprets these characters as symplesiomorphies because
there are more dwarf taxa than there are full-sized ones.

The most consistently returned dwarf elephant/full-sized elephant sister taxa relationship was that
between M. creticus and M. meridionalis, in line with phenetic grouping (93% of 1278 trees). The remaining
dwarf taxa are grouped within palaeoloxodontid-like clade. The grouping of L. atlantica with Palaeoloxodon
may also be indicative of the need for revision of the North African fossil elephants. Clearly a more detailed
analysis, with exploration of character coding, character weighting and possibly partitioning of data is
necessary for a robust cladistic analysis of dwarf elephant relationships. This is beyond the scope of my

thesis, but this preliminary analysis raises interesting questions and provides a basis for future work.
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Character

0

1

2

1 | Medial Expansion

always absent

sometimes present

always present

2 | 2° Expansion

always absent

sometimes present

always present

3 | Enamel Figure

parallel-sided figures;
‘lozenge’ or ‘cigar’
shapes always absent

lozenge’ or ‘cigar’
shapes sometimes
present

‘lozenge’ or ‘cigar’
shapes always present

4 | Enamel Folding

always unfolded

unfolded or lightly
folded

lightly or heavily folded

5 | Early Wear short-long-short short-long-short pattern | short-long-short pattern
Pattern pattern always absent | sometimes present always present

6 | HI <100 100 - 150 >150

7 | L/W*100 <250 250 - 350 >350

8 | Av. <3 3-4.5 >4.5
Enamel/W*100

9 | Mean Plate Count | <10 11-16 >16

Table A7.1. Characters and character scoring for elephant taxa. Characters 1-5 were originally scored
for individuals as per Table 4.4 in Chapter 4, but within-taxa state variation required taxa be rescored as
above. This crudely reflects the frequency of character state occurrence in a taxa, but makes no
distinction as to whether one state is more prevalent than another (unless that state has become fixed at
the taxon/population level). Characters 4-9 are semi-quantitative as they reflect a qualitative division of
a probably continuous variable. Distinction between character states was made by qualitative assessment
of ‘gaps’ in the observed character distribution: quantitative gap-coding analysis was not employed.
Characters 6 and 7 aim to capture the relative shape of the tooth (i.e. a score of 0 for both characters 6
and 7 indicates a tooth that is relatively broad, short and low crowned, whilst a score of 2 for both
indicates a relatively narrow, long and high-crowned tooth).
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Table A7.2. Character matrix for 20 terminal taxa included in this analysis. ci and ri values shown for
characters based on Tree no. 1 of 1278 most parsimonious trees found. OTUS for dwarf elephants were
equivalent to site, or sub-site level groupings, (with the exception of Malta, where OTUs were the type-
series, see Chapter 4 for discussion) to reflect the lowest unit of phenetic grouping. This was done to
investigate whether cladistic characters would support the monophyly of higher level groupings identified

by phenetic analysis, however lack of resolution within, and incongruency between trees meant such
support was not forthcoming.
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Figure A7.1. Unrooted 50% majority rule consensus of 1278 most-parsimonious trees. For all trees,
Tree length = 29, Cl = 0.6207, Rl = 0.7381, RC = 0.4581. 20 terminal taxa, 9 unordered, unweighted lower
M3 characters. Character polarity defined by outgroup (Primelephas gomphotheroides). Numbers indicate
the percentage occurrence of that node amongst the 1278 most parsimonious trees.
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Appendix 8: Using epiphyseal fusion to age elephant specimens

A8.1. Introduction

Epiphyseal fusion has three potential uses: (i) it is a developmental marker for the cessation of
longitudinal growth, and can potentially be used to subdivide fossil samples into developmentally
equivalent (in terms of longitudinal growth rate) groups, (ii) the relative order of epiphyseal fusion across
the skeleton may show species specific-trends, and differences in this relative order may provide evidence
of heterochrony, and (iii) the degree of fusion at an epiphysis may correlate closely with age, and
therefore provide an aging tool. These latter two should not be conflated, although one may follow from
the other.

Previous research on elephants has suggested that postcranial fusion sequences provide a tool for
aging specimens (Lister 1999). However, as yet, no clear demonstration has been made of the efficacy of
this approach. Roth (1984) explored the relationship of dental stage with skeletal fusion graphically, but
provided no correlation or regression data in support and described the relationship as ‘not simple,
although some patterns are apparent’ (p.12). The study by Lister (1999) established a relative fusion order
for M. primigenius, and demonstrated that specimens could be developmentally ranked using this order,
but did not show whether this ranking could be accurately used to age a specimen. This distinction is
fundamental. Without an understanding of the variation between ages of specimens at the same
developmental stage, we cannot know what error surrounds our aging tool. The aging methodologies for
elephant teeth recognise this; postcranial methods, thus far, have not. Here, | make the first detailed
assessment of the correspondence between epiphyseal fusion and dental ages in elephants, and assess the

suitability of epiphyseal fusion as a tool for aging.

A8.2. Method

Samples and epiphyseal scoring follow Section 5.2. The use of epiphyseal fusion as a tool for
aging specimens is dependent on there being significant differences between the ages of individuals at
different fusion stages in a particular epiphysis, as well as significant differences between the mean age of
fusion between different epiphysis. Age range, mean age, standard deviation and standard error were thus
calculated for each fusion category. Unpaired, two-sample t-tests were used to test for significance in
mean age between adjacent fusion stages for each epiphysis, and for difference in mean ages between
epiphyses at the same stage of fusion. As females are expected to fuse earlier than males, where possible,
unpaired, two-sample t-tests were also used to test for significant differences between male and females
of the same species, for each fusion stage in each epiphyses. If there was no significant difference in any

of the above tests, efficacy of epiphyseal fusion as an aging tool was called into question.
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A8.3. Results & Discussion
A8.3.1. Sample biases in age distribution

This study includes the largest dataset so far of African and Asian elephants with associated
dental and skeletal material assembled and assessed for epiphyseal, yet age-biases still occur (Figure
A8.1). These represent a collection bias rather than the underlying demographic profile of each species. L.
africana has a highly skewed age profile, with a large number of individuals under 5 years of age. This
affects the mean age of all unfused epiphysis. To investigate the potential impact, a subset of the L.
africana sample was selected by choosing, at random, one representative individual for each dental age
category under 5 years. This reduced the sample by 13 individuals, and is a conservative test for the
differences in mean ages within and between fusion stages and epiphyses as it increases the mean age for
unfused epiphyses. Both total and reduced L. africana samples were included in statistical analyses.
Ideally, a re-sampling procedure would be employed on a larger dataset to remove age-profile biases, and
epiphyseal fusion ages assessed accordingly on repeated subsets of this dataset. The available dataset was
considered too small to benefit significantly from such a procedure, particularly as gaps in the age-
profiles cannot be corrected by any normalisation procedure.

Age-profile gaps are particularly problematic if they span key age-ranges where transition
between fusion stages is thought to occur. As these key-ranges cannot be identified a priori, and post hoc
identification based on species comparisons could invoke circular reasoning, care must be taken when
considering the upper and lower limits of age ranges of fusion stages when they adjoin a sampling gap.
For example, the E. maximus sample does not include individuals of 20-25 years or 39-56 years, periods
which, in L. africana, encompass the transitions from O to (X) and (X) to X in many epiphyses (Figure
A8.1 & A8.2). While we cannot assume that the fusion ranges of E. maximus should be similarly
extended, we should be aware of this possibility, and that comparing age ranges and means directly
across species is, therefore, inappropriate for these data. P. antiquus and M. primigenius samples include
very few individuals under the age of 30, under-sampling unfused and early fusing individuals, and
potentially inflating the mean ages of these groups.

Despite this, the ordered nature of fusion does allow for certain assumptions to be made,
mitigating some of the problems caused by age-sample biases and small sample sizes. If a later fusion
stage is observed at younger age than for the preceding stage in the same epiphysis, we can say that the
preceding stages age-range must also encompass that age. Similarly, if an earlier stage is observed at an
older age than a later fusion stage in the same epiphyses, the age-range of the later stage must be
extended. If a fusion stage is observed either side of an age gap, we know that the same fusion stage
occurs in the un-sampled age range (though not the frequency of occurrence). It is also only necessary to
sample the upper and lower age ranges of the unfused and fused fusion states, respectively, to reconstruct
the true age-range for those fusion stages in an epiphyses. Hence, the lack of individuals over 54 in L.
africana does not prevent the observation that fused epiphyses occur in this species from, at least, this
age, until death. Calculated means, however, are still affected. In all analyses below, the limitations of the
age-sample is considered when interpreting results.
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A8.3.2. Epiphyseal fusion order from age range

Relative epiphyseal fusion orders were produced independently of age data. However, age data
can also provide insight into fusion sequences. Epiphyses were ordered by earliest observed age for
fusing [(X)] and fused [X] categories (Table A8.1). Fusion orders were in broad agreement with those
produced by relative ordering methods (Chapter 5), conforming to the distal humerus ¥ “early’ fuser ¥
‘late’ fuser pattern. In E. maximus (X)-stage epiphyses, ‘late’ fusers femur GT and femur head group with
‘early’ fusers proximal/distal tibia and distal femur, but the sampling gap from 20 to 25 years may mean
earliest fusion age for the tibia and distal femur had not been sampled. Earliest observed age for fused
distal ulna and femur GT in E. maximus is 58, suggesting these are the last epiphyses to fully fuse and
that ‘late’ fusers could be ordered further. However, the age range 39-58 years was not sampled in E.
maximus, the period in which these epiphyses begin to fuse in L. africana and M. primigenius (Figure
A8.2).

A8.3.3. Age differences between fusion-stages of a single epiphysis

Within each epiphysis, there is considerable overlap in age ranges between adjacent fusion stages
(Figure A8.2), but despite this there are significant differences between the mean ages of unfused [O] and
fusing [(X)] stages for the majority of epiphyses in E. maximus and L. africana (unpaired t-test, p > 0.05;
Table A8.2). All epiphyses with sufficient sample sizes for meaningful comparisons show significant
differences in mean age between fusion states O and X in all full-sized elephant species (Table A8.2).
Significant differences in mean age between X and (X) stages of the same epiphyses are only seen in the
distal humerus and the distal femur in E. maximus and the proximal and distal tibia and the distal
humerus in L. africana (Table A8.2). This lack of significant differences may be a result of the age profile
of the sample (with L. africana under-sampling the over 50’s, reducing the mean age of ‘fused’
individuals), but this seems unlikely for E. maximus. In E. maximus there is a sampling gap from 39-56
years, the range encompassing most (X) stages (Figure A8.2). Consequently, the mean (X) in E. maximus
epiphyses may be under-estimated, exaggerating the difference in mean ages. Lack of significance here
can therefore only be explained by either low sample numbers in these fusion categories or, more likely,
by the considerable overlap in ages between these fusion stages. The reduced L. africana sample shows
the same pattern of results to the total L. africana sample, although significance levels are reduced, with
one key difference: there is no longer a significant difference between mean age of (X) and O in the distal
humerus (Table A8.2). This suggests that the significant differences in mean ages observed in L. africana
are, for the most part, robust to the underlying age-profile of the sample. M. primigenius and P. antiquus
datasets are insufficient for assessing within-epiphyses differences with mean age of (X), due to small
sample sizes combined with age-profiles skewed towards older individuals.

The difference in mean ages for fusion stages within each epiphyses demonstrate the progressive
nature of fusion, and the validity of the scoring categories, despite age range overlap (i.e. on average,

within an epiphyses, an individual at fusing stage (X) is older than an individual at fusing stage O).
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Comparisons between X and (X) stages, however, suggest that there is too much intra-specific variation
in the age at which epiphyses move from fusing to fused to allow for accurate aging. Based on the same
epiphysis, you cannot say with certainty, even on average, that an individual with a fused epiphysis is

older than an individual with a fusing epiphysis.

A8.4. Age differences between “early’ and ‘late’ fusing epiphyses

The relative order of epiphyseal fusion established in Chapter 5 demonstrated that epiphyses
could be grouped into ‘early’ and ‘late’ fusing epiphyses, with a general fusion pattern of distal humerus
¥ ‘early fusers’ ¥ ‘late fusers’ for elephants. These groupings are supported by comparisons of mean
ages of each epiphysis within a putative fusion group, and by the observed difference in mean ages
between fusion stages for each fusion group. For each fusion stage, there are no significant differences in
mean ages between epiphyses within each fusion group, confirming that those epiphyses grouped
together cannot be differentiated based on mean age (Table A8.3; distal humerus results can be seen in
Table A8.2). Overall, each group shows significant differences between each fusion stage, in line with the
results for individual epiphyses. Where results are non-significant this can be explained by age-profile
biases: non-significance between (X) and X late fusers in L. africana probably reflects a artificially
reduced mean age for fused individuals as the oldest individual sampled is 54 years, whilst non-
significant (X):O comparisons in both M. primigenius and P. antiquus) probably reflect inflated means in
unfused individuals as both samples lack individuals under the age of 30. This correspondence in ages
within *early” and ‘late” fusion groups, and maintenance of significantly different ages between fusion
stages, support the idea that these grouped epiphyses are fusing at similar rates, validating the
hypothesised groupings. To further validate the distinction between *early” and ‘late’ fusers, it must be
established that, within a given fusion stage, these fusion groups have significantly different ages.

Tables A8.4 and A8.5 give ANOVA and Fisher’s protected least significant difference (PLSD)
test results for differences in mean age of these three fusion groups, for each fusion stage in each species.
There is a significance difference in mean age of fuser groups for all fusion stages in E. maximus, L.
africana and M. primigenius, but not in P. antiquus, probably owing to small sample size (Table A8.4).
Fisher’s PLSD test demonstrates, however, that this significance is not observed between all pair-wise
comparisons of fuser groups within each fusion stage (Table A8.5). In all cases (except P. antiquus), in
each fusion category, there is a significant difference in mean age between the ‘late’ fusers and the distal
humerus. Between ‘early’ fusers and the distal humerus, however, the only significant differences found
were in fusing [(X)] individuals of L. africana, and in unfused [O] individuals of E. maximus (Table
A8.5). Between ‘late’ fusers and “early fusers’ there are significant differences in mean age in unfused
individuals of E. maximus, and unfused and fusing individuals of L. africana. Consequently, intra-
specific variation in age of fusion obscures the intra-individual pattern of epiphyseal fusion. This is
particularly true for fused epiphyses, and may be evidence of greater synchrony between epiphyses in
achieving complete fusion than in the initiation of fusion. There may be limited efficacy in using even

this broad fusion pattern to age epiphyses.
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All pair-wise comparisons between epiphyses at the same fusion stage were made, to investigate
possible further trends (Table A8.6). Most comparisons were non-significant, cautioning against using
epiphyseal fusion as an aging technique (most epiphyses at the same fusion stage could not be
differentiated from one another by mean age). Where significant differences in mean ages were observed,
they were generally between the distal humerus and a ‘late fusing’ epiphyses. The only exception was in
L. africana, which showed a significant difference in mean age between fusing femur GT and both
proximal and distal tibia. There were no significant differences in mean age between ‘early’ fusers and
the distal humerus for any fusion category, and no significant differences in mean age were observed
between fully fused epiphyses (Table A8.6). This is in line with the patterns observed for the early vs late
comparisons, but with less evidence of significance, perhaps relating to the reduced sample numbers

when epiphyses are considered singly.

A8.5. Timing of fusion in males and females

The large, overlapping age ranges for timing of epiphyseal fusion in elephants reflect a high level
of intra-specific variation. It has been suggested that female elephants fuse earlier than males (Roth
1984), and mean differences in age of epiphyseal fusion in male and female humans have also been
observed (O’Connor et al. 2008). Sexual dimorphism in timing of fusion may, therefore, be the main
source of this intra-specific variation obscuring trends. However, comparisons of mean age of male and
female L. africana each fusion stage, in each epiphysis, returned non-significant results for all
comparisons (Table A8.7). Whilst this could reflect small sample size, it should be noted that the
youngest or equal-youngest individual in 6/8 fused epiphyses was a male. Sex data were insufficient for

other elephant species to allow comparisons.

A8.6. Age ranges of epiphyseal fusion

The aging information obtained from age ranges, despite also being sensitive to sampling biases,
provides a different aging approach to comparing means. It reflects the possibility, rather than the
probability, of observing a fusion state at a given age. Age ranges for fused epiphyses differentiate
between the three groups of epiphyses identified by the relative fusion order distal humerus ¥ ‘early’
fusers ¥ ‘late’ fusers, whereas fusing age ranges overlap between epiphyses of these three groups (Figure
A8.2). With the caveat that age ranges may not be fully sampled, epiphyses that show no significant
differences in mean age may still be useful in narrowing the age-range of an individual.

Species-specific age ranges for each fusion state of each epiphyses provide limited aging ability
when considered independently: each range is large, with most ranges covering a 20-40 year period,
encapsulating the intra-specific variation in fusion timing in elephant epiphyses (Table A8.8). Some of
this may be attributable to sexual dimorphism in fusion timing, but not all (see above). Ranges shown
also reflect the limitations of the sample age-profile (Figure A8.1.), as true age-range boundaries may not

have been observed. However, despite these differences, age ranges are broadly similar across all species,
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suggesting little, if any, heterochrony between elephant species in the relative timing of fusion and tooth
eruption/wear (Table A8.8).

Combining information from multiple epiphyses helps to narrow the age range (most age ranges
encompass ~ 20 years, or less; Table A8.9). As the ulna, humerus and femur all have at least one early
and one late fusing epiphyses, a single bone may provide almost as much aging information as an entire
skeleton. In L. africana the humerus and any other bone together will provide as much information as an
entire skeleton (all possible epiphyseal states are not shown due to space constraints, but this can be
verified by comparing individual epiphyseal ranges in Table A8.8). In E. maximus and M. primigenius,
older individuals may be aged more accurately with the ulna and femur (although in E. maximus this may
be an artefact of the underlying age-profile of the sample), suggesting that the optimal combination of
bones for establishing age is the humerus and either the ulna or the femur. Additional bones provide only
redundant aging information.

The tibia has two early fusing epiphyses, and whilst it provides very little in the way of extra age
information, the apparent close synchrony of fusion times between its epiphyses mean that for
intermediary age ranges it has potential for very narrow age ranges if an offset in fusion state is observed
between epiphyses. However, as these offsets only occur in narrow age ‘windows’, the likelihood of

observing them in an individual is low.

A8.4. Conclusions

Fusion sequences for E. maximus and L. africana based on youngest age at fusing and fused
stages confirm relative fusion orders. However, the actual range of each fusion stage in each epiphyses is
large, and variation in timing of epiphyseal fusion high. Age-range overlap between epiphyses of the
same fusion stage groups epiphyses into the “‘early” and ‘late’ fusion categories, but not robustly. This
suggests that, in elephants, the time-scale for epiphyseal fusion in an individual is much shorter than the
age variation between individuals in the initiation of fusion. There would otherwise be a clear offset in
the timing (mean and minimum ages) of fusion, in line with the observed offset in the degree of fusion. In
rat models, epiphyseal fusion has been shown to be an abrupt event once initiated (Weise et al 2001), and
this suggests a similar situation in elephants.

Accurate (and therefore useful) aging techniques require close correspondence between timing
and offset of fusion stages, but this may be achieved in a number of ways: (i) the timing of transition from
one fusion stage to the next is tightly constrained, and error results from the age range of each transition
as well as the number of stages (small observed age-range for transition and large number of stages
increase accuracy), (ii) epiphyses differ significantly in their timing of fusion, in a predictable order
(small fusion stage age-range and increased number of offset epiphyses increases accuracy) and (iii) a
combination of the above (potentially offering the highest degree of accuracy). The lack of both relative
and absolute offset in fusion timing in elephants mean that epiphyseal fusion is not useful for aging

individuals, and the most accurate age estimates probably have an error of 20 years (Table 2.1.26.).
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Whether this is due to an intrinsically long fusion phase that cannot be accurately sub-divided into many
intermediary stages (e.g. Lister’s (X) stage was deemed superior to 2/3 of Roth and Herridge as these
showed no consistent pattern in fusion order), or to wide variation in the timing of fusion between
individuals, or both, could not be established from cross-sectional data. There was no significant
difference in mean ages of fusion stages between male and female L. africana, and males often showed
early fusion, indicating that any variation between individuals is not related to sex (and therefore size) of
individuald. Small sample size may obscure trends, but it is clear that individuals are highly variable in
the timing of fusion within all species. Redundancy in bone aging information further confirms the
observation that epiphyses are only able to provide a crude aging tool in elephants. However, such
redundancy also means that isolated bones are almost as useful as entire associated skeletons, with

positive implications for applying this method to fossil species.
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Figure A8.1. Age distribution of skeletal samples. Distribution biases and/or sampling gaps occur in
all samples. The age period around 20 years, where fusion in the ‘early’ fusers is hypothesised to
begin, is underrepresented in E. maximus, M. primigenius and P. antiquus. 39-56 years, where late
fusion probably occurs, is also unrepresented in E. maximus. L. africana has a large number of
specimens under the age 5 years, producing a highly skewed sample impacting on the mean age of all
‘unfused’ epiphyses.

E. maximus L. africana
age (X) age X age (X) age X
13  distal humerus 18  distal humerus 9 distal humerus 16 distal humerus
18  proximal ulna 35  proximal ulna 15 proximal tibia 22.5 proximal ulna
25*  proximal tibia proximal tibia distal tibia 26 proximal tibia
distal tibia distal tibia 22.5 distal femur 32 distal tibia
distal femur distal femur proximal ulna distal femur
femur GT 39 femur GT (distal ulna ?) 36 femur GT
femur head prox.l humerus 32 distal ulna femur head
35  prox. humerus 58* femur head 36 femur GT prox. humerus
39 distal ulna distal ulna prox. humerus distal ulna
39 femur head

Table A8.1. Epiphyseal fusion order based on earliest observed age for (X) and X fusion stages. GT
is greater trochanter. Ages are in LAY or EMY, as inferred from molar eruption and wear. Prox. is
proximal.
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Figure A8.2. Age ranges of long-bone epiphyseal fusion in [A] L. africana, [B] E. maximus [C] P.
antiquus and [D] M. primigenius. Epiphyses were scored for state of fusion following Lister (1999) as
unfused (dotted lines), fusing (dashed lines) and fully fused (solid lines). Individuals were aged on
associated tooth eruption and wear using the methods of Laws (1966), Jachmann (1988) and Roth &
Shoshani (1988) unless chronological age was known. There is wide intra-specific variation in the timing
of long bone fusion and ranges overlap. Data poor age-ranges for each species are highlighted by boxed
areas.
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Table A8.2. Mean, minimum and maximum ages for each fusion stage of each long-bone epiphyses. Significant differences between neighbouring stages
shown by stars (*** P=0.001, ** P=0.01, * P=0.05). For clarity, X:0 significance only shown when (X):O is non-significant: # P=0.001, { P=0.01, § P=0.05 (X:0O is
always significant if (X):0 or X:(X) are significant). In L. africana means were compared for the total sample (nl etc) and a reduced sample (n2 etc) to assess the
effect of excess individuals under 5 yrs of age. Prox. is proximal, Hum. is humerus, SD is standard deviation, SE is standard error.
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E. maximus L. africana M. primigenius P. antiquus

Early fusers  0:(X) 0.01 0.0001 0.01 NS
0:X 0.0001 0.0001 0.0001 0.0001
(X):X 0.006 0.0003 0.02 0.006

Late fusers  O:(X) 0.0001 0.0001 NS NS
0:X 0.0001 0.0001 0.0001 0.0001
(X):X 0.02 NS NS 0.001

Table A8.3. Differences in mean ages between fusion stages in ‘early’ and ‘late’ fusion groups. P-values for unpaired t-test between fusion stages shown.
Within each fusion group, there are significant differences in mean ages between each fusion group, indicating that the grouped epiphyses are fusing at similar
rates. Non-significant results can be explained by the underlying age distribution of the sample: L. africana shows no significant difference in age in the late
fuser group for fusing and fused stages, but as there are no individuals aged over 54, the mean for the fused group may be artificially low. Similarly, the lack of
significant difference between unfused and fusing individuals in both early and late fusers of M. primigenius and P. antiquus probably reflects the lack of under-
30 year olds in both samples. O is unfused, (X) is fusing, X is fused. “Early fusers’ are proximal and distal tibia, distal femur and proximal ulna; ‘late fusers’ are
proximal humerus, femur GT, femur head and distal ulna.

Table A8.4. ANOVA in age of ‘early’ and ‘late’ fusing epiphyses at the same fusion stage. Within each fusion stage, ‘early’ and ‘late’ fusing epiphyses have
significantly different mean ages in E. maximus, L. africana and M. primigenius. P. antiquus comparisons were non-significant. Epiphyses were subdivided as per
the general elephant fusion order: (i) distal humerus, (ii) early fusers (proximal and distal tibia, distal femur and proximal ulna) and (iii) late fusers (proximal
humerus, femur head, femur greater trochanter and distal ulna). O is unfused, (X) is fusing, X is fused. df is degrees of freedom, SS is sums of squares, MS is
mean squares, F is F-value. For L. africana, this was calculated for both the total sample (df 1 etc) and a reduced sample (df 2) to assess the effect of excess
individuals under 5 yrs of age. Both samples returned significant results. *** P=0.001, ** P=0.01, * P=0.05.
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Table A8.5. Fishers PLSD test for significance between fusion groups. Fusion stages were not always significantly different to each other. In E. maximus, L.
africana, and M. primigenius, the ‘late fusers’ were significantly different in mean age relative to the distal humerus for all fusion scores, where n>1. All P.
antiquus comparisons were non-significant. Differences in mean age between neighbouring fusion groups (distal humerus: early fusers, early:late fusers) were
less consistent (see text for discussion). Significant results in bold text; stars (*** P=0.001, ** P=0.01, * P=0.05) are the significance relative to the immediately
preceding stage; T (P=0.01) is the significance between late fusers and the distal humerus. Where late fusers are significantly different in mean age to early
fusers, they are also significantly different to the distal humerus. O is unfused, (X) is fusing, X is fused. df is degrees of freedom, SS is sums of squares, MS is
mean squares, F is F-value. For L. africana, this was calculated for both the total sample (n1 etc) and a reduced sample (n2 etc) to assess the effect of excess
individuals under 5 yrs of age. Both samples returned similar results (only affects unfused analyses).
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fusion

stage E. maximus L. africana L. africana (reduced) M. primigenius
0] femur head/dist. humerus** femur head/dist. humerus* femur head/dist. humerus* dist. ulna/prox. ulna*
prox. humerus/dist. humerus* femur GT/dist. humerus*
dist. ulna/dist. humerus* prox. humerus/dist. humerus*
X) dist. ulna/dist. humerus** femur GT/dist. humerus*** femur GT/dist. humerus*** all NS
dist. femur/dist. humerus** dist. femur/dist. humerus**
dist. ulna/dist. humerus** dist. ulna/dist. humerus**
prox. humerus/dist. humerus** prox. humerus/dist. humerus**
femur head/dist. humerus* femur head/dist. humerus*
prox. ulna/dist. humerus* prox. ulna/dist. humerus*
femur GT/prox. tibia* femur GT/prox. tibia*
femur GT/dist. tibia* femur GT/dist. tibia*
X all NS all NS all NS femur head/prox. tibia*

Table A8.6. Summary of significant differences in mean ages of epiphyses at the same stage of fusion. Unpaired t-tests between all epiphyses at the same
fusion stages were computed for fusion stages O, (X) and X and significant pairs shown above. The majority of significant differences are between ‘late’ fusers
and the distal humerus. L. africana is also significantly different in mean age of (X) for femur GT vs proximal and distal tibia and M. primigenius is significantly
different in mean age of O for distal ulna vs proximal ulna. All P. antiquus pairs were non-significant. L. africana (reduced) is a subset of the total L. africana
sample used to assess the impact of skewed age-profile. *** P=0.002, ** P=0.02, * P=0.05. O is unfused, (X) is fusing and X is fully fused (Lister 1999), Prox. is
proximal, dist. is distal, GT is greater trochanter, NS is non-significant.
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Fusion L. africana

stage Males: Females
0] all NS
X) all NS
X all NS

Table A8.7. Sex differences in age of fusion. Mean ages of each fusion stage in an epiphyses were compared in L. africana males and females [e.g. mean age of
unfused proximal tibia (males) vs mean age of unfused proximal tibia (females)] using unpaired t-tests. No epiphyses showed a significant difference in mean age
of males and females for any fusion stage. Data on sex of individuals was insufficient in other elephant taxa. O is unfused, (X) is fusing, X is fully fused (Lister
1999). NS is non-significant.

E. maximus L. africana M. primigenius P. antiquus

0 (X) X 0 (X) X 0 (X) X 0 (X) X
Distal Humerus <26 13-39§ > 18 <26 9-24 > 16 <6§ 11 # > 27 - 19-33 > 29
Proximal Humerus |[<398§8 35-56 > 39 <39 <36-43# >36 < 38 <32-43# >32 <19§ 29-33 > 39
Proximal Ulna <398 18-62%§ > 35 <39 <225-44 >225 (<27 <32-38 >32 <198 29-47 > 39
Distal Ulna <398 39-628§ >58¢t <39 22.5-44 > 36 <47 <A7 # > 47 <47 <54 > 54
Proximal Tibia <37 25-561% > 35 <26 15-39 > 32 <38 <27-138 >27 < 36 <33 >33
Distal Tibia <37 25-561% > 35 <26 15 -39 > 32 <38 <27-138+4>27 <29# 19-36 > 33
Distal Femur <37 25-137% >35 <26 22.5-45 >32 <38 32 # > 38 < 36 33 # > 39
Femur GT <37 25-561% > 39 <45 <36-44 >36 N/A N/A N/A < 36 33 # > 39
Femur Head <56 25-6218§ >58% |<45 <36-39# >36 <47 47 # > 47 < 36 33 # > 39

Table A8.8.. Aging a specimen from a single epiphysis. Species-specific dental age ranges (in years) for each fusion state of each epiphysis provide limited
aging ability. Each range is large, encapsulating the intra-specific variation in fusion timing in elephants. Some of this may be attributable to sexual dimorphism
in fusion timing, but not all (see text for discussion). Ranges shown also reflect the limitations of each sample (see Figure 2.1.3.), and true ranges may not have
been observed. However, despite these differences, age ranges are broadly similar across all species, suggesting little - if any - heterochrony between elephant
species in the relative timing of fusion and tooth eruption/wear. t gap in sample range immediately before the lower age limit - true lower limit may be
younger. § gap in age range immediately after the upper age limit - true upper limit may be older. # only 1 individual with this fusion state. Where a range
begins with the < sign, this indicates that the lower limit of this range must be below that of the following fusion state. Where a range has an upper limit of ! x,
this indicates that the upper limit is inferred from the greater maximum age of the preceding fusion state.

434



P D | E. maximus | L. africana M. primigenius | P. antiquus
Ulna 0] O | under 39 under 39 under 38 under 19 8§
X) (X)) |39-628 22.5-44 <32-38 29 - 47
X X | over 58 £ over 36 over 47 over 54
X) O |18-39%§ <22.5-39 <32-38 29 - 47
X O |35-398§ 22.5-39 32-47 39 - 47
X (X) 1 35-62 8§ 22.4-44 32 -47 39 - 54
Humerus 0] O | under 26 under 26 [under 38] under 19 §
xX) (X) |35-39 9-43 11-43 29 - 33
X X over 39 over 36 over 32 over 39
0 (X) | 13-39 9-24 11-38 19-78
0 X 118-39 16 - 39 27 - 38 29-78§
(X) X |35-56 < 36 -43 <32-43 29 - 33
Tibia 0] O | under 37 under 26 under 38 under 29
X) (X) |25-561% 15 -39 <27-32 19 - 36
X X over 35 over 32 over 27 over 33
0 (X) | 25-37 15 - 26 < 27 -38 19 - 36
X) O |25-37 15 - 26 < 27 - 38 under 29
0 X |35-37 26 - 32 27 - 38 33-36
X O |35-37 26 - 32 27 - 38 under 29
X) X |35-56 32 -39 27 -1 38 under 33
X (X) | 35-56 32 -39 27 -1 38 33 -36
Femur (GT) 0] O | under 37 under 26 N/A under 36
Xy (X) |25-137 22.5-44 N/A 33-136
X X | over 39 over 39 N/A over 39
0 (X) | 25-37 22.5-45 N/A 33-36
0 X |35-37 32-45 N/A ?
(X) X |35-56 32-44 N/A over 39
Femur (head) 0] O | under 37 under 26 under 38 under 36
Xy ((X) |25-137 22.5-39 32 - 47 33-136
X X | over 39 over 36 over 47 over 39
0 (X) | 25-56 22.5 -45 32 -47 33 - 36
0 X |35-56 36 -45 38 - 47 ?
X) X |135-628§ 32-39 38 - 47 over 39

Table A8.9. Aging an individual from a single bone. Each bone, except the tibia, has an ‘early’ and a
‘late” fusing epiphysis, helping to narrow the estimated age range of an individual. t gap in sample
range immediately before the lower age limit - true lower limit may be younger, 8§ gap in age range
immediately after the upper age limit - true upper limit may be older, # only 1 individual with this
fusion state. Where a range begins with the < sign, this indicates that the lower limit of this range must
be below that of the following fusion state, even though this actual observed range may less. Where a
range has an upper limit of * x, this indicates that the observed upper limit is inferred from the greater
maximum age of the preceding fusion state. Fusion states not observed together on the same bone in
this study are highlighted in grey. P is proximal epiphysis, D is distal epiphysis, GT is greater
trochanter.
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Appendix 9: Epiphyseal fusion scores

A9.1. Elephas maximus

Age Age Age Hum. Ulna Fem. Tibia Tibia Hum. Fem. Ulna Fem.
Number Species Laws (LAY) (EMY)  (years) Sex Dist Prox Dist Dist Prox Prox GT Dist Head
1915.5.1.1 E. maximus | 0 0 0 M 0 0 0 0 0 0 0 0 0
1851.11.10.16 E. maximus VI-VII 4-6 5 4 0 0 0 0 0 0 0 0 0
1984.516 E. maximus VII-VIII 6-8 5 5 0-1 0-1 0 0 0 0-1 0 0-1 0
AMNH 14117  E. maximus V 3 5 5 M 0 0 0 0 0 0 0 0 0
AMNH 119674 E. maximus VI 6 5 6 M 0 0 0 0 0 0 0 0 0
USNM 269391 E. maximus VII 6 5 6 0 0 0 0 0 0 0 0 0
1984.510 E. maximus XI 14 9-16 13 2 0-1 1 0-1 0-1 0-1 0 0-1 0
AMNH 39085  E. maximus XI (XII) 14 9-16 13 M 2 1 0 1 1 0 0 1 0
YPM 230 E. maximus XIII (XIV) 18 16-22 18 4-5 2 0 0 0 0 0 0 0
YPM 1660 E. maximus XIII-XIV (XV) 17-21 16-22+ 19 M 2 0 0 0 0 0 0 0 0
1983.119 E. maximus XVI 24 22-27 25 3 3 3 2 2 0-1 3 0-1 3
AMNH 14119  E. maximus XVII (XVIl) ~ 25-27 27 26 M 23 0 0 0 0 1 0 0 0
AMNH 3819 E. maximus XVII (XVII)  25-27 27 26 M 35 3 0 0-1 0-1 0 0 1 0
USNM 49639 E. maximus XVII (XVlll)  25-27 27 26 M 3 0 0 0 0 0 0 0 0
YPM 277 E. maximus XVII 25-27 27 26 0 0 0 0 0 0 0 0 0
AMNH 30249  E. maximus XIX 32 27-34 32 M 45 0 2 0-3 0 0 0 0 0
AMNH 39082  E. maximus XXII 39 35 35 M 45 4-5 4-5 4-5 4-5 23 2 1 0
AMNH 54451  E. maximus XXI 36 34 35 M 2 0 0 0 0 0 0 0 0
YPM 1428 E. maximus XXII 39 37 37 M 4-5 0 0 0 0 0 0 0 0
AMNH 54452 E. maximus XXII 39 35-37 39 F 45 3-5 4-5 4-5 4-5 45 4-5 35 3
AMNH 54453 E. maximus XXII 39 35-37 39 M 23 0 - - - 0 - 0 -
1984.511 E. maximus XXII-XXVI 43-49 <50-62 56 5 3 4-5 3 3-4 3 2 2 1
1907.3.18.1 E. maximus XXIV-XXVI 45-49 <50-67 58 F 5 5 5 5 5 5 5 5 5
YPM 1454 E. maximus XXV 47 62 62 F 45 3 4-5 4-5 4-5 45 4-5 2 2
1884.1.22.1  E. maximus XXVII-XXIX  53-57 <58-67 63 M 5 5 5 5 5 5 5 5 5
USNM 266911 E. maximus - - - - - 45 4-5 4-5 4-5 4-5 4-5 4-5 4-5 4-5
YPM 4009 E. maximus - - - - 0 0 0 0 0 0 0 0 0
total mean 67.5 39 38.5 36.5 35,5 31.5 30.5 27 23.5
total min 61.5 36 36 32 32 28 29 24 23
total max 73.5 42 41 41 39 35 32 30 24

Table A9.1. E. maximus epiphyseal fusion scores following Herridge (this study). M is male, F is
female, Hum. is humerus, Fem. is femur, Prox. is proximal, Dist. is distal. See chapter 5 for

explanation of coding and mean, min and max scoring.



Age Age Age Hum. Ulna Fem. Tibia Tibia Hum. Fem. Ulna Fem.

Number Species Laws (LAY) (EMY)  (years) Sex Dist Prox Dist Dist Prox Prox GT Dist Head
1915.5.1.1 E. maximus | 0 0 0 M 0 0 0 0 0 0 0 0 0
1851.11.10.16 E. maximus VI-VII 4-6 5 4 0 0 0 0 0 0 0 0 0
1984.516 E. maximus VII-VIII 6-8 5 5 0-1 0-1 0 0 0 0-1 0 0-1 0
AMNH 14117  E. maximus V 3 5 5 M 0 0 0 0 0 0 0 0 0
AMNH 119674 E. maximus VII 6 5 6 M 0 0 0 0 0 0 0 0 0
USNM 269391 E. maximus VII 6 5 6 0 0 0 0 0 0 0 0 0
1984.510 E. maximus Xl 14 9-16 13 2 0-1 1 0-1 0-1 0-1 0 0-1 0
AMNH 39085  E. maximus XI (XII) 14 9-16 13 M 2 1 0 1 1 0 0 1 0
YPM 230 E. maximus XIIl (XIV) 18 16-22 18 4 2 0 0 0 0 0 0 0
YPM 1660 E. maximus XIlI-XIV (XV) 17-21 16-22+ 19 M 2 0 0 0 0 0 0 0 0
1983.119 E. maximus XVI 24 22-27 25 3 3 3 2 2 0-1 3 0-1 3
AMNH 14119  E. maximus XVII (XVII) 25-27 27 26 M 2-3 0 0 0 0 1 0 0 0
AMNH 3819 E. maximus XVII (XVII) 25-27 27 26 M 4 3 0 0-1 0-1 0 0 1 0
USNM 49639  E. maximus XVII (XVIII)  25-27 27 26 M 3 0 0 0 0 0 0 0 0
YPM 277 E. maximus XVII 25-27 27 26 0 0 0 0 0 0 0 0 0
AMNH 30249  E. maximus XIX 32 27-34 32 M 4 0 2 0-3 0 0 0 0 0
AMNH 39082  E. maximus XXII 39 35 35 M 4 4 4 4 4 2-3 2 1 0
AMNH 54451  E. maximus XXI 36 34 35 M 2 0 0 0 0 0 0 0 0
YPM 1428 E. maximus XXII 39 37 37 M 4 0 0 0 0 0 0 0 0
AMNH 54452  E. maximus XXII 39 35-37 39 F 4 3-4 4 4 4 4 4 3-4 3
AMNH 54453  E. maximus XXII 39 35-37 39 M 2-3 0 - - - 0 - 0 -
1984.511 E. maximus XXHI-XXVI 43-49 <50-62 56 4 3 4 3 3-4 3 2 2 1
1907.3.18.1  E. maximus XXIV-XXVI 45-49 <50-67 58 F 4 4 4 4 4 4 4 4 4
YPM 1454 E. maximus XXV 47 62 62 F 4 3 4 4 4 4 4 2 2
1884.1.22.1 E. maximus XXVII-XXIX ~ 53-57 <58-67 63 M 4 4 4 4 4 4 4 4 4
USNM 266911 E. maximus - - - - 4 4 4 4 4 4 4 4 4
YPM 4009 E. maximus - - - 0 0 0 0 0 0 0 0 0

total mean 61 35.5 34 32.5 31.5 28 27 24 21

total min 60 34 34 30 30 26 27 22 21

total max 62 37 34 35 33 30 27 26 21

Table A9.2. E. maximus epiphyseal fusion scores following Roth (1984). Legend as Table A9.1.



Age Age Age Hum. Fem. Tibia Tibia Ulna Fem. Hum. Fem. Ulna

Number Species  Laws (LAY) (EMY) (years) Sex  Dist Dist Dist Prox Prox GT Prox Head Dist
1915.5.1.1  E. maximus | 0 0 0 M 0 0 0 0 0 0 0 0 0
1851.11.10.16 E. maximus VI-VII 46 5 4 0 0 0 0 0 0 0 0 0
1984.516 E. maximus VII-VIII 6-8 5 5 0 0 0 0 0 0 0 0 0
AMNH 14117 E. maximus V 3 5 5 M 0 0 0 0 0 0 0 0 0
AMNH 119674 E. maximus VII 6 5 6 M 0 0 0 0 0 0 0 0 0
USNM 269391 E. maximus VII 6 5 6 0 0 0 0 0 0 0 0 0
1984.510 E. maximus XI 14 9-16 13 1 0 0 0 0 0 0 0 0
AMNH 39085 E. maximus XI (XII) 14 9-16 13 M 1 0 0 0 0 0 0 0 0
YPM 230 E. maximus XIII (XIV) 18 16-22 18 2 0 0 0 1 0 0 0 0
YPM 1660 E. maximus XII-XIV (XV)  17-21 16-22+ 19 M 1 0 0 0 0 0 0 0 0
1983.119 E. maximus XVI 24 22-27 25 1 1 1 1 1 1 0 1 0
AMNH 14119 E. maximus XVII (XVII) 25-27 27 26 M 1 0 0 0 0 0 0 0 0
AMNH 3819  E. maximus XVII (XVII) 25-27 27 26 M 2 0 0 0 1 0 0 0 0
USNM 49639  E. maximus XVII (XVIII) 25-27 27 26 M 1 0 0 0 0 0 0 0 0
YPM 277 E. maximus XVII 25-27 27 26 0 0 0 0 0 0 0 0 0
AMNH 30249 E. maximus XIX 32 27-34 32 M 2 1 1 0 0 0 0 0 0
AMNH 39082 E. maximus XXII 39 35 35 M 2 2 2 2 2 1 1 0 0
AMNH 54451  E. maximus XXI 36 34 35 M 1 0 0 0 0 0 0 0 0
YPM 1428 E. maximus XXII 39 37 37 M 2 0 0 0 0 0 0 0 0
AMNH 54452 E. maximus XXII 39 35-37 39 F 2 2 2 2 1 2 2 1 1
AMNH 54453  E. maximus XXII 39 35-37 39 M 1 - - - 0 - 0 - 0
1984.511 E. maximus XXII-XXVI 43-49 <50-62 56 2 2 1 1 1 1 1 0 1
1907.3.18.1  E. maximus XXIV-XXVI 45-49 <50-67 58 F 2 2 2 2 2 2 2 2 2
YPM 1454 E. maximus XXV 47 62 62 F 2 2 2 2 1 2 2 1 1
1884.1.22.1 E. maximus XXVII-XXIX 53-57 <58-67 63 M 2 2 2 2 2 2 2 2 2
USNM 266911 E. maximus - - - - 2 2 2 2 2 2 2 2 2
YPM 4009 E. maximus - - - - 0 0 0 0 0 0 0 0 0
total 29 16 15 14 14 13 12 9 9

Table A9.3. E. maximus epiphyseal fusion scores following Lister (1999). Legend as Table A9.1.



A9.2. Loxodonta africana

Age Age Age Hum. Tibia Fem. Tibia Ulna Hum. Fem. Ulna Fem.

Number Species Laws (LAY) (EMY)  (years) Sex Dist Dist Dist Prox Prox Prox Head Dist GT
1961.8.9.81 L. africana V 3 3 F O 0 0 0 0 0 0 0 0
13714 L. africana V 3 3 F O 0 0 0 0 0 0 0 0
7820 L. africana V-VI 3.5 3.5 F 0 0 0 0 0 0 0 0 0
25572 L. africana VIl 6 6 F 0 0 0 0 0 0 0 0 0
AMNH 88403 L. africana  VIII-IX (X) 9 9 F O 0 0 0 0 0 0 0 0
10350 L. africana 5 12 12 F 01 0 0 0 0 0 0 0 0
AMNH 90102 L. africana X (XI) 12 12 F 1 0 0 0 0 0-1 0 0 0
16169 L. africana XI 14 14 F 2 0-1 0-1 0-1 0-1 0-1 0-1 0-1 0-1
AMNH 42496 L. africana  XI-XII (Xlll) ~ 13-17 15 F 35 0-3 0 1-2 0 0 0 0 0
1961.8.9.82 L. africana Xl 16 16 F 5 0 0-1 0 0 1 0 0 0
27842 L. africana Xl 20 20 F 3 0-1 0 0 0 0-1 0 0 0
USNM 270933 L. africana  XIV-XVI (XVI) 19-26 22.5 F 45 3 3 3 4-5  0-1 0 0-3 0
5456 L. africana XVI 24 24 F 34 0 0-1 0 1-2 1 0-1 0 0-1
AMNH 88404 L. africana  XXI 36 36 F 45 4-5 4-5 4-5 4-5 45 4-5 4-5 45
17772 L. africana XXl 44 44 F 5 5 4-5 5 3 4-5 4 3-4 3-4
AMNH 150444 L. africana Il 1 1 M 0 0 0 0 0 0 0 0 0
USNM 20756 L. africana V 3 3 M 0 0 0 0 0 0 0 0 0
AMNH 51869 L. africana VI 4 4 M 0 0 0 0 0 0 0 0 0
AMNH 52094 L. africana VIl 8 8 M 0 0 0 0 0 0 0 0 0
1918.5.12.1 L. africana VII-IX 8-10 9 M 2-3 0 0 0 0 0 0 0 -
AMNH 88401 L. africana VII-IX (IX) 9 9 M 0 0 0 0 0 0 0 0 0
4049 L. africana IX 10 10 M 0 0 0 0 0 0 0 0 0
2422 L. africana IX 11 11 M 0 0 0 0 0 0 0 0 0
ANMH 355591 L. africana X (XI) 12 12 M 0 0 0 0 0 0 0 0 0
AMNH 88402 L. africana XIII (XIV) 18 18 M 0 0 0 0 0 0 0 0 0
AMNH 88405 L. africana Xl (XIV) 18 18 M 0 0 0 0 0 0 0 0 0
22473 L. africana XIV 20 20 M 0 0 0 0 0 0 0 0 0
AMNH 3283 L. africana XVII (XVIII)  25-27 26 M 4-5 3-4 3 4-5 0-:3 0 0 0 0
AMNH 52093 L. africana XVII (XVII)  25-27 26 M 0 0 0 0 0 0 0 0 0
AMNH 90258 L. africana  XVII (XVII) 25-27 26 M 45 1 2 1 0 0 0 0-1 0
AMNH 90176 L. africana XIX 32 32 M 45 4-5 4-5 4-5 4-5 0 0-1 2 0
USNM 163318 L. africana XXI 36 36 M 4-5 4-5 4-5 4-5 4-5 45 4-5 4-5 45
AMNH 35185 L. africana XXII 39 39 M 4-5 2 2 0-2 0 0 0 0 0
USNM 304615 L. africana  XXII 39 39 M 45 4-5 4-5 4-5 4-5 45 3-5 4-5 45
1929.1.1.36 L. africana XXIV 45 45 M 5 - 2 - - 5 1 - 1
USNM 261011 L. africana - - - M 0 0 0 0 0 0 0 0 0
1939.5.27.1 L. africana - - - M 5 5 5 5 5 5 5 5 5
1962.7.6.9 L. africana - - - M 0 0 0 0 0 0 0 0 0
1962.7.6.8 L. africana | 0 0 0 0 0 0 0 0 0 0 0
1984.512 L. africana < 0 0 0 0 0 0 0 0 0 0 -
1984.514 L. africana | 0 0 0 0 0 0 0 0 0 0 0
13715 L. africana | 0 0 0 0 0 0 0 0 0 0 0
28693 L. africana | 0 0 0 0 0 0 0 0 0 0 0
AMNH 119620 L. africana | 0 0 0 0 0 0 0 0 0 0 0
14908 L. africana I-ll 0.5 0.50 0 0 0 0 0 0 0 0 0
12945 L. africana II-1ll 0.75 0.75 0 0 0 0 0 0 0 0 0
13376 L. africana II-1ll 0.75 0.75 0 0 0 0 0 0 0 0 0
22765 L. africana II-1ll 0.75 0.75 0 0 0 0 0 0 0 0 0
1962.8.17.2 L. africana Il 1 1 0 0 0 0 0 0 0 0 0
13370 L. africana 1l 1 1 0 0 0 0 0 0 0 0 0
15275 L. africana Il 1 1 0 0 0 0 0 0 0 0 0
27496 L. africana VIl 6 6 - - 0 - - - 0 - 0
USNM 49489 L. africana Xl (XII) 14 14 0 0 0 0 0 0 0 0 0
1858.11.15.1 L. africana XIV 20 20 4-5 0-1 0-1 0-1 0-1 0-1 0 0-1 0
37441 L. africana XXI 36 36 5 5 4-5 5 5 4-5 5 2 3
11774 L. africana  XXIII 43 43 5 4 4-5 4 5 3 4-5 4 4-5
25421 L. africana  XXVII 53 53 5 5 5 5 5 5 5 5 5
crate 4 L. africana - - - - 0-1 - 0 0-1 - - 0 -
637 L. africana - - - 0 0 0 0 0 0 0 0 0
12235 L. africana - - - 0 0 0 0 0 0 0 0 0
21869 L. africana - - - 0 0 0 0 0 0 0 0 0
ANMH 89057 L. africana - - - 0 0 0 0 0 0 0 0 0

total mean 87 54.5 53.5 515 49 40 38 38 35.5

total min 80 49 48 49 44 35 34 33 32

total max 94 60 59 54 54 45 42 43 39

Table A9.4. L. africana epiphyseal fusion scores following Herridge (this study). Legend as Table
A9.1.



Age Age Age Hum. Tibia Fem. Tibia Ulna Hum. Ulna Fem. Fem.

Number Species Laws (LAY) (EMY)  (years) Sex Dist Dist Dist Prox Prox Prox Dist Head GT
1961.8.9.81 L. africana V 3 3 F O 0 0 0 0 0 0 0 0
13714 L. africana V 3 3 F O 0 0 0 0 0 0 0 0
7820 L. africana V-VI 3.5 3.5 F 0 0 0 0 0 0 0 0 0
25572 L. africana VIl 6 6 F 0 0 0 0 0 0 0 0 0
AMNH 88403 L. africana  VIII-IX (X) 9 9 F O 0 0 0 0 0 0 0 0
10350 L. africana 4 12 12 F 0-1 0 0 0 0 0 0 0 0
AMNH 90102 L. africana X (XI) 12 12 F 1 0 0 0 0 0-1 0 0 0
16169 L. africana XI 14 14 F 2 0-1 0-1 0-1 0-1 0-1 0-1 0-1 0-1
AMNH 42496 L. africana  XI-XII (Xlll) ~ 13-17 15 F 34 0-3 0 1-2 0 0 0 0 0
1961.8.9.82 L. africana Xl 16 16 F 4 0 0-1 0 0 1 0 0 0
27842 L. africana Xl 20 20 F 3 0-1 0 0 0 0-1 0 0 0
USNM 270933 L. africana  XIV-XVI (XVI) 19-26 22.5 F 4 3 3 3 4 0-1 0-3 0 0
5456 L. africana XVI 24 24 F 34 0 0-1 0 1-2 1 0 0-1 0-1
AMNH 88404 L. africana  XXI 36 36 F 4 4 4 4 4 4 4 4 4
17772 L. africana XXl 44 44 F 4 4 4 4 3 4 3-4 4 3-4
AMNH 150444 L. africana Il 1 1 M 0 0 0 0 0 0 0 0 0
USNM 20756 L. africana V 3 3 M 0 0 0 0 0 0 0 0 0
AMNH 51869 L. africana VI 4 4 M 0 0 0 0 0 0 0 0 0
AMNH 52094 L. africana VIl 8 8 M 0 0 0 0 0 0 0 0 0
1918.5.12.1 L. africana VII-IX 8-10 9 M 2-3 0 0 0 0 0 0 0 -
AMNH 88401 L. africana VII-IX (IX) 9 9 M 0 0 0 0 0 0 0 0 0
4049 L. africana IX 10 10 M 0 0 0 0 0 0 0 0 0
2422 L. africana IX 11 11 M 0 0 0 0 0 0 0 0 0
ANMH 355591 L. africana X (XI) 12 12 M 0 0 0 0 0 0 0 0 0
AMNH 88402 L. africana  XIII (XIV) 18 18 M 0 0 0 0 0 0 0 0 0
AMNH 88405 L. africana Xl (XIV) 18 18 M 0 0 0 0 0 0 0 0 0
22473 L. africana XIV 20 20 M 0 0 0 0 0 0 0 0 0
AMNH 3283 L. africana XVII (XVIlI)  25-27 26 M 4 3-4 3 4 0-3 0 0 0 0
AMNH 52093 L. africana XVII (XVII)  25-27 26 M 0 0 0 0 0 0 0 0 0
AMNH 90258 L. africana  XVII (XVII) 25-27 26 M 4 1 2 1 0 0 0-1 0 0
AMNH 90176 L. africana XIX 32 32 M 4 4 4 4 4 0 2 0-1 0
USNM 163318 L. africana XXI 36 36 M 4 4 4 4 4 4 4 4 4
AMNH 35185 L. africana XXl 39 39 M 4 2 2 0-2 0 0 0 0 0
USNM 304615 L. africana XXII 39 39 M 4 4 4 4 4 4 4 3-4 4
1929.1.1.36 L. africana XXIV 45 45 M 4 - 2 - - 4 - 1 1
USNM 261011 L. africana - - - M 0 0 0 0 0 0 0 0 0
1939.5.27.1 L. africana - M 4 4 4 4 4 4 4 4 4
1962.7.6.9 L. africana - M 0 0 0 0 0 0 0 0 0
1962.7.6.8 L. africana | 0 0 0 0 0 0 0 0 0 0 0
1984.512 L. africana < 0 0 0 0 0 0 0 0 0 0 -
1984.514 L. africana | 0 0 0 0 0 0 0 0 0 0 0
13715 L. africana | 0 0.00 0 0 0 0 0 0 0 0 0
28693 L. africana | 0 0 0 0 0 0 0 0 0 0 0
AMNH 119620 L. africana | 0 0 0 0 0 0 0 0 0 0 0
14908 L. africana I-ll 0.5 0.50 0 0 0 0 0 0 0 0 0
12945 L. africana II-1ll 0.75 0.75 0 0 0 0 0 0 0 0 0
13376 L. africana II-1ll 0.75 0.75 0 0 0 0 0 0 0 0 0
22765 L. africana II-1ll 0.75 0.75 0 0 0 0 0 0 0 0 0
1962.8.17.2 L. africana Il 1 1 0 0 0 0 0 0 0 0 0
13370 L. africana 1l 1 1 0 0 0 0 0 0 0 0 0
15275 L. africana Il 1 1 0 0 0 0 0 0 0 0 0
27496 L. africana VIl 6 6 - - 0 - - - - 0 0
USNM 49489 L. africana Xl (XII) 14 14 0 0 0 0 0 0 0 0 0
1858.11.15.1 L. africana XIV 20 20 4 0-1 0-1 0-1 0-1 0-1 0-1 0 0
37441 L. africana XXI 36 36 4 4 4 4 4 4 2 4 3
11774 L. africana  XXIII 43 43 4 4 4 4 4 3 4 4 4
25421 L. africana  XXVII 53 53 4 4 4 4 4 4 4 4 4
crate 4 L. africana - 0-1 - 0 0-1 - 0 - -
637 L. africana - 0 0 0 0 0 0 0 0 0
12235 L. africana - 0 0 0 0 0 0 0 0 0
21869 L. africana - 0 0 0 0 0 0 0 0 0
ANMH 89057 L. africana - 0 0 0 0 0 0 0 0 0

total mean 73.5 48.5 48 47.5 43.0 355 345 33 31.5

total min 72 45 46 45 40 33 31 31 30

total max 75 52 50 50 46 38 38 36 33

Table A9.5. L. africana epiphyseal fusion scores following Roth (1984). Legend as Table A9.1.



Age Age Age Hum. Tibia Tibia Fem. Ulna Ulna Hum. Fem. Fem.

Number Species  Laws (LAY) (EMY) (years) Sex  Dist Prox Dist Dist Prox Dist Prox Head GT
1961.8.9.81 L. africana V 3 3 F 0 0 0 0 0 0 0 0 0
13714 L. africana V 3 3 F 0 0 0 0 0 0 0 0 0
7820 L. africana V-VI 3.5 3.5 F 0 0 0 0 0 0 0 0 0
25572 L. africana VI 6 6 F 0 0 0 0 0 0 0 0 0
AMNH 88403 L. africana VIII-IX (X) 9 9 F 0 0 0 0 0 0 0 0 0
10350 L. africana 2 12 12 F 0 0 0 0 0 0 0 0 0
AMNH 90102 L. africana X (XI) 12 12 F 0 0 0 0 0 0 0 0 0
16169 L. africana XI 14 14 F 1 0 0 0 0 0 0 0 0
AMNH 42496 L. africana XI-XII (XIII) 13-17 15 F 1 1 1 0 0 0 0 0 0
1961.8.9.82 L. africana Xl 16 16 F 2 0 0 0 0 0 0 0 0
27842 L. africana Xl 20 20 F 1 0 0 0 0 0 0 0 0
USNM 270933 L. africana XIV-XVI (XVI)  19-26 22.5 F 2 1 1 1 2 1 0 0 0
5456 L. africana XVI 24 24 F 1 0 0 0 1 0 0 0 0
AMNH 88404 L. africana XXI 36 36 F 2 2 2 2 2 2 2 2 2
17772 L. africana XXIII 44 44 F 2 2 2 2 1 1 2 2 1
AMNH 150444 L. africana Il 1 1 M 0 0 0 0 0 0 0 0 0
USNM 20756 L. africana V 3 3 M 0 0 0 0 0 0 0 0 0
AMNH 51869 L. africana VI 4 4 M 0 0 0 0 0 0 0 0 0
AMNH 52094 L. africana VIII 8 8 M 0 0 0 0 0 0 0 0 0
1918.5.12.1 L. africana VII-IX 8-10 9 M 1 0 0 0 0 0 0 0 -
AMNH 88401 L. africana VIII-IX (IX) 9 9 M 0 0 0 0 0 0 0 0 0
4049 L. africana IX 10 10 M 0 0 0 0 0 0 0 0 0
2422 L. africana IX 11 11 M 0 0 0 0 0 0 0 0 0
ANMH 355591 L. africana X (XI) 12 12 M 0 0 0 0 0 0 0 0 0
AMNH 88402 L. africana XIIl (XIV) 18 18 M 0 0 0 0 0 0 0 0 0
AMNH 88405 L. africana XIIl (XIV) 18 18 M 0 0 0 0 0 0 0 0 0
22473 L. africana XIV 20 20 M 0 0 0 0 0 0 0 0 0
AMNH 3283 L. africana XVII (XVIII) 25-27 26 M 2 2 1 1 1 0 0 0 0
AMNH 52093 L. africana XVII (XVII) 25-27 26 M 0 0 0 0 0 0 0 0 0
AMNH 90258 L. africana XVII (XVII) 25-27 26 M 2 0 0 1 0 0 0 0 0
AMNH 90176 L. africana XIX 32 32 M 2 2 2 2 2 1 0 0 0
USNM 163318 L. africana XXI 36 36 M 2 2 2 2 2 2 2 2 2
AMNH 35185 L. africana XXII 39 39 M 2 1 1 1 0 0 0 0 0
USNM 304615 L. africana XXII 39 39 M 2 2 2 2 2 2 2 1 2
1929.1.1.36 L. africana XXIV 45 45 M 2 - - 1 - - 2 0 0
USNM 261011 L. africana - - - M 0 0 0 0 0 0 0 0 0
1939.5.27.1 L. africana - - - M 2 2 2 2 2 2 2 2 2
1962.7.6.9 L. africana - - - M 0 0 0 0 0 0 0 0 0
1962.7.6.8 L. africana | 0 0 0 0 0 0 0 0 0 0 0
1984.512 L. africana <I 0 0 0 0 0 0 0 0 0 0 -
1984.514 L. africana | 0 0 0 0 0 0 0 0 0 0 0
13715 L. africana | 0 0 0 0 0 0 0 0 0 0 0
28693 L. africana | 0 0 0 0 0 0 0 0 0 0 0
AMNH 119620 L. africana | 0 0 0 0 0 0 0 0 0 0 0
14908 L. africana I-1I 0.5 0.5 0 0 0 0 0 0 0 0 0
12945 L. africana 1I-1ll 0.75 0.75 0 0 0 0 0 0 0 0 0
13376 L. africana II-11l 0.75 0.75 0 0 0 0 0 0 0 0 0
22765 L. africana II-11l 0.75 0.75 0 0 0 0 0 0 0 0 0
1962.8.17.2 L. africana Il 1 1 0 0 0 0 0 0 0 0 0
13370 L. africana 1l 1 1 0 0 0 0 0 0 0 0 0
15275 L. africana 1l 1 1 0 0 0 0 0 0 0 0 0
27496 L. africana VI 6 6 - - - 0 - - - 0 0
USNM 49489 L. africana XI (XII) 14 14 0 0 0 0 0 0 0 0 0
1858.11.15.1 L. africana XIV 20 20 2 0 0 0 0 0 0 0 0
37441 L. africana XXI 36 36 2 2 2 2 2 1 2 2 1
11774 L. africana XXl 43 43 2 2 2 2 2 2 1 2 2
25421 L. africana XXVII 53 53 2 2 2 2 2 2 2 2 2
crate 4 L. africana - - - 0 0 - 0 0 - - -
637 L. africana - - - 0 0 0 0 0 0 0 0 0
12235 L. africana - - - 0 0 0 0 0 0 0 0 0
21869 L. africana - - - 0 0 0 0 0 0 0 0 0
ANMH 89057 L. africana - - - 0 0 0 0 0 0 0 0 0
total 35 23 22 22 21 16 15 15 14

Table A9.6. L. africana epiphyseal fusion scores following Lister (1999). Legend as Table A9.1.



A9.3. Mammuthus primigenius

Age Age Age Hum. Tibia Tibia Ulna Fem. Hum. Fem. Ulna

Number Species Laws (LAY) (EMY)  (years) Sex Dist Prox Dist Prox Dist Prox Head Dist
Condover a M. primigenius VII 6 6 6 M/F 0-1 0-1 0-1 0-1 0-1 0-1 0-1 0-1
Yuribei M. primigenius VIII-X (X) 8-12 11-13 11 F 23 0-1 0-1 0-1 0-1 0-1 0-1 0-1
STARUNIA M. primigenius XV 22 23-27 25 - 0-1 0-1 - 0-1 - - -
Condover b M. primigenius XVII 26 28 27 M  4-5 4-5 4-5 0-1 0-1 0-1 0-1 0-1
AHLEN M. primigenius XX 34 31-33 32 M  4-5 4-5 2-3 4-5 2-3  0-1 0-1 0-1
BERESOVKA M. primigenius XXII 39 37-39 38 M 4-5 0-1 0-1 2-3 0-1 0-1 0-1 0-1
Khatanga M. primigenius XXII 39 37-39 38 4-5 4-5 4-5 4-5 4-5 0-1 0-1 0-1
Liakhov Is M. primigenius XXII 39 37-39 38 M- 0-1 0-1 2-3 0-1 - 0-1 0-1
Praz Rodet M. primigenius XXII-XXIII 39-43 40-46 43 M  4-5 4-5 4-5 4-5 4-5 23 0-1 0-1
Mochovaya R. M. primigenius XXII-XXV/XXI 43-47 44-48 45 4-5 4-5 4-5 4-5 4-5 45 0-1 0-1
Gyda R M. primigenius XXIV-XXV 45-47 45-50 47 M 4-5 4-5 4-5 4-5 4-5 45 4-5 2-3
Lena R M. primigenius XXIlI-XXV 43-47 45-50 47 M  4-5 4-5 4-5 4-5 4-5 45 4-5 4-5
Steinheim M. primigenius XXHI-XXV 43-47 45-50 47 M 4-5 4-5 4-5 4-5 4-5 - 4-5 0-1
Taimyr M. primigenius XXIlI-XXV 43-47 45-50 47 M 45 4-5 4-5 4-5 4-5 4-5 2-3 0-1
Yenisei Basin M. primigenius XXHI-XXV 43-47 45-50 47 M 4-5 4-5 4-5 4-5 4-5 45 0-1 0-1
Siegsdorf M. primigenius XXVI 49 >52 50 M 45 4-5 4-5 4-5 4-5  4-5 4-5 4-5
Trofimov's Mammc M. primigenius XXVII-XXVIIl  53-55 >50 54 4-5 4-5 4-5 4-5 4-5 4-5 - 0-1
Polch M. primigenius XXX 60 >55 58 M- 4-5 4-5 - 4-5 - 4-5 -
Sanga-Jurjach M. primigenius XVII/XXX 55/60 >55 58 F 45 - - - 4-5 4-5 4-5 -
SIEVSK M. primigenius >XXX >60 >55 60 F 45 - - 4-5 4-5 4-5 4-5 4-5
Allaicha M. primigenius M 45 4-5 4-5 4-5 4-5 4-5 2-3 0-1
Gewande M. primigenius M  4-5 0-1 0-1 0-1 0-1 0-1 0-1 0-1
Neumark-Nord M. primigenius M 2-3 0-1 0-1 0-1 0-1 0-1 0-1 0-1

total mean 64 52 50 50 46 38 24 18

total min 56 44 42 42 38 30 16 10

total max 72 60 58 58 54 46 32 26

Table A9.7. M. primigenius epiphyseal fusion scores after Herridge (this study). Legend as Table

A9.1.
Age Age Age Hum. Tibia Tibia Ulna Fem. Hum. Fem. Ulna

Number Species Laws (LAY) (EMY) (years) Sex Dist Prox Dist Prox Dist Prox Head Dist
Condover a M. primigenius VII 6 6 6 M/F 0-1 0-1 0-1 0-1 0-1 0-1 0-1 0-1
Yuribei M. primigenius VIII-X (X) 8-12 11-13 11 F 23 0-1 0-1 0-1 0-1 0-1 0-1 0-1
STARUNIA M. primigenius XV 22 23-27 25 - 0-1 0-1 - 0-1 - - -
Condover b M. primigenius XVII 26 28 27 M 4 4 4 0-1 0-1 0-1 0-1 0-1
AHLEN M. primigenius XX 34 31-33 32 M 4 4 2-3 4 2-3  0-1 0-1 0-1
BERESOVKA M. primigenius XXII 39 37-39 38 M 4 0-1 0-1 2-3 0-1 0-1 0-1 0-1
Khatanga M. primigenius XXII 39 37-39 38 4 4 4 4 4 0-1 0-1 0-1
Liakhov Is M. primigenius XXII 39 37-39 38 M- 0-1 0-1 2-3 0-1 - 0-1 0-1
Praz Rodet M. primigenius XXII-XXIII 39-43 40-46 43 M 4 4 4 4 4 2-3 0-1 0-1
Mochovaya R. M. primigenius XXIII-XXV/XX| 43-47 44-48 45 4 4 4 4 4 4 0-1 0-1
Gyda R M. primigenius XXIV-XXV 45-47 45-50 47 M 4 4 4 4 4 4 4 2-3
LenaR M. primigenius XXII-XXV 43-47 45-50 47 M 4 4 4 4 4 4 4 4
Steinheim M. primigenius XXHI-XXV 43-47 45-50 47 M 4 4 4 4 4 - 4 0-1
Taimyr M. primigenius XXIII-XXV 43-47 45-50 47 M 4 4 4 4 4 4 2-3 0-1
Yenisei Basin M. primigenius XXHI-XXV 43-47 45-50 47 M 4 4 4 4 4 4 0-1 0-1
Siegsdorf M. primigenius XXVI 49 >52 50 M 4 4 4 4 4 4 4 4
Trofimov's Mammc M. primigenius XXVII-XXVIIl  53-55 >50 54 4 4 4 4 4 4 - 0-1
Polch M. primigenius XXX 60 >55 58 M- 4 4 - 4 - 4 -
Sanga-Jurjach M. primigenius XVII/XXX 55/60 >55 58 F 4 - - - 4 4 4 -
SIEVSK M. primigenius >XXX >60 >55 60 F 4 - - 4 4 4 4 4
Allaicha M. primigenius M 4 4 4 4 4 4 2-3 0-1
Gewande M. primigenius M 4 0-1 0-1 0-1 0-1 0-1 0-1 0-1
Neumark-Nord M. primigenius M 2-3 0-1 0-1 0-1 0-1 0-1 0-1 0-1

total mean 57.5 46.5 45 45 415 345 225 17

total min 56 44 42 42 38 30 16 10

total max 59 49 48 48 45 39 29 24

Table A9.8. M. primigenius epiphyseal fusion scores after Roth (1984). Legend as Table A9.1.
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Age Age Age Hum. Tibia Tibia Ulna Fem. Hum. Fem. Ulna

Number Species Laws (LAY) (EMY) (years) Sex Dist Prox Dist. Prox Dist Prox Head Dist
Condover a M. primigenius VIl 6 6 6 M/F 0 0 0 0 0 0 0 0
Yuribei M. primigenius  VIII-X (X) 8-12 11-13 11 F 1 0 0 0 0 0 0 0
STARUNIA M. primigenius XV 22 23-27 25 - 0 0 - 0 - - -
Condover b M. primigenius  XVII 26 28 27 M 2 2 2 0 0 0 0 0
AHLEN M. primigenius XX 34 31-33 32 M 2 2 1 2 1 0 0 0
Beresovka M. primigenius  XXII 39 37-39 38 M 2 0 0 1 0 0 0 0
Khatanga M. primigenius  XXII 39 37-39 38 2 2 2 2 2 0 0 0
Liakhov Is M. primigenius  XXII 39 37-39 38 M - 0 0 1 0 - 0 0
Praz Rodet M. primigenius  XXII-XXIIl 39-43  40-46 43 M 2 2 2 2 2 1 0 0
Mochovaya R. M. primigenius  XXIII-XXV/XXIIl ~ 43-47 44-48 45 2 2 2 2 2 2 0 0
Gyda R M. primigenius  XXIV-XXV 45-47  45-50 47 M 2 2 2 2 2 2 2 1
Lena R M. primigenius  XXIII-XXV 43-47  45-50 47 M 2 2 2 2 2 2 2 2
Steinheim M. primigenius  XXIlI-XXV 43-47  45-50 47 M 2 2 2 2 2 - 2 0
Taimyr M. primigenius  XXIII-XXV 43-47 45-50 47 M 2 2 2 2 2 2 1 0
Yenisei Basin M. primigenius  XXIlI-XXV 43-47  45-50 47 M 2 2 2 2 2 2 0 0
Siegsdorf M. primigenius  XXVI 49 >52 50 M 2 2 2 2 2 2 2 2
Polch M. primigenius  XXVII-XXVIII 53-55 >50 54 2 2 2 2 2 2 - 0
Trofimov's M. primigenius  XXVII-XXVIII 53-55 >50 54 1 0 0 0 0 0 0 0
Sanga-Jurjach M. primigenius XXX 60 >55 58 M - 2 2 - 2 - 2 -
Sievsk M. primigenius  XVIII/XXX 55/60 >55 58 F 2 - - - 2 2 2 -
Allaicha M. primigenius >XXX >60 >55 60 F 2 - - 2 2 2 2 2
Gewande M. primigenius M 2 2 2 2 2 2 1 0
Neumark-Nord M. primigenius M 2 0 0 0 0 0 0 0

total 28 22 21 21 19 15 8 7

Table A9.9. M. primigenius epiphyseal fusion scores after Lister (1999). Legend as Table A9.1.
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A9.4. Palaeoloxodon antiquus

Age Age Age Hum Hum. Ulna Fem Tibia Tibia Fem. Fem. Ulna

Number Species Laws (LAY) (EMY)  (years) Sex Dist Prox Prox Head Prox Dist Dist GT Dist
Crumstadt P. antiquus XII-XIlI 16-18 16-22 19 3 0 0 0 0-1 2 0 0 -
Aveley 1, Essex P. antiquus XVIII 30 28 29 5 2 3 0-1 0-1 0 0 0 0
Cannstalter
Neckerhalde P. antiquus  XIX-XX 32-34 28-34 33 3-5 3-5 - 3-5 5 5 3-5 3-5 -
Schlangenwinke
1) P. antiquus  XXI-XXII 36-39 34-37 36 - - - 0 1 2 1 1 -
Grobern b P. antiquus XII 39 34-37+ 39 5 5 5 5 5 5 5 5 0-1
Rheinhausen,
Osterweisen P. antiquus  XXIII-XXV 43-47 50 47 5 5 3 5 5 5 5 5 1
Bruhl (Koller)  P. antiquus XXVI-XXVIl ~ 49-53 >50 51 5 5 5 5 - - 5 - -
Bruhl P. antiquus XXVII-XXVIIl  53-55 >>50 54 5 5 5 5 5 5 5 5 5
Aveley 2, Essex P. antiquus - - - - 0-1 0 - -

total mean 20 17 16 15.5 15.5 15 15 15 6.5

total min 20 17 16 15 15 15 15 15 6

total max 20 17 16 16 16 15 15 15 7

Table A9.10. P. antiquus epiphyseal fusion scores after Herridge (this study). Legend as Table A9.1.

Age Age Age Hum. Ulna Hum. Tibia Fem. Tibia Fem. Fem. Ulna
Number Species Laws (LAY) (EMY)  (years) Sex Dist Prox Prox  Prox Head Dist Dist GT Dist
Crumstadt P. antiquus  XII-XIII 16-18 16-22 19 3 0 0 0-1 0 2 0 0 -
Aveley 1, Essex P. antiquus XVIII 30 28 29 4 3 2 0-1 0-1 0 0 0 0
Cannstalter
Neckerhalde P. antiquus  XIX-XX 32-34 28-34 33 3-4 - 3-4 4 34 4 3-4 3-4 -
i oo,
Schlangenwinke
1) P. antiquus  XXI-XXII 36-39 34-37 36 - - - 1 0 2 1 1 -
Grobern b P. antiquus XII 39 34-37+ 39 4 4 4 4 4 4 4 4 0-1
Rheinhausen,
Osterweisen P. antiquus  XXII-XXV 43-47 50 47 4 3 4 4 4 4 4 4 1
Bruhl (Koller)  P. antiquus XXVI-XXVIl ~ 49-53 >50 51 4 4 4 - 4 - 4 - -
Bruhl P. antiquus  XXVII-XXVIIl  53-55 >>50 54 4 4 4 4 4 4 4 4 4
Aveley 2, Essex P. antiquus - - - 0-1 - 0 - -
total mean 16 14 14 12.5 12.5 12 12 12 5.5
total min 16 14 14 12 12 12 12 12 5
total max 16 14 14 13 13 12 12 12 6
Table A9.11. P. antiquus epiphyseal fusion scores after Roth (1984). Legend as Table A9.1.
Age Age Age Hum. Hum. Tibia Tibia Fem. Ulna Fem. Fem. Ulna
Number Species Laws (LAY) (EMY) (years) Sex Dist Prox Prox Dist. Dist Prox GT Head Dist
Crumstadt P. antiquus XII-XIll 16-18  16-22 19 1 0 0 1 0 0 0 0 -
Aveley 1, Essex P. antiquus XVIII 30 28 29 2 1 0 0 0 1 0 0 0
Cannstalter
Neckerhalde P. antiquus XIX-XX 32-34  28-34 33 1 1 2 2 1 - 1-2 1 -
Bruhl
(Schlangenwink
el) P. antiquus XXI-XXII 36-39 34-37 36 - - 0 1 0 - 0 0 -
Grobern b P. antiquus XII 39 34-37+ 39 2 2 2 2 2 2 2 2 0
Rheinhausen,
Osterweisen P. antiquus XXIII-XXV 43-47 50 47 2 2 2 2 2 1 2 2 0
Bruhl (Koller) P. antiquus XXVI-XXVII 49-53 >50 51 2 2 - - 2 2 - 2 -
Bruhl P. antiquus XXVII-XXVIII 53-55 >>50 54 2 2 2 2 2 2 2 2 2
Aveley 2, Essex  P. antiquus - - 0 0 - - - - -
total 8 7 6 6 6 6 6 6 2

Table A9.12. P. antiquus epiphyseal fusion scores after Lister (1999). Legend as Table A9.1.
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Appendix 10: Comparison of body-mass estimation methods

Christiansen (2004) Herridge Roth (1990)
mm BM(kg) PE% mm BM(kg) PE% BM (kg) PE %
Humerus TL 800 3196 14.8 813 3335 18.3 1614 68.8
Circ 292 3060 11 293 3081 11.6 2585 5.3
Min AP 96 3016 9.71 102 3406 20
e MinML_ 9 3095 12 83 2607 45 .
Ulna TL 706 3039 10.4
MDML 77 1282 112.3 76 1240 119.7
MDAP 76 2850 4.5 81 3351 18.7
... Circ_ 240 2909 6.4 244 3008 9.5
Femur TL 1009 3558 23.5 1013 3606 24.5 1682 63.8
Circ 271 2739 0.6 272 2760 1.3 2892 4.9
MDAP 73 2521 8 68 2139 27.3
MDML 99 2855 4.6 103 3079 11.6
Lat Cond
e ME 66 2452  11.1 | 68 2658 2.4
Tibia TL 595 3418 20.3 596 3432 20.6
Circ 211 2682 1.5 225 3179 14.3
MDAP 61 3385 19.6 74 4483 39.3
MDML 74 3549 23.3 74 3549 23.3

Table A10.1. Comparison of body mass estimation methods. Grey shading highlights measurements
and weight estimates that are outside of the PE % of Christiansen's sample and thus indicate either (i)
my/Roth's measurements are not equivalent to Christiansen's or (ii) Roth's equation does not predict
body mass with sufficient accuracy.

Christiansen (2004) did not provide detailed specification of long-bone measures (i.e. where
along shaft the AP and ML measures were taken), however L. africana specimen ZE 1961.8.9.82 was
also included in my dataset, allowing measurements to be compared. Limb bone parameters with a PE
less than 15% were selected from Christiansen’s (2004) body mass estimation equations, and used to
calculate body mass and individual PE for my measures for this specimen. This and Roth's (1990) body
mass estimation equations were then compared with Christiansen's (2004) estimations (using
Christiansen's measurements in the latter instance). Grey shading highlights measurements and weight
estimates that are outside of the PE % of Christiansen's sample and thus indicate either (i) my/Roth's
measurements are not equivalent to Christiansen's or (ii) Roth's equation does not predict body mass with

sufficient accuracy.

Shaded measures were therefore not used in body mass calculations, with the exception of
Humerus TL, which was retained to illustrate the differences in estimates from lengths and widths. Femur
and humerus TL calculated from Roth's (1990) equations were included, despite high PE %, as these
measures were demonstrated to have good accuracy for individuals under 2000kg, the expected range for
dwarf elephants. BM is body mass; PE % is percentage prediction error of BM: (observed-
predicted)/predicted*100; TL is total length; Circ is minimum or midshaft circumference; Min AP is
minimum antero-posterior diameter; Min ML is minimum medio-lateral diameter; Dist Art ML is medio-

lateral width of distal articulation surface; MDML is midshaft medio-lateral diameter; MDAP is midshaft
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antero-posterior diameter; Lat Cond ML is medio-lateral with of the lateral condyle of the distal
epiphysis. Mass and measurements from Christiansen (2004) were back-calculated from the published
Log10 data. Fusion scores after Lister (1999): O, unfused; (X), fusing

Specimen: NHM ZE 1961.8.9.82 Mass: 2723 kg
Fusion (prox/dist): Hum: O/(X) Ulna: 0/0 Fem: 0/0 Tib: 0/0
Dental Age: 16 years Sex: Female
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Appendix 11. Bivariate plots illustrating limb bone allometry

The following figures include all bivariate allometric plots to supplement the examples given in Figure 6.9.
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Figure A11.1. Bivariate plots illustrating inter- and intra-specific allometry in the elephant humerus. Top row is interspecific allometry for adult (solid line)
and juvenile (dashed line) samples. Middle row is juvenile intraspecific allometry. Bottom row is adult intraspecific allometry. Open circles are juvenile bones
(unfused); closed circles are adult bones (fusing/fused distal epiphysis); black is P. antiquus; purple is L. africana; light blue is E. maximus; red is P. falconeri
(allometric lines calculated from Spinagallo Cave material only); green is P. tiliensis; orange is Sicily 3; grey is unidentified Maltese material; dark blue is
Maltese P. mnaidriensis; very light blue is Luparello Cave material; for these last three, allometry was not characterized due to ambiguities surrounding species

attribution (Chapter 4). Parameter abbreviations as Tables 2.5-2.8..
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Figure A11.2. Bivariate plots illustrating inter- and intra-specific allometry in the elephant ulna. Legend as Figure A11.1, except adult bones identified by
fusing/fused proximal epiphyses.
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Figure A11.3. Bivariate plots illustrating inter- and intra-specific allometry in the elephant femur. Legend as Figure A11.1.
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Figure A11.4. Bivariate plots illustrating inter- and intra-specific allometry in the elephant tibia. Legend as Figure A11.1, except adult bones identified by
fusing/fused proximal epiphyses.




Appendix 12: Major-axis estimation parameters for intraspecific

bivariate allometry

Low Upp Low

Upp

X Taxon n R? p b "5 ¢ s se Lnax CISE
L. africana 11 0.37 0.05 0.43 0.01 1.03 0.22 0.74 4.24* + 2.21 1.13
a E. maximus 4 0.89 0.06 0.87 ! ! ! ! 1.86 £ 4.93 2.52
E P. antiquus 7 0.62 0.04 0.76 0.13 2.36 0.44 1.58 2.39 <+ 3.91 1.99
< P. tiliensis 4 0.72 0.15 0.79 1! ! ! ! 1.95 =+ 7.48 3.82
P. falconeri 5 0.80 0.04 1.37 0.43 10.27 0.89 5.91 -0.90 + 5.81 2.97
______ Sicily3 .10 0.09 ©0.40 o036 ' ! ' ! 421 + 497 2.53
L. africana 11 0.87 0.00 0.58 0.42 0.76 0.50 0.67 3.49* + 0.86 0.44
_, E maximus 5 0.86 0.02 0.72 0.24 1.62 0.47 1.18 2.70 * 2.85 1.46
E P. antiquus 6 0.83 0.01 1.01 0.49 2.08 0.74 1.56 1.09 <+ 3.48 1.78
s P. tiliensis 5 0.58 0.14 0.78 ! ! ! ! 2.20 + 5.85 2.98
P. falconeri 4 0.93 0.04 1.34 0.49 5.79 0.91 3.61 -0.45 + 4.93 2.52
______ Sicily3 .12 0.18 0.18 0.44 ' ! ' ! .3.92 +3.43 175
L. africana 11 0.83 0.00 0.61 0.41 0.85 0.51 0.74 3.53* + 1.03 0.53
o E.maximus 5 0.90 0.01 0.68 0.30 1.26 0.48 0.97 3.19* + 2.06 1.05
g P.antiquus 8 0.86 0.00 1.21 0.80 1.90 1.00 1.56 0.39 + 2.59 1.32
< P. tiliensis 6 0.74 0.03 0.71 0.18 1.78 0.44 1.26 2.80* + 2.54 1.29
P. falconeri 7 0.95 0.00 1.26 0.97 1.67 1.11 1.47 0.39 + 1.32 0.67
______ Sicily3 .15 006 039 0.3 ' ! ! ! 454 +3.95 202
L. africana 11 0.90 0.00 0.71 0.54 0.92 0.63 0.82 2.67* = 0.99 0.50
_, E.maximus 5 0.89 0.02 0.83 0.35 1.75 0.59 1.30 1.97 + 3.02 1.54
g P.antiquus 9 0.96 0.00 1.06 0.89 1.26 0.97 1.16 0.68 + 1.04 0.53
< P. tiliensis 6 0.75 0.03 0.71 0.18 1.77 0.44 1.25 2.43 + 2.84 1.45
P. falconeri 7 0.84 0.00 1.02 0.59 1.76 0.80 1.40 0.82 + 2.28 1.16
______ Sicily3 _ _.150.53 0.00 1.20 0.66 2.39 0.92 1.81 -0.11 + 3.57 1.82
L. africana 11 0.82 0.00 0.56 0.37 0.79 0.46 0.68 3.94* + 0.91 0.47
% E. maximus 5 0.92 0.01 0.57 0.29 0.94 0.43 0.76 3.84* + 1.43 0.73
£ P. antiquus 8 0.64 0.02 0.64 0.19 1.39 0.41 1.02 3.61* + 2.39 1.22
E P. tiliensis 6 0.39 0.18 1.04 ! ! ! ! 1.77 =+ 7.18 3.66
- P.falconeri 6 0.50 0.12 1.08 ! ! ! ! 1.38 * 5.65 2.88
______ Sicily3 .18 0.05 0.38 0.17 -0.30 0.73 -0.07 0.46 _5.40 + 1.80 0.92
L. africana 11 0.91 0.00 0.55 0.42 0.69 0.48 0.62 4.06* = 0.60 0.30
5‘ E. maximus 5 0.87 0.02 0.57 0.19 1.12 0.38 0.85 3.98* + 1.79 0.92
£ P. antiquus 9 0.76 0.00 1.17 0.69 2.08 0.92 1.63 1.10 <+ 2.84 1.45
i P. tiliensis 6 0.83 0.01 0.75 0.33 1.46 0.54 1.11 2.96* + 1.87 0.95
- P.falconeri 7 0.95 0.00 0.88 0.66 1.16 0.76 1.02 2.24* = 0.87 0.44
______ Sicily3 _ _.15.0.38 0.02 1.46 0.64 5.00 1.04 3.27 -0.22 + 4.93 2.52
L. africana 9 0.82 0.00 0.51 0.31 0.75 0.41 0.63 4.09* + 1.02 0.52
3‘ E. maximus 5 0.44 0.23 0.56 ! ! ! ! 3.84 + 5,59 2.85
% P. antiquus 10 0.74 0.00 0.75 0.43 1.22 0.59 0.99 2.88* + 1.86 0.95
2 P. tiliensis 5 0.74 0.06 0.67 ! ! ! ! 3.07 £ 3.13 1.60
- P.falconeri 6 0.92 0.00 0.59 0.36 0.88 0.47 0.74 3.05* + 1.01 0.51
Sicily 3 16 0.25 0.05 0.47 0.00 1.19 0.23 0.83 3.97* + 2.18 1.11

Table A12.1. Intraspecific major axis slope estimation in the adult elephant humerus. Major axis slopes

conforming to the relationship Ln DL = Ln a + b*Ln x were estimated for all samples with n>3. Adult bones were

identified on the basis of their early fusing epiphyses (distal = fusing/fused). Grey shading highlights p-values >
0.05, where slopes are not significantly different to O (i.e. variables are uncorrelated). Blue shading highlights
negatively allometric b-values that reject isometry (are significantly different to 1); green shading highlights

negatively allometric b-values that cannot reject isometry; yellow shading highlights positively allometric b-values
that cannot reject isometry. * indicates y-intercept values that significantly different to 0.
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X Taxon n R? p b LS:N U(r:)lp LSOI\EN US%p Lha + CI SE
L. africana 5 0.79 0.04 0.52 0.04 1.33 0.27 0.94 4.02* £+ 2.29 1.17
I E. maximus . . . . . . . . - .
E P. antiquus 6 0.67 0.05 0.76 0.05 3.00 0.40 1.90 2.83 + 3.56 1.82
i P. tiliensis 8 0.50 0.05 0.91 ! ! ! ! 2.15 + 3.53 1.80
- P. falconeri 18 0.62 0.00 0.80 0.51 1.22 0.65 1.02 2.35* + 1.12 0.57
_...Sicily3 7052 [0.07 2.48 0.94 -20.70 1.70 -9.35 -4.96 * 11.82 6.03
L. africana 5 0.94 0.01 0.50 0.27 0.77 0.38 0.64 4.22* + 1.05 0.54
a E. maximus 4 0.96 0.02 0.60 0.26 1.07 0.43 0.84 3.67* + 1.62 0.82
<o( P.antiquus 6 0.87 0.01 0.83 0.44 1.47 0.63 1.16 2.47* + 2.19 1.12
E P. tiliensis 8 0.70 0.01 0.62 0.25 1.18 0.43 0.90 3.24* + 1.58 0.80
- P. falconeri 17 0.48 0.00 0.77 0.38 1.42 0.57 1.10 2.40* %= 1.54 0.79
. Sicily3 9 036 009 090 ! t 1 1 191 * 466 2.38
L. africana 5 0.80 0.04 0.54 0.06 1.34 0.30 0.95 3.53* + 2.64 1.35
» E. maximus 4 0.98 0.01 1.07 0.72 1.62 0.89 1.35 0.65 £ 2.20 1.12
E P.antiquus 6 0.79 0.02 1.50 0.72 4.29 1.10 2.92 -1.87 £ 5.98 3.05
< P. tiliensis 6 0.92 0.00 0.96 0.63 1.46 0.79 1.22 1.18 + 1.81 0.92
P. falconeri 14 0.65 0.00 1.06 0.65 1.74 0.85 1.41 0.60 + 2.05 1.05
....Sicily3 9 066 00l 133067 3.12 0.99 2.24 -0.76 * 4.28 2.18
L. africana 5 0.95 0.01 0.42 0.25 0.62 0.34 0.52 4.12* + 0.98 0.50
o E. maximus 4 0.86 0.07 0.81 ! ! ! ! 1.87 + 5.48 2.79
o~ P.antiquus 7 0.93 0.00 0.90 0.65 1.23 0.77 1.07 1.35 £ 1.61 0.82
< P. tiliensis 6 0.83 0.01 0.80 0.36 1.57 0.57 1.19 1.76 £ 2.48 1.27
P. falconeri 17 0.84 0.00 0.68 0.53 0.86 0.60 0.77 2.12* + 0.70 0.36
...Sicily3 7027 023 079 % vt 1 170 *7.74 3.95
L. africana 5 0.73 0.07 0.46 -0.08 1.38 0.19 0.93 4.13 + 2.58 1.32
r E. maximus . . . . . . . . - .
g P.antiquus 5 0.88 0.02 0.80 0.32 1.69 0.56 1.26 2.32 + 2.87 1.46
5 P. tiliensis 6 0.49 0.12 0.64 ! ! ! ! 2.86 + 4.01 2.05
P. falconeri 17 0.78 0.00 0.85 0.62 1.14 0.73 0.99 1.87* + 0.94 0.48
...Sicily3 4 012 (065 1.22 ' ' ' ! 018 *46.9123.93
L. africana 5 0.87 0.02 0.48 0.16 0.91 0.31 0.70 4.02* + 1.71 0.87
0 E. maximus 4 0.79 0.11 1.93 ! ! ! ! -3.32 +15.29 7.80
g P. antiquus 6 0.64 0.06 0.83 ! ! ! ! 2.05 + 4.60 2.34
< P. tiliensis 6 0.50 0.12 0.56 ! ! ! ! 3.20 £ 3.42 1.74
P. falconeri 16 0.71 0.00 0.84 0.56 1.21 0.70 1.03 1.79* %+ 1.20 0.61
Sicily 3 8 0.29 0.17 0.41 ! ! ! ! 3.90 + 3.05 1.56

Table A12.2. Intraspecific major axis slope estimation in the adult elephant ulna. Legend as Table
Al12.1; early fusing epiphysis = proximal ulna.
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X Taxon n R> p b Lg}/v U(r:)lp ngv USFIJED Lha + Cl SE
a L. africana 5 0.53 0.16 0.54 ! ! 1 ! 4.45* + 4.24 2.16
é P. tiliensis 5 0.04 0.75 1.60 ! ! ! ! -0.04 + 55.86 28.50
z P. falconeri 9 0.68 0.01 0.93 0.45 1.84 0.68 1.39 2.42* + 1.98 1.01
. Sicily3 12 0.03_0.61 -0.37 ' | L L. L 7.92 + 6.62 3.38
§| L. africana 5 0.50 0.18 0.28 -0.42 1.40 -0.07 0.85 549 + 2.63 1.34
% P. tiliensis 5 0.72 0.07 0.93 ! ! 1 ! 2.41 + 4.30 2.20
g P. falconeri 11 0.74 0.00 0.96 0.59 1.56 0.77 1.27 2.13* + 1.59 0.81
5 . Sicily3 10.0.00 0.90 3.73 ' ! L L. ! ..-10.33  £297.84151.96
L. africana 4 0.27 0.48 0.07 -0.33 0.49 -0.13 0.28 6.54 + 1.69 0.86
% P. tiliensis . . . . . . . . .t
Z| P. falconeri . i i . i i i ) .t
. Sicily3 9..0.15 0.81 0.19 -0.28 0.78 -0.05 0.49 _  5.53 £ 1.84 0.94
L. africana 5 0.15 0.52 0.12 ! ! 1 ! 6.23 + 2.92 1.49
% P. tiliensis 5 0.68 0.09 0.62 ! ! ! ! 3.22 + 3.71 1.89
5 P. falconeri 8 0.79 0.00 1.03 0.58 1.82 0.80 1.43 1.26 = 2.29 1.17
. Sicily3 9..0.35 0.10 -2.57 8.31 -0.86 2.98 -1.70 _ 19.39 £16.02 8.17
L. africana 5 0.93 0.01 0.39 0.20 0.61 0.29 0.50 4.86* £ 1.06 0.54
% P. tiliensis 5 0.40 0.25 0.71 ! ! ! ! 2.98 + 7.20 3.68
= P. falconeri 8 0.53 0.04 1.28 0.34 11.65 0.80 6.57 0.35 + 5.04 2.57
. Sicily3 . 10.0.14 0.30 0.78 ' | L L. L 2.68 £ 7.59 3.87
B L. africana 5 0.47 0.20 0.55 ! ! ! ! 3.91 + 5.83 2.97
% P. tiliensis 5 0.84 0.03 0.85 0.27 2.25 0.55 1.57 2.09 + 3.22 1.64
5 P. falconeri 9 0.93 0.00 1.11 0.88 1.42 0.99 1.27 0.89 + 1.14 0.58
Sicily 3 11 0.40 0.04 1.94 0.79 19.96 1.36 11.13 -3.36 * 8.99 4.59

Table A12.3. Intraspecific major axis slope estimation in the adult elephant femur. Legend as Table
Al12.1; early fusing epiphysis = distal femur.
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X Taxon n R? p b Lg\IN U([:)Ip ngv US%p Lha + Cl SE
L. africana 4 0.75 0.14 0.44 ! ! ! ' 427 +£3.93 2.01

o | E.maximus 4 0.93 0.04 0.83 0.23 2.33 0.52 1.60 2.15 + 3.42 1.74
| P.antiquus 7 0.54 0.06 1.32 ! ! ! ' _0.47 +7.32 3.74
5| P.tiliensis 22 0.70 0.00 0.54 0.38 0.72 0.46 0.63 3.53* + 0.65 0.33
P. falconeri 44 0.68 0.00 0.92 0.74 1.14 0.83 1.03 1.46* + 0.77 0.39
. Sicily3 17_..0.54 0.00 0.58 0.30 0.94 0.44 0.76 3.12* £ 1.39 0.71
L. africana 4 0.72 0.15 0.28 ! ! ! ! 499 =+ 2.85 1.46

| E.maximus 4 0.97 0.02 0.66 0.33 1.15 0.49 0.91 2.80* % 1.94 0.99
=| P.antiquus 8 0.61 0.02 0.65 0.17 1.52 0.40 1.09 2.90* + 2.85 1.45
5| P.tiliensis 21 0.66 0.00 0.72 0.49 1.00 0.60 0.86 2.28* + 1.15 0.59
P. falconeri 40 0.85 0.00 0.95 0.83 1.10 0.89 1.03 1.09* + 0.55 0.28
. Sicily3 21 0.67. 0.00 0.82 0.57 1.15 0.69 0.99 1.80* * 1.36_0.69_
L. africana 4 0.47 0.31 0.62 ! ! ! ! 3.63 + 9.19 4.69

o E. maximus 4 0.82 0.10 0.66 ! ! ! ' 336 +4.23 2.16
9| P.antiqus 7 0.88 0.00 0.81 0.51 1.24 0.66 1.03 2.62* +1.60 0.82
| P.tiliensis 22 0.80 0.00 0.57 0.44 0.72 0.51 0.65 3.40* # 0.53 0.27
~| P.falconeri 50 0.77 0.00 0.88 0.75 1.03 0.81 0.96 2.08* + 0.48 0.24
. Sicily3 19 . 0.31 0.01 0.74 0.23 1.73 0.48 1.24 2.79* +2.33 1.19
L. africana 4 0.69 0.17 0.65 ! ! ! ! 3.46 * 6.23 3.18

= E. maximus 4 0.82 0.10 1.05 ! ! ! ! 1.63 + 6.69 3.41
= P.antiquus 8 0.63 0.02 0.80 0.26 1.98 0.53 1.40 2.64 + 2.92 1.49
| P. tiliensis 23 0.63 0.00 0.69 0.47 0.97 0.58 0.83 3.00* + 0.91 0.47
~| P.falconeri 49 0.77 0.00 0.88 0.74 1.03 0.81 0.95 2.16* + 0.47 0.24
. Sicily3 21 037 0.00 0.76 0.34 1.47 0.55 1.12 2.65* +1.99 1.01

L. africana 4 0.92 0.04 0.56 0.06 1.41 0.31 0.99 3.78* + 2.48 1.26

.| E.maximus 4 0.81 [0.10 0.79 ! ! ! I 257 +559 285
<| P.antiquus 7 0.64 0.03 0.95 0.24 3.42 0.59 2.21 1.64 =+ 4.17 2.13
S| P.tiliensis 22 0.78 0.00 0.93 0.72 1.19 0.82 1.06 1.71* + 0.96 0.49
P. falconeri 47 0.84 0.00 0.93 0.81 1.06 0.87 0.99 1.61* + 0.46 0.23
. Sicily3 13 027 0.07 o091 ! | e ! 172 +452 230
L. africana 4 0.77 0.12 0.45 ! ! ! ' 417 +3.88 1.98

| E.maximus 4 0.98 0.01 [0.61 0.35 0.96 0.48 0.79 3.21* + 1.43 0.73
=| P.antiguus 8 0.57 0.03 0.65 0.12 1.70 0.38 1.19 3.00* * 2.99 1.53
| P.tiliensis 21 0.62 0.00 0.88 0.58 1.29 0.73 1.09 1.71* * 1.48 0.75
P. falconeri 46 0.68 0.00 0.92 0.75 1.14 0.83 1.03 1.43* + 0.75 0.38
Sicily 3 17 0.23 0.05 0.97 ! ! ! I 124 +4.61 2.35

Table A12.4. Intraspecific major axis slope estimation in the adult elephant tibia. Legend as Table
Al12.1; early fusing epiphysis = either proximal or distal tibia.
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X Taxon n R? p b o) UppCl oo of  Lna+ CI SE

Ln PAP L. africana 23 0.94 0.00 0.94 0.83 1.05 0.88 0.99 1.32* + 0.50 0.25
veeeo.......P.tiliensis 14 0.95 0.00 _0.86 0.74 0.99 0.80 0.93 1.50* # 0.52 0.27
LnPML L. africana 24 0.97 0.00 0.90 0.83 0.98 0.87 0.95 1.70* + 0.34 0.17
eeoo.......P.tiliensis 14 0.96 0.00 _0.93 0.81 1.07 0.87 1.00 1.50* # 0.50 0.26
Ln DAP L. africana 23 0.96 0.00 0.97 0.89 1.07 0.93 1.02 1.72* + 0.36 0.18
veeoo.......P.tiliensis 14 0.94 0.00 _0.77 0.66 _0.90 0.71 0.84 2.30* # 0.44 0.22
LnDML L. africana 24 0.96 0.00 1.15 1.06 1.26 1.10 1.20 0.27 + 0.47 0.24
eeoo.......P.tiliensis 12 0.96 _0.00 _0.96_ 0.84 1.11 0.90 1.03 1.00* # 0.58 0.29
Ln MinAP L. africana 24 0.93 0.00 0.96 0.85 1.09 0.91 1.03 2.12* + 0.45 0.23
voeeoo.......P.tiliensis 17 0.93 0.00 _0.97 0.83 1.13 0.90 1.05 1.98* # 0.49 0.25_
Ln MinML L. africana 24 0.95 0.00 0.95 0.86 1.06 0.91 1.01 2.23* + 0.35 0.18
vreeeo.......P.tiliensis 17 0.91 _0.00 _0.98 0.82 1.17 0.90 1.08 1.97* # 0.56 0.29
Ln DeltML L. africana 24 0.93 0.00 0.92 0.81 1.04 0.87 0.98 2.13* + 0.44 0.22

P. tiliensis 16 0.81 0.00 0.81 0.60 1.07 0.70 0.94 2.36* + 0.78 0.40

Table A12.5. Intraspecific major axis slope estimation in the juvenile elephant humerus. Major axis
slopes conforming to the relationship Ln DL = Ln a + b*Ln x were estimated for all samples with n>3.
Juvenile bones were identified on the basis of unfused epiphyses. Grey shading highlights p-values >
0.05, where slopes are not significantly different to O (i.e. variables are uncorrelated). Blue shading
highlights negatively allometric b-values that reject isometry (are significantly different to 1); green
shading highlights negatively allometric b-values that cannot reject isometry; orange shading highlights
positively allometric b-values that reject isometry; yellow shading highlights positively allometric b-
values that cannot reject isometry. * indicates y-intercept values that significantly different to 0.
Parameter abbreviations as Table 2.xx.
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X  Taxon n R? p b LS:N U(r:)lp L;;N USpEp Lna + ClI #SE
_i L. africana 28 0.96 0.00 0.95 0.88 1.03 0.92 0.99 2.19* + 0.28 0.14
g E. maximus 4 0.99 0.01 1.07 0.73 1.59 0.90 1.34 1.78* £ 1.45 0.74
E P. tiliensis 27 0.95 0.00 0.90 0.82 0.99 0.86 0.95 2.15* + 0.27 0.14
T P.falconeri 29 0.98  0.00 | 0.84 0.79 0.90 0.82 0.87 2.16* # 0.16 0.08
o L. africana 28 0.94 0.00 1.04 0.94 1.15 0.99 1.10 1.88* £ 0.38 0.19
<DE E. maximus 4 1.00 0.00 1.00 0.80 1.25 0.90 1.13 2.08* = 0.80 0.41
i P. tiliensis 27 0.96 0.00 0.95 0.87 1.03 0.91 0.99 1.94* + 0.26 0.13
T P.falconeri 28 0.96  0.00 0.83 0.76 0.90 0.80 0.86  2.09* * 0.20 0.10_
» L. africana 28 0.97 0.00 1.09 1.02 1.17 1.06 1.13 0.57* = 0.34 0.18
E E. maximus 4 0.90 0.05 1.18 ! ! ! ! 0.16. + 5.65 2.88
S P. tiliensis 21 0.97 0.00 0.99 0.91 1.08 0.95 1.04 0.88* + 0.35 0.18
... P.falconeri 19 _ 0.98 _ 0.00 0.92 0.86_ 0.99 0.89 0.96 _1.06* + 0.26 0.13
o L. africana 28 0.96 0.00 0.94 0.87 1.02 0.90 0.98 1.25* + 0.36 0.18
E E. maximus 4 0.99 0.01 0.98 0.66 1.45 0.81 1.22 1.11 + 1.75 0.89
S P. tiliensis 23 0.97 0.00 0.77 0.70 0.83 0.73 0.80 1.84* + 0.26 0.13
... P.falconeri 25 _ 0.97 _ 0.00 0.76 0.71 0.82 0.73 0.79 _1.69* + 0.21 0.11
» L. africana 25 0.98 0.00 0.95 0.89 1.02 0.92 0.98 1.70* = 0.27 0.14
g E. maximus 4 0.97 0.02 1.02 0.55 1.89 0.78 1.46 1.37 £ 2.37 1.21
< P. tiliensis 23 0.93 0.00 0.80 0.70 0.91 0.75 0.85 2.06* + 0.36 0.19
... P.falconeri 28 _ 0.97 _ 0.00 0.87 0.81_ 0.93 0.84 0.90 1.70* + 0.20 0.10
o L. africana 28 0.98 0.00 0.98 0.92 1.04 0.95 1.01 1.46* = 0.25 0.13
g E. maximus 4 1.00 0.00 1.03 0.83 1.29 0.93 1.17 1.19* £ 0.99 0.51
S P. tiliensis 23 0.97 0.00 0.93 0.86 1.00 0.89 0.97 1.50* = 0.27 0.14
P. falconeri 28 0.97 0.00 0.92 0.86 0.98 0.89 0.95 1.42* + 0.21 0.11

Table A12.6. Intraspecific major axis slope estimation in the juvenile elephant ulna. Legend as

Table A12.5.
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X Taxon n R? p b Lg\IN U([:)Ip ngv Usﬁ)zp Lha + CI SE
o L. africana 29 0.94 0.00 1.19 1.07 1.32 1.13 1.26 1.66* = 0.46 0.23
é E. maximus 4 1.00 0.00 1.15 1.09 1.20 1.12 1.18 1.92* + 0.20 0.10
< P. tiliensis 16 095 0.00 1.13 0.99 1.28 1.06 1.21 1.81* + 0.47 0.24
... .P.falconeri 28 0.98 0.00 0.96 0.90 1.02 0.93 0.99 _ 2.32* + 0.16 0.08
3' L. africana 29 0.94 0.00 0.98 0.89 1.08 0.94 1.03 2.21* = 0.38 0.19
% E. maximus 4 1.00 0.00 0.91 0.77 1.06 0.84 0.98 2.54* + 0.56 0.29
g P. tiliensis 16 0.98 0.00 1.06 0.98 1.16 1.02 1.11 1.91* + 0.31 0.16
3| p.falconeri 28 0.98  0.00 0.96 0.91 1.01 0.93 0.98 2.18* £ 0.15 0.08
L. africana 28 0.91 0.00 0.97 0.85 1.10 0.91 1.03 2.39* = 0.46 0.23

% E. maximus 4 0.98 0.01 0.95 0.56 1.59 0.75 1.28 2.50* £ 1.75 0.89
5| P. tiliensis 12 0.95 0.00 0.90 0.77 1.05 0.83 0.98 2.59* £ 0.44 0.22
|.P.falconeri 18 0.95 0.00 1.16 1.03 1.32 1.09 1.24 1.19* % 0.47 0.24
L. africana 29 0.95 0.00 1.09 0.99 1.19 1.04 1.14 0.99* % 0.46 0.23

% E. maximus 4 0.99 0.01 1.09 0.80 1.49 0.94 1.29 1.00 =+ 1.54 0.78
S| P. tiliensis 15 0.95 0.00 1.13 0.98 1.31 1.05 1.22 0.77* £ 0.68 0.35
|.P.falconeri 28 0.97 0.00 1.00 0.93 1.07 0.96 1.04 _1.29* % 0.27 0.14
L. africana 28 0.95 0.00 1.24 1.12 1.36 1.18 1.30 0.53 £ 0.53 0.27

% E. maximus 4 0.93 0.04 1.37 0.51 6.07 0.93 3.77 -0.15 + 5.32 2.72
S| P. tiliensis 13 0.94 0.00 1.22 1.02 1.46 1.12 1.34 0.62 <+ 0.85 0.43
|.P.falconeri 25 0.95 0.00 1.04 0.94 1.15 0.99 1.09 1.35* % 0.36 0.18
L. africana 29 0.95 0.00 1.24 1.14 1.36 1.19 1.30 0.27 £ 0.50 0.25

% E. maximus 4 0.96 0.02 1.12 0.57 2.34 0.84 1.74 0.87 +£ 3.22 1.64
S| P. tiliensis 14 0.97 0.00 1.31 1.18 1.47 1.24 1.39 -0.04 <+ 0.60 0.30
P. falconeri 24 0.98 0.00 1.09 1.02 1.16 1.05 1.13 0.99* + 0.27 0.14

Table A12.7. Intraspecific major axis slope estimation in the juvenile elephant femur. Legend as

Table A12.5.
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X Taxon n R? p b Lg\IN Uglp L;\;N USFI)Ep Lha + ClI SE
a L. africana 28 0.98 0.00 0.96 0.91 1.03 0.93 1.00 1.61* + 0.25 0.13
E E. maximus 4 0.96 0.02 0.89 0.40 1.86 0.64 1.39 1.87 <+ 2.48 1.26
S P. tiliensis 24 0.91 0.00 0.84 0.73 0.97 0.78 0.90 1.81* + 0.44 0.23
P. falconeri 9 0.99 0.00  1.02 0.92 1.13 0.97 1.08 _1.10* + 0.36 0.18
» L. africana 29 0.46 0.00 0.69 0.42 1.05 0.55 0.87 2.55* + 1.31 0.67
E E. maximus 4 0.98 0.01 1.30 0.81 2.25 1.05 1.78 -0.33 + 2.85 1.46
S P. tiliensis 24 0.95 0.00 0.95 0.85 1.05 0.90 1.00 1.10* + 0.39 0.20
.| P.falconeri 8 _0.97 0.00 1.14 0.96 1.36 1.05 1.25 0.34 + 0.74 0.38
a L. africana 29 0.93 0.00 1.07 0.96 1.19 1.01 1.13 1.82* + 0.42 0.21
<DE E. maximus 4 0.94 0.03 1.05 0.40 2.84 0.72 1.96 1.84 <+ 2.91 1.48
E P. tiliensis 32 0.95 0.00 0.95 0.87 1.04 0.91 1.00 1.81* + 0.27 0.14
| P.falconeri 9 0.99 0.00 1.020.951.11 0.98 1.07 1.57* + 0.24 0.12
I L. africana 29 0.94 0.00 1.01 0.91 1.12 0.96 1.06 1.94* + 0.38 0.19
g E. maximus 4 0.98 0.01 1.150.73 1.84 0.94 1.50 1.36 <+ 1.87 0.95
i P. tiliensis 32 0.96 0.00 0.95 0.89 1.03 0.92 0.99 1.91* + 0.22 0.11
| P.falconeri 8 0.98 0.00 1.050.92 1.20 0.98 1.12 1.49* # 0.41 0.21
o L. africana 29 0.98 0.00 1.03 0.97 1.09 1.00 1.06 1.47* + 0.25 0.13
g E. maximus 4 0.98 0.01 1.10 0.69 1.78 0.89 1.44 1.18 <+ 2.00 1.02
5 P. tiliensis 26 0.96 0.00 0.94 0.86 1.03 0.90 0.98 1.56* + 0.29 0.15
P. falconeri 8 __0.98 0.00 _0.96 0.83 1.11 0.89 1.04 _1.43* + 0.46 0.23
» L. africana 27 0.97 0.00 1.05 0.97 1.13 1.01 1.09 1.16* + 0.34 0.18
=| E.maximus . . . . . . . . - .
< P. tiliensis 24 0.95 0.00 0.90 0.81 1.00 0.85 0.95 1.57* + 0.35 0.18
P. falconeri 9 0.94 0.00 1.09 0.87 1.38 0.98 1.24 0.81 + 0.86 0.44

Table A12.8. Intraspecific major axis slope estimation in the juvenile elephant tibia. Legend as

Table A12.5
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Low Upp Low Upp

X Taxon n R? p b CI CI SE SE Lna+ Cl SE

L. africana 34 0.89 0.00 1.07 0.94 1.22 1.00 1.15 0.76* + 0.67 0.34
o E. maximus 7 0.99 0.00 1.05 0.93 1.19 0.99 1.12 0.86* * 0.65 0.33
< P. antiquus 7 0.62 0.04 0.76 0.13 2.36 0.44 1.58 2.39 + 3.91 1.99
< P. tiliensis 18 0.97 0.00 0.94 0.86 1.03 0.90 0.99 1.16* # 0.37 0.19

P. falconeri 7 0.98 0.00 0.90 0.76 1.06 0.83 0.98 1.28* + 0.63 0.32
. Sicily3 .10 0.09 0.40 036 ! ! ! LI !..421 £ 497 2.53

L. africana 35 0.96 0.00 0.95 0.89 1.02 0.92 0.99 1.51* + 0.31 0.16
_ E. maximus 8 0.99 0.00 0.88 0.78 0.99 0.83 0.94 1.84* £ 0.51 0.26
= P. antiquus 6 0.83 0.01 1.01 0.49 2.08 0.74 1.56 1.09 + 3.49 1.78
< P. tiliensis 19 0.98 0.00 0.91 0.84 0.98 0.87 0.95 1.58* + 0.30 0.15

P. falconeri 5 0.99 0.00 0.98 0.83 1.16 0.90 1.07 1.11* + 0.67 0.34
. Sicily3 12 0.18 | 0.18 0.44 1 ! | LI !....3.92 £3.43 1.75

L. africana 34 0.96 0.00 1.00 0.93 1.07 0.96 1.04 1.63* = 0.30 0.15
. E. maximus 8 0.99 0.00 0.87 0.77 0.97 0.82 0.92 2.24* + 0.47 0.24
< P. antiquus 8 0.86 0.00 1.21 0.80 1.90 1.00 1.56 0.39 # 2.59 1.32
< P. tiliensis 20 0.96 0.00 0.98 0.88 1.09 0.93 1.04 1.58* = 0.39 0.20

P. falconeri 7 0.95 0.00 1.26 0.97 1.67 1.11 1.47 0.39 # 1.32 0.67
. Sicily3 .16 0.20 | 0.08 _0.27 -0.04 0.65 0.11 0.47 4.88 + 1.46 0.74

L. africana 35 0.97 0.00 1.17 1.09 1.25 1.13 1.21 0.21 + 0.38 0.19
_ E. maximus 8 0.98 0.00 1.11 0.98 1.27 1.05 1.19 0.43 + 0.75 0.38
= P. antiquus 9 0.96 0.00 1.06 0.89 1.26 0.97 1.16 0.68 + 1.04 0.53
< P. tiliensis 18 0.96 0.00 1.17 1.04 1.31 1.10 1.24 0.14 # 0.60 0.31

P. falconeri 8 0.98 0.00 0.92 0.79 1.08 0.86 1.00 1.23* # 0.62 0.32
. Sicily3 .16 0.52 0.00 0.68 0.34 1.18 0.51 0.94 2.61* + 1.95 1.00

L. africana 35 0.95 0.00 0.93 0.85 1.01 0.89 0.97 2.26* = 0.30 0.16
o E. maximus 8 0.98 0.00 0.77 0.65 0.90 0.71 0.83 2.92* # 0.53 0.27
£ P. antiquus 8 0.64 0.02 0.64 0.19 1.39 0.41 1.02 3.61* * 2.39 1.22
= p. tiliensis 23 0.96 0.00 1.04 0.95 1.13 0.99 1.09 1.77* + 0.32 0.16
—' p. falconeri 8 0.97 0.00 0.91 0.77 1.08 0.84 1.00 2.00* # 0.54 0.27
o Sicily3 .19 0.15 0.10 0.20 -0.05 0.48 0.08 0.34 5.27 + 1.08 0.55

L. africana 35 0.96 0.00 0.94 0.88 1.01 0.91 0.98 2.28* + 0.27 0.14
2 E. maximus 8 0.97 0.00 0.92 0.75 1.11 0.83 1.02 2.41* + 0.74 0.38
€ P. antiquus 9 0.76 0.00 1.17 0.69 2.08 0.92 1.63 1.10 + 2.84 1.45
= p. tiliensis 23 0.96 0.00 1.05 0.96 1.16 1.01 1.11 1.74* + 0.34 0.17
—' p. falconeri 9 0.99 0.00 1.00 0.93 1.08 0.97 1.04 1.78* + 0.26 0.13
. Sicily3 .16 0.40 0.01 0.64 0.23 1.32 0.43 0.99 3.35 + 1.98 1.01

L. africana 33 0.95 0.00 0.88 0.81 0.96 0.85 0.92 2.27* = 0.31 0.16
2 E. maximus 8 0.94 0.00 0.88 0.68 1.14 0.78 1.01 2.28* + 1.00 0.51
= P. antiquus 10 0.74 0.00 0.75 0.43 1.22 0.59 0.99 2.88* + 1.86 0.95
2 p. tiliensis 21 0.92 0.00 0.87 0.76 1.01 0.81 0.94 2.15* + 0.45 0.23
— P. falconeri 8 0.99 0.00 0.78 0.69 0.88 0.73 0.83 2.30* + 0.35 0.18

Sicily 3 17 0.34 0.01 0.28 0.07 0.51 0.17 0.40 4.87 # 0.99 0.51

Table A12.9. Intraspecific major axis slope estimation in the elephant humerus (combined adult

and juvenile sample). Major axis slopes conforming to the relationship Ln DL = Ln a + b*Ln x were
estimated for all samples with n>3. Grey shading highlights p-values > 0.05, where slopes are not
significantly different to O (i.e. variables are uncorrelated). Blue shading highlights negatively
allometric b-values that reject isometry (are significantly different to 1); green shading highlights
negatively allometric b-values that cannot reject isometry; orange shading highlights positively

allometric b-values that reject isometry; yellow shading highlights positively allometric b-values that
cannot reject isometry. * indicates y-intercept values that are significantly different to 0.
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Low Low Upp
X | Taxon n R? p b Cl UppCl SE SE Lha + Cl SE
L. africana 33 0.97 0.00 0.89 0.83 0.95 0.86 0.92 2.41* + 0.24 0.12
_[E. maximus 7 0.96 0.00 0.90 0.69 1.15 0.79 1.03 2.40* + 0.90 0.46
S P.antiquus 6 0.67 0.05 0.76 0.05 3.00 0.40 1.90 2.83 # 3.56 1.82
=p. tiliensis 35 0.97 0.00 0.93 0.87 0.99 0.90 0.96 2.07* + 0.20 0.10
—' p. falconeri 47 0.97 0.00 0.89 0.84 0.94 0.87 0.91 2.04* + 0.15 0.08
Sicily3 .. 7...0.52 0.07,  2.48 0.94 -20.70 1.70 -9.35 -4.96 +11.82 6.03
L. africana 33 0.95 0.00 1.00 0.92 1.08 0.96 1.04 2.02* + 0.31 0.16
o [E. maximus 8 0.97 0.00 0.82 0.70 0.97 0.76 0.90 2.69* + 0.55 0.28
ép. antiquus 6 0.87 0.01 0.83 0.44 1.47 0.63 1.16 2.47* + 2.19 1.12
- PP. tiliensis 35 0.97 0.00 0.96 0.90 1.02 0.93 0.99 1.91* + 0.20 0.10
—|P. falconeri 45 0.95 0.00 0.92 0.85 0.99 0.89 0.95 1.85* + 0.22 0.11
Sicily3 9..036 009 09 ' ! I S b 1.91 % 4.66 2.38
L. africana 33 0.97 0.00 1.08 1.02 1.15 1.05 1.12 0.63* + 0.31 0.16
_E.maximus 8 0.96 0.00 1.11 0.90 1.39 1.00 1.25 0.47 * 1.19 0.61
=P.antiquus 6 0.79 0.02 1.50 0.72 4.29 1.10 2.92 -1.87 * 5.98 3.05
< . tiliensis 27 0.97 0.00 1.11 1.03 1.19 1.06 1.15 0.43* + 0.35 0.18
P. falconeri 33 0.97 0.00 1.00 0.94 1.07 0.97 1.04 0.80* + 0.27 0.14
Sicily3_ . 9 ..0.66 0.01 1.33 0.67 3.12 0.99 2.24 -0.76 * 4.28 2.18
L. africana 33 0.96 0.00 0.93 0.87 1.00 0.90 0.97 1.29* # 0.32 0.16
. [E- maximus 8 0.98 0.00 0.86 0.74 0.99 0.80 0.93 1.65* + 0.64 0.33
< p. antiquus 7 0.93 0.00 0.90 0.65 1.23 0.77 1.07 1.35 + 1.61 0.82
< p. tiliensis 29 0.98 0.00 0.81 0.77 0.86 0.79 0.84 1.64* + 0.20 0.10
P. falconeri 42 0.97 0.00 0.83 0.79 0.87 0.81 0.85 1.46* + 0.17 0.09
Sicily3 7...027 023 079 ' ! I S b 1.70 £ 7.74 3.95
L. africana 30 0.98 0.00 0.94 0.89 1.00 0.91 0.97 1.72* # 0.25 0.13
_ E.maximus 7 098 0.00 0.94 0.80 1.12 0.87 1.03 1.68* % 0.72 0.37
= P.antiquus 5 0.88 0.02 0.80 0.32 1.69 0.56 1.26 2.32 =+ 2.87 1.46
< P. tiliensis 29 0.95 0.00 0.88 0.80 0.97 0.84 0.93 1.77* + 0.32 0.16
P. falconeri 45 0.97 0.00 0.93 0.88 0.98 0.90 0.95 1.53* + 0.18 0.09
Sicily3_ . 4012 065 122 ' | LI S L 0.18  +46.91 23.9
L. africana 33 0.98 0.00 0.98 0.93 1.04 0.95 1.01 1.45* + 0.25 0.13
, E-maximus 8 0.99 0.00 1.02 0.91 1.14 0.96 1.08 1.26* + 0.55 0.28
< P.antiquus 6 0.64 0.06 0.83 ! ! ! ! 2.05 + 4.60 2.34
< P. tiliensis 29 0.97 0.00 0.96 0.89 1.03 0.93 1.00 1.38* + 0.27 0.14
P. falconeri 44 0.97 0.00 0.95 0.90 1.00 0.93 0.98 1.31* + 0.18 0.09
Sicily 3 8 0.29 0.17 0.41 ! ! ! ! 3.90 + 3.05 1.56

Table A12.10. Intraspecific major axis slope estimation in the elephant ulna (combined adult and
juvenile sample). Legend as Table A12.9
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X Taxon n R? p b Lg\IN U(r:)lp L;\EN US%p Lha + ClI SE
L. africana 34 0.95 0.00 1.10 1.01 1.19 1.05 1.14 1.98* + 0.35 0.18

o E. maximus 7 0.99 0.00 1.03 0.91 1.17 0.97 1.10 2.33* + 0.53 0.27
é P. antiquus 4 0.87 0.07 0.59 ! ! ! ! 4.14 + 3.15 1.61
P P. tiliensis 21 0.96 0.00 1.12 1.01 1.23 1.06 1.17 1.84* + 0.37 0.19
- P. falconeri 37 0.98 0.00 0.95 0.91 0.99 0.93 0.97 2.34* + 0.13 0.06
. Sicily 3 13..0.69_0.00 1.09 0.68 1.78 0.88 1.44 1.80 * 2.02 1.03

» L. africana 34 0.95 0.00 0.90 0.83 0.98 0.87 0.94 2.49* + 0.31 0.16
% E. maximus 7 0.99 0.00 0.87 0.79 0.95 0.83 0.91 2.67* + 0.34 0.18
E P.antiquus 5 0.93 0.01 0.71 0.38 1.19 0.54 0.96 3.36* + 1.81 0.92
g P. tiliensis 21 0.98 0.00 1.01 0.95 1.08 0.98 1.05 2.07* + 0.22 0.11
S P. falconeri 39 0.99 0.00 0.94 0.90 0.98 0.92 0.96 2.23* + 0.12 0.06
. Sicily 3 11 _.0.82_0.00 _ 0.94 0.65 1.35 0.80 1.15 2.15* + 1.46 0.74

L. africana 32 0.93 0.00 0.91 0.82 1.01 0.87 0.96 2.58* + 0.36 0.18

o E. maximus 6 0.97 0.00 0.86 0.68 1.07 0.77 0.97 2.83* + 0.80 0.41
< P. antiquus 4 0.38 0.38 0.21 ! ! ! ! 5.89 + 3.94 2.01
S P. tiliensis 12 0.95 0.00 0.90 0.77 1.05 0.83 0.98 2.59* + 0.44 0.22
P. falconeri 18 0.95 0.00 1.16 1.03 1.32 1.09 1.24 1.19* + 0.47 0.24
. Sicily3 9015 10.31 0.19 -0.28 0.78 -0.05 0.49 5.53 +1.84 0.94

L. africana 34 0.95 0.00 1.04 0.96 1.13 1.00 1.09 1.19* + 0.40 0.20

» E. maximus 7 0.98 0.00 0.96 0.81 1.14 0.88 1.06 1.57* + 0.83 0.43
E P. antiquus 4 0.47 0.32 0.42 ! ! ! ! 4.49 =+ 7.86 4.01
S P. tiliensis 20 0.96 0.00 1.14 1.03 1.25 1.08 1.19 0.76* + 0.47 0.24
P. falconeri 36 0.97 0.00 1.04 0.99 1.11 1.01 1.08 1.14* + 0.23 0.12
. Sicily3 9035 0.10 -2.57 8.31 -0.86 2.98 -1.70 _19.4 + 16.0 8.17

L. africana 33 0.96 0.00 1.18 1.09 1.27 1.13 1.23 0.77* + 0.41 0.21

o E. maximus 7 0.95 0.00 1.24 0.95 1.64 1.10 1.45 0.40 + 1.60 0.81
g P.antiquus 5 0.82 0.03 0.56 0.10 1.31 0.32 0.94 3.87* + 2.58 1.31
5 P. tiliensis 18 0.95 0.00 1.27 1.13 1.43 1.19 1.35 0.43* + 0.62 0.32
P. falconeri 33 0.97 0.00 1.04 0.97 1.12 1.01 1.08 1.34* + 0.26 0.13
. Sicily 3 10 _0.14 0380 _ 0.v8 ' 1 .t | Lo 2.68 _ 7.59 3.87

L. africana 34 0.96 0.00 1.17 1.10 1.26 1.13 1.22 0.57* + 0.39 0.20

» E. maximus 7 0.97 0.00 1.05 0.86 1.29 0.95 1.17 1.17* +1.05 0.54
% P.antiquus 5 0.91 0.01 0.58 0.27 1.01 0.42 0.80 3.63* +1.89 0.97
5 P. tiliensis 19 0.98 0.00 1.25 1.17 1.33 1.21 1.29 0.21 + 0.35 0.18
P. falconeri 33 0.99 0.00 1.10 1.05 1.15 1.07 1.12 0.95* + 0.19 0.10
Sicily 3 11 0.40 0.04 1.94 0.79 20.0 1.36 11.1 -3.36 =+ 8.99 4.59

Table A12.11. Intraspecific major axis slope estimation in the elephant femur (combined adult and
juvenile sample). Legend as Table A12.9
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X Taxon n R* p b Lg;/v Uglp ngv US%p Lha + CI SE
L. africana 32 0.98 0.00 0.95 0.91 1.00 0.93 0.98 1.65* +0.210.11

o E. maximus 8 0.98 0.00 0.88 0.75 1.02 0.81 0.95 1.94* +0.610.31
< P. antiquus 8 0.54 0.04 1.42 0.46 11.79 0.93 6.71 -0.98 +6.85 3.50
S P. tiliensis 46 0.57 0.00 1.57 1.22 2.09 1.39 1.84 -0.75 +1.600.82
P. falconeri53 0.93 0.00 0.98 0.91 1.06 0.94 1.02 1.24* +0.28 0.15
. Sicily 3 19 0.57. 0.00_0.88 0.54 1.40 0.71 1.15 1.70 +1.840.94

L. africana 33 0.58 0.00 0.78 0.56 1.07 0.67 0.93 2.17* +1.11 0.57

» E. maximus 8 0.96 0.00 1.05 0.85 1.30 0.95 1.18 0.80 +1.08 0.55
E P.antiquus 9 0.60 0.01 0.70 0.24 1.51 0.46 1.12 2.62 +2.771.41
S P. tiliensis 45 0.97 0.00 1.04 0.98 1.09 1.01 1.06 0.76* +0.230.12
P. falconeri 48 0.96 0.00 1.07 1.00 1.14 1.03 1.10 0.63* +0.280.14
. Sicily 3 23_0.69 _0.00 0.91 0.66 1.25 0.79 1.08 1.33 +1.370.70

L. africana 33 0.94 0.00 0.98 0.90 1.07 0.94 1.03 2.11* +0.330.17

o E. maximus 8 0.95 0.00 0.88 0.70 1.10 0.79 0.99 2.42* +0.80 0.41
é P. antiquus 8 0.88 0.00 0.75 0.50 1.08 0.63 0.92 2.91* +1.29 0.66
. P. tiliensis 54 0.97 0.00 1.05 1.00 1.11 1.03 1.08 1.52* +0.190.10
- P. falconeri59 0.94 0.00 1.01 0.95 1.08 0.98 1.05 1.62* +0.230.12
. Sicily3 21 0.50 0.00 0.78 0.44 1.27 0.61 1.03 _2.64* +£1.540.79

L. africana 33 0.95 0.00 0.95 0.88 1.03 0.91 0.99 2.13* +0.29 0.15

_ E. maximus 8 0.97 0.00 0.99 0.84 1.17 0.91 1.08 1.93* +0.68 0.35
g P.antiquus 9 0.68 0.01 0.79 0.36 1.51 0.57 1.16 2.74* £2.281.16
E P. tiliensis 55 0.98 0.00 1.02 0.98 1.07 1.00 1.05 1.70* +0.150.08
- P. falconeri57 0.91 0.00 1.10 1.01 1.19 1.05 1.15 1.41* +0.300.15
. Sicily 3 23 _0.51 0.00 0.91 0.56 1.45 0.73 1.19 2.03* +£1.680.86

L. africana 33 0.98 0.00 1.03 0.99 1.08 1.01 1.06 1.46* +0.200.10

o E. maximus 8 0.98 0.00 1.02 0.89 1.18 0.95 1.10 1.47* +0.64 0.33
g P. antiquus 8 0.62 0.02 1.02 0.36 2.96 0.68 2.01 1.28 +4.02 2.05
5 P. tiliensis 48 0.98 0.00 1.03 0.99 1.08 1.01 1.05 1.26* +0.16 0.08
P. falconeri55 0.96 0.00 1.00 0.95 1.07 0.97 1.04 1.32* +0.220.11
. Sicily 3 15.0.45 0.01 1.25 0.61 2.95 0.92 2.12 0.23 +3.691.88

L. africana 31 0.97 0.00 1.02 0.96 1.09 0.99 1.06 1.25* +0.280.14

» E. maximus 7 0.96 0.00 0.99 0.79 1.24 0.89 1.12 1.34* +1.06 0.54
% P.antiquus 9 0.57 0.02 0.71 0.20 1.67 0.45 1.20 2.72 +2.911.48
S P. tiliensis 45 0.98 0.00 0.94 0.89 0.98 0.91 0.96 1.43* +0.19 0.09
P. falconeri55 0.91 0.00 1.02 0.94 1.12 0.98 1.07 1.04* +0.34 0.17
Sicily 3 18 0.29 0.02 1.01 0.31 3.40 0.65 2.23 1.03 *4.02 2.05

Table A12.11. Intraspecific major axis slope estimation in the elephant tibia (combined adult and
juvenile sample). Legend as Table A12.9.

463



References

Accordi, B. and Palombo, M.R. 1971. Morfologia endocranica degli elefanti nani pleistocenici di Spinagallo
(Siracusa) e comparazione con I'endocranio di Elephas antiquus. Atti della Accademia Nazionale dei Lincei,
classe di scienze fisische, matematiche, e naturali 51: 111-124.

Adams, A.L. 1870. Notes of a Naturalist in the Nile Valley and Malta. John Murray.

Adams, A.L. 1874. On the dentition and osteology of the Maltese fossil elephants, being a description of remains
discovered by the author in Malta between the years 1860 and 1866. Transactions of the Zoological Society of
London 9: 1-124,

Adkins, J.F., McIntyre, K. and Schrag, D.P. 2002. The salinity, temperature and !*20 of the glacial deep ocean.
Science 298: 1769-1773.

Aguirre, E. 1969. Evolutionary history of the elephant. Science 164: 1366-1376.

Alexander, C.J. 1976. Effect of growth rate on the strength of the growth plate-shaft junction. Skeletal Radiology 1:
67-76.

Alexander, R.M., Jayes, A.S., Maloiy, G.M.O. and Wathuta, E.M. 1979. Allometry of the limb bones of mammals
from shrews (Sorex) to elephant (Loxodonta). Journal of the Zoological Society of London 189: 305-314.

Alexander, R.M. 2001. Design by numbers. Nature 412: 591.

Alexander, R.M. 2006. Dinosaur biomechanics. Proceedings of the Royal Society B 273: 1849-1855.

Ambrosetti, P. 1968. The Pleistocene dwarf elephants of Spinagallo (Siracusa, South-eastern Sicily). Geologica
Romana 7: 277-398.

Anca, F. 1860. Note sur deux nouvelles grottes ossiféeres decouvertes en Sicile en 1859. Bulletin de la Société
Géologique de France 17: 684-695.

Angerbjorn, A. 1985. The evolution of body size in mammals on islands: some comments. The American Naturalist
125: 304-309.

Anonymous 1862. Section C - Geology. The Parthenon no. 25, October 18, 1862: 780.

Antonioli, F., Kershaw, S., Renda, P., Rust, D., Belluomini, G., Cerasoli, M., Radtke, U. and Silenzi, S. 2006.
Elevation of the last interglacial highstand in Sicily (Italy): a benchmark of coastal tectonics. Quaternary
International 145-146: 3-18.

Arendt, J. and Reznick, D. 2008. Convergence and parallelism reconsidered: what have we learned about the
genetics of adaptation. Trends in Ecology and Evolution 23: 481-482.

Arko, R., Ryan, W., Carbotte, A., Melkonian, A., Coplan, J., O'Hara, S., Chayes, D., Weissel, R., Goodwillie, A.,
Ferrini, V., Stroker, K. and Virden, W. 2007. The global mulit-resolution topography (GMRT) synthesis. Eos,
Transactions of the American Geophysical Union 88: Abstract IN51B-0405.

Averianov, A.O. 1996. Sexual dimorphism in the mammoth skull, teeth and long bones. In: The Proboscidea:
Evolution and Palaeoecology of Elephants and their Relatives., Ed. Shoshani, J. and Tassy, P., pp 260-267.
Oxford University Press.

Avise, J.C. 2000. Phylogeography: The History and Formation of Species. Harvard University Press.

Baab, K.L. 2008. The taxonomic implications of cranial shape variation in Homo erectus. Journal of Human
Evolution 54: 827-847.

Bachmayer, F. and Symeonidis, N. 1975. Eigenartige Abspaltungen von Stosszéhnen der Zwergelefanten aus der
Hohle 'Charkadio’ auf der Insel Tilos - Artefakte? Annales Géologiques des Pays Helléniques 26: 320-323.

Bachmayer, F., Symeonidis, N. and Zapfe, H. 1984. Die Ausgrabungen in der Zwergelefantenhdhle der Insel Tilos

464



(Dodekanes, Griechenland) im Jahr 1983. Sitzungsberichten der der Osterreich Akademie der Wissenschaften
Mathematisch-Naturwissenschaftlichen Klasse 156: 225-249.

Bachmayer, F. and Zapfe, H. 1985. Ein Absolutes Altersdatum fiir die fossilen Zwergflusspferde der Insel Kreta.
Anzeiger der Osterreichischen Akademie der Wissenschaften, Mathematisch -Naturwissenschaftliche Klasse 8:
165-166.

Bada, J., L., Belluomini, G., Bonfiglio, L., Branca, M., Burgio, E. and Delitala, L. 1991. Isoleucine epimerization
ages of Quaternary mammals from Sicily. Il Quaternario 4: 49-54.

Bales, G.S. 1996. Heterochrony in brontothere horn evolution: allometric interpretations and the effect of life history
scaling. Paleobiology 22: 481-495.

Ballock, R.T. and O'Keefe, R.J. 2003. The biology of the growth plate. The Journal of Bone and Joint Surgery 85A:
715-726.

Bate, D.M.A. 1903. Preliminary note on the discovery of a pigmy elephant in the Pleistocene of Cyprus.
Proceedings of the Royal Society of London 71: 498-500.

Bate, D.M.A. 1904. On the ossiferous cave deposits of Cyprus. Geological Magazine 1904: 324-326.

Bate, D.M.A. 1905. Further note on the remains of Elephas cypriotes from a cave-deposit in Cyprus. Philosophical
Transactions of the Royal Society of London 197: 347-360.

Bate, D.M.A. 1907. On elephant remains from Crete, with description of Elephas creticus, sp. n. Proceedings of the
Zoological Society of London Mar 5, 1907: 238-250.

Bate, D.M.A. 1942. New Pleistocene Murinae from Crete. Annals and Magazine of Natural History 9: 41-49.

Belluomini, G. and Bada, J., L. 1985. Isoleucine epimerization ages of the dwarf elephants of Sicily. Geology 13:
451-452.

Benedict, F.G. 1936. The Physiology of the Elephant. Carnegie Institution of Washington, publication no. 474.

Benton, M.J., Csiki, Z., Grigorescu, D., Redelstorff, R., Sander, M., Stein, K. and Weishampel, D. 2010. Dinosaurs
and the island rule: the dwarfed dinosaurs from Hateg Island. Palaeogeography, Palaeoclimatology,
Palaeoecology in press.

Berger, J., Dulamtsere, S., Cain, S., Enkkhbileg, D., Lichtman, P., Namshir, Z., Wingard, G. and Reading, R. 2001.
Back-casting sociality in extinct species: new perspectives using mass death assemblages and sex ratios.
Proceedings of the Royal Society B 268: 131-139.

Bertalanffy, L. 1938. A quantitative theory of organic growth. Inquiries on growth laws, Il. Human Biology 10: 181-
213.

Biewener, A.A. 1989. Scaling body support in mammals: limb posture and muscle mechanics. Science 245: 45-48.

Biewener, A.A. 1990. Biomechanics of mammalian terrestrial locomotion. Science 250: 1097-1103.

Biewener, A.A. 2005. Biomechanical consequences of scaling. The Journal of Experimental Biology 208: 1665-
1676.

Binladen, J., Gilbert, M.T.P. and Willerslev, E. 2007. 800 000 year old mammoth DNA, modern elephant DNA or
PCR artefact? Biology Letters 3: 55-56.

Blackwell, B., Rutter, N.W. and Debénath, A. 1990. Amino acid racemization in mammalian bones and teeth from
La Chaise-de-Vouthon (Charente), France. Geoarchaeology: An International Journal 5: 121-147.

Blackwell, B., Porat, N., Schwarcz, H.P. and Debénath, A. 1992. ESR dating of tooth enamel: comparison with
20Th/234y speleotherm dates at La Chaise-de-Vouthon (Charente), France. Quaternary Science Reviews 11: 231-
244,

Boecklen, W.J. and Gotelli, N.J. 1984. Island biogeographic theory and conservation practice: species-area or

465



specious-area relationships? Biological Conservation 29: 63-80.

Boekschoten, G.J. and Sondaar, P.Y. 1972. On the fossil mammalia of Cyprus. Proceedings Koninklijke
Nederlandse Akademie van Wetenschappen Series B 75: 306-338.

Bonfiglio, L. 1987. Nuovi elementi faunistici e stratigrafici del Pleistocene superiore dei Nebrodi (Sicilia Nord-
Orientsle). Rivista Italiana di Paleontologia e Stratigrafia 93: 145-164.

Bonfiglio, L. and Insacco, G. 1992. Palaeoenvironmental, paleontologic and stratigraphic significance of vertebrate
remains in Pleistocene limnic and alluvial deposits from southeastern Sicily. Palaeogeography,
Palaeoclimatology, Palaeoecology 95: 195-208.

Bonfiglio, L. and Burgio, E. 1992. Significato paleoambientale e cronologico delle mammalofaune pleistoceniche
della Sicilia in relazione all'evoluzione paleogeografica. Il Quaternario 5: 223-234.

Bonfiglio, L., Mangano, G., Marra, A.C., Masini, F., Pavia, M. and Petruso, D. 2002. Pleistocene Calabrian and
Sicilian bioprovinces. Geobios 35: 29-39.

Bonfiglio, L., Esu, D., Mangano, G., Masini, F., Petruso, D., Soligo, M. and Tuccimei, P. 2008. Late Pleistocene
vertebrate-bearing deposits at San Teodoro Cave (North-Eastern Sicily): preliminary data on faunal
diversification and chronology. Quaternary International 190: 26-37.

Bourdon, B., Turner, S., Henderson, G.M. and Lundstrom, C.C. 2003. Introduction to U-series geochemistry.
Reviews in Mineralogy and Geochemistry 52: 1-21.

Bromage, T.G., Dirks, W., Erdjument-Bromage, H., Huck, M., Kulmer, O., Oner, R., Sandrock, O. and Schrenk, F.
2002. A life history and climate change solution to the evolution and extinction of insular dwarfs: a Cypriot
experience. In: World Islands in Prehistory: International Insular Investigations: V Deia International
Conference of Prehistory, Ed. Waldren, W.H. and Ensenyat, J.A., pp 420-427. Oxford: Archaeopress.

Bromage, T.G., Lacruz, R.S., Hogg, R., Goldman, H.M., McFarlin, S.C., Warshaw, J., Dirks, W., Perez-Ochoa, A.,
Smolyar, 1., Enlow, D.H. and Boyde, A. 2009. Lamellar bone is an incremental tissue reconciling enamel
rhythms, body size and organismal life history. Calcified Tissue International 84: 388-404.

Brown, J.H., Marquet, P.A. and Taper, M.L. 1993. Evolution of body size: consequences of an energetic definition
of fitness. American Naturalist 142: 573.

Brown, P., Sutikna, T., Morwood, M.J., Soejono, R.P., Jatmiko, Wayhu Saptomo, E. and Awe Due, R. 2004. A new
small-bodied hominin from the Late Pleistocene of Flores, Indonesia. Nature 431: 1055-1061.

Brugal, J.-P. 1987. Cas de "Nanisme" insulaire chez L'Aurochs. In: 12 Congrés national des Sociétés savantes,
Lyon, 1987, Ed. pp 53-66.

Bunimovitz, S. and Barkai, R. 1996. Ancient bones and modern myths: ninth millenium BC Hippoptamus hunters at
Akrotiri Aetokremnos, Cyprus? Journal of Mediterranean Archaeology 9: 85-96.

Burgio, E. and Di Patti, C. 1990. | vertebrati fossili della Grotta di San Teodoro (Acquedolci - Sicilia). Naturalista
Siciliano, S. IV 14: 1-109.

Burgio, E., Costanza, M. and Di Patti, C. 2002. | depositi a vertebrati continentali del Pleistocene della Sicilia
occidentale. Naturalista Siciliano, S. IV 26: 229-282.

Busk, G. 1867. Description of the remains of three extinct species of elephant, collected by Capt. Spratt, C.B., R.N.,
in the ossiferous cavern of Zebbug, in the island of Malta. Transactions of the Zoological Society of London 6:
227-306.

Caloi, L., Kotsakis, T., Palombo, M.R. and Petronio, C. 1996. The Pleistocene dwarf mammoths of Mediterranean
Islands. In: The Proboscidea: Evolution and Palaeoecology of Elephants and their Relatives, Ed. Shoshani, J.

and Tassy, P., pp 234-239. Oxford University Press.

466



Cantrell, R.S., Cosner, C. and Hutson, V. 1996. Spatially explicit models for the population dynamics of a species
colonizing an island. Mathematical Biosciences 136: 65-107.

Capelli, C., MacPhee, R.D.E., Roca, A.L., Brisighelli, F., Georgiadis, N., O'Brien, S.J. and Greenwood, A.D. 2006.
A nuclear DNA phylogeny of the woolly mammoth (Mammuthus primigenius). Molecular Phylogenetics and
Evolution 40: 620-627.

Cardillo, M., Mace, G.M., Gittleman, J.L. and Purvis, A. 2006. Latent extinction risk and the future battlegrounds of
mammal conservation. Proceedings of the National Academy of Sciences of the United States of America 103:
4157-4161.

Cardoso, H.F.V. 2008. Epiphyseal union at the innominate and lower limb in a modern Portugese skeletal sample,
and age estimation in adolescent and young adult male and female skeletons. American Journal of Physical
Anthropology 135: 161-170.

Carel, J.-C., Lahlou, N., Roger, M. and Chaussain, J.L. 2004. Precocious puberty and statural growth. Human
Reproduction Update 10: 135-147.

Carrranza, J. and Pérez-Barberia, F.J. 2007. Sexual selection and senescence: male size-dimorphic ungulates
evolved relatively smaller molars than females. The American Naturalist 170: 370-380.

Carter, D.R. and Beaupré, G.S. 2001. Skeletal Function and Form: Mechanobiology of Skeletal Development,
Aging, and Regeneration. Cambridge University Press.

Case, T.J. 1978. A general explanation for insular body size trends in terrestrial vertebrates. Ecology 59: 1-18.

Case, T.J. and Cody, M.L. 1987. Testing theories of island biogeography. American Scientist 75: 402-411.

Castanet, J., Croci, S., Aujard, F., Perret, M., Cubo, J. and de Margerie, E. 2004. Lines of arrested growth in bone
and age estimation in a small primate: Microcebus murinus. Journal of Zoology 263: 31-39.

Chang, C-H. 2007. Evolution of Elephantidae in the Quaternary of the Far East. Ph.D Thesis, University of
London.

Charnov, E.L. 1991. Evolution of life history variation among female mammals. Proceedings of the National
Academy of Sciences of the United States of America 88: 1134-1137.

Christiansen, P. 1999. Long bone scaling and limb posture in non-avian theropods: evidence for differential
allometry. Journal of Vertebrate Paleontology 19: 666-680.

Christiansen, P. 2004. Body size in proboscideans, with notes on elephant metabolism. Zoological Journal of
Linnean Society 140: 523-549.

Christiansen, P. 2007. Long-bone geometry in columnar-limbed animals: allometry of the proboscidean
appendicular skeleton. Zoological Journal of Linnean Society 149: 423-436.

Clarke, S.J. and Murray-Wallace, C.V. 2006. Mathematical expressions used in amino acid racemisation
geochronology - a review. Quaternary Geochronology 1: 261-2778.

Clegg, S.M. and Owens, P.F. 2002. The 'island rule’ in birds: medium body size and its ecological explanation.
Proceedings of the Royal Society B 269: 1359-1365.

Cock, A.G. 1966. Genetical aspects of metrical growth and form in animals. The Quarterly Review of Biology 41:
131-190.

Coltorti, M., Feraud, G., Marzoli, A., Peretto, C., Ton-That, T., Voinchet, P., Bahain, J.J., Minelli, A. and
Hohenstein, U.T. 2005. New “’Ar/*°Arr, stratigraphic and palaeoclimatic data on the Isernia La Pineta Lower
Palaeolithic site, Molise, Italy. Quaternary International 131: 11-22.

Cooke, J.H. 1893. The Har Dalam cavern, Malta, and its fossiliferous contents (with a report on its organic remains
by Arthur Smith Woodward). Proceedings of the Royal Society, London 54: 274-283.

467



Cope, D.A. and Lacy, M.G. 1992. Falsification of a single species hypothesis using the coefficient of variation: a
simulation approach. American Journal of Physical Anthropology 89: 359-378.

Cope, D.A. 1993. Measures of dental variation as indicators of multiple taxa in samples of sympatric Cercopithecus
species. In: Species, Species Concepts, and Primate Evolution, Ed. Kimbel, W.H. and Martin, L.B., pp 216-237.
Plenum Press.

Cope, D.A. and Lacy, M.G. 1995. Comparative application of the coefficient of variation and range-based statistics
for assessing the taxonomic composition of fossil samples. Journal of Human Evolution 29: 549-576.

Dale, R.H.I. 2010. Birth statistics for African (Loxodonta africana) and Asian (Elephas maximus) elephants in
human care: history and implications for elephant welfare. Zoo Biology 29: 87-103.

Damuth, J. and MacFadden, B.J. 1990. Body Size in Mammalian Paleobiology: Estimation and Biological
Implications. Cambridge University Press.

Damuth, J. 1993. Copes Rule, the Island Rule and the scaling of mammalian population-density. Nature 365: 748-
750.

Darwin, C. 1837. Unpublished notes available at http://darwin-online.org.

Darwin, C. 1859. On the Origin of Species by Means of Natural Selection, or the Preservation of Favoured Races in
the Struggle for Life. John Murray.

Davies, D.A. and Parsons, F.G. 1927. The age order of the appearance and union of the normal epiphyses as seen by
X-rays. Journal of Anatomy 62: 58-71.

Davies, P. and Lister, A.L. 2001. Palaeoloxodon cypriotes, the dwarf elephant of Cyprus: size and scaling
comparisons with P. falconeri (Sicily-Malta) and mainland P. antiquus. The World of Elephants - International
Congress, Rome 2001 (Abstract) 479-480.

Davies, P. 2002. The straight-tusked elephant (Palaeoloxodon antiquus) in Pleistocene Europe. Ph.D Thesis,
University of London.

de Vos, J. 1984. The endemic Pleistocene deer of Crete. North Holland Publishing Company.

Dean, M.C. 1987. Growth layers and incremental markings in hard tissues: a review of the literature and some
preliminary observations about enamel structure in Paranthropus boisei. Journal of Human Evolution 16: 157-
172.

Dean, M.C. 2006. Tooth microstructure tracks the pace of human life-history evolution. Proceedings of the Royal
Society B 273: 2799-2808.

Debruyne, R. 2003. Differenciation morphologique et molculaire des Elephantinae (Mammalia, Proboscidea). Ph.D
Thesis, Muséum National d'Histoire Naturelle, Paris.

DeSalle, R., Egan, M.G. and Siddall, M. 2005. The unholy trinity: taxonomy, species delimitation and DNA
barcoding. Philosophical Transactions of the Royal Society B 360: 1905-1916.

Diamond, J.M. 1976. Island biogeography and conservation: strategy and limitations. Science 193: 1027-1029.

Dubey, S., Koyasu, K., Parapanov, R., Ribi, M., Hutterer, R. and Vogel, P. 2008. Molecular phylogenetics reveals
Messinian, Pliocene, and Pleistocene colonizations of islands by North African shrews. Molecular Phylogenetics
and Evolution 47: 877-882.

Fabiani, R. 1932. Risultati di Alcuni Scavi nella Grotta della "Za'Minica" Presso Capaci (Palermo). Atti della R.
Academia di Scienze, Lettere e Belle Arti di Palermo 17: 3-9.

Falconer, H. 1863. On the American fossil elephant of the regions bordering the Gulf of Mexico (E. columbi, Falc.);
with general observations on the living and extinct species. Natural History Review 3: 43-114.

Falconer, H. 1868. On the fossil remains of Elephas melitensis, an extinct pigmy species of elephant; and of other

468



Mammalia, &c. from the ossiferous caves of Malta. In: Palaeontological Memoirs and Notes of the Late Hugh
Falconer, A.M., M.D., Ed. Murchison, C., pp 292-308. Robert Hardwicke, 192 Picadilly.

Falster, D.S., Warton, D.l. and Wright, 1.J. 2006. SMATR: Standardised major axis tests amd routines, ver 2.0.
http://www.bio.mg.edu.au/ecology/SMATR/

Felsenstein, J. 1985. Confidence limits on phylogenies: an approach using the bootstrap. Evolution 39: 783-791.

Ferretti, M.P. 2008. The dwarf elephant Palaeoloxodon mnaidriensis from Puntali Cave, Carini (Sicily, late Middle
Pleistocene): Anatomy, systematics and phylogenetic relationships. Quaternary International 182: 90-108.

Flecker, H. 1932. Roentgenographic observations of the times of appearance of epiphyses and their fusion with the
diaphysis. Journal of Anatomy 67: 118-164.

Flower, S.S. 1943. Notes on age at sexual maturity, gestation period and growth of the Indian elephant, Elephas
maximus. Proceedings of the Zoological Society of London A 113: 21-27.

Fortelius, M. 1985. Ungulate cheek teeth: developmental, functional, and evolutionary interrelations. Acta Zoologica
Fennica 180: 1-76.

Foster, J.B. 1963. The evolution of the native land mammals of the Queen Charlotte islands and the problem of
insularity. Ph.D Thesis, University of British Columbia.

Foster, J.B. 1964. Evolution of mammals on islands. Nature 202: 234-235.

Gayon, J. 2000. History of the concept of allometry. America Zoologist 40:

Gerber, H-P., Vu, T.H., Ryan, A.M., Kowalski, J., Werb, Z. and Ferrara, N. 1999. VEGF couples hypertrophic
cartilage remodeling, ossification and angiogenesis during endochondral bone formation. Nature Medicine 5:
623-628.

Gingerich 1974. Size variability of the teeth in living mammals and the diagnosis of closely related sympatric fossil
species. Journal of Paleontology 48: 895-903.

Gingerich, P.D. 1981. Variation, sexual dimorphism, and social structure in the early Eocene horse Hyracotherium
(Mammalia, Perissodactyla). Paleobiology 7: 443-455.

Gingerich, P.D. 1985. Species in the fossil record: concepts, trends and transitions. Paleobiology 11: 27-41.

Godfrey, L.R., Lyon, S.K. and Sutherland, M.R. 1993. Sexual dimorphism in large-bodied primates: the case of the
subfossil lemurs. American Journal of Physical Anthropology 90: 315-334.

Gomer, R.H. 2001. Not being the wrong size. Nature Reviews Molecular Cell Biology 2: 48-55.

Goswami, A. and Prochel, J. 2007. Ontogenetic morphology and allomerty of the cranium in the common European
mole (Talpa europa). Journal of Mammalogy 88: 667-677.

Goswami, A. 2007. Cranial modularity and sequence heterochrony in mammals. Evolution & Development 9: 290-
298.

Gould, S.J. 1966. Allometry and size in ontogeny and phylogeny. Biological Reviews 41: 587-640.

Gould, S.J. 1971. Geometric similarity in allometric growth: a contribution to the problem of scaling in the
evolution of size. The American Naturalist 105: 113-136.

Gould, S.J. 1975. On the scaling of tooth size in mammals. American Zoologist 15: 353-362.

Gould, S.J. 1977. Ontogeny and Phylogeny. Belknap Press.

Graziosi, P. 1943. Gli scavi dell'lstituto Italiano di Paleontologia Umana nella grotta di S. Teodoro (Messina): nota
preliminare. Atti della Societa Toscana di Scienze Naturali, Memorie 52: 82-99.

Grin, R. 1989. Electron spin resonance (ESR) dating. Quaternary International 1: 65-109.

Gvirtzman, Z. and Nur 1999. The formation of Mount Etna as the consequence of slab rollback. Nature 401: 782-
785.

469



Haldane, J.B.S. 1955. The measurement of variation. Evolution 9: 484,

Hanks, J. 1972. Growth of the African elephants (Loxodonta africana). East African Wildlife Journal 10: 251-272.

Hanski, 1. 1999. Metapopulation Ecology. Oxford University Press.

Haynes, G. 1987. Proboscidean die-offs and die-outs: age profiles in fossil collections. Journal of Archaeological
Science 14: 659-668.

Haynes, G. 1991. Mammoths, Mastodonts and Elephants: Biology, Behaviour and the Fossil Record. Cambridge
University Press.

Heaney, L.R. 1978. Island area and body size of insular mammals: evidence from the tri-colored squirrel
(Callosciurus prevosti) of Southeast Asia. Evolution 32: 29-44.

Higham, T.F.G., Jacobi, R.M. and Ramsey, C.B. 2006. AMS radiocarbon dating of ancient bone using
ultrafiltration. Radiocarbon 48: 179-195.

Horner, J.R. and Padian, K. 2004. Age and growth dynamics of Tyrannosaurus rex. Proceedings of the Royal
Society B 271: 1875-1880.

Hujer, W., Seeman, R., Gier, S., Koller, F., Berger, A., Symeonidis, N. and Steinhauser, G. 2008. Dwarf elephant
bearing karst and volcaniclastic deposits from Charkadio Cave, Tilos, Greece. Geophysical Research Abstracts
10: EGU2008-A-04584.

Humphrey, L.T. and Andrews, P. 2008. Metric variation in the postcanine teeth from Palalar, Turkey. Journal of
Human Evolution 54: 503-517.

Hunt, C.O. and Schembri, P.J. 1999. Quaternary environments and biogeography of the Maltese islands. In: Facets
of Maltese Prehistory, Ed. Mifsud, A. and Savona-Ventura, C., pp 41-75. The Preshistoric Society of Malta.

Hutchinson, J.R. and Garcia, M. 2002. Tyrannosaurus was not a fast runner. Nature 415: 1018-1021.

Hutchinson, J.R. 2004a. Biomechanical modeling and sensitivity analysis of bipedal running ability. I. Extant taxa.
Journal of Morphology 262: 421-440.

Hutchinson, J.R. 2004b. Biomechanical modeling and sensitivity analysis of bipedal running ability. Il. Extinct
Taxa. Journal of Morphology 262: 441-461.

Hutchinson, J.R., Schwerda, D., Famini, D.J., Dale, R.H.I., Fischer, M.S. and Kram, R. 2006. The locomotor
kinematics of Asian and African elephants: changes with speed and size. Journal of Experimental Biology 209:
3812-3827.

Hutchinson, J.R., Ng-Thow-Hing, V. and Anderson, F.C. 2007. A 3D interactive method for estimating body
segmental parameters in animals: application to the turning and running performance of Tyrannosaurus rex.
Journal of Theoretical Biology 246: 660-680.

Huxley, J.S. 1924. Constant differential growth ratios and their significance. Nature 114: 895-896.

Huxley, J.S. 1932. Problems of Relative Growth. Methuen.

Huxley, J.S. and Teissier, G. 1936. Terminology of relative growth. Nature 137: 780-781.

Inuzuka, N. and Takahashi, K. 2004. Discrimination between the genera Palaeoloxodon and Elephas and the
independent taxonomical position of Palaeoloxodon (Mammalia: Proboscidea). Miscelanea en homenahe a
Emiliano Aguirre Il 234-244.

Iriarte-Diaz, J. 2002. Differential scaling of locomotor performance in small and large terrestrial mammals. The
Journal of Experimental Biology 205: 2897-2908.

Jachmann, H. 1988. Estimating age in African elephants: a revision of Laws' molar evaluation technique. African
Journal of Ecology 26: 51-56.

Jacobi, R.M., Higham, T.F.G. and Ramsey, C.B. 2006. AMS radiocarbon dating of Middle and Upper Palaeolithic

470



bone in the British Isles: improved reliability using ultrafiltration. Journal of Quaternary Science 21: 557-573.

Jerison, H.J. 1973. Evolution of the Brain and Intelligence. Academic.

Jernvall, J. 2000. Linking development with generation of novelty in mammalian teeth. Proceedings of the National
Academy of Sciences of the United States of America 97: 2641-2645.

Jernvall, J. and Thesleff, 1. 2000. Reiterative signaling and patterning during mammalian tooth morphogenesis.
Mechanisms of Development 92: 19-29.

Johnson, O.W. and Buss, 1.0. 1965. Molariform teeth of male African elephants in relation to age, body dimensions
and growth. Journal of Mammalogy 46: 373-384.

Johnson, D.L. 1980. Problems in the land vertebrate zoogeography of certain islands and the swimming powers of
elephants. Journal of Biogeography 7: 383-398.

Jolicoeur, P. 1963. The mulitvariate generalization of the allometry equation. Biometrics 19: 497-499.

Jolicoeur, P. 1989. A simplified model for bivariate complex allometry. Journal of Theoretical Biology 140: 41-49.

Kadmon, R. and Pulliam, H.R. 1993. Island biogeography: effect of geographical isolation on species composition.
Ecology 74: 977-981.

Kangas, A.T., Evans, A.R., Thesleff, I. and Jernvall, J. 2004. Nonindependence of mammalian dental characters.
Nature 432: 211-214.

Keller, J., Rehren, T. and Stadlbauer, E. 1989. Explosive volcanism in the Hellenic Arc: a summary and review. In:
Thera and the Aegean World I11, Volume 2: Earth Sciences, Ed. Hardy, D.A., Keller, J., Galanopoulos, V.P.,
Flemming, N.C. and Druitt, T.H., pp 13-26. The Thera Foundation.

Kemp, T.S. 2005. The Origin and Evolution of Mammals. Oxford University Press.

Kleiber, M. 1947. Body size and metabolic rate. Physiological Reviews 27: 511-541.

Klingenberg, C.P. 1996. Multivariate allometry. In: Advances in Morphometrics, Ed. Marcus, L.F., pp 23-49.
Plenum Press.

Kolokotrones, T., Savage, V., Deeds, E. and Fontana, W. 2010. Curvature in metabolic scaling. Nature 464: 753-
756.

Kotsakis, T., Petronio, C. and Sirna, G. 1979. The Quaternary vertebrates of the Aegean islands: paleogeographical
implications. Annales Géologiques des Pays Helléniques 30: 31-64.

Kotsakis, T. 1984. Crocidua esui n. sp. (Soricidae, Insectivora) du Pléistocéne de Spinagallo (Sicilie orientale,
Italie). Geologica Romana 23: 51-64.

Krause, J., Dear, P.H., Pollack, J.L., Slatkin, M., Spriggs, H., Barnes, 1., Lister, A.M., Ebersberger, 1., P&4abo, S. and
Hofreiter, M. 2006. Multiplex amplification of the mammoth mitochondrial genome and the evolution of
Elephantidae. Nature 439: 724-727.

Kroll, W. 1991. Der Waldelefant von Crumstadt. Ein Beitrag zur Osteologie des Waldelefanten. MSc Thesis,
University of Munich.

Kronenberg, H.M. 2003. Developmental regulation of the growth plate. Nature 423: 332-336.

Kuss, S.E. 1965. Eine Pleistozane S&ugertierfauna der Insel Kreta. Berichte der Naturforschenden Gesellschaft zu
Freiburg im Breisgau 55: 271-348.

Kuss, S.E. 1966. Beitrége zur Pleistozdn-Fauna der Insel Kreta. I. Die von Bate 1904 gesammelten Elefanten - und
Cerviden - Reste. Berichte der Naturforschenden Gesellschaft zu Freiburg im Breisgau 56: 169-181.

Kuss, S.E. and Misonne, X. 1968. Pleistozéne Muriden der Insel Kreta. Neue Jahrbuch flir Mineralogie, Geologie,
und Palé@ontologie 132: 55-509.

Kuss, S.E. 1973. Die Pleistozédnen Saugetierfaunen der Ostmediterranean Inseln. Ihr Alter und ihre Herkunft.

471



Berichte der Naturforschenden Gesellschaft zu Freiburg im Breisgau 63: 49-71.

Lambeck, K., Yokoyama, Y. and Purcell, T. 2002. Into and out of the Last Glacial Maximum: sea-level change
during Oxygen Isotope Stages 3 and 2. Quaternary Science Reviews 21: 343-360.

Langman, V.A., Roberts, T.J., Black, J., Maloiy, G.M.O., Heglund, N.C., Weber, J-M., Kram, R. and Taylor, C.R.
1995. Moving cheaply: energetics of walking in the African elephant. The Journal of Experimental Biology 198:
629-632.

Lawlor, T.E. 1982. The evolution of body size in mammals: evidence from insular populations in Mexico. The
American Naturalist 119: 54-72.

Laws, R.M. 1966. Age criteria for the African elephant, Loxodonta africana. East African Wildlife Journal 4: 1-37.

Laws, R.M., Parker, 1.S.C. and Johnstone, R.C. 1975. Elephants and their habitats. Clarendon Press.

Lee, P.C. and Moss, C.J. 1995. Statural growth in known-age African elephants (Loxodonta africana). Journal of
the Zoological Society of London 236: 29-41.

Lehman, A., O'Rourke, N., Hatcher, L. and Stepanski, E. 2005. JMP for Basic Univariate and Multivariate
Statistics: A Step-by-Step Guide. SAS Press.

Lisieki, L.E. and Raymo, M.E. 2005. A Pliocene-Pleistocene stack of 57 globally distributed benthic 1*®0 records.
Paleoceanography 20: 1003.

Lister, A.M. 1989. Rapid dwarfing of Red Deer on Jersey in the last interglacial. Nature 342: 539-542.

Lister, A.M. and Joysey, K.A. 1992. Scaling effects in elephant dental evolution - the example of Eurasian
Mammuthus. In: Structure, Function and Evolution of Teeth, Ed. Smith, P. and Tchernov, E., pp 185-213.
Freund Publ. House Ltd.

Lister, A.M and Bahn, P. 1994. Mammoths: Giants of the Ice Age. Macmillan.

Lister, A.M. 1996a. Dwarfing in island elephants and deer: processes in relation to time of isolation. Symposium of
the Zoological Society of London 69: 277-292.

Lister, A.M. 1996b. Sexual dimorphism in the mammoth pelvis: and aid to gender determination. In: The
Proboscidea, Ed. Shoshani, J. and Tassy, P., pp 254-259. Oxford University Press.

Lister, A.M. 1999. Epiphyseal fusion and postcranial age determination in the woolly mammoth Mammuthus
primigenius. In: Mammoths and the Mammoth Fauna: Studies of an Extinct Ecosystem - DEINSEA 6, Ed.
Haynes, G., Klimowicz, J. and Reumer, J.W.F., pp 79-88.

Lister, A.M and Bahn, P. 2000. Mammoths: Giants of the Ice Age. Marshall Publishing.

Lister, A.M. and Sher, A.V. 2001. The origin and evolution of the wooly mammoth. Science 294: 1094-1097.

Lister, A.M. 2004. Ecological interactions of elephantids in Pleistocene Eurasia: Palaeoloxodon and Mammuthus.
In: Human Palaeoecology in the Levantine Corridor, Ed. Goren-Inbar, N. and Spelth, J.D., pp 53-60. Oxbow.

Lister, A.M., Sher, A.V., van Essen, H. and Wei, G. 2005. The pattern and process of mammoth evolution in
Eurasia. Quaternary International 126-128: 49-64.

Lister, A.M and Bahn, P. 2007. Mammoths: Giants of the Ice Age. Frances Lincoln Publishers.

Lomolino, M.V. 1985. Body size of mammals on islands: the island rule reexamined. The American Naturalist 125:
310-316.

Lomolino, M.V. 2000. A call for a new paradigm of island biogeography. Global Ecology and Biogeography 9: 1-6.

Lomolino, M.V. 2005. Body size evolution in insular vertebrates: generality of the island rule. Journal of
Biogeography 32: 1683-1699.

Lomolino, M.V., Sax, D.F., Riddle, B.R. and Brown, J.H. 2006. The island rule and a reseach agenda for studying
ecogeographical patterns. Journal of Biogeography 33: 1503-1510.

472



Losos, J.B., Jackman, T.R., Larson, A., de Queiroz, K. and Rodriguez-Schettino, L. 1998. Contingency and
determinism in replicated adaptive radiations of island lizards. Science 279: 2115-2118.

Lydekker, R. 1886. Fossil Mammalia in the British Museum (Natural History) Part V. British Museum (Natural
History).

MacArthur, R.H. and Wilson, E.O. 1967. The theory of island biogeography. Princeton University Press.

Maddison, W.P. 1989. Reconstructing character evolution on polytomous cladograms. Cladistics 5: 365-377.

Maglio, V.J. 1972. Evolution of Mastication in the Elephantidae. Evolution 26: 638-658.

Maglio, V.J. 1973. Origin and evolution of the Elephantidae. Transactions of the American Philospohical Society
63: 1-149.

Main, R.P. and Biewener, A.A. 2004. Ontogenetic patterns of limb loading, in vivo bone strains and growth in the
goat radius. The Journal of Experimental Biology 207: 2577-2588.

Mallet, J. and Willmott, K. 2003. Taxonomy: renaissance or Tower of Babel. Trends in Ecology and Evolution 18:
57-59.

Mallet, J. 2006. Species concepts. In: Evolutionary Genetics: Concepts and Case Studies, Ed. Fox, C.W. and Wolf,
J.B., pp 367-373. Oxford University Press.

Marra, A.C. 2005. Pleistocene mammals of Mediterranean islands. Quaternary International 129: 5-14.

Martin, L.B. and Andrews, P. 1993. Species recognition in middle Miocene hominoids. In: Species, Species
Concepts and Primate Evolution, Ed. Kimbel, W.H. and Martin, L.B., pp 393-427. Plenum Press.

Maschenko, E.N. and Kalmykov, N.P. 2009. Homology of the elephantid dentition in the context of elephants
(Mammalia, Proboscidea) evolution. Doklady Biological Sciences 425: 157-159.

Masini, F., Petruso, D., Bonfiglio, L. and Mangano, G. 2008. Origination and extinction patterns of mammals in
three central Western Mediterranean islands from the Late Miocene to Quaternary. Quaternary International
182: 63-79.

Maurer, B.A., Brown, J.H. and Rusler, R.D. 1992. The micro and macro in body size evolution. Evolution 46: 939-
953.

Mayhew, D.F. 1977. The endemic Pleistocene murids of Crete I-11. Proceedings of the Koninklijke Nederlandse
Akademie van Wetenschappen 80: 182-214.

Mayor, A. 2001. The First Fossil Hunters: Paleontology in Greek and Roman Times. Princeton University Press.

Mayr, E. 1957. Species concepts and definitions. In: The Species Problem, publication no.50, Ed. Mayr, E., pp 1-22.
American Association for the Advancement of Science.

Mayr, E. 1963. Animal Speciation and Evolution. Harvard University Press.

McGhee, G.R. 2006. The Geometry of Evolution: Adaptive Landscapes and Theoretical Morphospaces. Cambridge
University Press.

McGowan, C. 1999. A Practical Guide to Vertebrate Mechanics. Cambridge University Press.

McKinney, M.L. and Schoch, R.M. 1985. Titanothere allometry, heterochrony, and biomechanics: revsising an
evolutionary classic. Evolution 39: 1352-1363.

McMahon, T. 1973. Size and shape in biology. Science 179: 1201-1204.

McMahon, T. 1975. Allometry and biomechanics: limb bones in adult ungulates. The American Naturalist 109: 547-
563.

Medawar, P.B. 1945. Size, shape and age. In: Essays on Growth and Form, Ed. Le Gros Clark, W.E. and Medawar,
P.B., pp 157-187. Clarendon Press.

Meiri, S., Dayan, T. and Simberloff, D. 2004. Body size of insular carnivores: little support for the island rule.

473



American Naturalist 163: 469-479.

Meiri, S., Simberloff, D. and Dayan, T. 2005. Insular carnivore biogeography: island area and mammalian optimal
body size. American Naturalist 165: 505-514.

Meiri, S., Dayan, T. and Simberloff, D. 2006. The generality of the island rule reexamined. Journal of Biogeography
33: 1571-1577.

Meiri, S., Cooper, N. and Purvis, A. 2008. The island rule: made to be broken. Proceedings of the Royal Society B
275:141-148.

Millard, A.R. and Hedges, R.E.M. 1996. A diffusion-adsorption model of uranium uptake by archaeological bone.
Geochimica et Cosmochimica Acta 60: 2139-2152.

Miller, G.H. and Mangerud, J. 1985. Aminostratigraphy of European marine interglacia depositis. Quaternary
Science Reviews 4:

Miller, W., Drautz, D.I., Ratan, A., Pusey, B., Qi, J., Lesk, A.M., Tomsho, L.P., Packard, M.D., Zhao, F., Sher, A.,
Tikhonov, A., Raney, B., Patterson, N., Lindblad-Toh, K., Lander, E.S., Knight, J.R., Irzyk, G.P., Fredrikson,
K.M., Harkins, T.T., Sheridan, S., Pringle, T. and Schuster, S.C. 2008. Sequencing the nuclear genome of the
extinct woolly mammoth. Nature 456: 387-393.

Miller, C.E., Basu, C., Fritsch, G., Hildebrandt, T. and Hutchinson, J.R. 2008. Ontogenetic scaling of foot
musculoskeletal anatomy in elephants. Journal of the Royal Society Interface 5: 465-475.

Millien, V. and Damuth, J. 2004. Climate change and size evolution in an island rodent species: new perspectives on
the island rule. Evolution 58: 1353-1360.

Millien, V. 2006. Morphological evolution is accelerated among island mammals. PLoS Biology 4: e.321.
DOI:10.1371/journal.pbio.0040321.

Mishler, B.D. and Theriot, E.D. 2000. The phylogenetic species concept (sensu Mishler and Theriot). In: Species
Concepts and Phylogenetic Theory, Ed. Wheeler, Q.D. and Meier, R. pp 44-54. Columbia University Press.

Mol, D., de Vos, J., van den Bergh, G.D. and Sondaar, P.Y. 1996. The taxonomy and ancestry of the fossil elpehants
of Crete: faunal turnover and a comparison with Proboscidean faunas of Indonesian islands. In: The Pleistocene
and Holocene Fauna of Crete and its First Settlers., Ed. Reese, D.S., pp 81-98. Prehistory Press.

Morrison, L.W. 2002. Island biogeography and metapopulation dynamics of Bahamian ants. Journal of
Biogeography 29: 387-394.

Moss, C.J. 1983. Oestrous behaviour and female choice in the African elephant. Behaviour 86: 167-196.

Moss, C.J. 1988. Elephant Memories. University of Chicago Press.

Murchison, C. 1868. Palaeontological Memoirs and Notes of the Late Hugh Falconer, A.M., M.D. Robert
Hardwicke, 192 Picadilly.

Myers, N., Mittermeier, R.A., Mittermeier, C.G., da Fonseca, G.A.B. and Kent, J. 2000. Biodiversity hotspots for
conservation priorities. Nature 403: 853-858.

Nilsson, O. and Baron, J. 2004. Fundamental limits on longitudinal bone growth: growth plate senescence and
epiphyseal fusion. Trends in Endocrinology and Metabolism 15: 370-374.

O'Connor, J.E., Bogue, C., Spence, L.D. and Last, J. 2008. A method to establish the relationship between
chronological age and stage of union from radiographic assessment of epiphyseal fusion at the knee: an Irish
population study. Journal of Anatomy 212: 198-209.

O'Higgins, P., Chadfield, P. and Jones, N. 2001. Facial growth and the ontogeny of morphological variation within
and between the primates Cebus apella and Cercocebus torquatus. Journal of Zoology 254: 337-357.

Orlando, L., Pagés, M., Calvignac, S., Hughes, S. and Hanni, C. 2007. Does the 43 bp sequence from an 800 000

474



year old Cretan dwarf elephantid really rewrite the textbook on mammoths? Biology Letters 3: 57-59.

Osborn, H.F. 1942. The Proboscidea (Volume I1). The American Museum Press.

Packard, G.C. and Boardman, T.J. 2008. Model selection and logarithmic transformation in allometric analysis.
Physiological and Biochemical Zoology 81: 496-507.

Palombo, M.R. 2001a. Endemic elephants of the Mediterranean Islands: knowledge, problems and perspectives. In:
1st International Congress of the World of Elephants, Ed. Cavarretta, G., Gioia, P., Mussi, M. and Palombo,
M.R., pp Consiglio Nazionale delle Ricerche.

Palombo, M.R. 2001b. Paedomorphic features and allometric growth in the skull of Elephas falconeri from
Spinagallo (Middle Pleistocene, Sicily). In: 1st International Congress of the World of Elephants, Ed. Cavarretta,
G., Gioia, P., Mussi, M. and Palombo, M.R., pp 492-496. Consiglio Nazionale delle Ricerche.

Palombo, M.R. 2003. Elephas? Mammuthus? Loxodonta? The question of the true ancestor of the smallest dwarfed
elephant of Sicily. DEINSEA 9: 273-291.

Palombo, M.R. and Ferretti, M.P. 2005. Elephant fossil record from Italy: knowledge, problems, and perspectives.
Quaternary International 126-128: 107-136.

Palombo, M.R. 2007. How can endemic proboscideans help us understand the “island rule™? A case study of
Mediterranean islands. Quaternary International 169-170: 105-124.

Parfitt, A.M. 2002. Misconceptions (1): epiphyseal fusion causes cessation of growth. Bone 30: 337-339.

Paterson, H.E.H. 1985. The recognition concept of species. In: Species and Speciation, Ed. Vrba, E.S., pp 21-29.

Pavia, M. 2008. The evolution dynamics of the Strigiformes in the Mediterranean islands with the description of
Aegolius martae n. sp. (Aves, Strigidae). Quaternary International 182: 80-89.

Pe-Piper, G. and Piper, J.W. 2005. Neotectonics and the Kos Plateau Tuff eruption of 161 ka, South Aegean arc.
Journal of Volcanology and Geothermal Research 139: 315-338.

Pearson, O.M. and Lieberman, D.E. 2004. The aging of Wolff's "law": ontogeny and responses to mechanical
loading in cortical bone. Yearbook of Physical Anthropology 47: 63-99.

Penkman, K. 2009. Amino acid geochronology: its impact on our understanding of the Quaternary stratigraphy of
the British Isles. Journal of Quaternary Science published online 2009.

Pettitt, P.B., Davies, W., Gamble, C.S. and Richards, M.B. 2003. Palaeolithic radiocarbon chronology: quantifying
our confidence beyond two half-lives. Journal of Archaeological Science 30: 1685-1693.

Pike, AW.G., Eggins, S., Grun, R., Hedges, R.E.M. and Jacobi, R.M. 2005. U-series dating of the Late Pleistocene
mammalian fauna from Wood Quarry (Steetley), Nottinghamshire, UK. Journal of Quaternary Science 20: 59-
63.

Pispa, J., Pummila, M., Barker, P.A., Thesleff, I. and Mikkola, M.L. 2008. Edar and Troy signalling pathways act
redundantly to regulate initiation of hair follicle development. Human Molecular Genetics 17: 3380-3391.

Plavcan, J.M. 1989. The coefficient of variation as an indicator of interspecific variability in fossil assemblages.
American Journal of Physical Anthropology 78: 285.

Plavcan, J.M. and Cope, D.A. 2001. Metric variation and species recognition in the fossil record. Evolutionary
Anthropology 10: 204-222.

Pohlig, H. 1893. Eine Elephantenhdhle Siciliens und der erste Nachweis des Cranialdomes von Elephas antiquus.
Verlag der k. Akademie.

Polly, P.D. 1998. Variability in mammalian dentitions: size-related bias in the coefficient of variation. Biological
Journal of the Linnean Society 64: 83-99.

Poulakakis, N., Mylonas, M., Lymberakis, P. and Fassoulas, C. 2002a. Origin and taxonomy of the fossil elephants

475



of the island of Crete (Greece): problems and perspectives. Palaeogeography, Palaeoclimatology,
Palaeoecology 186: 163-183.

Poulakakis, N., Theodorou, G.E., Zouros, E. and Mylonas, M. 2002b. Molecular phylogeny of the extinct
Pleistocene dwarf elephant Palaeoloxodon antiquus falconeri from Tilos Island, Dodekanisa, Greece. Journal of
Molecular Evolution 55: 364-374.

Poulakakis, N., Parmakelis, A., Lymberakis, P., Mylonas, M., Zouros, E., Reese, D.S., Glaberman, S. and Caccone,
A. 2006. Ancient DNA forces reconsideration of evolutionary history of Mediterranean pygmy elephantids.
Biology Letters 2: 451-454,

Poulakakis, N., Parmakelis, A., Lymberakis, P., Mylonas, M., Zouros, E., Reese, D.S., Glaberman, S. and Caccone,
A. 2007. It remains a mammoth DNA fragment. A reply to Binladen et al. (2006) and Orlando et al. (2006).
Biology Letters 3: 60-63.

Raia, P., Barbera, C. and Conte, M. 2003. The fast life of a dwarfed giant. Evolutionary Ecology 17: 293-312.

Raia, P. and Meiri, S. 2006. The island rule in large mammals: paleontology meets ecology. Evolution 60: 1731-
1742.

Reese, D.S. 1995. The Pleistocene Vertebrate Sites and Fauna of Cyprus. Republic of Cyprus, Ministry of
Agriculture, Natural Resources and Environment.

Reese, D.S., Belluomini, G. and Ikeya, M. 1996. Absolute dates for the Pleistocene fauna of Crete. In: Pleistocene
and Holocene Fauna of Crete and its First Settlers, Ed. Reese, D.S., pp 47-52. Prehistory Press.

Reimer, P.J., Baillie, M.G.L., Bard, E., Bayliss, A., Beck, A., Beck, J.W., Blackwell, P.G., Ramsey, C.B., Buck,
C.E., Burr, G.S., Edwards, R.L., Friedrich, M., Grootes, P.M., Guilderson, T.P., Hajdas, I., Heaton, T.J., Hogg,
A.G., Hughen, K.A., Kaiser, K.F., Kromer, B., McCormac, F.G., Manning, S.W., Reimer, R.W., Richards, D.A.,
Southon, J.R., Talamo, S., Turney, C.S.M., van der Plicht, J. and Weyhenmeyer, C.E. 2009. INTCALO9 and
MARINEO9 radiocarbon age calibration curves, 0-50,000 years cal BP. Radiocarbon 51: 1111-1150.

Ren, L., Butler, L., Miller, C., Paxton, H., Schwerda, D., Fischer, M.S. and Hutchinson, J.R. 2008. The movements
of limb segments and joints during locomotion in African and Asian elephants. Journal of Experimental Biology
211: 2735-2751.

Ren, L. and Hutchinson, J.R. 2008. The three-dimensional locomotor dynamics of African (Loxodonta africana) and
Asian (Elephas maximus) elephants reveal a smooth gait transition at moderate speed. Journal of the Royal
Society Interface 5: 195-211.

Ren, L., Miller, C.E., Lair, R. and Hutchinson, J.R. 2010. Integration of biomechanical compliance, leverage, and
power in elephant limbs. Proceedings of the National Academy of Sciences of the United States of America 107:
7078-7082.

Rhodes, E.J. 1996. ESR dating of tooth enamel. In: Siracusa: Le ossa dei giganti: lo scavo paleontologico di
Contrada Fusco, Ed. Basile, B. and Chilardi, S., pp 39-44. Arnaldo Lombardi Promozione.

Richards, D.A. and Dorale, J.A. 2003. Uranium-series chronology and environmental applications of speleothems.
Rev. Min. Geochem. 52: 407-460.

Rogaev, E.I., Moliaka, Y.K., Malyarchuk, B.A., Kondrashov, F.A., Derenko, M.V., Chumakov, I. and Grigorenko,
A.P. 2006. Complete mitochodrial genome and phylogeny of Pleistocene mammoth Mammuthus primigenius.
PLoS Biology 4: e73.

Rohling, E.J., Grant, K., Hemleben, C.H., Siddall, M., Hoogakker, B.A.A., Bolshaw, M. and Kucera, M. 2007. High
rates of sea-level rise during the last interglacial period. Nature Geoscience 1: 38-42.

Roth, V.L. 1982. Dwarf mammoths from the Santa Barbara, California Channel Islands: size, shape, development

476



and evolution. Ph.D Thesis, Yale University.

Roth, V.L. 1984. How elephants grow: heterochrony and the calibration of developmental stages in some living and
fossil species. Journal of Vertebrate Paleontology 4: 126-145.

Roth, V.L. and Shoshani, J. 1988. Dental identification and age determination in Elephas maximus. Journal of the
Zoological Society of London 214: 567-588.

Roth, V.L. 1989. Fabricational noise in elephant dentitions. Paleobiology 15: 165-179.

Roth, V.L. 1990. Insular dwarf elephants: a case study in body mass estimation and ecological inference. In: Body
Size in Mammalian Paleobiology, Ed. Damuth, J. and MacFadden, B.J., pp 151-179 Cambridge University Press.

Roth, V.L. 1992a. Inferences from allometry and fossils: dwarfing of elephants on islands. In: Oxford Surveys in
Evolutionary Biology, Ed. Futuyma, D. and Antonovics, J., pp 259-288. Oxford University Press.

Roth, V.L. 1992b. Quantitative variation in elephant dentitions: implications for the delimitation of fossil species.
Paleobiology 18: 184-202.

Ruff, C.B., Walker, A. and Trinkhaus, E. 1994. Postcranial robusticity in Homo: Ontogeny. American Journal of
Physical Anthropology 93: 35-54.

Saegusa, H. 2008. Dwarf Stegolophodon from the Miocene of Japan: passengers on sinking boats. Quaternary
International 182: 49-62.

Savona-Ventura, C. and Mifsud, A. 1998. Ghar Dalam cave: a review of the sediments on the cave floor
stratigraphy. Xjensa 3: 5-12.

Schmidt-Nielsen, K. 1984. Scaling: Why is Animal Size So Important? Cambridge University Press.

Schulter, D. 2000. The Ecology of Adaptive Radiation. Oxford University Press.

Seberg, O., Humphries, C.J., Knapp, S., Stevenson, D.W., Peterson, G., Scharff, N. and Andersen, N.M. 2003.
Shortcuts in systematics? A commentry on DNA-based taxonomy. Trends in Ecology and Evolution 18: 63-65.

Serpelloni, E., Vannuci, G., Pondrelli, S., Argnani, A., Casula, G., Anzidei, M., Baldi, P. and Gasperini, P. 2007.
Kinematics of the Western Africa-Eurasia plate boundary from focal mechanisms and GPS data. Geophysics
Journal International 169: 1180-1200.

Serrano, E., Géllego, L. and Pérez, J.M. 2004. Ossification of the appendicular skeleton in the Spanish ibex Capra
pyrenaica Schinz, 1838 (Artiodactyla: Bovidae), with regard to determination of age. Anatomy, Histology and
Embryology 33: 33-37.

Shea, B.T. 1985. Bivariate and multivariate growth allometry: statistical and biological considerations. Journal of
the Zoological Society of London Series A 206: 367-390.

Shea, B.T. 1986. Ontogenetic approaches to sexual dimorphism in anthropoids. Human Evolution 1: 97-110.

Shea, B.T. and Gomez, A.M. 1988. Tooth scaling and evolutionary dwarfism: an investigation of allometry in
human pygmies. American Journal of Physical Anthropology 77: 117-132.

Shea, B.T. 1995. Ontogenetic scaling and size correction in the comparative study if primate adaptations.
Anthropologie 33: 1-16.

Sher, A.V. and Garutt, V.Y. 1987. New data on the morphology of elephant molars. Transactions of the USSR
Academy of Sciences - Earth Science Sections 285: 195-199.

Shoshani, J. 1998. Understanding proboscidean evolution: a formidable task. Trends in Ecology and Evolution 13:
480-487.

Shoshani, J. and Tassy, P. 2005. Advances in proboscidean taxonomy & classification, anatomy & physiology, and
ecology & behaviour. Quaternary International 126-128: 5-20.

Shoshani, J., Ferretti, M.P., Lister, A.M., Agenbroad, L.D., Saegusa, H., Mol, D. and Takahashi, K. 2007.

477



Relationships within the Elephantinae using hyoid characters. Quaternary International 169-170: 174-185.

Shrader, A.M., Ferreira, S.M., McElveen, M.E., Lee, P.C., Moss, C.J. and van Aarde, R.J. 2006. Growth and age
determination of African savanna elephants. Journal of Zoology 270: 40-48.

Siddall, M., Rohling, E.J. and Almogi-Labin, A. 2003. Sea-level fluctuations during the last glacial cycle. Nature
423: 853-858.

Sikes, S.K. 1971. The Natural History of the African Elephant. Weidenfeld & Nicholson.

Simmons, A.H. 1989. Report on the 1988 season at Akrotiri-Aetokremnos, Cyprus. Report of the Department of
Antiquities, Cyprus, 19809.

Simonelli, V. 1894. Appunti sopra i terreni Neogenici e Quaternari dell' Isola di Candia. Rendiconti dell’'Accademia
Nazionale dei Lincei 5: 265-268.

Simonelli, V. 1907. Mammiferi Quaternari dell’ Isola di Candia. Memorie della Reale Academia della Scienze
Bologna 6: 251-267.

Simonelli, V. 1908. Mammiferi Quaternari dell’ Isola di Candia. Memorie della Reale Academia della Scienze
Bologna 6:

Simpson, G.G., Roe, A. and Lewontin, R.C. 1960. Quantitative Zoology. Harcourt, Brace and Co.

Simpson, G.G. 1961. Principles of Animal Taxonomy. Columbia University Press.

Sites, J.W. and Marshall, J.C. 2003. Delimiting species: a Renaissance issue in systematic biology. Trends in
Ecology and Evolution 18: 462-470.

Smith, A.B. 1994. Systematics and the Fossil Record. Blackwell Science.

Smith, W.H.F. and Sandwell, D.T. 1997. Global sea floor topography from satellite altometry and ship depth
soundings. Science 277: 1956-1962.

Smith, C.1., Chamberlain, A.T., Riley, M.S., Stringer, C. and Collins, M.J. 2003. The thermal history of human
fossils and the likelihood of successful DNA amplification. Journal of Human Evolution 45: 203-217.

Sokal, R.R. and Rohlf, F.J. 1995. Biometry. W.H. Freeman and Company.

Sondaar, P.Y. and Boekschoten, G.J. 1967. Quaternary mammals in the South Aegean island arc; with notes on
other fossil mammals from coastal regions of the Mediterranean (I-11). Proceedings Koninklijke Nederlandse
Akademie van Wetenschappen 70: 556-576.

Sondaar, P.Y. 1977. Insularity and its effect on mammal evolution. In: Major Patterns in Vertebrate Evolution., Ed.
Hecht, M.K., Goody, P.C. and Hecht, B.M., pp 671-707. Plenum Press.

Sondaar, P.Y. and Van Der Geer, A.A.E. 2005. Evolution and extinction of Plio-Pleistocene Island ungulates. In:
Les ongulés holarctiques du Pliocene et du Pléistocene. Quaternaire, International Journal of the French
Quaternary Association, hors-série 2005. Ed. Crégut-Bonnoure, E., pp 241-256. Maison de la Géologie.

Speakman, J.R., van Acker, A. and Harper, E.J. 2003. Age-related changes in the metabolism and body composition
of three dog breeds and their relationship to life expectancy. Aging Cell 2: 265-275.

Spence, A.J. 2009. Scaling in Biology. Current Biology 19: R57-R61.

Spratt, T.A.B. 1867. On the bone-caves near Crendi, Zebbug, and Melliha, in the Island of Malta. Quarterly Journal
of the Geological Society 23: 283-297.

Stevens, D.A. and Williams, G.R. 1999. Hormone regulation of chondrocyte differentiation and endochondral bone
formation. Molecular and Cellular Endocrinology 151: 195-204.

Storch, G. 1974. Quartare Fledermaus-faunen von der Insel Malta. Senckenbergiana Lethaea 55: 407-434.

Sukumar, R. 1989. The Asian Elephant. Cambridge University Press.

Sukumar, R. 2003. The Living Elephants: Evolutionary Ecology, Behaviour, and Conservation. Oxford University

478



Press.

Sutter, N.B., Bustamante, C.D., Chase, K., Gray, M.M., Zhao, K., Zhu, L., Padhukasahasram, B., Karlins, E., Davis,
S., Jones, P.G., Quignon, P., Johnson, G.S., Parker, H.G., Fretwell, N., Mosher, D.S., Lawler, D.F., Satyaraj, E.,
Nordborg, M., Lark, K.G., Wayne, R.K. and Ostrander, E.A. 2007. A single IGF1 allele is a major determinant
of small size in dogs. Science 316: 112-115.

Symeonidis, N.K. 1972. Die entdeckung von Zwergelefanten inder Hohle 'Charkadio’ auf der Insel Tilos
(Dodekanes, Griechenland). Annales Géologiques des Pays Helléniques 24: 445-461.

Symeonidis, N.K., Bachmayer, F. and Zapfe, H. 1973. Grabungen in der Zwergelefanten - Hohle ‘Charkadio’ auf der
Insel Tilos (Dodekanes, Griechenland). Annalen Des Naturistorischen Museums in Wien 77: 133-139.

Symeonidis, N.K. and Theodorou, G.E. 1982. New findings of fossil elephants on Crete Island. Annales
Géologiques des Pays Helléniques 31: 113-129.

Symeonidis, N.K., Theodorou, G.E. and Gianopoulos, B. 2000. The new species Elephas chaniensis from the
submerged Pleistocene deposits of Vamos Cave at Chania, Crete. Bulletin of the Greek Speleological Society 22:
95-108.

Tassy, P. 1996a. Dental homologies and nomenclature in the Proboscidea. In: The Proboscidea: Evolution and
Palaeoecology of Elephants and Their Relatives, Ed. Shoshani, J. and Tassy, P., pp 21-25. Oxfrod University
Press.

Tassy, P. 1996b. Growth and sexual dimorphism among Miocene elephantoids: the example of Gomphotherium
angustidens. In: The Proboscidea: Evolution and Palaeoecology of Elephants and Their Relatives, Ed. Shoshani,
J. and Tassy, P., pp 92-100. Oxford University Press.

Teissier, G. 1934. Dysharmonies et duiscontinuités dans la Croissance. Hermann.

Theodorou, G.E. 1983. The dwarf elephants of the Charkadio cave on the island of Tilos (Dodekanese, Greece).
University of Athens.

Theodorou, G.E., Karistineos, N.K. and Papadopoulos, N.N. 1985-86. Uranium in fossil Caenozoic vertebrates from
Greece. Annales Géologiques Des Pays Helléniques 39-49.

Theodorou, G.E. 1988. Environmental factors affecting the evolution of island endemics: the Tilos example from
Greece. Modern Geology 13: 2736.

Theodorou, G.E. 1990. The dwarf elephants of Tilos. The Athenian May 1990: 17-19.

Theodorou, G.E., Symeonidis, N. and Stathopoulou, E. 2007. Elephas tiliensis n. sp. from Tilos island (Dodecanese,
Greece). Hellenic Journal of Geosciences 42: 19-32.

Thomas, M.G., Hagelberg, E., Jone, H.B., Yang, Z. and Lister, A.L. 2000. Molecular and morphological evidence
on the phylogeny of the Elephantidae. Proceedings of the Royal Society B 267: 2493-2500.

Todd, N.E. 2005. Reanalysis of African Elephas recki: implications for time, space and taxonomy. Quaternary
International 126-128: 65-72.

Todd, N.E. 2010. New phylogenetic analysis of the family Elephantidae based on cranial-dental morphology. The
Anatomical Record 293: 74-90.

Turvey, S.T. and Holdaway, R.N. 2005. Postnatal ontogeny, population structure, and extinction of the giant moa
Dinornis. Journal of Morphology 265: 70-86.

Van Andel, T.H. and Shackleton, J.C. 1982. Late paleolithic and mesolithic coastlines of Greece and the Aegean.
Journal of Field Archaeology 9: 445-454.

Van den Bergh, G.D. 1999. The Late Neogene elephantoid-bearing faunas of Indonesia. Scripta Geologica 117: 1-
388.

479



Van Valen, L.M. 1973. Pattern and the balance of nature. Evolutionary Theory 1: 31-49.

Vaufrey, R. 1929. Les éléphants nains des iles Méditerranénnes et la question des isthmes Pléistocénes. Archives de
I'Institut de Paléontologie Humaine Mémoire 6: 1-220.

Vogler, A.P. and Monaghan, M.T. 2007. Recent advances in DNA taxonomy. Journal of Zoological Systematics
and Evolutionary Research 45: 1-10.

Von Bertalanffy, L. 1938. A quantitative theory of organic growth. Human Biology 10: 181-213.

Von Dassow, G. and Munro, E. 1999. Modularity in animal development and evolution: elements of a conceptual
framework for EvoDevo. Journal of Experimental Zoology 285: 307-325.

Walker, M. 2005. Quaternary Dating Methods. John Wiley & Sons Ltd.

Warton, D.I., Wright, I.J., Falster, D.S. and Westoby, M. 2006. Bivariate line-fitting methods for allometry.
Biological Reviews 81: 259-291.

Weise, M., De-Levi, S., Barnes, K.M., Gafni, R.l., Abad, V. and Baron, J. 2001. Effects of estrogen on growth plate
senescence and epiphyseal fusion. Proceedings of the National Academy of Sciences of the United States of
America 98: 6871-6876.

Weissengruber, G.E., Fuss, F.K., Stanek, G., Hittmair, K.M. and Forstenpointner, G. 2006. The elephant knee joint:
morphological and biomechanical considerations. Journal of Anatomy 208: 59-72.

West, G.B., Brown, J.H. and Enquist, B.J. 1997. A general model for the origin of allometric scaling laws in
biology. Science 276: 122-126.

Weston, E.M. 2003. Evolution of ontogeny in the hippopotamus skull: using allometry to dissect developmental
change. Biological Journal of the Linnean Society 80: 625-638.

Weston, E.M., Friday, A.E. and Johnstone, R.A. 2004. Wide faces or large canines? The attractive versus the
aggressive primate. Proceedings of the Royal Society of London B 271: S416-S419.

Weston, E.M. and Lister, A.M. 2009. Insular dwarfism in hippos and a model for brain size reduction in Homo
floresiensis. Nature 459: 85-88.

Wheeler, Q.D. and Platnick, N.I. 2000. The phylogenetic species concept (sensu Wheeler and Platnick). In: Species
Concepts and Phylogenetic Theory, Ed. Wheeler, Q.D. and Meier, R., pp 55-69. Columbia University Press.

White, J.F. and Gould, S.J. 1965. Interpretation of the coefficient in the allometric equation. The American
Naturalist 99: 5-18.

White, T.D. 1991. Human Osteology. Second Edition. Academic Press.

Wiens, J.J. 2004. The role of morphological data in phylogeny reconstruction. Systematic Biology 53: 653-661.

Wiley, E.O. and Mayden, R.L. 2000. The evolutionary species concept. In: Species Concepts and Phylogenetic
Theory, Ed. Wheeler, Q.D. and Meier, R. Columbia University Press.

Wills, K.W., Mishler, B.D. and Wheeler, Q.D. 2005. The perils of DNA barcoding and the need for integrative
taxonomy. Systematic Biology 54: 844-851.

Winston, J.E. 1999. Describing Species. Columbia University Press.

Yellin-Dror, A., Grasso, M., Ben-Avraham, Z. and Tibor, G. 1997. The subsidence history of the northern Hyblean
plateau margin, southeastern Sicily. Tectonophysics 282: 277-289.

Zammit-Maempel, G. 1989. Ghar Dalam Cave and Deposits. Dr. G. Zammit Maempel, Malta.

480



