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ABSTRACT

In the Mediterranean, during the Middle and Late Pleistocene, populations of straight-tusked elephants (Palaeoloxodon antiquus) evolved repeatedly
and independently into endemic dwarf species on several islands, including P. creutzburgi on Crete (Greece). Here we test whether this body size
reduction was accompanied by changes in bone remodelling. Bone histology of non-weight-bearing ribs was compared between Cretan dwarf
(N=5) and mainland P. antiquus (N =20) specimens from Greece. Rib cortical bone in both elephant samples displayed dense Haversian bone
with evidence of remodelling up to the periosteum. We adjusted osteon densities and area, and Haversian canal to osteon ratio by cortical width.
Results were statistically significantly (P<.01) higher in P. creutzburgi than in P. antiquus. This suggests remodelling in the smaller ribs was char-
acterized by larger and more numerous osteons than in P. antiquus. We interpret these findings as indicative of a bone metabolic adaptation to the
insularity-driven reduction of body mass in P. creutzburgi. This is possibly a response to its need for deposition of a higher quantity of bone within
osteons and through maintaining osteon numbers that are comparable to the mainland ancestor. We propose that despite the size reduction of the
skeletal frame of P. creutzburgi, bone quantity was maintained at higher levels to ensure metabolic viability.

Keywords: Palaeoloxodon antiquus; Palaeoloxodon creutzburgi; Pleistocene proboscidean; bone histology; remodelling stages; osteon population;
super osteon; palaeohistology; Island Rule; insular dwarfism

INTRODUCTION

Growth rates and life history trajectories can be estimated from
osteohistological characteristics preserved in fossil bones (Chins-
amy 1997, de Ricgles 2011, Padian and Lamm 2013, Kolb et al.

Haversian bone due to secondary remodelling (Castanet 2006,
Kohler et al. 2012, Straehl et al. 2013) (Fig. 1). Haversian bone is
formed through resorption by osteoclasts and bone deposition by
osteoblasts (Lassen et al. 2017). These cells constitute the basic

2015a). Bone formation and remodelling produce bone structures
that reflect ontogenetic stages such that bone tissue can be
fast-forming (e.g. woven-fibred bone) and slow-forming (e.g.
parallel-fibred bone) in younger mammals (Francillon-Vieillot ef al.
1990, Stein and Prondvai 2014) (Fig. 1). Lines of arrested growth
(LAGs) indicate a temporary cessation of bone growth, and the
external fundamental system (EFS) documents bone growth com-
pletion (Francillon-Vieillot ef al. 1990, Kohler et al. 2012) (Fig. 1).
At later stages in their lifespan, large mammals have dense

multicellular unit (BMU), which leaves behind circular longitudi-
nal structures known as secondary osteons (hereafter ‘osteons’)
(Parfitt 1994, Frost 2000). These osteons consist of a central Hav-
ersian canal surrounded by concentric lamellae, which are bordered
by a cement line (Lassen ef al. 2017). Haversian bone remodels
continuously throughout adulthood, notably in long-lived mam-
mals, including humans (Stout and Crowder 2011), fossil and
extant deer (Kolb et al. 2015b, Miszkiewicz and van der Geer
2022), fossil hippopotamuses (Miszkiewicz et al. 2023),
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Figure 1. Schematic representations of microstructural features in mammalian cortical bone. Left: bone section showing histology in a young
adult with the external fundamental system (EFS) at the periosteal border and lines of arrested growth (LAGs) in parallel-fibred bone tissue
with dense Haversian bone at the endosteal layer. Right: bone section showing histology in an older individual with remodelling of the EFS at
the periosteal region and widespread dense Haversian bone remodelling of cortical bone.

Figure 2. Insular proboscidean distribution worldwide: (1) the Mediterranean islands (subject of this study), (2) insular Southeast Asia,
(3) Japan, (4) Arctic Islands, and (S) California Channel Islands. Data based on van der Geer et al. (2021).

bears (Wojda et al. 2013 ), extant and fossil Asian elephants (Ngan-
vongpanit et al. 2017, Basilia ef al. 2023c), and fossil stegodon
(Basilia et al. 2023a).

Bone remodelling processes can be inferred from Haversian
tissue by measuring variables such as: osteon population density
(OPD), which represents the total amount of osteons formed in
a given region of interest (ROI) of bone; osteon area (On.Ar),
which represents bone area resorbed by osteoclasts; Haversian
canal area (HCa.Ar), which reflects bone vascularity; and Haver-
sian canal to osteon area ratio (HCa%), which is a measure of bone
deposited within the osteon (Qiu et al. 2003, Skedros et al. 2013,
Wojda et al. 2013). Remodelling can be influenced by many fac-
tors, e.g. age, sex, disease, mechanical variables, and microdamage
repair (Thompson 1980, Bell et al. 2001, Havill 2004, Skedros et al.
2004, Britz et al. 2009, Lad et al. 2019). In mammals, less is known
about the effect of insular dwarfism on Haversian bone and
remodelling, although recent studies have reported retention of
high remodelling with bone gain in a few insular dwarf mammals,

e.g. in dwarf deer (Miszkiewicz and van der Geer 2022) and dwarf
hippos (Miszkiewicz ef al. 2023).

In this study, we examined bone histology in the large-sized
straight-tusked elephant Palaeoloxodon antiquus (Falconer and
Cautley, 1847) from mainland Greece, and its dwarfed descendant
species, Palaeoloxodon creutzburgi (Kuss, 1965) from Crete
(Fig. 2). Dwarf elephants are known from islands worldwide (Fig.
2), represented by several genera and species, and ranging from
the middle Miocene to the early Holocene (van der Geer et al.
2021). The degree of dwarfism in insular dwarf species, including
elephants, varies according to ecogeographical variables such as
island geography, climate, time in isolation, number of ecologically
relevant competitors, and predators (Lomolino et al. 2006, 2013,
Lomolino 2016, van der Geer ef al. 2016), following predictions
according to the ‘island rule’ (Foster 1964, van Valen 1973, Lomo-
lino 1985, Benitez-Lopez et al. 2021). The Cretan elephant
evolved a body mass decrease down to 38% of its ancestral body
weight (Lomolino et al. 2013), weighing just over 3 metric tonnes,
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compared to the around 8 metric tonnes of the mainland popula-
tion. To characterize bone remodelling in this dwarf species in
relation to that in its ancestral species without conflating multiple
factors, we examined ribs which are not affected by biomechanical
stimulation as much as limb bones (Waskow and Sander 2014,
Basilia et al. 2023c).

Elephant bone histology

Surprisingly little is known about bone remodelling in the largest
living land mammals—the African elephants (Loxodonta africana,
L. cyclotis), and the Asian elephant (Elephas maximus). While his-
tology in adults shows extensive Haversian bone (Nganvongpanit
et al. 2017, Basilia ef al. 2023c), extant juvenile elephants seem to
lack Haversian bone in the first 2-3 years of lifespan (Curtin ef al.
2012, Thitaram et al. 2018). Curtin et al.’s (2012) study on the
histology of the tibia and femur of an L. africana neonate was one
of the first osteohistological examinations of proboscidean
post-cranial bones. Only woven bone was noted in the outer cor-
tex, while woven bone and parallel-fibred bone, with primary
osteons, were present in the inner cortex. Another study of two
juvenile elephants (E. maximus) aged 2 years, and 2 years 9 months,
found that cortical bone histology of their parietal bone consisted
of primarily woven bone and plexiform bone, while the right
humerus consisted of lamellar bone with primary osteons (Thi-
taram et al. 2018).

Some bone histology data have been published for Haversian
bone in adult elephants. For example, osteons from adult extant
elephants have been included in a study examining allometry of
osteon size and body size across a range of mammals, finding that
humeral and femoral osteons and body mass scale with negative
allometry in large taxa (Felder et al. 2017). In adult female Asian
elephants, histology of the humerus, radius, femur, tibia, fibula,
and the fifth rib showed fully remodelled cortical bone with no
evidence of younger or faster growing bone tissue (Nganvong-
panit ef al. 2017), confirming that bone growth slows down and
experiences remodelling in adulthood. The data from Nganvong-
panit et al. (2017) were compared to a Pleistocene Asian elephant
from Indonesia within the same body size range (Basilia et al.
2023c). The fossil and extant data were similar, but the fossil rib
displayed osteons with smaller areas, which was interpreted as
reflecting differences in environmental stimuli that would have
driven remodelling. Additionally, Basilia et al. (2023c, 2023a)
reported the existence of various osteon variants, mirroring what
was observed earlier in extant Asian elephants (Nganvongpanit
et al. 2017), such as double cement lines and unusually large
osteons measuring >100000 um? (termed ‘super osteons’).

Factors determining Haversian remodelling, and the insular
dwarf mammal context

Generally, prior mammalian bone histology research suggests that
body size may influence geometric properties and densities of
osteons (Felder et al. 2017, Miszkiewicz et al. 2020, Miszkiewicz
and van der Geer 2022, Basilia et al. 2023b, Miszkiewicz et al.
2023), although this has not always been clear from the literature
(Zeddaand Babosova 2021). In a study on the effects of allometric
scaling on femur and humerus bone histology from variously sized
mammals (39 species with body mass ranging from 0.3 to
21000kg), osteon infilling rates showed a negative allometry with
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body mass with larger species having smaller infill ratios for their
body size (Felder ef al. 2017). However, Zedda and Babosova
(2021) reported alack of a clear allometric scaling pattern between
osteon measures and body mass within species when comparing
histology of the humerus and the femur in cows and sheep. Zedda
and Babosova (2021) concluded that, at least in these two taxa,
lifestyle and biomechanics may play a more important role in
determining aspects of bone histology than body mass per se.
Apparently, and not surprisingly, interspecific scaling (evolution-
ary allometry) of osteons differs from intraspecific scaling (static
allometry). Variation in osteon morphology and morphometry
can also stem from ageing factors, such that compact bone that
has been remodelled throughout lifespan reaches spatial capacity
and adapts by altering osteon size (Takahashi et al. 1965). In other
words, larger quantities of smaller osteons can be expected in bone
tissue of advanced age since it had more time to accumulate them
(Crowder 2016).

Dwarf elephants have more limited cortical bone in spatial
terms than their larger mainland congeners in accordance with
their smaller skeleton. Osteon variability may thus be constrained
by available cortical space (Dominguez and Agnew 2016). This
has been previously noted in the ribs of the crab-eating macaque
(Macaca fascicularis) with narrow cortices (Lad et al. 2019), in
large-sized sauropod dinosaurs (Camarasaurus sp.) where thinner
rib cortices contained larger osteons (Waskow and Sander 2014),
and in a dwarf proboscidean, Stegodon florensis florensis, of Flores
(Basilia et al. 2023a). Therefore, decreasing/increasing body size
and its associated reduction/increase of cortical bone space could
have an influence on BMU activities and thus osteon morphom-
etry. To date, only the study by Basilia ef al. (2023a) examining
S. florensis has characterized the histological aspects of cortical
bone reduction on rib osteons in insular dwarf elephants. How-
ever, that study was limited by only examining one rib fragment
that, additionally, showed widespread taphonomic damage
obscuring bone histology. Here, we hypothesize that the smaller
ribs of P. creutzburgi could potentially encourage the development
of smaller osteons due to limited cortical space, and that the den-
sity of osteons would be higher for the small cortical space avail-
able reflecting active remodelling as has been previously reported
for dwarf deer and dwarf hippopotamuses. We here compared
P. creutzburgi with P. antiquus to assess how, and if, rib remodelling
histological characteristics changed with body mass reduction.

MATERIALS AND METHODS
Palaeoloxodon rib samples

The P. antiquus specimens were recovered in 1902 at Issoma
Karyon, Megalopolis Basin, Peloponnese, from a middle Pleisto-
cene palaeolake site that yielded numerous fossiliferous deposits
(Athanassiou et al. 2018) (Fig. 3A). All elephant remains from the
entire basin belong to P. antiquus (Konidaris et al. 2018, Athanas-
siou 2021). Cut marks on a P. antiquus partial skeleton from a
nearby site within the same palaeolake, Marathousa 1 (ca.
420-480ka, Panagopoulou ef al. 2018, Tourloukis et al. 2018),
suggest butchering by hominins may have been performed onsite.

The P. creutzburgi specimens originated from the upland Kath-
aro Basin and the coastal cave area of Rethymnon province (Fig.
3B). The Katharo Basin is a 4-km-wide depression in the Dhikti
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Figure 3. Map of Greece showing the Peloponnese peninsula (A) and Crete (B) indicating site locations of the mainland (Palaeoloxodon
antiquus), white dot, and insular elephant species (P. creutzburgi), red dots, used in our study. Examples of fossil elephant specimens: C, P. antiquus
specimens with cross-section schematic (from top) PA6, PA9, and PA22; and D, P. creutzburgi rib fragments (from left) PC1-PC4 from Katharo,
and PCS from Rethymnon. Red lines correspond to sampling locations. Palaeoloxodon creutzburgi samples from Katharo were sampled serially.

mountains, eastern Crete. There are several fossiliferous deposits
here, informally referred to by the most common taxa, namely,
the Deer Site, Hippo Site, and Elephant Site (Lyras et al. 2022).
Palaeoloxodon creutzburgi specimens recovered from the Elephant
site are mostly fragmentary, while those from coastal caves in the
Rethymnon area show better preservation.

We sampled a total of 25 rib specimens, 20 P. antiquus (Fig. 3C)
and five P. creutzburgi (Fig. 3D), in this study. All fossils derived
from disarticulated and commingled assemblages making accurate
identification of individuals impossible. The majority of ribs were
fragmented, but it was possible to determine some basic anatom-
ical identification of each rib (Table 1; for details see Supporting
Information Table S1).

Histology procedures

To prepare thin sections we followed the same protocol for all
specimens (see Miszkiewicz et al. 2019, 2020, Miszkiewicz and
van der Geer 2022, Basilia et al. 2023c), but our procedures had
to be conducted in different laboratories due to facility closures
resulting from COVID-19 pandemic restrictions in Australia.
However, the sample preparation and analysis were completed by
the same two researchers (PB and JJM) ensuring consistency in
the application of the same protocol. The samples were prepared
at the Histology Laboratory of the School of Archaeology and
Anthropology at the Australian National University (ANU, Can-
berra), and the Palacontology Laboratory of the Australian

Research Centre for Human Evolution at Griffith University (GU,
Brisbane). The thin sections were imaged using facilities in the
Biological Anthropology Research Laboratory (of the same ANU
School), and in the Microscopy Laboratory of the School of Social
Science at the University of Queensland (Brisbane).

The fossil specimens were documented pictorially prior to sam-
ple extraction for histology. Using a Dremel electric drill equipped
with a carbon rotary blade, approximately 2-cm-thick bone sec-
tions were removed from each rib fragment. All extracted sections
were embedded in epoxy resin and cut on a diamond blade of a
low-speed precision saw (Kemet Micracut 151) in a transverse
plane so that cortical bone histology surfaces could be revealed.
The cut segment from each embedded block with the revealed
surface was then glued on to a microscope slide using epoxy glue.
Once mounted, the slides were ground on a series of grinding pads
with various coarseness (400-1200 grit size). Once the slides were
ground down to approximately 100 pm, they were polished and
washed in an ultrasonic cleaner, dehydrated in a series of ethanol
solution baths, cleared using xylene, and cover-slipped using DPX
glue. The samples prepared at the ANU were imaged using an
Olympus BX53 microscope and a DP74 camera. ROIs were cap-
tured using a 40x objective resulting in images approximately
1.78 mm high and 1.11 mm wide. The samples prepared at GU
were imaged using an Olympus BX60 with a Michrome S Pro
camera attachment. ROIs were captured using a S0x objective
resulting in images approximately 1.6 mm high and 1.34 mm wide.
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Table 1. Palaeoloxodon antiquus and P. creutzburgi rib fragments examined in this study, with anatomical remarks regarding external morphol-
ogy, and sampling locations and description.

Specimen ID

Remarks on the anatomical appearance of each rib fragment prior to
extracting samples for histology

Sample locations with description of
cross-section following sampling

Palaeoloxodon antiquus (Megalopolis Basin)

PA1

PA3

PA4

PAS

PA6

PA7

PAS

PA9

PA14

PA1S

PA16

PA17

PA18

PA20

PA21

PA22

PA23

PA24

PA2S
PA26

Right proximal rib, vertebral rib with partial neck and narrow groove, flat
morphology, complete cross-section with infilled medullary cavity

Left distal rib, sternal rib with shallow groove, triangular morphology, complete
cross-section with infilled medullary cavity

Left proximal rib, vertebral rib with partial neck and deep groove, triangular
morphology complete cross-section with infilled medullary cavity

Right proximal rib, vertebral rib with narrow groove, triangular morphology,
complete cross-section with infilled medullary cavity

Right distal rib, sternal rib with shallow groove, flat morphology, complete
cross-section with infilled medullary cavity

Right distal rib, sternal rib with deep groove, flat morphology, complete
cross-section with infilled medullary cavity

Left distal rib, sternal rib with shallow groove, flat morphology, complete
cross-section with infilled medullary cavity

Left partial proximal to distal rib, partial vertebral rib to sternal rib with deep
groove, triangular morphology, complete cross-section, filled medullary space
Left distal rib, sternal rib with shallow groove, flat morphology, complete
cross-section with infilled medullary cavity

Right distal rib, vertebral rib with shallow groove, flat morphology, complete
cross-section with infilled medullary cavity

Right diaphysis of proximal to distal rib, vertebral rib with shallow bilateral
groove, flat morphology, complete cross-section, infilled medullary cavity
Left proximal rib, vertebral rib with shallow groove, rounded morphology,
complete cross-section with infilled medullary cavity

Left distal rib, vertebral rib with shallow groove, flat morphology, complete
cross-section with infilled medullary cavity

Right rib fragment, partial vertebral rib to sternal rib with shallow groove, flat
morphology

Right proximal rib, vertebral to sternal rib with shallow groove, complete
cross-section, rounded morphology, infilled medullary cavity

Distal rib end, sternal rib end, complete cross-section with infilled medullary
cavity from distal end

Indeterminate rib fragment, incomplete cross-section

Indeterminate rib fragment, incomplete cross-section

Indeterminate rib fragment, incomplete cross-section

Indeterminate rib fragment, incomplete cross-section

Palaeoloxodon creutzburgi

PC1

PC2

PC3

PC4

PCs

Indeterminate rib fragment, incomplete cross-section; Elephant Site, Katharo
Indeterminate rib fragment, incomplete cross-section; Elephant Site, Katharo
Indeterminate rib fragment, incomplete cross-section; Elephant Site, Katharo

Right distal rib, vertebral rib with shallow bilateral groove, complete
cross-section with infilled medullary cavity; Elephant Site, Katharo

Left proximal rib (neck, without head and tuberculum), vertebral rib, complete
cross-section with infilled medullary cavity from distal; unknown cave site,
Rethymnon region

Ventral end, incomplete cross-section
Medial surface, incomplete cross-section
Dorsal end, incomplete cross-section
Ventral end, incomplete cross-section
Ventral end, incomplete cross-section
Ventral end, incomplete cross-section
Ventral end, incomplete cross-section
Ventral end, incomplete cross-section
Ventral end, incomplete cross-section
Ventral end, incomplete cross-section
Ventral end, incomplete cross-section
Ventral end, incomplete cross-section
Ventral end, incomplete cross-section
Ventral end, complete cross-section
combined from separate slides

Ventral end, incomplete cross-section
Dorsal end, incomplete cross-section
Lateral surface, incomplete cross-section
Lateral surface, incomplete cross-section
Lateral surface, incomplete cross-section
Lateral surface, incomplete cross-section
Serial sampling of whole sample,
incomplete cross-section

Serial sampling of whole sample,
incomplete cross-section

Serial sampling of whole sample,
incomplete cross-section

Serial sampling of whole sample,

complete cross-section
Distal end, incomplete cross-section

Specimens were recovered from a skeletally mixed but single-species assemblage. All P. antiquus specimens were recovered from the site Issoma Karyon in Megalopolis Basin of
southern Greece. The P. creutzburgi specimens were recovered from the ‘Elephant site” at the Katharo Basin and coastal caves of Rethymnon area of Crete. We were unable to extract
complete cross-sections for most of the specimens due to heavy fragmentation of cross-sections after sample extraction. Sample blocks became fragmented upon extraction.
Macro-images of sample blocks from non-serialized sampling are given in Supporting Information Table S4.

All images were scaled down to one size (1.6 mm height and
1.11 mm width) and magnification in Fiji/Image] 1.53t (Schin-
delin et al., 2012). The ROIs were consistently captured in a series
following the periosteal border and into the mid-cortex in both

species. However, with P. antiquus having larger cross-sections
than those of P. creutzburgi, there will be some small unavoidable
variation in the bone region sampled. A total of 325 ROIs were
analysed in this study, with a total of 193.7 mm?* imaged for
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histology for P. creutzburgi and 383.83 mm?® for P. antiquus. For
osteon parameters, a total of 514 and 1431 osteons with paired
Haversian canals were measured in P. creutzburgi and P. antiquus,
respectively.

Remodelling stages

We used techniques developed in dinosaur studies (Mitchell et al.
2017) to estimate remodelling stages (RS), which originally
involve a three-step process: dividing the cortical area, counting
osteon generations, and assigning remodelling stages. Mitchell
et al. (2017) recommend to divide cortical area into three seg-
ments (inner, mid-, and outer cortex) as the most advanced
remodelling occurs in the outer cortex, but our study only includes
observations from the mid-cortex and outer cortex due to tapho-
nomic alterations, i.e., discoloration and fragmentation, in the
inner cortex of most specimens. Osteon generations were counted
from overlapping osteons with the most remodelled, or ‘bottom
layer, osteons representing the first or oldest generation, and the
intact, or ‘top), osteons representing the last or youngest generation
(Fig. 4A). The RS assignments starting at the subperiosteal cortex
are RS 4 with one generation, and RS 14 with five generations.
Since we did not distinguish between mid-cortex and outer cortex,
we present the RS range (e.g. RS 7-9) instead. The RS reported
here is the average from three repeated observations.

Bone histomorphometric variables

All bone histomorphometric procedures were completed in Fiji/
Image]. Bone histomorphometry nomenclature used in this
study follows recommended standards (Dempster ef al. 2013).
Prior to applying quantitative histology methods, each thin sec-
tion was evaluated for bone tissue types to note whether

Haversian bone was present and thus warrant research into bone
remodelling parameters. All thin sections were almost entirely
remodelled, and so standard cortical bone histology variables
(Table 2) were examined in each ROL The variables OPD,
On.Ar, and HCa.Ar (Fig. 4B-D) were manually measured using
aWACOM digital drawing tablet and stylus once each histology
image had been imported into Fiji/Image]. For some ribs, we
had several thin sections available for examination, so the OPD
values are a mean calculated from multiple slides. Osteons with
90% of the cement line showing were considered intact osteons,
while osteons obstructed by subsequent remodelling were con-
sidered fragmentary. Only osteons with a full Haversian canal
within the image border were counted. Osteon (lamellar bone)
wall thickness (B.Ar) and the percentage ratio of B.Ar (Fig. 4E)
were two derived variables measuring bone area deposited in
each remodelling event.

Statistical analyses

Since we cannot determine if the rib fragments belonged to dif-
ferent individuals, we can only compare overall bone remodelling
data between the two species. To adjust for scaling effects caused
by the body mass difference between the two species (3063 kg
versus 7976kg; Lomolino ef al. 2013) on bone histology param-
eters, all histology variables were corrected by cortical width (Ct.
Wi, Supporting Information Table S1), which was measured
directly from slides. We present the mean value of three repeated
measurements of the same histomorphometric variable. We used
a non-parametric Mann-Whitney U test to account for unequal
sample size to compare the two species using the open-access sta-
tistics software package PAST Palaeontological Statistics v.4.05
(Hammer et al. 2001), with P<.0S signifying statistical

Figure 4. A, visualization of counting osteon generations for remodelling stages (RS); and B, schematic of cortical width measurement.
Schematic representation of histomorphometric variables: C, osteon population density (OPD) through counting intact (N.On) and fragmen-
tary osteons; D, left, osteon area (On.Ar) and Haversian canal area (HCa.Ar); and D, right, osteon wall area (B.Ar) and Haversian canal

ratio (HCa%).
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Table 2. Summary of bone histomorphometric variables examined in the present study.

Bone histomorphometric Abbreviation Definition
variable
Remodelling stages RS Remodelling stages correspond to the combined number of osteon generations in the
mid- and outer cortical region. Each generation was determined by counting the number
of overlapping osteons, wherein the highest observed number of overlapping osteons is
recorded (Fig. 4A) (following Mitchell et al. 2017).
Cortical width (mm) CtWi Measured using the ‘Straight Line’ tool in Fiji/Image]; mean distance between the
minimum and maximum width of cortical bone from the periosteal to endosteal border
(Fig. 4B).
Osteon population density OoPD Total intact with total fragmentary osteons divided by the total ROI area (mm?) (Fig. 4C)
(OPD/mm?) (following Wojda et al. 2013).
Osteon area (On.Ar, ym?) On.Ar Only mature (i.e. completed) intact osteons measured for On.Ar by manually tracing the
cement line using the ‘Freehand’ tool in Fiji/Image] (Fig. 4D).
Haversian canal area (HCa. HCa.Ar The outermost perimeter of the Haversian canal area for HCa.Ar (Fig. 4D) measured
Ar, ym?) using the ‘Freehand’ Fiji/Image] tool.
Bone area (pm?) B.Ar HCa.Ar—On.Ar (Fig. 4E) (following Qiu et al. 2003)
Bone area ratio HCa% HCa.Ar/On.Ar (Fig. 4E) (following Qiu ef al. 2003)

significance. We first provide general comments on qualitative
bone histology, which is followed by results from quantitative
analysis.

RESULTS
Cortical bone histology

The medullary cavity in the ribs of both P. antiquus and P. creutz-
burgi showed limited space and possibly infilling with (thickened
trabecular) bone. Thin sections from both P. antiquus (Fig. SA)
and P. creutzburgi (Fig. SB) had widespread Haversian bone with
clear evidence for several generations of bone remodelling. Cor-
tical remodelling near the periosteal border eradicated the EFS,
so it was not visible in the thin sections. Parallel-fibred bone tissue
was observed only in two P. creutzburgi specimens (PC2 and PC4,
Fig. SC), while circumferential lamellae in both taxa were
restricted to the mid-cortical region. Parallel-fibred bone was iden-
tified in the cutaneous region of specimen PC4. Both species
exhibited atypical osteon structures, including ‘super osteons’
(Fig. SD, E), and double-zonal or embedded osteons (in the sense
of Skedros et al. 2007) (Fig. SF).

Remodelling stages

Haversian bone remodelling in the ROIs of the dwarf elephant
had three to four osteon generations corresponding to RS 10-11
and RS 12-13. The mainland elephant had a wider range of osteon
generations, from two generations to six generations correspond-
ing to RS 7-15. Although there were few P. antiquus (N=4) spec-
imens that could be assigned to RS 1213, dwarf and ancestor
elephant ontogenetic stages fell within RS 10-11 (Supporting
Information Table S2). Statistical comparison of the median
osteon generation counts of the two elephant species (U=10719,
P=.3769) indicates that they share similar Haversian bone remod-
elling age (Fig. 6).

Differences in bone remodelling

The CtWi measurements gave an average of 4.48+1.15 mm for
P creutzburgi and 8.95+4.2mm for P. antiquus. We found

differences in all of the histology variables between the two species
(P<.0S) (Table 3; see Supporting Information Table S3 for values
without Ct.Wi correction). As illustrated in the violin plots (Fig.
6), the data were unequally distributed throughout all histomor-
phometric variables examined. The larger elephant consistently
exhibited lower values compared with the dwarf elephant. Results
of OPD comparison suggested there were more secondary osteons
produced per mm?® in P. creutzburgi for its rib size when compared
to P. antiquus. Additionally, the dwarf elephant also produced
resorption (On.Ar) and Haversian canals of a relatively large area
for its rib size, but the infilling ratio (B.Arand HCa%) had higher
values for P. creutzburgi whereby its osteons had more bone within
than in P. antiquus.

DISCUSSION

We found differences in Haversian bone remodelling between the
dwarf P. creutzburgi and larger P. antiquus elephant ribs. The smaller
rib bones from the dwarf elephant exhibited relatively larger
osteons and higher osteon densities compared with the robust
bones ofits larger ancestor, but their remodelling stages were sim-
ilar despite clear differences in body size. This finding partially met
our prediction as we hypothesized smaller osteon area in P. creutz-
burgi. However, the bone area and percentage Haversian canal to
osteon ratio showed that the smaller P. creutzburgi also had larger
quantities of lamellar bone deposited within its osteons compared
to P. antiquus. Our findings point to a pattern in rib bone remod-
elling of P. creutzburgi that was based around the need for deposi-
tion of a high quantity of bone relative to the size of its ribs.

The small ribs of the Cretan dwarf elephant having larger osteon
density and geometry for its size differs from the findings of
intra-specific studies where robust and slender bones are com-
pared (Epelboym et al. 2012, Goldman et al. 2014, Lad et al. 2019).
In these prior studies, cortical bone area correlated with osteon
geometric variation, which suggests that our results do not relate
to bone space influencing osteon size. The formation of osteons
that have relatively large areas indicates prolonged osteoclastic
activity that resorbs bone for subsequent infilling with bone by
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Figure S. Examples of P. antiquus and P. creutzburgi bone histology: Haversian bone in (A) P. antiquus specimen PA9, and in (B) P. creutzburgi
specimen, PC4; C, parallel-fibred bone in P. creutzburgi, PC4; atypical osteons, ‘super osteons’ with red line, in (D) P. creutzburgi, PC4, and in
(E) P. antiquus, PAS; and F, embedded osteon with double-zoned osteon in P. antiquus specimen PA20. Black arrows indicate cement lines,

while white arrow indicates cement line for latest remodelling.

Table 3. Results of histomorphometric analyses (mean + SD) of
P. antiquus and P. creutzburgi Haversian bone histology.

Bone P.antiquus  P.creutzburgi U P
histomorpho-

metric

variable

OoPD 1.967+£0.88 3.205+1.01 4531 <.01
On.Ar (pm?)  4412+343  12331+936 119000 <.01
HCa.Ar (pm?) 0.257+0.30 0.831+0.89 117000 <.01
B.Ar (pm?) 4.155+3.28 11.500+8.90 126130 <.01
H.Ca% 0.79%0.55 1.87+1.50 168220 <.01

All histomorphometric variables are unitless.

osteoblasts (Martin et al. 1980). If the amount of bone infilled was
relatively small in relation to the area resorbed by osteoclasts this
would have resulted in higher porosity of bone (through large
Haversian canal areas) and thus a smaller total amount of bone
available in the rib. Because our results for the ratio for osteon to
canal area were statistically significantly higher in P. creutzburgi
than in P. antiquus, it appears that the dwarf species had an advan-
tage of having higher bone quantity deposited within osteons
despite its smaller body and rib size. One of the key explanations
for increased bone area within osteons cited in the biomedical

literature is increased space for calcium exchange between bone
and systemic circulation (Qiu et al. 2003, 2010). This is certainly
apossibilityin P. creutzburgi, but it would not explain why the ratio
of osteon to canal space was smaller in P, antiquus. Since P. antiquus
is the larger of the two taxa, calcium needs would probably be
increased in a larger-bodied organism reflected in proportionally
larger bone quantity within osteons. We do not have information
about the sex of P. creutzburgi either, which could otherwise shed
more light on possible elevated calcium requirements during peri-
ods of lactation or pregnancy (Athonvarangkul and Wysolmerski
2023). Another interpretation for increased calcium needs as
inferred from large bone area could stem from dietary deficiencies.
However, dietary deficiencies could also, in fact, link to lower
osteon formation, which is not supported by our data, since ade-
quate diet is needed to sustain healthy BMU processes (Paine and
Brenton 2006, Cashman 2007). Furthermore, P. creutzburgi has
been described as a ‘generalist feeder’ meaning it survived well on,
and could adapt to, a range of foods in its environment without
an indication that there might have been periodic shortages of
resources (van der Geer et al. 2021) that could be linked to calcium
deficiency. Difterences between P. creutzburgi and P. antiquus in
their bone remodelling indicators cannot be ascribed to age either
because our RS results showed both specimens shared similar
Haversian bone age, although we acknowledge that the fragmen-
tary nature of the assemblage makes any age comparison tentative.
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Figure 6. Comparison of bone histology data between P. antiquus (PA, green) and P. creutzburgi (PC, orange): osteon generation observations,
osteon population density values (OPD/mm?), osteon area (On.Ar, pm?), Haversian canal area (HCa.Ar, um?), total bone area per osteon
(B.Ar, ym?), and percentage of Haversian canal per osteon (HC%) corrected. Bevel indicates mean value, while asterisk and circles are outliers.

It appears that the larger number of larger and denser (in terms
of lamellar bone) osteons in P. creutzburgi when compared to
P. antiquus is probably best explained by P. creutzburgi’s need for
retention of higher bone quantity despite its skeletal frame reduc-
tion related to body size changes in an insular context. Similar
observations have been made on ribs from other insular dwarf
mammals, including the Cretan dwarf deer ( Candiacervus) whose
reduced body mass also correlated with a high density of osteons
(Miszkiewicz and van der Geer 2022) and two species of dwarf
hippopotamuses (H. creutzburgi from Crete, H. minor from
Cyprus), which have increased osteocyte lacunae densities within
osteons when compared with the much larger mainland hippo-
potamus H. antiquus (Miszkiewicz et al. 2023). For these three
species, the reduction of body mass was proposed to have been
accompanied by internal metabolic adaptations that include
increased bone remodelling (bone gain dominating bone loss) to
ensure skeletal homeostasis is maintained (Miszkiewicz and van
der Geer 2022, Miszkiewicz et al. 2023). As our results here are
similar, we propose that despite the size reduction of P. creutzbur-
gi’s skeletal frame, bone quantity was maintained at higher levels
to ensure metabolic viability (Doherty et al. 2015).

In terms of comparisons of the morphological appearance of
histology in both taxa in our study, we found similarities that indi-
cate some biological commonalities despite the body size differ-
ences. Both mainland and insular congeners had super osteons,
previously described in extant Asian elephants (Nganvongpanit
et al. 2017, Basilia et al. 2023c), insular fossil stegodon

(Basilia et al. 2023a), and in insular fossil hippopotamus (Misz-
kiewicz et al. 2023). The presence of large osteons was hypothe-
sized to be a product of extensive cortical area in large mammals
(Basilia et al. 2023b). There was very little evidence remaining of
the EFS due to advanced remodelling of the periosteal cortex,
which, in combination with the RS data, is indicative of adulthood
(Mitchell et al. 2017, Miszkiewicz and van der Geer 2022 ). How-
ever, some parallel-fibred bone tissue was identified in two of the
P, creutzburgi specimens, with one (PC4) showing it clearly in the
cutaneous region. Because growth in ribs is not asymptotic (Was-
kow and Sander 2014), the proximal part of the rib could show
evidence for faster growing tissue, such as parallel-fibred bone,
even if the distal part of the same rib already displays dense Hav-
ersian bone. Since PC2 and PC4 also showed advanced remodel-
ling up until the periosteal border, indicating advanced age, similar
to the rest of the specimens, the retention of parallel-fibred bone
in this specimen may simply be a product of variation in the sam-
pling location in our fragmented assemblage.

Both P. creutzburgi and P. antiquus showed evidence for tra-
becular infilling in the medullary cavity of their ribs, as was inter-
preted from minimal cavity seen in the samples. Infilling of the
medullary cavity is a characteristic of limb bones in Asian ele-
phants (Nganvongpanit et al. 2017), and in straight-tusked ele-
phants, in which the medullary cavity in long limb bones
occupies less than 1% of the total bone volume (Boschian ef al.
2019). This infilling could be linked to mechanical needs in limb
bones of graviportal taxa (Houssaye et al. 2016), but it might
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serve a different purpose in elephant ribs. Semi-aquatic and,
more evidently, aquatic mammals develop osteosclerosis, an
increase in bone density through increased cortical thickness
resulting in a decreased medullary cavity (Houssaye et al. 2016),
to aid in buoyancy control (Larramendi & Height 2016). This
may be advantageous for elephants, which can swim great dis-
tances (Johnson 1980). Osteosclerosis has indeed been previ-
ously noted in fossil proboscideans such as the insular dwarf
Japanese Stegodon aurorae humerus with infilled medullary cav-
ity and thickened cortex (Houssaye et al. 2016). Similar to the
Palaeoloxodon ribs in our study, the ribs of Asian elephants
(Nganvongpanit et al. 2017) and Mammuthus primigenius
(Houssaye et al. 2016) also lacked open medullary cavities. The
only way mainland P. antiquus could have migrated to Crete is
through long-distance swimming as Crete was not connected to
the mainland during the Pleistocene (Athanassiou ef al. 2019).
It may thus be that the osteosclerosis (infilled limb bones and
ribs) was simply retained by the insular P. creutzburgi (infilled
ribs) in the dwarfing process. Although the degree and location
of osteosclerosis in proboscideans has yet to be fully docu-
mented, the lack of a medullary cavity in limb and rib bones of
extant as well as extinct elephants seems to be a general, perhaps
ancestral, pattern.

The main limitation of our study is the fragmented nature of
the rib specimens, which are typical for thinner bones in the palae-
ontological record. There was also localized taphonomic damage
which obscured some of the Haversian bone tissue limiting the
availability of osteons for measurement. Furthermore, while we
comment on a potential increase of calcium needs in our discus-
sion, this is not supported by calcium content data or any pro-
cesses of calcium metabolism in elephants. Also, we do not have
any information on the individual age and sex of our specimens,
so rely only on estimates of age from bone histology. Future
research could include a histological analysis of elephant ribs from
other geographical regions and temporal contexts across a range
of juvenile and adult elephants to better characterize the change
in bone remodelling with body size variation in elephants.

CONCLUSION

Our study provides important initial insights into the effects of
insular dwarfing on Cretan elephants that may also occur in other
insular dwarfed megaherbivores. We observed differences in bone
histomorphometric variables between the Cretan dwarf elephant
(P creutzburgi) and the mainland form (P antiquus), showing that
the dwarf elephant’s ribs contained higher densities of osteons that
were filled with more bone than in the larger elephant. We interpret
these findings as indicative of a bone metabolic adaptation to the
reduction of body mass in P. creutzburgi to its need for deposition
of ahigher quantity of bone within osteons and through maintain-
ing osteon numbers that are comparable to the mainland ancestor.
We propose that despite the size reduction of P. creutzburgi’s skel-
etal frame, bone quantity was maintained at higher levels to ensure
metabolic viability. Further, bone size reduction as a result of insu-
lar dwarfing might have also been accompanied by retention of
osteosclerosis, a trait that may have been advantageous for its
ancestor P. antiquus. Our study provides further evidence on insu-
lar adaptations of dwarfed megaherbivores at the bone

microarchitecture level, adding to recently increasing data that
there is a relationship between bone remodelling and body size
reduction on islands.
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