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Abstract

Large species that are isolated for thousands of years on islands often evolve extreme degrees of dwarfism. Very little is
known about physiological processes that accompany such extreme transitions in extinct dwarf species. We tested whether
physiological cycles of bone maintenance (remodelling) in dwarf adult hippopotamuses correlate with insularity-driven
body mass shifts that may occur due to variables such as ecological release from predation pressure and change in access
to resources. We hypothesised that hippopotamuses with the smallest body size should show higher values of osteocyte
lacunae, proxies for osteoblast proliferation during cycles of remodelling, when compared to relatively larger dwarf forms,
as well as much larger mainland common hippopotamuses. We examined 20 ribs from three extinct Pleistocene Hippo-
potamus species spanning a gradient in body size: H. minor (~132 kg, Cyprus), H. creutzburgi (~398 kg, Crete), and H.
antiquus (~3200 kg, mainland Greece). Ribs were selected because they reflect bone metabolic rates that are not com-
pletely clouded by factors such as biomechanics. Densities of osteocyte lacunae (Ot.Dn) were examined in 864 individual
secondary osteons observed in histology sections. We found the highest average Ot.Dn in the H. minor ribs, intermediate
Ot.Dn in the H. creutzburgi ribs, and the lowest Ot.Dn in the H. antiquus ribs. It appears that Ot.Dn distinctly separated
these three species, possibly signifying a gradient in bone remodelling such that bone tissue optimises maintenance in the
face of insularity-driven reduction of body size. We discuss hippopotamus rib bone microstructure and the utility of Ot.Dn
in palaeontological analyses for elucidating intricate biological processes occurring in bone of insular fossil mammals.
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Introduction

Mammals on islands can evolve into dwarfs or giants in
response to changes in extrinsic variables such as ecologi-
cally relevant competition and predation, resource availabil-
ity, evolutionary time in isolation, climate and according to
intrinsic variables such as bauplan, ancestral body mass and
dietary adaptations (Lomolino et al. 2013; Benitez-Lopez
et al. 2021; van der Geer et al. 2021). This poses a threat to
the metabolic-life history balance as body size undergoes
change, and mammals may modify their life history traits

P4 Justyna J. Miszkiewicz
justyna.miszkiewicz@naturalis.nl

>4 Alexandra A. E. van der Geer
alexandra.vandergeer@naturalis.nl

Vertebrate Evolution, Development and Ecology, Naturalis
Biodiversity Center, Leiden 2333, The Netherlands

School of Social Science, University of Queensland,
Brisbane 4072, Australia

Ministry of Culture, Ephorate of Palacoanthropology and
Speleology, Ardittou, Athens 11636, Greece

Department of Geology and Geoenvironment, National and
Kapodistrian University of Athens, Panepistimiopolis,
Athens 15784, Greece

to ensure viable reproduction (Kohler et al. 2010). As a
result, a typically “slow growing” mammal in life history
terms might undergo an acceleration in some physiologi-
cal aspects to adapt to body size changes moving towards
selected “fast” life history traits (Raia et al. 2003; Sibly and
Brown 2007; Kohler et al. 2010). Most of our current knowl-
edge about body mass variation in extinct insular and main-
land mammals stems from gross anatomical observations in
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extant and extinct taxa (Raia and Meiri 2006; Lomolino et
al. 2013; van der Geer et al. 2021). Among extinct mam-
mal taxa, there are some extraordinary examples of insular
body size shifts such as small-sized elephants (e.g., Pal-
aeoloxodon falconeri, Palaeoloxodon cypriotes, Stegodon
sondaari; van der Geer et al. 2006) and large-sized mice
(e.g., Canariomys bravoi, Coryphomys buehleri, and Leithia
melitensis; Michaux et al. 1996; van den Hoek Ostende et
al. 2014). Fossil evidence for body mass evolution can offer
an insight into the extremes of body mass plasticity under
island conditions that cannot be gleaned from living animal
observations alone. Further, in well-preserved fossil speci-
mens, where their bone microstructure is not obliterated by
taphonomic agents, it has been possible to access biological
data beyond gross skeletal observation and infer life history
traits from bone microstructure (histology) organisation
which reflects ontogenetic tissue growth, and physiological
bone processes during lifespan in later stages (e.g., Kohler
and Moya-Sola 2009; Kolb et al. 2015; Orlandi-Oliveras et
al. 2018; Miszkiewicz et al. 2019, 2020; Miszkiewicz and
van der Geer 2022). These physiological processes refer to a
cyclical pattern of bone tissue renewal that occurs through-
out the lifespan and ensures blood supply to bone, mainte-
nance of the calcium reservoir, bone structural integrity and
damage repair (Hart et al. 2020). Remodelling can be influ-
enced by intrinsic biological and extrinsic environmental
cues (Robling et al. 2006). Compared to gross anatomical
approaches, there have been fewer of such histology studies
within palaeontology, but owing to their technical capacity
to reach cell-level information, new hypotheses about how
insular animals adjust their physiology in the face of insu-
larity have emerged. While most histology applied to dwarf
or giant mammals has focussed on bone micro-architecture
relating to ontogeny, a handful of studies targeting bone
renewal processes (remodelling), and bone maintenance
at the cell (osteocyte) level, has identified a possible link,
or gradient, between body size evolution due to dwarfism
or gigantism and physiological cycles of bone tissue main-
tenance in fossil murines (Miszkiewicz et al. 2020), deer
(Miszkiewicz and van der Geer 2022), and extant hippo-
potamuses (Bromage et al. 2009). Building on this research,
we here test for this link in dwarf and mainland extinct hip-
popotamuses from Pleistocene Greece and Cyprus to fur-
ther investigate whether the body size-osteocyte lacunae
relationship holds in these fossil species.

(Palaeo)histology of insular mammals

As vertebrates develop during ontogeny, the bone tissue
constituting their skeleton changes in micro-anatomy such
that speed of formation show corresponding bone organisa-
tion (lamellar, parallel-fibred, fibrolamellar, or woven-fibred
bone) with varying micro-morphologies of vascularity
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(orientation and connectedness) (Francillon-Vieillot et al.
1990). This premise, in combination with gross skeletal mea-
surements and palacontological context, is used by (palaco)
histologists to assess traits such as animal growth or matura-
tion stages, and thus aspects of longevity, but also aspects of
ecology or environmental factors, such as insularity (Padian
and Lamm 2013; Kolb et al. 2015; Whitney et al. 2022). A
review by Kolb et al. (2015) focussing on cynodonts and
mammals described reticular and plexiform fibrolamellar
bone in juvenile dwarf Hippopotamus minor; parallel-fibred
primary bone, reticular vascularity, and Haversian bone in
giant Mikrotia magna, lamellar and compact coarse cancel-
lous bone in giant Leithia sp.; parallel-fibred primary bone,
and complex (reticular, radial, and longitudinal) vascular-
ity in giant Prolagus, and Haversian bone in a giant Parac-
eratherium. Kolb et al. (2015) indicated that such a range of
bone histologies within each taxon reflects modifications in
growth rates in response to insular conditions, and relates
to factors such as biomechanics, island geography, climate,
and timeline of dwarfism/gigantism evolution. Miszkiewicz
et al. (2019) observed highly developed Haversian bone in
the femur of a giant murid from Timor, linking it to favour-
able environments, such as lessened predation and higher
resource availability, occurring in the late Holocene in that
region which might have facilitated rat longevity and body
size expansion allowing for bone to accumulate osteons.
More recently, we observed advanced Haversian bone for-
mation in the ribs of dwarf Candiacervus from Pleistocene
Crete, likely indicating extended longevity unexpected for
the dwarf body size (Miszkiewicz and van der Geer 2022).
The above bone histology associations with evolution
on islands offer a promising avenue from which to test fur-
ther hypotheses about cell-level maintenance of bone tissue
along body mass shifts. Work considering dwarfs/giants,
or species of different body masses, at the osteocyte-level
has so far considered cortical bone in fossil murine femora,
including giants, from Timor (Miszkiewicz et al. 2020); tra-
becular bone in the proximal part of femora of extant rats,
rabbits, Rhesus monkeys, pigs, and cows (Mullender et al.
1996); and periosteal lamellar bone in extant and extinct pri-
mates (catarrhines and strepsirrhines), and selected pygmy
and common mammals (Rattus and Hippopotamus) (Brom-
age et al. 2009). In all these instances, an inverse relation-
ship between body mass and osteocyte/ lacunae (osteocyte
cells reside within microscopic lacunae in fossil specimens
where cells themselves do not survive post-mortem, Fig. 1)
densities was found, suggesting that higher body mass is
affiliated with slower bone remodelling, possibly due to pro-
portionate differences in basal metabolic outputs. A larger,
cross-mammalian study of bone histology by Felder et al.
(2017) (not addressing insular mammals) reported nega-
tive allometry in secondary osteon area with body mass in
stylopod bones, which was not linked with phylogeny. As
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Fig. 1 Schematic diagram illustrating secondary osteon histology vari-
ables examined in the present study (On.Ar: secondary osteon area;
Ot.Dn: secondary osteon lacuna density). The blue “cone” to the left
of the diagram illustrates an active bone multicellular unit with osteo-
clasts (Oc) resorbing bone, osteoblasts (Ob) depositing new unmin-

secondary osteons form through the bone multicellular unit
(BMU) activity, where osteoclasts and osteoblasts resorb
and form bone respectively (Fig. 1), Felder et al. (2017)
indicated that bone resorption area in small mammals could
be constrained to mitigate fracture risk but maintain osteo-
cyte function in larger mammals. However, whether sec-
ondary osteons and matched osteocytes within, as direct
products of bone remodelling (in Haversian bone) (Currey
et al. 2017), undergo similar changes under insular body
mass conditions, is currently unknown. Our paper addresses
this gap of knowledge by focusing on three closely related
fossil species of hippopotamuses.

Extinct and extant hippopotamus bone histology

Throughout their evolutionary history, hippopotamuses
showed a wide range of body size variation ranging from
just over 100 kg to well above 3 tonnes (van der Geer et al.
2021). Hippopotamuses are semi-aquatic animals that have
relatively short legs and dense bones of high mass with
graviportal anatomical adaptations so their whole body can
sink down and charge submerged through the water (Hous-
saye et al. 2021). Several insular dwarf hippopotamuses

eralised bone (o: osteoid), surrounding a Haversian canal (H.Ca) that
is about to be formed. Osteocyte lacunae (Ot.Lc), cavities housing
osteocytes (Ot), were counted from across lamellae (Lm) formed in
each secondary osteon. Abbreviations follow bone histomorphometry
nomenclature standards by Dempster et al. (2013)

have been described, including Hippopotamus lemerlei and
H. madagascariensis from Late Pleistocene-Holocene Mad-
agascar (Grandidier in Milne Edwards 1868; Stuenes 1989),
and those that evolved during the Pleistocene on larger
Mediterranean islands such as H. creutzburgi from Crete
(Boekschoten and Sondaar 1966), H. minor from Cyprus
(Boekschoten and Sondaar 1972; named therein as Phanou-
rios minor), H. melitensis from Malta (Major 1902), and H.
pentlandi from Sicily (von Meyer 1832). Species larger than
the common, extant H. amphibius included the “European
hippopotamus™ H. antiquus (Deraniyagala 1955; Faure
1981) and H. gorgops (Dietrich 1928; Martinez-Navarro et
al. 2022). Today, Hippopotamidae are represented by two
genera and species, H. amphibius and Choeropsis liberien-
sis, both native to Africa, of which the latter is a pygmy
form (Frohlich et al. 2017).

We have limited knowledge regarding bone histology of
extinct and extant hippopotamuses (e.g., Gray et al. 2007,
Kolb et al. 2015; Cooper et al. 2016). Kolb et al. (2015)
reported reticular to plexiform fibrolamellar bone formation
in the femora and tibiae of small to large juvenile specimens
of the dwarf H. minor of Cyprus, which was interpreted as
matching bone growth patterns in continental artiodactyls.
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Gray et al. (2007) sectioned a mid-thoracic rib of C. lib-
eriensis with an initial aim to examine bone compactness,
but the rib appeared pathological with widespread osteo-
arthritic growths, abnormally thin cortical bone and high
porosity, yielding no usable data. Using high-resolution
micro-computed tomography (micro-CT), Cooper et al.
(2016) noted thickening of cortical bone of the humerus,
femur, and tibia in H. amphibius. Bone shape and structure
in C. liberiensis and H. amphibius was previously inferred
to reflect adaptation to semi-aquatic lifestyles from cortical
bone thickening and spongiosa occurring in the medullary
cavity (Hayashi et al. 2013; Houssaye et al. 2016a, b; 2021).

Research question

In our recent study of the dwarf Candiacervus (Miszkiewicz
and van der Geer 2022), we found the rib tissue to show
advanced Haversian bone with multiple generations of sec-
ondary osteons which we would expect to see in large and
long-living mammals. However, a limitation of our study
was a lack of a mainland/ ancestor species to compare the
results to. Further, we were not able to examine cell-level
data regarding bone remodelling cycles due to inconsistent
microstructure preservation which obliterated osteocyte
lacunae. Ribs are increasingly recognised as useful bones

Table 1 List of rib specimens examined in the present study

Locality Species Specimen ID Rib identification
Cyprus, Hippopotamus Akanthou CAK Midshaft
Akanthou  minor Akanthou CAK 2 Proximal shaft,
(CAK) and left?
Ayia Irini Akanthou CAK 3 Proximal shaft,
left?

Ayia Irini II R1 Proximal shaft

Ayia Irini II R2 Midshaft

Ayia Irini II R3 Midshaft

Ayia Irini 11 R4 Midshaft

Ayia Irini II RS Distal shaft
Crete, Hippopotamus KA-%-35 Midshaft
Katharo creutzburgi KA-3-59 Midshaft
Basin KA-2-96 Midshaft

KA-X-97 Midshaft

KA-Z-98 Midshaft

KA-2-101 Midshaft

KA-2-193 Midshaft
Mainland  Hippopotamus P1 Unidentifiable
Greece, antiquus piece of shaft
Pelopon- P2 Unidentifiable
nesos, piece of shaft
Megalopo- P3 Unidentifiable
lis Basin piece of shaft

P4 Unidentifiable

piece of shaft
PS5 Unidentifiable

piece of shaft
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for addressing remodelling questions in various mammals,
including humans (Pitfield et al. 2019; Stewart et al. 2021)
and elephants (Basilia et al. 2023a, b). Studies have sug-
gested that due to its less biomechanically stimulated envi-
ronment than that of limb bones, ribs should reflect less
variable cyclical remodelling reflecting physiological needs
for calcium homeostasis and bone quality maintenance
rather than experiencing frequent remodelling targeting bio-
mechanically damaged bone regions (see review and dis-
cussion in Stewart et al. 2021). Stewart et al. (2021) tested
and confirmed this using a kangaroo (as a hopping mam-
mal model experiencing a range of mechanical loads on
its skeleton) whose ribs, compared to long bones, showed
higher bone vascularity facilitating increased blood supply.
Building upon the osteocyte and body mass studies outlined
earlier, and our recent attempt to examine Haversian bone
remodelling in the ribs of insular deer, we hypothesised that
hippopotamuses on the lower end of dwarfism spectrum
(i.e., relatively smaller body size) should show evidence of
higher bone remodelling (i.e., higher counts of osteocyte
lacunae) when compared to relatively larger dwarf forms,
as well as much larger mainland common hippopotamuses.

Materials and methods
Fossil rib specimens

A total of 20 rib fragments from adult hippopotamus fossils
were examined in our study. Eight ribs were from H. minor,
seven belonged to H. creutzburgi, and five were from H.
antiquus. All of the specimens derive from localities span-
ning Pleistocene Greece and Cyprus (Table 1; Fig. 2), and
the three species were selected as they reflect a clear pro-
gression in body size evolution with the smallest H. minor
(~132 kg, Akanthou and Ayia Irini II localities in Cyprus),
“slightly” larger H. creutzburgi (~398 kg, Katharo Basin
locality in Crete), and the largest H. antiquus (~3200 kg,
Megalopolis Basin in Peloponnesos, mainland Greece; body
mass from Lomolino et al. 2013). H. minor (also known as
Phanourios minor; but see genomic analysis by Psonis et al.
2021) occurred in Cyprus during the Late Pleistocene and
is the smallest dwarf hippopotamus to have ever existed.
The dwarf H. creutzburgi is thought to have walked on its
hooves due to occurrence in a rocky rather than mostly
aquatic environment. Compared to its mainland counterpart
(and the most likely ancestral species, but not necessarily
ancestral population), H. antiquus, H. creutzburgi had a lon-
ger humerus, but a shorter radius, along with shorter feet
bones, which reflects some changes in body proportions in
the dwarf (Spaan 1996; van der Geer et al. 2021). Unlike
hippopotamuses today, both H. minor and H. creutzburgi
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Fig. 2 Map of the Mediterranean Region showing palacontological
localities (circles in inset boxes) and reconstructions of hippopotamus
species examined in our study. a. The Peloponnese Peninsula with the
site Megalopolis Basin, which has yielded Hippopotamus antiquus;

are thought to have occupied rugged terrain rather than
lowlands near rivers and lakes to support their mostly semi-
aquatic lifestyles (van der Geer et al. 2021; Georgitsis et al.
2022). H. antiquus was a large hippopotamus (larger than
extant H. amphibius) occurring during the Middle Pleisto-
cene in Europe (Martino and Pandolfi 2022), and its lineage
originated in Africa (Mazza 1991). However, H. antiquus is
thought to have relied more on aquatic environments than
H. amphibius, at least at localities in England (Adams et al.
2022).

Ribs were identified from fossil commingled, multi-indi-
vidual assemblages of disarticulated hippopotamus material
and selected on the basis of preservation of the shaft por-
tion of each rib. We were able to confidently identify the
fragments as ribs because they all had rib characteristics
preserved (Online Resource 1). For example, some had the
tubercle and head portion preserved along with the diag-
nostic curvature forming the vertebral end, all had a clear
costal groove, and some pieces showed clear flatness char-
acteristic of the sternal end (Online Resource 1). The exact
anatomical identification (i.e., rib number in the rib cage)
of each rib was not possible given their fragmentation, but

b. the Island of Crete with the site Katharo Plain, which has yielded
H. creutzburgi; c. the island Cyprus with the sites Akanthou (east) and
Ayia Irini (west), which has produced remains H. minor. Images and
maps courtesy of George Lyras

it was possible to determine the side and distance from the
proximal/distal ends of each rib (Table 1). We had aimed for
the entirety of rib shaft cross-section (in a transverse plane)
to be preserved so that we could examine bone histology
across the walls of the cortical bone along with the mor-
phology of the medullary cavity. This was possible in all
specimens of H. minor and H. creutzburgi, but not in H.
antiquus. The H. antiquus ribs were in fragmented pieces
(Online Resource 1). A limitation in our study is that we
cannot ascertain if the H. antiquus pieces derive from the
same rib and individual and whether the H. minor and H.
creutzburgi rib fragments represent different individuals. On
the basis of gross preservation (colour and morphological
characteristics; see Online Resource 1), we can hypothesise
that each rib was indeed from a different individual in at
least H. minor and H. creutzburgi.

Section extraction and histology slide preparation
Each rib fragment was documented pictorially and a section-

ing location was marked with a pencil (Online Resource 1).
The diameter of ribs (Rib.dm) in an inferior-superior plane
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was measured three times using digital callipers (Mitutoyo).
The sections removed for histology were approximately
1-1.5 cm thick. The ribs were processed for histology in
two different laboratory facilities (Histology lab at the Aus-
tralian National University in Canberra, and GeoLab at
Naturalis Biodiversity Center in Leiden) due to COVID-19
restrictions, but following the same protocol and prepared
by the same histologist (Miszkiewicz), following meth-
ods reported in Miszkiewicz and van der Geer (2022) and
Walker et al. (2020). The sections were removed using a
Dremel drill equipped with a carbide cutting blade. Holding
the spinning blade perpendicular at a right angle to the bone
surface, two parallel cuts were made into the bone exterior
moving deeper into the bone until a complete cut was made
through the rib shaft.

To produce thin sections, we followed standard histol-
ogy techniques as reported in fossil rib histology studies
(e.g., Stewart et al. 2021; Miszkiewicz and van der Geer
2022). Each section was embedded in epoxy resin (Buehler
EpoxyCure and Huntsman Araldite), and cut in a transverse
plane through the rib shaft using a diamond wafering blade
on a low-speed saw (Kemet MICRACUT 1000 and Struers

Accutom-2). The revealed histology surface was gently pol-
ished on a fine grinding pad (1200 grit) to remove scratches,
dried, and mounted on microscope glass slides using
Araldite epoxy glue. Each mounted slide was then attached
to a dedicated saw vise for slides so that the remaining por-
tion of the section could be trimmed down to 300-500 um
thickness. The slides were then reduced to an approximate
thickness of 100 um (+/- 10 um) on a series of grinding pads
(ranging from 400 to 1200 grit size) and polished using a
Buhler diamond polishing powder paste. At this stage, each
slide was examined under a basic optical microscope to con-
firm suitable preservation for further analyses. Each slide
was then cleared in an ultrasonic cleaner, dehydrated in a
series of ethanol baths starting at 75% and ending in abso-
lute ethanol, and cleared with xylene. A cover slip was then
placed on each slide using a DPX mounting medium.

Histology imaging and image analysis
First, we assessed the thin sections for bone types by exam-

ining overall thin sections under a series of magnifications
(4x—20x) using Olympus BX53, BX60 and Nikon Eclipse

Caudal

Cutaneous/Lateral
m

leipsaN/einsld

Cranial

Fig. 3 Diagram illustrating the region of interest (ROI) selection pro-
cedure. a. H. minor Ariya Irini I R4 specimen under transmitted light;
b. H. minor CAK specimen under polarised light. Crosses reflecting x
and y axes determine the collection of images starting at the mid-point
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of the periosteal border on each anatomical aspect (pleural, cutaneous,
caudal, cranial). Some cortical walls were too thin to capture three
ROIs as can be seen in b. The ROI red rectangles are not to scale
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E600 POL microscopes. Our observations were based on
qualitative bone tissue characteristics as defined by Francil-
lon-Vieillot et al. (1990), focusing on vascularity (orienta-
tion and type), collagen fibre orientation, bone tissue types
(primary/secondary), and morphological features of osteons
(shape, size, clustering). All sections showed well-remod-
elled Haversian bone which we needed to conduct further
high-resolution examination at the secondary osteon and
osteocyte lacuna-level. We worked with individual second-
ary osteons because each one reflects a single BMU event
(Chang and Liu 2022).

Second, we applied a region of interest (ROI) approach
to all slides to ensure that we capture secondary osteon data
from consistent rib locations. The rib cross-section was ori-
entated with the rib cranial and caudal aspects forming y and
x axes respectively (Fig. 3). Three successive ROIs placed
along y and x axes super-imposed over each slide (Fig. 3)
were captured from the caudal, cranial, pleural, and cuta-
neous anatomical regions at a magnification of 10x using
digital microscope cameras (Olympus DP74; MIchrome 5
Pro SS-936 camera; Nikon D-Ri2). We took representative
images of complete slides using the auto-stitching func-
tion in Olympus CellSens software, and by manual stitch-
ing of overlapping images in Photoshop. The first ROI was
always located at the mid-point of the outermost edge of the

periosteal border allowing for placement of the subsequent
ROIs moving away from the first ROI into the deep cor-
tex. In almost all slides it was possible to collect three ROI
images, but there were instances where cortical walls were
thin enough to only fit two ROIs.

Histology images were then individually inspected for
preservation of intact secondary osteons showing clear
cement lines and completed formation where a Haversian
canal can be clearly seen, rather than a, for example, half-
filled secondary osteons or just resorption cavities. This
way, we were able to select secondary osteons that had
completed formation before each animal’s death, and they
reflect a complete cycle of the different osteon remodelling
stages: activation, resorption, and formation (Frost 2001).
Their “unremodelled condition” (lack of partial resorption
by successive secondary osteons) means we can infer for
these units to be younger than those that had formed in older
(earlier) remodelling cycles. From within each image, all
well-preserved osteons were marked and manually extracted
in Fiji/Image] using the “Freehand selection” and “Crop”
tools. Individual secondary osteon images had a scale bar
burnt in and were saved as separate files, resulting in a total
of 864 individual secondary osteons (383 in H. minor, 381
in H. creutzburgi, and 100 in H. antiquus) (Fig. 4).

Hippopotamus CAK CAK 2 CAK 3 Ayia Irini Il R1  Ayia Irini Il R2  Ayia Irini Il R3  Ayia Irini Il R4 Ayia Irini Il RS
minor
Y N £59%8 -
(P s, N B N
/ ' ¢ 2 ] 5
N K ’ o E e SR A \9"_'
N > 5 vs ;
I I I
Hippopotamus KA-Z-35 KA-Z-59 KA-Z-98
creutzburgi I A )
BATTL, SRR P27
( A2, ' ® [.\’ 2
Ve ¢ VNS ) <5
L, a5 R
A A -
] I |
Hippopotamus P1 P2 P3 P5
antiquus ) = qazo -

z
-

Fig.4 Representative osteons examined in this study (out of 864 total).
Specimen information is as follows: Hippopotamus minor: CAK,
superior osteon #9 from ROI 3; CAK 2, superior osteon #4 from ROI
2; CAK 3, superior osteon #4 from ROI 3; Ayia Irini II R1, cutaneous
osteon #3 from ROI 1; R2, cutaneous osteon #11 from ROI 1; R3,
cutaneous osteon #2 from ROI 3; R4, cutaneous osteon #1 from ROI 3;
RS, superior osteon #1 from ROI 3. Hippopotamus creutzburgi: KA-X-
35, pleural osteon #2 from ROI 3; KA-Z-59, cutaneous osteon #2 from

)
%
:
am

4
[
&

ROI 2; KA-X-96, superior osteon #1 from ROI 1; KA-X-97, inferior
osteon #5 from ROI 1; KA-X-98, cutaneous osteon #2 from ROI 2;
KA-X-101, superior osteon #11 from ROI 3; KA-Z-193, cutaneous
osteon #1 from ROI 1; H. antiquus P1, pleural osteon #1 from ROI
2; P2, cutaneous osteon #5 from ROI 1; P3, cutaneous osteon #3 from
ROI 2; P4, osteon #1 from ROI 3 from unidentifiable region; and PS5,
osteon #3 from ROI 2 from unidentifiable region. In all instances, the
term “osteon” refers to to secondary osteon. Scale bars equal 200 pm
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Next, each secondary osteon was imported back into
ImagelJ/Fiji and measured for secondary osteon area (On.
Ar) (also using the “Freehand selection” tool in Fiji/Imagel;
Miszkiewicz and van der Geer 2022), and osteocyte lacuna
number (Ot.N, using the “Multi-point” tool; Miszkiewicz
et al. 2020) (Fig. 1). The raw Ot.N were converted into
densities by dividing the counts by secondary osteon area
generating a new osteocyte lacuna density (Ot.Dn) variable
(see Bromage et al. 2009; Miszkiewicz et al. 2020) (Fig. 1).
The Ot.Dn data were divided by Rib.dm to account for any
confounding effects of rib size on the underlying osteocyte
lacunae data.

We minimised any observer errors in data collection by
taking repeat measurements of On.Ar and Ot.Dn a month
following the main phase of data collection and evaluat-
ing whether there are statistically significant differences
in the data using a paired samples ¢-test applied to 20 re-
analysed images. We used Past 4.05b (Hammer et al. 2001)
for all statistical analyses. We correlated Ot.N with On.Ar
using Pearson’s r to check whether secondary osteon size
related to the osteocyte lacuna number. We then applied
non-parametric tests for our species comparisons because
of sample size < 10 in all three species groups. Due to a

lack of individual weights for animals in each species, we
compared data using a Kruskal-Wallis test with a Mann
Whitey U paired post-hoc identifying specific pairs instead
of regressing Ot.Dn against body mass. Next, Ot.Dn data
alone first, and then repeated on Ot.Dn data adjusted by Rib.
dm were analysed. For the latter, we had to exclude the H.
antiquus specimens due to their fragmentation. We used the
standard alpha value of 0.05 to indicate statistical signifi-
cance, but also included a Bonferroni correction considering
two repeated tests as multiple testing (p <0.025).

Results

No statistically significant differences in the intra-observer
measurements were noted (Online Resource 2). The rib
shaft size ranged from 10 to 23.1 mm, with a mean of
14.8 mm reflecting the variation in rib size across the three
species in our total sample (Table 2). The mean rib diameter
was 13.6 mm in H. minor, 17 mm in H. creutzburgi, and
13.9 mm H. antiquus. We remind the H. antiquus rib piece
measurements are not reflective of intact shaft cross-sec-
tions given their fragmentation. The rib cross-sections were

Table 2 Summary of rib characteristics, including inferior-superior diameter (Rib.dm) and histomorphological features of the medullary cavity
(RT: regular trabeculae: > 5 spicules, ST: sporadic trabeculae: < 4 spicules, EC: empty cavity), bone tissue and secondary osteon traits, and num-
ber of “super” osteons (measuring > 100,000 um?; Nganvongpanit et al. 2017; Basilia et al. 2023b) observed in this study. Abbreviations: n/a, not

applicable; x, observed; -, not observed

Species Specimen ID Rib.dm Medul- Widespread Multiple osteon Resorption Incom- Embedded “Super”
(mm) lary Haversian  generations cavities pletely filled osteons osteons
cavity bone osteons
Hippopotamus Akanthou CAK 13.1 x, RT X X X 2
minor Akanthou CAK 2 14.6 x, EC X X X X X 4
Akanthou CAK 3  13.9 x, ST X X X X 1
Ayia Irini IT R1 12.7 x, ST X X X X X 3
Ayia Irini II R2 14.1 x, RT X X X X 0
Ayia Irini I R3 13.6 x, RT X X X X X 0
Ayia Irini II R4 143 X, ST X X X X X 2
Ayia Irini IT RS 12.6 x, ST X X X 2
Average 13.6 Total 14
Hippopotamus KA-%-35 16.0 x, ST X X X X 6
creutzburgi KA-2-59 16.2 x, EC  x X X 1
KA-Z-96 15.7 x, ST X X X X 2
KA-X-97 17.8 x, EC X X X X 2
KA-X-98 16.7 x, ST X X X X 6
KA-Z-101 19.5 x, RT X X X 0
KA-X-193 16.9 x, ST X X X X X 0
Average 17 Total 17
Hippopotamus P1 23.1 n/a* X X X X 9
antiquus P2 12.2 X X X 0
P3 14 X X X 0
P4 10 X X X 2
P5 10 X X X 2
Average 13.9 Total 13

*fragmented rib pieces
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Hippopotamus minor

CAK2 CAK3  Ayia lrini

I R1

Ayia Irini  Ayia Irini

P0000u 0@

Ayia Irini  Ayia Irini

Il R2 Il R3 Il R4 Il RS

Hippopotamus creutzburgi

00900V 0

KA-2-35 KA-Z-59

Fig. 5 Outlines of rib cross sections of Hippopotamus minor and H.
creutzburgi. Medullary cavity, sometimes filled with trabeculae, can
be seen in every single rib section in both species. All outlines in this

mostly consistently similar in shape, ranging from oval to
more circular in H. minor and H. creutzburgi (Fig. 5). A
notable structural bone composition is that all of the ribs
with intact cross-sections showed a clear medullary feature
partially filled with trabeculae, though at least four rib slides
had “empty” cavities (Fig. 5). This is a heterogenous pattern
where the empty cavities appear in rib sections with thicker
cortices, whereas the multiple trabeculae associated with
thinner cortices (NB. it is also possible that fragile trabecu-
lae became damaged during taphonomic fragmentation of
the assemblage). All thin sections exhibited complete cover-
age of well-remodelled Haversian bone with several genera-
tions of remodelling as indicated by presence of fragmented
and intact secondary osteons (Fig. 6). In addition, 14 slides
exhibited “super osteons” which measured > 100,000 um >
(Nganvongpanit et al. 2017; Basilia et al. 2023b), which also
occurred regardless of the species considered (total of 14,
17 and 13 “super” osteons observed in H. minor, H. creutz-
burgi, and H. antiquus, respectively) (Table 2). In eleven
(out of 20) slides there were very clear multiple resorption
cavities. Every single slide but one showed embedded sec-
ondary osteon variants (Cooke et al. 2022) where new sec-
ondary osteons had formed within the central canal of the
older generations of secondary osteons (Fig. 6).

Actotal of 864 secondary osteons were examined. The area
of secondary osteons ranged from 4,375 um?to 185,819 um?,

KA-2-96 KA-%-97

KA-2-98 KA-2Z-101

figure are arranged so that the caudal aspect is towards the bottom of
each image panel, the cranial aspect is towards the top of each panel.
Scale bar equals 1 cm

KA-Z-193

averaging 46,855 um? per secondary osteon, but increasing
in size from the smallest in H. minor to the largest in H.
antiquus (Table 3, Online Resource 3). The total number
of osteocyte lacunae across all three samples was 43,357,
averaging 50 lacunae per secondary osteon (Table 3, Online
Resource 4). The average raw number of osteocyte lacunae
was almost the same in H. minor and H. creutzburgi, but
lower in H. antiquus (Table 3, Online Resource 4). There
was a strong positive correlation between the raw number of
osteocyte lacuna counts and the area of secondary osteons
(r=0.809, p=0.0001), such that larger secondary osteons
had higher counts of osteocyte lacunae (Table 3; Fig. 7).
Once Ot.Dn was computed, it became clear that it pre-
sented with a gradient along the body mass increase with the
highest Ot.Dn in the ribs from the smallest H. minor, inter-
mediate values in the intermediate size H. creutzburgi, and
the lowest values in the largest H. antiquus (Table 3, Online
Resource 5). A Kruskal-Wallis test returned statistically sig-
nificant differences between the three groups (ch’=11.77,
p=0.003). Mann Whitney U pairwise comparisons identi-
fied H. creutzburgi (p=0.009) and H. minor (p =0.004) data
to be statistically significantly different from H. antiquus.
Once Ot.Dn was adjusted by Rib.dm (excluding H. anti-
quus), these differences became more pronounced between
H. creutzburgi from H. minor (Kruskal-Wallis: ch>=11.54,
p=0.003) (Fig. 8). Pairwise Mann-Whitney U comparisons
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Fig.6 Osteon micrographs with arrowheads indicating different osteon ID: P1); c. dense Haversian bone in H. minor (specimen ID: CAK)
types, Haversian bone features, and resorption spaces. a. embedded under polarised light, inferior region; d. resorption cavity in H. creutz-
osteon from the inferior rib region in H. minor (specimen ID: CAK); burgi (specimen ID: KA-Z-98), rib cutaneous area. Scale bars equal
b. embedded osteons in rib pleural area from H. antiquus (specimen 200 pm

Table 3 Descriptive and inferential statistics per rib (based on Hippopotamus species averages). For data presented by specimens within species,
see Online Resources 3—6. The correlation statistics are for individual pairs of 864 secondary osteons and related osteocyte lacunae

Species Variable Mean Max Min SD Statistics
H. minor Ot.N (number) 52.9 67.4 383 10.7 r=0.877, p=0.0001*
On.Ar (um?) 43,783.6 56,733.6 31,962.6 9,359.1
Ot.Dn (number/mm?) 1,324 1,707.7 1,001.7 212.1 H. creutzburgi (U=14, p=0.118),
H. antiquus (U=0, p=0.004%)
Ot.Dn/Rib.dm 97.7 125.8 76.5 5.5 H. creutzburgi (U=2, p=0.003), H.
antiquus (U=2, p=0.010%)
H. creutzburgi  Ot.N (number) 50.5 66.5 34.9 10 r=0.847, p=0.0001*
On.Ar (um?) 46,788.1 60,179.7 35,4439 9,206.2
Ot.Dn (number/mm?) 1,159.1 1,546.7 905.27 219.2 H. minor (as above), H. antiquus
(U=1, p=0.009%)
Ot.Dn/Rib.dm 68.3 80.5 53.6 11.2 H. minor (as above), H. antiquus
(U=16,p=0.871)
H. antiquus Ot.N (number) 43.3 54.9 31.5 10.6 r=0.915, p=0.0001*
On.Ar (um?) 60,480.4 75,866.9 38,233.8 18,974
Ot.Dn (number/mm?) 783.6 953.3 656.7 107.9 H. minor (as above), H. creutzburgi
Ot.Dn/Rib.dm 62.9 78.1 28.4 21.2 (as above)

“values are statistically significant both at alpha=0.05 and when Bonferroni correction is applied (p <0.025)
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Fig. 7 Summary correlations between raw osteocyte lacuna counts and related secondary osteon area. In all cases, p=0.0001

revealed higher Ot.Dn/Rib.dm in H. minor than in H. creutz-
burgi (p=0.003).

Discussion

Osteocyte lacuna densities in the secondary osteons dif-
fered between adult Hippopotamus species of different
body masses in our study. This finding confirmed our pre-
diction that the smallest H. minor would have the high-
est densities of osteocyte lacunae, but the trend would
be opposite in the largest H. antiquus, likely relating to
accelerated life history (Sibly and Brown 2007) in the
dwarfed hippopotamus.

The pattern in our results is consistent with osteocyte
lacuna data in prior publications considering pygmy hip-
popotamuses (Bromage et al. 2009) and giant rats (Misz-
kiewicz et al. 2020). Although these prior studies examined
lamellar bone in long bones rather than individual second-
ary osteons, the trend in osteocyte lacuna densities chang-
ing along the body size gradient is similar. We worked with
individual secondary osteons because each one reflects a
single BMU event operating in a mature skeleton (Ryser
et al. 2009). As a result, data in our study offer an insight
into bone remodelling relating to short-term physiological
cycles of rib bone maintenance that the hippopotamuses
represented here experienced under insular and mainland

conditions. Because we also examined ribs rather than limb
bones, we can assume that the osteocyte lacuna densities
and secondary osteon morphologies were not completely
stimulated by mechanical stresses, but likely reflected
stochastic remodelling (Stewart et al. 2021; see also Smit
2021). Thus, our data should reflect basic bone physiologi-
cal “signals” that clearly differ between the three species,
or between island/ mainland conditions, or different body
size classes. Our main interpretation is that, relative to the
other two hippopotamuses of larger body mass, the high-
est osteocyte lacuna densities in the smallest hippopotamus
ribs reflect the corresponding number (i.e., also the high-
est) of osteoblasts operating at each BMU event (Chang
and Liu 2022). Osteoblasts convert to osteocytes within a
matter of days as osteoid (immature bone matrix) becomes
mineralised during osteon formation (Qiu et al. 2003), so
the density of osteocyte lacune is a very good proxy for
the number of osteocytes (and thus, osteoblasts) being
entrapped during BMU activity (Bromage et al. 2009; how-
ever, we acknowledge some portion of osteoblasts ceases
due to cell apoptosis; see Parfitt 1994). This indicates that a
smaller (insular) hippopotamus skeleton (or at least its ribs)
might have evolved faster remodelling (reflecting skeletal
metabolism), than that of its larger mainland counterpart, to
ensure optimised calcium homeostasis in the face of body
size reduction. In other words, a higher number of osteo-
blasts (which are then converted to osteocytes) are needed
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Fig.8 Violin and box plots summarising osteocyte lacunae in the three
species examined (left), and the same data adjusted by inferior-supe-

to create an osteon during a BMU event, which is designed
for molecular exchanges ensuring bone homeostasis (Qiu
et al. 2003), in a relatively short period of time because a
smaller mammal grows quicker than a large mammal (Bro-
mage et al. 2009). Our raw osteocyte lacuna number (prior
to density calculation) correlated very strongly and posi-
tively with secondary osteon size (see Fig. 7), whereby large
secondary osteons had relatively high lacuna counts. This
suggests that the quantum of bone generated in one BMU
remodelling event was proportional to osteocyte/osteoblast
activity, forming optimal final secondary osteons in terms
of bone quality (in all three species r ranged 0.877-0.915).
This suggests each BMU achieving bone homeostasis
(Chang and Liu 2022), and confirming our data represent
physiological processes rather than originating from patho-
logical or biomechanical stimulation. Otherwise, greater
osteocyte lacuna counts could be expected in smaller sec-
ondary osteons (inverse relationship) indicating an inhibi-
tion of bone formation (numerous osteoblasts but impaired
bone production) (Skedros et al. 2011) — we would have
observed negative correlations between secondary osteon
size and osteocyte lacuna counts. In addition to the direct
relationships we found in the hippopotamus samples, Ske-
dros et al. (2011) confirmed they may also exist in human
ribs; calcanei from sheep, deer, elk, horses; and radii and
metacarpals in horses.

The implications of our study are limited to adult hippo-
potamuses only because we focussed on secondary osteons
in completely remodelled cortices. We did not have access
to juvenile specimens, or older specimens with sporadically
occurring Haversian bone, where the density of osteocyte
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lacunae could be examined across primary bone regions, as
was done in the studies by Bromage et al. (2009) and Misz-
kiewicz et al. (2020), and where clear transitions between
primary vessels and secondary osteons could be examined
pinpointing stages at which bone remodelling started oper-
ating in bones and individuals (Pitfield et al. 2017). Examin-
ing bone remodelling patterns in juvenile specimens could
have provided further insights into the trend of bone meta-
bolic changes at different ontogenetic stages of insular dwarf
species. The prior bone histology descriptions by Kolb et al.
(2015) clearly suggested modification of bone growth in a
small sample of insular juvenile hippopotamuses (H. minor),
which our new Haversian bone data complement. Future
osteocyte lacuna data from larger sample sizes of juvenile
specimens will further expand these attempts to characterise
bone modelling and remodelling in hippopotamuses from
different island environments with different ecologies and
degrees of body mass shifts.

For the extinct dwarf hippopotamuses considered in our
study, the shift from mainland to insular environments must
have triggered a range of biological changes, so clearly
reflected in the extreme degree of body size change down
to 13% (H. creutzburgi) and 4% (H. minor) of the ances-
tral mass as estimated based on long bones (Lomolino et al.
2013). As these species underwent a significant body size
reduction, the regulation of their organisms’ needs needed
to continue, which is why bone remodelling, likely one of
multiple other metabolic processes, adjusted to this shift.
Working with fossil specimens limits our discussion around
metabolism more broadly (defined as converting food into
energy for growth and reproduction; see McNab 2019), but



Journal of Mammalian Evolution (2023) 30:1031-1046

1043

bone remodelling is recognised as one of metabolic pro-
cesses maintaining bone tissue structure and facilitating
response to environmental stimuli (Robling et al. 2006; Qin
et al. 2020). Further, regulation of bone mass in mammals
has been proposed to link with energy metabolism via leptin
(appetite suppressing hormone), although these insights are
still based on observational data in rats, mice, and humans
(see review by Karsenty and Khosla 2022). Once the nature
of the biochemical cross-talk between leptin and bone mass
is unravelled, differences in bone remodelling between hip-
popotamuses of different skeletal sizes in insularity contexts
could provide a new means for palacontological recon-
structions of energy metabolism in extinct mammal taxa.
Hippopotamuses are excellent candidates for this type of
research because both the common and pygmy hippopota-
muses are thought to have very low energy requirements
and basal metabolic rates (BMR) (Schwarm et al. 2006), at
least in captivity (Schwarm et al. 2006; Taylor et al. 2013).
Schwarm et al. (2006) in fact found no differences in aver-
age digestibility when comparing eight captive H. amphib-
ius (n=4) and C. liberiensis (n=4). Given that the modern
C. liberiensis is not an insular dwarf species, and the captive
nature of the Schwarm et al.’s (2006) study, we could pro-
pose that the species differences in bone remodelling in our
samples may relate to insularity and non-captivity, along
with the extinct Mediterranean hippopotamuses being more
terrestrial than semi-aquatic. This can be framed from the
perspective of a cross-talk between bone and energy metab-
olism (Confavreux et al. 2009). Schwarm et al. (2006) dis-
cussed a hypothesis that species-specific low energy needs
in hippopotamuses could relate to energy investment into
growth and reproduction, and adaptability when occupying
various environmental niches. A reduced body size in an
insular pygmy mammal would probably require maximising
of energy consumption, as per life history theory, to opti-
mise reproduction and growth under insularity conditions,
and as a result of a shift in surface-volume ratio (Palkovacs
2003).

Aside from bone remodelling data, our study also char-
acterised some new hippopotamus bone histology observa-
tions that are worth noting for palacontologists. All the rib
cross-sections were similar in shape, and exhibited medul-
lary cavity filled with partial spongiosa as reported in pre-
vious research by Hayashi et al. (2013) and Houssaye et
al. (2016a, b; 2021). The widespread Haversian bone with
a series of secondary osteon variants, including embed-
ded ones, and some instances of the onset of resorption as
inferred from the occurrence of resorption cavities, indicate
active remodelling in the ribs of hippopotamuses in our
study regardless of the species considered. We also observed
the presence of “super” secondary osteons which have so far
been noted only in Asian elephants (Nganvongpanit et al.

2017; Basilia etal. 2023a, b). These super secondary osteons
simply refer to the existence of unusually large secondary
osteon surfaces indicating prolonged action of osteoclasts
which leads to secondary osteon expansion in terms of the
space it occupies within cortex (Nganvongpanit et al. 2017;
Basilia et al. 2023a, b). We hypothesise the occurrence of
these osteon variants could be a feature of very large mam-
mals, particularly in the context of the Felder et al’s (2017)
allometry findings of secondary osteon and body size in var-
ious mammals. Apparently, as we have shown here for hip-
popotamuses, this feature is retained in descendant species
(H. creutzburgi, H. minor) of the same species (H. antiquus)
that evolved a body mass similar to pigs, which might imply
that Felder et al.’s (2017) allometric rule does not neces-
sarily apply to phyletic insular dwarfs. This conclusion is,
however, cautionary, because first of all, our study is limited
to three species only, and secondly, no large-scale investiga-
tion on the presence of super secondary osteons throughout
the mammalian phylogeny has been undertaken.

Aside from the small sample size, a limitation impact-
ing our results involves the inclusion of Haversian canals
in the secondary osteon area measurements. We acknowl-
edge that the space taken up by a central canal could have
a dimensional effect on the secondary osteon size. We did,
however, ensure that the secondary osteons were at a com-
pleted stage, and our research question centred on the size
that a BMU forms through resorption by osteoclast cells,
which is the overall measure as deduced by tracing second-
ary osteon cement lines. Further, this study only worked
with fossil specimens, so we assume that the complete sec-
ondary osteons are the youngest, or the latest, remodelling
events in each rib. The fragmentation of the ribs limited our
histology analysis, which also meant our comments about
the rib cross-section shape are restricted to the rib location
we sectioned. Having said this, the use of ribs proved use-
ful confirming prior observations that rib histology can help
future studies elucidate intricate biological processes occur-
ring in bone of insular fossil mammals.

Conclusions

We found that rib histology in the smallest hippopotamus
to have ever existed, the Pleistocene H. minor from Cyprus,
had much higher densities of osteocyte lacunae at the level
of secondary osteons, when compared to ribs from larger
hippopotamuses, H. creutzburgi of Crete (Greece) and H.
antiquus (mainland Greece). Osteocyte lacuna densities
distinctly separated these three species, possibly signify-
ing a gradient in bone remodelling where bone tissue opti-
mises its maintenance to achieve homeostasis in the face of
insularity driven reduction of body size. Our findings add
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further support to previously observed trends in osteocyte
lacunae increasing in densities along with decreasing body
mass in extant pygmy and common hippopotamuses (Brom-
age et al. 2009), and giant and common murines (Miszkie-
wicz et al. 2020). Future examination of osteocyte lacuna
densities in palacontological contexts can help elucidate
intricate biological processes that occur in bone of insular
fossil mammals.
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