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Introduction

Pachyosteosclerosis combines the osteological conditions of osteosclerosis and 
pachyostosis. Osteosclerosis is defined as the increase of compact bone in the medullary 
region in place of spongy bone and/or the filling in of the medullary cavity resulting in an 
increased density [1], while pachyostosis refers to swollen or thickened bone (Figure 1). 
Osteosclerosis (Figure 1A) can be associated with the endosteum, whereas pachyostosis 
(Figure 1D) shows an increase in the compact bone of the periosteum. Pachyostosis results 
in outward expansion of cortical bone that increases bone density due to enlarged cross-
sectional thickness [1].  Osteosclerosis and pachyostosis can either occur independently or 
simultaneously, as an aquatic adaptation for different taxa [1-3]. 

Figure 1: 3D micro CT scans of bone microanatomy. (A) Normal bone 
compared to (B) Osteosclerotic and (C) Osteoporotic bone in longitudinal 
sections (Modified from Dion & Ste-Marie, 2012). (D) Cross-sectional view 
of pachyostotic bone (Modified from Klein et al., 2016). 
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Abstracts
One of the most obvious adaptations of animals reintroduced to an aquatic environment is the difference 
in bone density. Numerous marine mammals and marine reptiles exhibit changes in bone density that 
correlate to their habitat (ecological niche) and dietary specializations, not phylogenetic relationships. 
Increased bone density (either pachyostosis, osteosclerosis, or pachyosteosclerosis) was observed early 
in the transition of terrestrial taxa to the aquatic environment. Animals such as early cetaceans and si-
renians clearly exhibit these adaptive features and even retain many terrestrial characters such as hind 
limbs and behaviors such as paddle swimming). The increase in bone density is a more energetically effi-
cient hydrostatic mechanism for buoyancy for marine mammals with large lung volumes. As the taxa be-
came more specialized for the aquatic environment morphologically (evolving fins, flippers, and flukes) 
and behaviorally (evolving an oscillating swimming mechanism), variation in bone density correlates 
with their ecological niche. Modern sirenians retain increased bone density, allowing these large-sized 
mammals to remain submerged in shallow waters to feed on sessile littoral foods (sea grasses).  However, 
the bone density in modern cetaceans became more osteoporotic, allowing them to swim faster and hunt 
faster moving prey.  Pinnipeds live in a wide range of habitats (from cold to warm waters) and demon-
strate varying feeding mechanisms, ranging from filter feeding on krill, bottom feeding on mollusks, and/
or catching fast moving prey. Bone density is one vital character that can be used to predict the specific 
ecological niche and feeding preference for pinnipeds. Some early hominids have been shown to have 
an increase in bone density. These heavier, thicker bones would make it easier for early Homo to hunt in 
waters for littoral food sources and would compensate for the lack of stability from bipedalism. 

Keywords: Pachyosteosclerosis; Osteosclerosis; Pachyostosis; Bone density
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Bone is a composite material that consists of minerals such as 
hydroxyapatite that provides compression strength and collagen 
that provides tensile strength. Therefore, an increase in the 
mineralization such as that in osteosclerosis, results in brittle bone 
prone to fracture [3-5] tested the fracture toughness of manatee 
ribs, which are highly mineralized and pachyosteoslcerotic [6,7], 
and compared them to bovine and human bones, both of which are 
much less mineralized.  Manatees have less fracture toughness when 
compared to less mineralized terrestrial animals [4,5]. Therefore, 
because of the increased likelihood of fracture dissemination, 
osteosclerosis with accompanying hyper mineralization is probably 
not best suited for terrestrial locomotion [8]. 

Figure 2: Trabecular Density. Photo of proximal 
portion of a human femur cut longitudinally to 
show trabecular bone (Modified from Safadi et al., 
2009).

 

Figure 3:  Increased Compact Bone. Caudal view 
of the distal portion of a right partial humerus from 
the extinct cystophorine seal Pachyphoca chapskii 
(Modified from Koretsky & Rahmat 2013). Note 
that the spongy bone of the medullary region has 
been replaced by compact bone

Historically, pachyostosis was the term used for all 
hypertrophic conditions, with osteosclerosis recognized as a 
separate phenomenon. The term osteosclerosis is a blanket term 
that encompasses events with different causes [9].  For example, 
increased trabecular density could mean an increase in the total 
number of trabeculae within a sample or an increase in the density 
of each individual trabecula within bone. Regardless, both forms 
of increased trabecular density could result in the loss of a true 
medullary cavity.  The network of trabeculae in the medullary 
region is commonly referred to as spongy bone (Figure 2).  An 
increase in spongy bone resulting in the loss of the medullary cavity 
has previously been called osteoporosis due to the assumption 
that there was a decrease in bone density [9]. Osteosclerosis also 
covers the increase in compact bone towards the endosteal area 
that encroaches on the medullary cavity. In extreme cases, the 
medullary cavity is completely filled with compact bone (Figure 3).

The last large-scale review detailing increased bone density 
in aquatic animals by Houssaye [3] used the term pachyostosis 
in quotations due to inconsistency in term definition. An updated 
review is necessary to include more recently discovered extinct 
taxa to fill in the gaps of the fossil record as well as extant taxa 
recently subjected to studies in bone microanatomy.  This review 
should serve as an initial study for researchers interested in the 
correlation between bone density and ecological specialization in 
aquatic and semiaquatic animals. 

Bone density in fully aquatic animals
Based on body weight, aquatic animals have higher overall 

volume than their terrestrial counterparts due to lung volume and 
large amounts of subcutaneous body fat (blubber). This higher 
overall volume results in a positive buoyancy and allows for aquatic 
animals to float and ascend without utilizing extra energy. However, 
this increased overall volume also results in a decreased density, 
making diving less energy efficient [10]. Increased bone density is 
one mechanism that some aquatic and semi-aquatic mammals use 
to counteract this increase in volume and buoyancy. The amassed 
bone density results in an increase in body mass and inertia, which 
then leads to a decrease in acceleration, maneuverability, as well as 
buoyancy [11,12]. Some deep diving, large lunged cetaceans, such 
as dolphins, have lighter osteoporotic bones, resulting in a positive 
buoyancy. During those deep dives, the lungs are compressed 
with oxygen stored in other places such as the blood [3,13-16]. 
This reduced lung volume at deep depths causes an elevation in 
the overall density of the animal, as well as a negative buoyancy 
making increased bone density unnecessary [2]. However, in the 
shallow diving sirenians (sea cows and dugongs), the lungs remain 
inflated causing an increase in overall body volume and a reduction 
in overall body density. While their large lung volume allows them 
to graze for longer periods of time on a single breath, the large lung 
volume of these animals also result in an increase in buoyancy. The 
presence of thick, heavy bones counteracts the increased buoyancy 
associated with the large lung compacity and enables these animals 
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to remain close to their food source on the sea floor without 
expending extra energy [1,3,17-19]. 

The specific location of higher density bones is vital for the 
stability of the animal’s body trim.  Pachyosteosclerosis is more 
commonly found in the ribs and long bones, ensuring that animals 
such as sirenians remain in the proper dorsal-ventral position 
even when at rest and are not forced to expend energy resisting 
buoyancy. Some modern cetaceans have specialized dorsal fins 
that allow them to remain in an upright position, negating the need 
for heavy ventral bones. Animals that have neither dorsal fins nor 
heavy ventral bones are forced to expend extra energy to remain 
upright by consistently re-positioning the fins or tail [17,20].

Sirenian bone microanatomy is well documented in both fossil 
and modern taxa [3,9,21-24], with increased bone density retained 
in all species.  Most early sirenians were pachyosteosclerotic, 
except for Pezosiren portelli (early Middle Eocene, ~ 50mya) which 

had only pachyostotic bones and Protosiren (Middle Eocene, 47.8-
37.8mya) which only had osteosclerotic bones [1].   Pez. portelli 
(found in Jamaica) and Protosiren (found in Egypt and Pakistan) 
not only represent different sirenian clades of an earlier time 
period, but also basal and intermediate body types, respectively.  
Pez. portelli (Figure 4A & 4B) had features, such as hind limbs and 
the sacroiliac joint that were similar to its terrestrial Tethytherian 
ancestors (such as elephants) and only bone microanatomy shows 
evidence of an aquatic lifestyle. Thus, pachyostosis precedes 
osteosclerosis in fossil sirenians. Modern sirenians have elongated 
lungs with increased volume, when compared to terrestrial 
mammals, that aid in the maintenance of body trim [7]. They also 
retain pachyosteosclerosis, enabling them to feed on the low energy 
sea grasses and rhizomes on the sea floor at shallow depths and 
aids in body trim as well without increasing energy expenditure 
[1,7]. 

Figure 4: Sirenians. Artist rendering of the (A) skeleton (Modified from Domning, 2001) and (B) possible body 
phenotype of the extinct Pezosiren portelli. (C) Modern Sea Cow (Trichechus) are more specialized for the aquatic 
environment with the modification of limbs to flippers and flukes (Photo credit Carlton Ward Jr. for Visit Florida).

Pachyosteosclerosis in sirenian clades has been very well 
studied [1,7,21-25]. The mechanism in which pachyosteosclerosis 
has been achieved in modern sirenians has been maintained since 
the Eocene. However, there is evidence that during the Eocene, not 
all sirenians achieved pachyosteosclerosis in the same way or at 
the same time. Osteosclerosis in modern sirenians (as well as many 
other marine mammals) is achieved by the deposition of lamellar 
bone in the space between trabeculae and a loss of osteoclastic 
activity. All modern and most extinct sirenians also continue to 
have calcified cartilage present in the diaphysis of bone well into 
adulthood due to incomplete endochondral ossification [25]. 

The bone microanatomy of fossil cetaceans was similar to 
sirenians, but most modern cetaceans do not retain increased bone 
density [3,15,16,18]. A basal ancestor of cetaceans, Pakicetus (Early 
Eocene, 56-47.8 mya), had increased bone density and retained 
some terrestrial features, such as legs and a strong sacro-illiac 
joint [16,26]. The dense bone found in the limbs likely correlated 
with anti-buoyancy in shallow waters where these animals may 
have fed [16,22,27].  While sirenians underwent pachyostosis 
early on, cetaceans originally began with osteosclerosis. By the 
time the fully aquatic cetacean Basilosaurus (Figure 5A) appeared 

in the Middle Eocene (47.8-37.8 mya), pachyosteosclerosis was 
found in their ribs [16]. Basilosaurus cetoides is known to have 
likely been a slow swimming species not only due to the increased 
bone density but also due to the inconspicuous vertebral muscle 
attachments associated with aquatic locomotion, as well as the lack 
of streamlining in the limbs [28]. Also, during this evolutionary 
time, cetaceans had become more specialized for aquatic life 
(developing fins, flippers and flukes) and many expanded their 
habitat to deeper oceans with faster moving prey.  These animals 
no longer employ the slower paddle swimming mechanism of their 
terrestrial and semi-aquatic ancestors; this method is exchanged for 
a faster, more energy efficient oscillatory or undulatory swimming 
technique that is associated with animals that are more specialized 
for the marine environment [16,29]. Heavier, thicker bones became 
disadvantageous for these cetaceans, leading to an osteoporotic 
state enabling faster swimming and deeper diving to catch quicker 
open sea prey. Many cetaceans also began to employ an oscillating 
hydrodynamic mechanism of swimming, diving, and surfacing that 
is more energy efficient. During deep dives, cetaceans evolved the 
ability to collapse the lungs as a mechanism against buoyancy. These 
adaptations are still present in most modern taxa [1,15,16,18].
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Figure 5: Cetaceans. (A) Ancestral pachyosteosclerotic Basilosaurus and (B) the modern Killer Whale (Orcinus 
orca; Photo credit: Center for Whale Research).

Cetacean bone microanatomy has been studied quite extensively 
as well [15,16,18,26]. The mechanism in which cetaceans achieve 
the osteoporotic state seen in modern taxa is through diffuse and 
localized overactive resorption.  Generally, the cortical bone is 
deposited normally but soon thereafter resorbed until it appears 
cancellous.  Resorption continues throughout the life of the animal 
and is the predominate process [30,31].

Clementz et al. [22] further tested the validity of the assumption 
that bone microanatomy is associated with aquatic adaptation 
by measuring oxygen and carbon isotopes in both early sirenians 
and cetaceans to determine habitat and diets of these animals 
that retained terrestrial features. Although the specific habitat for 

sirenians was not determined due to the low numbers of animals 
examined, the Clementz et al. [22] study confirmed that sirenians 
ate marine sea grasses early in their evolutionary history and 
invaded freshwater environments later.  It was determined that 
pakicetids were likely aquatic animals that fed on terrestrial foods, 
perhaps similar to extant crocodiles, or freshwater foods. This 
result is contrary to the morphological analysis that suggested 
that Pakicetus were likely running and jumping terrestrial animals 
based on the post-cranial skeletal anatomy [26].  The authors 
also determined that Basilosaurus was likely fully marine animals 
that likely fed close to the shore.  These tests confirm that bone 
microanatomy can be a reliable indicator of aquatic adaptations 
even when morphology is ambiguous [22].

Figure 6: Variation in Bone Density in Sympatric Modern Seal Species. (A) The modern Harp Seal (Pagophilus 
groenlandicus) is a deep diving, fast moving species with corresponding bone microanatomy (Photo credit: Henry 
Ausloos) (B) of the humerus (sagittal section) that has increased spongy bone. (C) The modern Ringed Seal (Pusa 
hispida) is a slow moving, shallow swimming species (Photo found at www.ecomare.nl). (D) The humerus (sagittal 
section) of this seal has compact bone replacing the spongy bone causing an increase in density (Bone sections 
modified from Rahmat and Koretsky, 2017).

Taxonomically close species of fish living in a similar 
environment have been shown to have differences in bone 
density that likely corresponds to diving depth and hunting 
speed.  In the case of the extinct teleost Aphanius crassicaudus, 

two distinct phenotypes are believed to have lived sympatrically: 
one pachyostotic and another non-pachyostotic [32].  The non-
pachyostotic teleost would likely have been able to swim faster, 
feeding on a diet different than the heavier, slower pachyostotic fish 
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that likely lived in shallower waters, maintained a more constant 
depth and caught prey at that level. This is also seen in the modern 
harp seal (Pagophilus groenlandicus, Figure 6A & 6B) and ringed 
seal (Pusa hispida, Figure 6C & 6D), sympatric species that differ 
in bone density.  The harp seal has lighter bones and is known to 
swim faster and dive at deeper depths than the ringed seal.  The 
fast, deep diving harp seal can feed on prey at the same depth as 
the ringed seal as well as faster prey at deeper depths, expanding 
their potential hunting area.  This is different than the heavier-
boned ringed seal that can only hunt slow moving prey and have 
limited dietary range [14,19,33]. The harp seal would be able to 
dive deeper but would not be able to remain at a constant depth 
without expending extra energy due to buoyancy pushing against 
their lighter bones; opposite to ringed seal that does not usually 
dive deep but can hydrostatically maintain depth due to their 
denser bones. 

Bone density of some semi-aquatic vertebrates

Bone density in semi-aquatic animals is much more complex 
due to the lack of a true definition for the terms “semi-aquatic” or 
“amphibious,” as well as the need of those animals to efficiently 
move on both land and water [34]. Gemain & Laurin [35] categorize 
species such as the Southern elephant seal (Mirounga leonina) 
and the Southern sea lion (Otaria byronia) as aquatic species and 
the American mink (Mustela vison) as a terrestrial species [35]. 
According to Cooper et al. [36], semi-aquatic could refer to several 
behaviors such as water feeding, escaping to water, habitual wading, 
and typically submerged. The proclivity for these “semi-aquatic” 
behaviors also affected the results of inference models using bone 
microanatomy. Thus, only species that spent increased time in 
water than on land can be accurately separated from terrestrial 
species because amphibious taxa are more adapted to the aquatic 
environment [36]. However, there is a trend towards higher bone 
density in most semi-aquatic species compared to their terrestrial 

counterparts, with those living in the shallows typically having 
dense bones, but lighter bones in active deep divers similar to those 
seen in most modern cetaceans [35].

Reptiles: Placodonts were extinct, slow moving, bottom-feeding 
reptiles who had few osteological adaptations for the aquatic 
habitat they occupied [3,16]. Examination of placodont dentition 
revealed signs of wear due to eating hard shelled mollusks [3]. 
Placodonts displayed an increase in bone density in their skulls and 
some long bones, but without equal distribution. Houssaye et al. 
[16] described increased bone density in the humeri of placodonts, 
more so than in the femora, possibly due to specialization of the 
humeri during feeding. 

A study by Houssaye [37] on squamates (reptiles) from the Late 
Cretaceous period (100.5-66mya) examined the degree and type 
of bone microanatomy and the sediment in which the squamates 
were found, detailing the likely environment in which these 
animals lived.  Squamates who had increased bone density in the 
axial skeleton likely inhabited shallow waters, while those without 
an increase in density lived in more diverse marine environments. 
Similar to recent and extinct marine mammals, the increased bone 
density in squamates would counteract buoyancy and increase 
stability when submerged. This was found to likely be the case for 
the aquatic squamate Pachyvaranus crassispondylus that was found 
in the shallow marine deposits and had increased bone density in 
the vertebrae [8] as well as Pachyophis woodwardi, an extinct snake 
with increased bone density and a laterally flattened body in the 
caudal region [38].  Unlike mammals, most extant snakes living in 
different environments show less variation in the bone density of 
the axial skeleton and maintain a generalist bone microanatomy to 
fit diverse environments [8,37,39].  So, while there is no difference in 
bone density between modern climbing and terrestrial squamates, 
there is a trend towards increased density between terrestrial 
(lowest), aquatic (intermediate) and burrowing (highest) taxa [1].

Figure 7: Crocodilian body plan. (A) Skeleton of the extinct aquatic reptile Champsaurus natator (Photo by D. 
Gordon E. Robertson at the Canadian Museum of Nature, Ottawa, Ontario). Images of (B) the Dwarf (Osteo-
laemus tetraspis; Photo from San Diego Zoo) and (C) Nile (Crocodylus niloticus; Photo from South African National 
Biodiversity Institute) crocodiles. All had similar body plans that are associated with comparable hunting tech-
niques. The Nile crocodile has a more aquatic lifestyle than its close relative the Dwarf crocodile and therefore 
has an increase in bone density
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Champsosaurids (Figure 7A) and Simoedosaurids are both 
extinct aquatic reptiles whose body plans resemble modern day 
crocodilians showing that the crocodilian body plan was more 
advantageous in their specific ecological niches. To maintain anti-
buoyancy and dorsal-ventral position stability, these animals had 
pachyosteoclerotic ribs, vertebrae, and long bones [3]. Modern 
crocodilian species live in shallow waters and can hunt from the 
riverbed. Unlike other animals that remain in shallow environments, 
crocodiles are not bottom feeders. Instead, crocodiles have increased 
bone density corresponding to the degree to which they live in the 
water and not to phylogenetic relationships.  The Nile crocodile 
(Crocodylus niloticus; Figure 7B) has a higher bone density than its 
closest relative, the dwarf crocodile (Osteolaemus tetraspis; Figure 
7C), which is the least aquatic of the two species [24]. However, the 
increased density in the Nile crocodile is moderate when compared 
to other shallow water animals because this species also has other 
mechanisms that assist in increasing overall body density, such as 
their bony scuta [35].

Birds: Bone density in birds corresponds to four behaviors: flight, 
flight and diving, diving without flight and terrestrial without flight 
[24]. Birds in the flight group, such as the Common buzzard (Buteo 
buteo) and the Gray heron (Ardea cinerea), tend to have the lightest 
bones because it is energetically inefficient to fly with heavy 
bone. Terrestrial flightless birds such as the Southern cassowary 
(Casuarius casuarius) and the Common ostrich (Struthio camelus) 
have higher bone density than flight birds.  The densest bones 

[24] are those flightless birds that also dive, such as the shallow 
Humboldt penguin (Spheniscus humboldti), and those that dive with 
flight such as the Northern gannet (Morus bassanus). Therefore, 
increased bone density is associated with diving in birds [24]. 

Mammals: Hippopotamuses are semiaquatic animals that spend a 
considerable portion of time in the water. Their large size (large 
amounts of subcutaneous fat) and large lungs would cause buoyancy 
instability while in water.  However, very similar to what is seen in 
sirenians, hippopotamuses are likely able to control buoyancy and 
dorsal-ventral orientation with the presence of pachyostotic bones.  
These heavy bones are disadvantageous to terrestrial animals, 
making them slow and more susceptible to predation [24]. The 
common hippopotamus is also considered a graviportal animals 
similar to elephants and rhinoceros which also have increased bone 
density more similar to osteosclerosis [18].  Houssaye et al. [18] 
says that it is impossible to know whether this increase in density 
is due to graviportal adaptations, aquatic lifestyle, or a combination 
of both [18]. Whether this increase in density is a graviportal or 
aquatic adaptation, the common hippopotamus (Figure 8A) is most 
closely related to the pygmy hippopotamus (Figure 8B) yet the 
pygmy hippopotamus has lighter bones either because they have 
a more terrestrial lifestyle or because pygmy hippopotamus are 
not considered graviportal [18,24]. This difference in bone density 
(Figure 8C), like the crocodilians mentioned earlier, is not likely 
related to phylogenetic relationships.  

Figure 8: Hippopotamuses.  (A) The Nile or common hippopotamus (Hippopotamus amphibious; Image from 
Zoological Society of London) has a more aquatic lifestyle and increased bone density than (B) the pygmy hippo-
potamus (Choeropsis liberiensis; Photo courtesy of metro Richmond zoo). (C) CT Scan of the Nile hippopotamus 
femur showing thickened bone (Image found at http://mammals locomotion.com/index.html).

Otters share many similarities with terrestrial mammals [20] 
but spend majority of their lives in the water. Puijila darwini, 
thought to have been either a fossil mustelid or an ancestor of 
pinnipeds, likely had semiaquatic lifestyle and increased density 
in their long bones [40]. Modern river otters (Lontra canadensis; 
Figure 9A) actively hunt for fish and regularly pull themselves and 
their prey out of the water in order to feed. Extremely heavy bones 

are not advantageous for animals that spend a considerable amount 
of time on land, therefore, river otters have an intermediate density 
between terrestrial mustelids and the more aquatic Sea otters. In 
contrast, Sea otters (Enhydra lutris; Figure 9B) spend a majority 
of their time in the shallow waters eating urchins, abalone, crabs, 
clams and mussels but don’t have to leave the water for feeding. 
Instead, they eat while floating on their backs [41]. Sea otters are 
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more adapted to the water due to the increased time spent in the 
aquatic environment compared to river otters. One such adaptation 
is a tendency towards osteosclerosis in their ribs and limbs 
[1,2,42]. The increased density seen in sea otters allow for their 
diving behaviors and harvesting of benthic organisms to be more 

energy efficient. However, this microanatomy is cumbersome in the 
terrestrial environment and makes water parturition for sea otters 
an advantage when they are trying to avoid predation and human 
hunting for fur. 

Figure 9: Otters. The (A) river otter (Lontra canadensis; Photo credit Marcus Sharpe) and (B) sea otter (Enhydra 
lutris; Photo credit: Neil Fisher) differ in lifestyle as well as bone density. The sea otter has a more aquatic lifestyle 
and increased bone density when compared to the river otter. There is no visual difference in bone morphology 
between the humerus (Images from Idaho Virtual Museum) of a river otter (C) compared to the osteosclerotic 
humerus of a sea otter (D).

Figure 10: Odobenidae. (A) Walruses (Odobenus rosmarus; Image from Marine Mammal Commission) are known 
to have increased bone density in the limbs, the mandible and the maxilla of the skull (B), especially around the 
roots of the tusks (Photo credit: Oliver Siddons at UCL Grant Museum of Zoology).
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Bone microanatomy of pinnipeds shows similarities to both 
sirenians and cetaceans; some pinnipeds are pachyosteosclerotic 
while others are osteoporotic. Odobenids (walruses) are the only 
living representative of their Family (Figure 10A). Like other 
marine mammals, fossil walruses, such as Valenictus (Pliocene, 
5.3-2.6mya), were also pachyosteosclerotic [43,44]. These large 
animals eat and dive at shallow depths, up to 100m, near the 
coast, and mainly feed on littoral foods such as clams and cockle 
[14,33,45]. Females and calves supplement their diet with 
worms and fish. Although walruses are clumsy in the terrestrial 
environment, they spend a considerable amount of time on land 
for resting, reproduction, and parturition and on pack ice near 
their food sources. Walruses can stand almost perpendicular to the 
sea floor with their heads down and their hind fins up. The ocean 
floor is disturbed with their vibrissae, forelimbs and possibly the 
tusks in order to unearth mollusks. Odobenids utilize a vacuum 
suction feeding technique that sucks mollusks into their mouth, 
separating the soft meaty parts from the shells [45-51]. In the case 
of walruses, pachyosteosclerosis in the mandible [51] and limbs 
[52] are associated with the unique body position and slow graze-
like swimming while bottom feeding. Leverman et al. [50] also 
mentioned that the forelimbs are also used to excavate mollusks 
for the sea floor and causes the predominate limb bones to be 
larger than the other. Odobenids also have osteosclerotic maxillae 

to support their large tusks (Figure 10B).  The tusks are used like a 
sledge while feeding [50] and sometimes used when climbing onto 
land or ice. Walruses are unique among pinnipeds because they 
have pharyngeal pouches that are used as floatation devices in the 
event of injury as well as for sleeping [45]. 

Wall [2] noted the high bone density of five otariid species that 
he studied, further supported by Nakijima & Endo [53].  However, 
neither author used the available terminology to describe which 
type of increased bone density these animals exhibit. Otariids 
(Figure 11) are known to use gastroliths as a mechanism against 
buoyancy much in the same way increased bone density is used for 
some other aquatic animals [17]. This anti-buoyancy mechanism is 
only employed by animals that utilize their forelimbs for swimming 
[3]. The literature on the Otariid (sea lions and fur seals) fossil 
record lacks histological or morphological evidence on bone 
density. Otariids are generally fast swimming hunters that can prey 
on pelagic fishes and benthic organisms.  However, there are some 
species like the Cape fur seal (Arctocephalus pusillus) that typically 
hunt in the upper layers of the sea. Many otariids are opportunistic 
eaters that prey on other otariids, penguins, fish, crustaceans, and 
birds. They also haul themselves out of the water in order to give 
birth and rest [45]. Due to the variation in their diet and the use of 
gastroliths, bone microanatomy cannot be correlated to ecological 
niche in these animals.

Figure 11: Otariidae. (A) The California sea lion (Zalophus californianus; Photo credit: Smithsonian National Zo-
ological Park) and the (B) skeleton (on display at Sea Lion Caves, Photo credit: Suzanne Phillips) of the modern 
Steller’s sea lion (Eumetopias jubatus;  On display at Sea Lion Caves, Photo credit: Suzanne Phillips ). Otariids 
are generalist feeders that use gastroliths as a mechanism against buoyancy.

In Phocids (true seals) with pachyosteosclerosis, the increase in 
bone density corresponds with slower swimming speeds, shallow 
diving depth and prey availability as mentioned earlier. Unlike 
otariids, most true seals have specialized feeding mechanisms and 
habitats making a study of ecological niche and corresponding bone 
densities feasible. This also makes it possible to utilize bone density 
along with other ecomorphological characters to extrapolate 
possible feeding mechanisms and habitats in fossil seals.  

Morphological analysis reveals that there are four 
subfamilies of phocids: Phocinae, Monachinae, Cystophorinae 
and Devinophocinae.  The phocine Pusa hispida (ringed seal) has 
increased bone density and hunts slow moving prey in shallow 

water [14,19,33]. The Caspian (Pusa caspica) and the Baikal (Pusa 
sibirica) seals are closely related to the ringed seal but neither 
show any increased bone density [53].   The pachyostotic bones 
in some parts of the elephant seal (Mirounga leonina) skeleton 
(skull, mandible) have morphological significance (protection from 
fighting and feeding specializations) and are in contrast to the 
osteoporotic condition in some modern cetaceans [9,49]. The bone 
microanatomy of specific parts of the elephant seal skeleton must 
be examined in detail to decipher how these large-sized, sexually 
dimorphic, dietary specialized seals are able to dive deepest 
amongst all phocids, even with likely variation in bone density 
between the sexes.  Male elephant seals are benthic feeders that 
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dive deeper than their female counterparts. The females employ a 
different foraging mechanism by spending more time in the open 
waters and accessing the sea floor much less [54,55]. The females 
feed primarily on cephalopods in the mesopelagic portion of the 
ocean whereas males tend to stay on the continental shelf eating 
mollusks [56].  Fossil seals with known pachyosteosclerosis include 
two cystophorine species of the genus Pachyphoca who lived during 
the Middle Miocene (16-11.6 mya), consistent with the hypothesis 
that increase in bone density originated as a transitional phenotype 
in animals secondarily adapted to an aquatic lifestyle. Pachyphoca 
chapskii (Figure 12A & Figure 12B) and P. ukrainica both have 
primitive morphological characters that give them increased 
terrestrial locomotion than most modern representatives (such as 

large muscle attachments for both flexion and extension of the hip 
joint).  However, only the fossil P. ukrainica (Figure 12C) and the 
modern male Cystophora cristata (Hooded seal) have a prominent 
lesser trochanter, as seen in terrestrial carnivores [19,56,]. The 
extinct subfamily Devinophocinae (Early Middle Miocene, 16.3-
14.9 mya) does not exhibit any increased bone density, suggesting 
that both described species (Devinophoca claytoni and D. emryi) 
were fast swimming and deep diving hunters [51,57,58]. Thus, 
further research is needed to determine if other members of the 
subfamilies Phocinae, Monachinae or Cystophorinae have variation 
in bone density that can be correlated to feeding preferences and 
environmental specializations.

Figure 12: Pachyphoca. Pachyosteosclerotic (A) sacrum and (B) humerus of the extinct cystophorine Pachyphoca 
chapski (Middle Miocene, Middle Sarmatian; ~12.3-11.2 mya).(C) Femur of Pachyphoca ukrainica showing the 
lesser trochanter (red box), which is associated with terrestrial locomotion (modified from Koretsky & Rahmat, 
2013). The presence of pachyosteosclerosis, as well as characters associated with terrestrial locomotion, are 
found in animals in this extinct genus suggests that these seals were transitional species.

 For many years, human evolution revolved around the 
“savannah” model credited to Dart [59], with apes leaving forest 
habitats for the savannah and humans evolving on the African 
savannah.  It would have been on the savannah that the major 
step in human evolution, bipedalism, would have occurred largely 
due to the need for stealthy and fast hunting and predator evasion 
[59].  Napier [60] argued that a more diverse ecology could 
better explain human evolution, as bipedal movement would be 
advantageous for apes transitioning from the forest into grassland 
to visualize predators over the high grasses. More recently, Tobias 
[61] questioned the validity of the “savannah” model when several 
early bipedal humans were found with fossilized forest materials. 
Vaneechoutte, Kuliukas & Verhaegen [62] concluded that humans 
could not have evolved on the savannah and discussed the potential 
evolution of humans near and around water sources, ideas initially 
proposed by Serra in 1938 and Westenhöfer in 1942 [62]. 

In humans, increased bone density is usually associated with 
pathological conditions.  The definitions for these conditions are 
slightly different than those associated with animals. Osteosclerosis 
can be defined as the calcification of cartilaginous tissue and seems 

to be associated with a pathological hindrance in endochondral 
ossification [15,62]. Munro [63] redefines human osteosclerosis, 
osteoporosis, pachyostosis, and other terms of bone density, 
explaining that historically they have all been associated with 
some pathological condition. Osteopetrosis (rock bone) is a group 
of pathologies that in humans leads to dense, brittle and calcium 
rich bones [62]. According to the Merck Manual, a resource for 
doctors and medical professionals on the latest in procedures, 
drugs, and diseases, osteosclerosis is a form of osteopetrosis that 
increases bone density without causing skeletal deformities [64].  
Osteosclerosis is defined by Munro [63] as diffused or localized 
regions of hypermineralization due to pathological conditions such 
as sickle cell anemia and cancer.  The definition by Gray et al. [15] 
associates a decreasing medullary cavity with osteopetrosis. Munro 
[63], however, treats medullary filling as a separate phenomenon 
from other bone states and refers to it as medullary stenosis. 
Hyperostosis is a general term for bone that is not in the proper 
place. Pachyostosis (broad bones) is a form of hyperostosis that is 
the result of periosteal ossification. Overall, the definition of human 
pachyosteosclerosis is comparable to that defined in animals 
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because it combines the definitions of osteopetrosis, pachyostosis, 
and medullary stenosis by Munro [63] and Vaneechoutte, Kuliukas 
& Verhaegen [62].

The discovery of the early hominids, Peking man and Java man, 
first brought light to early humans having denser bones, with both 
noted to have thicker skulls. Weidenreich [65] tried to explain the 
correlation of thicker ancestral skulls to the present condition of 
humans by proposing the “Giant” theory, stating that all hominids 
descended from very large ancestors and skull thickness is related 
to body size. This theory has since been debunked as we know now 
that human body size has gone from smaller to larger over time.  
However, scientists have different theories as to why this cranial 
character has become a definable trait in the skulls of the modern 
human ancestor, Homo erectus [66].

Homo erectus (Figure 13A) has been shown to have higher 
bone density in the parietal bones of the skull, the femur, the tibia, 

and the ulna than their non-human primate counterparts.  This 
increased density was originally considered pachyostosis [66], 
but recently has been reclassified as pachyosteosclerosis [62]. 
Copes & Kimbel [67] argue that the cranial vault thickness (Figure 
13B) of Homo erectus is not unusual among other primates or 
hominids when using a residual analysis and after examining the 
brain capacity of each species, several species actually have higher 
residual values than Homo erectus. There is also a trend towards a 
decrease in trabecular density in the lower joints (ankles, knees, 
and hips; Figure 13C) of Homo over their life history, likely due 
to decreased mechanical load requirements due to the more 
stationary lifestyle of modern man when compared to the more 
nomadic lifestyle of early hominids [68].  Studies on Neanderthals 
(Homo neanderthalensis) and Homo sapiens demonstrated that the 
upper joints are not affected by decreasing bone density because 
the degree of which these joints are used has not changed [69]. 

Figure 13: Hominin. (A) An artist rendering of the face of Homo erectus (approx. 2 mya-100,000 ya; Photo credit: 
Smithsonian Museum of Natural History.) (B) Note the dense parietal bones in the skull (Modified from Boaz and 
Ciochon, 2004), recently associated with foraging in the water. (C) Pachyosteosclerosis has been identified in 
upper and lower limb bones as well (Photo credit: Smithsonian Museum of Natural History).

The Aquatic Ape Hypothesis (AAH) initially stated that early 
human adaptations (such as lack of hair or fur and decreased 
subcutaneous fat) were more suited for water environments 
than the savannah [62,70], further supported by recent evidence 
of the consumption of aquatic foods and bone microanatomy. An 
argument against AAH suggested that Homo erectus had a thicker 
cranial vault than modern humans, likely to help from collisions as 
early hominids hit each other on the head during fights and were 
forced to fight off/hunt large sized prey [63,66]. However, a counter 
argument suggests that in conflict, the thin frontal bone would still 
be vulnerable [63]. Also, a flattened, osteosclerotic skull would 
not serve a protective role because osteosclerosis causes bones to 
become brittle and flattened skulls are not as strong as rounded 
skulls [62].  Other researchers considered any human form of 
hyperostoses to be pathological and due to a lack of osteoclast 
activity [62]. 

Verhaegen & Munro [63] believe that pachyosteosclerosis in 
hominids, similar to what is seen in other taxa, is not pathological, 
but is due to heavy reliance on a semiaquatic lifestyle, supported 
by studies on bone microanatomy coupled with the discovery of 
sessile littoral organisms with H. erectus. Early humans would have 
lived in tribe groups that would have occupied different areas in 
the same ecosystem and, like macaques and baboons, would have 
been opportunistic omnivores [71].  Each tribe or group would 
have a slightly different dietary preference and would use different 
techniques to acquire resources based on availability. Therefore, 
some tribes or groups would have lived closer to water and 
became reliant on it as a food resource, developing techniques for 
harvesting littoral foods that may include a considerable amount 
of time in shallow waters. The discovery of evidence that more 
primitive hominin species, such as Neanderthals, used aquatic 
resources including dolphins, crocodiles, fish and seals in Gibraltar, 
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Tanzania and Kenya further reinforces this hypothesis [72,15].  
However, these discoveries do not mean that these early hominids 
were semi-aquatic or even aquatic. Early Homo ate the foods that 
were available to them, being opportunistic feeders that used tools 
[72-75].

Discussion

Researchers still debate the specific definitions of bone 
microanatomy terminology and the classification of increased bone 
density due to osteosclerosis or pachyostosis. The importance for 
new terminology to accurately describe what is observed has been 
acknowledged previously by others [3,76].  Some authors have tried 
to quantify the increases in bone density in order to make them less 
subjective, questioning what determines at which point does heavy 
bone become pachyostotic, osteosclerotic or pachyosteosclerotic 
[1,24]. There also should be better understanding of the mechanism 
in which the increased bone density has occurred, as osteosclerosis 
can be caused by incomplete endochondral ossification and/or 
inhibition of bone remodeling [39]. 

Bone microanatomy has been correlated to function and 
environment for many years [1-3,15,17,19,20,32,34,77].  In 
aquatic mammals, the degree of specialization for the water can 
be determined by bone density.  This information can be used to 
extrapolate swimming and terrestrial locomotion, diving depths, 
aquatic habitat and possibly feeding behaviors. As mentioned above, 
the bone density seen in marine mammals is largely due to the 
ecological niche of each taxon. In taxa that are secondarily adapted 
to water, osteosclerosis, pachyostosis, and pachyosteosclerosis 
were transitional bone adaptations prior to the development of fins, 
flippers, or flukes. The resulting increase in density associated with 
these bone morphologies correlates with buoyancy control and/or 
stability in the water [1,15-17].  For large animals that employ a 
quadrupedal swimming mechanism and feed on mollusks, diving is 
an energetically expensive behavior. An increase in bone density is 
a hydrostatic mechanism that allows for bottom feeding with very 
little energy exertion.

Animals become best suited for their environment through the 
acquisition of beneficial traits. This could be accomplished either 
through the descent of advantageous traits (phylogeny) or through 
the development of traits in response to the environment (ecology). 
Phylogeny and ecology both contribute to bone microanatomy.  
However, which of these two factors gives the most significant 
contribution is a hotly debated topic.  In the same bone, all the 
parameters that are not associated with compactness, such as 
the position of the transitional area between the medulla and the 
cortex, are known to have phylogenetic signal. Those characters 
that are most associated with compactness are correlated with 
ecology [35].  Moreover, within the same animal, certain bones 
have more phylogenetic signal than others. For instance, the weight 
bearing bones such as the tibia and those associated with food 
acquisition and processing such as the humerus tend to have a 

higher ecological signal than other bones because weight bearing 
bones are associated with locomotion and habitat whereas feeding 
behaviors are associated with food preference as well as habitat. 
And while microanatomy is mostly associated with ecological 
adaption, Kriloff, Germain & Laurin [35] suggest that osteological 
condition can be useful in phylogenetic analysis.

Increased bone density is an adaptation seen in many different 
taxa not closely related to one another. Therefore, in these taxa, 
this adaptation is likely a response to a change in environment and 
behaviors and not due to a shared lineage or close phylogenetic 
relationship [8]. The transition from land to shallow waters is where 
an increase in bone density would have been most advantageous, 
as these animals would eat slow moving fish and mollusks.  Many 
marine mammals lost these higher density bones as an adaptation 
to new environments. The transition to deeper waters and 
faster moving prey makes a lighter, osteoporotic condition more 
advantageous [36]. Animals, such as some cetaceans and some 
pinnipeds, lost bone density over time, whereas other animals, 
such as sirenians, still retain pachyosteosclerosis.  Both cetaceans 
and sirenians originated as terrestrial mammals that secondarily 
reinvaded the aquatic environment. As they became semi-aquatic, 
both groups increased bone density, acting as an energy efficient 
mechanism against buoyancy in animals that are bottom feeders 
with large lung volumes. These animals had legs and feet that are 
much less efficient for swimming than paddle-like fins, flippers and 
flukes [1,20].  Variation of bone density continued as animals became 
more specialized to the aquatic environment. Some cetaceans left 
the shallow waters and became deep diving, fast swimming, and 
fast prey catching animals. Sirenians, that have large lung volume, 
are able to remain in shallow environments, moving slow and 
eating sea grasses, as it is more energy efficient for them to have a 
hydrostatic mechanism (heavier bones) to negate buoyancy than a 
hydrodynamic mechanism (fin and fluke adjustment).  The survey 
of taxa examined in this review demonstrates that changes in bone 
density occur in response to environmental and behavioral (i.e. 
feeding) conditions. 

Similarly, placodonts and sauropterygians follow this same 
pattern [76]. In some described plesiosaurs from New Zealand 
such as pliosaurs, juveniles live and hunt in the shallows and have 
increased bone density. Adults lost this bone density and lived in 
the open waters as active predators [78]. Extinct sea snakes and all 
sirenians have increased bone density around the lungs in order 
to counteract the buoyancy of that region. It is expected that this 
trend would continue in pinnipeds. However, a thorough study has 
yet to be done.

Increased bone mass is usually present in the long bones, 
mandibles, vertebrae, skulls, and ribs. The increased density in 
the vertebrae is for buoyancy whereas the other bones (except the 
mandible and skull) have the added function to maintain the proper 
dorsal-ventral position.  The mandible and skull appear to be both 
correlated to bottom feeding behaviors in the benthic zone whether 
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it be diving with the head down or having large area for muscle 
attachments, advantageous for crushing shells. Therefore, pinnipeds 
that are bottom feeders in the shallow littoral zone should show 
increased bone density of the long bones, mandibles, vertebrae, 
skulls and ribs.  For pinnipeds that live in the shallow waters but 
are not bottom feeders such as the ringed seal (Pusa hispida), it is 
reasonable to assume that these animals have increased density 
in long bones, vertebrae and ribs [79]. So far, we know that these 
animals have increased density in their humeri [19]. Deep divers of 
the pelagic zone that do not bottom feed should not show increased 
bone density and probably are osteoporotic.  And for those that 
deep dive and feed on benthic fishes, they are expected to have at 
least some increased density in the mandible and skull.  The extant 
harbor seal (Phoca vitulina) eats crustaceans and fishes that live in 
the shallow and coastal waters [80] and has increased bone mass in 
the ribs. Male southern elephant seals (Mirounga leonina) also have 
an increase in rib and mandibular bone density, but they are known 
deep divers and bottom feeders [81]. More studies have to be done 
to determine the density of other bones in all modern phocid taxa in 
order to confirm that bone density is the result of ecological niche/
feeding behaviors as seen in other marine mammals. This data can 
then be used to extrapolate possible ecological niche and feeding 
behaviors in extinct seal taxa. 

It should also be noted that some taxa exhibit an unequal 
distribution of bone density. As mentioned earlier, placodonts have 
higher bone density in their humeri than in their femora.  Bone 
density distribution can also be unequal in the same limb as the 
proximal bones of the sea otter (Enhydra lutris) have higher bone 
density than the distal bones (radius, ulna, tibia and fibula).  These 
phenomena have been observed frequently but an explanation for 
the unequal distribution has yet to be rendered [9]. The chemical 
composition of bone should also change depending on the density 
of the bone. Therefore, the chemical composition of the bone would 
be different in shallow water seal species when compared to those 
that are deep divers. This might also be true even in closely related 
species, as any variation in bone composition would be due to 
different ecological niches.  

Furthermore, previous studies have asserted that microanatomy 
of some bone can be used in phylogenetic analysis. The authors make 
clear that bone microanatomy has both ecological and phylogenetic 
contributions. However, bones that are most associated with 
locomotion and habitat such as the tibia and those associated in 
feeding behaviors such as the radius are more related to ecological 
niche and have less of a phylogenetic signal than other bones such 
as the fibula [35]. The effects of gravity would be lessened in an 
aquatic environment, with water acting as a better medium than 
air for bipedalism in animals that are traditionally quadrupeds. The 
decrease in trabecular density in the joints is due to a decrease in 
load requirements, possibly to facilitate wading in water. Because 
it is a convergent trait in different taxa, it would be safe to assume 
that a particular behavior or environment would facilitate its 
success.  Yet, we don’t see other animals develop bipedalism when 

adapting to the aquatic environment. The popular hypothesis is the 
use of the forelimbs for foraging, carrying and eating [62].  The loss 
of quadrupedal locomotion in these taxa also leads to a reduction 
in the length of the forelimbs seen in modern humans.  This affect 
is seen more dramatically in species such as the kangaroo and 
Tyrannosaurus rex. Opponents of this theory argue that human 
evolution progressed towards longer upper limbs, an increased 
upright position of the body, as well as increased bipedalism [70]. 

Thorpe, Holder & Crompton [82] disagreed with Langdon 
and supporters of the Aquatic Ape Hypothesis (AAH), stating 
that early hominids maintained long upper limbs while becoming 
more bipedal as a result of a woodland existence.  If this is true, 
then humans may not have evolved from a quadrupedal ancestor 
similar to gorillas but maybe a tree dweller similar to an orangutan. 
Therefore, it is inferred that the upper limb has shortened over 
time [82].  The AAH remains controversial and has become popular 
again due to studies of bone microanatomy and the re-evaluation 
of previous evidence.  Hominids are animals that evolution has 
molded into modern humans using the same pressures that other 
animals experienced [83,84].  It is not far reaching to think that 
there may have been an aquatic branch of the Homo family tree, 
similar to what is known in animals secondarily adapted to life in 
an aquatic environment. Therefore, the AAH must be evaluated 
further, as this hypothesis cannot be dismissed completely due to 
reasonable arguments and cannot be fully accepted due to the lack 
of evidence [85,86].

Conclusion

Osteoporosis is associated with fast swimming taxa that actively 
hunt fast moving prey. Increased bone density, whether through 
osteosclerosis, pachyostosis, or pachyosteoslcerosis, historically 
is associated with slow moving, shallow dwelling animals.  This 
was true when the first terrestrial animals began to exploit aquatic 
food sources near the shore and is still true with modern aquatic 
and semi-aquatic species that collect sessile littoral foods. In semi-
aquatic animals, there is a positive correlation between the amount 
of time spent in water and the amount of increased bone density.  
This correlation, along with apparent convergent microanatomies, 
and the feeding and diving behaviors associated with those bone 
microanatomies, leads us to believe that bone density is more likely 
related to ecological and dietary preferences than to phylogenetic 
relationships.  
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