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A remarkable property of tetrapod bone is its ability to detect and
remodel areas where damage has accumulated through prolonged
use. This process, believed vital to the long-term health of bone, is
considered to be initiated and orchestrated by osteocytes, cells
within the bone matrix. It is therefore surprising that most extant
fishes (neoteleosts) lack osteocytes, suggesting their bones are not
constantly repaired, although many species exhibit long lives and
high activity levels, factors that should induce considerable fatigue
damage with time. Here, we show evidence for active and intense
remodeling occurring in the anosteocytic, elongated rostral bones
of billfishes (e.g., swordfish, marlins). Despite lacking osteocytes,
this tissue exhibits a striking resemblance to the mature bone of
large mammals, bearing structural features (overlapping second-
ary osteons) indicating intensive tissue repair, particularly in areas
where high loads are expected. Billfish osteons are an order of
magnitude smaller in diameter than mammalian osteons, how-
ever, implying that the nature of damage in this bone may be
different. Whereas billfish bone material is as stiff as mammalian
bone (unlike the bone of other fishes), it is able to withstand much
greater strains (relative deformations) before failing. Our data
show that fish bone can exhibit far more complex structure and
physiology than previously known, and is apparently capable
of localized repair even without the osteocytes believed essential
for this process. These findings challenge the unique and primary
role of osteocytes in bone remodeling, a basic tenet of bone bio-
logy, raising the possibility of an alternative mechanism driving
this process.
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Bone forms the stiff, load-bearing framework of the body of
vertebrates. The current paradigm of bone biology is that the

microdamage that accumulates in bone—the result of repeated
loading over long periods of time—is prevented from reaching
failure levels by “remodeling,” a physiologic maintenance pro-
cess by which packets of damaged bone material are removed,
then replaced by new, undamaged tissue (1). The most crucial
role in the remodeling sequence is thought to be played by the
osteocytes, the cells residing within the bone matrix, which sense
local increases in strain (or strain energy density) caused by
microcrack accumulation, then initiate and coordinate remod-
eling once a defined threshold is reached (2, 3). First, surface-
residing osteoclasts (bone-resorbing cells) are recruited to invade
and erode packets of damaged tissue within the bone material,
a process that creates visible resorption cavities. Osteoblasts
(bone-building cells) are then recruited to these eroded areas,
and fill them concentrically from the periphery inwards with new
bone, leaving only a small central canal for the passage of blood
vessels and nerves (4). This “repair by replacement” process
alters bone’s ultrastructural morphology, leaving behind lamel-
late, nearly circular “secondary osteons” (Fig. 1 A–D). Because
subsequent secondary osteons do not respect each other’s

borders, heavily remodeled tissue, which forms particularly in
situations of large load magnitudes and/or cyclic loading, bears
a characteristic morphology of overlapping osteons (Fig. 1 C and D),
a structural record of vigorous remodeling (ref. 2; SI Text).
Considering the pivotal role of osteocytes in remodeling and

that remodeling is believed to be essential for the proper long-
term function of bone, it is surprising that the bones of almost all
members of the huge group of extant neoteleost fish—close to
50% of all vertebrates—are completely devoid of osteocytes
(anosteocytic) (Fig. 1E) (5, 6). According to the current tenets of
bone biology, because local internal strains are believed to be
sensed by osteocytes alone (3, 7), remodeling in anosteocytic fish
species would either not occur at all, be driven by something
other than damage, or be stochastic in nature (i.e., “undi-
rected”). The former option, lack of remodeling, is supported
by the fact that the bone of most fish species examined to date
has been shown to be featureless (i.e., to lack traces of remod-
eling; e.g., Fig. 1E), particularly in comparison with mammalian
bone (e.g., Fig. 1 A–D) (5, 6, 8–11). From a functional point of
view, however, there are many reasons to expect that both
osteocytic and anosteocytic fishes should need to remodel their
bones: Remodeling occurs in a wide assortment of aquatic and
terrestrial amniote species (4, 12, 13); fish experience large loads
on their skeletons (e.g., bite forces can exceed 300 N, and fish
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mass-specific bite forces are the highest recorded among verte-
brates; ref. 14); and in vivo physiologic strains measured in fish
bone are within the same range as those of mammals, and with
considerably higher strain rates (15).
Although fish (both osteocytic and anosteocytic) have been

shown to respond to changing loading conditions by altering
bone external morphology (the process of “modeling,” per-
formed only on external and internal surfaces; see SI Text), there
has been to date no definitive morphological evidence of re-
modeling within the bone material (SI Text). We examined the
anosteocytic skeletons of billfishes, species with bone that we
argue is at the extreme end of the need for remodeling (Fig. 2
and Fig. S1). The billfishes (Xiphiidae and Istiophoridae) have
long life spans (up to several decades), and can reach large body
sizes and high swimming speeds (up to 600 kg and 75 km/h, re-
spectively, in some species) (16, 17). The large pointed rostra or
“bills” from which the fishes get their common name—formed
from sword- or spear-shaped, elongated upper jaw bones—are
used to strike and stun a variety of prey (16, 18, 19). These
factors suggest that the long rostra regularly sustain repeated
high forces, which result in high stresses and strains and, there-
fore, have a substantial demand for superior bone material
properties (e.g., unique resistance to failure) and/or remodeling
to ensure long-term bone health and function. We focus our
analysis on several billfish species, including some with bills
reaching impressive lengths (∼0.5 m or a quarter of the body
length of the fish in blue marlin, Makaira nigricans, and more
than 1.0 m or half of body length in swordfish, Xiphias gladius)

(Fig. 2 and Fig. S1). Billfish rostra therefore represent an ex-
treme example of anosteocytic bone, loaded heavily and cycli-
cally in cantilever bending over the animals’ long lifespans, and
likely in need of regular remodeling to avoid failure. The five
species examined provide a broad palette of body sizes and bill
lengths in a closely related group of fishes (Fig. 2 and Fig. S1)
and, therefore, are an ideal system to investigate correlations
among body/bill size, reported activity level, and evidence for
remodeling.

Structural Properties of the Bone of the Billfish Rostrum
The internal architecture of the rostral bone of all billfish species
examined here bears striking resemblance to mammalian sec-
ondary osteonal bone, in stark contrast to the bone of fish pre-
viously examined, and bone from billfish opercula (Figs. 1–3 and
SI Text). Bone cross-sections are densely populated by “osteon-
like” structures that are lamellate and nearly circular, possess
a central canal, and are surrounded by a slightly crenulated
border (a “cement line”). However, whereas mammalian sec-
ondary osteons are heavily populated with osteocytes and be-
lieved to depend on them for their formation (7, 20, 21), billfish
“osteons” are entirely devoid of these cells, thus presenting
a striking variation on the classical appearance of mammalian
secondary osteons (compare osteons in Figs. 1 and 3). The ce-
ment lines of “anosteocytic osteons” (a term we will use to dis-
tinguish them from tetrapod osteons) are much brighter than the
bone matrix they surround when viewed in back-scattered scan-
ning electron (BSE) microscopy (Fig. 3B and insets in Fig. 2 and
Fig. S1), suggesting they are comprised of a material with higher
mean mineral density (22). Cement lines are a prominent feature
of tetrapod secondary osteons and are also reported to be more
highly mineralized (and therefore more brittle) than the matrix
they surround (23); they are therefore thought to be a major
contributor to bone toughness by causing propagating cracks to
deflect around rather than cut through osteons (24, 25). Billfish

Fig. 1. Mammalian bone ultrastructure, showing morphological evidence
for remodeling, compared with relatively “featureless” fish bone. (A) Cross-
section of dog femoral midshaft with localized areas showing primary and
remodeled bone (secondary osteons). (B) Higher magnification of the upper
boxed region in A, showing isolated, nonoverlapping osteons (borders in-
dicated by dashed lines) present in otherwise lamellar (layered) primary
bone tissue. Every osteon is organized around a central Haversian canal (Ca);
smaller black dots are osteocyte lacunae. (C) Higher magnification of the
lower boxed region in A, showing much higher osteonal density, with many
overlapping osteons (secondary osteons, shown by arrows, and in more
detail in the inset image), indications of tissue remodeling. (D) Horse third
metatarsal bone showing heavy remodeling, evidenced by extensive osteo-
nal overlap. Inset polarized microscopy image illustrates how osteonal la-
mellae are “interrupted” by lamellae of new osteons (white arrows). The
smaller Inset image highlights the high concentration of osteocyte lacunae
(Os), visible as small black dots throughout the tissue. (E) Tilapia opercular
bone which, like most fish bone examined to date, has a simple layered
ultrastructure, even at higher magnification (Inset). This species is anosteo-
cytic (i.e., lacks osteocytes entirely); in contrast, the mammalian tissues in
A–D all have numerous osteocytes.

Fig. 2. Gross morphology and ultrastructure of billfish bone. Swordfish
(SW) and blue marlin (BM) are shown here; tissue ultrastructure of the ad-
ditional species examined (SB, shortbill spearfish; SF, sailfish; WM, white
marlin) is shown in Fig. S1. The body plan of the fish is shown as a silhouette,
with CT scan images beneath showing the skull in dorsal and lateral per-
spectives (white bars between CT scans = 10 cm). Light microscopy images of
distal, whole bill transverse cross-sections are shown beneath CT scans,
demonstrating an array of complex ultrastructures, with circular inset
images providing a higher magnification of the acellular osteonal tissue
(BM, backscatter electron image; SW, light microscopy image). CT scans of
crania of the remaining three species in the lower left corner illustrate the
variation in relative bill length among species. Two-letter acronyms for
each species (in white circles in species’ silhouettes) are used also in sub-
sequent figures.
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cement lines, compared with those of tetrapods, exhibit much
greater grayscale contrast relative to the matrix, suggesting they
are either hypermineralized or perhaps relatively collagen-poor
or both (23).
Similar to mammalian bone, when billfish osteons are studied

under polarized light—the natural birefringence of collagen
enabling the visualization of collagen fibril orientation—they
exhibit several concentric lamellae around each osteon’s central
cavity (compare Fig. 3C with Fig. 1D, Inset). Successive lamellae
are alternately bright and dark in appearance, suggesting different
underlying collagen orientations (as in “Type II” mammalian
osteons): Collagen layers oriented in line with the osteonal long-
axis appear dark and those with collagen layers oriented off-axis
(>45° relative to the long axis) appear bright (26) (Fig. 1C). These
images illustrate that, where osteons overlap, the continuity of the
lamellae of the “background” (older) osteon is interrupted by the
presence of the “foreground” (newer) osteon. This morphology
provides convincing evidence that this is secondary osteonal tissue,
and not simply bone exceptionally dense with nonoverlapping

primary osteons (structures developing in primary bone, not via
remodeling; see SI Text).
Despite gross shape similarity between osteocytic and anos-

teocytic osteons, from a histomorphometric perspective, billfish
osteons are strikingly different from those of mammals (27, 28),
having a spatial density that is effectively an order of magnitude
higher (ranging between 150 and 250 osteons/mm2) and being
∼50–90% smaller (typically less than 110 μm wide, with areas
0.004–0.021 mm2) (Figs. 2, 3 A–D, and 4A). Both billfish and
mammalian osteonal networks are comprised of long osteonal
central canals (Haversian canals in mammals), oriented mostly in
line with the long axis of the bone, and shorter transverse canals
(Volkmann’s canals in mammals), linking adjacent central canals
(Fig. 4 A and B) (29, 30). However, the central canals of billfish
osteons are comparatively small, ranging from 17 to 50 μm in
diameter, less than 50% the diameter of the analogous mam-
malian Haversian canals (Fig. 4A). The high density of osteons
(and therefore the high density of central canals) results in
compact bone tissue with high porosity, ranging between 8 and

Fig. 3. Evidence for secondary (remodeled) tissue in billfishes. (A) Dense
osteonal tissue in white marlin (light microscopy). (B) Blue marlin osteons
(backscatter electron image, BEI): Each osteon has a central canal and is
surrounded by a brighter cement line, indicating higher mineral density. (C)
Swordfish osteons (polarized light), showing concentric lamellar ultrastruc-
ture of osteons and the interruption of lamellae by overlapping (i.e., newer)
osteons (similar to Fig. 1D larger inset). (D) Swordfish osteons (BEI). (E) Horse
osteons (BEI), with the central Haversian canal (Ca) and osteocyte lacunae
(Os) indicated. (F) Swordfish opercular bone (light microscopy), lacking
osteons (similar to Fig. 1E). D–F are the same magnification to facilitate
comparison: Billfish rostral bone is characterized by osteons that are signif-
icantly smaller than mammalian osteons (compare D and E) and exhibits far
more complex ultrastructure than the simple, layered billfish opercular bone
tissue (compare D and F).

Fig. 4. Comparison of vascular canal morphology in mammals and bill-
fishes, using horse limb bone (Left) and blue marlin rostral bone (Right) as
examples; the illustrated schematic in the center of A shows the anatomical
orientation of all images, with the axial/longitudinal axis of the bones run-
ning from the top to bottom of the page. (A) Light microscopy images of the
orthogonal faces of bone cubes (Inset images show higher magnification of
the transverse plane, perpendicular to the axial direction); note the size
difference between horse and blue marlin osteons and the presence of
osteocytes in the horse image (small black dots surrounding each canal). (B)
Volume-rendering of a microCT scan of each species’ canal network; note
the comparatively large horizontal canals in blue marlin. (C) Volume-ren-
dered skeletonization of canal networks, with canal segments color-coded
according to orientation relative to the axial direction (blue, axial; red,
perpendicular to axial, i.e., medial/dorsal). The frequency plot of these ori-
entations illustrates that the majority of canals are oriented axially (0°) in
both species; however, blue marlin also show a tendency toward a second
peak at 90°, whereas horse exhibit more canal segments with intermediate
angles (0° > θ > 90°). Horizontal canals in blue marlin (e.g., visible in A) are
obscured by the extremely dense network of vertical canals in the volume
renderings in B and C.
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15% even in the most “compact” areas (i.e., in the distal quarter
of the bill), and up to even 35% in white marlin. This porosity is
at least twice that of mammalian compact bone, even considering
the contribution of the lacunar-canalicular system (28, 30). The
differences in canal size and density between billfish and mam-
malian bone result in canal networks with fundamentally dif-
ferent topographies, as illustrated by volume renderings of the
canal systems from microcomputed tomography scans of small
cubes of billfish bone and of equine cortical bone (Fig. 4 B and
C). Our analysis of canal segment directionality (Fig. 4C, Meth-
ods, and SI Methods) shows that the canals in blue marlin bone
exhibit a somewhat bimodal distribution, with a strong bias to-
ward the axial direction and a smaller secondary peak at 90° (i.e.,
horizontal canals), whereas the canals in horse bone, although
also mostly axially directed, have a higher frequency of obliquely
oriented canals. Although billfish bone obviously lacks the la-
cunar-canalicular system of tetrapod bone (which links osteo-
cytes within an osteon with each other and the central canal), the
high density of billfish bone canals represents a similarly inter-
connected bone canal network.
The anosteocytic osteons we show here impart a hugely in-

tricate ultrastructure to the bone tissue, far exceeding that ob-
served in any previous microscopy image of fish bone (see SI Text
for detailed discussion of species previously examined). As in
mammals, morphological evidence of remodeling in these spe-
cies suggests correlations with ontogeny and activity. For exam-
ple, the distal bill has a higher density of secondary osteons (i.e.,
is more remodeled) than the base (e.g., in the blue marlin, 181 ±
78 SD osteons/mm2 at a location three-quarters of the bill’s
length from the base, compared with 76 ± 36 SD osteons/mm2 at
a location one-quarter of the bill’s length from the base). This
observation leads us to suggest that the tip is the oldest portion
of the bill and/or where most microdamage accumulates. Fur-
thermore, secondary osteons are less prevalent or absent in
bones that are apparently under less rigorous mechanical
demands, such as the skeletons of smaller, less active species
(e.g., carp, tilapia; Fig. 1E), the opercula of all billfish species
examined here (e.g., Fig. 3D), and the shorter rostrum of the
shortbill spearfish (Fig. 2 and Fig. S1). Moss (6) and Ørvig (31)
reported no secondary tissue in the many bony fish species they
examined, with the latter going as far as to state that secondary
osteons were “as a rule absent in fishes” (p. 331); our data show
this assertion to be incorrect. Nevertheless, it is possible that
remodeling is not ubiquitous in fishes: The examples of remod-
eled bone presented here occur within a small group of fishes
with exceptional cranial morphologies, body sizes, and perfor-
mance, and all previous suggestions of remodeling were found
only within anosteocytic acanthopterygian fishes (SI Text). Mul-
tiple actinopterygian orders contain active and/or large fish
species (e.g., exceeding 1.5 m in length), providing ideal fodder
for future examinations to untangle relationships among re-
modeling, mechanical demands and phylogeny.
If we assume that the broad structural characteristics and

dynamics of the remodeling process are similar among vertebrate
taxa, with osteoclasts digging resorption cavities in existing bone
and osteoblasts filling them concentrically from the outside in,
the morphologies we observe suggest remodeling in billfishes
and mammals may differ in some fundamental aspects. In
mammals, resorption cavity size dictates the size of the resulting
osteon (27). The comparatively small osteons of billfishes may
reflect the known morphological and functional differences be-
tween osteoclasts of advanced teleosts and those of mammals: In
contrast to the giant multinucleate osteoclasts of mammals that
excavate deep pits during resorption, fish osteoclasts are pri-
marily mononucleate, extremely flat, and considerably smaller,
performing instead a smooth (nonexcavating) resorption (32, 33).
In addition, the larger osteons in mammals could also be related

to the presence of osteocytes, which may participate in determining
the size of osteons.
Osteon dimensions could also be related to the size of the

damaged regions they are replacing. In mammals, osteon diam-
eters are often larger than observed microcrack lengths (27, 34,
35), supporting the idea that the sizes of secondary osteons are
a function of the amount of local microdamaged tissue they re-
place. Osteon size in fishes could suggest a difference in the
average sizes of zones in need of repair and, therefore, an in-
herently different response to fatigue failure; however, the physi-
ological and material responses of fish bone to microdamage (e.g.,
whether microcracks form at all in vivo) are at present unknown
and require further investigation.

Mechanical Properties of the Bone of the Billfish Rostrum
The composition (e.g., organic and inorganic content) and
structure of bone dictate its ability to manage load. Our un-
derstanding of the parameter space of bone function is shaped
almost entirely by data from terrestrial mammal bone material,
with limited perspective as to whether and how bone properties
change according to ecology and functional role (but see refs.
36–38). The mechanical properties of fish bone have been only
rarely examined, with most works investigating osteocytic fish
bone and all only reporting stiffness (e.g., not properties relating
to yield behavior or toughness). The available data point to fish
bone being much more compliant than tetrapod bone, with
elastic moduli in the range of 5–8 GPa (8, 39, 40), less than half
of mammalian bone stiffness (5–25 GPa) (4), although fish bone
consists of the same basic building blocks as tetrapod bone
(mineralized collagen fibrils and water) (11, 41).
We performed mechanical tests on small, same-sized beams of

bone from the five billfish species, and (for comparison) from ad-
ditional species for which material property data already exist: an
anosteocytic teleost (tilapia, Oreochromis aureus), an osteocytic
teleost (carp, Cyprinus carpio), horse (Equus caballus), and human
(Homo sapiens); our data for these latter four species agreed with

Fig. 5. Average stress–strain curves for similar-sized bone beams tested in
bending, for two mammal species (Ho, horse; Hu, human), five billfish spe-
cies (see Fig. 2 for acronyms), and two additional bony fishes (C: carp,
osteocytic bone; T: tilapia, anosteocytic bone). Young’s modulus is the slope
of the initial, linear portion of the stress–strain curve. Stars on curves in-
dicate the average fracture stress/strain for those samples that fractured
during testing. Lines that lack stars or continue past the fracture point (i.e.,
fish species) continued to strain without failure until the displacement limit
of the testing machine. Note that, although billfish bone (excepting
shortbill, SB) tended to be as stiff as mammal bone (i.e., to have a similar
initial slope), it reached considerably larger postyield strains, similar to
other fish species (C, carp; T, tilapia). Numbers next to each species indicate
number of beams tested.
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previous work (4, 8, 42). Results show that the bone of billfish
possesses mechanical properties that can be considered a unique
blend of fish and mammalian bone characteristics (Figs. 5–6). The
stiffness and yield strain of billfish bone are similar to those of
mammals, ranging from 12 to 20 GPa and 0.7 to 0.8%, respectively
(Fig. 5). However, although mammalian bone typically fails at
strains of ∼2%, billfish bone material typically failed at strains
greater than 3–4%, in other words, deforming twice as much before
fracture. In fact, most billfish samples remained unfractured even at
the maximum displacements possible for our mechanical testing
machine (∼5% strain) (Fig. 5).
Mammalian osteonal bone exhibits a strong orientation de-

pendence of its stiffness (mechanical anisotropy), being 1.3–2.0
times stiffer along the longitudinal axes of osteons (i.e., longitudinal
axis of long bones) compared with the orthogonal orientations (Fig.
6A). Our results for billfish bone, based on compression testing of
cubes in three orthogonal directions, revealed similar anisotropy,
biased toward the axial direction however to a more extreme de-
gree, being on average 6.3 times (and up to 11 times) stiffer when
loaded in line with the longitudinal axis of the bill (Fig. 6A). This
effect seems linked to the presence and arrangement of the acel-
lular osteons, because shortbill spearfish bone (with less pro-
nounced osteonal structure and orientation) was most stiff in the
medial direction (Fig. 6A), and mechanical anisotropy was not seen
in species that lack osteons (e.g., tilapia and carp) (8).
Variations in material properties across tetrapod mineralized

tissues reflect, to a large degree, variations in their composi-
tions. Mineral content, in particular, plays an important role in

dictating material properties, having a positive relationship with
material stiffness and stress at yield, but a negative relationship
with the work to fracture and ultimate strain of mineralized
vertebrate tissues (36–38). The mineral density of billfish bone,
reasonably consistent among the different billfish species tested
here (0.9–1.0 g/cc), was also similar to the average levels re-
ported for other fish species, both osteocytic and anosteocytic
(0.75–1.00 g/cc) (8, 39) (Fig. 6B). This level of mineralization is
impressively low given the extreme and nonlinear dependence of
stiffness on mineral content in vertebrate mineralized tissues and
in comparison with the mineral density of the human samples
measured here (1.24 g/cc; Fig. 6B) and of most mature mam-
malian bone (∼1.20–1.30) (4). The similarity among the mineral
densities determined for billfish and other fish species and the
high stiffness and extreme anisotropy of billfish bone, compared
with the stiffness and mechanical isotropy reported for other fish
bones, leads us to conclude that billfish bone stiffness is the
consequence of structural features (e.g., its osteonal structure)
rather than higher mineral density.
The large failure strains for billfish bone indicate impressively

high material toughness, allowing it to deform considerably be-
fore fracturing. It has been shown that mineralized biological
materials achieve high toughness through their hierarchical
structure and composite nature, with tissue ultrastructure cre-
ating circuitous, energy-dissipating paths for microcracks to fol-
low, allowing them to deform safely under load, whereas pure
mineral would exhibit brittle fracture. It is possible that, similar
to tetrapod bone, the hypermineralized cement lines of billfish
osteons create a stiffness mismatch with the osteonal tissue they
enclose, serving to deflect propagating cracks, however, with the
smaller osteons of billfishes creating more complex environ-
ments for cracks to navigate. Additionally, the apparently high
rate of remodeling in anosteocytic bone could eliminate micro-
damage more efficiently than in mammalian bone, increasing
material toughness by returning the tissue to an undamaged
state. A high remodeling rate would also suggest that at any time,
more of the bone is “new” and therefore less mineralized
(supported by our mineral density data), resulting perhaps in
longer postyield regions, as in comparatively poorly mineralized
tissues like young mammalian bone and antler. The long
postyield region of fish bone allows the tissue a longer period of
use following regular fatigue damage, providing more time for
the repair process; examination of the response of billfish bone
to cyclical loading and the nature of propagation of its micro-
damage is needed to clarify whether this tissue reacts to regular
use in a manner inherently different to tetrapod bone.

Conclusion
The occurrence of remodeling in anosteocytic bone begs re-
evaluation of one of the most fundamental paradigms of bone
biology. If billfish bone is remodeled in response to regular fa-
tigue damage (as is strongly supported by our data), how is the
need determined without strain-sensing osteocytes? Remodeling
in billfish bone suggests either that fishes possess a different
strain sensor than mammals or that the role is not solely man-
aged by osteocytes in vertebrates. Given the particularly high
density of central canals of osteons in billfish bone and the ap-
parent lack of need of rich vascular perfusion (i.e., given that
there are no osteocytes to nourish; refs. 4, 43, and 44), we suggest
that central canal tissues may house the triggers for the repair
mechanism, perhaps involving bone lining cells covering the
walls of the robust canal system (32), as had been previously
proposed for mammalian bone (45). Alternatively, it may be that
bone remodeling in billfish is not directed by damage, rather it is
either driven by some other process (e.g., tissue age) or is
completely stochastic, as has been proposed for a certain pro-
portion of mammalian remodeling (46). However, the associa-
tion among relative bill length, intensity of remodeling, and bone

Fig. 6. Mineral content, stiffness, and anisotropy of bone tissue from mam-
malian and fish species (see Figs. 2 and 5 for species acronyms). (A) Bone stiffness
anisotropy. For each species, the medial and dorsal moduli are plotted relative to
the axial modulus (dashed horizontal line at 1.0); values above or below this line
indicate orthogonal moduli that are higher or lower than the axial modulus,
respectively. Billfish bone, like mammalian bone, is considerably stiffer in the
axial direction (i.e., in line with the bill’s long axis), with shortbill again being an
exception. (B) Mineral content (BMD) is higher in mammalian species than fish
species; however, the stiffness (E) of billfish bone is similar to that of mammalian
bone and higher than that of other fish species, with shortbill (SB), exhibiting an
intermediate stiffness (see also Fig. 5). Note the different tissue morphology of
shortbill relative to other billfish bone in Fig. S1 and see Fig. 4 for tissue ultra-
structure associated with the different anatomical orientations. Horse data are
from ref. 48 and human data from ref. 49.

Atkins et al. PNAS | November 11, 2014 | vol. 111 | no. 45 | 16051

EV
O
LU

TI
O
N

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1412372111/-/DCSupplemental/pnas.201412372SI.pdf?targetid=nameddest=SF1


material properties seen in billfishes (e.g., the shortbill showing
the least stiff, tough and remodeled bone) argues for a remod-
eling process driven by strain intensity. Investigations of struc-
tural changes and cellular recruitment strategies in response to
load and damage in both osteocytic and anosteocytic fish bone
will provide vital clues to the processes at work, while also
broadening our perspectives on fundamental roles of cells in the
biology of skeletal tissues.

Methods
A detailed description of methods is provided in SI Methods.

Animals and Samples. We examined bills of five billfish species: blue marlin
(M. nigricans), white marlin (Kajikia albida), sailfish (Istiophorus albicans),
shortbill spearfish (Tetrapturus angustirostris), and swordfish (X. gladius).
Tested samples included transverse sections, cubes, and beams.

Microscopy. Transverse sections of bills were ground, polished, then examined
by reflected-light microscopy (25%, 50%, 75%, 95% along the bill), polarized
light microscopy (75% location), and scanning electron microscopy
(75% location).

Medical and Micro CT Scanning and Quantification of Canal Networks. Heads
from all five species weremedical CT scanned and volume-rendered inMimics

(Materialise HQ). Cubes of blue marlin bill and horse (Equus caballus) third
metacarpal bone were micro-CT scanned and canal networks volume-
rendered for anatomical investigation in Drishti (sf.anu.edu.au/Vizlab/
drishti). Angular data were visualized by color-coding skeletonized canals in
3D by using MayaVi (47) and then summarized in a frequency histogram of
canal segment angles (Fig. 4C).

Mechanical Testing. Cortical bone beams from the five billfish species (75%
location), horse (third metatarsal bone), human (H. sapiens, femora and
metatarsi), carp (C. carpio, opercula), and tilapia (O. aureus, opercula)
were tested by three-point bending. Load-deformation data were con-
verted to stress and strain by using beam theory, then all beams were
micro-CT scanned to determine bone mineral density. Cubes (2 × 2 × 2 mm)
from the densest compact bone in the 75% location of the bills of all
billfishes were also tested in compression in all three orthogonal ana-
tomical orientations (Fig. 4).
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