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SI Text
Identification of Remodeling by Morphology. Secondary osteons are
markers of remodeling, thus present in locations of previous
damage in cases where remodeling is damage driven: During
remodeling, the shape and location of a resorption cavity dug by
osteoclasts (and therefore the shape of the future secondary
osteon, which osteoblasts will create inside it) relate only to the
area of tissue in need of repair (1). In cross-section, newly created
secondary osteons appear superimposed over any preexisting
background tissue, be it primary (unremodeled) or previously
remodeled (e.g., a field of secondary osteons) (Fig. 1 C and D)
(2). The time-staggered activity of osteoclasts and osteoblasts
and the fact that remodeling may occur in many different loca-
tions in the skeleton simultaneously means that a single cross-
section of bone can provide a temporal snapshot of multiple
stages of remodeling (Fig. 1A) and because remodeling is an
ongoing process, many regions bear evidence of multiple “gen-
erations” of localized repair (Fig. 1 C and D). We assert that
morphological demonstration of remodeling is only definitive
when osteons are seen to be “overlapping” other osteons, be-
cause osteons can also exist in unremodeled tissue (primary os-
teons, that form de novo around blood vessels in developing
bone and may occur in close proximity to one another) (3, 4).
This definition of remodeling is stricter than has been used by
other authors describing fish bone structure; however, purely
morphological criteria for distinguishing remodeling are partic-
ularly necessary for fishes, because little information exists on
their in vivo skeletal physiology and such data are exceptionally
difficult to gather for many species because of their anatomy and
ecology (e.g., very large or very small body sizes, pelagic oceanic
habitat).

Previous Mention of Remodeling in Fish Bone. Although some pre-
vious studies have cited evidence for remodeling in fish bone, we
believe most are reporting cases of what should be more strictly
called “modeling” in the terminology of tetrapod bone biology.
Both modeling and remodeling processes make use of osteo-
clasts and osteoblasts to erode and lay down bone, respectively;
however, the time sequences of these processes and their end
results are quite different. Modeling is effectively a bone re-
shaping/resizing tool, with osteoclasts and osteoblasts working in
separate locations at the same time, typically on free surfaces
(e.g., the periosteal or endosteal surfaces of cortical bone). The
coordinated effort of the cells results in local shape change, for
instance by increasing or decreasing the thickness of the cortex,
and is thus vital to a bone’s growth or reshaping in response to
altered loading conditions. Remodeling, however, is a “re-
placement” process, with osteoclasts and osteoblasts working
successively in the same area: First osteoclasts remove a small
packet of defective tissue and then osteoblasts replace it with
new bone. This results in effectively no net change in material
but, as described in the body of the paper, replaces existing
damaged tissue with a new osteonal structure, comprised of
undamaged bone material.
Previous studies said to describe remodeling in fishes typically

either detailed processes that involve reshaping of bones as
a response to load or during growth (e.g., refs. 5–8) or depicted
osteonal tissues with equivocal morphologies, that we feel cannot
be distinguished from primary tissue (e.g., figure 2 of ref. 9;
figure 1 of ref. 10; figure 3 of ref. 11; and figure 2 d, l, and s of
ref. 12; see also a list of studies deemed to confuse primary and
secondary osteons on page 330 of ref. 13). Regardless of whether

previous examples of osteonal tissues in fishes are interpreted as
primary or secondary bone, it can be said that secondary osteons
in fishes have never been shown in a microscopy image in den-
sities approaching those of large adult mammals (e.g., Fig. 1D).
Beyond our current data, there are two reports that we believe

may depict true secondary osteonal structures in fish bone: a line-
drawing of the cross-sectional anatomy of the rostrum of the
swordfish, Xiphias gladius (Xiphiidae; figure 2c of ref. 14), de-
picting morphologies similar to those we show here for swordfish
and other billfishes (e.g., similar to Fig. 3A), and a light mi-
croscopy image (figure 22 of ref. 15) of a ground section of the
caudal vertebra of Trachurus mediterraneus (Carangidae, to-
gether with billfishes in the Carangiformes, a clade sister to the
flatfishes, Pleuronectiformes; refs. 16 and 17), albeit exhibiting
a seemingly much lower density of secondary osteons than we
observe in the billfishes. Additionally, figure 3 of ref. 10, figure
27 of ref. 15, and ref. 3 contributed polarized light images of
Xiphias vertebrae and rostrum, respectively, as demonstrations
of remodeling; however, whereas these works clearly demon-
strate a high degree of structure in the bone tissue, the features
shown are difficult to discern and therefore evaluate. De Ricqlès
et al. (figure 21 of ref. 15) and Meunier (figure 1d of ref. 12)
separately depict sole pairs of partially overlapping osteons in
the dorsal fin rays of Lethrinus nebulosus, an anosteocytic per-
camorph fish, less closely related to billfishes; however, the
magnification of these images is too high to allow one to de-
termine whether this potential remodeling example represents
a general trend or is a comparatively rare occurrence. Oddly,
although osteocytic fishes should have all of the cellular com-
ponents believed necessary to actuate and effect remodeling in
mammals, we have found no convincing published demonstra-
tion of remodeling in osteocytic fish bone. Figure 1 in Amprino
and Godina (10) illustrates a relatively dense osteonal structure
in the vertebrae of Euthynnus alleteratus (a member of the
Thunnidae, one of the few examples of osteocytic bone within
the otherwise anosteocytic Acanthopterygii; refs. 11, 18, and
19); however, with no obvious osteonal overlaps, it is difficult to
say whether these are secondary osteons, but the presence of
osteocytes and the high level of swimming performance among
members of the Thunnidae suggest remodeling is likely to be
essential for their skeleton.
In summary, currently the strongest support for remodeling in

fish bone comes from anosteocytic species, specifically jacks and
billfishes (this study; refs. 14 and 15). A thorough examination of
the bone of the Scombriformes, a clade which is believed to
include both anosteocytic and osteocytic species (11, 18, 19), and
additional members of the Carangiformes is warranted, to clarify
how widespread remodeling is among acanthopterygian fishes
with active lifestyles and in clades closely related to billfishes.

Evidence Linking Remodeling to Microdamage in Mammals. As the
need for remodeling in tetrapods is often dictated by the accu-
mulation of local microdamage (20), evidence of remodeling —

quantified, for example, in terms of size and shape of secondary
osteons and their density (number in a unit area)— can provide
indication of the location and vigor of tissue use and damage,
both within a given bone and across the bones of different in-
dividuals and species (although remodeling can occur for reasons
other than damage removal; ref. 20). For example, remodeling
seems to be rare in bones of very small animals, whose bones are
unlikely to experience high loading demands (e.g., those of small
rodents) or in bones that do not exist for sufficient time to create
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significant damage (e.g., rodents with short life spans or seasonal
bones like antler) (21–27). At the other extreme, bones of ma-
ture, larger mammals (e.g., humans, cows and horses) show
dense populations of secondary osteons, which may occupy the
entire cortex of a bone or, in cases of more limited loading re-
gimes, be localized to specific areas (e.g., the region of muscle
attachment in Fig. 1A) (2, 28–30). Beyond these correlations of
snapshots of morphology with animal physiology, the direct as-
sociation of remodeling morphology with use and microdamage
has been demonstrated in vivo for mammals, by comparison of
exercised animals or bones loaded in fatigue with controls,
supporting our extrapolation of the presence of secondary os-
teons to loading history (1, 31–34).

SI Methods
Animals and Samples. We collected the bills of five species of
billfishes: blue marlin (Makaira nigricans) (n = 2), white marlin
(Kajikia albida) (n = 1), sailfish (Istiophorus albicans) (n = 1),
shortbill spearfish (Tetrapturus angustirostris) (n = 3), and
swordfish (Xiphias gladius) (n = 2). All samples were collected
along the Gulf of Mexico from participants of fishing com-
petitions. Specimens were wrapped in plastic and frozen until
sections were cut. Transverse sections and cubes were cut from
several locations (from base to tip: 25, 50, 75, and 95% along
the length of the bill) by using a water-cooled rotary diamond
saw (Isomet low speed saw; Buhler), then ground with emery
paper of increasing grit and polished with 3-μm and 1-μm
diamond suspension.

LightMicroscopy.Transverse sections from the 25, 50, 75, and 95%
locations were ground and polished, then examined by a reflec-
ted-light microscope (Olympus BX 51 microscope). Images were
captured by using a high-resolution camera, and between 250 and
1,300 individual images of each slice were stitched together by
using Microsoft composition editor (Microsoft ICE), to create
a panoramic view.

Polarized Light Microscopy. Transverse sections from the 75% lo-
cation were ground to a final thickness of 50 μm and imaged by
a linear polarized light microscope (Nikon Eclipse E600-POL).

Scanning Electron Microscopy. Electron microscopy images of
transverse sections of the 75% location where obtained for three
species: swordfish, blue marlin, and shortbill with a JEOL
scanning electron microscope (JSM-5410 LV) with an accel-
erating voltage of 20 kV, at working distance of 20 mm, in
low vacuum (LV) mode and using a backscattered electron
image detector.

Medical CT Scanning, Micro CT Scanning, and Quantification of Canal
Networks. Heads from all five billfish species were CT scanned
with a 64-slice Aquilon Toshiba scanner (Toshiba American
Medical Systems) with slice thickness ranging from 0.75 to

1.0 mm; skulls were volume-rendered in Mimics software (Ma-
terialise HQ).
Cubes of 2 × 2 × 2 mm were prepared from the densest

compact bone in the 95% location of the bill of a blue marlin
and from the middiaphysis of a third metacarpal bone of a horse
and scanned by using a microcomputed tomography scanner
(1172 scanner, SkyScan). The X-ray source was set at 80 kVp and
124 μA. A total of 1,200 projections were acquired over an an-
gular range of 180° with an isotropic voxel size of 2.4 μm, in-
tegration time of 1,250 ms, and a 0.5-mm Aluminum filter. Canal
networks were volume-rendered for anatomical investigation by
using Drishti software (sf.anu.edu.au/Vizlab/drishti).
To calculate the distribution of the orientations of canals,

binarized CT data of the Haversian canal system were skele-
tonized by using a MATLAB routine developed to analyze os-
teocyte lacunar-canalicular networks (35). For a quantitative
analysis of orientation, each segment between canal intersections
was smoothed (36) and the angle, θ, with respect to the long axis
of the bone was calculated for every piecewise segment of 0.5 μm
length, from 0° for the axial (z) direction to 90° for dorsal (x)/
medial (y) directions (Fig. 4C). These angular data were visual-
ized by color-coding the skeletonized canals in three dimensions
using MayaVi (37) and then summarized in a frequency histogram
of canal segment angles (Fig. 4C).

Mechanical Testing. Cortical bone beams were obtained from
representatives of each of the five billfish species (from the 75%
location, two to five samples per species), horse (Equus caballus:
third metatarsal bone, three samples), human (Homo sapiens:
femora and metatarsi, 13 samples), carp (Cyprinus carpio: oper-
cula, six samples), and tilapia (Oreochromis aureus: opercula, 17
samples) for three-point bending tests. The beams were 18–22
mm long, 2 mm wide and 0.5–1.0 mm thick. The billfish beams
were cut from a dense part of the bill, from the midoperculum
for carp and tilapia, and from the cortical midshaft of human
and horse bones. All beams were tested within a custom-built
micromechanical-testing device within a saline-filled testing
chamber. Load-deformation data were collected and converted
to stress and strain by using beam theory. At the end of me-
chanical testing, the beams were scanned at high resolution
by microCT (1174 scanner, SkyScan) to determine their bone
mineral density, calibrated with two phantoms of known min-
eral density (0.25 g/cm3 and 0.75 g/cm3) supplied by SkyScan
and scanned under exactly the same conditions as the bone
specimens.
Cubes of 2 × 2 × 2 mm were prepared from the densest

compact bone in the 75% location of the bills of all billfishes.
Three orthogonal surfaces of the cubes were carefully polished
for light microscopy studies, then tested in compression in all
three orthogonal anatomical orientations (Fig. 4), using a mate-
rials testing machine (Instron 3345 single column device; Ins-
tron), remaining well within the elastic limits of the material.
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Fig. S1. Gross morphology and bone ultrastructure of the five billfish species examined in this study. For each species, the fish’s body plan is shown as
a silhouette, with CT scan images beneath showing the skull in dorsal and lateral perspectives. (Scale 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 (backscatter electron images for the shortbill spearfish and blue marlin, and light microscopy images for
all other species).
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