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Developmental changes in bone mechanics from Florida
manatees (Trichechus manatus latirostris), obligate
swimming mammals
Danielle N. Ingle* and Marianne E. Porter

ABSTRACT
Mammals living in aquatic environments load their axial skeletons
differently from their terrestrial counterparts. The structure and
mechanical behavior of trabecular bone can be especially indicative
of varying habitual forces. Here, we investigated vertebral trabecular
bone mechanical properties (yield strength, stiffness and toughness)
throughout development in Florida manatees (Trichechus manatus
latirostris), obligate undulatory swimmers. Thoracic, lumbar and
caudal vertebrae were dissected from manatees (N=20) during
necropsies. We extracted 6 mm3 samples from vertebral bodies and
tested them in compression in three orientations (rostrocaudal,
dorsoventral and mediolateral) at 2 mm min−1. We determined
variation in mechanical properties between sexes, and among
developmental stages, vertebral regions and testing orientations.
We also investigated the relationships between vertebral process
lengths and properties of dorsoventrally and mediolaterally tested
bone. Rostrocaudally tested bone was the strongest, stiffest and
toughest, suggesting that this is the principal direction of stress. Our
results showed that bone from female subadults was stronger and
stiffer than that of their male counterparts; based on these data, we
hypothesize that hormonal shifts at sexual maturity may partially drive
these differences. In calves, bone from the posterior region was
stronger and tougher than that from the anterior region. We
hypothesize that as animals grow rapidly throughout early
development, bone in the posterior region would be the most
ossified to support the rostrocaudal force propagation associated
with undulatory swimming.

KEY WORDS: Mechanical properties, Trabecular bone, Vertebrae,
Fully aquatic mammal, Development

INTRODUCTION
The mammalian vertebral column is a structure that experiences
differential loading in terrestrial and aquatic environments.
Evolutionary transitions between land and water have driven
modifications in skeletal mechanical behavior, or bone’s response
to forces (Boszczyk et al., 2001; Currey, 1984; Putz and Müller-
Gerbl, 1996). The relationships between bone form and function are
well documented in terrestrial quadrupeds, whose vertebral columns
stretch between weight-bearing pectoral and pelvic girdles that are
the primary support against gravity, much like a suspension bridge

extending between pillars (Boszczyk et al., 2001; Kardong, 2009;
Wainwright et al., 1976). Terrestrial mammalian bone has been
shown to form trabeculae (osseous struts) that orient along the
principal direction of stress produced during locomotion. However,
information is lacking in mammalian species that are secondarily
adapted to aquatic environments; swimmers must be able to resist
hydrostatic, drag and lift forces in a denser fluid medium, but
through the support of water’s buoyant forces, are relieved from a
weight-bearing existence (Fish, 2016; Thewissen and Fish, 1997).

Skeletal changes are most extreme in fully aquatic mammals,
which cannot support their body weight on land and instead rely on
dorsoventral displacement of their axial body to propel themselves
through the water column (Berta et al., 2005; Domning and de
Buffrénil, 1991; Fish, 1996, 2016; Thewissen and Fish, 1997). For
example, manatees (Order Sirenia) are fully aquatic mammals that
swim using whole-body undulations, or bending of the axial body in
a posteriorly traveling wave. The dorsal position of the lungs and
pachyosteosclerotic rib bones help maintain neutral buoyancy
(Hartman, 1979; Kojeszewski and Fish, 2007). Anatomical
investigations have led to functional hypotheses about body
movement during undulatory swimming. Such movement patterns
may be facilitated by anatomical specializations that produce trade-
offs in body flexibility and rigidity between axial regions. These
skeletal features act in concert to either enhance or reduce
displacement between adjacent vertebrae (Buchholtz, 2001, 2007;
Buchholtz and Shur, 2004; Long et al., 1997; Pabst, 2000; Slijper,
1936; Smith et al., 1976; Webb and de Buffrénil, 1990). However,
the extent that bone material properties and morphology contribute
to the functional performance of manatees has not yet been tested.

Over the course of a lifetime, bone at the material level is dynamic
and changes with repetitive loading (Currey, 1984; Lieberman,
1997; Ruff and Runestad, 1992). Force-induced modifications in
bony architecture are described by Wolff’s law; changes in stress on
the bone cause structural changes, hence organization reflects
function (Wolff, 1870). Trabecular or spongy bone is highly
metabolically active and has an annual turnover rate of 25%
compared with 2–3% in denser cortical bone, making it an ideal
indicator to observe changes in load direction and magnitude
(Eriksen, 2010, 1986; Jacobs, 2000). Loading regimes in varying
environments can dramatically change bone mechanical properties
(Byron et al., 2011; Ozcivici et al., 2007; Sun et al., 2009; Zernicke
et al., 1990). When the femoral mechanical properties of weight-
bearing rats were compared with those of rats exposed to
microgravity for a period of 2 weeks, the weight-bearing femurs
were significantly stronger, stiffer and tougher (Sun et al., 2009).
Ontogenetic changes have also been detected in bone properties.
For example, human infants are altricial and have limited mobility;
human bone properties change most rapidly in the first year of life
as mobility develops and the bones are exposed to increasing loads.Received 23 August 2019; Accepted 12 February 2020
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By contrast, fully aquatic mammals are precocial and fully mobile at
birth. Locomotor performance and bone formation among species
with varying degrees of precociality and altriciality are important
factors to consider for accurate mechanical interpretations (Carrier,
1996; Currey and Pond, 1989; Young et al., 2009). Manatees are
precocial at birth, have a relatively long lifespan, and grow at a faster
rate than their closely related long-living terrestrial counterparts
African elephants (Loxodonta africana) (Bryden, 1972; Lindeque
and van Jaarsveld, 1993; Reynolds et al., 2009; Schwarz and Runge,
2009; Vergara-Parente et al., 2010). Growth also varies between
sexes; females grow more rapidly than males. However, manatee
males tend to reach sexual maturity at 2–3 years in contrast to
3–5 years in females (Hernandez et al., 1995; Koelsch, 2001;
Marmontel, 1995). As growth continues and skeletal maturity is
approached, bone modeling and remodeling processes reach
equilibrium; efficient bone architecture has been shown to form
closer to adulthood (Gosman and Ketcham, 2009). In concert with
trabecular morphology, mechanical properties reflect structural
adaptations throughout development (Currey and Pond, 1989;
Torzilli et al., 1981).
The aim of the present study was to determine the vertebral

trabecular bone mechanics of precocial and obligate swimming
Florida manatees. We quantified bone mechanical properties to
understand stress at permanent deformation (yield strength, σy),
resistance to deformation (stiffness, E) and the ability to absorb
energy (toughness, Ur) between sexes and among developmental
stages, vertebral column regions and testing orientations. We also
examined the relationships between bone mechanical properties and
vertebral process lengths. As manatees grow the most through the
calf developmental stage, we hypothesized that variation in bone
mechanical properties (yield strength, stiffness and toughness)
would be greater between perinatal and calf manatees. We also
expected mechanical properties would increase along the length and
be greatest at the posterior end of the vertebral column,
where axial displacement during swimming is greatest. As the
rostrocaudal direction has been identified as the principal direction
of stress in terrestrial mammalian vertebral columns, we expected
stronger, stiffer and tougher bone in this testing orientation
(Aiyangar et al., 2014; Borah et al., 2000; Fyhrie and Vashishth,
2000; Mitton et al., 1997; Swartz et al., 1991). Female manatees
have a faster growth rate than males, and we hypothesized that
female manatee bone would have greater mechanical properties.
Finally, we predicted that longer spinous and transverse processes,
which may indicate greater force production, would correlate with
greater properties in the dorsoventral and mediolateral axes,
respectively. We expected spinous process lengths would change
with animal growth because in mammals, vertebral processes do not
completely fuse to centra until after the first few years of life
(Hautier et al., 2010). We then compared previously documented
terrestrial mammalian bone mechanics with results from the present
study to consider variations in habitual loads between terrestrial and
aquatic habitats.

MATERIALS AND METHODS
Specimens
We obtained a letter of authorization for Florida manatee
[Trichechus manatus latirostris (Harlan 1824)] tissue from the
Florida Fish andWildlife Commission (FWC). Florida manatees are
protected under theMarine Mammal Protection Act and are listed as
threatened (http://www.iucnredlist.org). This work was approved by
an Institutional Animal Care and Use tissue protocol from Florida
Atlantic University [A(T)17-08].

We grouped five individuals into each of the following
development-descriptive categories based on animal length:
perinatal <150 cm, <1 year; calf 150–236 cm, 1–2 years; subadult
236–265 cm, 3–5 years; and adult <265 cm, ≥6 years) (Table S1;
Schwarz and Runge, 2009). At least two males and two females
were sampled for each developmental stage. Manatee necropsies
(N=20) were performed at the Marine Mammal Pathobiology Lab
(MMPL) in St Petersburg, FL, USA. Florida manatee carcasses
ranged from fresh to decomposed. Although some animals were in
later stages of decomposition than others, all bones were in situ until
necropsy at the MMPL. Causes of death for animals in the present
study included watercraft collision (N=3), natural (N=11), stillborn/
perinatal (N=5) and undetermined (N=1).

Vertebral sampling
The manatee vertebral column has four regions: cervical (N=6
vertebrae), thoracic (N=16–18), lumbar (N=1–3) and caudal (N=20–
24). We excluded the cervical series in this study because it is highly
immobile and occasionally fused together (Buchholtz et al., 2007).
From each of the 20 animals, we sampled vertebrae from the thoracic
(N=3), lumbar (N=2) and caudal regions (N=6; Fig. 1A; Table S1).
We selected the thoracic group (T8–T10) from vertebrae directly
aligned with the umbilicus and the two cranially adjacent bones.
Manatees have a range of 1–2 lumbar vertebrae and only true lumbar
vertebrae (lacking rib articulations and chevron bones) were selected
for this study (Buchholtz et al., 2007). We selected caudal vertebrae,
Ca2–Ca4, based on the alignment of Ca3 with the anus. The most
posteriorly placed caudal vertebrae, Ca6–Ca8, were immediately
anterior to the fluke insertion. In this study, we designate the gross
anatomical location of the thoracic and lumbar vertebral series as
‘anterior’ and the caudal vertebral series as ‘posterior’. However,
experimentally, the rostrocaudal direction is used to clarify the
anatomical orientation duringmechanical tests in contrast to the gross
anatomical location of the vertebrae in situ. Once vertebral segments
were dissected from the column, we left axial soft tissue intact to
maintain in vivo hydration for the underlying bone (An and Draughn,
1999). Vertebral segments were stored in ice during transportation to
the testing site (Florida Atlantic University, Boca Raton, FL, USA),
where they were refrozen at −20°C. Then, we separated adjacent
vertebrae at intervertebral joints and dissected away soft tissue. We
wrapped isolated vertebrae in mammalian Ringer’s solution-soaked
gauze to maintain tissue hydration, stored them in airtight bags, and
refroze them at−20°C (Ebbesen et al., 1999). Trabecular bone can be
thawed and refrozen again up to 5 times without a change in the
compressive stiffness (Linde and Sørensen, 1993).

Sample preparation
We thawed and measured (mm) spinous and transverse processes of
each vertebra (Table S1). Lengths of damaged processes were not
included in the study. We then removed spinous processes,
transverse processes and chevron bones from each centrum using
a bandsaw. For the thoracic and caudal vertebral series, we cut a
6 mm slice in the frontal plane from the center of each centrum, and
then sawed five cubes with 6 mm3 dimensions from the slice
(Fig. 1D,E). If vertebrae were small and there was insufficient bone
material to extract five cubes from the slice, we extracted as many
cubes as possible (Linde and Sørensen, 1993). For this study, all
dissected Florida manatees had two lumbar vertebrae. To obtain the
three slices required for our experimental design, we prepared
samples from L2 using two slices for testing. One calf vertebra
(MNW16014; Table S1) from the caudal region was damaged and
was excluded from data collection and analysis.
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Marrow was not removed from the bone cubes. The mechanical
behavior of bone with marrow present only changes at strain rates
of 10 mm s−1 or higher, and we compressed bone at 2 mm min−1

(Carter and Hayes, 1977). To assess bone anisotropy, we used
each centrum slice, described above, to test three orientations
(Fig. 1E; rostrocaudal, dorsoventral and mediolateral). We used a
sander and dissection scissors to smooth and remove any
projecting tissue from the bone cubes; parallel sides remove
any potential stress concentrations that may compromise the
accuracy of mechanical tests (Cowin, 2001). Bone was
irrigated with mammalian Ringer’s solution throughout the
machining process to maintain tissue hydration prior to
mechanical testing.

Mechanical testing
We measured individual trabecular bone cubes with digital calipers
(length, width and height: mm) and stored them in separate cups
filled with mammalian Ringer’s solution to maintain hydration, in a
2°C refrigerator for no more than 8 h between sample preparation
and mechanical testing. We assigned samples from each vertebra to
three categories (determined by in vivo orientation) that indicate
which axis was compressed during tests. Bone cubes from the first
vertebra of each regional series (three adjacent vertebrae) were
tested rostrocaudally. Cubes from the second and third vertebrae
from the series were tested dorsoventrally and mediolaterally,
respectively (Fig. 1).

We destructively tested samples in compression to yield at a
displacement rate of 2 mm min−1 using an Instron E1000 material
tester (Fig. 1E; Fig. S1; An and Draughn, 1999). We chose a
compressive loading modality as previous studies have shown that
bone in compression can withstand higher stresses compared with
either tensile or shear forces (White and Panjabi, 1990). We
converted force–displacement curves to engineering stress–strain
(σ–ε) curves, which standardizes the compressive load (N) by
dividing the force by the cross-sectional area (width×height: mm2)
and displacement by dividing the change in length (mm) by
the original length (mm). Yield was defined as the point where the
sample transitioned from elastic to plastic deformation, as seen on
the σ–ε curve (Fig. S1). We calculated stiffness (E: Young’s
modulus), or the resistance to deformation, as the slope of the
steepest point of the linear portion of the σ–ε curve. Yield strength
(σy) indicates σ when the material transitions from elastic to plastic
deformation (stress at permanent deformation). Toughness (Ur) is
the ability to absorb energy and was derived as the area under the
σ–ε curve up until a yield behavior (Fig. S1). We calculated
mechanical properties using Bluehill Universal Software v.3.67
(Instron, Norwood, MA, USA). Vertebral process morphometrics
and mechanical property data are available from the Dryad digital
repository (https://doi.org/10.5061/dryad.j0zpc869n; Ingle, 2020).

Statistical analyses
We used four-way ANOVA to examine differences in bone yield
strength, stiffness and toughness using developmental stage
(perinatal, calf, subadult and adult; Table S1), region (thoracic,
lumbar, and caudal at the anus and caudal at the fluke insertion;
Fig. 1A), sex and testing orientation (rostrocaudal, dorsoventral and
mediolateral) as main effects. Animal length (cm) was included in
the ANOVA models as a covariate to account for variability among
individuals. Based on our hypotheses, we examined the following
interaction terms: developmental stage×region, developmental
stage×sex, and region×orientation. For our models, compressive
mechanical properties of bone cubes (n=5 cubes) were averaged to
obtain a mean value for each vertebra. For each effects test, we
report the F-statistic and P-values, and the d.f. contributions to the
whole model. Post hoc pairwise Tukey tests were conducted to
examine differences among significant interaction terms. We
performed power analyses, using the means of each vertebra, to
ensure we had enough degrees of freedom to account for all our
effects and interactions. While statistical tests were run on the mean
mechanical property from each vertebra, our figures show data from
each mechanical test to illustrate the true range of properties in the
trabecular component of these bones.

Next, we examined six general linear models (GLMs) to interpret
the relationships among yield strength, stiffness and toughness with
vertebral processes length. For each mechanical property, we used a
GLM to examine data from bone tested in the dorsoventral
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Fig. 1. Regional sampling, vertebral anatomy and sample preparation.
(A) Vertebrae were sampled at the (1) thoracic, (2) lumbar and (3,4) caudal
regions of the axial vertebrae, which were grouped into the anterior (1,2) and
posterior regions (3,4) of the body. Three adjacent vertebrae were extracted
from each region, with the exception of the lumbar region, from which only two
vertebrae were obtained. (B,C) Photos of a subadult Florida manatee thoracic
vertebra in the frontal (B) and sagittal (C) view, detailing its zygapophyses
and transverse processes. Caudal vertebrae in this species lack
zygapophyses. (D) Sagittal view. Spinous and transverse processes were
removed from the centrum. A 6 mm thick slice was machined from the
center of each centrum. (E) Frontal view. Five 6 mm3 cubes were cut from the
centrum. If size constraints, especially in the perinatal and calf stages,
prevented the extraction of five cubes, then as many cubes as possible were
machined from each centrum slice.
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orientation paired with spinous process length, and bone tested in
the mediolateral orientation paired with transverse process length
(average of right and left sides). Each GLM included animal length
and vertebral process length as effects, and the vertebral process
length×developmental stage interaction was included because we
hypothesized there would be different relationships among process
length and their parallel testing orientations across developmental
stages. When the GLM was significant (P<0.05) and vertebral
process length was a significant effect, we examined a post hoc
simple linear regression on bone mechanical properties and
vertebral process lengths of all animals in the study. Additionally,
to further understand the impact of developmental stage, if the
vertebral process length×developmental stage interaction was
significant in the GLM models, we examined four simple linear
regressions between bone mechanical properties and vertebral
process lengths of animals, one regression for each developmental
stage. All simple regressions included animal length as a blocking
factor. Statistical tests were performed using JMP v.5.0.1.a (SAS
Institute Inc., Cary, NC, USA). While statistical tests used the mean
mechanical properties from each vertebra, our figures show data
from each mechanical test (n=5 cubes per vertebra) to indicate the
true range (error bars) of each property.

RESULTS
Yield strength (σy) of vertebral bone
Our four-way ANOVA model for σy was significant
(F28,204=16.4632, P<0.0001). Developmental stage (F=6.127,

P=0.0005, d.f.=3), region (F=8.1760, P<0.0001, d.f.=3), sex
(F=6.8604, P=0.0095, d.f.=1) and testing orientation (F=84.9407,
P<0.0001, d.f.=2) were significant main effects, while the covariate
animal length was not significant. Tukey post hoc tests of main
effects revealed that trabecular bone with the greatest σy was from
subadults and adults (Fig. 2A), the caudal region aligned with the
anus (Fig. 2A), in females (Fig. 2B; Table S3) and tested in the
rostrocaudal orientation (Fig. 2C; Table S2).

For σy, the significant interaction terms included: developmental
stage×region and developmental stage×sex (F=3.9336, P=0.0001,
d.f.=9 and F=6.1673, P=0.0005, d.f.=3, respectively). Region×
orientation was not a significant interaction term. Post hoc Tukey
tests showed that calf bone from the posterior region had statistically
greater σy than bone from the thoracic region (Fig. 2A; Table S3).

Our GLM analysis for trabecular bone σy tested in the
dorsoventral orientation was significant (F5,72=6.7128, R2=0.318,
P<0.0001) with a significant effect of animal length (F=5.3587,
P=0.0235). Neither the spinous process length main effect nor the
spinous process length×developmental stage interaction term was
significant; therefore, we did not investigate post hoc simple
regressions.

Our GLM analysis for mediolaterally tested bone σy was
significant (F5,68=9.2286, R2=0.4043, P<0.0001) with a
significant effect of transverse process length (F=4.7054,
P=0.0336) and transverse process length×developmental stage
interaction term (F=3.5004, P=0.02, d.f.=3). Animal length was not
a significant effect. Simple regressions between mediolaterally
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Fig. 2. Variation in yield strength (σy) of vertebral trabecular bone between sexes and among developmental stages, regions and testing orientations.
The following interaction terms were significant in the ANOVA model: developmental stage×region and developmental stage×sex. (A) When examining the
developmental stage×region interaction, we found that calf bone σy from the posterior region (caudal series) was significantly greater than that from the thoracic
region (P=0.0001). (B) Female subadults had greater bone σy than their male counterparts (developmental stage×sex:P=0.0005). (C) Rostrocaudally tested bone
had the greatest σy (P<0.0001).While statistical tests were based onmean values for each vertebra, data are shown here from eachmechanical test to indicate the
true range of each property. The center bar in each box denotes the mean, boxes are the first and third quartiles, and whiskers are the minimum and maximum σy
values. Full Tukey’s post hoc reports of main effects and interaction terms are in Tables S2 and S3.
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tested bone σy and transverse process length showed a significant
positive correlation (F1,72=20.5178, P<0.0001, R2=0.2217;
Fig. 5A), and when separated by developmental stage, was
significant only in calves (F1,18=6.8868, P=0.0184, R

2=0.2717;
Fig. 5A).

Stiffness (E) of vertebral bone
Ewas significant in the four-way ANOVAmodel (F28,204=11.6529,
P<0.0001). Developmental stage (F=3.3145, P=0.0210, d.f.=3),
sex (F=5.0190, P=0.0261, d.f.=1) and testing orientation
(F=82.5318, P<0.0001, d.f.=2) were significant effects. Region
and the covariate animal length were not significant. Post hoc Tukey
tests of significant main effects showed that the greatest E was in
subadults and adults (Fig. 3A,B), in females (Fig. 3B) and tested
rostrocaudally (Fig. 3C; Table S2).
Developmental stage×region (F=2.9834, P=0.0023, d.f.=9) was

a significant interaction term. We found no significance in
developmental stage×sex or orientation×region. Post hoc Tukey
tests showed that adult trabecular bone Ewas significantly greater in
the thoracic region than at the fluke (Fig. 3A; Table S4).
The GLM analysis examining dorsoventrally tested bone E was

significant (F5,72=8.3384, R2=0.3667, P<0.0001). Animal length
was significant (F=18.6463, P<0.0001), but the main effect of
spinous process length and the spinous process length×developmental
stage interaction term were not.
GLM for bone E tested in the mediolateral orientation was

significant (F5,68=10.1454, R2=0.4273, P<0.0001), with

significance for animal length and the transverse process
length×developmental stage interaction term (F=5.766, P=0.0191
and F=4.7461, P=0.0046, d.f.=3). Transverse process length was
not a significant effect. When separated by developmental stage, we
found a positive correlation between mediolaterally tested bone E
and transverse process length in calves (F1,18=12.8894, P=0.0021,
R2=0.4173; Fig. 5B), with no significant correlations in other
age groups.

Toughness (Ur) of vertebral bone
Our ANOVA was significant for Ur (F28,204=6.7266, P<0.0001).
Region (F=9.8717, P<0.0001, d.f.=3) and testing orientation
(F=17.4784, P<0.0001, d.f.=2) were significant main effects. Sex,
developmental stage and animal length were not significant. Post
hoc Tukey tests of main effects showed that boneUr was greatest for
subadults and adults (Fig. 4A,B), the caudal region aligned with the
anus (Fig. 4A) and when tested in the rostrocaudal orientation
(Fig. 4C; Table S2).

Significant interaction terms were developmental stage×region
(F=2.6721, P=0.0059, d.f.=9) and developmental stage×sex
(F=4.5497, P=0.0041, d.f.=3). Region×orientation was not
significant. Post hoc Tukey analyses detailed that calf bone in the
posterior region had significantly greater Ur than that in the anterior
region (Fig. 4A; Table S5). Subadult females and adult males had
the greatest bone Ur (Fig. 4B; Table S5).

When assessing dorsoventrally tested bone Ur, our GLM was not
significant (F5,72=1.8069, R2=0.1115, P=0.1223). However, our
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Fig. 3. Variation in stiffness (E) of vertebral trabecular bone between sexes and among developmental stages and testing orientations. Developmental
stage×region was a significant interaction term in the ANOVA model. (A) When assessing the developmental stage×region interaction, we found that E in adult
thoracic bone was significantly greater than that of caudal bone at the fluke insertion (P=0.0023). (B) Females had greater E than males (P=0.0261).
(C) Rostrocaudally tested bone had the greatest E (P<0.0001). While statistical tests were based on mean values for each vertebra, data are shown here
from each mechanical test to indicate the true range of each property. The center bar in each box denotes the mean, boxes are the first and third quartiles,
and whiskers are the minimum and maximum σy values. Full Tukey’s post hoc reports are in Tables S2 and S4.
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final GLM on bone Ur tested in the mediolateral orientation was
significant (F5,68=3.9583, R2=0.2254, P=0.0033). Animal length,
transverse process length and transverse process length×
developmental stage were not significant effects.

DISCUSSION
Loading regimes in varying environments have been shown to
dramatically change bone mechanical behavior (Byron et al., 2011;
Ozcivici et al., 2007; Sun et al., 2009; Zernicke et al., 1990). The
vast majority of our understanding of skeletal loading relates to
terrestrial mammals, and is lacking in aquatic axial undulators
(Domning and de Buffrénil, 1991; Fish, 1996; Fish, 2016;
Thewissen and Fish, 1997; Wainwright et al., 1976). Here, we
investigated compressive mechanical behavior (yield strength,
stiffness and toughness) of manatee trabecular bone and found
variations among developmental stages, regions of the vertebral
column, sex and testing orientations (Figs 2–5). We predicted
positive relationships between vertebral process lengths and
mechanical properties of dorsoventrally and mediolaterally tested
bone, and we found this relationship was significant for yield
strength and stiffness in the calf developmental stage (Fig. 5).

Yield strength (σy)
In Florida manatees, we found that calf bone σy (stress at permanent
deformation) varied regionally; the posterior body had stronger
bone than the anterior body (Figs 1A and 2A; Table S3). Regional
variation may be most pronounced in calves as a result of muscle
and bone mass scaling with rapid increases in body length, which

are the most pronounced during the first 2 years of a manatee’s life
(Fig. 2A; Schwarz and Runge, 2009; Vergara-Parente et al., 2010).
As mechanical demands increase with accelerated growth, axial
muscles produce greater propulsive forces, with the highest
transmission traveling to the tail (Domning, 1978; Fish, 2016;
Kojeszewski and Fish, 2007). For example, tail muscles (m.
intertransversarius coccygeus, m. sacrococcygeus ventralis medialis
and m. sacrococcygeus ventralis lateralis) have origins and
insertions on caudal vertebrae, which must resist permanent
material deformation when alternatively loaded in compression
and tension through contractions of swimming musculature
(Fig. 1A; Domning, 1978; Kojeszewski and Fish, 2007). In the
bottlenose dolphin (Tursiops truncatus), another species of fully
aquatic mammal, the average maximum muscle stress was over 200
times less than σy of vertebral trabecular bone from manatee
subadults and adults; we would expect manatee muscle stress to be
even lower as dolphins are considered to be faster with a more
derived swimming mode (Arthur et al., 2015; Fish, 1996; Fish et al.,
2014; Goforth, 1990; Fish et al., 2014). Additional information on
the complex tissue interactions among muscle, connective tissue
(tendons, ligaments, intervertebral discs) and bone are needed for a
comprehensive understanding of axial body stresses generated and
translated through swimming.

As female manatees grow faster than males, we hypothesized that
female bone would be strongest for each post-perinatal
developmental stage (Schwarz and Runge, 2009). Although male
calves and subadults were longer than their female counterparts in
the present study, female subadults had stronger bone than their
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significantly greater Ur than that in the anterior region (P=0.0059). (B) Female subadult bone Ur was significantly greater than that of their male counterparts
(developmental stage×sex: P=0.0041). (C) Bone tested in the rostrocaudal orientation had the greatestUr (P<0.0001). While statistical tests were based onmean
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male counterparts (Fig. 2; Table S1). Hormone levels may partially
mediate intersexual discrepancies. As females reach sexual
maturity, they may require more calcium to support a developing
fetus and for postpartum lactation, which has been shown to
influence bone mechanical properties (Glade, 2013; Vajda et al.,
2001). For example, the onset of estrogen and other sex steroid
secretions in humans stimulates rapid skeletal mineral acquisition
that lasts for the subsequent 10 years (Clarke and Khosla, 2010). As
bone strength positively correlates with trabecular number and bone
volume fraction, hormone-influenced shifts in the bony architecture
may accompany female maturation in preparation to release calcium
stores during pregnancy and lactation (Teo et al., 2006). In this
study, adult female bone σy was smaller than that of their subadult
counterparts, and we know one adult female (MEC5085) was
lactating at the time of death (Table S1); however, interpretations are
limited because we did not assess architectural parameters or bone
calcium content.
Manatee spinous processes are short along the length of the

vertebral column and relatively shorter than those of other
mammals, while transverse processes are quite long and robust
(Buchholtz et al., 2007). We found that mediolaterally tested bone
σy, which is parallel to the longer transverse processes, was
significantly greater than that for the dorsoventral orientation

associated with the spinous processes (Fig. 2C; Table S1, Table S2).
Transverse process length positively correlated with bone σy from
mediolateral compression, but when separated by developmental
stage, was significant in calves only (Fig. 5A; Table S1). The
longest transverse processes are concentrated near the fluke where
muscles insert through tendinous bundles, and the greatest bone σy
increases scalewith the rapid skeletal development and body growth
in calves (Fig. 1A; Buchholtz et al., 2007; Domning, 1978). Bone
compression tested rostrocaudally was the strongest overall, which
echoes the findings of previous studies identifying the rostrocaudal
orientation as the principal direction of stress in terrestrial mammals
(Fig. 2A; Table S2; Aiyangar et al., 2014; Borah et al., 2000; Fyhrie
and Vashishth, 2000; Mitton et al., 1997; Swartz et al., 1991).

Stiffness (E)
In adults, the greatest bone E (resistance to deformation) was from
the anterior body (Fig. 3A; Table S4). Our data suggest that greater
trabecular bone E, in concert with pachyosteosclerotic (swollen and
dense) ribs and zygapophyses (Fig. 1B,C), may contribute to the
rigidity of the anterior body in mature animals (Buchholtz et al.,
2007; de Buffrénil et al., 2010; Hartman, 1979). Furthermore, stiffer
vertebral bone is potentially supporting manatee ribs that have
healed from physical trauma caused by watercraft collision, the most
prevalent human-related cause of death for the Florida manatee
(Lightsey et al., 2006). When a rib fractures from blunt force trauma,
it forms a bony callus while healing, adding mass to the rib and
anterior body of the animal (Clifton, 2005). Although manatee rib
bone E (4–18 GPa; Fig. 6) was similar to that of the limb bones of
other mammals, rib strength and toughness values was
comparatively lower, suggesting a heightened susceptibility to
impact-induced damage (Clifton et al., 2008a,b; Yan et al., 2006a,b).
While no vertebrae in the present investigation had signs of
remodeled bone due to fracture, bone damage may have been
present in the laterally positioned ribs, which were discarded at
necropsy and not examined.

As for σy, rostrocaudally tested bone was the stiffest, indicating
that this orientation is the principal direction in which forces
translate through the axial body (Fig. 2B; Table S2). We found that
calf bone E increased with transverse process length, which may
indicate that bone in the posterior body, where the longest transverse
processes are concentrated, has the greatest capability to resist
deformation during periods of extreme body growth in the manatee
(Figs 3B and 5B; Table S1; Clifton, 2005).

Toughness (Ur)
To generate thrust during swimming, the vertebral column flexes
and transmits forces to the tail, which imparts that force to the
surrounding water (Kojeszewski and Fish, 2007; Lighthill, 1960,
1969, 1970). We found that trabecular bone from calf caudal
vertebrae was consistently tougher (Ur, ability to absorb energy)
than thoracic bone, which may be a product of habitual loading
throughout growth and development (Fig. 4A; Table S4). Compared
with the anterior body, the posterior body has been previously
shown to move with a faster velocity during swimming, ultimately
producing a greater force (Kojeszewski and Fish, 2007; Lighthill,
1960, 1969, 1970). The high ductility and strength that is
characteristic of a tough bone may support forces translated to the
caudal region in these undulators throughout growth. Although we
lack data on muscle stresses generated in undulating manatees,
kinematic data reveal that axial displacement increases in amplitude
rostrocaudally and is greatest at the tail tip, indicating the direction
of force propagation. Bone in the caudal region in a physically
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immature animal may require the greatest capacity to absorb energy
as a result of this concentration of forces (Kojeszewski and Fish,
2007; Lighthill, 1960, 1969, 1970). A comprehensive investigation
on muscle stresses and connective tissue mechanical properties of
the manatee throughout development would help elucidate the
complex interaction between tissues.

Variable vertebral column loading
Water’s buoyant forces eliminate the need for animals to use limbs
for body structural support (Gray, 1968; Slijper, 1946; Vogel,
2013). To understand the scope of skeletal behavior among
terrestrial and aquatic environments, we compared data from the
present study with previously published bone stiffness data from
several species of land mammals (Fig. 6). In adult manatees, we
found that average rostrocaudally tested vertebral trabecular bone
stiffness (354 MPa; Fig. 4) is within the range for mature terrestrial
mammals (265–1510 MPa). Aquatic undulators and land mammals
experience high axial stresses on their vertebral columns, and stiffer
vertebral columns may have similar needs for withstanding material
deformation. When manatees load their vertebral columns during
undulatory swimming, a stiffer vertebral column would transmit
forces more efficiently in the direction of sinusoidal wave
propagation, with a relatively lower energy dissipation (McHenry
et al., 1995; Pabst, 2000). A stiffer vertebral column may also
similarly facilitate locomotion in terrestrial mammals, and provide
material support against gravity-imposed bending moments in the
dorsoventral plane. During quadrupedal locomotion, intervertebral
displacement is reduced by structures such as the funiculus nuchae
in the neck and the linea alba in the trunk that provide passive
tension to resist the ventral sagging of the vertebral column
(Boszczyk et al., 2001; Smit, 2002). In addition, the critical role of

limbs in supporting the skeleton is clear; femur stiffness reaches
32 GPa, over 90 times greater than that of vertebral bone (Fig. 6).
Further mechanical tests on aquatic mammalian vertebrae (e.g.
Order Cetacea) would provide a better understanding of bone
plasticity and range of mechanical behaviors from the axial body of
submerged swimmers.

Our results suggest that growth and development are not equal
among mammalian precocial young in terrestrial and aquatic
environments; young pig bone was almost twice as stiff as in
perinatal manatees (180 and 102 MPa, respectively; Figs 3 and 6).
With maturity, pig vertebral trabecular bone stiffness increased by
32%, while manatee adult bone stiffness was 300% greater than that
of their newborn counterparts. When comparing developmental
stages within a species, these data show that vertebral bone in
precocial terrestrial young is stiffer to provide support against
gravitational bending moments along the vertebral column.
Manatees are long-lived mammals (maximum >60 years), but
grow to 83% of their full body length and reach sexual maturity
around 36 months (Quintana-Rizzo and Reynolds, 2008; Reynolds
et al., 2017; Schwarz and Runge, 2009). As the musculoskeletal
system scales with rapid body growth, we hypothesize that the
tripling in bone stiffness between young and adult manatees reflects
the increased demands to transmit energy more efficiently down the
vertebral column during undulation (McHenry et al., 1995; Pabst,
2000). Gaps in the literature mean that developmental variations in
altricial mammalian vertebral trabecular bone are unclear; however,
femoral (cortical) bone of mature altricial animals was on average
almost 3 times stiffer than that of their immature conspecifics
(Fig. 6). Additional data on developmental changes among altricial
species is needed to determine whether vertebral trabecular bone
mechanical properties scale similarly.
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Shifting from gravitational loading conditions to weightlessness
can change the mechanical behavior of mammalian skeletons; for
example, when micro-gravitational conditions were simulated in rats,
bone strength decreased by 40% and stiffness decreased by 50%
compared with that of control animals experiencing terrestrial
gravitational loads (Sun et al., 2009). These conditions can be
paralleled with the earliest manatee ancestors (such as Prorastomus
sirenoids), which were amphibious and began experiencing
weightlessness as they radiated into their aquatic environments
(Sampurna et al., 2014). However, our data show that manatee
vertebral bone stiffness is within the range of terrestrial mammals,
suggesting that trabecular bony architecture within vertebral columns
specifically may not have experienced pressure to change throughout
evolutionary time (Figs 3 and 6; Aiyangar et al., 2014; Borah et al.,
2000; Fyhrie and Vashishth, 2000; Mitton et al., 1997; Swartz et al.,
1991). As they became increasingly aquatic, we hypothesize that
amphibious manatee ancestor’s vertebral bone stiffness and strength
would be similar to that of extant species (Domning and de Buffrénil,
1991; Houssaye et al., 2015). A caveat to consider when drawing
these comparisons is that the individual life histories of manatees in
the present study are largely unknown. We cannot account for
variations that have been shown to influence bone function and
architecture, such as hormonal levels, disease and infection,
malnutrition and senescence (Clarke and Khosla, 2010; Farr and
Khosla, 2015; Lill et al., 2002; Owen et al., 2015).

Conclusions
This study is the first to investigate fully aquatic mammalian
trabecular bone mechanics from the axis of locomotion: the
vertebral column. We found significant differences in bone
among developmental stages, regions of the vertebral column, sex
and testing orientation, and we detected significant interactions
among these main effects. Overall, vertebral process length was a
poor predictor of mechanical properties of dorsoventrally and
mediolaterally tested bone. We did find positive correlations
between transverse process length and yield strength and stiffness
in calf vertebral bone. This may be a product of rapid animal growth
and greater skeletal loads transmitting to the posterior body, where
the longest transverse processes are concentrated. We propose that
during the first few years of their life, manatee bone is more
developed in posterior regions to support rostrocaudal force
propagation and increasing bending amplitudes towards the tail
tip during swimming. Manatee adults have bone stiffness that falls
within the range of previously documented values for terrestrial
mammals, suggesting that loading on the vertebral column is
similar, although additional data are needed. Future investigations
on the form and function of aquatic mammalian vertebral trabecular
bone should help elucidate mechanical demands on the vertebral
column among various degrees of aquatic dependence.
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