Journal of Anato my

Received: 7 October 2019 Revised: 20 December 2019 | Accepted: 13 January 2020

DOI: 10.1111/joa.13161

Biomechanical properties of anuran long bones: correlations
with locomotor modes and habitat use

Miriam Corina Vera® | José Luis Ferretti’ | Virginia Abdala®*
Gustavo Roberto Cointry?

L aboratorio de Genética Evolutiva, Instituto
de Biologia Subtropical, Universidad Abstract

Nacional de Misiones-CONICET, Misiones, Long bones are subjected to mechanical loads during locomotion that will influence
Argentina

) ) ) their biomechanical properties through a feedback mechanism (the bone mecha-
Centro de Estudios de Metabolismo
Fosfocalcico, Facultad de Ciencias Médicas, nostat). This mechanism adapts the spatial distribution of the mineralized tissue to
Universidad Nacional de Rosario-CONICET, resist compression, bending and torsion. Among vertebrates, anurans represent an
Santa Fe, Argentina

SCatedra de Biologia General, Facultad excellent group to study long bone properties because they vary widely in locomotor

de Ciencias Naturales e IML, Universidad modes and habitat use, which enforce different skeletal loadings. In this study, we

Nacional de Tucuman, Tucuman, Argentina . . . .
. hypothesized that (a) the cortical bone mass, density and design of anuran femur and
Instituto de Biodiversidad Neotropical,

Universidad Nacional de Tucuman- tibiofibula would reflect the mechanical influences of the different locomotor modes

CONICET, Tucuman, Argentina and habitat use, and (b) the relationships between the architectural efficiency of cor-

Correspondence tical design (cross-sectional moments of inertia) and the intrinsic stiffness of corti-

Gustavo Roberto Cointry, Centro de cal tissue [cortical mineral density; the 'distribution/quality' (d/q) relationship] would

Estudios de Metabolismo Fosfocalcico, . . . . . .

Facultad de Ciencias Médicas, Universidad describe some inter-specific differences in the efficiency of the bone mechanostat

Zam':_a' de Rosario-CONICET, Santa Fe, to improve bone design under different mechanical loads. To test this hypothesis,
rgentina.

Email: gcointry@gmail.com we determined tomographic (peripheral quantitative computed tomography) indica-

tors of bone mass, mineralization, and design along the femur and tibiofibula of four
Funding information

Fondo para la Investigacion Cientifica anuran species with different modes of locomotion and use of habitat. We found
y Tecnolégica, Grant/Award Number: inter-specific differences in all measures between the distal and proximal ends and
PICT 2016-2772 ; Consejo Nacional de . . . . . .

Investigaciones Cientificas y Técnicas, mid-diaphysis of the bones. In general, terrestrial-hopper species had the highest

Grant/Award Number: PIP 0389 values. Arboreal-walker species had the lowest values for all variables except for

cortical bone mineral density, which was lowest in aquatic-swimmer species. The d/q
relationships showed similar responses of bone modeling as a function of cortical
stiffness for aquatic and arboreal species, whereas terrestrial-hoppers had higher
values for moments of inertia regardless of the tissue compliance to be deformed.
These results provide new evidence regarding the significant role of movement and
habitat use in addition to the biomechanical properties of long bones within a mor-

pho-functional and comparative context in anuran species.

KEYWORDS

anuran locomotion, bone biomechanics, bone mechanostat, femur, pQCT, tibia-fibula

Journal of Anatomy. 2020;00:1-14. wileyonlinelibrary.com/journal/joa © 2020 Anatomical Society 1


www.wileyonlinelibrary.com/journal/joa
https://orcid.org/0000-0003-0988-1345
https://orcid.org/0000-0002-4615-5011
mailto:﻿
mailto:gcointry@gmail.com

ey NPT AN AT QM A

1 | INTRODUCTION

In comparative biology, there is an increasing interest in analys-
ing the influences of the mechanical environment on several as-
pects of tetrapod life, especially with regard to locomotion (Losos
1990a,1990b,1990c; Losos et al. 1991; Bauwens et al. 1995; Cruz
et al. 2009; Tulli et al. 2011; Griep et al. 2013; Herrel et al. 2014;
Cox and Gillis, 2015; Soliz et al. 2017; Fratani et al. 2018; Vera et
al. 2018). Unusual locomotor demands on the limb skeleton, such
as anuran jumping, are probably the most likely to show what kind
of bone mechanical properties are more relevant to meet those de-
mands (Blob and Snelgrove, 2006; Wilson et al. 2009).

Bones are subjected to daily mechanical loads, which are de-
termined by gravitational forces and contractions of the associ-
ated muscles (Carter et al. 1998; Ferretti et al. 2001; Vizcaino et al.
2016). In long bones, a feedback mechanism, the bone mechanostat
(Frost, 2002), adapts the spatial distribution of the mineralized tis-
sue to resist bending and torsion. This occurs through a directional
modulation of bone modeling as a function of the magnitude and
orientation of the strains induced by customary usage of the bones
(Frost, 2002). During locomotion, the local deformations produced
by the mechanical environment stimulate bone cells and orient bone
adaptation (Frost, 1998; Hamrick et al. 2006). Both the directional-
ity and intensity of the stimuli may vary for different bone regions
(Hamrick et al. 2006; Cointry et al. 2016). Thus, the mechanical loads
have a regional influence on mineral tissue mass and distribution
(Kontulainen et al. 2008; Feldman et al. 2012), which usually deter-
mine bone structural stiffness, a factor in preventing fracture in mo-
bile bones as a function of their customary mechanical usage in all
vertebrates [the 'Utah Paradigm' (Frost, 2002)].

In general terms, the bone mechanostat proceeds within the
geometric limits imposed by the phylogenetically determined mor-
phogenesis of all vertebrate skeletons. Thus, in all vertebrates, the ar-
chitectural design of all mobile bones depends on both morphogenetic
and mechanical factors. Bone mechanical properties can be assessed
by peripheral quantitative computed tomography (pQCT). This tech-
nology provides cortical indicators of: tissue mass [cortical bone area
(CtA) and bone mineral content (BMC)]; tissue mineralization [cortical
volumetric bone mineral density (vBMD)]; shell design (moments of
inertia of the cross-section); and structural stiffness [bone strength
indices [BSIs]; Ferretti et al. 1996). In addition, pQCT enables the ef-
ficiency of the biomechanical control of bone design to be evaluated
at every site studied (i.e. efficiency of the bone mechanostat). In fact,
the architectural efficiency of the bone mechanostat [orientation of
'modeling drifts' (Frost, 1990)] was shown to be inversely related to
tissue stiffness (Ferretti, 1995; Ferretti et al. 1995; Di Masso et al.
1997; Feldman et al. 2004; Cointry et al. 2005, 2013, 2016). Thus, this
relationship can be described by typical, negative curves obtained by
correlating pQCT indicators of bone design related to cortical bone
tissue 'distribution' (i.e. moments of inertia related to bending or tor-
sion) and of bone tissue 'quality’ (i.e. cortical vBMD). The correspond-
ing graphs, known as 'distribution/quality' (d/q) curves (Ferretti, 1995;
Ferretti et al. 1995; Di Masso et al. 1997; Feldman et al. 2004; Cointry
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et al. 2005, 2013, 2016), show that the higher the tissue compliance
to deformation, the greater the moment of inertia value achieved by
the system to improve the local resistance to natural bone strains.
In d/q relationship graphs, a shift of the experimental data to the
lower-left with respect to a reference curve suggests a 'catabolic' in-
teraction with the bone mechanostat 'set point' (a reference strain
for the system). Conversely, a shift to the upper-right side indicates
an 'anabolic' interaction (Feldman et al. 2004). d/q curves have been
used to describe the effects of gender, genetic factors, physical activ-
ity, bone-weakening diseases and different treatments on the bone
mechanostat (Ferretti et al. 1995; Di Masso et al. 1997; Feldman et al.
2004; Cointry et al. 2005, 2013, 2016; Wang et al. 2009; Guilluy et
al. 2014; Iskratsch et al. 2014; Tondon and Kaunas, 2014; Rolfe et al.
2014; Nadell and Shaw, 2015; Humpbhries et al. 2017), and may differ
between species (Ferretti, 1995). This difference could reflect either
or both the influence of their anatomical differences and the mechan-
ical environments of their skeletons.

Several animal and clinical studies have shown that some struc-
tural variables can reflect the mechanical usage the bones are under-
going (Wilson et al. 2009). In connection with these studies, it was
shown that the intensity, frequency and duration of each activity
are first-order determinants of the effects of the mechanical envi-
ronment on the skeleton (Morseth et al. 2011). Also, it was reported
that the stimuli induced by jumping and other high-impact activities
are more effective in optimizing the design of some bones through
a directional modulation of bone modeling than those induced by
running, walking and swimming (Morseth et al. 2011; Weidauer et al.
2014; Gomez-Bruton et al. 2015). This was revealed by increments in
CtA, volumetric mineral density, thickness, and cross-sectional mo-
ments of inertia (Morseth et al. 2011; Weidauer et al. 2014; Gomez-
Bruton et al. 2015). However, cortical vBMD is lower in swimmers
than in terrestrial species and in human swimmers than in other
trained individuals (Bourrin et al. 1992; Bellew and Gehrig, 2006;
Mudd et al. 2007).

Amphibian anurans have a great variety of both locomotor
modes (e.g. swimming, jumping, hopping, walking) and habitat
use [e.g. terrestrial, aquatic, arboreal (Duellman and Trueb, 1986;
Manzano et al. 2017; Soliz et al. 2017; Fratani et al. 2018)]. These
very contrasting biological and ecological conditions will enforce
different mechanical loading on the skeleton, mainly owing to dif-
ferences in viscosity, density and gravitational force. In the aquatic
medium, buoyancy plays a significant role in the determination of
bone loads (Zug, 1971). By contrast, in terrestrial locomotion, grav-
ity and ground reaction forces must be considered (Nauwelaerts
and Aerts, 2003). The arboreal habitat is a complex environment
that requires different mechanical properties, such as the modu-
lation of the take-off force over an elastic substrate (Reynaga et
al. 2019). Thus, locomotion in aerial habitats will demand higher
muscle forces than in an aquatic medium (Biewener and Gillis,
1999). For all those reasons, we think that anurans would provide
excellent models to study both bone mechanical properties and
the mechanostat system. In this regard, serial pQCT studies of
anuran whole long bones should provide the necessary data to
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assess the degree of mechanical adaptation of bone structure to
a typical mechanical environment and detect any site-specific be-
havior of the mechanostat.

In the present study, we hypothesize that, in anurans, (a) the
femur and tibiofibula would reflect the mechanical influences of
the different locomotor modes and use of habitat, showing signif-
icant differences in bone mass, mineralization, design, or structural
stiffness concerning the higher (jumping/hopping) or lower impact
(swimming/walking) of their usual mechanical stimuli and (b) the re-
lationships between the architectural efficiency of cortical design
(cross-sectional moments of inertia) and the intrinsic stiffness of
cortical tissue (cortical mineral density; d/q relationships) would de-
scribe some inter-specific differences in the efficiency of the bone
mechanostat to improve bone design under different mechanical
loads. To test these hypotheses, we determined specific structural
properties of the femur and tibiofibula of four anuran species with
very different locomotor modes, as assessed by pQCT. The bones
selected for study have been typically shown to be sensitive to us-
age-dependent modeling/remodeling directional modulation in ver-
tebrates (Hudson et al. 2004) and therefore are ideal for testing the
relationships between bone structural variables and ecological as-
pects of locomotion in the species studied.

2 | MATERIAL AND METHODS
2.1 | Specimens

Twenty-two alcohol-preserved male adult specimens of four
anuran species were selected for this study. The analysed speci-
mens were from the Herpetological Collection of the Laboratorio
de Genética Evolutiva (Instituto de Biologia Subtropical); the col-
lection numbers of the specimens are detailed in Table 1. Left
hindlimbs were removed from the body, and muscle dissection
was performed to isolate and analyze the femur and the tibi-
ofibula. The species were selected according to their habitat
use and locomotor modes: terrestrial-hopper (Te-H; Rhinella
diptycha, n = 6), arboreal-jumper (Ar-J; Boana faber, n = 6), ar-
boreal-walker (Ar-W; Phyllomedusa sauvagii, n = 5), and aquatic-
swimmer species (Aqg-S; Pseudis platensis, n = 5). These species
represent two different anuran families, Bufonidae and Hylidae.
Moreover, each species is representative of one specific use of
habitat and locomotion mode that imposes differing functional

demands.

2.2 | Peripheral quantitative computed tomography
measurements

The entire femur and tibiofibula of each specimen were scanned
with a pQCT scanner (XCT-2000; Stratec), software version 5.0.
The slices were 2.5-mm thick. The in-plane pixel size was set
at 0.1 mm, as allowed by the Stratec software for small animal
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TABLE 1 Collection numbers and mean snout-vent lengths,
femur lengths and tibiofibula lengths of the specimens studied.

Species
(collection
numbers) SVL, mm

FL, mm TFL, mm

Rhinella diptycha 136.89 £ 8.58 48.94 £3.52  47.61£3.63
(LGE 3943, 7207,
18171, 18179,

18188, 18242)

Boana faber 91.35+3.82 46.23+1.4 50.73 £ 3.29
(LGE 236, 268,
271, 1610,

17058)

Phyllomedusa
sauvagii

(LGE 20719,
20721, 20722,
20724, 20725)

69.98 £2.36 2737 +0.62 28.17+0.73

Pseudis platensis 50.20 + 3.02 26.58 + 3.5 25.31+3.22

(LGE 3999,
4001, 16745,
16758, 16761)

LGE, Laboratorio de Genética Evolutiva; SVL, snout-vent length (SVL), FL,
femur length TFL, tibiofibula length.

studies. The scans of each bone were serially performed through-
out at every 5% of the total bone length, starting at 5% of the bone
length from the distal end and up to 90%, next to the proximal
epiphysis. The scans were numbered from s5 (5% site; distal end of
the bone) to s90 (90% site; proximal end of the bone); thus, a total
of 18 scans were obtained per bone. As the results at s5 were less
clear, we plotted bone parameters from s10.

Threshold values for total and cortical bone were selected at
710.0 mg/cm3, using the parameters contmode 3, cortmode 3,
and peelmode 3 for the femur and 2 for the tibiofibula. For in-
ter-specific comparison, some variables were adjusted according
to indicators of body size, such as CtA [an indicator of the uniax-
ial loading of the bone in compression derived from body mass
bearing (Ferretti, 1998)] and bone length (Ruff, 2000) to eliminate
the size effect (snout-vent length and bone length are detailed
in Table 1). The following bone indicators from each scan were
studied:

1. Bone mass indicators
e Cortical BMC, defined as the mass of mineral per unit of bone
scan thickness (mg/cm; Schoenau, 2005).
o CtA, regarded asrelevant to bone structural stiffness/strength
in uniaxial compression (mm?; Ferretti et al. 2001).
2. Bone tissue quality indicator
e Cortical vBMD (mg/cms), the volumetric mineral density
of the cortical tissue, regarded as indicative of bone tissue
stiffness (Currey, 1999). To minimize measurement errors
caused by the 'partial volume effect', cortical vBMD was
corrected according to the equation proposed by Rittweger
et al. (2004).
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3. Bone design indicator (geometric bone properties)

e Second moments of inertia of the cross-sectional cortical area
(CSMs). These indicators express the architectural efficiency
of the cross-sectional design of the cortical shell (bone tissue
'distribution') to resist anterior-posterior (xCSMI) or lateral
bending (yCSMI; Cointry et al. 2014). The CSMIs are the in-
tegral sums of the products between the area of each pixel of
CtA in the image and its squared distance to the correspond-
ing bending axis. All CSMI values were adjusted by the prod-
uct of the CtA and the squared bone length (CSMI/[CtA*bone
length?]) to eliminate the size effect (Ruff, 2000).

4. Structural stiffness/strength indicators

e Bone strength indices (xBSI = cortical vBMD x xCSMI, or
yBSI = cortical vBMD x yCSMI): indicators of whole-bone
quality; estimates of bone structural stiffness (a close cor-
relate of whole-bone strength) in anterior-posterior or lateral
bending (xBSI, yBSI, mg x mm), respectively. These indicators
were adjusted by bone length (Ruff, 2000).

5. Distribution/quality relationships.

e Correlations between the 'cross-sectional design indicators'
(xCSMI or yCSMI, concerning anterior-posterior or lateral
bending, y-axes) and the 'bone tissue stiffness indicators' (cor-
tical vBMD, x-axes) values at each skeletal site from s50 to s80
were calculated as d/q relationships (Ferretti, 1995). The d/q
relationships were regarded as indicators of the efficiency of
the biomechanical control of the cortical shell design by the

bone mechanostat.

2.3 | Statistical analyses

Differences between species were evaluated by one-way ANova after
logarithmic transformation to normalize the data. Specific pairwise
differences were identified with a post-hoc Tukey test. Differences
were considered significant at P < 0.05. Simple correlation analyses
were performed to evaluate the d/q relationships, and aNcova tests
were used to assess the differences between intercepts and slopes
of the d/q curves for different species data. The software StatisTica
(Statsoft) and the interface R studio (version 1.1.383) of the soft-
ware R was used for these analyses.

3 | RESULTS

The size and shape of the femur and tibiofibula cross-sections
(Figure 1) varied from site to site throughout the bones in the ana-
lyzed species. In the femurs, three general shapes were observed
(Figure 1a): a rounded shape, present at proximal sections (s80) of
all species and at s50-s20 in arboreal and aquatic species; a drop
shape, formed by the presence of a femoral crest in s70-s50 in
R. diptycha (Te-H), s70 in B. faber (Ar-J) and s70-s60 in P. sauvagii
(Ar-W); and an elliptic shape at the distal section (s20), next to the
knee jointin Te-H species. In the tibiofibula, three different general
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shapes could also be observed (Figure 1b): an elliptic-crown shape
with an anterior-posterior band formed by the fusion of the tibia
and the fibula which was visible at the proximal and distal sections
(s80 and s20) in all the species except Ar-W and also at s70 and s30
in Te-H species; an elliptic-crown shape without the fusion band,
as shown at s60 and s40 in Te-H and at s70 and s30 in Ar-J and
aquatic species and at s70 and s20 in Ar-W; and a grossly rounded

shape at mid-diaphysis (s60-s40) in Ar-J and aquatic species.

3.1 | Bone mass indicators

In general terms, in both femurs and tibiofibula, cortical BMC
(Figure 2a,b) was higher in R. diptycha (Te-H) throughout the
bones (P < 0.001) and, particularly in the femur, with higher values
distally than proximally. B. faber (Ar-J) showed intermediate BMC
values and significant differences (P < 0.001) from the rest of the
species. P. sauvagii (Ar-W) and Ps. platensis (Ag-S) showed slightly
lower BMC values than those of Ar-J. Within a short distal seg-
ment of the femurs (s10-s20), Ar-J and Ag-S showed similar BMC
values, significantly higher than those shown by Ar-W species.
In the tibiofibula (Figure 2b), Te-H showed higher values at both
ends and the midshaft than at the central regions of the proximal
and distal halves of the bone. Ar-J species had the highest BMC
values at mid diaphysis and at the proximal end. In Ar-W and Ag-S
species, there were similar BMC values along the bone, with a
slight increase toward the distal region. Within the s10-s20 seg-
ment, these species showed similar and significantly lower values
than Ar-J.

In the four species, the femur CtA values (Figure 2c) ranked
grossly similarly to BMC values in all bone sites. The highest CtA
values were reached toward the distal ends of both the femur and
tibiofibula. Distally in the femur (s15), the CtA in Ag-S and Ar-J
were similar and different from Ar-W. While at s35, s45 and s55-
s75, aquatic and arboreal species showed similar values. At S50,
Ar-J differed from Ag-S and Ar-W species (P < 0.001). The Ar-W
species showed the lowest CtA values through the bone, except at
s85, where arboreal and aquatic species presented similar values.
These trends were comparable to those observed for the tibiofib-
ula (Figure 2d).

3.2 | Bone tissue quality indicator

In the femurs, the cortical vBMD (Figure 3a) showed similar values
between species at distal and proximal ends. It increased from s10
upwards, showing different patterns up to a maximum at s50-s60 in
all the species and decreased proximally. Cortical vBMD was higher
in Te-H at the distal half (s5-s50), while Ar-J showed the highest val-
ues at the proximal half (s50-s90). Ag-S species showed the lowest
cortical vBMD values, and intermediate values were observed for
Ar-W species (Figure 3b). Similar trends were observed in the tibi-
ofibula except that Te-H and Ar-J species showed similar and higher



VERAET AL.

FIGURE 1 Some of the scans obtained
from the studied sites of the different
species analyzed. (a) Femur scans, (b)
tibiofibula scans. Scale bar 10 mm.

values throughout the bone (P < 0.001). The lowest cortical vBMD
values were observed in Ar-W and Ag-S species.

3.3 | Bone design indicators (geometric bone
properties)

In the femurs of all analyzed species, the CSMI values were gen-
erally higher distally and proximally than at the mid-diaphyses
(Figure 4a). The Te-H species showed the highest CSMI values in
all femoral sites (Figure 4a). Central-distally (s10-s20), the CSMIs
were intermediate for aquatic species, and the lowest for arboreal
species (jumpers and walkers). Significant inter-group differences
(P < 0.001) were observed, with some site-specificity. In Te-H
species, and less noticeably in Ar-W species, the femur showed
a crest on the posterior aspect (between s45 and s75), which de-
termined an increment of the xCSMI values (Figure 4A). Also in
Ar-W species, the xCSMI values increased significantly in s70-s90
to match the Ag-S values (Figure 4a). The tibiofibula showed a
similar pattern to the femur, with lower CSMI values (Figure 4b).
In this bone, the xCSMI was similar in Te-H and Ag-S species at

R. diptycha

& =

B. faber P. platensis P. sauvagii

S5

10 mm

s30-s65 (Figure 4b), while the yCSMI values were similar in the
two arboreal species at those sections (Figure 4d). As observed in
the femur, the CSMIs were significantly larger in Ar-W than in Ar-J
species at proximal ends (s75-s85).

3.4 | Structural stiffness/strength indicators

In both femurs and tibiofibula, xBSI and yBSI were much higher
in Te-H than in the other species, with similar values for Ar-J and
Ag-S and lowest values for Ar-W species (P < 0.001). In the femur
at s15-s50, Ar-J and Ag-S species showed similar BSI values, both
significantly higher than those of Ar-W (P < 0.001; Figure 5a). In the
tibiofibula, the BSI values of these two species were similar along the
bone (Figure 5b).

3.5 | Distribution/quality relationships

The relationships observed between either of the CSMIs and the
cortical vBMD of all the specimens studied between s50 and S80
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FIGURE 2 Bone mass indicators: cortical bone mineral content (BMC) of the femur (a), and the tibiofibula (b). Cortical bone area (CtA) of
the femur (c), and the tibiofibula (d). Ag-S, aquatic swimmers; Ar-J, arboreal jumpers; Ar-W, arboreal walkers; Te-H, terrestrial-hoppers.

were described by negative, simil-hyperbolic correlation curves,
which were best adjusted by negative exponential functions of the
form y = a x exp(-b x x). R. diptycha (Te-H) curves shifted signifi-
cantly to the upper-right zone with respect to the other species,
showing a negative but not significant slope. In the other species the
curves followed similar patterns for the femur (Figure 6a,c) and tibi-
ofibula (Figure 6b,d). Ps. platensis (Ag-S) and P. sauvagii (Ar-W) data
were plotted in the upper-left zone and those of B. faber (Ar-J) were

plotted in the lower-right zone in all graphs.

4 | DISCUSSION

The femur cross-sections showed generally rounded shapes, especially
at the mid-diaphysis of the arboreal and aquatic species and at s40 in
terrestrial ones, suggesting an adaptation to torsion (Broshko, 2014)
or multidirectional bending which are typical of arboreal locomotion
(Demes and Carlson, 2009). On the other side, an elliptic shape with

larger medial-lateral than anterior-posterior axes, suggesting resistance
to lateral bending (Cointry et al. 2016), was shown at s30-s40 in the
femur and throughout the tibiofibula in Te-H species and at s20-s30
and s70-s80 in the tibiofibula in all the other species. The 'drop shape'
conferred to the proximal sections by the femoral crest (which sharply
increases the xCSMI) in Te-H, and less noticeably in Ar-W species, indi-
cates a higher resistance to anterior-posterior bending (Broshko, 2014),
as required by the loading of the bones during locomotion in a ter-
restrial environment (Demes and Carlson, 2009; Cointry et al. 2014).
Our data tend to support our first hypothesis; in fact, we recorded
significant differences in bone indicators among locomotor modes
and habitat use. The Te-H species (R. diptycha) showed the highest
values for almost all the allometrically related variables, especially at
both femoral ends. The cortical bone mass variables (BMC and CtA)
indicated a difference in bone size between this and the other three
species. Curiously, in the femur of Te-H species, the BMC values de-
creased proximally despite the increase in CtA. In the tibiofibula, the
distribution of the cortical BMC values was similar for all species, with
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larger values at the central region than at the bone ends. Higher val-
ues for this variable in hopper and jumper species than in walkers and
swimmers may reflect an increment of bone formation caused by a
more demanding mode of locomotion, as observed in mice subject to
physical exercise (Hamrick et al. 2006) and in humans who are trained
in different sports (Weidauer et al. 2014; Agostinete et al. 2017a).
Ag-S frogs (Ps. platensis), the smallest species analyzed, tend to pres-
ent intermediate values for some allometric variables. Notably, Ar-W
species, which are larger than Ag-S species, showed the lowest values
for these bone indicators. Thus, the patterns observed in the present
study could be explained by the action of external forces (i.e. environ-
ment and locomotor modes) that would orient the biomechanical con-
trol of the bone resorption/deposition, as stated by Van Der Meulen
and Carter (1995) for mammal's species.

Cortical vBMD, strikingly higher at the mid-diaphysis than at the
bone ends, as observed in humans (Cointry et al. 2016), was quite
similar for the two jumping species (Te-H and Ar-J) and higher in
these species than in Ag-S and Ar-W species. Interestingly, Te-H

species had the lowest cortical vBMD values at s90 in both bones, as
was to be expected because of their lower cortical BMC and higher
CtA. As expected, cortical vBMD in aquatic species was found to be
the lowest in the study, in congruence with the requirements of life
in an aquatic environment. Similar results were reported for human
swimmers (Bellew and Gehrig, 2006; Mudd et al. 2007; Agostinete
et al. 2017a; Agostinete et al. 2017b) and in rat studies (Bourrin et
al. 1992).

An important outcome of our work concerns the differences in
loading environments between jumper/hopper and swimmer an-
urans. It is generally accepted that swimming and jumping imply
similar movements produced by the same morphological struc-
tures in all frog species (Nauwelaerts et al. 2007; Soliz et al. 2017)
since both locomotor modes need the hindlimbs to generate the
propulsive forces required (Gillis and Biewener, 2000). Limb move-
ments in an aquatic medium are more strenuous than in an aerial
one because of the physical properties of water (Nauwelaerts et al.
2005). Despite this, strain magnitudes in an aquatic environment
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are much lower than on land (Young and Blob, 2015; Young et al.
2017) because the lack of gravity force and buoyancy reduces the
loads placed on the bones supporting the body (Zug, 1971). From
our results we can infer that locomotion in an aerial medium is
more defiant, as our terrestrial frogs tended to have the best val-
ues for all variables. This is in line with reports from Lutz and Rome
(1994) and Calow and Alexander (1973), who found that jumping
and hopping were more mechanically demanding than swimming.
They also observed that the thrust produced during hopping was
three to four times greater than during swimming in a small grass
frog. In this context, 'normal' gravity would be an essential cofactor
for the osteogenic effects of movement (Bourrin et al. 1992), par-
ticularly influencing bone remodeling and geometric traits (Demes
and Carlson, 2009), which could be enhanced during strong skel-
etal-loading sessions (Turner and Robling, 2003), as is the case in
jumping and hopping.

In the femur and tibiofibula, the adjusted CSMIs showed
higher values in both metaphyses, with cortical diameters
and area being higher, and lower values in the mid-diaphyses.
However, in Te-H species, the adjusted xCSMI was significantly
larger between S60 and S80 than in the other species, espe-
cially in the femurs. This is visibly related to the muscle-inser-
tion crest present at the posterior aspect of the femur section,
which is associated with the locomotion mode and the impact
generated by the hardness of the ground, which would be sim-
ilar to that induced by sports such as basketball (Weidauer et
al. 2014; Agostinete et al. 2017a). Hopper toads frequently per-
form several hops in series (Rand, 1952; Zug, 1978; Emerson,
1979), which are often erratic and discontinuous. Hence, their
long bones should respond to intense cyclic stress. Large forces
and mechanical power are generated rapidly because hopping
strides are faster compared with most of the other terrestrial
gaits (Emerson, 1985; Lutz and Rome, 1994; Marsh, 1994).

Additionally, the unique kinematics of frog jumping, which
requires hindlimb unfolding from a highly crouched position to a
straightened position (Calow and Alexander, 1973; Marsh, 1994;
Gillis and Biewener, 2000; Kargo and Rome, 2002; Kargo et al.
2002), also subjects frog hindlimb bones to twisting (Blob and
Biewener, 1999, 2001; Butcher and Blob, 2008; Butcher et al.
2008) and requires a high bone bending strength. The stiffness
of the most distal part of the femur (as assessed by BSI values,
especially concerning the y-related indicators) reflected a higher
resistance to lateral bending, which may reduce the risk of fracture
by this type of deformation, a feature that could be highly selec-
tive (Cointry et al. 2016). Ag-S species showed intermediate val-
ues of both xCSMI and yCSMI, probably to compensate its lower
cortical bone density in a feedback mechanism that controls bone
modeling as a function of bone tissue mechanical quality (Ferretti
et al. 1993).

Interestingly, in the femur of the arboreal frogs B. faber, a jumper
species, the CSMIs showed the lowest values, comparable to those
found in P. sauvagii, a walker species, at s35-s65 sites. Surprisingly,
P. sauvagii showed high CSMIs values at s70-s90, probably due to
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the femoral crest. The arboreal frogs studied here move across lit-
tle branches, i.e. a moving substrate. When little branches move,
a balance problem is generated because of the misalignment of
the ground reaction force and the frog's center of mass, inducing
a rotational moment (Astley et al. 2015). This trend to lower both
bone mass indicators (in walker species) and architectural design (in
jumper and walker species) in arboreal frogs compared to the other
species probably contributes to generating a compensatory be-
haviour, such as the walker frog's grasping abilities (Manzano et al.
2008; Sustaita et al. 2013; Manzano et al. 2018) and their high abil-
ity to adjust their limb posture (Reynaga et al. 2018). Moreover, the
general movements of these frogs are slow, decreasing the chances
of falling from the branches, which would be highly risky for bones
of such poor quality.

The bone structural indicators (BSIs) were always higher in Te-H
species, while the Ag-S and Ar-J species had intermediate values,
and Ar-W species had comparatively low values. A higher structural
bone stiffness/strength is associated with strong musculature (Frost
et al. 1998; Schoenau, 2005) and concomitantly higher mechanical
loads (Turner and Robling, 2003) such as those supported by bones
of terrestrial species. This feature is consistent with considerable
resistance to fracture (Leung et al. 2003). By contrast, the Ar-W
species, such as P. sauvagii, have more flexible bones. In fact, bone
deformation allows for elastic energy storage that can optimize loco-
motion biomechanics. Moreover, hindlimb bone strength is not only
influenced by the musculature and mechanical loads, but also by the
mobility of the ankle experienced by the limb in arboreal and terres-
trial environments (Marchi, 2015). Taken together, the differences
observed in the present study between the two arboreal species can
also be attributed to ankle mobility since they have very different
limb postures.

The observed d/q relationships support our second hypothesis.
They were always described by negative, hyperbolically shaped
functions, as usually observed when comparing any pair of vari-
ables which are mutually inter-related by a feedback control system
(Ferretti, 1995; Ferretti et al. 1995; Di Masso et al. 1997; Feldman
et al. 2004; Cointry et al. 2005, 2013, 2016). With the exception
of Te-H species (R. diptycha), the curves for the species studied
showed a common significant negative trend, regardless of the
mode of locomotion or the habitat (Figure 6a-d). The species that
had a lower density (Ag-S and Ar-W) would appear to compensate
for it by achieving a better cross-sectional design (CSMls) at s70-
s90, compared with the Ar-J species. By contrast, values for R. dip-
tycha were plotted at the upper zone of the graph, with a significant
difference in ordinates compared with the other curves. This result
could indicate that the adaptation of R. diptycha bones to a terres-
trial environment and mode of locomotion (hopping) would involve
the development of larger CSMIs regardless of the tissue compli-
ance to be deformed, suggesting the interaction of some morpho-
genetic factors in the determination of long-bone architectural
design.

In conclusion, our findings support both hypotheses and we con-
clude the following:



VERAET AL.

1. The femur and tibiofibula measures showed differences among
the different species analyzed, especially in the Te-H species:
e Cortical vBMD was strikingly higher in jumpers (B. faber) and

hoppers (R. diptycha) than in other species, regardless of the
environment. Clearly, swimmers (Ps. platensis) and Ar-W spe-
cies (P. sauvagii) had lower cortical bone density.

e As expected, the larger size of R. diptycha significantly in-
fluenced the allometric and structural indicators. Moreover,
P. sauvagii, an intermediate-sized species, and Ps. platensis, the
smallest species, had the lowest and intermediates values of
these indicators, respectively, suggesting a similar mechanical
influence.

e Bone design indicators showed quite similar trends in all spe-
cies, although they were higher in R. diptycha than in the other
species. Strikingly, both moments of inertia had intermediate
values in Ps. platensis and lower values in B. faber and P. sau-
vagii. This would mean that both locomotor mode and terres-
trial environment should stimulate the development of a high
xCSMLI. It seems as if Ps. platensis (Ag-S) would have better
compensated for its lower cortical bone density.

e The bone structural indicators, in general, were higher in
R. dypticha and Ps. platensis, while B. faber had intermediate
values, and P. sauvagii had comparatively low values. These
findings could indicate that arboreal species would have
greater flexibility than terrestrial and aquatic species owing
to their slow displacements on the branches, especially in the
walking species P. sauvagii, which is subject to less impact than
the jumper B. faber.

2. The d/q relationships observed for aquatic and arboreal species
suggest that the bone mechanostat responds to mechanical de-
mands, compensating for low bone densities by improving bone
design, as we have observed in other studies. However, the size-
shape adjusted data of R. diptycha plotted distinctly, in the ‘ana-
bolic’ zone of the graph, compared with those who were adjusted
to the other curve. This would indicate that the allometric differ-
ences between bones of this and the other species should also
be determined significantly by some mechanically unrelated, mor-

phogenetic factors.

Our study may represent one of the first attempts to analyze
the geometrical and structural properties of the bones in anurans
within a morpho-functional comparative context. It should be
considered, however, that we have disregarded the phylogenetic
signal of our data since the sample was too small. Despite this,
differences in bone properties within the same clade, as recorded
in hylids, suggest that the mechanical environment where the spe-
cies develop can drive a considerable proportion of their skeletal
traits.
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