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So far, studies documenting bone vascularization patterns have been mainly focused on amniotes. Lissamphibians,
generally considered to have poorly vascularized to avascular bone cortices because of their low metabolic rates,
have been largely overlooked, and no comparative dataset of bone vascularization exists for this group. To docu-
ment this aspect of bone microstructure in urodeles and anurans, and to investigate the relationships between
cortical vascular density, size, phylogeny and metabolic rate, we sampled 71 species (116 stylopodial elements)
encompassing the taxonomic, body size and ecological diversity of the lissamphibians. Our results show that,
with the exception of the largest taxon Andrias, extant urodeles have generally avascular limb bones; conversely,
anurans can exhibit vascular density values equivalent to, or even higher than, those recorded in similar-sized
lepidosaurs. Statistical analyses reveal that absolute cortical thickness in stylopod diaphyses is positively corre-
lated to bone vascular density in lissamphibians. However, available data fail to clearly decipher the relationship
between metabolism and bone vascularization. Finally, the present study underlines the existence of diverse,
sometimes contradictory patterns, and highlights the complexity and multiplicity of the factors likely to influence
bone vascular density.

ADDITIONAL KEYWORDS: Anura — bone vascularization — cortical thickness — resting metabolic rate — size
threshold — Urodela.

INTRODUCTION

The biological significance of bone vascularization
has long been recognized; it has served as one of the
main criteria for the classification of bone tissues (e.g.
Ricqles, 1976). The occurrence and abundance of vas-
cular canals is considered an important aspect of bone
microstructure because of its complex functional sig-
nificance. It is indeed supposed to be linked to local
(e.g. Buffrénil et al., 2016) or general growth rates (e.g.
Castanet et al., 1996a) of the skeleton and the organ-
ism as a whole. By extension, the density and spatial
organization of bone vascularization have been used

as proxies for the metabolic rate of amniotes, consid-
ering that this parameter is related to growth rate
and thus indirectly related to bone vascularization
(Montes et al., 2007; Montes, Castanet & Cubo, 2010).
Quantitative models have been developed for this pur-
pose, and applied to extinct taxa in order to assess the
growth rates of their bones and their thermal physiolo-
gies (Cubo et al., 2012; Huttenlocker & Botha-Brink,
2013, 2014; Legendre et al., 2016).

Experimental data are relatively scarce in sup-
port of such inferences, which mainly remain based
on empirical clues. Histological observations show
that vascular density (VD) in bone is actually related
to specific body size or to the size of individual skel-
etal elements (Ricqles, 1975; Buffrénil, Houssaye &
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Bohme, 2008); moreover, VD is high during episodes
of fast growth (early ontogenetic stages) and decreases
or disappears later in ontogeny (e.g. Cubo et al., 2014).
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In vivo bone labelling clearly shows that both the den-
sity and the orientation of vascular canals are cor-
related with accretion rate (Castanet et al., 1996a,
2000a; Margerie, Cubo & Castanet, 2002; Margerie
et al., 2004). Furthermore, the relationship between
basal metabolic rate and VD was substantiated, at
least in amniotes, by Montes et al.’s (2007) experimen-
tal study (see also Cubo et al., 2012).

Cortical vascularization partly reflects the inclu-
sion of periosteal blood vessels into the osteoid in the
course of cortical accretion (Morgan, 1959; Brookes,
1963; Trias & Fery, 1979). However, the detailed mech-
anisms controlling this process are poorly understood.
According to Buffrénil et al. (2008), only specific size
and growth rate significantly influence bone vascular-
ization; however, Cubo et al. (2014) proposed a more
complex causality, involving, besides histo-metabolic
aspects, considerations on the internal architecture
and geometry of bones (Cubo et al., 2014). The latter
study postulates that VD reflects the needs of bone
cells to be supplied with nutrients and to evacuate
their metabolic wastes. When bone cortices are very
thin, a direct diffusion occurs between the periosteum
capillaries and osteocyte canaliculi; in thicker corti-
ces, a vascular network is necessary. Quantitative
analyses of the relationship between VD and cortical
thickness (CT) support this interpretation in diapsids
(Cubo et al., 2014). In addition, the existence of size
thresholds (specific size, bone size or bone cross-sec-
tional area), determining the presence of intra-cor-
tical vascularization, has been suggested (Buffrénil
et al., 2008; Cubo et al., 2014).

Numerous exceptions or inconsistencies regard-
ing these general interpretative schemes exist (cf.
Buffrénil et al., 2008). This situation suggests that
other factors are likely to influence vascularization
patterns, and that the cascade of causes involving
growth rate and metabolic rate that was considered
hitherto is not a sufficient explanation. It is thus
necessary to increase the amount of comparative
data to further document the variability that occurs
in the density and spatial organization of bone vas-
cular canals. To date, relevant studies on this topic
have mainly focused on extant amniotes (Chinsamy &
Elzanowski, 2001; Cubo et al., 2008; Legendre, Segalen
& Cubo, 2013; Kolb et al., 2015; Legendre et al., 2016).
Lissamphibians, generally considered as having poorly
vascularized to avascular bone cortices because of
their low metabolism as compared to amniotes (e.g.
Padian & Stein, 2013), have been largely overlooked.
As a consequence, very few comparative studies on
bone vascularization have been specifically conducted
in lissamphibians, although the variability of this
feature in their long bones has previously been men-
tioned (Foote, 1911, 1916; Enlow & Brown, 1956, 1958;
Ricqles, 1976; Laurin, Canoville & Quilhac, 2009),

and numerous illustrations of bone sections (used
in skeletochronological or microanatomical studies)
show the presence of vascular canals in some species
(Foote, 1916; Canoville & Laurin, 2009; Laurin et al.,
2009; Laurin, Canoville & Germain, 2011). A notable
exception is the work of Castanet et al., (2003). In this
qualitative, comparative study, the authors discussed
the general differences in long bone vascular patterns
between urodeles and anurans. They noted that urode-
les have poorly vascularized to avascular bone cortices.
Anurans, to the contrary, have much more diverse and
sometimes complex bone structures, with some species
showing highly vascularized cortices. They, moreover,
observed that the variations in VD seem to be related
to the specific body size of anurans, and also the skel-
etal elements considered. Unfortunately, the different
vascular patterns described in Castanet et al. (2003)
have not been illustrated or quantified.

Three aims are assigned to the present work: (1)
further document lissamphibian bone vascularization
patterns by sampling a large comparative set of anu-
ran and urodele species; (2) investigate qualitatively
and quantitatively the relationships between cortical
vascular density, size, phylogeny and metabolic rate;
(3) compare our results with previous studies that
mostly dealt with amniotes.

MATERIAL AND METHODS

BIOLOGICAL SAMPLE

Our biological sample consists of 116 stylopodial ele-
ments (55 humeri and 61 femora) for a total of 71 lis-
samphibian species, representing 34 urodele species
(21 genera) and 37 anuran species (29 genera; Table 1),
according to the most widely accepted current nomen-
clature; we are aware that the ranks assigned to these
taxa are subjective (Laurin, 2008). All but three are
extant species. One humerus plus one femur were
available for 45 of these nominal species, whereas ten
species are represented only by one humerus and 16
by one femur.

The taxa were sampled to encompass the taxo-
nomic, body size and ecological (aquatic, semi-aquatic
and terrestrial) diversity of extant lissamphibians
(Table 1 and Appendix; Fig. 1). To investigate a pos-
sible influence of size on the VD of bone, we sampled
different-sized animals, ranging from small species to
the world’s largest extant lissamphibian taxa, namely
the Goliath frog Conraua goliath and the Chinese
giant salamander Andrias davidianus (Amiet, 2004;
Liang, Geng & Zhao, 2004).

Most of the bones were sampled from dried skele-
tons or specimens preserved in ethanol and curated
in the anatomical and herpetological collections of
the Museum National d’Histoire Naturelle of Paris,
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Table 1. Biological sample of lissamphibians used for histological descriptions

Taxa Species authority Specimen numbers (when sampled for
the present study)/source of information
for histological descriptions
Humerus Femur

Caudata

Marmorerpetont Evans et al., 1988 - Univ. Coll. London, no _
n°; Buffrénil et al.,
2015
Salamander A¥ _ _ Univ. Coll. London, no _
n°; Buffrénil et al.,
2015
Salamandrella Dybowski, 1870 Siberian _ Smirina, 1994 (fig. 2B)
keyserlingii Salamander

Hynobius kimurae

Onychodactylus
fischeri

Cryptobranchus
alleganiensis
Andrias davidianus

Andrias japonicus

Siren lacertina
Ambystoma andersoni

Ambystoma opacum
Salamandra
salamandra
Salamandra lanzai
Salamandra atra
Chioglossa lusitanica
Pleurodeles poireti
Pleurodeles waltl
Lissotriton boscai
Lissotriton vulgaris
Notophthalmus

viridescens
Ichthyosaura alpestris

Triturus helveticus
Triturus montandoni

Dunn, 1923

Boulenger, 1886

Daudin, 1803
Blanchard, 1871
Temminck, 1836
Osterdam, 1766
Krebs & Brandon,
1984
Gravenhorst, 1807
Linnaeus, 1758
Nascetti et al., 1988
Laurenti, 1768
Bocage, 1864
Gervais, 1836
Michahelles, 1830
Lataste, 1879
Linnaeus, 1758

Rafinesque, 1820

Laurenti, 1768

Razoumowsky, 1789
Boulenger, 1880

Hida Salamander

Long-tailed Clawed
Salamander

Hellbender

Chinese Giant
Salamander
Japanese Giant
Salamander
Greater Siren

Anderson’s
Salamander
Marbled
Salamander
Common Fire
Salamander
Lanza’s Alpine
Salamander
Golden Salamander
Golden-striped
Salamander

Edough Ribbed
Newt

Sharp-ribbed
Salamander

Iberian Newt

Smooth Newt
Eastern Newt

Alpine Newt

Palmate Newt
Carpathian Newt

Smirina, Serbinova
TIA & Makarov, 1994
(fig. 1D)

MNHN. AC. 1976-170

ZFMK 8568 +
ZFMK_unnumbered
MNHN. AC. 1914-224

MNHN. AC. 1888-409
HISTOS [MNHN] 571

MNHN. AC. 1971-112
MNHN. AC. 1939-135
L 2003-1

L 2003-1

Lima, Arntzen JW
& Ferrand, 2000
(fig. 1D, E, F)

Caetano & Leclair,
1999 (fig. 3)

Verrell & Francillon,
1986 (fig. 1B-D)

Caetano & Leclair,
1996 (fig. 2A, B)

Miaud, 1992 (fig. 1,
phot. 2)

Miaud, 1992 (figs 1-4)
L 2003-3

Misawa & Matsui,
1999 (fig. 2D)

Smirina, Serbinova
TA & Makarov, 1994
(fig. 1D)

MNHN. AC. 1976-170

ZFMK 8568 +
ZFMK_unnumbered
MNHN. AC. 1914-224

HISTOS [MNHN] 572
MNHN. AC. 1971-112
MNHN. AC. 1939-135
L 2003-1

L 2003-1
Lima, Arntzen JW
& Ferrand, 2000
(fig. 1D, E, F)
Francillon & Pascal,
1985 (fig. 1, phot. 4)
HISTOS [MNHN] 573

Smirina & Rocek,
1976 (fig. 1A, C);
Smirina, 1994
(fig. 2C)

1. 2003-3
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Table 1. Continued

Taxa

Species authority

Specimen numbers (when sampled for
the present study)/source of information
for histological descriptions

Humerus

Femur

Triturus marmoratus

Triturus cristatus

Necturus maculosus

Proteus anguinus
Amphiuma means

Batrachoseps
attenuatus

Plethodon glutinosus

Plethodon metcalfi

Desmognathus
ochrophaeus

Desmognathus
monticola

Desmognathus
quadramaculatus

Anura

Rhinella marina
Duttaphrynus
melanostictus
Amietophrynus
superciliaris
Amietophrynus
regularis
Nimbaphrynoides
occidentalis
Epidalea calamita

Bufo bufo
Sclerophrys pentoni

Atelopus spumarius

Hypsiboas boans

Latreille, 1800

Laurenti, 1768

Rafinesque, 1818

Laurenti, 1768
Garden, 1821

Eschscholtz, 1833
Green, 1818

Brimley, 1912

Cope, 1859

Dunn, 1916

Holbrook, 1840

Linnaeus, 1758
Schneider, 1799

Boulenger, 1888
Reuss, 1833
Angel, 1943
Laurenti, 1768

Linnaeus, 1758
Anderson, 1893

Cope, 1871

Linnaeus, 1758

Marbled Newt

Northern Crested
Newt

Neuse River
Waterdog

Olm

Two-toed
Amphiuma

California Slender
Salamander

Slimy Salamander

Southern Gray-
cheeked
Salamander

Allegheny
Mountain Dusky
Salamander

Seal Salamander

Blackbelly
Salamander

Cane Toad

Black-spectacled
Toad

African Giant Toad

African Common
Toad

Mount Nimba
Viviparous Toad

Natterjack Toad

Common Toad
Penton’s Toad

Pebas Stubfoot
Toad
Rusty Treefrog

Caetano, Castanet
& Francillon, 1985
(fig. 3D-F)

Francillon, 1979
(figs 3, 4)

ZFMK 27706

MNHN. AC. 1888-414
MNHN. AC. 1932-184

Wake & Castanet,
1995 (fig. 1D, C)

MNHN. AC. 1885-37
MNHN. H. 149-93

ZFMK 90569
MNHN. H. 163-63.

HISTOS [MNHN]
2007 to 2011

L 2003-21
MNEHN. H. 2771-6.

L 2003-8

Francillon-Vieillot,
Arntzen & Géraudie,
1990a (fig. 1A, F;
fig. 2C, E)

Francillon-Vieillot,

Arntzen & Géraudie,

1990a (fig. 1A, F;
fig. 2C, E)
ZFMK 27706

MNHN. AC. 1888-414
MNHN. AC. 1932-184

MNHN. AC. 1971-106
Ash et al., 2003
(fig. 1A, B)

Houck & Francillon,
1988 (fig.1A);
Castanet,
Francillon-Vieillot
& Bruce, 1996b
(fig. 5C)

Castanet, Francillon-
Vieillot & Bruce,
1996b (fig. 3C, D)

Castanet, Francillon-
Vieillot & Bruce,
1996b (fig. 1C, D)

MNHN. AC. 1885-37
MNHN. H. 149-93

MNHN. H. 163-63.

Castanet et al., 2000b
(fig. 1F)

HISTOS [MNHN]
2007 to 2011

HISTOS [MNHN] 76

Francillon et al., 1984
(figs 3-7)

MNHN. H. 2771-6.

L 2003-8
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Table 1. Continued

Taxa

Species authority

Specimen numbers (when sampled for
the present study)/source of information
for histological descriptions

Humerus Femur
Pseudacris triseriata Wied-Neuwied, Western Chorus _ Platz & Lathrop, 1993
1838 Frog (fig. 1)
Agalychnis dacnicolor ~ Cope, 1864 Mexican Giant Tree L 2003-10 L 2003-10
Frog
Leptodactylus Laurenti, 1768 South American L 2003-9 L 2003-9
pentadactylus Bullfrog
Ceratophrys aurita Raddi, 1823 Brazilian Horned L 2003-5 L 2003-5
Frog
Telmatobius culeus Garman, 1875 Titicaca Water Frog L 2003-19 L 2003-19
Trichobatrachus Boulenger, 1900 Hairy Frog ZFMK 83751 ZFMK 83751
robustus
Conraua goliath Boulenger, 1906 Goliath Frog ZFMK 15885 ZFMK 15885
Hoplobatrachus Giinther, 1858 African Groove- MNHN. H. 1337.133 MNHN. H. 1337-133
occipitalis crowned Frog

Nanorana vicina

Chiromantis rufescens

Lithobates
catesbeianus
Lithobates vaillanti
Lithobates forreri
Rana dalmatina
Pelophylax saharicus

Pelophylax ridibundus

Pelophylax esculentus

Rana iberica
Rana temporaria

Pelobates fuscus
Pipa pipa

Pipa carvalhoi
Xenopus laevis
Latonia gigantea T
Discoglossus pictus

Bombina orientalis

Ascaphus truet

Stoliczka, 1872
Giinther, 1869

Shaw, 1802
Brocchi, 1877
Boulenger, 1883
Bonaparte, 1840
Boulenger, 1913
Pallas, 1771
Linnaeus, 1758

Boulenger, 1879
Linnaeus, 1758

Laurenti, 1768
Linnaeus, 1758
Miranda-Ribeiro,
1937
Daudin, 1802
Lartet, 1851
Otth, 1837
Boulenger, 1890

Stejneger, 1899

Himalaya Paa Frog
African Foam-

nest Treefrog
American Bullfrog

Vaillant’s Frog
Forrer’s Grass Frog
Agile Frog

Sahara Frog

Eurasian Marsh
Frog

Common Water
Frog

Iberian Frog

European Common
Frog

Common Spadefoot

Surinam Toad

Carvalho’s Surinam
Toad

African Clawed
Frog

Painted Frog

Oriental Fire-
bellied Toad
Coastal Tailed Frog

MNHN. AC. 1985-1054

L 2003-6

MNHN. AC. 1910-367
+ L 2003-20

L 2003-16

L 2003-17

L 2003-12

Pers. Coll. J. Ben
Hassine

L 2003-14

L 2003-18

L 2003-15

L 2003-11
MNHN. AC. 1954. 325

MNHN. AC. 1939-12

Pers. Coll. J. Ben
Hassine
L 2003-4

MNHN. AC. 1968.140

MNHN. AC. 1985-1054
L 2003-6

MNHN. AC. 1910-367
+ L 2003-20

L 2003-16

L 2003-17

L 2003-12

Pers. Coll. J. Ben
Hassine

L 2003-14

L 2003-18

L 2003-15
MNHN. AC. 1976-165

L 2003-11
MNHN. AC. 1954-325
MNHN. AC. 1954-325

MNHN. AC. 1939-12

MNHN/PAL Sa 23480
A B

Pers. Coll. J. Ben
Hassine

L 2003-4

MNHN. AC. 1968-140

Institutional abbreviations: HISTOS [MNHN], Collection d’histologie et de paléohistologie osseuse, Museum National d’Histoire Naturelle, Paris,
France; MNHN. AC., Museum National d’Histoire Naturelle, collections d’anatomie comparée, Paris, France; ZFMK, Zoologische Forschungsmuseum
Alexander Koenig, Bonn, Germany.
T = Extinct taxa. Note that Salamander A, first mentioned by Evans & Milner (1991), constitutes an unnamed Caudata from the Middle Jurassic. As
Marmorerpeton, it is probably part of the karaurids, the oldest known stem-urodeles (Evans & Waldman, 1996).
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Figure 1. Time calibrated phylogeny of the lissamphibian species sampled in this study. This reference tree was compiled
from previously published phylogenies using the Stratigraphic Tools for MESQUITE (Josse, Moreau & Laurin, 2006), and
was used for the phylogeny-informed statistical analyses. Abbreviations: E, Early; L, Late; M, Middle; Neo., Neogene; Perm.,

Permian.

France, and the Zoologische Forschungsmuseum
Alexander Koenig, Bonn, Germany (Table 1). All the
specimens sampled had a body size superior or equal
to 75% of the average adult size known for their spe-
cies. Our biological sample thus contains mostly adults
or sub-adults close to the end of their stage of active
somatic growth.

For 20 taxa (Table 1), we used illustrations of com-
plete cross-sections from the literature, if they met
the following five criteria: (1) the picture is sharp and
precise; (2) the species was clearly identified; (3) the
individual was undoubtedly an adult; (4) the cross-sec-
tion comes from the midshaft of a femur or a humerus;
(5) the illustrated bone tissue is avascular. Indeed, in
order to standardize our observations, vascular canals
were counted only on thin sections studied under the
microscope. All taxa with vascularized bones men-
tioned in the literature were actually represented by
specimens in our sample.

In most cases, one specimen per species was sam-
pled. When several specimens were collected for the
same species, we used the species means for statistical

analyses. Moreover, for each species we recorded, when
possible, the presacral length (PLg, in cm). PLg was
measured from anterior surface of atlantal centrum to
anterior surface of first sacral centrum in urodele skel-
etons. For fresh specimens, this could not be measured,
so we measured from the posterior end of the head to
the vent. For anurans, given their very short, stocky
body, we measured from the atlantal centrum or cau-
dal end of the head to the posterior end of the urostyle.
We also collected data from the literature on the aver-
age body mass of each species (BM, in g), as well as the
mass-specific resting metabolic rate (ml O, g h™) at
15 °C and 20 °C (Appendix).

PROCESSING OF BONE SECTIONS

After manual cleaning (removal of muscle, tendon
and medullary tissue residues), the bones were defat-
ted in sequential ethanol and acetone baths, photo-
graphed and included in an epoxy resin (Araldite 2020,
Huntsman). Two sections of 2 to 10 mm, depending on
the size of the bone, were sampled symmetrically from
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both sides of a transversal plan to the mid-diaphy-
sis. One of these samples was used for making 2 to 4
transversal thin-sections 80 to 100 um thick, following
standard petrographic procedures (Lamm, 2013). The
other block was used for longitudinal thin-sections of
the same thickness.

HISTOLOGICAL OBSERVATIONS, HISTOMORPHOMETRIC
MEASUREMENTS AND QUANTITATIVE PARAMETERS

The thin-sections were observed and photographed
using an optical microscope (Zeiss Axioskop), under
transmitted, normal or polarized light. Vascular
canals were identified and counted directly under the
microscope. We took into account intra-cortical canals
only, and excluded from our observations and counts
the large nutrient canals through which the nutrient
artery penetrates into bone early in the ossification
process. Parameter NC (Appendix) is the total num-
ber of vascular canals observed on each thin-section.
Drawings of each transversal thin-section were real-
ized at different magnifications (ranging from 40x to
60x, depending on the size of the sections), using a
camera lucida set on a binocular lens (Zeiss Stemi
SV6). All bone microstructural details larger than
10 nm were taken into account (no vascular canals
smaller than this were observed in our samples).
Once scanned, these drawings were analysed in
IMAGEJ (Abramoff, Magalhdes & Ram, 2004) in order
to extract five simple quantitative parameters: (1)
maximal diameter of the section (MD, in mm); (2) total
sectional area (A, ,in mm?); (3) area of the cortex (A _,
in mm?); (4) relative area of the cortex expressed in
percent of A (RA_=100A_/A );(5) absolute cortical
thickness (CT, in mm) measured along four orthogonal
radii of the section.

The vascular density (VD, in number of vascular
canals per mm?) was calculated as follows: VD = NC/A .
The parameter corresponding to the relative area of
the whole set of vascular canals, designated as ‘vascu-
lar density’ by Cubo et al. (2005), was not used in the
present study, because it could have been misleading.
Indeed, in lissamphibians, most of the vascular canals
are primary osteons that possess variable lumen
widths, depending on the amount of lamellar bone cen-
tripetally deposited on their walls.

NON-PHYLOGENETIC STATISTICAL ANALYSES

Simple (non-phylogenetic) linear regressions and
statistical tests were performed in PRISM (Graphpad
Software Inc.), in order to better visualize the data,
and examine the strength and shape of the relation-
ships involving size and bone vascularization. Null
hypotheses were rejected at a threshold of P < 0.05.

PHYLOGENY-INFORMED STATISTICAL ANALYSES

We tested the presence of a phylogenetic signal by
comparing the squared length of each character on the
time calibrated reference phylogeny (Fig. 1) with the
same statistic on a population of 10 000 random trees.
These were obtained by randomly reshuffling the
terminal taxa on a tree of fixed branch lengths; this
ensures an identical distribution of branch lengths in
the reference and random trees (Laurin, 2004). This
test was performed to determine whether phylogeny-
informed tests should be performed on the data, rather
than simple, non-phylogenetic statistics.

Given that some characters show a phylogenetic sig-
nal (see below), we also checked whether the hypoth-
esis of Brownian motion evolution of our characters on
the reference tree was reasonable. These tests were
performed in the PDAP module (Midford, Garland &
Maddison, 2010) of Mesquite (Maddison & Maddison,
2014).

Similarly, our findings that most characters evolved
according to non-Brownian models (see below) led us
to check for character correlation using phylogenetic
pairwise comparisons (Maddison, 2000), a phylogeny-
informed non-parametric, sign test. This test is less
powerful than many other commonly used methods,
but it is far more robust to violations of character dis-
tribution assumptions, given that it assumes only that
evolution has been divergent (rather than reticulate,
for instance). Thus, any positive results yielded by
this method should be reliable (Maddison & Fitzjohn,
2015).

We tested the hypothesis that vascularization
appeared more frequently in anurans than in urode-
les using a phylogenetic binomial test as proposed by
Smith et al. (2013). Basically, this test consists of first
determining how many appearances of vascularization
occurred in each clade (thus, if a small clade of three
anuran taxa shares vascularization, this is scored as a
single appearance). Second, the phylogenetic diversity
(Faith, 1992) sampled in each clade was determined by
first pruning taxa with missing data for the character
of interest from the tree. This was done in Mesquite
(Maddison & Maddison, 2014), using the Stratigraphic
Tools (Josse, Moreau & Laurin, 2006). This procedure
aimed to determine the probability of the appearance
of the character (per lineage and per million years)
occuring in either clade. The test then determines
the probability of observing a distribution at least as
asymmetrical as that actually observed.

We also tested the hypothesis that the VD was
ancestrally the same in both clades. To do this, we
used the continuous analysis to check for a significant
shift in vascular density. The continuous analysis was
proposed by Germain & Laurin (2009) to detect hetero-
chronies, but it can be used to check for a shift in value
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between two adjacent nodes on a tree for any quanti-
tative character. In addition, we tested the hypothesis
that vascularization appeared more frequently in the
humerus than in the femur (something suggested by
our observations) using a binomial test on the number
of appearances of the vascularization on the reference
tree, using parsimony optimization. We did a similar
test on the density of vascularization, by comparing
the ancestral value for lissamphibians for both bones,
and determining whether their 78% confidence inter-
vals overlapped; if they do not, the null hypothesis
(that VD of both bones is equal) can be rejected at a
0.05 threshold. The justification for the use of 78% con-
fidence intervals in such tests was briefly presented
by Meslin et al. (2012), but a more detailed explana-
tion may be useful. This practice is justified by the
fact that we are comparing two estimated quantities,
rather than a known entity with an estimate. If the
real underlying value is the same (which is the null
hypothesis), the probability that both intervals will not
overlap is the square of 1 — confidence interval width.
If we had used 95% confidence intervals, the prob-
ability of observing no overlap if the null hypothesis
were true would have been 0.05 x 0.05 = 0.0025. Thus,
the correct confidence interval width to test whether
two nodal values are significantly different is 1 — the
square root of the desired probability threshold. For a
0.05 probability threshold of Type 1 error, the square
root of 0.05 is 0.2236 (rounded off to the 4th decimal),
and 1 - 0.2236 = 0.7764. By rounding off the width
of the confidence intervals to 0.78%, we are making
the test slightly conservative. The fact that neighbour-
ing nodes on a tree influence each other’s value when
these are estimated with squared-change parsimony
and related methods (Maddison, 1991) should make
the test even more conservative.

Given that we performed many tests, we corrected
for multiple testing using the false discovery rates
(FDR) method (Benjamini & Hochberg, 1995).

RESULTS

HISTOLOGICAL OBSERVATIONS
Caudata

Cross-sections from the humeri and femora show that
the stylopod elements of urodeles have a narrow med-
ullary cavity surrounded by a thick and compact cortex
(Fig. 2; Appendix). In Marmorerpeton, Salamander A,
A. davidianus, Andrias japonicus, Ambystoma ander-
sont, Necturus maculosus and possibly also Pleurodeles
waltl, bone cortex in both the humerus and femur is
perforated by vast erosion cavities displaying a typi-
cal scalloped contour (evidence for osteoclast activity).
These cavities are irregularly distributed within the

cortex, at variable distance from the medullary cav-
ity, and their total area can be much larger than that
of the medullary cavity (Fig. 2A). Signs of secondary
reconstruction very seldom occur on their walls; it was
observed only, to a limited extent, in the two Andrias
species.

The cortices of all long bones in our sample are made
of parallel-fibred tissue (Fig. 2A, B). In cross-section,
this tissue appears roughly birefringent in polarized
light; however, in some species, the birefringence
is poorly characterized (e.g. N. maculosus and both
Andrias species; Fig. 2B, C). Conversely, birefringence
is more pronounced in longitudinal sections (Fig. 2E).
In most individuals, the rotation of the microscope
stage reveals in transversal and longitudinal sections
a monorefringent band that moves according to the
direction of rotation. These observations suggest that
the orientation of collagen fibres in the osseous matrix
of urodele long bones is basically longitudinal, but
that it also includes a significant spiral component.
Osteocyte lacunae appear predominantly circular in
transversal sections, with some variability in their
morphology and orientation (Fig. 2F). In longitudinal
section, they are flattened and oriented parallel to the
surface of the cortices (Fig. 2E). Canaliculi are poorly
developed (Fig. 2E). The orientation of osteocyte lacu-
nae thus confirms the overall polarization of the bone
structure. Sharp cyclical growth marks, in the form of
annuli or lines of arrested growth (LAGs), are visible
on the cross-sections (Fig. 2C, D).

Urodele long bones are generally avascular; only
a few vascular canals were observed in the femur of
A. japonicus (5 canals, at most, in cross-sections) and
A. davidianus (2 canals). These are simple vascular
canals with average diameters of 60 pm (A. japonicus)
and 95 pm (A. davidianus) and longitudinal to slightly
oblique orientations (compared to the long axis of
the bone).

In several taxa (e.g. Andrias, Necturus, etc.), the
medullary cavity is still partly or totally obstructed
by residues of non-resorbed calcified cartilage at the
adult stage (Fig. 2G). This feature reflects neoteny (cf.
Ricqles, 1964, 1965), a fairly common phenomenon in
urodeles (Duellman & Trueb, 1986). In the N. macu-
losus specimen, this state only concerns the femur
(Fig. 2G), because the medullary cavity of the humerus
(Fig. 2B) is devoid of calcified cartilage.

Anura

The long bones of all anuran taxa have a typical tubu-
lar architecture, with solid walls void of the wide
erosion bays observed in the urodeles (small erosion
cavities can be nonetheless present in the perimedul-
lary region). In cross-section, the cortices of anuran
long bones are more markedly monorefringent than
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Figure 2. Bone histology of the Caudata. (A) Mid-diaphyseal cross section in Andrias japonicus femur (specimen MNHN.
AC.1914.224, transmitted polarized light). The bone cortex is globally (but imperfectly) birefringent. The medullary cavity is
small, whereas the cortex is very thick, and displays three broad erosion bays, one of which merges into the medullary cav-
ity; (B) Mid-diaphyseal section in Necturus maculosus humerus (specimen ZFMK 27706). Same remarks as in the femur of
A. japonicus; (C-D) Histology of the humeral cortex of Andrias davidianus (specimen ZFMK 8568; in polarized and ordinary
transmitted light, respectively). Cyclical growth marks, in the form of lines of arrested growth (arrow heads) are particularly
pronounced. Note also the abundance in Sharpey’s fibres bundles throughout the cortical bone; (E) Longitudinal section
in A. davidianus femur. The insert is a closer view at osteocyte lacunae; (F) Cross-section in A. japonicus femur (ordinary
transmitted light). Growth marks are conspicuous throughout the cortex. The white arrow points at one of the rare simple
vascular canals observed in the femur of A. japonicus; G, calcified cartilage filling the medullary cavity in N. maculosus
femur. Abbreviations, CC, calcified cartilage; EB, intra-cortical erosion bay; Sf, Sharpey’s fibres.

those of the urodeles (Fig. 3A). Likewise, in longitu- These observations indicate that the fibres of the colla-
dinal sections, the birefringence of the bone matrix is genous matrix have a more strictly longitudinal orien-
particularly strong, with alternation of bright and dark tation in anurans. In longitudinal sections, osteocyte
phases when rotating the microscope stage (Fig. 3C). lacunae appear flat and parallel to the sagittal axis
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Figure 3. General features of bone histology in the Anura. (A) Cross-section in the femur of Nanorana vicina (specimen
MNHN AC. 1985-1054; transmitted polarized light). The cortical bone is avascular and isotropic in this sectional plane.
Conspicuous birefringent lines of arrested growth occur (arrow heads); (B—C) longitudinal section in the femur of Conraua
goliath (specimen ZFMK 15885). The bone tissue forming the cortex displays strong birefringence, with total illumination
(B) alternating with total extinction (C). Note the presence of numerous bundles of Sharpey’s fibres; (D) aspect of osteocyte
lacunae in a longitudinal section from the femur of C. goliath. The lacunae are oriented parallel to the bone layers, and they
display short canaliculi; (E) long, branching canaliculi spreading in the femoral cortex of Trichobatrachus robustus (speci-
men ZFMK 83751); (F) occurrence of such long canaliculi in a thick layer of peri-medullar endosteal bone tissue (in polarized
light); (G) rounded aspect of osteocyte lacunae, with long canaliculi, in a cross section of 7! robustus femur; (H) spindle-like
aspect of the osteocyte lacunae in a cross section from Pipa pipa humerus (specimen MNHN.AC.1954.325). Insert: closer

view at the cell lacunae. Abbreviation: Sf, Sharpey’s fibres.

of the bones (Fig. 3D); an aspect confirming that long
bone cortices in anurans are made of well-character-
ized parallel-fibred bone tissue. Sharp cyclical growth
marks, in the form of LAGs or birefringent annuli,

occur in most anuran bones (Fig. 3A), as also do bun-
dles of radial or oblique Sharpey’s fibres (Fig. 3B, C).
The main differences between anuran taxa consist
of some variability in the regularity of the spatial
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orientation of the collagenous meshwork, as well as
in the morphology of osteocyte lacunae, which can be
circular (Fig. 3G), multipolar or ellipsoid (Fig. 3H) in
cross-section.

Although the canaliculi appear short in longitu-
dinal section (Fig. 3D), the cross-sections of most
limb bones reveal the presence of complex canalicu-
lar networks in the vicinity of the osteocyte bodies
(Fig. 3E—H). The aspect of these networks is somewhat
reminiscent of the so-called aspidinocytes, which are
thin and elongated unmineralized spaces observed in
aspidin, a type of acellular bone. The origin and func-
tion of these structures have been subject of debates.
(Hancox, 1972; see also the critical discussion of this
concept in Francillon-Vieillot et al., 1990b). The cana-
liculi have a primarily radial orientation, but tend to
converge towards the lumen of vascular canals, when
present (Fig. 3E). It is rare to observe a direct con-
tact between these canalicular extensions and the
peri-somatic part of osteocyte lacunae. Their pres-
ence in the layer of lamellar endosteal bone (cen-
tripetally deposited) surrounding the medullary
cavity (Fig. 3F), testifies that these structures are not
anchoring fibres (e.g. Sharpey’s fibres), with which
they could have a superficial resemblance. There is
little doubt that they indeed represent a complex
network of canaliculi, but with ramifications mainly
developing at some distance from osteocyte bodies.
This situation could indeed explain why it is difficult
to clearly show that they originate from the osteocyte
lacunae.

Vascular canals are mostly represented by primary
osteons, whose lumen varies from 10 to 40 pm in diam-
eter, depending on the level of the section, and the
individual or species considered (Figs 3H, 4-6). Simple
vascular canals are also observable, although they are
less frequent and always associated, when present, to
primary osteons. In many individuals of diverse taxa,
the cortical layers (of periosteal origin) show a pro-
nounced deflection under the vascular canals (Fig. 4B).
This feature is evidence of the primarily periosteal
origin of intra-cortical vascularization. Besides the
primary osteons, some secondary osteons occur in the
peri-medullary region of Nanorana vicina and Pipa
pipa (Fig. 4A). Vascular canals have a preferential lon-
gitudinal orientation; however, oblique or even radial
canals can be observed in association with longitudinal
ones (Figs 3H, 4A, B, 5, 6). The distribution of the vas-
cular canals, regardless of their nature, can be random
(Fig. 4C), but this condition is rare; they rather tend to
be organized either in radial rows (Figs 4D, 5B, 6A-D),
or in circumferential layers (Fig. 4F), or in a combina-
tion of both. In Rhinella marina, the primary osteons
are arranged in concentric layers and tend to have a
circumferential orientation (Fig. 4F); this locally gives
the bone an apparent laminar organization (but the

latter does not correspond, of course, to a fibro-lamel-
lar complex).

STATISTICAL ANALYSES
Basic statistical results

In Caudata, the occurrence of intra-cortical vascular
canals in the 54 long bones of our sample has a fre-
quency rate of 3.7%, and involves only the two Andrias
species [albeit with extremely low VD values (0.09 to
0.18) and only in the femur; the humerus being com-
pletely avascular]. Among the 62 bones of our anu-
ran sample, 20 display vascular canals, that is, 32.3%
(Appendix). Basic statistics of the data suggest that
the occurrence of vascular canals is more frequent
in the humerus (40.7%) than in the femur (26.5%) of
anurans. However, a binomial test on the number of
evolutionarily independent appearances of vascular
canals in the humerus (3) and the femur (5) indicates
that there is no significant pattern here (P = 0.7266 for
having a distribution at least that asymmetrical). This
test was performed on our entire batrachian sample to
increase its power a little. Similarly, Fisher’s exact test
(a non-phylogenetic test, also performed on the whole
batrachian sample, but on the frequency of the occur-
rence of vascularization in both clades) again fails to
find a statistically significant difference (P = 0.4798).
The average VD (10.97 + 17.91 for the humerus and
9.61 + 19.67 for the femur) is not significantly differ-
ent between these bones (Mann—Whitney: P = 0.3878).

Phylogeny-informed analyses

Basic statistics and visual inspection of the data sug-
gest that anurans are more frequently vascularized
than urodeles; however, a phylogenetic binomial test
(Smith et al., 2013) fails to find statistical support for
this pattern (P = 0.2090 for the femur and 0.1136 for
the humerus). Similarly, continuous analysis failed to
detect a significant shift in VD between both clades
for the femur and the humerus because the 78% con-
fidence intervals of their base nodes overlap broadly.
This is not surprising given that we failed to find a
phylogenetic signal in this character (VD), for both
bones (see below). However, these results need to be
interpreted cautiously because VD, even after loga-
rithmic transformations, shows strong departure from
Brownian motion, so this, combined with the appar-
ent absence of a phylogenetic signal suggests that the
character optimizations on which this test is based are
not necessarily reliable.

About a third of the characters show a phylogenetic
signal (Table 2). This concerns the total cross-section
area (A, ), average CT and maximal diameter (MD) of
both bones, as well as the PLg and the mass-specific
resting metabolic rate (In-transformed MR) of the taxa.
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Figure 4. Vascular canals in the bones of anurans. (A) Variably oriented canals (radial, oblique, longitudinal) in the humeral
cortex of Pipa pipa (individual N° 1 of specimen MNHN.AC.1954.325). The arrows point to a radial canal and a primary
osteon; (B) Deflection of cortical bone layers (arrow) under vascular canals in the humeral cortex of P. pipa; (C) longitudi-
nally oriented primary osteons, with a random spatial distribution, in the femoral cortex of Amietophrynus regularis (speci-
men MNHN. H. 163.63; polarized transmitted light); (D) longitudinal primary osteons forming radial rows in the femur of
A. regularis (polarized transmitted light); (E) longitudinal primary osteons forming circular rows in the femur of Rhinella
marina (specimen MNHN. AC. 1885-37; polarized transmitted light); (F) primary osteons with an incipient circumferential
orientation forming concentric rows in the femur of R. marina (polarized transmitted light).

Most characters appear to have evolved according
to a non-Brownian model, given that contrasts were
adequately standardized in only three characters (out
of 25; Table 3); logarithmic transformation of the data
as well as branch length transformations did not help.

The FDR analysis indicates that for the 243 statis-
tical tests that we performed, the corrected adjusted
threshold to account for multiple tests is 0.02 (instead
of the uncorrected 0.05 threshold). This allows us to
filter 25 false positives, most of which concern artefact

checks (to verify whether the characters evolved accord-
ing to a Brownian motion model).

Three non-phylogenetic linear regressions between
the VD (our dependent variable) and the three inde-
pendent variables A _, RA_and CT (Fig. 7) fail to
show a significant effect of these variables on vascular
density. However, phylogenetic pairwise comparisons
on the same data (Table 4) yield a significant effect
of CT on VD for the femur (P = 0.0078), but not for
the humerus (P = 0.0352; not significant according to
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Figure 5. Mid-diaphyseal cross-sections of the humerus and femur of different-sized anuran species. The vascular canals
have been highlighted in red. (A) Lithobates catesbeianus humerus (specimen L 2003-20); (B) L. catesbeianus femur
(specimen L 2003-20); (C) Rhinella marina humerus (specimen MNHN. AC. 1885-37); (D) R. marina femur (specimen
MNHN. AC. 1885-37); (E) Sclerophrys pentoni humerus (specimen L 2003-21); (F) Ceratophrys aurita femur (Specimen L
2003-5); (G) Latonia gigantea femur (specimen MNHN/PAL Sa 23480 B); (H) L. gigantea femur (Specimen MNHN/PAL

Sa 23480 A).

FDR analysis). The total area of these bones (A, ) does
not appear to have a significant influence (P = 0.0625
and 0.1445, respectively). The influence of CT of the
femur remains significant if these tests are performed
on the batrachian (global) sample (P = 0.0047), though
not on the humerus (P = 0.098), as expected. This effect

is apparently not simply a threshold effect between
thin-walled, avascular bones and larger, vascularized
bones because repeating these tests by replacing VD
(a quantitative character) by vascularization presence
(a binary character) results in systematically higher
probabilities, none of which is significant (Table 4).
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A

Figure 6. Mid-diaphyseal cross-sections of the humerus and femur of Pipa pipa showing the variability in microanatomical
and vascularization patterns within a given bone (A—C), between two individuals (A-C vs. D) and between humerus (A-D)
and femur (E). The vascular canals have been highlighted in red. (A) Humerus (specimen N° 1, section 1); (B) Humerus
(Specimen N° 1, section 2); (C) Humerus (specimen N° 1, section 3); (D) Humerus (specimen N° 2); (E) Femur (specimen N°
1). All specimens come from a single jar that bears the number MNHN.AC.1954.325.

DISCUSSION

VASCULARIZATION PATTERNS

When present, bone vascularization of lissamphib-
ians, mostly comprising simple vascular canals or
primary osteons (as previously mentioned in Enlow
& Brown, 1956; Ricqles, 1976; Castanet et al., 2003;
Laurin, Canoville & Quilhac et al., 2009) with various
topographic arrangements, is morphologically similar
to that of sauropsids (as described in Buffrénil et al.,
2008; Cubo et al., 2014) and some marsupial mam-
mals (e.g. Kolb et al., 2015b). However, a nearly cir-
cumferential organization of the canals, as observed
in R. marina, is unknown in extant lepidosaurs.
Furthermore, the plexiform, reticular or true laminar

organizations of the canals that prevail in eutherian
mammals (Kolb et al., 2015a, b), extant birds and most
Mesozoic dinosaurs (Chinsamy-Turan, 2005; Legendre
et al., 2014), are absent in lissamphibians (as well as
in extant lepidosaurs). Two groups of extinct limbed
vertebrates, the lepospondyls and the temnospon-
dyls, have been alternatively proposed as the closest
relatives of Lissamphibia (e.g. Anderson et al., 2008;
Marjanovi¢ & Laurin, 2013). While the limb bone his-
tology of lepospondyls is virtually unknown, temno-
spondyl bone histology has been extensively studied
(e.g. Enlow & Brown, 1956; Ricqles, 1975; Steyer et al.,
2004; Mukherjee et al., 2010; Sanchez et al., 2010a, b;
Konietzko-Meier & Klein, 2013; Konietzko-Meier &
Sander, 2013; Sanchez & Schoch, 2013; Canoville &

© 2017 The Linnean Society of London, Zoological Journal of the Linnean Society, 2018, 182, 107-128

Downl oaded from https://academ c. oup. cont zool i nnean/ articl e-abstract/ 182/ 1/ 107/ 3873883
by Museum National d'H stoire Naturelle user

on 14 May 2018



BONE VASCULARIZATION IN LISSAMPHIBIANS 121

Table 2. Phylogenetic signal in the size and vasculariza-
tion data

Characters P values
Continuous characters — femur
VA/A 0.9282
VD (ve/mm?) 0.7211
A, (mm?) 0.0034
RA (%) 0.0999
CT (mm) 0.0133
ve mean diameter (um) 0.8524
MD (mm) 0.0071
Discrete characters — femur
ve type 0.6142
vc orientation 0.7946
avascular (0); vascularized (1) 0.8719
Continuous characters — humerus
VA/A 0.9117
VD (ve/mm?) 0.6323
Atot (mm?) 0.0011
RA (%) 0.6167
CT (mm) 0.0012
vc mean diameter (um) 0.6571
MD (mm) 0.0109
Discrete characters — humerus
ve type 0.3235
vce orientation 0.8225
avascular (0); vascularized (1) 0.9181
Continuous characters — taxa
PLg (cm) 0.0048
MR (ml O, g™* h1) 15 °C. In transformed 0.0083
Body mass (g) 15 °C 0.1437
MR (ml O, g* h*) 20 °C 0.4747
Body mass (g) 20 °C 0.5500

Significant results (after correction for multiple tests) are in bold type.
A, , total area of the cross-section; CT, absolute cortical thickness;
MD, maximal diameter of the cross-section; MR, mass-specific resting
metabolic rate; PLg, presacral length; RA _, relative area of the cortex;
VA, area of vascular canals; vc, vascular canals; VD, vascular density.

Chinsamy, 2015). In general, small temnospondyls
tend to have very simple bone structures, with poorly
vascularized to avascular cortices (Sanchez et al.,
2010b), similar to extant urodeles and some, usually
small, anurans (Skutschas & Stein, 2015). Larger
forms exhibit much more variable and complex vascu-
larization patterns, in some cases with highly vascu-
larized incipient-fibrolamellar bone tissues unknown
from extant lissamphibians and lepidosaurs (Castanet
et al., 2003; Konietzko-Meier & Klein, 2013; Konietzko-
Meier & Sander, 2013; Skutschas & Stein, 2015).

A comparative review of published data reveals
that, although the vascular network in lissamphib-
ians is generally much less dense than that of birds
[e.g. VD = 149.6 ve/mm? in Bubulcus ibis (maximal
length = 560 mm; Scott, 1987); Cubo et al., 2014], it,

nonetheless, has an upper limit [VD = 63 ve/mm? in
Amietophrynus regularis (SVL = 130 mm; Rédel, 2000)]
higher than that reported for lepidosaurs [VD = 43.8
ve/mm? in Varanus rudicollis (SVL = 590 mm; Harrison
& Lim, 1957); Cubo et al., 2014). This conclusion is
based on data from 13 anuran species in our sample
that display vascularization in the humerus or the
femur, four of which display a VD > 43.8 ve/mm?.

Finally, the existence of a potential size threshold
separating avascular bones from vascularized ones,
had been previously suggested by Castanet et al.
(2003) for anurans, and complies with a general pat-
tern already described in amniotes by Buffrénil et al.
(2008) and Cubo et al. (2014). Unfortunately, the dis-
parity of the data available in the literature hampers
precise comparison of the thresholds.

PHYLOGENETIC SIGNAL

The results of this study suggest that VD is not sig-
nificantly influenced by phylogeny in Lissamphibians.
Previous works by Cubo et al. (2005) and Legendre
et al. (2012, 2014) reached the opposite conclusion in
amniotes; phylogeny explains a great percentage of
the variance of vascular density, irrespective of the
statistical methods used. Our results suggest that sev-
eral parameters more or less directly related to the
specific size of taxa (A, ,, MD and CT) are sensitive to
phylogenetic relationships and, at least in the case of
femoral CT, can have an influence on vascular density.
In the latter case, phylogeny would thus rank as a
secondary, or indirect, explanatory factor for vascular
density. Recent studies in diapsids in general (Cubo
et al.,2014) and varanids in particular (Buffrénil et al.,
2008) reached a similar conclusion.

DIFFERENCES BETWEEN URODELES AND ANURANS

At a gross micro-anatomical level, a striking differ-
ence between urodeles and anurans is the irregular,
patchy resorption occurring in the core of bone corti-
ces in some urodeles. This feature mentioned or illus-
trated by Ricqles (1964), Castanet et al. (2003) and
Buffrénil et al. (2015) seems to be unknown in anurans
and other tetrapods. Up to now, its developmental pat-
tern and functional involvements remain poorly docu-
mented; future studies should specifically address this
intriguing question.

Among the 21 genera of urodeles studied, only one,
Andrias, displays vascularized cortices in stylopo-
dial bones. Considering that the femur of A. davidi-
anus is slightly smaller than that of A. japonicus, it
is possible that its size (A, , = 20.3 mm?) is close to the
threshold beyond which vascularization appears in the
urodele long bones. However, this interpretation would
only be valid for the femur, because the humerus of
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Table 3. Artefacts standardization of the FIC, showing non-Brownian evolution in the characters

Characters Ptest 1 2 3 4 Standardized
0, no; 1, yes
Continuous characters — femur 0.0186 4.72E-13 0.0297 0.0101 0
VA/A 0.0272 4.13E-08 0.0131 0.01 0
VD (ve/mm?) 0.4693 1.50E-08 0.3716 0.5318 0
A, (mm?) 6.25E-04 5.92E-02 0.0143 0.0102 0
- 0.089 5.71E-07 0.1977 0.5308 0
CT (mm) 0.0186 4.72E-13 0.0297 0.0101 0
ve mean diameter (um) 0.0152 8.42E-14 0.1082 0.0848 0
MD (mm) 0.1016 3.31E-05 0.1254 0.8034 0
Discrete characters — femur
vc type 0.0782 1.71E-05 0.0155 0.0105 0
ve orientation 0.0235 2.41E-08 0.0157 0.0159 0
avascular (0); vascularized (1) 0.1646 1.04E-07 0.1853 0.9963 0
Continuous characters — humerus
VA/A 0.0031 4.29E-12 0.0135 0.0098 0
VD (ve/mm?) 0.0118 2.54E-05 0.0342 0.0164 0
A, (mm?) 0.4368 1.29E-06 0.3617 0.9197 0
RA 0.178 3.10E-03 0.497 0.009 0
CT (mm) 0.2756 2.69E-07 0.5138 0.6892 0
ve mean diameter (um) 0.0122 1.30E-03 0.036 0.0053 0
MD (mm) 0.2041 1.73E-05 0.0621 0.0788 0
Discrete characters — Humerus
ve type 0.0587 9.10E-03 0.0902 0.0128 0
vc orientation 0.031 3.02E-04 0.0753 0.0137 0
avascular (0); vascularized (1) 0.0072 1.62E-01 0.1024 0.0142 0
Continuous characters — taxa
PLg (cm) 0.4215 1.16E-10 0.1576 0.0469 0
MR (ml O2 g1 h™?) 15 °C. In-transformed 0.1623 1.66E-01 0.1858 0.8799 1
Body mass 15 °C 0.1816 8.20E-04 0.1357 0.011 0
MR (ml O, g h™) 20 °C 0.7876 8.49E-02 0.3677 0.7789 1
Body mass 20 °C 0.8761 9.64E-02 0.9923 0.0448 1

The four documented tests concern linear regressions between: (1) absolute value of contrasts vs. their expected standard deviation (computed from
branch lengths); (2) absolute value of contrasts vs. estimated node value; (3) absolute value of contrasts vs. node height (above root); (4) estimated node
value vs. node height. All tests were performed by the PDAP module (Midford, Garland & Maddison, 2010) for Mesquite (Maddison & Maddison, 2014).

A

tot?

total area of the cross-section; CT, absolute cortical thickness; MD, maximal diameter of the cross-section; MR, metabolic rate; PLg, presacral

length; RA , relative area of the cortex; VA, area of vascular canals; vc, vascular canals; VD, vascular density.

A. japonicus, though larger (A, = 22.1 mm?), is avascu-
lar. Among the extant urodeles sampled in this study,
the presence of vascular canals in limb bones is a pecu-
liarity of Andrias, and no larger species exists in extant
faunas. The presence of ridges terminated by foramina
(most likely vascular) on the surface of long bones
in Ukrainurus hypsognathus (from the Miocene of
Ukraine; Vasilyan et al., 2013) and Aviturus exsecratus
(from the Paleocene—Eocene of Mongolia; Vasilyan &
Bohme, 2012), that are the only known urodeles larger
than Andrias spp. (femoral diameter at mid-diaphysis
is 8.08 and more than 10 mm, respectively, in these
species, vs. 6.3 mm in our A. japonicus specimen), sup-
ports the hypothesis of such a threshold. A histological
investigation of Ukrainurus and Aviturus bones could
ascertain the nature of these foramina.

In previous studies, a few simple vascular canals have
been reported in the long bone shafts of several sala-
mander species, such as Ambystoma tigrinum (Enlow
& Brown, 1956), as well as Calitriton asper, P. waltl,
Salamandra salamandra, S. atra Notophthalmus
viridescens, Triturus cristatus (Castanet et al., 2003),
Ambystoma opacum, Salamandrella keyserlingii and
Desmognathus monticola (Laurin et al., 2009). The
last eight species have also been sampled in the pre-
sent study, but our specimens did not have any vas-
cular canals (Appendix). A check of the illustrations
(when available) in previous original articles or sec-
tions suggests that the canals mentioned by these
authors actually corresponded to initial nutrient
canals (housing the nutrient artery), a kind of canal
that we excluded from our computations (see above:
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Figure 7. Linear regressions showing the relationships
between the dependent variable VD and three independent
morphometric variables: (A) total cross-section area (A, );
(B) relative cortical area (RACX, in mm?); (C) absolute corti-
cal thickness (CT, in mm). None of these three regressions

reveals a significant relationship.

Material and Methods). If we limit the comparative
analysis to extant forms, we can thus conclude that
the presence of vascular canals in urodele limb bones

is extremely rare. To date, the stylopod histology of
only three Middle Jurassic stem-salamander taxa has
been described (Buffrénil et al., 2015; Skutschas &
Stein, 2015). No clear vascular canals were observed in
the humeral shafts of juvenile to subadult specimens
of Marmorerpeton or Salamander A (Buffrénil et al.,
2015). Although small specimens (probably juveniles)
of Kokartus honorarius have avascular cortices, larger
ones (probably subadult to adult individuals) exhibit
a few isolated longitudinal vascular canals, as well as
secondary osteons in the proximal and distal shafts of
their stylopods (Skutschas & Stein, 2015). Again, these
differences in the presence of vascular canals in these
stem-salamanders could be linked to a size threshold.

In anurans, bone vascularization is more com-
mon. However, none of the six humeri smaller than
A, =09 mm? (ie. 21.4% of the humeri sampled)
show vascularization. Likewise, none of the 11 femora
smaller than A, = 1.2 mm? (32.4% of the femora) are
vascularized. As for urodeles, it is thus possible that
these size values correspond approximately to thresh-
olds, below which anuran long bones remain avascular.
Beyond these potential thresholds, only some of the
bones show intra-cortical vascularization. Indeed, the
bones of the medium-sized species Latonia gigantea
(A, = 5.6 mm? for the femur, Appendix) are completely
avascular (Fig. 5G, H), while for example, the femur of
Ceratophrys aurita (A, , = 3.3 mm?, Appendix) is well-
vascularized (Fig. 5F).

Our results thus show that the differences between
urodeles and anurans do not only concern the vascu-
lar canal density, but also the threshold beyond which
vascular canals appear (whatever the morphological
character considered: A, CT, etc.). These differences
suggest that, although the statistical tests failed to
show a significant difference between urodeles and
anurans (probably due to a lack of power of our tests,
resulting from the low number of species for which
data on mass-specific metabolic rate exist), the process
of bone vascularization is different in both groups.

DIFFERENCES WITHIN ANURANS

When bone vascularization is present in anurans, it
often shows relatively high values (71% of VD val-
ues are above 20 ve/mm?, and 62% above 30 ve/mm?;
Appendix); conversely some specimens have low VD
values (0.96 ve/mm? for the Nanorana femur) and 67 %
of all anuran bones sampled are avascular (Appendix).
The cause of such differences in VD in anurans remains
puzzling. There is a dual pattern in this taxon: (1) the
existence of a size threshold below which vasculariza-
tion is absent; (2) the increase in VD with the increase
of cortical thickness. These results are congruent
with previous observations that medium-sized and
large anurans (that have, in general, thicker cortices)
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Table 4. Relationship between bone size and vascularization

Independent character => A, CT

Dependent character P values P values Sign P values P values Sign
(Humerus) (Femur) (Humerus) (Femur)

VD (all taxa) 0.196484 0.035156 + 0.098047 0.004688* +

VD (Anura) 0.144531 0.0625 + 0.035156 0.007813* +

Presence of vascularization (all taxa) 0.125 0.078125 + 0.125 0.078125 +

Presence of vascularization (Anura) 0.125 0.1375 + 0.125 0.1375 +

Pairwise comparisons, which are phylogeny-informed tests, were used here. Significant results are in bold type; those that remain significant after
correction for multiple tests are marked with an asterisk. The sign of the relationship is indicated only when it is statistically significant (before

correction for multiple tests).
A

tot?

tend to be vascularized, whereas smaller forms have
avascular limb bones (Foote, 1916; Enlow & Brown,
1956; Castanet et al., 2003; Laurin et al., 2009). Also,
for a given species, different sized-individuals can
show variable bone vascular densities: according to
Foote’s observations (1916: plate 1), a young bullfrog
(Lithobates catesbeianus) specimen exhibited avascu-
lar femoral cortices, while a larger and older specimen
had well-vascularized and proportionally thicker bone
walls. A third, medium-sized, individual showed inter-
mediate states of CT and vascularization.

In our results, conflicting observations, such as the
presence of a high VD in the femur of the medium-
sized frog P. pipa and, to the contrary, the low VD (or
complete lack of vascular canals) in larger species
with thick cortices, such as Trichobatrachus robustus
or C. goliath, suggest that the factors controlling the
presence and development of bone vascularization are
more complex than previously supposed, and remain
insufficiently deciphered.

In diapsids, a simple relationship between VD and
the specific size of taxa has been shown (Cubo et al.,
2014). This relationship was not verified in our lis-
samphibian sample (for PLg, though it was for cortical
thickness). Nonetheless, a significant influence of CT
seems to be a common pattern in lissamphibians and
other tetrapods.

COMMENTS ON THE POSSIBLE
INFLUENCE OF METABOLISM

Available data only partially support the hypothesis
that VD could be directly influenced by basal metabolic
rate in lissamphibians, and in tetrapods in general.
For lissamphibians, we found that urodele limb
bones are generally less vascularized than those of
anurans; this observation is congruent with the lower
resting metabolic rate of urodeles (Gatten et al., 1992;
Chong & Mueller, 2013). However, resting metabolic
rate, which is known to vary considerably in anurans

total area of the cross-section; CT, absolute cortical thickness; VD, vascular density.

(Taigen et al., 1982) apparently only partly explains
the variance of bone VD in this group. There is prob-
ably a dual (sometimes antagonistic) effect of absolute
CT and resting metabolic rate on bone VD in anurans.
Thus, some species with relatively high resting meta-
bolic rates, such as Pelophylax esculentus or Rana tem-
poraria [respective average MR (20 °C) = 0.1034 ml O,
gt h?and MR (20 °C) = 0.1090 ml O, g™* h™?; cf. Gatten
et al., 1992; Appendix] have avascular femora with rel-
atively thin-cortices (CT = 0.352 and 0.592 mm, respec-
tively; Appendix), whereas L. catesbeianus, which has
a lower metabolism [MR (20 °C) = 0.03955 m1 O, g~* h™%;
Gatten et al., 1992; Appendix], possesses a highly vas-
cularized femur with thicker cortices (VD = 53 ve/mm?,
CT =0.98 mm; Appendix). The complex vascularization
patterns observed in anurans could also be related to
the incredibly diverse ecological adaptations found in
this group (Duellman & Trueb, 1986). However, inves-
tigating the relationship between VD and lifestyle
habits is beyond the scope of the present study.

Finally, when vascular canals are present in anu-
rans, their density tends to be higher than in simi-
lar-sized lepidosaurs. However, several studies have
shown that the general resting metabolism of anurans
is approximately the same as that of similar sized lepi-
dosaurs (Andrews & Pough 1985; Bennett & Dawson,
1976).

These observations, along with the scanty compara-
tive elements available hitherto, suggest the impor-
tance of metabolism alone on bone VD should be
reconsidered. They rather evoke, once again, a complex
and still poorly understood situation. Therefore, infer-
ences of metabolic rate based on VD have to be con-
sidered carefully, especially in extinct taxa, where VD
must necessarily be compared with other histological
features. Data currently available finally suggest that,
among many putative parameters, the most univer-
sal ones to estimate growth rate, and thus indirectly
metabolic rate, are: (1) the types of primary bone tis-
sues (woven, parallel-fibred or lamellar) and (2) the
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geometric organization of the vascular canals, that is,
the radial, circumferential, plexiform or reticular pat-
terns (Castanet et al., 1996a, 2000a; Margerie et al.,
2002, 2004).

CONCLUSIONS AND PERSPECTIVES

Our results clearly show that one feature is corre-
lated to the bone VD in lissamphibians: the absolute
CT of the stylopod diaphysis. This result confirms the
significance of geometric constraints on bone vascu-
larization, as previously evoked by Cubo et al. (2014).
The present study, nonetheless, shows the existence of
very diverse, sometimes contradictory patterns, and
highlights the complexity and multiplicity of factors
likely to influence bone vascular density. Future works
should investigate the processes underlying the inclu-
sion of the periosteal vessels in the newly deposited
osteoid. To date, there are very limited data available
on this subject.
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Appendix. Complete data set. Abbreviations: I Os., primary osteons; II Os., secondary osteons; A

o total area

of the cross-section; CT, absolute cortical thickness; L, longitudinal; MD, maximal diameter; MR, mass-specific
metabolic rate; Obl., oblique; PLg, presacral length; RA_ relative area of the cortex expressed in percent of the

Atot;
VD, vascular density.

RA , relative area occupied by vascular canals; SVC, simple vascular canals; ve D, vascular canal diameter;
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