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The evolution of long bone microstructure and lifestyle in
lissamphibians

Michel Laurin, Marc Girondot, and Marie-Madeleine Loth

Abstract.—The compactness profile of femoral cross-sections and body size of 105 specimens of 46
species of lissamphibians was studied to assess the effect of lifestyle (aquatic, amphibious, or ter-
restrial). Several tests that incorporate phylogenetic information (permutational multiple linear re-
gression incorporating phylogenetic distances, logistic regression using phylogenetic weighting,
concentrated-changes tests) show that the return to a fully aquatic lifestyle is associated with an
increase in the compactness of the femur and an increase in body size. However, amphibious taxa
cannot be distinguished from terrestrial ones solely on the basis of size or compactness. Body size
and compactness profile parameters of the femur exhibit a phylogenetic signal (i.e., closely related
taxa tend to be more similar to each other than to distantly related taxa).

Mathematical equations obtained from our data by using logistic regression with phylogenetic
weighting are used to infer the lifestyle of four early stegocephalians. The results are generally
congruent with prevailing paleontological interpretations, which suggests that this method could
be applied to infer the lifestyle of early taxa whose lifestyle is poorly understood.
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Introduction

It is notoriously difficult to infer the lifestyle
(aquatic to terrestrial) of early stegocephali-
ans. This is, in part, because their body shape
is fairly conservative; unlike more recent am-
niotes, such as plesiosaurs or cetaceans, few
Paleozoic stegocephalians had a body shape
suitable only for an aquatic lifestyle (Carroll
1988). Another factor contributing to our dif-
ficulty in inferring stegocephalian lifestyles is
that the closest extant taxa of many early ste-
gocephalians are very large clades that in-
clude fully aquatic to fully terrestrial taxa. For
instance, depending on which phylogeny is
used, the extant clade most closely related to
Embolomeri (or Anthracosauria) is either Te-
trapoda (Laurin 1998) or Amniota (Ruta et al.
2003). The parsimony criterion cannot be used
to infer the lifestyle of such taxa because the
ancestral lifestyle of Tetrapoda is uncertain.

The difficulty in inferring the lifestyle of
early stegocephalians may explain the diver-
sity of opinions that have been expressed
about the conquest of land by vertebrates dur-
ing the twentieth century. Some paleontolo-
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gists inferred that the appearance of the limb
coincided with a shift from an aquatic to a ter-
restrial (or at least amphibious) lifestyle (Car-
roll 1988: p. 158). Others, such as Romer (1957,
1958), argued that the earliest stegocephalians
(sensu Laurin 1998; this includes all limbed
vertebrates, whereas Tetrapoda is restricted to
the crown group of terrestrial vertebrates)
were still largely aquatic, and that a truly am-
phibious and a terrestrial lifestyle appeared
““many millions of years’ later, in the late Car-
boniferous. Romer (1958) also concluded that
in the Carboniferous most stegocephalians
were still primarily aquatic. Romer’s ideas re-
ceived support from the discovery of grooved
ceratobranchials that may have housed affer-
ent branchial arteries in Acanthostega (a De-
vonian stegocephalian) and a postbranchial
lamina that may indicate the presence of an in-
ternal gill chamber in a few Devonian and
Early Carboniferous taxa (Coates and Clack
1991). Furthermore, as previously noted (Leh-
man 1955), the presence of grooves for the lat-
eral-line organ on the skulls of many Carbon-
iferous and Permian stegocephalians suggests
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primarily aquatic lifestyles for these taxa be-
cause this organ is found only in primitively
aquatic extant vertebrates and in the most
aquatic lissamphibians, such as the salaman-
der Siren and pipid frogs (Duellman and
Trueb 1986). Thus, it seems that stegocephal-
ians were primitively aquatic, but the primi-
tive lifestyle of tetrapods remains uncertain.
However, even if the presence of grooves for
the lateral-line organ is good evidence that an
extinct taxon was aquatic, the absence of these
grooves cannot be taken as evidence that an
animal was terrestrial. Indeed, in extant lis-
samphibians, this organ never leaves a trace
on the skull (Duellman and Trueb 1986, per-
sonal observation). Even the presence of
grooves for the lateral-line organ is not abso-
lute proof that an organism was aquatic be-
cause the grooves may simply indicate the
presence of a functional organ in juveniles,
whether or not the organ was functional in
adults. The degree of ossification of the en-
doskeleton has long been taken as evidence of
either an aquatic or a terrestrial lifestyle (Wil-
liston 1911: p. 398) because the epiphyses of
long limb bones and the carpus and tarsus are
largely cartilaginous in aquatic taxa, but
clade-specific variation in this character, and
uncertainties about the ontogenetic age of fos-
silized individuals, may diminish its utility.
This difficulty may, in part, explain why so
few attempts have been made to reconstruct
the history of the conquest of land by verte-
brates. Some of the most explicit and detailed
scenarios for the conquest of land by verte-
brates are those of Romer (1957, 1958), who
argued that the earliest amniotes were prim-
itively amphibious. Romer’s (1957, 1958) sce-
nario was based on his hypothesis that the
Permo-Carboniferous diadectomorph Limmnos-
celis and the contemporaneous synapsid
Ophiacodon were aquatic or amphibious (but
see Sumida 1997: p. 392 for a divergent opin-
ion). Because Romer (1957, 1958) thought that
these taxa were “early and primitive,” he
thought that they represented the ancestral
condition for amniotes, and that their ances-
tors never had been terrestrial. More recently,
Skulan (2000) argued that the amniotic egg
was not required for reproduction on dry land
and that lissamphibians cannot be assumed to
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retain a more primitive method of reproduc-
tion. Thus, his study raises a possibility op-
posed to Romer’s (1957, 1958) suggestion, be-
cause it is compatible with the hypothesis that
the last common ancestor of lissamphibians
and amniotes (the first tetrapods) already
lived and reproduced on dry land.

Bone microstructure and histology have
been used to study the lifestyles of several ex-
tinct vertebrates, such as early stegocephali-
ans (Ricqles 1981), early sauropsids (Ricqles
1974a), early synapsids (Ricqles 1974b),
champsosaurs (Buffrénil et al. 1990), ichthyo-
saurs (Buffrénil et al. 1987; Buffrénil and Ma-
zin 1990, 1993), placodonts (Buffrénil and Ma-
zin 1992), plesiosaurs (Wiffen et al. 1995),
crocodilians (Hua and Buffrénil 1996), and
early cetaceans (Buffrénil et al. 1990; Madar
1998). Throughout this paper, the term “ear-
ly” is a strictly temporal (not topological) con-
cept that denotes relative geological age.
These studies included detailed qualitative
analyses of bone microstructure and histology
of extinct taxa, and some comparisons with
extant taxa, but they did not include detailed,
quantitative analyses of extant taxa.

A few other studies used quantitative meth-
ods to investigate the relationship between
bone microstructure and lifestyle in extant
vertebrates. Fish and Stein (1991) sampled six
species of mustelids and concluded that bone
is denser in aquatic than in terrestrial species.
Leclair et al. (1993) concluded, on the basis of
a survey of seven anuran species, that the pro-
portion of the body mass represented by the
skeleton of anurans is lower in aquatic than in
terrestrial taxa. Castanet and Caetano (1995)
reached similar conclusions based on a study
of four species of Rana.

Few studies have combined a quantitative
study of skeletal microstructure of extant and
of extinct taxa to assess the lifestyle of early
vertebrates. Buffrénil and Rage (1993) com-
pared global compactness of vertebrae of nine
species of extant snakes of various lifestyles
with that of the Cenomanian (Upper Creta-
ceous) squamate Simoliophis, and concluded
that the latter was aquatic. This is the closest
approximation to the method that we use in
this study. Wall (1983) showed that several ex-
tant aquatic placental mammals have higher
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bone density than terrestrial mammals. In his
study, Wall recorded the dry weight of bones
and estimated their wet volume by water dis-
placement; the bones were soaked in water be-
fore their volume was measured, presumably
to avoid artificially low values caused by water
seepage into the marrow, spongy tissues and
vascular spaces of compact bone. Using long
bone sections, Wall also showed that the in-
crease in compactness among several aquatic
mammals results from increased amounts of
compact bone. He concluded that similar sec-
tions obtained from fossilized mammalian
bones could be used to infer the lifestyle of ex-
tinct mammals. Neither Wall (1983) nor Buf-
frénil and Rage (1993) addressed the problem
of the conquest of land by vertebrates, but they
provided examples of how this problem could
be investigated by using quantitative, com-
parative methods.

Bone compactness and microstructure has
the potential to yield much paleoecological in-
formation because the relationship between
these aspects of the skeleton and the lifestyle
has been studied extensively (e.g., Ricqles
1977; Fish and Stein 1991; Leclair et al. 1993).
There is widespread consensus that an organ-
ism’s lifestyle is often reflected in the skeleton
at various levels ranging from gross morphol-
ogy to histological structure. Some of the most
frequent gross morphological adaptations to
an aquatic lifestyle include the modifications
of limbs into paddles and the elongation and
lateral flattening of the tail (Carroll 1985). At
the microanatomical level, the presence of
spongy tissue in the center of the medullary
region of long limb bones, as in cetaceans, or
of massive pachyostosis, as in mesosaurs (Ri-
cqles 1974a), placodonts (Buffrénil and Mazin
1992), and sirenians (Fawcett 1942; Buffrénil
and Schoevaert 1989), is thought to indicate an
aquatic lifestyle (Ricqles 1977). At the histo-
logical level, the presence of much calcified
cartilage often is associated with an aquatic
lifestyle, although it may also reflect neoteny;
indeed, much calcified cartilage often remains
in the endoskeleton of some amphibians that
are both aquatic and neotenic (Ricqles 1975a,
1989).

Thus, the skeleton can be studied at several
levels of integration to assess the lifestyle of
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early stegocephalians. We have chosen to
work primarily at the microanatomical level
for two reasons: First, because the body shape
of most early stegocephalians is fairly gener-
alized, it is compatible with aquatic, amphib-
ious, and terrestrial lifestyles. Using gross
morphological features to assess the lifestyle
of such taxa is more difficult than for mam-
mals. Second, the interpretation of histological
characters is equivocal. For example, the pres-
ence of calcified cartilage in an early taxon
might indicate that the organism was aquatic,
neotenic, or both.

Before bone microanatomical data can be
used to infer the aquatic or terrestrial lifestyle
of early stegocephalians, we must understand
how bones change in response to shifts be-
tween aquatic and terrestrial lifestyles (and
vice versa). This is best done by studying ex-
tant tetrapods because we know their lifestyle;
in the case of extinct vertebrates, we can only
infer it with a variable degree of uncertainty.
The main purpose of this study is to report
our findings on how the compactness of the
femur of lissamphibians evolves in response
to returns to an aquatic lifestyle, as well as to
show how such data can be used to infer the
lifestyle of early stegocephalians.

Lissamphibians are especially relevant to
studies on the relationship between bone mi-
crostructure and habitat (aquatic to terrestrial)
because of their great diversity of lifestyles
(Duellman and Trueb 1986). From a presum-
ably primitively amphibious lifestyle (sug-
gested by the optimization of lifestyle on the
phylogeny), several taxa have independently
become terrestrial or aquatic (Appendix 2, Fig.
1). Furthermore, their morphology, physiolo-
gy, and development are often thought to re-
semble those of early stegocephalians (Romer
1966: p. 78; Duellman and Trueb 1986: p. 435).
However, few systematic studies of skeletal
modifications that reflect lifestyle have been
performed (Leclair et al. 1993; Castanet and
Caetano 1995). Thus, the paucity of currently
available information on the skeletal adapta-
tions of lissamphibians to an aquatic or a ter-
restrial lifestyle prompted us to do this re-
search.

We selected the femur for this study because
several earlier works have investigated its
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Phylogeny used in this study (see Appendix 1 for the list of studies from which this was compiled). The
large numbers appearing next to the nodes (at the base of the branches) represent the geological age of each node.
The evolution of lifestyle and of an index representing the product of axial length and global compactness are traced
onto the tree to show their coevolution. Branches leading to aquatic taxa are in grey. The geological time is expressed
in Myr BP. Legend: Aq, aquatic lifestyle (the primitive condition is a terrestrial or an amphibious lifestyle); CL,
increase in the product of femoral compactness and the logarithm (In) of axial length (cm) to a value greater than
1.8. To display all the information, the divergence between both species of Pipa has been drawn lower than it should
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compactness (e.g., Buffrénil et al. 1987, 1990;
Buffrénil and Mazin 1993; Hua and Buffrénil
1996), allowing comparison between our re-
sults and those of others. Furthermore, we
possessed thin-sections of this bone for more
taxa (extant and extinct) than of any other
long bone. Finally, Buffrénil and Schoevaert
(1989) noted that in Dugong dugon there is a
decreasing proximo-distal gradient of com-
pactness in the pectoral limb; D. dugon has lost
the pelvic limb. They suggested that for me-
chanical and energetic reasons the extra bone,
which acts as a ballast, should be located close
to the center of gravity of the animal. Thus,
the proximal limb elements (femur and hu-
merus) might undergo more noticeable chang-
es in compactness as the lifestyle of taxa
changes (from terrestrial to aquatic or vice
versa) than distal limb bones.

In this study, we develop mathematical
models that can be used to infer the lifestyle
of stegocephalians, and we apply one of them
to four early stegocephalians to assess the
plausibility of our inferences. We present these
models and paleobiological interpretations as
examples of what can be accomplished by us-
ing bone microanatomical data and the math-
ematical methods that we develop, but our
study does not attempt to assess when verte-
brates became terrestrial. This important
question will be studied after similar compar-
ative, evolutionary analyses of bone micro-
anatomy in amniotes have been performed,
and after inferences on the lifestyle of numer-
ous other early stegocephalians have been ob-
tained. These lifestyle inferences will then be
entered on a time-calibrated phylogeny of ste-
gocephalians and the lifestyle will be opti-
mized by using parsimony or likelihood to re-
construct the history and timing of the con-
quest of land and early returns to the aquatic
environment.

Materials and Methods
Building the Reference Phylogeny

For most of our analyses, as well as for a co-
herent evolutionary interpretation of the mi-
crostructural data, a phylogeny that incorpo-
rates branch length (here, based on divergence
time) had to be produced (Fig. 1). The phylog-
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eny was compiled from various sources (Ap-
pendix 1), and the most recent likely diver-
gence times were determined from the litera-
ture, usually based on the fossil record. In
some cases, these divergence dates are ap-
proximate because the affinities of many ex-
tinct species are uncertain and the fossil re-
cord is incomplete. A good example is provid-
ed by the divergence date between Pipa and
Xenopus, within Pipidae. Pipids are abundant-
ly represented in the fossil record, but the old-
est pipoids, from the Lower Cretaceous, may
be stem-pipids that predate the divergence
among the extant genera (Trueb 1999; Baez et
al. 2000). The Coniacian or Santonian (Upper
Cretaceous) pipid Pachybatrachus is thought to
be more closely related to Pipa than to Xenopus
(Baez and Rage 1998), and the Upper Creta-
ceous pipid Saltenia is thought to be more
closely related to Xenopus than to Pipa (Baez
and Pugener 2003). Furthermore, the fact that
Pipa is found in South America, and Xenopus
in Africa, suggests that the divergence be-
tween these two genera is no later than the
completion of the separation between Africa
and South America. Therefore, we have dated
the divergence between Pipa and Xenopus
from the Coniacian (Upper Cretaceous), al-
though it could have occurred much earlier.
In cases of conflict among various phylo-
genetic studies, those based on the densest
taxonomic sampling were preferred. Also,
studies that incorporated both morphological
and molecular data were preferred over those
that incorporated only molecular data. For in-
stance, the phylogeny of Caudata by Larson
and Dimmick (1993) conflicts with parts of the
phylogeny of lissamphibians proposed by
Hay et al. (1995). We followed Larson and
Dimmick’s (1993) paper because it included
morphological and molecular data, and 20
OTUs (operational taxonomic units) were
sampled, whereas Hay et al. (1995) included
only molecular data, and only nine OTUs were
included. Because some of our statistical tests
required fully resolved phylogenies, we fa-
vored studies with the best topological reso-
lution. For instance, Hay et al. (1995) provided
a nearly fully resolved phylogeny that had a
great influence on our chosen topology,
whereas the phylogeny of Ford and Cannatel-
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la (1993) is less informative because it includes
large polytomies. Our phylogeny incorporates
data from all these studies, and the conflicts
were resolved by using the criteria mentioned
above (Appendix 1).

Bone Compactness Profile Data

This study is based on detailed anatomical
drawings (incorporating information about
vascularization, bone trabeculae, and resorp-
tion spaces in the cortical compacta) of femo-
ral mid-diaphyseal cross-sections of 105 spec-
imens representing 46 species and 26 genera
of extant lissamphibians (Fig. 1). Most large
clades of Anura and Caudata are represented
in our sample, as well as some of the most
highly aquatic (e.g., cryptobranchids, Amphiu-
ma, pipids) and most terrestrial (e.g., Bufo,
Plethodon, Hyla) lissamphibians. Our sample
also includes closely related species of neoten-
ic and transforming Caudata (Ambystoma an-
dersoni and A. opacum). Most size classes are
represented in the sample, from taxa of mi-
nute body size (Plethodondidae, Hynobiidae)
to some of the largest extant lissamphibians
(Andrias japonicus, Amphiuma means, Bufo mar-
inus). In addition, bone sections of four Paleo-
zoic stegocephalians (Doleserpeton, Chroniosau-
rus, Cardiocephalus, and Phaanthosaurus) from
four major clades (Temmnospondyli, Embolom-
eri, Amphibia, and Amniota) are used to infer
the lifestyle of these early taxa (Amphibia is
here defined as the largest clade that includes
Ascaphus truei but not Homo sapiens). All these
taxa are relevant to the history of the conquest
of land by vertebrates because they are outside
the large clades of extant tetrapods (Apoda,
Caudata, Anura, Mammalia, Testudines, Sau-
ria). All bones represent adults, as far as we
know; for Doleserpeton, the ontogenetic stage is
not certain, although it is certainly a post-
metamorphic individual.

It is inappropriate to study bone density in
early stegocephalians because the volume of
bone tissue is difficult to estimate in extinct
taxa, as Wall (1983: p. 206) recognized. Typi-
cally, permineralization has filled most or all
of the cavities of the bone including, in many
cases, the marrow cavity. Thus, methods that
evaluate global compactness of a bone are dif-
ficult to apply to fossil material. We have cir-
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cumvented this problem by studying com-
pactness of cross-sections made at the mid-di-
aphyseal level, a method more similar to that
of Buffrénil and Rage (1993). By mid-diaphy-
seal, we mean the region of the diaphysis that
is the narrowest, and where the cortical com-
pacta is the thickest; this is not necessarily the
midpoint between proximal and distal ends of
the bone. Radiographs were taken to localize
this region, when the mid-diaphysis was
poorly defined. Simple image analysis tech-
niques can yield accurate data on the com-
pactness of a section. A further advantage of
this method is that information about the dis-
tribution of the bone tissue can also be gath-
ered by applying a mathematical model that
we developed, and by using computer soft-
ware that greatly simplifies data collection
and analysis (Girondot and Laurin 2003). Our
model shows the distribution of the bony tis-
sue in the element along the radius of the
bone, as seen in cross-section. To our knowl-
edge, only Buffrénil and Schoevaert (1988: Fig.
6) have produced graphs showing the distri-
bution of the bone tissue, but these graphs
were not fit to a mathematical model, which
would have hampered statistical comparisons.
Our method could (at least in theory) reveal
differences in the distribution of the bony tis-
sue between aquatic and terrestrial taxa, even
if the global compactness is equal in both
groups. We believe that this advantage is im-
portant because the long limb bones of some
aquatic taxa, such as extant whales, are not es-
pecially compact, as Wall (1983) recognized.
However, the distribution of bone tissue (as
seen in cross-section) in cetaceans differs from
that in terrestrial taxa; in cetaceans, there is
porous bone in the cortical and medullary ar-
eas, whereas most terrestrial vertebrates have
a compact cortex and a large medullary cavi-
ty.

Our model is described in detail elsewhere
(Girondot and Laurin 2003), but a brief sum-
mary may be useful. Bone compactness C as a
function of the distance to the center d can be
described by a sigmoidal function:

1

C@d) = 1 + e(/S)P—d)

(Max — Min) + Min,

where P is the relative distance from the cen-
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FIGURE 2. Mathematical model that shows the distri-
bution of mineralized tissues as a function of distance
to the bone center. In the chosen example, the positive
value of Min indicates that there is a medullary spon-
giosa (this is not the case in most lissamphibian femoral
mid-diaphyseal sections). See text for an explanation of
S, P, Min and Max.

ter to the point of inflection, where the most
abrupt change in compactness is observed
(Fig. 2). This relative distance is the ratio be-
tween the distance to the center and the ra-
dius. This generally corresponds to the posi-
tion of the transition zone between the cortical
compacta and the medullary cavity or spon-
giosa. P generally reflects (is directly propor-
tional to) the size of the medullary cavity (or
spongiosa). P has a simple relationship with
the corticodiaphyseal index, or CDI (Castanet
et al. 2000); it corresponds to 1 — CDL.

S is the reciprocal of the slope of the com-
pactness change at point P. It usually reflects
the width of the transition zone between the
cortical compacta and the medullary cavity
(or the medullary spongiosa), because a low
slope indicates a broad region where the com-
pactness is higher than 0 but lower than 1.
More precisely, the width of the region that en-
compasses a compactness from min +5% to
max —5% is simply 2-5:In(0.95/0.05). Max is
the upper asymptote. It generally reflects the
compactness in the outermost cortex. Min is
the lower asymptote. It generally reflects the
compactness in the center of the medulla.

In the original implementation, our soft-
ware (Bone Profiler) calculated bone compact-
ness in concentric zones equal to 2% of the
bone radius, except the most superficial part
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of the bone, where two zones of 1% of the ra-
dius were sampled. This was done to better
model the bones with a very thin cortical com-
pacta. Thus, 51 compactness values were in-
corporated into a single global compactness
profile of the bone. This method has the draw-
back of generating high S values when the out-
line of the medullary cavity is irregular or
does not match closely the outline of the bone,
as well as when a transition zone of spongy
bone is present between both zones. To dis-
criminate between these two situations (which
correspond to distinct phenotypes), we mod-
ified the Bone Profiler software to take mea-
surements of 51 concentric zones (z) in 60 sec-
tors (s) measuring 6° each (Fig. 3). On each 6°
sector, the 51 compactness values are used to
generate a compactness profile. The average
value and standard deviation of the 60 result-
ing compactness profiles are calculated, and
the outliers (defined as the profiles for which
at least one of the four parameters was more
than four standard deviations away from the
mean value) are eliminated. This screening
procedure is repeated as many times as nec-
essary to eliminate all outliers. Bone Profiler
then reports the final statistics (global com-
pactness profile parameter values, plus the av-
erage and standard deviation of the parame-
ters calculated from the 60 6° sectors). This
new method should extract more information
from a bone section because the mean value
and standard deviations of the compactness
profile parameters can be studied, and these
can reflect heterogeneity in the section. The
advantages of this new method of analysis
will be greater when studying bones of larger
organisms (e.g., amniotes, temnospondyls),
which are more complex. However, even
among lissamphibians, some femora show a
complexity that could benefit from the new
model (Fig. 4). In this study, the reported com-
pactness values used for all calculations in-
clude all mineralized tissues (calcified carti-
lage and bone).

Body Size

We incorporated body size into the analysis
because an initial examination of many sec-
tions revealed that the bones of small animals
usually have a much simpler structure than
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FIGURE 3. Sampling method for establishing the compactness profile in Bone Profiler. The bone section is divided
into 60 sectors (S 1-60; only a few are identified), each of which measures 6° in width. Each sector is further divided
into 51 zones (zones 1-7, near the center, were not drawn for want of space). The compactness values of the 51
zones of each sector are used to generate compactness profiles (60 profiles, for complete sections, but fewer, for
fragmentary sections). The section is from the femur of the aquatic, neotenic Ambystoma andersoni.

bones of mid-sized or large animals. For in-
stance, the bones of most organisms with
small body size lack a spongiosa (Ricqles
1976: p. 15). Therefore, we could expect that
the difference between aquatic and terrestrial
taxa might be reflected by the relative cortical
thickness for small animals. However, for
larger organisms, this same ecological differ-
ence could result in changes in the develop-
ment of the spongiosa, in addition to (or in-
stead of) potential changes in the relative cor-
tical thickness. Furthermore, body size itself
might yield paleoecological information, be-
cause body size has already been suggested to
differ between aquatic taxa and their terres-
trial relatives (Titus and Larson 1996; Bininda-
Emonds et al. 2001). In all cases (Caudata, var-
ious extinct stegocephalians), axial length re-
fers to the length from the atlas to the sacrum,
except for anurans, in which it was measured

to the posterior end of the urostyle (Append-
ix 1).

The way in which body size can be incor-
porated into an analysis depends on the ana-
lytical method used, and this is explained sep-
arately for each test (see below).

0.1 mm

A B

FIGURE 4. Cross-sections of femora with a broad (A)
and a narrow (B) transition zone between the cortical
compacta and the medullary cavity. A, Bombina orien-
talis. B, Pleurodeles waltl.
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Detecting a Phylogenetic Signal in
Compactness Profile Data

To detect a phylogenetic signal in micro-
structural and size characters, we performed
both phylogenetic permutational linear re-
gression analysis (a modified Mantel test) us-
ing Permute (Legendre et al. 1994) and mea-
sures of number of character steps (squared
length) on random trees using a random tree
generation algorithm from the TreeFarm
package (Maddison et al. 2002) of Mesquite
(Maddison and Maddison 2002).

For the regression analysis, the phylogenet-
ic distance between two taxa (independent
variable; here, in Myr) is regressed against the
phenotypic distance (the difference between
two taxa for a certain character). This test has
the advantage of quantifying the proportion
of the variance of the dependent character ex-
plained by the independent character, but it
assumes a linear relationship between both
variables. Of course, transformations can be
performed to linearize the relationship. The
significance of the regression coefficients is
then tested with a permutation procedure that
amounts to a random allocation of OTUs on
the branches of the phylogeny.

The random tree generation algorithm used
(for the measure of numbers of steps on ran-
dom trees) was implemented in Mesquite for
this analysis. It reshuffles the terminal taxa on
the tree while keeping the topology and
branch length fixed. This algorithm is more
appropriate for our purpose because the other
tree generation algorithms implemented in
Mesquite would have yielded trees of a differ-
ent height than the original tree. This would
have biased the results because the squared
length of a character on a tree depends on the
tree height (Maddison 1991). The number of
steps (squared length, for continuous charac-
ters) was scored for each random tree and
compared with the number of steps on the ref-
erence tree. If fewer than 5% of the randomly
generated trees yield numbers of steps
(squared length) equal, or inferior, to the ref-
erence tree, we conclude that there is a phy-
logenetic signal in the character.
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Analysis of the Ecological Signal in
Compactness Profile Data

We studied the correlation between bone
compactness profile data, lifestyle, size, and
phylogenetic position by using methods for
continuous and discrete characters.

Tests for Continuous Characters.—We per-
formed a phylogenetic permutational multiple
regression analysis (a modified Mantel test)
using Permute (Legendre et al. 1994). This
method, contrary to many other available sta-
tistical tests, can incorporate phylogenetic
data (topology and branch length) into this
analysis. This is advisable because standard
statistical methods assume that species are
statistically independent entities. However,
this is known to be false because closely re-
lated species can be expected to be more sim-
ilar to each other than more distantly related
species. To build the files representing the
phylogeny and branch lengths for CAIC, we
used TreeEdit 1.0a10 (Rambaut and Charles-
ton 2001). The permutational regression anal-
yses using Permute are performed on distance
matrices (Legendre et al. 1994). Thus, the sign
of the regression coefficients is always posi-
tive; other methods must be used to determine
whether the relationships between the origi-
nal variables are positive or negative. We do
not present an independent contrasts analysis
using CAIC (Purvis and Rambaut 1995) be-
cause this method is less powerful when one
of the characters is discrete and because it pro-
vided no additional information.

Concentrated-Changes Test for Discrete Data.—
We also used the concentrated-changes test
(Maddison 1990); this test for discrete, binary
characters is intrinsically phylogenetic. For
this purpose, the quantitative data must be re-
coded into binary characters. This is a disad-
vantage because this method discards part of
the information, and the limit between the
states must be fixed more or less arbitrarily.
However, given that we have only qualitative
data on the lifestyle of extant taxa, and that
few statistical methods incorporating phylo-
genetic data adequately deal with correlations
between discrete and continuous characters,
we conclude that a concentrated-changes test
complements the other analyses that we per-
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formed. To determine the boundary between
the two states, a histogram of distribution
may be useful, but we tested several thresh-
olds to determine the impact of various cod-
ing schemes.

Logistic Regression and Inference of
Lifestyle in Extinct Stegocephalians

We also performed logistic regressions, in
which a phylogenetic weight was incorporat-
ed. This analysis was aimed at providing a
mathematical equation that enables inference
of the lifestyle of an extinct taxon from size
and compactness profile data. In this analysis,
we optimized up to ten constants to maximize
the fit between observed and inferred lifestyle
of the extant taxa. Let bc; be a parameter de-
scribing bone characteristics (maximal section
diameter, compactness profile parameters S,
P, Min, and Max for i = 1 to 5, respectively).
The logarithm of axial length is used as a cov-
ariable for each of these bone characteristics.
Then the logistic regression model is

1
h:

5
1 + eXp C(] + E (Cilbcicizlnpresacral length)
i=1

The 11 constants C; were optimized by us-
ing the weighted least-square sum (S5Q) over
all individuals between observed habitat for
individual k (H,) and inferred habitat (&)
based on these bone characteristics:

Nb individuals

ssQ= X

i=1

[Wk(hk - Hk)Z]-

W, is the phylogenetic weight and is the recip-
rocal of the product of the number of lineages
issued from each hypothetical ancestor of a
given terminal taxon, from the root to each
terminal taxon. In a fully resolved tree, this
number equals two. Thus, when several indi-
viduals in a clade are known, and the clade’s
sister group is represented by a single indi-
vidual, the weight of both clades is equal.
More generally, two sister clades always have
equal weights. However, this weighting
scheme does not incorporate branch length.
The general model used up to ten estimated
parameters, but it can be reduced to gain de-
grees of freedom by setting C,, = 0 with x =
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1 to 5. In this case, the bone characteristic pa-
rameter, bc,, is removed from the analysis and
two degrees of freedom are gained; C,, is also
unused. The parameter C, can also be set to 0
to gain one degree of freedom. We used a
backward elimination procedure and decided
to remove parameters if this resulted in a loss
of correct fit of fewer than two individuals at
each step. Note that classical procedures for
model selection—i.e., Akaike Information
Contents for likelihood (Akaike 1974) or least
squares (Yamaoka et al. 1978)—cannot be
used for a phylogenetic weighted sum of
squares.

We applied the results of the logistic re-
gression analysis to infer the lifestyle of a few
Paleozoic stegocephalians. For this analysis,
we needed the axial length of the individuals
from which the sections were taken. This was
obtained by indirect means because the bones
that we sectioned were isolated. The dimen-
sions (length, diameter) of these bones were
measured and compared with published skel-
etal reconstructions or specimen drawings of
the same species or, if unavailable, of a closely
related species. The axial lengths of the indi-
viduals sectioned were estimated, assuming
isometric growth. To assess how much uncer-
tainty this procedure introduced, minimal
and maximal plausible values were estimated
(by considering the plausible range in values
of presacral length of each organism), as well
as our best guesses for each individual (based
on the number of presacral vertebrae that can
be inferred by using parsimony to have been
present in each taxon). We then used all these
dimensions to perform lifestyle inference.
When all three sets of length gave the same re-
sults, we concluded that the uncertainty about
the size of the individual sectioned is not
problematic.

Results

The distribution of compactness profile pa-
rameters indicates that there is an ecological
signal in compactness profile parameter P
(Fig. 5): aquatic taxa tend to have a lower value
of parameter P (a relatively smaller medullary
cavity). The other compactness profile param-
eters (S, Min, and Max) do not appear to ex-
hibit habitat-dependent variations. Thus, their
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Distribution of P parameter values
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FIGURE 5.

values are not presented (Appendix 2). Axial
length apparently reflects lifestyle (Fig. 6):
aquatic taxa tend to be larger than terrestrial
and amphibious ones. Bone diameter (at the
mid-diaphysis) shows, at best, a weak rela-
tionship with lifestyle (Fig. 7).

Phylogenetic Signal in the Data

The random trees demonstrate that body
size (axial length), femoral diameter, global
compactness at the femoral mid-diaphysis,
compactness profile parameter P, and lifestyle
contain phylogenetic information (Table 1). A
permutational multiple linear regression anal-
ysis confirms that the compactness profile pa-
rameter P contains phylogenetic information
(Table 2). A similar test fails to show that axial
length includes phylogenetic information (Ta-
ble 3).

Ecological Signal assessed by Permutational
Multiple Linear Regression Analyses

A permutational multiple linear regression
analysis was performed to determine which
factors influence lifestyle. For this purpose, we
performed a multiple linear permutational re-
gression analysis with the habitat as the de-

Histogram showing the distribution of compactness profile parameter P as a function of lifestyle.

pendent variable, and the axial length, bone
section diameter (both log-transformed), phy-
logenetic distance, and compactness profile
parameter P as independent variables (Table
4). This analysis indicates that the parameter
P and the axial length influence the lifestyle. P
is lower in aquatic taxa than in terrestrial ones
(i.e., the medullary cavity is smaller). Aquatic
taxa tend to be larger than terrestrial and am-
phibious taxa (Figs. 5, 6). Bone section diam-
eter and phylogenetic position do not seem to
have a significant effect, according to this
analysis. Forward selection and backward
elimination procedures confirm that only the
axial length and compactness profile param-
eter P influence the lifestyle.

The distributions of axial length and com-
pactness profile parameter P suggest that
there is a difference between aquatic taxa, on
the one hand, and amphibious and terrestrial
taxa, on the other (Figs. 5, 6). However, there
is no clear separation between amphibious
and terrestrial taxa. Furthermore, even if am-
phibious taxa were distinct from the terrestri-
al ones, they might be more similar to terres-
trial taxa than to aquatic ones. Thus, to obtain
the best results from a permutational linear
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Distribution of the presacral length
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regression analysis, the simple lifestyle cod-
ing 0 (aquatic), 1 (amphibious), and 2 (terres-
trial) might not be adequate. To verify whether
it was better to treat the amphibious and ter-
restrial taxa separately, or to regroup them
into a single ecological category for our anal-
ysis, and to determine the best coding for am-

Histogram showing the distribution of axial length as a function of lifestyle.

phibious taxa, permutational regression anal-
yses using several coding alternatives of am-
phibious taxa were performed (Table 5). The
proportion of explained variance is maximal
when amphibious taxa are coded between 2.0
and 2.2, with a maximum located near 2.1. If
taken at face value, the maximum near 2.1

Distribution of maximal bone section diameter
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FIGURE 7. Histogram showing the distribution of bone size as a function of lifestyle.
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TABLE 1. Probability that the observed number of steps (or squared length, for continuous characters) of various
characters on the reference tree is the result of chance alone. These probabilities were determined by performing
10,000 random reshufflings of the terminal taxa (and their associated character values) onto the reference tree. For
the compactness profile parameters, only the p-values for the angular parameters (calculated on 6° sectors) are
shown because the p-values of the merged parameters were similar. Legend: * significant at a 0.05 threshold; **

significant at a 0.01 threshold; *** significant at a 0.001 threshold.

Character P
Axial length (cm) 0.0096**
Axial length (In of the length in cm) 0.0441*
Femoral diameter (mm, not transformed) 0.0877
Femoral diameter (In of 10 X diameter, in mm) 0.0005***
Global compactness 0.0462*
Compactness profile parameter S (angular) 0.7127
Compactness profile parameter P (angular) 0.0008%***
Compactness profile parameter Min (angular) 0.7945
Compactness profile parameter Max (angular) 0.4969
Lifestyle 0.0000%**

might suggest that the amphibious taxa are
not intermediate between aquatic and terres-
trial taxa, but the difference in R? between 2.1
and 2.0 is so slight that we conclude conser-
vatively that we cannot discriminate between
amphibious and terrestrial taxa.

Concentrated-Changes Tests

Concentrated-changes tests showed a mar-
ginally significant correlation in the evolution
of compactness parameter P or compactness
with lifestyle (p = 0.042). This result was ob-
tained if the threshold between the binary
states was set at a compactness of 0.97 and at
a parameter P value of 0.1. These state defi-
nitions segregated the aquatic taxa with the
most compact bones from all others; these
conditions appeared only twice on the tree,
both in aquatic taxa. Setting the threshold at
other, more moderate values failed to yield a
significant relationship. The relationship be-
tween lifestyle and axial length appears to be
stronger (p = 0.010). This result was obtained
by setting the limit between both states at 7.5
cm. Such a large size (for lissamphibians) ap-

peared eight times in our tree, and five of
these appearances were in aquatic taxa. The
product of compactness and the logarithm (In)
of axial length (cm) appears to evolve even
more closely with lifestyle (p = 0.001; Fig. 1).
For this test, the limit between both states was
set at 1.8, a value slightly higher than the high-
est terrestrial lissamphibian. These results
suggest that bone compactness evolves with
lifestyle, but that it is not as closely correlated
with lifestyle as axial length is. Other thresh-
olds also yield significant results (p = 0.0074
at a threshold of 2 or 2.5), but lowering the
threshold to 1.5 yields nonsignificant results
(p = 0.1122).

Logistic Regression

The logistic equation for Lissamphibia in-
fers a correct lifestyle for 85% of the 105 in-
dividuals and 82% of the 46 species included
in this analysis. In all cases, the errors inferred
an aquatic lifestyle for taxa that are amphibi-
ous or terrestrial, and in all cases, this includ-
ed the largest terrestrial taxa: Bufo bufo, Bufo
marinus, Pachymedusa dacnicolor, Rana catesbei-

TABLE 2. Factors that influence compactness profile parameter P. These results were obtained by performing 9999
replicates of random permutations using the matrix option in Permute. R? = 0.16, p = 0.0001, globally. Legend: *
significant at a 0.05 threshold; *** significant at a 0.001 threshold.

Variable b coefficient P
Lifestyle (coded as 0 for aquatic 0.125 0.0311*
and 2 for amphibious and terrestrial)
Phylogeny 0.267 0.0001%**
Axial length (In of length in cm) 0.207 0.0098*
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TaBLE 3. Factors that influence body size (axial length). These results were obtained by performing 9999 replicates
of random permutations using the matrix option in Permute. R? = 0.13, p = 0.0003, globally. The calculations were
performed by using the logarithm (In) of the presacral body length (in cm). Using a backward elimination procedure
to eliminate variables that have a nonsignificant effect (here, the phylogeny) alters only marginally the other R?, b

coefficient, and p values. Legend: ** significant at a 0.01 threshold.

Variable b coefficient 14
Lifestyle (coded as 0 for aquatic 0.254 0.0023**
and 2 for amphibious and terrestrial)
Phylogeny —0.012 0.3795
Parameter P 0.214 0.0079**

ana, Rana temporaria, Salamandra lanzai, and
Salamandra salamandra (one out of five individ-
uals). The lifestyle of all 12 aquatic taxa in our
data set is correctly inferred, whereas it is er-
roneously inferred in 8 of the 34 amphibious
or terrestrial taxa.

We suspected that the relatively high error
rate (15-18%) of the model based on all lis-
samphibians resulted from differences in
body proportions between Anura and Cau-
data. Furthermore, the body shape of Anura is
atypical and does not match that of early ste-
gocephalians. Thus, we have produced a mod-
el based on Caudata, whose proportions
match much better those of early stegocephal-
ians. The logistic equation on Caudata using
11 parameters infers correctly the lifestyle in
all (41) individuals and species. This might re-
flect the limited amount of interspecific phe-
notypic variation (in axial length and com-
pactness profile) in Caudata than in Lissam-
phibia. Using backward elimination proce-
dure, we withdrew the constants linked to the
parameters that contributed the least infor-
mation about lifestyle. The reduced model
(based on Caudata) has only four constants
and only uses information on maximal bone
diameter, compactness profile parameter P,
and axial length (Table 6). This model yields a
correct lifestyle in 39 of the 41 individuals of
extant Caudata, and in 21 of the 23 species.

One aquatic (Ambystoma andersoni) and one
terrestrial (Salamandrella keyserlingii) species
are modeled incorrectly. This is not unexpect-
ed because both are somewhat atypical; A. an-
dersoni has a large medullary cavity and rep-
resents a very recent return to an aquatic life-
style, whereas S. keyserlingii possesses one of
the most compact femora among terrestrial
Caudata (Appendix 2).

The results of these analyses can be used to
infer the lifestyle of some early stegocephali-
ans (Table 7, Appendix 3).

Discussion

Phylogenetic Effects on Size and Bone
Microstructure

The permutational linear regression analy-
sis failed to detect a phylogenetic effect on ax-
ial length (Table 3), but the distribution of ran-
dom trees shows that this character is phylo-
genetically informative (Table 1). This appar-
ent contradiction may be explained by the fact
that the first analysis requires a linear rela-
tionship between phylogenetic distance and
difference in axial length, and this require-
ment may not be met, even after a log-trans-
formation of body lengths. Presumably, trans-
forming branch lengths could linearize the re-
lationship but this was not done because the
random-trees test already revealed a phylo-

TABLE 4. Factors that reflect the lifestyle (habitat). These results were obtained by performing 9999 replicates of
random permutations using the matrix option in Permute. R? = 0.11, p = 0.0007, globally. Legend: * significant at

a 0.05 threshold; ** significant at a 0.01 threshold.

Variable b coefficient P
Axial length (In of length in cm) 0.262 0.0026**
Section diameter (In[10 X diameter in mm]) —0.0080 0.4772
Phylogeny 0.062 0.0611
Compactness profile parameter P 0.132 0.0225*
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TABLE 5. Proportion of the observed variance in the
lifestyle explained by compactness profile parameter P,
the phylogeny and axial length as a function of the cod-
ing of lifestyle amphibious taxa (aquatic taxa coded 0,
terrestrial ones, 2).

Coding for
amphibious taxa R?
0.5 0.0039
1 0.0274
1.5 0.0791
1.6 0.0876
1.7 0.0950
1.8 0.1011
1.9 0.1061
2 0.1101
2.1 0.1102
2.2 0.1098
2.3 0.1089
2.6 0.1037
3 0.0929

genetic signal in axial length. A more surpris-
ing result is that even the random-trees test ap-
pears to be sensitive to data transformation, as
shown by the different probabilities obtained
with or without axial length or femoral diam-
eter logarithmic transformations (Table 1).
The systematic value of bone histological
characters has been debated since the nine-
teenth century (Ricqles 1993). Using squared-
change parsimony (Maddison 1991), Padian et
al. (2001) studied the evolution of growth rate
by using data obtained from histological char-
acters, thus assuming that these data were
phylogenetically informative. This assump-
tion is implicit in the use of squared-change

TABLE 6.
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parsimony optimization because there is no
reason to believe that optimization gives reli-
able information about character evolution if
there is no phylogenetic signal (Laurin 2004).
In this study, the word ““optimization’” always
refers to a procedure that consists of minimiz-
ing character change throughout a tree of a
given topology and set of branch lengths
(Swofford and Maddison 1987; Maddison
1991). In contrast, Castanet et al. (2001) con-
cluded, after performing some quantitative
tests, that bone histological characters primar-
ily reflected the ecology and life history of a
taxon rather than its phylogenetic affinities.
Our analysis does not extend to a truly his-
tological level, but our compactness profile pa-
rameters correspond to a microanatomical
level intermediate between the gross morpho-
logical and the histological levels. Many gross
morphological characters include phylogenet-
ic information, as the large number of pub-
lished phylogenies using such characters sug-
gests. Thus, we expected that at least some mi-
croanatomical characters would include phy-
logenetic information. Our results confirm
this hypothesis because compactness profile
parameter P appears to be phylogenetically
informative. The absence of a phylogenetic
signal in other compactness profile parame-
ters (S, Min, and Max) may result from the
taxonomic sampling of our study; lissamphi-
bian bones are usually simple tubular struc-
tures, as is typical of small bones (Ricqlés

Values of the constants of the logistic equations used to infer the lifestyle of early stegocephalians. See

“"Materials and Methods,”” subsection ““Logistic regression and inference of lifestyle in extinct stegocephalians’” for
the equation. Excel spreadsheets including these equations that can be used to infer lifestyle of extinct taxa are

available from the authors upon request.

Value in model Value in model

Compactness Associated incorporating all incorporating only Caudata,
profile parameter constants Lissamphibia simple model

Maximal diameter C, —169.313 1154.0251

G, —0.2619 —0.567522
S G, —851.0145 —

G, 0.1758 —
P C, —3641.1086 —8130.737

G, 3.2694 0.7979224
Min G, 134.9539 —

G, 27.8775 —
Max C, 103.8138 —

G, —4.4379 —
G 119.0393 —
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TaBLE 7. Lifestyle inference of Paleozoic taxa based on logistic regression (the simplified Caudata model). The
lifestyle estimate was binary; we can discriminate only between aquatic taxa (state 0) and amphibious or terrestrial
ones (state 1). Interpretations discordant with the prevailing interpretation on lifestyle are in bold type. The axial
lengths were estimated from the literature, by comparisons with close relatives or individuals of the same species.
Ranges of axial length values were tested, but this never altered the conclusions. Sources of the length: for Doleser-
peton, Bolt 1969, 1977, 1979; Werneburg 1991; for Chroniosaurus, Ivakhnenko et al. 1997; Golubev 1998; for Cardioce-
phalus, Carroll and Gaskill 1978; for Phaanthosaurus, Ivakhnenko et al. 1997; Watson 1914. Legend: Am/T, amphib-

ious or terrestrial.

Axial length

Axial length

Lifestyle
inference, based on

Prevailing
interpretation

Taxon estimates values (cm) extant Caudata only in the literature
Doleserpeton Minimal 2.5 Am/T Terrestrial
Best estimate 5.0 Am/T
Maximal 6.0 Am/T

Chroniosaurus Minimal 18 Am/T Aquatic
Best estimate 25 Am/T
Maximal 35 Am/T

Cardiocephalus Minimal 4 Am/T Terrestrial
Best estimate 7 Am/T
Maximal 9 Am/T

Phaanthosaurus Minimal 5 Am/T Terrestrial
Best estimate 7 Am/T
Maximal 9 Am/T

1976: p. 15). Thus, S, Min, and Max exhibit lit-
tle variation in this group. Typically, S has a
low value that corresponds to a narrow tran-
sition zone, Min equals 0.0, and Max is 1.0. A
similar study performed on amniotes, which
possess a more complex bone microanatomy,
might yield different results.

The presence of a phylogenetic signal in the
characters included in the model that enable
us to infer the lifestyle of extinct taxa (com-
pactness profile parameter P, axial length and
section diameter) suggests that they could be
optimized onto the phylogeny to infer the life-
style of hypothetical ancestors. This approach
could be advantageous because the optimi-
zation of discrete characters is often ambigu-
ous. Optimizing the compactness profile pa-
rameters and size, and using the inferred val-
ues to infer the lifestyle of hypothetical ances-
tors, could provide a way of resolving
ambiguity in the optimization of the lifestyle
of both extant and extinct terminal taxa.

General Pattern of Adaptation to an Aquatic
Lifestyle in Lissamphibians

The femora of aquatic lissamphibians have
lower values of compactness profile parameter
P, which means that they have smaller med-
ullary cavities than the femora of amphibious
or terrestrial lissamphibians. This finding is

not unexpected and may reflect a widespread
trend toward increasingly compact long bones
in secondarily aquatic taxa that live in shallow
water or recently returned to an aquatic life-
style (Ricqlés and Buffrénil 2001). This char-
acter is usually interpreted as an adaptation to
reduce buoyancy; the extra weight generated
by the increase in mass of the skeleton pre-
vents the animal from floating (Taylor 1994).
The only secondarily aquatic vertebrates that
do not exhibit such a trend and that possess a
spongy, light skeleton are active, deep divers
such as extant cetaceans (Madar 1998) and ich-
thyosaurs (Nopsca 1923; Buffrénil et al. 1987;
Buffrénil and Mazin 1990, 1993). In cetaceans,
the rib cage collapses when the animal reaches
a certain depth; thus, the buoyancy generated
by the lungs is greatly reduced. This lessens
the need for compact, heavy bones, which
counteract the lung buoyancy in several aquat-
ic tetrapods (Buffrénil and Schoevaert 1989).
In all active swimmers, reducing the weight
and inertia of the bones should save energy.
Aquatic lissamphibians are neither very active
nor deep divers. Thus, the observed increase
in compactness in the most aquatic members
of this group is not surprising.

It is less obvious why aquatic taxa would
not have bones of greater diameter than those
of terrestrial taxa, because this would increase



LONG BONE MICROSTRUCTURE AND LIFESTYLE

their mass, in the same way an increase in
compactness through reduction in size of the
medullary cavity would. A potential reason
may be that an increase in compactness does
not increase hydrodynamic drag, whereas an
increase in diameter would. This hypothesis
could be tested by studying changes in di-
ameter and compactness in aquatic and ter-
restrial taxa. The widespread pachyostosis of
ribs of aquatic taxa (Buffrénil and Schoevaert
1989; Buffrénil et al. 1990) suggests that this
hypothesis does not fully explain this phe-
nomenon. Perhaps the low density of marrow
tissues (often adipose) would make increasing
bone diameter a very inefficient mechanism
for increasing body density.

Inference of Lifestyle in Early
Stegocephalians

Body Size—Our data on the distribution of
body size as a function of lifestyle (Fig. 6) sug-
gests that the smallest known early amphibi-
ans (those less than 5 cm in axial length) were
terrestrial or amphibious. This includes the
early amphibians Saxonerpeton and Brachyste-
lechus (Carroll and Gaskill 1978: Fig. 1).
Among early amphibians, those that seem to
have been aquatic, judging from other criteria
(e.g., the presence of grooves for the lateral-
line organ, or the low degree of ossification, or
the presence of a high, long tail likely used for
swimming), are all longer. This includes the
following taxa: adelogyrinids (axial length not
exactly known because they were limbless, but
about 14 cm [Andrews and Carroll 1991]),
nectrideans (e.g., axial length of 5.5 cm in
Ptyonius marshii, 10 cm in Urocordylus wandes-
fordii, 13 cm in Sauropleura scalaris, 17 ¢cm in
Sauropleura pectinata, [Bossy 1976]), Micro-
brachis (about 8 cm in axial length [Carroll and
Gaskill 1978: Fig. 1]), and lysorophians (from
10 to about 50 cm [Wellstead 1991]). The only
apparent anomalies that we have detected in
this relationship between body size and life-
style among early amphibians concern the
nectridean Diceratosaurus brevirostris and the
poorly known taxon Odonterpeton. If the indi-
vidual of Diceratosaurus brevirostris recon-
structed by Milner (1980) is fully grown, its
axial length is only about 4 cm. However, this
species has a large head, a short trunk, and a
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very long tail. Because it does not have typical
proportions, the axial length does not give a
proper estimate of its global size. The small
size of Odonterpeton (axial length not exactly
known, but approximately 4 cm) suggests a
terrestrial lifestyle, but Carroll and Gaskill
(1978: p. 147) suggested that it was aquatic, be-
cause they identified possible gill supports
and because the elongate body with small
limbs was reminiscent of Amphiuma. However,
the presence of gill supports is not certain,
and an elongate body and small limbs are
found in some terrestrial squamates; there-
fore, Odonterpeton could have been terrestrial.
Finally, the ontogenetic stage of the holotype
and only known specimen of this taxon is not
known; if it was not fully grown, the axial
length of the adult may have exceeded 5 cm,
and this length would be compatible with an
aquatic lifestyle.

Logistic Regression using Extant Caudata.—
Application of the equation obtained by phy-
logenetic logistic regression on the Caudata
data (reduced model) yields results generally
congruent with the prevailing lifestyle inter-
pretations (Table 7). The general model based
on all lissamphibians could be useful to infer
the lifestyle of early anurans or early amphib-
ians that are closely related to lissamphibians,
or perhaps even to early stem-Caudata, but it
would be inappropriate to infer the lifestyle of
early stegocephalians, whose body propor-
tions were much closer to those of Caudata
than to those of Salientia. Thus, we only dis-
cuss the results of inferences about the life-
style of early stegocephalians using the re-
duced Caudata model.

The Lower Permian temnospondyl Doleser-
peton is usually thought to have been terres-
trial (Bolt 1977: p. 245). Some authors consider
this taxon to be closely related to lissamphi-
bians (Bolt 1969, 1977), although others view
it as a stem-tetrapod (Laurin 1998) (Fig. 8).
The idea that Doleserpeton was terrestrial is in
part based on its relative abundance at Fort
Sill (Oklahoma), where most taxa (and the
most abundant ones) are thought to have been
terrestrial (Olson 1967; Sullivan and Reisz
1999). Thus, Fort Sill appears to represent a
terrestrial community. The logistic-model es-
timates yield an amphibious to terrestrial life-



606

Eusthenopteron

Doleserpeton

Chroniosaurus

== Cardiocephalus

1ieydasobayg

Synapsida
E
r Phaanthosaurus
>
3 o
1 .
S B Testudines
a2
o ]
7] 2
H ES
3 2 Sauria
°
@,
Q
@
De| Carb | Perm |Trias |Jurassic | Cretaceous |Cenozoic
c|l 5| o c g g
S| 2| Q T 3 |8
ol 2|5 b3 ° e |Q
2|12 (2 e ] o |8
3 @
w W W N N N = © (o2} N o
~ D N © S =3 » ~ o w
N NN S o & o b
> o oo o

FIGURE 8. Phylogeny of the four taxa whose lifestyle is
inferred using our logistic model, of the early sarcop-
terygian Eusthenopteron, and of other major tetrapod
taxa. The phylogeny outside Amniota follows Laurin
(1998), and inside Amniota, Laurin and Reisz (1995).
The geological time is expressed in Myr B.r. Abbrevia-
tions: Carb, Carboniferous; De, Devonian; Perm, Perm-
ian; Trias, Triassic.

style for Doleserpeton for all axial lengths test-
ed (Table 7). These results are also compatible
with the widespread idea that other dissoro-
phids and trematopsids were among the most
terrestrial early stegocephalians (Berman et
al. 1985; Sumida et al. 1998).

The logistic model yields an amphibious to
terrestrial lifestyle for the embolomere Chron-
iosaurus from the Upper Permian of Russia.
This is discordant with the opinion of Golu-
bev (1998), who recently suggested that
Chroniosaurus was among the most aquatic
chroniosuchians. Thus, we raise doubts about
the lifestyle of this taxon. The Upper Permian
continental vertebrate fauna from Russia in-
cluded several non-amniotic stegocephalians,
some of which were presumably terrestrial,
such as Kotlassia (Bystrow 1944). The lack of
lateral-line canal grooves on the skulls of all
chroniosuchians (although this is only nega-
tive evidence) suggests an amphibious or ter-
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restrial lifestyle, rather than a truly aquatic
one. This interpretation is supported further
by the presence of dorsal scutes that are tight-
ly articulated with the neural spines, and that
bear accessory intervertebral articular surfac-
es. The presence of such scutes may have
strengthened the axial skeleton and helped it
support the weight of the animal on dry land.
Some of the most terrestrial temnospondyls
(according to prevailing interpretations of life-
style), such as several dissorophoids (Carroll
1964), also possessed dorsal scutes that pre-
sumably reinforced their axial columns.

The Lower Permian amphibian Cardioce-
phalus is thought to have been terrestrial, part-
ly because of its occurrence at Fort Sill. The lo-
gistic model yields an amphibious to terres-
trial lifestyle, and this confirms previous ideas
about the habitat of Cardiocephalus.

The amphibious or terrestrial lifestyle in-
ferred by the logistic model for the Lower Tri-
assic procolophonid Phaanthosaurus agrees
with the terrestrial lifestyle that is usually at-
tributed to this taxon, and to procolophonoids
in general. Procolophonids and other pararep-
tiles may be closely related to Chelonia (Laur-
in and Reisz 1995) (Fig. 8), a taxon whose ex-
tant representatives are mostly aquatic or am-
phibious; therefore, data on lifestyle in para-
reptiles may be useful to determine when the
ancestors of Chelonia became amphibious or
aquatic.

Validity of Our Inferences

The femora of the anurans Bombina and Tel-
matobius are not very compact for aquatic taxa,
but they are more compact than those of their
more terrestrial relatives. This suggests that
incorporating data on the affinities of an ex-
tinct taxon would probably improve the reli-
ability of an inference about its lifestyle, at
least if the extinct taxon were within the clade
of extant taxa that has been studied. Our lo-
gistic regression models (Table 6) currently do
not incorporate the phylogenetic position of
the extinct taxon whose lifestyle is to be in-
ferred (although they were produced by using
phylogenetic information about extant taxa),
but such models probably could be developed.
However, their conception and use would be
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extremely complex and are beyond the scope
of this study.

An important limitation of our study, and of
any conceivable study using extant tetrapods
to assess the lifestyle of early stegocephalians,
is that the taxa for which we have inferred the
lifestyle are not part of the clade of extant taxa
(Lissamphibia and Caudata) that form the ba-
sis for that inference (Fig. 8). Thus, they are
outside the extant phylogenetic bracket (Wit-
mer 1995); inferences about their lifestyles are
probably less reliable than inferences about
the lifestyles of early Lissamphibia or early
Caudata, which would be within the extant
phylogenetic bracket. We plan to perform a
similar study on extant amniotes, and this
will bring Cardiocephalus and Phaanthosaurus
into the extant phylogenetic bracket (Fig. 8).
However, Chroniosaurus and Doleserpeton will
remain outside that bracket (at least, under the
phylogeny of Laurin 1998); thus, the inferenc-
es about the lifestyles of these taxa and several
other early stegocephalians will remain
slightly less reliable. The sampling of extant
taxa cannot be expanded further out because
the Dipnoi, the closest extant relatives of Te-
trapoda, do not possess limbs; even though a
femur (and humerus) is present, it is entirely
cartilaginous, like most of the endoskeleton
(Carroll 1988). Even in early dipnoans, which
were much better ossified, the paired-fin en-
doskeleton was poorly ossified (Janvier 1996).
The only remaining possibility would be to
section a femur of an early, finned sarcopter-
ygian with a better-ossified femur, such as
Eusthenopteron, and we are currently attempt-
ing this. Eusthenopteron is not extant, but it had
gill arches, fins, and several other characters
indicative of an aquatic lifestyle. Thus, it
would constitute an adequate substitute for an
extant taxon. Obtaining such data would bring
all early stegocephalians within the phyloge-
netic bracket (Fig. 8), but the sampling in
finned sarcopterygians will remain restricted
to one or two species, because of lack of ma-
terial. Thus, the data for inferring the lifestyle
of an early stegocephalian from a cross-sec-
tion of a femur (and other long bones) will
have to be based primarily on extant tetra-
pods, although it may be possible to add one
or two species of finned sarcopterygians.
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Another problem of using extant tetrapods
to infer the lifestyle of early stegocephalians is
that, as far as we know, there are no extant
primitively aquatic tetrapods (i.e., all extant
aquatic tetrapods had terrestrial or amphibi-
ous ancestors). Thus, it is conceivable that the
adaptations to life in water that we see in ex-
tant tetrapods do not reflect the adaptations
that allowed early stegocephalians to become
terrestrial. We envision two partial solutions
to this problem. First, we will include early,
primitively aquatic sarcopterygians such as
Eusthenopteron into the analysis. Second, we
will include turtles, a taxon whose primitive
lifestyle appears to be aquatic, judging by an
optimization of the lifestyle of extant turtles
on a phylogeny. (Thus, the primitive lifestyle
for the crown group appears to be aquatic, but
this does not mean that taxa outside the
crown, like Proganochelys, were necessarily
aquatic.) In turtles, there have been at least
two transitions to a terrestrial lifestyle. These
two extensions of our data set should enable
us to determine how the limb bones evolved
in transitions from an aquatic to a terrestrial
lifestyle.

According to our mathematical equations,
the match between observed and inferred life-
style in our data set is good in extant Lissam-
phibia (85% of individuals, 82% of taxa) and
excellent in Caudata (95% of individuals), and
it coincides with traditional paleontological
interpretations in most (three) of the four cas-
es in which we have applied this method. The
case of Chroniosaurus, for which our inference
differs from previous interpretations, does not
necessarily indicate a problem with our esti-
mate because some gross morphological data
suggest that our inference is plausible. Thus,
we believe that this method can provide valu-
able insights into the lifestyle of early stego-
cephalians, and about the history of the con-
quest of land by vertebrates.
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Appendix 1

Papers used to compile the phylogenies and divergence times

Lissamphibia: Hay et al. (1995).

Urodeles: Larson and Dimmick (1993: Fig. 3); Gao and Shubin (2001).

Cryptobranchoidea: Gao and Shubin (2003).
Amphiumidae: Estes (1969).

Salamandridae: Titus and Larson (1995); Veith et al. (1998).

Desmognathinae: Titus and Larson (1996).

Salientia: Ford and Cannatella (1993); Gao and Wang (2001).
Pipidae: Baez (1981); Baez and Rage (1998); Henrici and Baez (2001).
Ranidae: Uzzell (1982); Dubois (1992); Dubois and Ohler (1994); Sumida et al. (2000).

Bufo: Martin (1972).
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Appendix 3

Femoral sections of early stegocephalians used to infer the lifestyle. MSD = maximal section diameter.

Compactness profile parameter

MSD
Taxon (mm) S P Min Max Source of the material

Doleserpeton 0.90 0.00216 0.5474 —3.69E-05 1.000 Section 819.5.3.T from collection
of A. de Ricqles, illustrated in
Ricqlées 1975b: Plate I, Fig. 1

Chroniosaurus 5.03 0.0189 0.4922 0.0564 0.923 Section made from specimen do-
nated by V. K. Golubev

Cardiocephalus 1.18 0.00163 0.4249 3.71E-5 0.973 Section made from specimen do-
nated by Robert R. Reisz

Phaanthosaurus 2.76 0.00439 0.6176 —2.21E-5 1.000 Section 322.2.1.T from collection

of A. de Ricqles, illustrated in
Ricqgles 1974a: Plate 1V, Figs. 8, 9




