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A study on the most exhaustive taxonomic sample of amniotes (75 extant and nine extinct taxa) of any quantitative
work on this topic published so far demonstrates a strong relationship between lifestyle (aquatic, amphibious or
terrestrial) and humeral microanatomy. We suggest that corrections for multiple testing be used to check for
statistical artefacts in the context of a phylogenetic independent contrast analysis, and we use the false discovery
rate procedure for this. Linear discriminant models segregate the various lifestyles with excellent success rate of
up to 98.5%. Lifestyle was thus inferred for six extinct taxa of uncertain habitat. The results obtained suggest that
Captorhinus, Claudiosaurus, and Placodus were amphibious, whereas Neusticosaurus and Mesosaurus were
aquatic. Lystrosaurus may have been more aquatic than previously suggested, although the results of our inference
models have to be integrated with other sources of data, which suggest that it may have been amphibious, rather
than aquatic (as a literal interpretation of the models would suggest). Finally, we propose an alternative method
of palaeobiological inference for hypothetical ancestors. © 2010 The Linnean Society of London, Biological
Journal of the Linnean Society, 2010, 100, 384–406.
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INTRODUCTION

Amniota is one of the most successful and diverse
group of vertebrates. The origin of amniotes, in the
Late Carboniferous, is regarded as a major event in
vertebrate evolution because the amniotes are often
considered to be the first fully terrestrial tetrapods
(Carroll, 1988; Benton, 2005; Laurin, 2008). Amniotes
are present in all major environments and thus show
a wide range of lifestyle from fully aquatic to fully
terrestrial. Palaeozoic terrestrial habitats opened
great possibilities for the early amniotes, and they
diversified extensively on land, although some repeat-
edly reinvaded the aquatic environment. The oldest
known clearly aquatic amniotes are represented by

the Early Permian mesosaurs (Carroll, 1988). The
early history of habitat shifts of amniotes is unclear
and under debate, and our ideas on this topic have
changed drastically in the last decades.

According to Romer (1957, 1958), the ancestors of
amniotes started laying their eggs on land before
adults became terrestrial. This hypothesis was based
on his interpretation of the Permo-Carboniferous
amniote Ophiacodon, which he considered most rep-
resentative of the first amniotes, and of the diadecto-
morph Limnoscelis, a close relative of the first
amniotes. Romer (1957, 1958) considered both genera
as primitively aquatic to amphibious animals.

Restudy of the oldest known amniotes (Carroll
1964, 1969) led to the suggestion that Amniota is a
primitively terrestrial taxon, a hypothesis that is now
widely accepted (Carroll, 1988; Benton, 2005; Laurin,
2008: 44; Shedlock & Edwards, 2009). The earliest
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known amniotes, Hylonomus, Paleothyris and Proto-
clepsydrops from the Upper Carboniferous of Joggins,
Nova Scotica, were probably agile terrestrial insecti-
vores resembling squamates. Their high degree of
ossification, well-developed limbs, and association
with a predominantly terrestrial fauna attest to their
terrestrial lifestyle.

More recent studies raise doubts about terrestrial-
ity as an ancestral feature of amniotes. Joggins may
present an unusual taphonomic bias in which terres-
trial forms may have had a better preservation poten-
tial than aquatic ones. Thus, the presence of two
apparently terrestrial amniotes (Protoclepsydrops and
Hylonomus) at Joggins does not imply that amphibi-
ous or aquatic amniotes did not exist elsewhere.
Interpretations based on bone microanatomy (de
Ricqlès, 1974; Germain & Laurin, 2005) have pro-
vided additional support for Romer’s suggestions that
Ophiacodon was amphibious to aquatic. However,
optimizations of lifestyle of extant and extinct stego-
cephalians on phylogenies of amniotes suggest that
the first amniotes were amphibious or terrestrial,
which raises the possibility that ophiacodontids
returned to a more aquatic lifestyle (Germain &
Laurin, 2005; Kriloff et al., 2008). Thus, the time at
which amniotes (and indeed, vertebrates) became
truly terrestrial remains a thorny issue.

Lifestyle appears to be reflected in the skeleton at
various levels ranging from gross morphology to his-
tological microstructure (Bininda-Emonds, Gittleman
& Kelly, 2001; de Buffrénil, Sire & Schoevaert, 1986).
However, not all aquatic or amphibious vertebrates
exhibit obvious morphological modifications (Carroll,
1985); it is thus often difficult to assess the ecology of
a taxon on the basis of morphology alone and bone
microanatomy may provide additional ecological data.
Differences in the bone structure between aquatic and
terrestrial vertebrates have been known for a long
time (Nopcsa, 1923), and the relationship between
bone microanatomy and lifestyle in extant tetrapods
has been intensively studied (Scheyer & Sander,
2007; Kriloff et al., 2008). Generally, the long bones of
terrestrial taxa have a large medullary cavity and a
compact cortical region. By contrast, long bones of
aquatic vertebrates generally have a smaller medul-
lary cavity (if any), and the skeleton is either heavier
or lighter than in their terrestrial relatives (de
Ricqlès & de Buffrénil, 2001). However, these gener-
alizations have been rigorously tested on few
datasets.

One of the main purposes of the present study is to
provide statistical validation to previous conclusions
about how bone microanatomy evolves in response to
returns to an aquatic lifestyle. The present study,
based on the humerus, is complementary to previous
work by Germain & Laurin (2005), which was based

on a data set of radial sections of 51 species of
amniotes, and Kriloff et al. (2008), which was based
on a data set of tibial sections of approximately sixty
species of amniotes (and of some lissamphibians). We
have obtained new data on the humerus and body size
on the most exhaustive taxonomic sample of amniotes
(78 species of known lifestyle) of any quantitative
study on this topic published so far. The present
study, similar to the previous ones carried out by our
laboratory on this topic, excludes flying taxa because
flight imposes strong mechanical constraints different
from those of terrestrial and aquatic taxa; their inclu-
sion would needlessly complicate analysis of our data
and interpretation of our results.

Several reasons led us to study the humerus. First,
previous analyses (Germain & Laurin 2005; Kriloff
et al., 2008; Laurin, Girondot & Loth, 2004) demon-
strate that the reliability of inference models obtained
from one bone (e.g. the radius) is lower when the
model is applied to another bone (e.g. the tibia).
Because fossils of early amniotes are rare and pre-
cious, and because producing histological sections is a
destructive process, it would be advantageous to be
able to base inferences on as many kinds of bones as
possible, to take advantage of any fossil material.
Indeed, the results obtained enable us to draw palaeo-
biological inferences about the lifestyle of five early
amniote taxa, including three (Captorhinus, Claudio-
saurus, and Placodus) for which no such inference
had previously been made on the basis of mathemati-
cal models based on bone microanatomy. A second
reason to study the humerus is to check for consis-
tency with inferences obtained on the basis of other
bones (Germain & Laurin, 2005; Kriloff et al., 2008)
for the two other taxa (Neusticosaurus and Lystrosau-
rus). Third, the proximodistal gradient of compact-
ness in bones of sea cows (de Buffrénil & Schoevaert,
1989) suggests that proximal limb bones may yield a
stronger ecological signal than more distal bones.
Therefore, obtaining data on the humerus enables us
to test this hypothesis because the radius and tibia
are more distal bones. Comparisons of the responses
of various bones to changes in habitat are also useful
because they might respond differently to a change in
habitat as a result of the unique mechanical stresses
to which each is subjected (de Margerie et al., 2005).

Statisticians have long recognized the need to
correct for multiple tests. The main problem with
multiple test correction is that these procedures typi-
cally reduce power (thus increasing the probability of
making a type II error), although substantial progress
on accounting for multiple tests was made with the
development of the false discovery rate procedure
(FDR), which is simple to implement and does not
drastically reduce power (Benjamini & Hochberg,
1995; Curran-Everett, 2000). However, such proce-
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dures are still rarely used in comparative biology and
our laboratory has only recently started using them
(Laurin, Canoville & Quilhac, 2009). In the present
study, we apply the FDR to tests that can determine
whether the phylogenetically independent contrasts
(PIC) are adequately standardized. Because up to
four tests can be performed on each character
(Midford, Garland & Maddison, 2008), and because
several characters are normally analysed in each
study, dozens of tests are often performed, and the
probability of rejecting a tree as inadequate to stan-
dardize the contrasts is quite high, even if the tree is
actually correct and the characters have evolved
according to a Brownian motion model. Thus, we
argue that correction for multiple testing such as the
FDR should be used in this context, as we do in the
present study. We believe that it is the first time that
FDR (or any correction for multiple tests) has been
performed to assess the suitability of a tree for PIC
analysis.

The last methodological innovation that we propose
below is a new method of palaeobiological inference.
Typically, inference models are applied to extinct taxa
(observed taxa, represented by fossils), and these
inferences are then optimized onto a tree using par-
simony or, more rarely, other methods (maximum
likelihood, Bayesian analysis) to reconstruct charac-
ter history. One of the main purposes of such exer-
cises is to infer properties of hypothetical ancestors.
For example, Kriloff et al. (2008) inferred the lifestyle
(aquatic to terrestrial) of five early stegocephalian
taxa and optimized these inferences, along with the
observed lifestyle of extant tetrapods, on a tree to
infer the primitive lifestyle for Amniota (represented
by a node on the tree).

There is an alternative way to obtain such infer-
ences on hypothetical taxa. The nodal value of the
characters used by the inference models can be esti-
mated using squared-change parsimony (or other
methods, such as maximum likelihood, phylogenetic
generalized least squares, etc.), and these values
can be used to directly infer the character of inter-
est (i.e. lifestyle) of a hypothetical ancestor using
standard inference models (such as linear discrimi-
nant models). Optimizations are used in both cases
but, in the new method proposed here, the optimi-
zation is performed earlier in the analysis and it
typically involves continuous characters. This has
the advantage of retaining all the quantitative data
until the final step of the analysis. When the
inferred character is discrete (as is the case with
lifestyle), the discretization required by the classical
approach discards much data, which should reduce
reliability.

All the methodological innovations described above
and applied to our data enable us to get a preliminary

inference about the primitive way of life of amniotes,
and to reassess the evolution of lifestyle and the
conquest of land in vertebrates.

MATERIAL AND METHODS
BIOLOGICAL SAMPLE

The analysis carried out in the present study bears
on detailed anatomical drawings of humeral mid-
diaphyseal cross-sections, both because compactness
profiles can vary within a single bone (the metaphysis
is generally spongier than the diaphysis) and because
the mid-diaphyseal level should yield the strongest
ecological signal (Laurin et al., 2004). All bones rep-
resent adults (assessed based on size, fusion of epi-
physeal secondary centres of ossification, degree of
ossification of the endoskeleton and aspect of the
sections, including the type of tissue and the distri-
bution of lines of arrested growth) in order to avoid
ontogenetic variations.

Our sample includes 75 extant species
(48 of mammals; see Supporting Information,
Appendix S1A; 13 of turtles; see Supporting Informa-
tion, Appendix S1B; 13 of squamates, and one croco-
dilian; see Supporting Information, Appendix S1C)
and nine extinct taxa determined to generic level (see
Supporting Information, Appendix S1D), representing
the main groups of amniotes relevant to the present
study. The lifestyle is considered to be known
(aquatic) for three extinct taxa based on morpholo-
gical, taphonomic, and phylogenetic data (Carroll,
1988; Benton, 2005). This concerns Muraenosaurus,
a Late Jurassic plesiosaur (Elasmosauridae; Fig. 1A)
(Carroll, 1988; Benton, 2005), an unindentified speci-
men from the Miocene Cethoteriidae (Cetacea, Mys-
ticeti; Fig. 1B), and the Early Jurassic ichthyosaur
Stenopterygius (Fig. 1C).

The lifestyle of six of the extinct taxa included in
the present study cannot be determined with great
confidence on the basis of gross morphological or
taphonomic data. The genus Captorhinus (Fig. 2A)
is an Early Permian sauropsid from Texas and Okla-
homa (de Ricqlès, 1980). This taxon is generally
described as terrestrial in the literature because of
its well-ossified endoskeleton and its abundance in
the terrestrial locality of Fort Sill (Peabody, 1951;
Sullivan & Reisz, 1999); however, de Ricqlès (1980)
observed that Captorhinus long bones had thick cor-
tices, which is characteristic of an amphibious or
aquatic lifestyle (Fawcett, 1942; de Buffrénil & Scho-
evaert, 1989; de Ricqlès & de Buffrénil, 2001; Laurin
et al., 2004). The Middle Triassic Neusticosaurus
(Fig. 2B) from the Alps is a basal sauropterygian,
thus related to the more recent plesiosaurs (Carroll
& Gaskill, 1985; Sander, 1989; but see also Holmes,
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Cheng & Wu, 2008), comprising one of the most
important groups of marine amniotes of the Meso-
zoic. Thus, Neusticosaurus and its relatives (the pac-
hypleurosaurs) are generally considered to have been
completely aquatic (Carroll & Gaskill, 1985; Carroll,
1988), although some studies argue that they may
have retained some terrestrial locomotion abilities
(Schmidt, 1984; Storrs, 1993; Germain & Laurin,
2005). According to Carroll (1981, 1988), Claudiosau-
rus (Fig. 2C), a Late Permian diapsid from Mada-
gascar, may be close to sauropterygians (marine
diapsids including nothosaurs and plesiosaurs), but
more recent phylogenetic analyses place it outside
the diapsid crown group (Müller, 2003). Most skel-
etal features of this animal resemble those of early
terrestrial diapsids, although some osteological char-

acters, such as the long neck and the loss of ossifi-
cation of the sternum, could be interpreted as an
early stage of aquatic adaptation. Mesosaur, from
the Lower Permian, are one of the first amniotes
lineages that reinvaded aquatic environments during
the Palaeozoic. They are probably parareptiles as
suggested by Modesto (2006). Mesosaurus (Fig. 2D)
has long been regarded as an aquatic form in the
literature but its small size is compatible with
limited terrestrial locomotor abilities, and divergent
opinions about its habitat have been proposed
(Carroll, 1982; Oelofsen & Araújo, 1983; Modesto,
2006). The therapsid Lystrosaurus (Fig. 2E) was
abundant in the Late Permian and the Early Trias-
sic. Some studies have considered it as terrestrial
and perhaps fossorial on the basis of skeletal fea-

Figure 1. Drawings of mid-diaphyseal cross-sections of humeri of extinct taxa of known lifestyle. A, the plesiosaur
Muraenosaurus (Upper Jurassic; scale bar = 1 cm). B, an unidentified specimen of Cetotheriidae (Cetacea, Mysticeti,
Miocene, Tortonian; scale bar = 1 cm). C, the ichthyosaur Stenopterygius (Lower Jurassic, Toarcian; scale bar = 1 cm).

Figure 2. Drawings of mid-diaphyseal cross-sections of humeri of extinct taxa of unknown lifestyle. A, the basal eureptile
Captorhinus (Lower Permian, Artinskian). B, the sauropterygian Neusticosaurus (Middle Triassic, Ladinian). C, the
stem-diapsid Claudiosaurus (Late Permian, Changxingian). D, the parareptile Mesosaurus (Lower Permian). Scale bar = 1
cm for (A) to (D). E, the dicynodont therapsid Lystrosaurus (Upper Permian). F, the euryapsid Placodus (Middle Triassic,
Anisian). Scale bar = 1 cm for (E) and (F).

AMNIOTE MICROANATOMY AND PALAEOBIOLOGICAL INFERENCE 387

© 2010 The Linnean Society of London, Biological Journal of the Linnean Society, 2010, 100, 384–406



tures such as a broad scapula or short and robust
distal bones of the forelimbs (King, 1991; King &
Cluver, 1991; Retallack, Smith & Ward, 2003). Other
studies hold an amphibous or mostly aquatic lif-
estyle more probable on the basis of morphological
(e.g. nostrils at the top of the skull; Broom, 1903;
Cluver, 1971; Ray, 2006) and microanatomical
(Germain & Laurin, 2005; Ray, Chinsamy & Ban-
dyopadhyay, 2005) characters, and on its abundance
in the fossil record. Likewise, the palaeoecology of
Placodus (Fig. 2F), a Triassic placodont and thus a
close relative of the sauropterygians, is somewhat
uncertain. This taxon probably fed on hard-shelled
preys such as molluscs and is generally considered to
have lived in shallow costal waters (de Buffrénil &
Mazin, 1992). It is often considered completely
aquatic, although its skeleton shows few clear adap-
tations to an aquatic lifestyle (Carroll, 1988) apart
from a pachyostotic rib cage and poorly ossified limb
bones (de Buffrénil & Mazin, 1989; Rieppel, 1995). It
has been demonstrated that pachyostosis can appear
in amphibious animals, such as the early whales
(Pakicetidae) and sirenians (Prorastomidae), and
that microstructural change predates gross anatomi-
cal shift (Domning, 2001; Gray et al., 2007).

All cross-sections were drawn with a camera lucida,
digitized and transformed into binary images using
PHOTOSHOP 7.0 (Adobe Systems Inc.). All cross-
sections were analysed using BONE PROFILER
(Girondot & Laurin, 2003).

DATA ACQUISITION

Cross-section analysis using BONE PROFILER
BONE PROFILER, already used by Steyer et al.
(2004), Laurin et al. (2004, 2006, 2009), Germain &
Laurin (2005), Kriloff et al. (2008), Canoville &
Laurin (2009), and Scheyer & Sander (2009), allows
extracting several compactness profile parameters of
a sigmoid mathematical model, which shows the dis-
tribution of the bony tissue on a section. This
method could reveal differences in the distribution
of the bony tissue between aquatic and terrestrial
taxa, even if the global compactness were equal in
both groups. Four main parameters are extracted
from this model and the values can be computed
from whole sections (S, P, Min and Max), or from
small, 6°-wide ‘pie-chart’ sections: Srad, Prad,
Minrad, and Maxrad. Other parameters calculated
by the software are included in our analyses: Cc, Cp
and Cg. These parameters are defined in the Sup-
porting Information (Appendix S2) and their associ-
ated values are also compiled in the Supporting
Information (Appendix S1). More details about this
model are provided in Girondot & Laurin (2003) and
Laurin et al. (2004).

Body size and lifestyle
We also incorporated body size parameters (presacral
length: PLg, and bone maximum diameter: MD, log-
transformed or not) into the analyses (see Supporting
Information, Appendix S1) because an initial exami-
nation of many sections revealed that the bones of
small animals usually have a simpler structure than
those of large animals. Furthermore, body size may
contain ecological information because it has already
been shown to differ between aquatic and terrestrial
taxa (Bininda-Emonds et al., 2001; Laurin et al.,
2004; Canoville & Laurin, 2009). Presacral length is
measured from the atlas to the sacrum (cm) and bone
diameter refers to the maximum diameter of the
cross-section (mm).

Lifestyle is coded as follows: ternary coding, with
0 = aquatic, 1 = amphibious, and 2 = terrestrial (see
Supporting Information, Appendix S1) for most analy-
ses, and binary coding, with 0 = aquatic, 1 = amphibi-
ous or terrestrial, for a few analyses. These states are
defined by the relative amount of time spent in water:
> 90% for aquatic taxa, between 20% and 90% for
amphibious taxa, and < 20% for terrestrial taxa. We
have coded the habitat using both primary literature
and databases such as Animal Web Diversity (Myers
et al., 2006) or the IUCN Red List of Threatened
Species (IUCN, 2008).

Building the reference phylogeny
A time-calibrated supertree (Fig. 3) was produced
using the method outlined by Laurin et al. (2004) for
topology, and Laurin et al. (2009) for divergence times
(for more details about the supertree construction,
see Supporting Information, Appendices S3, S4A,B),
rather than using MRP (Bininda-Emonds et al., 2003;
Bininda-Emonds, 2004). Turtles pose a special
problem because their position is still controversial.
We have considered that they are parareptiles and
thus that they are excluded from Diapsida, as sug-
gested by Reisz & Laurin (1991), Laurin & Reisz
(1995) and Lee (1995, 1997, 2001). More recent
molecular and developmental studies on extant taxa
also support placement of turtles outside Diapsida
(Frost et al., 2006; Werneburg & Sánchez-Villagra,
2009), although this represents a minority point of
view.

STATISTICAL ANALYSIS

Detecting phylogenetic and ecological signals in
compactness profile and body size data
To detect the phylogenetic signal, we performed two
distinct analyses. First, we performed variance par-
titioning using PVR (Desdevises et al., 2003; for more
details about this method, see Supporting Informa-
tion, Appendix S5).
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Emys orbicularis
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Figure 3. Phylogeny of taxa of known lifestyle used in the present study (taxa whose lifestyle is inferred are included
in Fig. 8, but not here). This supertree was compiled using Stratigraphic Tools for MESQUITE (Josse, Moreau & Laurin,
2006) from previously published phylogenies (see Material and Methods). The lifestyle is optimized as an ordered
character using parsimony. The geological time is expressed in million years before present. White, aquatic; green,
amphibious; black, terrestrial. Some of the principal clades: 1, Amniota; 2, Sauropsida; 3, Neodiapsida; 4, Squamata; 5,
Testudines; 6, Mammalia; 7, Theria; 8, Eutheria; 9, Boreoeutheria; 10, Laurasiatheria; 11, Cetferungulates; 12, Cetar-
tiodactyla; 13, Cetacea; 14, Pecora; 15, Cervidae; 16, Bovidae.
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Second, we generated 10000 trees by randomly
permuting the terminal taxa (Laurin, 2004; see Sup-
porting Information, Appendix S5) in MESQUITE.

To detect the ecological signal we performed two
tests. First, we performed a variance partitioning
analysis with PVR where the dependent variable was
the lifestyle (ternary and binary codings) and the
independent variables were the compactness profile
parameters, the body size parameters, and the prin-
cipal coordinates (PCs) representing the phylogeny.
We used a forward selection procedure (with p to
enter = 0.05) in PERMUTE (Casgrain, 2005) to deter-
mine which variables show the most important eco-
logical signal.

Second, we performed a PIC analysis of the char-
acters whose contrasts where adequately standard-
ized on our tree (Fig. 3) in the PDAP Module of
MESQUITE (Midford et al., 2008; Maddison & Mad-
dison, 2008). We used a binary coding of lifestyle
because previous studies (Canoville & Laurin, 2009;
Laurin et al., 2009) showed that PIC is less powerful
than variance partitioning with PVR to detect an
ecological signal in bone microanatomy, because
amphibious taxa are not phenotipically intermediate
between aquatic and terrestrial ones, and because the
greatest difference is between aquatic and other taxa
(Laurin et al., 2004).

To test the hypothesis that the relationship
between the three lifestyles is not linear and that
the ternary coding 0 (aquatic), 1 (amphibious), and 2
(terrestrial) is not optimal for linear regressions, we
performed multiple linear regressions with the lif-
estyles as dependent variables and the parameters S,
P, Min, Maxrad, Cc, and Cp as independent variables.
To determine the best coding for amphibious taxa (in
the context of linear regressions), regressions using
several coding alternatives of amphibious taxa were
performed.

Linear discriminant analyses and inference models
Linear discriminant analyses, which make it pos-
sible to infer the lifestyle of extinct taxa, were
carried out using STATISTICA, version 6 (StatSoft
France, 2003; see Supporting Information, Appen-
dix S5) among characters with a phylogenetic signal
and whose contrasts were adequately standardized
(to be usable on hypothetical ancestors). The dis-
criminant functions applied to extinct taxa are
based on the extant taxa and on the three extinct
taxa of known lifestyle (the cetotheriid specimen,
Muraenosaurus, and Stenopterygius). Turtles were
included in one model, but not in the second
because they have been shown to have atypical long
bone compactness profiles (Germain & Laurin, 2005;
Kriloff et al., 2008).

Optimization of habitat and lifestyle inference of
hypothetical ancestors
An optimization of habitat in early stegocephalians is
based on the palaeoecological inferences obtained in
the present survey (six terminal taxa), as well as
those obtained from comparable data by four previous
studies (Laurin et al., 2004; Steyer et al., 2004;
Germain & Laurin, 2005; Kriloff et al., 2008), con-
fronted with other (morphological, taphonomic)
sources of data on the habitat of the same taxa.
The Frasnian sarcopterygian Eusthenopteron foordi
Whiteaves, 1881, whose long bone microanatomy was
recently studied (Laurin et al., 2007), was certainly
aquatic: it is also included in this optimization. More-
over, for other taxa, data on the habitat extracted
from the literature are incorporated: Dipnoi and
Actinistia are aquatic (Laurin, 2008) and lissamphib-
ians are considered to be amphibious (Laurin et al.,
2004; Vallin & Laurin, 2004). Lastly, data are comple-
mented by inferences of the ancestral habitat of
crown-group Mammalia, Lepidosauria, Testudines
based on parsimony optimization of lifestyle on extant
taxa performed in the present study (Fig. 3). The
stem-turtle Proganochelys is considered to have been
terrestrial (Joyce & Gauthier, 2004; Scheyer &
Sander, 2007). Thus, observed and inferred lifestyle of
21 extinct taxa (including 15 taxa from previous
studies and six additional extinct taxa from our
study) and seven extant taxa (Lissamphibia, Mam-
malia, Testudines, Lepidosauria, Crocodylus siamen-
sis, Dipnoi and Coelacanthomorpha) are used to
provide a new optimization of habitat on a time-
calibrated phylogeny. Lifestyle, which is optimized
using standard parsimony, is considered to be an
ordered character with three states.

In addition to optimizing observed and inferred
lifestyle and to infer the ancestral habitat for
Amniota, Reptilia, and Mammalia, we optimized body
size and microanatomical characters that were
adequately standardized on our reference tree
(Fig. 3): (1) without extinct taxa (75 extant species) or
(2) with nine extinct taxa (three of known lifestyle:
Cethoteriidae, Muraenosaurus, and Stenopterygius;
six of inferred lifestyle: Mesosaurus, Captorhinus,
Claudiosaurus, Neusticosaurus, Lystrosaurus, and
Placodus) to determine the extent to which the inclu-
sion of fossils affects the nodal estimates and the
width of the confidence intervals (CIs). Thus, we
obtained inferences of the lifestyle of the basal nodes
of these taxa. Because the nodal estimates of continu-
ous characters have an associated CI, we performed
inferences using three sets of values to assess the
uncertainty of our inferences: the best estimate of the
nodal values for each character, plus the lower and
upper limits of the 95% CIs of the characters calcu-
lated, using PIC (Garland, Midford & Ives, 1999).

390 A. CANOVILLE and M. LAURIN

© 2010 The Linnean Society of London, Biological Journal of the Linnean Society, 2010, 100, 384–406



This is only one of several sensitivity tests that could
be implemented, although testing several combina-
tions of parameter values within the CIs would take
too much space and time, and sampling character
distribution based on the means and intervals would
require software developments beyond the scope of
the present study.

RESULTS
PHYLOGENETIC SIGNAL

Two principal coordinate axes (PCs 1 and 2) were
selected by the broken stick model. Together they
represent 76.36% of the phylogenetic variance of
the 78 species. The partitioning method (PVR) per-
formed using PERMUTE (Casgrain, 2005) demon-
strates that most bone compactness and body size data
contain phylogenetic information (Table 1; see also
Supporting Information, Appendix S6). We also used
backward-elimination procedures to determine which
PCs contributed significantly to the explanation of
each variable (thus, 15 backward-elimination proce-
dures were performed); it demonstrates that all
parameters are phylogenetically informative (Table 1).

We succeeded in adequately standardizing con-
trasts for seven characters using data and branch
length tranformations (Bartlett, 1947; Box & Cox,
1964; Hoyle, 1973). The reference tree has minimum
length of terminal branches set to 8 Myr and minimal
internal branch length of 4 Myr (Fig. 3). The following
characters (some of which were transformed as
shown) can thus be analysed using PIC and squared-
change parsimony: natural logarithm of presacral
length [LN(PLg)], natural logarithm of 10 ¥ maximal
section diameter [in mm; LN(10 ¥ MD)], global com-
pactness (Cg), P based on global values (P), P based
on radial values (Prad), S0.5 and log [Srad/(1 - Srad)].
The random tree generation analysis in MESQUITE
confirmed that all parameters, with the exception of
log [Srad/(1 - Srad)] contain phylogenetic informa-
tion (Table 2).

ECOLOGICAL SIGNAL

Ecological signal: complete data set
The forward selection procedure, implemented in
Permute in a PVR analysis, retained the parameters
S, P, Cc, and Cp as the most significant variables
(ternary coding of the lifestyle; Table 3). Variance
partitioning with PVR shows that these parameters
exhibit an ecological signal (P = 0.0001; Table 4) and
explain 42.88% of the lifestyle variance. An additional
19.64% is explained by the covariation between phe-
notype and phylogeny. The part of lifestyle variance
explained by the phylogeny alone (0.07%) is not sta-
tistically significant (P = 0.9760). An important frac-

tion (37.4%) remains unexplained by the variables
studied (Fig. 4A). Using a binary coding changes
these variance values little (Fig. 4B).

These first results suggest that bone compactness
evolves with lifestyle. Aquatic taxa tend to have a
smaller medullary cavity than their terrestrial and
amphibious relatives (Table 5, column P). Further-
more, Cp, which reflects the compactness in the out-
ermost cortex of the cross-section, has a lower value
in aquatic taxa than in other (Table 5). Aquatic
amniotes have higher values of parameter Cc than
terrestrial animals (Table 5) because of the presence
of a medullary spongiosa (Fig. 5), they are larger than
terrestrial and amphibious taxa and have higher
value of parameter S (the transition zone between the
cortical compacta and the medulla is broadest in
aquatic taxa; Table 5). The PIC analysis confirms that
the parameter S is correlated with lifestyle (binary
coding; Table 6).

Turtles are known to exhibit an atypical pattern in
long bone microanatomy (Germain & Laurin, 2005).
For example, turtles of all lifestyles show high tibial
compactness (Kriloff et al., 2008). A similar pattern
occurs in the humerus (Fig. 5 and Table 5). Moreover,
turtles show a reverse trend for some characters by
comparison with other amniotes. Thus, terrestrial
species seem to be larger, to have stronger humeri,
and to have broader transition zone (greater S) than
aquatic species (Table 5). Lastly, this taxon presents
no significant differences for Min and Cc between
aquatic and terrestrial taxa, whereas other amniotes
exhibit considerable variation (Fig. 5 and Table 5).
Thus, we performed another variance partitioning
analysis using PVR, excluding the turtles to estimate
the relationship between humeral bone micro-
anatomy and lifestyle in other amniotes.

Ecological signal: data excluding turtles
A new phylogenetic distance matrix was produced
and only the first PC was selected by the brocken
stick model. It represents 69.72% of the phylogenetic
variance of the 65 species. The backward-elimination
procedure retained S, P, Min, Maxrad, Cc, and Cp
as the most significant variables (Table 3). These
characters exhibit an ecological signal (P = 0.0001;
Table 4), and they explain 81.6% of the lifestyle vari-
ance. The phylogeny by itself still does not explain
habitat. Nevertheless, the fraction unexplained by the
variables studied is reduced (17.3%; Fig. 4C, Table 4).
Using a binary coding reduces further the unex-
plained variance to only 9.6% (Fig. 4D).

In this case, the PIC analysis suggests that body
size (not retained by forward or backward-selection
procedures) and S are significantly correlated with
lifestyle (Table 6). These results confirm that aquatic
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amniotes are generally larger than their most terres-
trial relatives.

All results that were initially statistically signifi-
cant remain significant after applying FDR analyses
(see Supporting Information, Appendix S6).

LINEAR DISCRIMINANT ANALYSIS

The discriminant function based on the data set of
amniotes without turtles and the characters selected
in the variance partitioning method and backward-
elimination (S, P, Min, Maxrad, Cc, and Cp; Table 3)
has a success rate of 90.8% with a ternary coding of
lifestyle (see Supporting Information, Appendix S7A;
Fig. 6). The lifestyle of 90% of the aquatic taxa and
97.8% of the terrestrial ones is correctly inferred. The
errors are not randomly distributed and affect only
adjacent states. The graphic representation of this
discriminant function shows that the aquatic taxa are
well separated from the amphibious and terrestrial
ones (Fig. 6). However, taxa of amphibious and ter-
restrial lifestyles overlap partly.

Linear, nonphylogenetic regressions with permuta-
tions to test the significance show that aquatic taxa
are well differentiated from the others on the basis of
bone microanatomy, but there is less clear segregation
between amphibious and terrestrial taxa (Table 7). In
most cases, the proportion of explained variance is
maximal when amphibious taxa are coded more than
1.2, with a maximum located near 2 (Fig. 7). This
suggests that the amphibious taxa are very similar to
terrestrial taxa as regards bone microanatomy. Thus,
a binary coding of habitat was also performed
(0 = aquatic; 2 = amphibious to terrestrial); the dis-
criminant function, based on parameters selected in
PVR, correctly attributed the lifestyle of 98.5% of the
species (Fig. 6; see also Supporting Information,

Appendix S7A). The error concerns only Ornithorhyn-
chus anatinus (Shaw, 1799) which is inferred as
amphibious to terrestrial, although it may actually be
considered amphibious because it retains significant
terrestrial locomotor capabilities, and was scored as
such by Germain & Laurin (2005).

In a second model (for inferences on hypothetical
ancestors), the parameters with adequate PIC stan-
dardization on our tree and with a phylogenetic signal
[LN(PLg)], LN(10 ¥ MD), Cg, P, Prad, S0.5 and log
[Srad/(1 - Srad)] are included as independent vari-
ables and the complete data set of amniotes is con-
sidered. When the lifestyle is coded as a ternary
character, 77.3% of the lifestyles are correctly
inferred. When the lifestyle is coded as a binary
character, 85.3% of the lifestyles are correctly
inferred. Nevertheless, errors are not only on adjacent
states (see Supporting Information, Appendix S7B).

LIFESTYLE INFERENCE FOR EXTINCT TAXA

Two linear discriminant models based on the sample
of amniotes without turtles (65 species) and including
the parameters S, P, Min, Maxrad, Cc, and Cp have
been used: ternary coding (Table 8, model A) and
binary coding (Table 8, model B). The results of both
models reveal interesting differences compared to the
prevailing interpretations in the literature. Thus, the
Early Permian Captorhinus, the Late Permian Clau-
diosaurus, and the Triassic Placodus are inferred to
have been amphibious, whereas the literature sug-
gests a terrestrial lifestyle for Captorhinus, and an
aquatic lifestyle for Claudiosaurus and Placodus. The
Late Permian and Early Triassic Lystrosaurus, the
Early Permian Mesosaurus, as well as the Triassic
Neusticosaurus, are all inferred to have been aquatic.
For Neusticosaurus and Mesosaurus, there is a
perfect congruence with the literature, whereas the
habitat of Lystrosaurus has been controversial so far.

EVOLUTION OF HABITAT ACCORDING TO TAXA OF

KNOWN LIFESTYLE

Optimization of observed lifestyle as an ordered char-
acter using standard parsimony on the reference phy-
logeny in MESQUITE (Fig. 3) reveals ambiguity for
the ancestral character state on the branchs leading to
Mammalia (aquatic, amphibious or terrestrial) and
Neodiapsida (aquatic or amphibious). The ancestral
lifestyle of crown turtles appears to be aquatic. Lastly,
the ancestral lifestyle of amniotes remains ambiguous
(aquatic, amphibious or terrestrial). These results
show the necessity of extensive taxonomic sampl-
ing for optimizations. Indeed, palaeontological data
suggest very clearly that the mammalian and neodi-
apsid ancestral lifestyle was terrestrial (Carroll, 1988).

Table 2. Phylogenetic signal assessed through squared-
change parsimony and a population of 10000 random trees
produced by taxon reshuffling

Character P-value

LN(PLg) 0.0000 (1–6)
LN(10 ¥ MD) 0.0000 (1–6)
Cg 0.0000 (1–6)
S0.5 0.0000 (1–6)
P 0.0000 (1–6)
Prad 0.0000 (1–6)
Log [Srad/(1 - Srad)] 0.1603 (31)

P-values marked in bold are significant according to the
false discovery rate analysis (see Supporting Information,
Appendix S6); they are followed by increasing probability
rank (in parentheses)
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EVOLUTION OF HABITAT INCORPORATING LIFESTYLE

INFERENCES OF EXTINCT TAXA
Addition of extinct taxa resolves better the optimiza-
tion of lifestyle (Fig. 8). The ancestral character states

of Mammalia and Neodiapsida appear to be terres-
trial and amphibious, respectively. Moreover, the
ancestral lifestyle of Amniota (amphibious or terres-
trial) is less ambiguous.

Table 3. Characters that reflect the lifestyle (ternary coding) identified through a selection procedure in PERMUTE

Parameters

Removed from the backward-elimination analysis Selected in the foreward selection analysis

With all the data
set of amniotes

With the exclusion
of turtles

With all the data
set of amniotes

With the exclusion
of turtles

Ln(PLg) 9 6
Ln(10 ¥ MD) 10 3
S 0.001 (vi–xix) 0.001 (vi–xix) 1 (0.001 (vi–xix))
P 4 0.001 (vi–xix) 4 (0.007 (xxi)) 3 (0.001 (vi–xix))
Min 7 0.001 (vi–xix)
Max 5 1
Cg 1 8
Cc 0.001 (vi–xix) 0.002 (xx) 2 (0.001 (vi–xix))
Cp 0.009 (xxii-xxiiii) 0.001 (vi–xix) 3 (0.009 (xxii-xxiii)) 1 (0.001 (vi–xix))
Srad 6 2
Prad 12 4
Minrad 2 7 2 (0.001 (vi–xix))
Maxrad 11 0.001 (vi–xix) 4 (0.001 (vi–xix))
PC 1 8 5
PC 2 3 –

Numbers in bold indicate the step at which the parameter has been removed from the backward-elimination analysis or
selected in the foreward selection analysis. The probability that the variation of characters is random with respect to
lifestyle is obtained by multiple linear regressions (with permutations of the dependent variable to create a null
distribution) for lifestyle as the dependent variable with a backward-elimination procedure. P-values marked in bold are
significant according to the false discovery rate analysis (see Supporting Information, Appendix S6).

Table 4. Proportion of the habitat variance explained by the phenotype and by the phylogeny

Performed on all amniote data* Performed with the exclusion of turtles†

Ternary coding Binary coding Ternary coding Binary coding

R2 P R2 P R2 P R2 P

A 0.4288 0.0001 (i–iii) 0.4257 0.0001 (i–iii) 0.8159 0.0001 (i–iii) 0.8958 0.0001 (i–iii)
B 0.1964 – 0.2318 – 0.0108 – 0.0082 –
C 0.0007 0.9760 (39) 0.01121 0.6583 (37) 0 1.0000 (41) 5.36E–6 0.9846 (40)
D 0.3741 – 0.3312 – 0.1733 – 0.0959 –

*Performed on all amniote data with the habitat as the dependent (ternary or binary) variable and S, P, Cc, Cp, and the
principal coordinate axis 1 and 2 as independent variables. †Performed with the exclusion of turtles and with the habitat
as the dependent (ternary or binary) variable and S, P, Min, Maxrad, Cc, Cp, and the principal coordinate axis 1 as
independent variables. In both cases, a broken stick model was used to select principal coordinate axes. P-values marked
in bold are significant according to the false discovery rate analysis (see Supporting Information, Appendix S6). A, portion
of the explained variance related to phenotype; B, related to phenotype and phylogeny; C, related to phylogeny;
D, residual (unexplained).

394 A. CANOVILLE and M. LAURIN

© 2010 The Linnean Society of London, Biological Journal of the Linnean Society, 2010, 100, 384–406



ANCESTRAL VALUE RECONSTRUCTION AND

INFERENCES OF HYPOTHETICAL ANCESTOR LIFESTYLE

In most cases, adding extinct taxa on the reference
phylogeny allows to reduce the width of the 95% CIs
of the nodal estimates of characters for Amniota,
Reptilia, and Mammalia (see Supporting Informa-

tion, Appendix S8). Inferences of the lifestyle of
hypothetical ancestors based on these estimated
values (see Supporting Information, Appendix S9)
was performed using two inference models (based on
a ternary or a binary coding of lifestyle) and two
taxonomic samples for ancestral value inference
(including or not extinct taxa). These inferences are

0 25 50 75 100

Variance (%)

a: 42.9 % (0.0001)
b: 19.6 %

c: 0.1 % (0.9760)

d: 37.4 %
A

a: 81.6 % (0.0001)
d: 17.3 % 

C

b: 1.1 %

c: 0 % (1)

a: 42.57 % (0.0001)
b: 23.2 %

c: 1.1 % (0.6583)

d: 33.1 %
B

a: 89.6 % (0.0001)
d: 9.6 % 

D

b : 0.8 %

c : 0 % (0.9846)

Figure 4. Portion of variance of the lifestyle (A, C, ternary coding; B, D, binary coding) explained by phenotypic
parameters, the phylogeny, both, or neither, as established by a variance partition with PVR (Desdevises et al., 2003) on
the whole dataset (A, B) or without turtles (C, D). a: fraction linked only to phenotype; b: fraction linked both to phenotype
and phylogeny; c: fraction linked only to phylogeny; d: fraction of unexplained variance. The proportion of variance follows
the letter which identifies each fraction (a–d), followed (when this can be computed) by the associated probability in
parentheses.

Table 5. Mean character value of humeral cross-sections as a function of lifestyle in: the total sample; the total sample
with the exclusion of turtles; and turtles only

LN(PLg) LN(10 ¥ MD) S P Min Max Maxrad Cg Cc Cp

Total sample
0 3.9343 4.8378 0.0893 0.4686 0.2554 0.9521 0.9418 0.7396 0.2984 0.9158
1 3.3454 4.0502 0.0517 0.4571 0.0053 0.9899 0.9771 0.7632 0.0090 0.9891
2 3.4775 4.4511 0.0350 0.5891 0.0268 0.9932 0.9858 0.6316 0.0306 0.9916

Total sample excluding turtles
0 4.9353 5.9064 0.0875 0.6286 0.3220 0.9215 0.9275 0.6000 0.3249 0.8537
1 3.3454 4.0502 0.0517 0.4571 0.0053 0.9899 0.9771 0.7632 0.0090 0.9891
2 3.5041 4.4291 0.0298 0.6076 0.0083 0.9943 0.9865 0.6141 0.0095 0.9931

Turtles only
0 2.8221 3.6504 0.0912 0.2909 0.1815 0.9861 0.9577 0.8946 0.2689 0.9848
2 3.1710 4.7040 0.0948 0.3766 0.2397 0.9804 0.9784 0.8333 0.2734 0.9744

Turtles are shown separately because they exhibit an atypical tendency. For lifestyle, 0 = aquatic, 1 = amphibious,
2 = terrestrial.
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coherent when using the nodal estimates: Amniota,
Reptilia, and Mammalia are inferred to have been
amphibious to terrestrial by the binary models. The
results obtained are more variable when using char-
acter values which represent the extreme values

of the 95% CIs of the nodal estimates; although
Mammalia is always inferred amphibious to terres-
trial that way, one of the twelve estimates (four
models times three values, reflecting the point esti-
mate and both ends of the CI) each for Amniota and

Figure 5. Drawings of mid-diaphyseal cross-sections of humeri of tetrapods of various lifestyles showing typical
microstructural adaptations (A–E) or a microstructure atypical of a terrestrial tetrapod (F). A, an actively fast swimming
mammal, Delphinus delphis. B, a shallow-water aquatic mammal, Dugong dugong, with very compact bone. C, a
terrestrial mammal, Canis lupus, with a large medullary cavity and a moderately thick cortical compacta (scale
bar = 1 cm). D, another fast swimming and actively deep-diving mammal, Mirounga leonina (scale bar = 2 cm). E, a
shallow-water aquatic turtle, Chelydra serpentina, with a compact bone and a spongiosa in the medullary region. F, a
terrestrial turtle, Geochelone carbonaria, with a still great compactness and no free medullary cavity, atypical of
terrestrial taxa (scale bar = 1 cm).

Table 6. Relationship between lifestyle (binary coding) and phenotypic characters (body size and bone microanatomical
characters adequately standardized on the tree) assessed through phylogenetically independent contrast analysis
(Felsenstein, 1985)

Lifestyle (binary
coding) versus:

With all the data set of amniotes With the exclusion of turtles

Slope P Rank Slope P Rank

LN(PLg) –0.97812 0.0949 (xxvii) –1.24416 0.0255 (xxv)
LN(10 ¥ MD) 0.93880 0.0852 (xxvi) –1.29782 0.0133 (xxiv)
Cg –0.01765 0.8235 (xxxi) –0.00396 0.9917 (xxxv)
S0.5 –0.10254 0.001 (vi–xix) –0.12045 0.0001 (i–v)
P 0.02003 0.9281 (xxxiii) –0.00085 0.94 (xxxiv)
Log(Srad/1 - Srad) –0.51357 0.5896 (xxix) –0.58646 0.1229 (xxviii)
Prad 0.04975 0.7453 (xxx) 0.01113 0.9275 (xxxii)

P-values marked in bold are significant according to the false discovery rate analysis (see Supporting Information,
Appendix S6).
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Reptilia yields an aquatic lifestyle, which is incon-
gruent with other inferences.

DISCUSSION
PHYLOGENETIC SIGNAL

The phylogenetic value of bone histological characters
has long been debated (Castanet, Cubo & de Mar-
gerie, 2001; Cubo, de Margerie & Castanet, 2001;
Padian, de Ricqlès & Horner, 2001). Recent studies
suggest that bone histological and microanatomical
characters can supply both functional and phyloge-
netic information and some studies have attempted
to quantify these signals (Laurin et al., 2004; Cubo
et al., 2005; Germain & Laurin, 2005; Cubo et al.,
2008; Kriloff et al., 2008), and the results obtained in
the present study confirm this. The humerus exhibits
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Figure 6. Distribution of taxa of various lifestyles on the first (LD1) and second (LD2) linear discriminant axes. The
variables (S, P, Min, Cp, Cc, and MD) were selected by a backward-elimination procedure in Permute, and the
discriminant function was obtained from STATISTICA. The polygons represent the limits of the position of taxa of various
known lifestyles. The position of six extinct amniotes of uncertain lifestyle (Mesosaurus, Captorhinus, Claudiosaurus,
Placodus, Neusticosaurus, and Lystrosaurus) is shown.

Table 7. Proportion of habitat variance explained by phe-
notypic characters (S, P, Min, Maxrad, Cc, and Cp) as a
function of habitat coding

Habitats
included R2 P

0, 1 0.8787 0.0002
0, 2 0.9122 0.0001
1, 2 0.3627 0.0036

Because the variance is assessed through linear regres-
sions but the three states do not form a cline, states are
compared two by two (with the exclusion of turtles). 0,
aquatic; 1, amphibious; 2, terrestrial.
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a phylogenetic signal in more parameters than the
radius of amniotes (Germain & Laurin, 2005) and the
tibia of tetrapods (Kriloff et al., 2008); however, these
differences may result from the denser taxonomic
sampling in the present study.

BONE MICROANATOMY AND LIFESTYLE

The findings obtained in the present study are con-
gruent with those of previous studies on this topic

(Germain & Laurin, 2005; Kriloff et al., 2008). In
amniote long bones (humerus, radius, and tibia),
characters P, S, and Min exhibit an ecological signal.
In the analyses based, respectively, on the femur
(Laurin et al., 2004, 2009) and the humerus
(Canoville & Laurin, 2009) of lissamphibians, charac-
ters S and Min did not exhibit statistically significant
habitat-dependent variations. This may result from
the relatively simpler structure of the long bones of
small animals.
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Table 8. Probability of inferred lifestyle for the extinct taxa according to both models based on 65 species

Taxon

Discriminant function A Discriminant function B

Interpretations
in the literature

Conclusion
(present study)

Inferred
lifestyle Probability

Inferred
lifestyle Probability

Captorhinus Am 0.9296 Am–T 1 T Am
Claudiosaurus Am 0.9936 Am–T 1 Aq Am
Lystrosaurus Aq 0.9999 Aq 1 Aq/Am/T Am
Neusticosaurus Aq 1 Aq 1 Aq/Am Aq
Placodus Am 0.9974 Am–T 1 Aq Am
Mesosaurus Aq 1 Aq 1 Aq Aq

Discriminant function A: based on the data set of amniotes without turtles and including the parameters selected by a
backward-elimination procedure in STATISTICA (S, P, Min, Maxrad, Cc, Cp; ternary coding); Discriminant function B:
binary coding. Aq, aquatic; Am, amphibious; T, terrestrial.
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The humerus displays an ecological signal in more
characters than in other limb bones. These humeral
compactness profile and body size data contain a
strong ecological signal because they explain 42.9%
of the lifestyle variance (ternary coding, turtles
included) when covariation with phylogeny excluded
(62.5% when covariation with the phylogeny is
included). This is by far greater than the results
from the tibia, which explains only approximately
20% of the lifestyle variance (Kriloff et al., 2008)
when phylogenetic covariation is excluded. Using a
binary coding of lifestyle yields higher values of

explained variance (Table 4). The present study is
also the first one to found a significant ecological
signal in bone microanatomical data using PIC;
Laurin et al. (2009) find a significant ecological
signal only in body size, whereas no ecological signal
was yielded by PIC analyses on our other datasets
(Laurin et al., 2004; Germain & Laurin, 2005; Kriloff
et al., 2008). Thus, the humerus appears ideally
suited for lifestyle inference.

The atypical testudine pattern had already been
observed by Germain & Laurin (2005) and Kriloff
et al. (2008) in the radius and the tibia. This pecu-
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liarity may be linked to biomechanical constraints as
a result of their singular bodyplan with a carapace, or
a clade effect. In some turtles, adjustments in body
density may occur through changes in the carapace
rather than in the long bones, as recently suggested
by Scheyer & Sander (2007) and Kriloff et al. (2008).
However, the fact that, in this clade, terrestrial
species seem to be larger than their aquatic relatives
is most probably a result of the small size of our
sample. Indeed, the largest known turtles are
aquatic: Stupendemys geographicus Wood, 1976
inhabited in fresh water (de Lapparent de Broin,
Bocquentin & Negri, 1993; Scheyer & Sánchez-
Villagra, 2007) and Archelon ischyros Wieland, 1896
was a marine protostegid turtle (Scheyer & Sánchez-
Villagra, 2007).

PERFORMANCE OF INFERENCE MODELS

The data obtained in the present study, similar to
those of Laurin et al. (2004), Germain & Laurin
(2005), Kriloff et al. (2008) Canoville & Laurin (2009),
and Laurin et al. (2009), discriminate the aquatic
lifestyle from the others. The models do not segregate
nearly as well amphibious taxa from terrestrial taxa.
The distribution of phenotypic characters of amniotes
of these two lifestyles differs, although there is an
overlap. In our most efficient discriminant model
(Fig. 6; see also Supporting Information, Appen-
dix S10), the first discriminant axis (LD1) perfectly
segregates aquatic taxa from amphibious and terres-
trial taxa on the basis of S, Cp, Maxrad, Min, and Cc.
The second discriminant axis (LD2) attempts to dif-
ferenciate amphibious taxa from terrestrial taxa on
the basis of parameters S, P, Cc, and Min. As in
Kriloff et al. (2008), errors of inferences based on
variables selected by a PVR analysis affect more
particularly those amphibious mammals (rodents and
mustelids) that live close to the water and swim at
the surface. Thus, the semi-aquatic mammals, such
as Galemys pyrenaicus (E. Geoffroy Saint-Hilaire,
1811) (Pyrenean desman) and Hydrochoerus hydro-
chaeris (Linnaeus, 1766) (capybara) are excellent
swimmers, and live in rivers, freshwater lakes or
swamps. Even though they spend a lot of time in
water, their surface-swimming behaviour means that
pachyostosis would be disadvantageous for them.
Thus, their amphibious lifestyle requires no micro-
anatomical adaptations.

The success rates of the discriminant analyses
carried on the humerus of amniotes (up to 90.8%,
using a ternary coding and 98.5%, using a binary
coding) are higher than those obtained from the
radius and the tibia (71% and 68%, respectively;
Germain & Laurin, 2005; Kriloff et al., 2008). More-
over, the binary discriminant model established with

humeral compactness profile parameters of lissam-
phibians (Canoville & Laurin, 2009) is more powerful
than the models of Laurin et al. (2004, 2009) that are
based on the femur. Thus, this set of analyses sug-
gests that the humerus contains more ecological
signal than other long bones. These results are con-
gruent with what we expected based on the decreas-
ing proximo-distal gradient of compactness in sea
cows (de Buffrénil & Schoevaert, 1989). The hindlimb
appears to be slightly less informative than the fore-
limb, possibly because some aquatic taxa have lost
the hindlimb (sirenians, sirenids) or retain only ves-
tiges that are not functional in locomotion (ceta-
ceans). Thus, these taxa cannot be incorporated
into the analyses of tibial and femoral compactness
profiles.

Finally, a certain proportion of error is inevitable
because many factors influence bone microanatomy
(Castanet et al., 2001). These include phylogenetic
position (Cubo et al., 2005, Germain & Laurin 2005;
Laurin et al., 2004), biomechanical constraints (de
Margerie et al., 2005; Meers, 2002), ontogeny, pathol-
ogy (Castanet et al., 1993; Castanet et al., 2001),
metabolism (de Ricqlès, 1983) or reproductive status
(de Buffrénil & Francillon-Vieillot, 2001).

Our new method of direct inference of hypothetical
ancestors suggests that Amniota, Reptilia, and Mam-
malia were primitively amphibious to terrestrial.
There remains significant uncertainty associated with
these inferences because at least some values encom-
passed by the 95% confidence intervals of micro-
anatomical character lead to an aquatic ancestral
lifestyle inference for Amniota and Reptilia. Gather-
ing additional data on early stegocephalians may
narrow these confidence intervals and lead to lower
lifestyle uncertainty.

Inference models based on the characters selected
in PVR appear to be reliable (Table 8; see also Sup-
porting Information, Appendix S7A). To make them
accessible, spreadsheets allowing lifestyle inference
solely from bone compactness parameters were pro-
duced (see Supporting Information, Appendix S10).
However, because these models include some charac-
ters that could not be standardized adequately on our
trees, they should not be applied to hypothetical taxa
reconstructed through inferred nodal values on our
tree.

PALAEOBIOLOGICAL INFERENCES

The lifestyle of Placodus is inferred as amphibious
or amphibious/terrestrial according to the various
models. Along LD1, Placodus is intermediate between
aquatic and amphibious taxa, but closer to the latter.
Its value of Cp (0.834) is reminiscent of aquatic taxa
(Table 5) but low values of parameters S, and Cc,
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which reflect the presence of a narrow transition zone
and a small but distinct medullary cavity (see Sup-
porting Information, Appendix S2D) place it close to
amphibious and terrestrial tetrapods. According to
LD2, Placodus is closer to amphibious taxa than
terrestrial ones because of low value of P (the small
size of its medullary cavity). Placodont remains are
known mainly from shallow-water marine sediments
of Middle to Late Triassic age in Europe and the
Middle East (Sues, 1987) and are usually considered
mostly aquatic (Rieppel, 1995). The position of Placo-
dus, well outside the three lifestyle clusters (Fig. 6),
indicates that our inference must be interpreted cau-
tiously. Nevertheless, Carroll (1988) stated that the
limb skeleton shows only moderate specialization into
aquatic paddles and reproduced Peyer’s (1950) illus-
tration of Placodus in a walking pose. This apparent
contradiction in the various signals could be recon-
ciled if Placodus fed partly on the abundant mollusk,
echinoderm, and arthropod fauna found in intertidal
zones and retained at least limited terrestrial loco-
motor abilities. Thus, for optimization purposes
(Fig. 8), we consider Placodus amphibious, even
though it must have been among the most aquatic of
the taxa considered amphibious in the present study.

The early diapsid Claudiosaurus is inferred to have
been amphibious or amphibious/terrestrial. Its posi-
tion on the graphic representation (Fig. 6) is outside
the three lifestyle clusters, but clearly closer to
amphibious and terrestrial lifestyles than to the
aquatic one for the same reasons as Placodus; it also
has a small medullary cavity (Fig. 2C). Previous
studies attributed a mostly aquatic lifestyle to it
(Carroll, 1981), and de Buffrénil & Mazin (1989)
showed the presence of an extensive pachyostosis,
which is characteristic of an aquatic lifestyle. Never-
theless, Carroll (1981) noted that Claudiosaurus
probably still possessed terrestrial locomotor abilities,
and that it closely ressembles terrestrial diapsids in
various skeletal features. For character optimization,
we consider it amphibious rather than truly aquatic.

Our inference of an amphibious (ternary coding) or
amphibious/terrestrial (binary coding) for Captorhi-
nus contrasts with the terrestrial lifestyle generally
attributed to it (Olson, 1954; Modesto, 1998). The
biocoenosis of Fort Sill, where Captorhinus is pre-
served, consisted primarily of terrestrial to am-
phibious amniotes, amphibians, temnospondyls, and
seymouriamorphs (Kissel, Dilkes & Reisz, 2002). Cap-
torhinus is relatively close to taxa of amphibious
lifestyle on linear discriminant axes 1 and 2 (Fig. 6)
because, similar to Placodus and Claudiosaurus, it
has a small medullary cavity (Fig. 2A), and, we con-
sider it amphibious for the preliminary optimization
of habitat evolution. This assignment is compatible
with the abundance of this taxon in Fort Sill because

the presence, in the same locality, of temnospondyls
and seymouriamorphs that had aquatic larvae with
external gills (Boy & Sues, 2000; Laurin, 2000) sug-
gests the proximity of aquatic environments. Further-
more, captorhinids are also known from several other
localities, in which the aquatic influence was appar-
ently much greater. For example, Protocaptorhinus
pricei Clark & Carroll, 1973 occurs in the Admiral
formation, along with the presumably aquatic to
amphibious embolomere Archeria Case, 1918. Thus,
captorhinids may not have been strictly terrestrial.

The diapsid Neusticosaurus edwardsii is considered
to have lived in coastal surface waters, preying on
small animals (Rieppel, 1989; Sander, 1989). Most
fossils have been found in sediments deposited in
quiet, marine water, but some isolated Neusticosau-
rus bones have been found together with potential
indicators of near-shore conditions such as remains of
aquatic temnospondyls (Sander, 1989). These animals
exhibit relatively subtle aquatic adaptations such as
the loss of ossified tarsal and carpal elements, the
ventral expansion of the girdles, the laterally
expanded tail, the flattening of fore- and hindlimbs
and pachyostosis. They present an isodont dentition
that is typical for piscivorous animals. Nevertheless,
these sauropterygians still had a terrestrial middle-
ear structure, and some studies have suggested that
they were able to leave the water in order to breed
and bask (Carroll & Gaskill, 1985). Germain &
Laurin (2005) assigned them an amphibious lifestyle
on the basis of radial compactness profile parameters.
LD1 and our inference model suggest a truly aquatic
lifestyle for Neusticosaurus (Fig. 6) because of its
broad transition zone (high S) and great value of Min
(Fig. 2B). This result, which is congruent with the
most supported hypothesis, shows the reliability of
our inference model. The present study provides an
independent line of evidence about its habitat and is
congruent with previous interpretations of a fully
aquatic lifestyle. For optimization purposes, we con-
sider Neusticosaurus predominantly aquatic (Fig. 8).

The lifestyle of the Permo-Triassic therapsid Lyst-
rosaurus has long been debated. It was said to be
aquatic, terrestrial or burrowing (King, 1991; King &
Cluver, 1991; Ray et al., 2005). Specimens of Lystro-
saurus have been reported from South Africa, India,
Antarctica, China, Russia, and possibly Australia
(King & Jenkins, 1997). In the South African Permo-
Triassic Karoo Basin, this taxon was so abundant
that it is used as a stratigraphic marker. LD1 yields
an aquatic habitat for Lystrosaurus (Fig. 6) because of
the broad transition zone (high S-value) and porous
cortex (low Cp; Fig. 2E). For character optimization,
to be coherent with previous interpretations and
because of its morphology, we consider this genus
amphibious. Microanatomy of the radius (Germain &
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Laurin, 2005) and of several other bones (Ray et al.,
2005) also suggests an amphibious lifestyle. Such a
lifestyle would explain the great number of its fossils
by taphonomic processes: throughout geological
history, the fossil record has always shown a bias
toward aquatic animals. Moreover, Battail (1997)
noted that Lystrosaurus georgi Kalandadze, 1975 was
found in association with ostracods and branchiopods.

Finally, Mesosaurus is considered to have lived in
water, filter-feeding on small, nektonic prey (Chiappe
& Chinsamy, 1996; Modesto, 2006). Most fossils have
been found in association with actinopterygians and
crustaceans and exhibit many aquatic adaptations
(Modesto, 2006). Although mesosaurs are always con-
sidered to have spent much time in water, there is
some uncertainty about their lifestyle since Piñeiro
(2008: 185) indicated that they were aquatic or semi-
aquatic. LD1 and our inference model suggest a truly
aquatic lifestyle for Mesosaurus (Fig. 6) because of its
great value of Min (Fig. 2D).

PRELIMINARY OPTIMIZATION OF HABITAT EVOLUTION

Our preliminary optimization is generally congruent
with the results obtained by Kriloff et al. (2008). One
exception concerns early amniote evolution; our new
results raise the possibility that Romer (1957, 1958)
was correct in arguing for a primitive retention of an
amphibious lifestyle in the earliest amniotes.

In the present study, we propose an alternative
method to infer the lifestyle of hypothetical ancestors
instead of terminal taxa. This method has the
advantage of optimizing continuous characters only.
However, it has the disadvantage of requiring stan-
dardizing the contrasts. Thus, some characters
cannot be optimized on the reference phylogeny.
Using our dataset, this decreased the performance of
inference models on terminal taxa somewhat, but not
necessarily the reliability of inferences on hypotheti-
cal taxa, which is more difficult to assess. Other
datasets could yield better results.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online version of this article:

Appendix S1. (A) Cross-section of humeri of extant mammals studied in this analysis (48 species, 51
individuals). When more than one specimen of a given species was used, the species name is not repeated. For
the habitat: 0 = aquatic, 1 = amphibious, 2 = terrestrial. LS, lifestyle; PLg, presacral length; MD, maximal
diameter of the cross-section; Cg, global compactness; Cc, compactness in the center of the cross-section; Cp,
compactness in the periphery of the cross-section [L, private collection of Michel Laurin; B, private collection
of Vivian de Buffrénil; MNHN, Muséum National d’Histoire naturelle (Paris); NMW, National Museum of
Vienna (Austria)]. (B) Cross-section of humeri of testudines studied in this analysis (13 species, 14 individuals).
When more than one specimen of a given species was used, these are numbered from 1 to x (up to 2). For the
habitat: 0 = aquatic, 1 = amphibious, 2 = terrestrial. LS, lifestyle; PLg, presacral length; MD, maximal diameter
of the cross-section; Cg, global compactness; Cc, compactness in the center of the cross-section; Cp, compactness
in the periphery of the cross-section [L, private collection of Michel Laurin; C, private collection of Jacques
Castanet; MNHN, Muséum National d’Histoire Naturelle (Paris)]. (C) Cross-section of humeri of diapsids
studied in this analysis (14 species, 15 individuals). When more than one specimen of a given species was used,
the species name is not repeated. For the habitat: 0 = aquatic, 1 = amphibious, 2 = terrestrial. LS, lifestyle; PLg,
presacral length; MD, maximal diameter of the cross-section; Cg, global compactness; Cc, compactness in the
center of the cross-section; Cp, compactness in the periphery of the cross-section [L, private collection of Michel
Laurin; B, private collection of Vivian de Buffrénil; MNHN, Muséum National d’Histoire Naturelle (Paris)]. (D)
Cross-section of humeri of extinct taxa studied in this analysis (nine taxa). For the habitat: 0 = aquatic,
1 = amphibious, 2 = terrestrial. LS, lifestyle; PLg, presacral length; MD, maximal diameter of the cross-section;
Cg, global compactness; Cc, compactness in the center of the cross-section; Cp, compactness in the periphery of
the cross-section [L, private collection of Michel Laurin; B, private collection of Vivian de Buffrénil; R, private
collection of Armand de Ricqlès; MNHN, Muséum National d’Histoire naturelle (Paris)].
Appendix S2. Profil compactness parameters calculated in BONE PROFILER (Girondot & Laurin, 2003) and
used in the present analysis.
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Appendix S3. Method used to build the reference phylogeny.
Appendix S4. Time-calibrated supertree of the species sampled in this study and of paleontological and
molecular calibrations of the divergence times. See Appendix S3 for more information.
Appendix S5. Details on statistical analyses performed in this study.
Appendix S6. False discovery rate analysis (Benjamini & Hochberg, 1995; Curran-Everett, 2000) of the
statistical results concerning the phylogenetic and ecological signals. P-values marked in bold are significant.
BE, backward-elimination procedure; FIC, Felsenstein independant contrasts analysis; FS, forward selection
procedure; PC, principal coordinates; Prob., probability.
Appendix S7. (A) Probability of inferred lifestyle for each taxon obtained by the discriminant functions built
with the characters selected by a backward-elimination procedure in PERMUTE. The lifestyle is coded: for
ternary coding, 0 = aquatic, 1 = amphibious, 2 = terrestrial; for binary coding, 0 = aquatic, 2 = amphibious to
terrestrial. All errors are marked in bold. SR corresponds to the success rate of the model. (B) Probabilities of
inferred lifestyle for each taxon obtained by the discriminant functions built with the parameters without
statistical artefacts. The lifestyle is coded: for ternary coding, 0 = aquatic, 1 = amphibious, 2 = terrestrial; for
binary coding: 0 = aquatic, 2 = amphibious to terrestrial. All errors are marked in bold and errors between two
non-adjacent states are marked by an asterisk (*). SR corresponds to the success rate of the model.
Appendix S8. Continuous character values of hypothetical ancestors.
Appendix S9. Direct habitat inference on hypothetical ancestors from microanatomical and size character
values inferred from squared-change parsimony, with confidence intervals reconstructed using phylogenetically
independent contrasts. The inference models were based exclusively on characters whose contrasts were
adequately standardized on the reference trees. Prob, probability; Inf. LS, inferred lifestyle.
Appendix S10. A, discriminant function A. B, detailed formula A. C, discriminant function B. D, detailed
formula B.

Please note: Wiley-Blackwell are not responsible for the content or functionality of any supporting materials
supplied by the authors. Any queries (other than missing material) should be directed to the corresponding
author for the article.
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