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ABSTRACT
The small-bodied stereospondyl Lydekkerina huxleyi, dominated the

amphibian fauna of the South African Lower Triassic. Even though the
anatomy of this amphibian has been well described, its growth strategies
and lifestyle habits have remained controversial. Previous studies attrib-
uted the relative uniformity in skull sizes to a predominance of subadult
and adult specimens recovered in the fossil record. Anatomical and tapho-
nomic data suggested that the relatively small body-size of this genus, as
compared to its Permo-Triassic relatives, could be linked to a shortened,
rapid developmental period as an adaptation to maintain successful
breeding populations under harsh environmental conditions. Moreover,
Lydekkerina’s habitat has been hypothesized to be either aquatic or
mainly terrestrial. The current study, utilizes bone microstructure to
reassess previous hypotheses pertaining to the biology and ecology of
Lydekkerina. Various skeletal elements of different-sized specimens are
analyzed to understand its growth dynamics, intraskeletal variability,
and lifestyle adaptations. Bone histology revealed that our sample com-
prises individuals at different ontogenetic stages i.e., juveniles to mature
individuals. Our results show that these amphibians, despite exhibiting
plasticity in growth, experienced an overall faster growth during early
ontogeny (thereby attaining sexual maturity sooner), as compared to most
other temnospondyls. The microanatomy of the long bones with their
thick bone walls and distinctive medullary cavity suggests that Lydekker-
ina may have been amphibious with a tendency to be more terrestrial.
Our study concludes that Lydekkerina employed a peculiar growth strat-
egy and lifestyle adaptations, which enabled it to endure the harsh, dry
conditions of the Early Triassic. Anat Rec, 298:1237–1254, 2015. VC 2015
Wiley Periodicals, Inc.
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The Karoo Basin of Southern Africa is famous for its
exceptional Permo-Triassic fossil record in fluvio-
lacustrine sediments (Catuneanu et al., 2005; Smith
et al., 2012). Although the nonmammalian therapsids
have been the subject of intensive studies (e.g., Kemp,
2005; Chinsamy-Turan, 2012; Rubidge, 2013; Kammerer
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et al., 2014), considerably less attention has been given
to basal amphibians, which were abundant members of
the Permo-Triassic continental ecosystems (Damiani,
2003; Smith et al., 2012).

Lydekkerina huxleyi is considered to be a basal stereo-
spondyl (Yates and Warren, 2000) that dominated the
amphibian fauna (constituting about 74% of the known
amphibian fossils) of the Lower Triassic Lystrosaurus
Assemblage Zone (AZ; Induan–Olenekian) of South
Africa (Shishkin et al., 1996; Smith et al., 2012). Lydek-
kerina remains have also been found in coeval deposits
of Australia (Warren et al., 2006). Numerous skulls and
postcranial material have been uncovered and the anat-
omy of this amphibian is well described in the literature
(Watson, 1920; Broili and Schr€oder, 1937; Pawley and
Warren, 2005; Jeannot et al., 2006; Warren et al., 2006;
Hewison, 2007a, 2007b).

Although Lydekkerina has been the focus of several
anatomical studies, little is known about its growth
strategies and lifestyle habits. For instance, the ontoge-
netic variability of its postcrania is still poorly under-
stood as the size range of most of the described
specimens is small (Pawley and Warren, 2004). Although
skulls ranging from 49 to 91 mm in length have been
described for this taxon (Shishkin et al., 1996; Shishkin
and Rubidge, 2000; Hewison, 2007a), majority of them
range in lengths between 60 and 80 mm, representing
mostly sub-adult and adult individuals according to pre-
vious studies (Shishkin et al., 1996; Hewison, 2007a).
Lydekkerina, as well as some other amphibian genera
from the Lystrosaurus AZ, such as the rhinesuchid Broo-
mistega or the dissorophoid Micropholis stowi, constitute
small pedomorphic genera with regard to cranial fea-
tures and body size, in comparison to the larger temno-
spondyls from the Late Permian and the Middle and
Upper Triassic (Shishkin and Rubidge, 2000; Schoch and
Rubidge, 2005; Hewison, 2007a). Hewison (2007b)
hypothesized that, for Lydekkerina, this “dwarfism”
could be an adaptation to the difficult and dry climatic
conditions that prevailed during the Early Triassic
(Smith and Ward, 2001; Pace et al., 2009; Smith et al.,
2012), and attributed this feature to the success of these
animals after the end Permian extinction event. Hewi-
son (2007a) suggested that the pedomorphism and small
body size of this amphibian could be linked to a fast and
shortened development, in order to have successful
breeding populations. The skull size distribution in the
fossil record supports this hypothesis of fast growth and
precocious sexual maturity (Hewison, 2007a).

Stereospondyl amphibians have been studied in terms
of lifestyle adaptations, but most studies considered pre-
dominantly skull features, dentition, postcranial anat-
omy, and to a lesser extent taphonomy and bone
microstructure to infer habitat preferences (e.g., Warren
and Snell, 1991; Sanchez et al., 2010; Fortuny et al.,
2011; Fernandez et al., 2013). It is traditionally assumed
that the evolution of stereospondyls from their Paleozoic
temnospondyl ancestors was accompanied by a return to
an aquatic lifestyle. Triassic stereospondyls are thus
seen as predominantly aquatic or semi-aquatic animals
populating freshwater to epicontinental shallow marine
environments (Warren and Snell, 1991; Warren, 2000;
Steyer, 2002, 2003; Schoch, 2009; Fortuny et al., 2011;
Schoch, 2014). Nevertheless, the ecology of small Early
Triassic temnospondyls from the Lystrosaurus AZ, such

as Lydekkerina huxleyi (Stereospondyli, Lydekkerinidae),
Micropholis (Temnospondyli, Amphibamidae) and Broo-
mistega (Stereospondyli, Rhinesuchidae) has been
debated and they are sometimes described as largely ter-
restrial and/or fossorial (Hewison, 1996; Shishkin et al.,
1996; Shishkin and Rubidge, 2000; Pawley and Warren,
2005). For example, Lydekkerina was initially considered
to have been aquatic (Shishkin and Rubidge, 2000), but
subsequent studies suggested that it was more terres-
trial than previously thought (Damiani, 2003; Pawley
and Warren, 2005; Jeannot et al., 2006; Hewison,
2007b). The latter assertion was based on the poorly
expressed sensory sulci on the skull of Lydekkerina, as
well as its well-ossified long bone epiphyses, autopod ele-
ments, and postcranial skeleton in general, as compared
to other Triassic stereospondyls. Hewison (2007b) also
suggested a sporadic fossorial lifestyle for estivation to
escape seasonal drought.

Previous paleobiological inferences for Lydekkerina
were almost exclusively drawn from anatomical and
taphonomic studies. However, long bone histological
examination allows a direct assessment of various
aspects of tetrapod paleobiology, such as ontogeny,
growth patterns, and lifestyle (Chinsamy-Turan, 2005;
Ricqlès, 2011; Chinsamy-Turan, 2012; Padian and
Lamm, 2013). Long bone and osteoderm histology has
been examined in ecologically diverse temnospondyls
from the Permian and Triassic (Damiani, 2000; Steyer
et al., 2004; Mukherjee et al., 2010; Sanchez et al., 2010;
Witzmann and Soler-Gij�on, 2010; McHugh, 2012;
Konietzko-Meier and Klein, 2013; Konietzko-Meier and
Sander, 2013; Konietzko-Meier and Schmitt, 2013; San-
chez and Schoch, 2013; McHugh, 2014), but only one
recent study included a humerus of Lydekkerina
(McHugh, 2012). In the present study, we apply histolog-
ical and microanatomical approaches to reassess previ-
ous hypotheses pertaining to the biology and ecology of
Lydekkerina. The bone microstructure of various skeletal
elements of different-sized specimens is analyzed to
understand its growth strategies, intraskeletal variabili-
ty and lifestyle adaptations.

MATERIAL AND METHODS

Biological Sample

All the specimens sampled in this study pertain to the
monospecific genus Lydekkerina huxleyi, and were recov-
ered from the Lystrosaurus AZ of South Africa, corre-
sponding to the Lower Triassic (Table 1). These
specimens are curated in various South African museum
collections [institutional abbreviations: BP/I/, Evolution-
ary Studies Institute (previously Bernard Price Insti-
tute), Witwatersrand University, Johannesburg; TM,
Ditsong National Museum of Natural History, Pretoria
(previous Transvaal Museum); NMQR, Karoo Paleontol-
ogy, National Museum, Bloemfontein].

To document growth patterns, and inter-bone histo-
variability, we examined 15 skeletal elements (humerus,
radius, ulna, femur, rib) of different sized specimens
(Table 1; Fig. 1). Limb bones were preferentially used as
they exhibit the least secondary remodeling in the mid-
shaft region as compared to other skeletal elements,
therefore providing the best record of the primary bone
tissue (Francillion-Vieillot et al., 1990). Femora were
the most persistent skeletal elements available for
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histological examination (five femora ranging from 18.7
to 30.8 mm in length).

Most of the postcranial elements sampled were
directly associated with skulls (Table 1, see also Fig. 1).
Almost the complete range of skull sizes known for
Lydekkerina in the fossil record is represented in our
sample (see Shishkin et al., 1996; Hewison, 2007a; Fig.
1A).

The following section provides a brief description of
the specimens sampled for this study (Table 1).

BP/I/5021. This specimen consists of the back of a
skull associated with some postcranial elements (some
vertebrae, ribs, an almost complete femur; Fig. 1B). The
width of the skull has been compared to skull measure-
ments documented in the literature for Lydekkerina
(Shishkin et al., 1996; Shishkin and Rubidge, 2000), and
its midline length has been estimated to be about 49–
54.4 mm. According to Shishkin et al., (1996) and Shish-
kin and Rubidge (2000), this individual represents a
juvenile. The femur of this specimen was sampled for
histological analysis.

BP/I/5022. This specimen represents a skull
(59.6 mm in midline length) associated with semipre-

pared postcranial material. A humerus and a rib were
sampled for histological analysis.

NMQR 665. This specimen comprises a skull
(64.4 mm in midline length) and some disarticulated
postcranial elements. We sampled the associated radius
and ulna (still in articulation) and a rib fragment for
histological analysis.

TM 186. This specimen consists of six partial skulls
associated with disarticulated postcranial elements. His-
tological sections were prepared from three femora and
an unidentified long bone (Fig. 1C). It was not possible
to associate the limb bones to the different skulls. How-
ever, several factors suggest that the sampled femora
indeed belong to the skulls. First of all, the skulls have
similar sizes (from 62 to 67 mm in midline length) and
probably represent amphibians of the same age cohort,
as often seen in other accumulations of Lydekkerina
specimens (see Pawley and Warren, 2005; Hewison,
2007a). This observation also applies to the three
sampled femora, which have comparable lengths (Table
1). The size of these femora matches the size of the asso-
ciated skulls, considering previous descriptions of Lydek-
kerina. Second, some limb bones are still in articulation,

TABLE 1. Material of Lydekkerina sampled for histological assessment

Specimen
number Description

Skull median
length (mm)

Skeletal
element

Bone maximal
length (mm) Section type

BP/I/5021 Block containing the back
of a skull associated with
postcranial elements

49 – 54.4a Femur 18.7 CS diaphysis
CS metaphysis (X2)
LS distal epiphysis

BP/I/5022 Skull and postcranial
elements

59.6 Humerus 24.5 CS diaphysis
CS metaphysis

Rib fragment – CS
NMQR 665 Skull and postcranial

elements
64.4 Radius 13.0 CS diaphysis (X2)

CS metaphysis
CS epiphysis

Ulna 14.6 CS diaphysis (X2)
CS metaphysis
CS epiphysis

Rib fragment – CS
Unidentified bone – CS

TM 186 Partially prepared block with
six skulls and some postcra-
nial material (all the speci-
mens seems to be at the
same ontogenetic stage)

62–67b Femur 1 20.0b CS diaphysis
CS metaphysis

Femur 2 19.9b CS diaphysis (X3)
CS metaphysis

Femur 3 19.6b CS diaphysis (X2)
CS metaphysis

Unidentified
long bone

– CS diaphysis

TM 85 Skull and pectoral girdle
(described in Pawley and
Warren, 2005)

73.3 Radius 15.9 CS diaphysis
CS metaphysis

Rib fragment – CS
BP/I/1373 Partially prepared block with

three skulls and postcranial
material (described in
Pawley and Warren, 2005)

79.5–82.1 Femur 30.8 CS diaphysis (X3)
CS metaphysis
LS epiphysis

Rib – CS

See the Material and Methods section for institutional abbreviations. Abbreviations: CS, cross-section; LS, longitudinal
section.
aSkull length approximated from skull width and skull dimensions for Lydekkerina recorded in the literature (Shishkin
et al., 1996; Shishkin and Rubidge, 2000).
bThese measurements are approximate since the skeletal elements were not complete or were still partially embedded in
the sediment.
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Fig. 1.
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indicating that there was only some dispersal of the car-
casses before burial (see Fig. 1C).

TM 85. This specimen represents a skull in articula-
tion with the pectoral girdle (skull midline length,
73.3 mm; described in Pawley and Warren, 2005). A
radius as well as a rib fragment was sampled for histo-
logical analysis (Fig. 1D).

BP/I/1373. This specimen constitutes a partially
prepared block with three large skulls (midline lengths
from 79.5 to 82.1 mm) and associated postcranial mate-
rial (Fig. 1E) (Pawley and Warren, 2005). These animals
are the largest individuals of our sample. Pawley and
Warren (2005) described these specimens as mature
adults at the time of death. We sampled a femur and a
piece of a rib from this block.

Thin-Section Preparation and Histological
Descriptions

All specimens were photographed before sampling and
standard-measurements of skull and long bone length
were recorded (Table 1). The bones were sampled using
a small DremelVR diamond saw and care was taken to
minimize damage to the specimens. Samples were then
embedded in a polyester resin, cut with a diamond saw,
and finally polished to desired thickness following the
protocol of Chinsamy and Raath (1992). The histological
descriptions follow those of Francillion-Vieillot et al.
(1990) and Chinsamy-Turan (2005, 2012).

Each bone was studied at the microanatomical and
histological level. Where possible, several sections have
been made of a given skeletal element; i.e., transverse
sections at the diaphyseal and metaphyseal levels, and
longitudinal sections of the epiphyses (Fig. 2A).

Measurements were taken on the cross-sections in
order to assess the thickness of the bone walls, the rela-
tive size of the medullary region, as well as the overall
compactness of the section (Fig. 2B, Table 2). The corti-
cal thickness index, or k index (Currey and Alexander,
1985) was calculated as the ratio of the medullary cavity
diameter (MCd) divided by the section diameter
[(CSw1CSl)/2]. The k index varies between 0 and 1,
where lower values are associated with thicker bone
walls, and higher values correspond to thinner bone
walls. The cortical thickness parameter (RBT%) was also
calculated for some sections, as the ratio of the average

bone wall thickness to the average cross-sectional diame-
ter and expressed as a percentage of the diameter
(Mukherjee et al., 2010). These parameters, often used
in comparative osteology, give a biased estimate of the
bone compactness, because they do not take into account
the vascular canals and resorption cavities. Neverthe-
less, it allows a comparison with previous studies that
used such cortical thickness indices (e.g., Currey and
Alexander, 1985; Castanet and Caetano, 1995; Botha
and Chinsamy, 2004; Botha-Brink and Angielczyk, 2010;
Botha-Brink and Smith, 2012). When the preservation
was good enough, we also measured bone compactness
(Comp.) with Bone Profiler (Girondot and Laurin, 2003),
a program that allows for a precise evaluation of bone
compactness with the inclusion of vascularization and
resorption spaces (Table 2). Moreover, bone profiler
allows extracting compactness profile parameters of a
sigmoid mathematical model, which shows the distribu-
tion of the bony tissue in a section. Several lifestyle
inference models have been built from these compact-
ness profile parameters and applied to fossil taxa (e.g.,
Canoville and Laurin, 2010; Quemeneur et al., 2013).
We applied the models developed by Germain and
Laurin (2005) (but available in Laurin et al., 2011) and
Quemeneur et al. (2013) based respectively on the micro-
anatomy of the radius and the femur of amniotes to
some of the sampled long bones. Finally, at the adult
stage, the femur of Lydekkerina has a prominent adduc-
tor crest on its ventral side (Pawley and Warren, 2005;
Hewison, 2007b). Where possible, the development of
this crest was expressed as a ratio between the greatest
length (given through the adductor crest on the dorso-
ventral axis, CSl) and the width of the femoral cross sec-
tion (CSw), in order to provide additional information to
infer the ontogenetic stage of the studied specimens
(Fig. 2B).

RESULTS

Bone Microstructural Descriptions

Bone microanatomical and histological descriptions of
Lydekkerina material are listed from the smallest skull-
sized specimens to the largest ones. For some specimens,
the bone histology was poorly preserved, thereby limit-
ing the consequent descriptions. The main microstruc-
tural features for this stereospondyl amphibian are then
summarized considering variation among individuals
and interskeletal element variability.

Fig. 1. (A) Skull size range (midline length in mm) for representative
Lydekkerina huxleyi specimens found in the fossil record. Data were
gathered from Shishkin et al., (1996), Hewison (2007a), and the pres-
ent work. The specimens sampled in our study are highlighted in red
and are well distributed within the skull-size range known for Lydek-
kerina (49–91 mm). The specimens marked by an arrow are presented
in B–E. (B) Specimen BP/I/5021 represents the back of a skull in dor-
sal view (estimated midline length of 49–54.4 mm) associated with
some postcranial elements. The femur was sampled for histological
analysis (length 5 18.7 mm). (C) Specimen TM 186 is a semi-prepared
block with six partial skulls (with an average midline length of
65.7 mm) associated with some disarticulated or partially articulated
postcranial elements. The close-up shows one of the three femora
that have been sectioned (about 20 mm in length). (D) Specimen TM
85 represents a skull (midline length of 73.3 mm, ventral view) in con-

nection with the pectoral girdle. The close-up shows the sectioned
radius (length 5 15.9 mm) preserved in articulation with the left
humerus. (E) Specimen BP/I/1373 constitutes a partially prepared
block with three large skulls (skull sizes range from 79.5 to 82.1 mm)
and semiarticulated postcranial material. These individuals represent
the largest specimens of our sample. We sampled a femur presented
in dorsal view in the close-up (length 5 30.8 mm). Abbreviations: BP/I/,
Evolutionary Studies Institute (previously Bernard Price Institute), Wit-
watersrand University, Johannesburg; TM, Ditsong National Museum
of Natural History, Pretoria (previous Transvaal Museum); SAM-PK,
Iziko South African Museum, Cape Town; NMQR, Karoo Palaeontol-
ogy, National Museum, Bloemfontein; BMNH, Natural History Museum,
London, UK; UMZC, University Museum of Zoology, Cambridge, UK;
Dist., distal; Fem., femur; Fib., fibula; Hum., humerus; Prox., proximal;
Rad., radius; Sk., skull; Tib., tibia.
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BP/I/5021. To assess intraelement histovariability,
the femur of this specimen was cut in three different
regions (cross-section close to the mid-diaphysis, Fig. 3A;
metaphysis, Fig. 3B; longitudinal section of the distal
epiphysis, Fig. 3C). At the diaphyseal level, the medul-
lary cavity is sub-circular, and well delimited by an
inner circumferential layer consisting of endosteally
formed lamellar bone (ICL) with flatten osteocyte lacu-
nae (Fig. 3D). Few slender trabeculae are visible in the
medullary region. The bone wall is moderately thick (k
index of 0.29, RBT of 35.1%; Table 2) but has a porous
aspect because of the high number of large open spaces
of the incipient primary osteons and simple vascular

canals (compactness of 0.70). Resorption cavities are
present in the perimedullary region and preferentially
located on the ventral side of the section, at the base of
the adductor crest. The cortex is stratified into two
regions corresponding to two growth cycles, highlighted
in polarized light (Fig. 3D). The first growth cycle com-
prises a narrow zone of parallel fibered bone in the deep
cortex, followed by a thin annulus of parallel fibered to
lamellar bone (Fig. 3D). The second growth cycle is
formed of a well-vascularized bone tissue formed of a
poorly organized parallel-fibered matrix with plump
osteocyte lacunae. The adductor crest is moderately
developed on the ventral side of the diaphyseal cross-

Fig. 2. Measurements taken on the long bones sampled and the
cross-sections. (A) Ventral view of a femur of an adult specimen of
Lydekkerina huxleyi (modified from Hewison, 2007b). Prior to section-
ing, the long bones were photographed and their maximal lengths
were recorded. The thick red lines represent the different section
planes; i.e. mid-diaphyseal, metaphyseal transverse sections, and epi-
physeal longitudinal section. (B) Drawing of the mid-diaphyseal cross-

section (I) of the sampled femur of specimen BP/I/1373. For each
bone, measurements were taken (see Table 2) to quantify the size of
the medullary cavity proportionally to the bone wall thickness as
detailed in the Material and Methods section. The development of the
adductor crest was measured on the femora. Abbreviations: Ad. crest,
adductor crest; MCd, medullary cavity diameter; CSw, cross-section
width; CSl, cross-section length.
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section (Table 2). In this area, the vascular canals tend
to run parallel to the crest axis and the bone matrix is
parallel-fibered to lamellar. The bone microstructure is
similar at the metaphyseal level (Fig. 3B,E), even
though the medullary region is enlarged and filled by a
loose mesh of thin bone trabeculae (Table 2). The bone
surface is uneven and pierced by vascular canals (Fig.
3A,B,E). In the epiphysis, the bone histology is not well
preserved (Fig. 3C,F). The distal epiphysis has a pitted
surface probably because of incomplete ossification. The
bone wall at this level is thin and becomes thinner
(160 2 440 lm) towards the articular surface. Some tra-
beculae (25–40 lm thick) form a loose mesh in the med-
ullary region (Fig. 3C,F). All these microstructural
features, such as a well-vascularized parallel-fibered
bone tissue in the cortex, an uneven bone surface and
poorly ossified epiphyses, are characteristic of a juvenile
individual and suggest that this animal was still actively
growing at the time of death.

BP/I/5022. The bone histology of the humerus at
both diaphyseal (CSl 5 4.72 mm) and metaphyseal
(CSl 5 6.88 mm) levels is well preserved even though the
sections are incomplete (Fig. 3G,H). At the mid-
diaphyseal level (Fig. 3G), the cross-section reveals sev-
eral large cavities in the central part of the bone. How-
ever, one large cavity, close to the center of the cross-
section, with a regular sub-circular shape, is well delim-
ited by an ICL consisting of a lamellar endosteal bone
and is most probably the medullary cavity (Fig. 3G).
Although the bone wall is thick (k index of 0.16, RBT of

40.9%; Table 2), the overall compactness is low because
of several large irregular erosion spaces in the deep cor-
tex. One cavity is almost as wide as the presumed med-
ullary cavity and is bordered by an irregular layer of
endosteal lamellar bone (Fig. 3G). At the metaphyseal
level, the medullary region is wider and occupied by an
endosteal spongiosa (Fig. 3H). In both sections, different
bone tissues are observed in the cortex. Despite exten-
sive resorption and secondary reconstruction, patches of
a woven bone matrix are visible in the deep cortex (Fig.
3I,J). The vascularization decreases toward the periph-
ery and the bone matrix becomes parallel-fibered (Fig.
3I,J). A layer of avascular lamellar bone with closely
spaced rest lines is visible in some parts of the outer-
most cortex (Fig. 3J) and attests to a significant slow-
down in growth at the time of death. Where preserved,
the bone surface is smooth and even. In a restricted
area of both sections, the bone tissue is mostly parallel
fibered, and numerous plumb osteocyte lacunae associ-
ated with long Sharpey’s fibers exhibit a radial orienta-
tion, suggesting a zone of muscle or tendon insertion
(Fig. 3K). The rib cross-section is incomplete
(CSl 5 2.72 mm; Fig. 3L). The medullary region is large,
well defined and occupied by a loose network of bone tra-
beculae (Fig. 3L, M). The bone wall is thin. The deep
cortex is formed by a thin layer of poorly vascularized
woven bone matrix with few primary and secondary
osteons (Fig. 3M). In polarized light, bundles of Shar-
pey’s fibers are visible in the cortex. Toward the periph-
ery, the bone matrix consists of an avascular lamellar
bone interrupted by closely spaced rest lines (Fig. 3M).
The microstructure of both bones is congruent and

TABLE 2. Measurements of some skeletal element cross-sections (taken as shown on Fig. 2B)

Specimen Bone

Bone
length
(mm) CS level

MCd
(mm)

CSw
(mm)

CSl
(mm)

Ratio
CSl/CSw k index RBT % Comp.

BP/I/5021 Femur 18.7 Diaphysis 0.82 2.24 3.44 1.54 0.29 35.1 0.70
Metaphysis 1.22 2.26 3.62 1.59 0.41 22.8 –

BP/I/5022 Humerus 24.5 Diaphysis 0.64 3.25 4.72 – 0.16 40.9 –
NMQR 665 Radius 13.0 Diaphysis 1 0.50 1.55 2.03 – 0.28 35.1 0.83

Diaphysis 2 0.55 1.55 2.08 – 0.30 – –
Metaphysis – 2.39 2.95 – – – –

Ulna 14.6 Diaphysis 1 0.89 1.63 2.05 – 0.48 26.6 0.71
Diaphysis 2 0.80 1.55 1.88 – 0.47 – –
Metaphysis – 3.44 5.23 – – – –

TM 186 Femur 1 20.0 Diaphysis 1 0.77 3.02 – – – – 0.45
Femur 2 19.9 Diaphysis 1 0.68 3.40 4.40 1.29 0.17 – –

Diaphysis 2 0.74 3.23 4.06 1.26 0.20 39.4 –
Diaphysis 3 0.91 3.14 4.08 1.30 0.25 – –

Femur 3 19.6 Diaphysis 1 0.57 2.18 2.95 1.35 0.22 39.0 0.68
Diaphysis 2 0.83 2.43 2.88 1.19 0.31 – –

TM 85 Radius 15.9 Diaphysis 0.49 1.49 1.99 – 0.28 35.9 0.85
Metaphysis 1.26 1.95 2.33 – 0.59 – –

BP/I/1373 Femur 30.8 Diaphysis 1 0.49 3.72 6.21 1.67 0.10 44.8 0.85
Diaphysis 2 0.81 3.67 6.38 1.74 0.16 41.7 0.79
Diaphysis 3 1.10 3.69 6.59 1.79 0.21 39.4 –
Metaphysis 1.72 4.08 7.04 1.73 0.31 – –

Abbreviations: Comp., compactness calculated in Bone Profiler (Girondot and Laurin, 2003); CS, cross-section; CSl, maxi-
mal cross-section length (along the dorso-ventral axis for the femur); CSw, cross-section width (perpendicular to CSl); MCd,
medullary cavity diameter. For the femur, the ratio CSl/CSw gives an estimate of the development of the adductor crest. A
ratio close to 1 would indicate that the adductor crest is not developed. Higher is the ratio, more developed is the adductor
crest; k index (Currey and Alexander, 1985) is calculated as a ratio between the medullary cavity diameter (MCd) and the
section diameter [(CSw 1 CSl)/2]. The cortical thickness parameter (RBT%) was also calculated for some sections. Note that
some of these measurements are approximations because of the poor preservation of some sections.
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Fig. 3. Bone microstructure of the small specimens BP/I/5021 (A–F)
and BP/I/5022 (G-M) of Lydekkerina sampled in the present study. (A)
Diaphyseal cross-section of a femur. (B) Cross-section of the proximal
metaphysis of the femur. (C) Longitudinal section of the distal epiphy-
sis of the femur. Note the thin bone walls and the medullary region
infilled by a loose mesh of thin bony trabeculae. The articular surface
is not well ossified and has been infilled with sediment. (D) Higher
magnification of the femoral cortex in A in polarized light. Note the
growth mark (white arrow) represented by a thin annulus of lamellar
bone. (E) Higher magnifications of the femoral bone wall in B in normal
(left) and polarized (right) light. The bone surface is uneven and numer-
ous vascular canals pierce the surface. (F) Higher magnification of the
epiphyseal microstructure in C. (G) Mid-diaphyseal cross-section of
the humerus. (H) Metaphyseal cross-section of the humerus. (I) Higher
magnification of the cortex in G in normal (left) and polarized (right)
light. (J) Higher magnification of the cortex in H. The inner cortex is

formed of a woven bone matrix with primary osteons. Large erosion
spaces with centripetal deposits of lamellar bone are present in the
deep cortex. The vascularization decreases towards the periphery and
the bone matrix gets more organized. In this region of the bone, a
layer of avascular lamellar bone with closely spaced rest lines (arrow
head) is visible in the outer cortex. (K) Higher magnification of the cor-
tex in H. Note the density and orientation of the osteocyte lacunae, as
well as Sharpey’s fibers suggesting a zone of muscle attachment. (L)
Incomplete cross-section of a rib. (M) Higher magnification of the
bone wall in L. A layer of avascular lamellar bone with rest lines (arrow
head) is visible in the outermost cortex. Abbreviations: bt, bone tra-
beculae; bw, bone wall; Dist. AS, distal articular surface; elb, endo-
steal lamellar bone; es, erosion space; Lb, lamellar bone; MC,
medullary cavity; I os., primary osteon; pfb, parallel-fibered bone; RC,
resorption cavity; sf, Sharpey’s fibers; wb, woven bone.

1244 CANOVILLE AND CHINSAMY



suggests that after a phase of fast growth early in ontog-
eny, the growth slowed down drastically. This individual
was thus mature at the time of death.

NMQR 665. Both the radius and the ulna have
been sampled in cross-sections at the mid-diaphyseal
level (Fig. 4A–C), in the shaft, but closer to the meta-
physis (Fig. 4D), as well as close to the epiphysis (Fig.
4E). The microstructure of these bones is similar, but
their histology is poorly preserved due to numerous
cracks and the loss of the optical properties of the bone
matrix when observed in polarized light. At the mid-
diaphyseal level (Fig. 4A–C), the bone wall is thick and
compact (compactness in the radius and the ulna equals

0.83 and 0.71, respectively, see also Table 2). The medul-
lary cavity is well defined, free of bone trabeculae and
small (especially in the radius with a k index of 0.28,
RBT of 35.1%; Table 2). In both skeletal elements, a
thick ICL consisting of endosteally formed lamellar bone
surrounds the medullary cavity. Vascular canals are
sparse (Fig. 4A–C) and consist of large primary and sec-
ondary osteons. Small erosion spaces with deposition of
circumferential lamellar bone as well as few larger
resorption cavities can be observed in the deep cortex of
both elements. Some islands of cortical bone preserved
their optical properties and testify that the deep primary
bone was woven to parallel fibered (isotropic to slightly
anisotropic bone matrix). At least two thin annuli of
lamellar bone are visible in the outer half of the cortex

Fig. 4. Bone microstructure of specimen NMQR 665. (A) Mid-
diaphyseal cross-section of a radius. (B) Interpretative drawing of the
section in A highlighting the vascular canals and the resorption cav-
ities. (C) Mid-diaphyseal cross-section of the associated ulna. (D)
Outer half of the cortex of the radius in a section close to the diaphys-
eal level. Large resorption cavities are present in the deep cortex. At
least two thin annuli of lamellar bone (arrows) are visible and alternate
with well-vascularized zones. (E) Cross-sections of the radius (top)
and ulna (bottom) close to the epiphysis. (F) Cross-section of a rib. (G)

Higher magnification of the bone wall of the rib in F in normal (top)
and polarized light (bottom). Most of the cortex is formed of a fibrola-
mellar bone tissue. Numerous erosion spaces with centripetally
deposited lamellar bone are visible in the deep cortex. A layer of avas-
cular lamellar bone is visible in the outermost cortex of the rib. (H)
Higher magnification of the bone wall of the rib in F. Note the large
resorption cavity and the plump osteocyte lacunae in the interstitial
woven bone. Abbreviations: I os., primary osteon; II os., secondary
osteon; Lb, lamellar bone; RC, resorption cavity; wb, woven bone.
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in both elements (Fig. 4D) attesting of a periodic slow
down of the growth. The bone surface is smooth where
the outer layer of the cortex is preserved. Close to the
epiphyseal level, the bone microanatomy of the radius is
different from that of the ulna (Fig. 4E). The bone wall
of the radius is thin (330–209 lm) and the medullary
region very large with few, thin trabeculae. The section
of the ulna is much larger than the section of the radius.
The bone wall is also thin, but the medullary region is
not well defined and infilled by thick bone trabeculae.
The cortex is formed by a well-vascularized woven or
parallel fibered matrix, depending on the region of the
bone, with numerous and plumb osteocyte lacunae.

The section of the rib has a porous aspect because of
the high degree of vascularization and the presence of
enlarged cavities in the deep cortex (Fig. 4F–H). The
bone wall is thick and limits the extent of the medullary
cavity, which is well defined and free of bone trabeculae.
Secondary reconstruction is important in the deep cor-
tex, but islands of primary bone attest of a woven bone
matrix (Fig. 4G,H). The osteocyte lacunae are numerous,
disorganized and globular (Fig. 4G,H). The vascular
canals have a preferential longitudinal orientation and
are mostly primary and secondary osteons (Fig. 4G,H).
In some regions of the outermost cortex, a layer of avas-
cular parallel-fibered to lamellar bone is visible (Fig.
4G,H). Finally, the unidentified long bone has a small
and round cross-section (CSl 5 1.08 mm). The bone wall
is thick and the medullary cavity is reduced, but free of
bony trabeculae. The cortex presents few vascular
canals.

TM 186. The three femora sampled exhibit similar
bone microstructure. The diaphyseal cross-section of
Femur 1 (Fig. 5A; Table 1) is incomplete and preserves
only the dorsal side (thus, the development of the
adductor crest is not observed). For Femur 2 (Fig.
5B,C) and 3 (Fig. 5G), the adductor crest is moderately
developed as compared to the largest specimen BP/I/
1373 (Table 2). For each femur, the medullary cavity is
relatively small at the mid-diaphyseal level (Table 2),
well defined, circular and bordered by a thin ICL con-
sisting of a layer of endosteally formed lamellar bone
(Fig. 5H). The bone wall is thick but numerous vascular
canals, as well as large resorption cavities in the deep
cortex (and especially at the base of the adductor crest)
give a spongious aspect to the bones (Fig. 5A–H). Most
of the cortex is formed by a continuously deposited and
highly vascularized incipient fibrolamellar bone. The
vascularization is plexiform to reticular with incipient
and large primary osteons and simple vascular canals
(Fig. 5D–F). In the adductor crest area, the vascular
canals run parallel to the crest axis and the bone
matrix is predominantly parallel-fibered. No growth
mark is observed in the cortex of these specimens.
There is no evidence of a decrease in vascularization
towards the periphery and the bone surface is uneven,
suggesting that these bones were still actively growing.
An unidentified long bone with a small mid-diaphyseal
cross-section diameter has also been sampled
(CSl 5 1.15 mm; Fig. 5I). The bone wall is thick, com-
pact and is formed of a well-organized bone matrix. The
vascularization is reduced and secondary reconstruction
is absent. The medullary cavity is well defined and free
of bone trabeculae.

TM 85. The mid-diaphyseal cross-section of the
radius is incomplete and histological details are poorly
preserved (Fig. 5J). Nevertheless, its microstructure is
similar to the radius of specimen NMQR 665 (Fig. 4A).
The medullary cavity is small, circular and free of bone
trabeculae (k index of 0.28, RBT of 35.9%, Table 2). A
thick ICL consisting of lamellar endosteal bone sur-
rounds the medullary cavity. The cortex is thick and
compact, although numerous, large vascular canals are
visible (compactness of 0.85, Table 2). Most of the vascu-
lar canals are longitudinal primary and secondary
osteons. Few radially arranged simple canals are present
in a specific region of the cortex (Fig. 5J) and, together
with long Sharpey’s fibers, attest of a zone of muscle
insertion (Fig. 5J,K). In the deep cortex, the osteocyte
lacunae are plump and disorganized and, where pre-
served, the birefringence of the matrix is mostly iso-
tropic under polarized light. The vascularization tends
to decrease towards the bone periphery. The bone sur-
face is smooth and a thin layer of lamellar bone with
rest lines is visible in the outermost cortex, attesting of
a slow down of the growth (Fig. 5L). At the metaphyseal
level, the bone wall remains thick and compact although
the medullary region is enlarged (k index of 0.59; Table
2). The medullary cavity is clearly delimited, but occu-
pied by a few thick bone trabeculae. The structure of the
rib section (Fig. 5M) is similar to the rib of NMQR 665.
The bone wall is thick, but highly porous. The medullary
cavity is not well defined but numerous large erosion
cavities are present in the perimedullary region. The
structure of the cortex is homogenous and formed by
well-vascularized fibrolamellar bone. The osteocyte lacu-
nae are numerous, globular and have a haphazard orga-
nization. The vascular canals have a predominantly
longitudinal orientation and are mostly primary osteons.
The bone surface is uneven and suggests that this bone
was still growing at the time of death.

BP/I/1373. Three diaphyseal cross-sections (Fig.
6A), as well as a longitudinal section of the distal epiph-
ysis (Fig. 6B) were prepared from the femur. The histol-
ogy is poorly preserved, as the birefringence of the bone
matrix is partly lost and the sections are damaged by
numerous cracks. The serial diaphyseal sections reveal
differences in terms of bone compactness. Section I (Fig.
6A(I)) represents the mid-shaft, where the medullary
cavity is the smallest (k index of 0.10; Table 2). The dor-
sal part of the cross-section is sub-circular and the ven-
tral part consists of a prominent ridge or adductor crest
(Hewison, 2007b). This adductor crest is strongly devel-
oped (Table 2), testifying to strong muscle attachment.
This femur shows the highest compactness among all
the femora sampled in this study (Comp. up to 0.85;
Table 2). The medullary cavity is well defined, round,
small, and free of bone trabeculae at the mid-diaphyseal
level (Fig. 6C). The ICL consists of a layer of endosteally
formed lamellar bone that encircles the medullary cav-
ity. The deep cortex is spongious with extensive resorp-
tion cavities, especially at the base of the adductor crest
(Fig. 6A,C). Because of resorption and poor preservation
of the remaining tissue, it is difficult to assess the type
of the primary bone matrix in the deep cortex (Fig. 6C).
In the outer half of the cortex, the bone consists of an
alternation of thin annuli of avascular lamellar bone
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and thin zones of woven to parallel-fibered bone (Fig.
6D). Finally, a thick layer of poorly vascularized lamellar
bone with closely spaced rest lines is visible in the outer-

most cortex, all around the section (Fig. 6D,E). The bone
surface is smooth and regular suggesting that the
growth slowed down already at the time of death. In the

Fig. 5. Bone microstructure of the skeletal elements sampled from
specimen TM 186 [femur 1 (A, D), femur 2 (B, C, E, F), femur 3 (G, H)
and an unidentified long bone (I)] and TM 85 [radius (J-L) and rib (M)].
(A) Mid-diaphyseal cross-section of femur 1. The section is incomplete
and the ventral side (adductor crest) is missing. (B) Mid-diaphyseal
cross-section of femur 2. (C) Metaphyseal cross-section of femur 2.
(D) Higher magnification of the cortex of femur 1 in A in normal light
(left) and cross-polarized light with lambda compensator (right). The
cortex is composed of an incipient fibrolamellar bone. (E) Higher mag-
nification of the cortex of femur 2 in B in cross-polarized light with
lambda compensator. (F) Higher magnification of the cortex of the

metaphyseal level of femur 2 in C in polarized (left) and normal (right)
light. (G) Mid-diaphyseal cross-section of femur 3. (H) Higher magnifi-
cation of the perimedullary region of femur 3 in G. (I) Mid-diaphyseal
cross-section of an unidentified long bone. (J) Mid-diaphyseal cross-
section of a radius. (K) Higher magnification of the cortex of the radius
in J. Numerous long Sharpey’s fibers are visible in this region (arrow).
(L) A thin layer of lamellar bone with rest lines (arrow) is visible in the
outer most cortex of the radius in J. (M) Cross-section of a rib. Abbre-
viations: elb, endosteal lamellar bone; MC, medullary cavity; I os., pri-
mary osteon; rl, resorption line; Sf, Sharpey’s fibers; wb, woven bone.
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distal epiphysis (Fig. 6B,F,G), the bone wall is relatively
thin and becomes thinner towards the articular surface.
Most of the bone is filled with a dense mesh of thick
bone trabeculae (30–140 lm thick, Fig. 6G). As opposed
to the femoral epiphyses of BP/I/5021 (Fig. 3C), BP/I/
1373 shows a more robust epiphyseal structure, with a

better-ossified articular surface (Fig. 6B,F). Finally, the
rib section is incomplete and most of the cortex is miss-
ing (CSl 5 2.64 mm; Fig. 6H). The medullary cavity was
large and filled with a few thick bony trabeculae. Where
preserved, the outermost cortex presents a layer of avas-
cular lamellar bone with closely spaced rest lines. All

Fig. 6. Bone microstructure of a femur and a rib sampled from
specimen BP/I/1373. (A) Consecutive cross-sections at the diaphyseal
level of a femur (length of 30.8 mm). Note the variability in the bone
microanatomy of the different sections I–III. The medullary cavity is the
smallest in Section I, which is the closest to the midshaft. (B) Longitu-
dinal cross-section of the distal epiphysis of the same femur. (C)
Higher magnification of the medullary region in A (I). The medullary
cavity is reduced, but distinct and free of bone trabeculae. A layer of
endosteal lamellar bone surrounds the medullary cavity. Large resorp-
tion cavities are visible in the perimedullary region. (D) Higher magnifi-
cation of the outer half cortex of the femoral midshaft in polarized
light. Note the alternation of thin annuli of lamellar bone (arrows) with
thin zones of woven bone. A thick layer of poorly vascularized lamellar
bone with closely spaced rest lines is visible in the outermost cortex.

(E) Thick layer of lamellar bone deposited in the outermost cortex all
around the section and interrupted by closely spaced rest lines (arrow
heads). (F) Higher magnification of the distal articular surface of the
femur in C. Note that the articular surface is well ossified. The inter-
condylar fossa is also clearly visible. (G) Higher magnification of a
condylar region of the distal epiphysis as highlighted in B. The bone
wall is thin and a dense network of endochondral bony trabeculae fills
the medullary region. (H) Incomplete cross-section of a rib. The med-
ullary cavity is partially infilled by thick bony trabeculae. Where pre-
served, the outermost cortex presents a layer of avascular lamellar
bone with rest lines. Abbreviations: Dist. AS, distal articular surface;
elb, endosteal lamellar bone; InCl. Fossa, intercondylar fossa; Lb,
lamellar bone; MC, medullary cavity; RC, resorption cavity; rl, resorp-
tion line.
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these features confirm that the largest specimens of our
sample consist of mature individuals, most probably
adults.

Ontogenetic Variation in the Bone
Microstructure of Lydekkerina

Femoral microstructure of juvenile individu-
als. Five femora ranging from 18.7 to 30.8 mm in
length were sampled in this study and exhibit ontoge-
netic variation. Four small femora (ranging from 18.7 to
20 mm in length; BP/I/5021, TM 186) show a bone
microstructure characteristic of juvenile and fast grow-
ing individuals (Francillion-Vieillot, 1990; Chinsamy-
Turan 2005, 2012). The bone wall is relatively thick,
highly vascularized and mostly formed of a woven or
parallel-fibered bone matrix. The vascular canals consist
of incipient primary osteons and simple channels. Sec-
ondary reconstruction is limited. The bone surface is
uneven and numerous vascular canals are open to the
surface. The articular surfaces are not well ossified and
the adductor crest is moderately developed. A growth
mark represented by a thin annulus of lamellar bone is
visible in the inner cortex of at least one specimen sug-
gesting a slow down in the rate of growth. Large erosion
cavities are present in the deep cortex and especially at
the base of the adductor crest. The medullary cavity is
always well delimited, circular and mostly free of bone
trabeculae. A thin layer of endosteal lamellar bone usu-
ally surrounds the medullary region.

Femoral microstructure of the adult individ-
ual. In the largest specimen (femoral length of
30.8 mm; BP/I/1373), the bone microstructure is con-
gruent with a mature individual for which the growth
slowed down. The adductor crest is well developed
and thus more prominent than in smaller individuals,
and the articular surfaces of the bone are better ossi-
fied. The bone surface is even and the outermost cor-
tex formed by a thick layer of lamellar bone with rest
lines. In this adult individual, the medullary cavity is
proportionally smaller than in younger individuals
and the midshaft section is more compact (k index-
5 0.10, compactness 5 0.85). This relative compaction
of the midshaft during ontogeny is due to the limited
expansion of the medullary cavity, the centripetal dep-
osition of lamellar endosteal bone in the vascular
spaces, the further deposition of periosteal bone, as
well as the decrease in vascularization toward the
periphery.

Histological variation in the skeleton. Even
though, the general microstructure is consistent between
the bones sampled, some variability is observed among
long bones at the mid-diaphyseal level. All sampled long
bones exhibit thick cortices with reduced, but well-
defined medullary cavities, mostly free of bony trabecu-
lae and bordered by a layer of endosteally formed lamel-
lar bone, suggesting limited expansion of the medullary
cavity during ontogeny. In the stylopod (humerus,
femur), most of the deep cortical bone is well-
vascularized and large erosion cavities occupy the peri-
medullary region. The cortical vascularization, as well
as resorption in the perimedullary region (at least at the
mid-diaphyseal level), is less dense in the zeugopod ele-

ments (here the radius and ulna) than in the stylopod
ones. Several ribs have been sampled and exhibit vari-
able microanatomy. The histology of the various bones
studied, indicates that some individuals experienced a
sustained fast growth early in ontogeny, whereas others
faced periodic slow down of the growth (represented by
thin annuli of lamellar bone) before the attainment of
sexual maturity. For example, BP/I/5021 with a femoral
length of 18.7 mm and a mid-diaphyseal width (CSw, see
Table 2) of 2.24 mm shows an annulus in the inner cor-
tex, while no growth marks are visible in the larger fem-
ora from TM 86. The same applies to both radii
sectioned. The radius from NMQR 665 exhibits at least
2 annuli, while the similar-sized radius from TM 85
seems to show uninterrupted growth until sexual
maturity.

Lifestyle Inference Using Quantitative Models

The mid-diaphyseal cross-sections of the radii of speci-
mens NMQR 665 and TM 85, as well as the Sections 1
and 2 of the femur of specimen BP/I/1373 have been
analyzed in Bone Profiler in order to extract various
compactness profile parameters (for more details see
Girondot and Laurin, 2003; Canoville and Laurin, 2010;
Table 3). The lifestyle inference models of Germain and
Laurin (2005) and Quemeneur et al. (2013) have been
applied to these sections. Lydekkerina is inferred to have
been amphibious or aquatic based on its radial and fem-
oral microanatomy (Table 3).

DISCUSSION

Several paleohistological studies have been conducted
on Permo-Triassic temnospondyls (Enlow and Brown,
1956; Ricqlès, 1979; Damiani, 2000; Laurin et al., 2004;
Ricqlès et al., 2004; Steyer et al., 2004; Sanchez et al.,
2008; Ray et al., 2009; Mukherjee et al., 2010; Sanchez
et al., 2010; Witzmann and Soler Gij�on, 2010; McHugh,
2012; Konietzko-Meier and Klein, 2013; Konietzko-Meier
et al., 2013; Konietzko-Meier and Sander, 2013;
Konietzko-Meier and Schmitt, 2013; Sanchez and
Schoch, 2013; McHugh, 2014), but few included Early
Triassic amphibian material (Damiani, 2000, Ray et al.,
2009; Mukherjee et al., 2010; McHugh, 2012) and even
fewer have focused on Karoo Basin taxa (McHugh, 2012,
2014). Besides being the first comprehensive work on
Lydekkerina’s bone microstructure, the current study
contributes to the better understanding of the paleobiol-
ogy of Early Triassic amphibians, and sheds new light
on the convergent adaptive strategies of the continental
tetrapod fauna to the harsh post Permian-extinction
environment of the Karoo Basin.

General Paleobiological Inferences for
Lydekkerina

Inferred ontogenetic stages versus body size
variability in the fossil record. Previous studies of
Lydekkerina concluded that most of the specimens found
in the fossil record are subadult or fully-grown individu-
als, usually with midline skull lengths between 60 to
80 mm (Shishkin et al., 1996; Hewison, 2007a). More-
over, Jeannot et al., (2006) suggested that the L. huxleyi
holotype was already a small adult with a skull length

BONE MICROSTRUCTURE OF LYDEKKERINA HUXLEYI 1249



of 58.4 mm. Bone histology clearly showed that our sam-
ple contains juvenile individuals still actively growing at
the time of death. This was expected for the specimen
BP/I/5021, which exhibits an estimated skull length of
49 to 54.4 mm, well within the range of the smallest
skulls known in the fossil record for this species. Speci-
men TM 186 contains six skulls ranging in length from
;62–67 mm; considering previous hypotheses, these
individuals could have been a priori regarded as adults.
However, bone histology demonstrates that the femora
sampled for this specimen were still actively growing
and therefore belonged to juvenile individuals.

The study of Lydekkerina bone microstructure reveals
that there are more juvenile individuals in the fossil
record than previously ascribed to in the literature.
Indeed, bone histology permitted the identification of
individuals that were still actively growing at the time
of death, but were previously considered to be mature
based on skull length. Here, we show that some individ-
uals (TM 186) with skull sizes above 62 mm exhibit fem-
ora that are still actively growing although a smaller
specimen (BP/I/5022) exhibits a humerus and a rib for
which the growth slowed down already. These results
contradict the assumptions of Shishkin et al., (1996) and
Hewison (2007a) that most of the specimens of Lydekker-
ina recovered were adult or mature individuals. More-
over, the incoherence between skull size and apparent
ontogenetic stage could be explained by body size vari-
ability for Lydekkerina adult specimens due to inherent
plasticity in growth (see below) or sexual dimorphism.

Bone growth patterns. Previous studies revealed
that the different groups of temnospondyls showed dif-
ferent growth strategies with predominance for a cyclical
and rather slow growth pattern, with deposition of par-
allel fibered to lamellar periosteal bone interrupted by
numerous growth marks (annuli or LAGs) (Ricqlès,
1979; Mukherjee et al., 2010; Konietzko-Meier and
Klein, 2013; McHugh, 2014). Most of the studied taxa,
whether they were large or small, grew over several
years before attaining sexual maturity and therefore

experienced a protracted juvenile period. Some groups,
especially from the Triassic, showed a periodic or sus-
tained high initial growth with deposition of fibrolamel-
lar bone (Mukherjee et al., 2010; Konietzko-Meier and
Klein, 2013; Konietzko-Meier and Sander, 2013;
Konietzko-Meier and Schmitt, 2013).

The deposition of incipient fibrolamellar bone or well-
vascularized parallel-fibered bone tissue in juvenile indi-
viduals of Lydekkerina indicates relatively faster growth
rates during early ontogeny. The attainment of sexual
maturity is marked by a slow down in growth and the
further deposition of lamellar bone with rest lines in the
outer cortex of adults. However, it appears that the
duration of the early growth to sexual maturity was
variable among individuals. Indeed some specimens
exhibited azonal compacta, while others showed periodic
slow down in growth (as evidenced by the narrow depos-
its of annuli), although unlike most other temnospondyls
no lines of arrested growth were observed, indicating no
cessation of growth before the attainment of sexual
maturity. In conjunction with an apparent poor correla-
tion between ontogenetic stage and body size, this flexi-
bility in growth could be explained by developmental
plasticity for this species (e.g., Starck and Chinsamy
2002; Sander and Klein, 2005). Such flexibility in devel-
opment has previously been described for temnospondyls
(Sanchez and Schoch, 2013) and could result from vari-
able responses to environmental stress encountered dur-
ing an individual’s life. A study on modern amphibians
also showed that species inhabiting unpredictable envi-
ronments have a greater developmental plasticity than
species living in stable habitats (Richter-Boix et al.,
2006). These results of an early fast growth, with an
apparent short juvenile period are congruent with a
small body size for this species and support the hypothe-
sis proposed by several authors (Shishkin and Rubidge,
2000; Schoch and Rubidge, 2005; Hewison, 2007a) of a
truncated ontogenetic trajectory.

The deposition of incipient fibrolamellar bone early in
ontogeny was initially observed in small-sized tremato-
saurids from the Panchet Formation, India, by Ray

TABLE 3. Inferred lifestyle for Lydekkerina according to the models of Germain and Laurin (2005) on the
radius and Quemeneur et al. (2013) on the femur

Germain and Laurin, 2005—Ternary model Quemeneur et al., 2013—Ternary model

Parameters

Radius
NMQR 665

Diaphyseal section
Radius TM 85

Diaphyseal section Parameters

Femur
BP/I/1373

Diaphyseal
section I

Femur BP/I/1373
Diaphyseal
section II

MD (mm) 2.03 1.99 RMin 0.405 0
Comp. 0.83 0.847 S 0.153 0.184
S 0.08 0.029 RMax 0.993 0.983
P 0.34 0.269 M Comp. 0.846 0.786
Min 0 0 Min 0.471 0

O Comp. 0.847 0.786
SVL (cm) 30-60 30–60

Inferred
lifestyle

Amphibious Amphibious Inferred
lifestyle

Aquatic Amphibious

See these publications for details on the inference models, as well as the parameters S, P, Min, Max, RMin, and RMax

obtained in Bone Profiler (Girondot and Laurin, 2003). Lydekkerina was estimated to reach an adult snout-vent length of
30–60 cm. This broad estimate is based on the reconstruction of Watson (1920) and a comparison with the body proportions
of the largest lydekkerinid Eolydekkerina (Shishkin et al., 1996; Jeannot et al., 2006).
Abbreviations: Comp., compactness; M Comp., modeled compactness (in Bone Profiler); MD, maximal diameter of the sec-
tion; O Comp., observed compactness; SVL, snout-vent length.
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et al., (2009) and Mukherjee et al., (2010). Fibrolamellar
bone has been also described in Micropholis and Lydde-
kerina from the Katberg Formation, South Africa
(McHugh, 2012; and in the present study). All these gen-
era are recovered from the Early Triassic and regarded
as small bodied-forms as compared to their closest rela-
tives. The fibrolamellar bone tissues in these animals
indicate rapid rates of growth and the small body sizes
suggest shortened developmental time to sexual matu-
rity, as compared to other temnospondyls. This growth
strategy could reflect an adaptation to survive the dry,
unpredictable environmental conditions of the Early Tri-
assic (Robinson, 1967; Smith and Ward, 2001; Pace
et al., 2009; Mukherjee et al., 2010; Smith et al., 2012)
by maintaining large breeding populations (Hewison,
2007a, 2007b).

Bone microanatomy and lifestyle adaptations.
Temnospondyls were morphologically and ecologically
diverse with dwarf to giant forms inhabiting terrestrial,
riverine, lacustrine, and even marine environments
(Schoch, 2009, 2014; Fortuny et al., 2011). Previous
works showed that aquatic temnospondyls exhibit either
osteosclerotic (compact) or osteoporotic (spongious) corti-
ces (Sanchez et al., 2010; Steyer et al., 2014) usually
interpreted as adaptations for bottom dwelling or active
swimming behavior in the water column, respectively
(Ricqlès and Buffr�enil, 2001). In these taxa, the medul-
lary cavity is filled with a dense network of bone trabec-
ulae and the transition between the medullary region
and the cortical bone is often inconspicuous. Moreover,
calcified cartilage is sometimes present within the tra-
beculae (Ricqlès and Buffr�enil, 2001; Sanchez et al.,
2010; Sanchez and Schoch, 2013). Some temnospondyls,
inferred as partially terrestrial, showed a clear transi-
tion between the medulla and the cortex, associated
with the absence of calcified cartilage retention in the
midshaft (Sanchez et al., 2008; Mukherjee et al., 2010;
McHugh, 2012). This is for example the case in some
Early Triassic trematosaurid from India (Mukherjee
et al., 2010). Nevertheless, the humerus and femur of
these taxa exhibit a medullary cavity infilled by bone
trabeculae. This adaptation to terrestriality has also
been attributed to Micropholis, a small amphibamid
temnospondyl from the Lystrosaurus AZ of South Africa,
on the basis of anatomical, taphonomic, and bone micro-
structural features (Hewison, 1996; Schoch and Rubidge,
2005; McHugh, 2012). The humerus of this species has a
well-defined and vacant medullary cavity and the bone
cortex is relatively thick and compact.

The thick and rather compact cortex of the long bones
of Lydekkerina’s mature specimens, associated with a
reduced medullary cavity, suggest that Lydekkerina may
have been adapted to aquatic environments, as tetrapods
inhabiting shallow water and being bottom dwellers
exhibit osteosclerotic bones (Ricqlès and Buffr�enil, 2001;
Laurin et al., 2004; Canoville and Laurin, 2009, 2010;
Quemeneur et al., 2013; Sanchez and Schoch, 2013).
This is supported by the results of both inference models
(Germain and Laurin, 2005; Quemeneur et al., 2013)
that give an aquatic to amphibious lifestyle for Lydekker-
ina. However, these results should be considered cau-
tiously, since these inference models are based on
amniotes whereas temnospondyls are non-amniotes

(Quemeneur et al., 2013). Such compact long bones, with
a RBT generally superior to 30%, are also found in some
fossorial animals (Botha and Chinsamy, 2004; Botha-
Brink and Angielczyk, 2010; Nasterlack et al., 2012;
Straehl et al., 2013).

However, Lydekkerina’s limb bones, unlike aquatic
temnospondyls, exhibit a well defined medullary cavity,
free of bone trabeculae at the mid-diaphyseal level. This
feature is typical of terrestrial tetrapods (Canoville and
Laurin, 2010). Other characteristics denote a significant
terrestrial mode of existence, such as a strongly devel-
oped adductor crest for muscle attachments and rela-
tively well-ossified epiphyses of the femur at the adult
stage, as well as no remnant of calcified cartilage in the
long bone diaphyses.

In summary, Lydekkerina exhibits microanatomical
and morphological features implying a terrestrial loco-
motion. This amphibian may have inhabited ephemeral
water ponds, as revealed by its thick bone walls. How-
ever, it was able to move on dry land to search for other
pools or to take refuge, for example, in therapsid bur-
rows during the periods of droughts of the Early Triassic
(Smith et al., 2012). An occasional burrowing lifestyle,
as suggested by Hewison (2007b) can not be excluded
based on bone microstructure. According to Smith et al.,
(2012) there is a preferential preservation of amphibious
or fossorial animals in the Early Triassic Karoo Basin
and this taphonomic bias may explain the abundance of
Lydekkerina, often found in clusters (Hewison, 1996;
Pawley and Warren, 2005). Nevertheless, the articulated
remains of the small Early Triassic amphibians such as
Broomistega, Micropholis, and Lydekkerina have often
been found in association with other terrestrial and bur-
rowing animals such as Thrinaxodon, Lystrosaurus, or
Procolophon (Hewison, 1996; Chinsamy-Turan, 2012;
Fernandez et al., 2013). The burrowing behavior of Tri-
assic amphibians could have been only opportunistic
when the climatic conditions were unfavorable (Abdala
et al., 2006; Fernandez et al., 2013).

Adaptation to Harsh Environmental Conditions
in the Early Triassic of the Karoo Basin

While many tetrapod taxa became extinct as the Per-
mian ended, few groups survived into the Triassic and
prospered (Smith and Botha, 2005; Smith et al., 2012).
Why did some taxa survive while others faced demise?
Considering bone microstructure, taphonomic, and ana-
tomical data, there appears to be consensus that pecu-
liar lifestyles and growth strategies enhanced survival
in the unpredictable conditions of the post-extinction
Early Triassic (e.g., Ray and Chinsamy, 2004; Smith and
Botha, 2005; Botha-Brink and Angielczyk, 2010; Hutten-
locker and Botha-Brink, 2013).

Over the last decade, the number of bone microstruc-
tural studies on Permo-Triassic tetrapods from the
Karoo Basin increased exponentially, enabling a better
understanding of their paleobiology. Nevertheless, these
studies mainly focused on the better known mammal-
like reptiles or therapsids (e.g., Botha and Chinsamy,
2000, 2004, 2005; Ray and Chinsamy, 2004; Ray et al.,
2004, 2005; Botha and Angielczyk, 2007; Chinsamy-
Turan, 2012; Nasterlack et al., 2012; Huttenlocker and
Botha-Brink, 2013) and to a lesser extent on parareptiles
(Scheyer and Sander, 2009; Botha-Brink and Smith,
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2012) and archosauromorphs (Botha-Brink and Smith,
2011). Few studies focused on amphibians (McHugh,
2012, 2014), which were a significant component of the
continental fauna (Damiani, 2003; Smith et al., 2012).
On the basis of bone microstructure, several studies
reported that Permo-Triassic taxa, pertaining to taxo-
nomically and morphologically diverse groups (from
large therapsids to small parareptiles), had digging
adaptations to cope with prolonged periods of drought
(Ray and Chinsamy, 2004; Botha and Chinsamy, 2004,
2005; Botha-Brink and Smith, 2012; Nasterlack et al.,
2012). This hypothesis of a widespread fossorial behavior
was also supported by the large number and diversity of
burrow casts found in the Late Permian and the Early
Triassic of the Karoo Basin (Smith, 1987; Groenewald
et al., 2001; Bordy et al., 2011). These burrows some-
times even contained the remains of their inhabitants
(Smith, 1987; Damiani et al., 2003; DeBraga, 2003;
Abdala et al., 2006; Fernandez et al., 2013; Botha-Brink,
2014). Simultaneously, independent histological studies
showed that some taxa that survived the end-Permian
extinction event, as well as the tetrapods that were
abundant in the Early Triassic shared similar, unusual
growth patterns (Ray et al., 2005; Botha-Brink and
Angielczyk, 2010; Botha-Brink and Smith, 2011; Hutten-
locker and Botha-Brink, 2013), associated with a short-
ened development and thus body size reduction
(Huttenlocker and Botha-Brink, 2013, 2014). These taxo-
nomically diverse tetrapods all exhibited a faster growth
early in ontogeny as compared to their closest relatives
(e.g., Botha-Brink and Smith, 2011; Huttenlocker and
Botha-Brink, 2013). It therefore appears that a faster
growth rate to reach sexual maturity is a consistent
adaptation for taxa enduring harsh environmental con-
ditions (Chinsamy and Hurum 2006; Botha-Brink and
Smith, 2011).

This study constitutes the first extensive osteohisto-
logical assessment of the small stereospondyl Lydekker-
ina huxleyi. Our results confirm that this amphibian
resorted to convergent adaptations to other drought tol-
erant therapsids, parareptiles and archosauromorphs.
Thus, besides its apparent plasticity in growth, Lydek-
kerina had higher growth rates to sexual maturity as
compared to most other temnospondyls. In addition, its
ability to be more terrestrial enabled Lydekkerina to sur-
vive and prosper during the episodic droughts and
unpredictable environment of the Early Triassic.

CONCLUSIONS

1. Histological assessment suggests that contrary to pre-
vious hypotheses, there are more juvenile or imma-
ture specimens of Lydekkerina in the fossil record.

2. Despite exhibiting plasticity in growth, Lydekkerina
experienced an overall faster growth during early
ontogeny (thereby attaining sexual maturity sooner),
as compared to most temnospondyls.

3. The microanatomy of the long bones, with their thick
bone walls and distinctive vacant medullary cavity
suggests that Lydekkerina may have been amphibious
with a tendency to be more terrestrial than its closest
relatives, i.e. most stereospondyls. Taphonomy and
bone histology suggests that it may have occasionally
exploited a fossorial lifestyle.
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