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Abstract: Examination of the bone microstructure of Lystro-
saerus muerrayi from India and South Africa reveals a predom-
inance of fbrolamellar bone tissue, which suggests rapid
periosteal osteopenesis and an overall fast growth, Four dis-
tinct ontogenetic stages have been identified based on tissue
type, organization of the primary osteons, incidence of growth
rings, secondary reconstruction and endosteal bone depos-
ition. An indeterminate growth strategy is proposed for
Lystrosauwrus. Inter-elemental histovariability suggests differen-
tial growth rate of the skeletal elements within the same

individual, and among different individuals. The high cortical
thickness of the dorsal ribs, an extensive secondary reconstruc-
tion in the cortical region of different skeletal elements that
resulted in erosionally enlarged channels from the perimedul-
lary to the midcortical region, and trabecular infilling of the
medullary region even in the diaphyseal sections of the limb
bones suggest at least a semi-aquatic lifestyle for L. murrayi,

Key words: dicynodont, Obrolamellar, growth, histology,
lifestyle.

Tuae dicynodont Lystrosaurus, which appeared in the
Late Permian and crossed the Permo-Triassic boundary
(King and Jenkins 1997; Smith and Ward 2001), is com-
mon in the Early Trassic sediments of the Beaufort
Group, Karmo Supergroup, South Africa. Originally des-
cribed as Dignodon murrayi (Huxley 1859) and Phycho-
gnathus (Owen 1860}, it was renamed as Lystrosaurus by
Cope (1870}, Its cranial morphology is distinctive and
includes a strongly down-tumed snout, extensive premax-
illa, nostrils sitwated high up on the snout and a short
temporal area (Broom 1932, Cluver 1971; King and
Cluver 1991). Currently, several species of Lystrosaurus
are recognized from South Africa based on such charac-
ters as the extent of snout development and the presence
of a nasofrontal rdge and a prefrontal boss. Other than
South Africa, the species L. muwrrayi, L. platyeeps and
L maccaigi are known from Antarctica and [India
(Tripathi and Satsangi 1963; Colbert 1974; Cosgriff et al.
1982) whereas several other endemic species have been
reported from Russia, China and India (King 1991). Early
studies by Watson (1912, 1913), Broom (1932) and
Cluver (1971} suggested that Lystrosaurus was essentially
an aquatic animal that inhabited a swampy environment.

However, King (1991) concluded that the skeletal char-
acteristics of Lystrosaurus such as the flaring/wide scap-
ular blade, lateromedially extended and fattened
antebrachium, and short and robust manus are also pre-
sent in digging animals, and did not support the hypothe-
sis that it was aquatic. The down-turned snout, large
premaxilla and short temporal area of Lystrosaurus resul-
ted in a powerful bite, which was necessary for chopping
and shredding plant matter (King and Cluver 1991},
Recently, small articulated skeletons of Lystrosauris were
found in burrow casts assigned to the ichnogenus Histio-
derma (Groenwald 1991; Retallack et al. 2003). However,
Retallack et al. (2003) suggested that Lystrosaurus species
were amphibious/semi-aquatic in nature, waded into
water for food and probably lived in a wide range of hab-
itats as they occur in almost all types of Triassic palaeo-
sols/pedotypes including those that supported submerged
vegetation. Hence, the peculiar cranial features and varied
interpretations of lifestyle (Watson 1912; Cluver 1971;
King 1991; King and Cluver 1991; Retallack et al. 2003)
make Lystrosaurus an enigmatic dicynodont.

Bone histology provides wvaluable  information on
aspects of an animal’s life such as growth strategy,
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biomechanics and lifestyle, as histological and morpho-
logical integrity are generally maintained even after
fossilization. Previous work on dicynodont bone micro-
structure has contributed significantly to understanding
various aspects of their biology (e.g. Ricgles 1972, 1976
Chinsamy and Rubidge 1993; Ray and Chinsamy 2004).
Based on bone histology this paper provides an assess-
ment of the palacobiology of the type species of Lystro-
satirus, L. mureayi. The aims of the study are to elucidate
growth pattern, document histovariability and evaluate
the mode of life of Lystrosaurus.

Institutional abbreviations 1SIR, Indian Statistical Institute, Kol-
kata, India; SAM-PE-K, South African Museum, Cape Town,
South Africa.

MATERIAL AND METHODS

A series of skeletal elements (humeri, femaora, radii, ulnae,
tibiae, fibulae, ribs, scapulae, clavicles, centrum and distal
phalanx) of positively identified L. miurrap were exam-
ined. These elements were taken from 11 partial and
complete skeletons collected from various localities of the
Early Triassic [Lystrosaurus Assemblage Zone, Beaufort
Group, South Africa (Table 1), The specimens bearing the
same registration number but differentiated by *a” or ‘b’
indicate the association of two individuals, We also exam-
ined several disarticulated skeletal elements (humeri,
femora, tibia, fibula, clavicle and dorsal rib fragments) of
L wurrayi, collected from a monospecific bone bed of
the Eary Triassic Panchet Formation, Damodar Basin,
India (Tahble 2).

The different parameters of undistorted limb bones of
L wmurrayi in the collection were measured using Mit-
utuyo digimatic calipers, which have a precision of

TABLE 2. Lystrosaurus moorrayt. Localities and skeletal elements
of the specimens examined for histology and recoverad from the
Early Triassic Panchet Formation, Damodar Basin, India. Aster-
isk (*} indicates measurement of diameter. All specimens from
the Banspatali locality.

Specimen Elements used Length
k. for histology (mm}
ISIR758 femur 3677
ISIR7 56 femur 5377
ISIR7&5 fermur 5723
ISIR7 62 humerus 6lE7
ISIR757 femur HE6H
ISIR753 humerus 6226
ISIR76l femur 75649
ISIR7 63 humerus 7073
ISIR751 humerus 7284
ISIR750 humerus 7972
ISIR764 femur a3
ISIR759 tibia B84
ISIR7a0 fibula 8539
ISIR754 clavicle 12+
ISIR752 dorsal rib g+

001 mm. These measurements were used to calculate pre-
dictive regression equations of the proximal, midshaft
and distal diameter of the limb bones (Table 3) as out-
lined in Ray and Chinsamy (2004). The high coefficient
of determination (r*) suggests that the regression equa-
tions explain most of the varations (B0-98 per cent) in
the data (Peters 1989; Seebacher 2001). The equations
obtained were then used to infer the total length of the
partial limb bones, and to deduce the relative sizes of dif-
ferent individuals examined for osteohistology. For overall
comparison, especially between the elements of the same
individual, size classes were deduced from one of the lar-

TABLE 1. Lystrosaurus murrapl. Localities and sheletal elements of the specimens examined for histology and reawered from the

Early Triassic Lystrosauris Assemblage Zone, Beaufort Group, South Africa.

Locality Specimen nao. Elements examined for histology Length of different limb bones examined (mm])
HL UL RL FL TiL/FiL
Middelburg SAM-PE-KE left humerus, dorsal rib fragments 99 - - - -
Harrismith SAM-PE-E1415 dorsal rib fragments - - - - -
SAM-PE-3531 humerus, clavicle, dorsal rib I5ES - - - -
Meadows SAM-PE-8%91a humerus, radius, ulna, scapula, tibia 10188 7RG 6E02 - 7548
SAM-PE-E9 1L humerus, femur 65596 6932 - - -
SAM-PE-876a sapula, femur, tibia, phalanx - - - - B3EE
SAM-PE-£796h femmur - - - 9272 -
Bethulie SAM-PE-KRO38 humerus 17657 - - - -
SAM-PK-KE013 humerus, radius, ulna, ribs 13568 117492 54 - -
SAM-PK-KBO012 sapula, vertebra, rib - - - - -
Coleshurg SAM-PE-11184 humerus, radius, ulna, fermur, rib B 6749 546 11505 -
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TABLE 3. Predictive regression equations for determining the
propodial lengths and midshaft diameters of L o rayr.

Propodials n Allometric equations r

HL-HFD f y = 049165x — (1065 47
HL-HMD & y = (-8153x — 02975 8
RL-RFD 6 ¥y = 111235x — 06097 a4
RL-EMD 6 ¥ = 11261x — 09466 493
UL-UPD f y = (-7808x + 00317 (94
FL-FFD & y = (HB25x — (445 (83
FL-FMD 8 y = 10016x — 08098 (g2
TiL-TiDD & y = 108196x — (5388 42
FiL-FiDD & ¥ = 1036x — 07755 98
HL-FL 9 y = (B33x +0-4149 47

gest specimens of L smurrayi (SAM-PEK-K8038) in the col-
lection of the South African Museum, as suggested by
Chinsamy (1993a), Curry (1999), Homer et al. (2000)
and Ray and Chinsamy (2004). These size classes were
expressed as a percentage of adult size and were hased on
the relative size, gross skeletal morphology, allometry and
histological characteristics of the various skeletal elements.

All the specimens were photographed, and morphologi-
cal varations and standard measurements were noted.
Specimens were embedded under vacuum in a clear resin,
sectioned in the required direction, ground and polished,
and examined under ordinary and polarized light (Chins-
amy and Raath 1992; Ray and Chinsamy 2004). For
determining growth strategy, emphasis was placed on the
study of the mid-diaphyseal regions of the long bones as
these were least remodelled and resulted in the better pre-
servation of the primary bone tissue (Enlow 1963; Chins-
amy and Dodson 1995; Sander 2000).

Histological terminology and definitions followed Fran-
cillon-Vieillot et al. (1990) and Ricglés et al. (1991) unless
specifically mentioned otherwise. Because most of the thin
sections show sharp delineation between the relatively
compact cortex and the medullary spongiosa (Text-figs
1-5), the cortical or relative bone wall thickness (RBT)
and cortical porosity were measured following Bihler
(1986), Chinsamy (1993a), Botha and Chinsamy (2000)
and Ray and Chinsamy (2004). RBT was calculated as the
ratio of the bone wall thickness to the cross-sectional
diameter of the bone and expressed as a percentage. It
was measured on the diaphyseal sections at 2-5x magnifi-
cation. The porosity of the cortical area representing
maximum vascularity was quantified as a percentage of
total cortical area (Chinsamy 19936), and was calculated
by the image analysis software Jandel Sigma Scan Pro,
version 4.0. This procedure was carried out for every
alternate field of view at a magnification of 10x and
about 10-15 fields were examined per slide. However, in
some specimens the medullary region is completely filled
with bony trabeculae resulting in a gradational transition
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between the cortex and the medulla. In such cases, it was
not possible to measure RBT and/or cortical porosity.

HISTOLOGICAL DESCRIPTION

General  features. The transverse sections of all the elements
show an outer compact cortex surrounding a large medullary
region. The predominant extracellular matrix of the cortex is
woven fibred bone (Enlow 1969; Ricgles et al 1991) with a
haphazard spatial arrangement of the mlagen fibres and glob-
ular osteocyte lacunae. The humerus, rib and clavide of the
smallest individual, SAM-PE-3531, contain longitudinally oren-
tated vascular channels with little or almost no osteonal depos-
its within them.

The sheletal elements of all the larger specimens except
ISIR758 (discussed later) show fibrolamellar bone in the cortex
Most of the primary osteons are longitudinally orientated with
mainly circumferential anastomoses, although this may vary
from one dement to the next, or even locally within the same
dement. Although secondary reconstruction is absent in SAM-
PE-3531, the diaphyseal sections of the limb bones of larger
individuals reveal extensive secondary reconstruction from the
perimedullary region to the mid-cortical region. This resulted in
erosionally enlarged and concentrially arranged resorption cav-
ities and a very narrow mmpact periosteal cortex. Profuse secon-
dary osteons are often visible in the deeper cortical region. The
margin between the cortex and the medullary region, though
distinct, is irregular. The medullary region is often completely
filled with bony trabeculae of the ancdlous bone.

Humeris. Numerous sections in the diaphyseal and metaphyseal
regions of 12 humeri ranging in length (HL} from 2585 to
176:'57 mm were examined (Table 4}, The smallest humerus
(SAM-PE-3531: HL 2585 mm, [464 per cent adult size) is
characterized by a large medullary region surrounded by a nar-
row cortex [RET 1224 per cent; Table 5}, an irregular periosteal
margin | Text-fig. 14}, absence of growth rings and few radially
orientated cnals,

Diaphyseal sections of the humeri longer than that of SAM-
PE-3531 (and presumably older) reveal that the cortex is pre-
dominantly composed of the fibrolamellar bone (Texct-fig. 16-C,
Table 4). In humeri ranging between 70 and 100 mm in length
the corticl thickness varies between 227 and 31412 per cent
(Table 5). The primary osteons are arranged in a laminar pat-
tern, though this may vary from one humerus to the next, or
even locally within the same humerus. For example, in SAM-
PE-11184 reticular arrangement of the primary osteons is evi-
dent in the outer cortex whereas a laminar-subplexiform pattern
is prevalent in the desper cortex (Text-fig. 16} Radially orienta-
ted channels, running from the midcortex to the outer cortex,
are usually present in the region of the deltopectoral crest (such
as SAM-PE-ES] In SAM-FPE-KS (RET 2845 per cent), there is
a narrow peripheral zone of parallel fibred bone in the outer
artex, whereas in the midcortex, fibrolamelar bone with
the primary osteons arranged in a laminar pattern is visible
(Text-fig. 1C) Although growth rings were absent in the humeri
of 9 mm or less in length, a distinct line of arrested growth
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TABLE 4. Histological characteristics of the long limb bones of L morrayd eamined. Numbers of specimens are given in paren-

theses, Limb bones are measured in mm.

Skeletal Per cent Primary bone Growth rings Secondary Other features

dements adult size (LAGs and annuli]  reconstruction

1. humeri (12}

a. HL 2585 (1) 1464 WFE, primary channels e none irregular periosteal periphery,
and globular osteocyte MR contains bony trabeculae
lacunae

b HL &0-70 (3] 3540 FLB, laminar arrangement  none erosionally enlarged -
of PO channels

¢ HL 70-100 (6] 41—l LAGs and annuli in profuse 50 -

humeri > 90 mm

d. HL > 100 (2) =6l laminar pattern in the cannot be erosionally enlarged -
dezper artex; reticular- discerned resorption cavities;
subplexiform pattern in the few S0
outer cortex

% ulnae and radii  50-80 FLE, longitudinally one LAG and erosionally enlarged -

(3 +3) orientated PO annulus in the ulna; channels in the mid-
two LAGS in the and outer cortex;
radius profuse S0 in
(SAM-PE-K8991a}  deeper cortex

3. femora (12)

a. FL 3677 (1) 1875 channels show onset Two narrow annuli - irregular periosteal
of osteonal deposits — FLB periphery

b FL 50-70 mm 2541 FLE, laminar-subplexiform-  none extensive erosionally  endosteal bone is

(5} reficular arrangement, enlarged resorption absent in the femora

few radially orientated cavities and 50 < 6 mm in length
channels

¢ FL90-120 mm  40-50 FLE, laminar pattern cannot be extensive erosionally  narrow compact

(3] in the inner and mid-cortex, discerned enlarged channels periosteal cortex

subreticular arrangement
in the outer cortex
Abundant radially
orientated channels in the
outer cortex

d. FL > 120 mm (3} 50-100  FLE, laminar pattern, one LAG present  erosionally enlarged -
in places a subreticular- in the midcortex channels in the inner
subplexiform arrangement and mid-cortical
can be seen region

4. Tibia (3} and 5581 FLE, radially orientated twor LAGs in the erosionally enlarged CCCE in the

fibula (1} channels tihia of vascular channels perimed ullary
SAM-PE-EKR991a region

(LAG) and an annulus is present in the reatively larger humeri
of SAM-FE-EE (HL 99 mm, Text-fig. 1C) and SAM-PE-K8991a
(HL « 100 mm}. The cortical thickness (RBT) is more than 30
per cent in humeri greater than 100 mm in length (= ¢ 50 per
cnt adult size; Table 5). In these humeri, the primary osteons
are organized in a laminar pattern in the deeper cortex and are
in a reticular-subplexiform  pattern in the outer cortex. In
ISIR751, the perimedullary region to the midcortex contains ero-
sionally enlarged channes that resulted in a high corticml poros-
ity (about 26 per cent]) whereas profuse secondary osteons are
visible in the deeper cortical region of SAM-PE-8%91a. The med-
ullary region of the humeri contains bony trabeculae of the can-
llous bone. Endosteally coated marrow spaces are visible

between the bony trabeculae and form sinuses of various dia-
meters,

Ulna arnd  radtis. The ulna and radivs from three individuals
were studied: SAM-PK-11184 (UL 675 mm, EL 544 mml},
SAM-FE-K&®91a (UL 786 mm, RL 6802 mm) and SAM-FK-
EBOLA (UL 118 mm, RL B4 mm). The characteristic features of
the ulnae and radii are given in Table 4. The cortical thickness
of the ulna is greater than that of the radius measured in the
same individual (Table 51 Although growth rings cannot be dis-
@rned in the ulna of SAM-PK-11184 becuse of poor preserva-
tion, one prominent LAG and annulus in the inner cortex
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TEXT-FIG. 1. Lystrosmurus murrayi. A—C, diaphyseal cross-sections of the humeri. A, SAM-PE-3531, showing the cortex (COR ) with
longitudinally orientated primary channels, Arrow indicates the uneven peripheral margine B, SAM-PE-11184, showing the laminar
(LAM]) and reticular (RET) patterns of the primary osteons in the deeper and outer cortex, respectively. C, SAM-PE-KS, showing a
thick cortex with fibrolamellar bone and a prominent LAG {arrow); erosion cavities are marked by ER. D-E, SAM-PE-EK8991a,
diaphyseal transverse section of the ulna showing D, fibrolamellar bone (FLB) and an LAG (arrow) in the cortex, and E, part of D at
higher magnification showing secondary osteons (arrows) in the mid-cortical region. F, SAM-PE-11184, radial transverse section
showing erosionally enlarged channels in the cortex (COR) and cancellous bone in the medullary region (MR}, Periosteal surface is
towards top of the frame. Scale bars represent 200 um.



1174 PALAEONTOLOGY, VOLUME 48

TABLE 5. Diaphyseal cortical thickness (RET} of available limb bones and ribs in the growth series of L morrayi. BET is expressed

as percentage of the total cross-sectional diameter.

Specimen no. Per cent Humerus Radius Ulna Femur Tikia Rilx
adult size
SAM-PK-35331 16 1224 - - - 2733
ISIR758 1875 - - 12:76 - -
ISIR757 is - - W68 - -
ISIR753 i5 1785 - - - -
ISIR751 41:25 23403 - - - -
SAM-PK-K1415 4586 - - - - 2836
SAM-PK-K&79%b 4726 - - 183 - -
SAM-PK-11184 Sir67 7 1646 21115 223 - -
SAM-PK-KR 5607 28405 - - - 3426
SAM-PK-K&E991a 575 3112 24407 2532 - 985 -
SAM-PK-KE796a 726 - - 258 1033 -
ISIR759 751 1206
SAM-PE-KROL13 T84 325 - - - 3517
ISIR752 100 - - - - 3655

[Text-fig. 1D} amd another possibly in the outer cortex is seen in
SAM-PE-E8991a. Two LAGs are also present in the radial cortex
of SAM-PE-K&%1a. It also contains erosionally enlarged chan-
nels in the mid- and outer cortex, and profuse secondary ost-
eons in the inner cortex (Text-fig. 1E). As in the humerus, the
medullary region is completely occupied by cancellous bone in
the ulnar and radial diaphyseal sections (Text-fig. 1F}.

Fernur. Twelve femora of various sizes (FL 3677-14243 mm}
were examined. [SIRFSE, the smallest ferur (FL 3677 mm,
1875 per cent adult size} shows a narrow cortex (RET 1276 per
cent), a large medullary region and high cortical porosity (2341
per cent). The cortex is composed of an irregular periosteal peri-
phery, and woven-fibred bone matric. The channels within the
rtex are mostly longitudinally orientated with circumferential
amnd a few radial anastomoses. Most of the vascular channels
show centripetal osteonal deposits forming primary osteons and
fibrolamellar bone tissue (Text-fig. 2A). Two narrow annuli are
present in the outer rtex (Text-hg 2AL

High porosity (about 12 per cent in ISIR 757) and globular
osteocyte lacunae characterize the cortices of the larger femora.
The mid-diaphyseal section of ISIR?57 (FL 6866 mm; Text-
fig. 2A) shows that the cortical thickness (RET) is 20068 per cent,
and much thicker than that of ISIR758 (Table 5). Increasingly
thicker cortices are evident in longer femora (Table 5). The
primary osteons show reticular-subplexiform  arrangement in
ISIR757 (Text-fig. 2B} whereas laminar and subreticular patterns
in the deeper cortex and outer cortex, respectively, are evident in
SAM-PE-11184 (Text-fig. 2C). Radially arranged channes are
epedally abundant in the region of the trochanter major and 1n
the outer cortexx. A LAG is present in the mid-oortex of the largest
fernur (SAM-PE-KEM6a: FL 14243 mm, 726 per cent adult size).
Endosteal bone deposits are absent in femora less than 60 mm in
length. In SAM-PE-11184, several erosion lines are visible showing
the deposition of endosteal bone along the edges of the trabeculae
(Text-fig. 20}, Erosionally enlarged resorption cavities are present
in the inner and mid-cortical region. A few small secondary ost-
eons occur in the outer-midcortex of 1SIR757.

Tibia and filuda. A noteworthy feature of the three tibiae (Til
7348884 mm) examined is the very narrow cortex in compar-
ison to that of the other dements examined (Table 51 Abundant
radially orientated channels are wvisible in the tibial cortex
(Text-fig. 3A, C) of SAM-PE-E8991a and ISIR759. On the other
hand, the primary osteons are mainly longitudinally orentated
and discrete in SAM-PE-KE79%a. Two LAGs are visible in
SAM-PE-EE®1a. Other features include extensive secondary
reconstruction, which resulted in erosionally enlarged vascular
channels in the inner and mid-cortex and a narrow @mpact
periosteal cortex. A prominent reversal line separating endosteal
and appositional growth, and compacted coarse cancellous bone
tissue in the perimedullary region are visible (Text-fig. 36). Only
the metaphyseal region of the fibula (ISIR760: FiL 8539 mm)
was available for study (Text-fig. 300). The primary osteons are
in a subreticular arrangement. Growth rings are absent. There
are a few secondary osteons.

Phalare. The tramsverse section of a proximal phalane (SAM-
PE-KE796a) shows a narrow cortex (RET 982 per cent) A
prominent annulus composed of avascular, lamellar bone is pre-
sent. Few secondary osteons are visible right at the periosteal
margin. The medullary region is mmpletdy filled with a dense
network of bony trabeculae (Text-fig. 4A4). A reversal line separ-
ates appositional and endostel growth,

Vertebra. A transverse section of a dorsal vertebra (5AM-PE-
KE012) shows a very narrow cortex. Radially orientated channels
are present along the base of the neural canal. Along the perio-
steal margin in the outer cortex a narrow zone of lamellar bone
is present. A distinctive feature of the vertebrae is the presence
of a dense network of trabeculae in the medullary regon.

Soapude. The scapular blade was studied in two specimens,
SAM-PE-EBOLZ and SAM-PE-KE7M6a. Its transverse section
shows a entral cancellous region containing trabecolae, bor-
dered on either side by a narrow compact cortex, and forms a
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TEXT-FIG. 2. Lystrosanrus merrayi. Diaphyseal transverse sections of the femora, A, ISI R7538, showing fibrolamellar bone and two
narrow undulating annuli in the cortex (arrows). B, [S1 R757, showing fibrolamellar bone with reticular-subplexiform arrangement of
primary osteons in the cortex (COR)L CD, SAM-PE-11184, showing C, secondarily enlarged erosion cavities in the deeper cortex and
a compact outer cortex (an arrow marks the division between the deeper and outer cortex), and D, medullary region with bony
trabeculae (TRE} of the @ncellous bone and thin deposits of endosteal bone along the edges (arrows). Periosteal surface s towards
top of the frame. Sale bars represent 200 pm.
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TEXT-FIG. 3. Lystrosaurus murmayi. A—C, diaphyseal transverse sections of the tibiae showing A, SAM-PE-K8%91a, a narrow cortex
with fibrolamellar bone (FLE} and cancellous bone in the medullary region (MR); B, SAM-PE-K£796a, a prominent reversal line
[arrow) and a narrow region of compaced coarse cancellous bone (CCCE) in the perimedullary region; ©, ISIR 759, radially
orientated channels in the cortex (COR) D, ISIR 760, fibula shows trabecular infilling of the medullary region (TREB} and narrow
cortical region of compact fibrolamellar bone. Periosteal surface is towards top of the frame. Scale bars represent 200 pm.

diploe (semsu Francillon-Viellot et al. 199}, The primary corb-
@l bone is fibrolamellar, The primary osteons are disoete and
lo ngitudi nally orientated. Growth rings are absent.

Clavicle. Two clavicles, SAM-PK-3531 and [5IR7 54, were studied.
The transverse section of the smaller element, SAM-PE-35331,
reveals a thick cortex composed of woven-fibred bone matrix with
lpngitudinally orientated vascular channels, and some containing
osteonal deposits | Text-fig. 4B). Growth rings and secondary
reconstruction are absent. The transverse section of the larger
davicle (ISIR754) shows a thick cortex (RET 2761 per cent) com-
posed of Abrolamelar bone (Text-fig. 4C) In the deeper cortex,
4 laminar-subplexiform pattern is prevalent whereas in the outer
wrtex the primary osteons are mostly discrete Secondarily
enlarged vascular canals with wide lumina are seen in the deep
and mid -cortical region. Other features indude a high porosity, a
narrow ompact pericsteal cortex and absence of growth rings.

Rib.  Dorsal ribs (Text-fig. 5) from seven individuals of various
sizes [ 164-100 per cent adult size] were examined. The trans-
verse section of the rib of the smallest individual (SAM-PE-
3531} shows a thick cortex (RET 2733 per cent} composed of

woven-fibred bone matrie. Most of the canals in the deeper cor-
tex are longitudinally orientated with radial and circumferential
anastomosss. Some of the channels contain osteonal deposits
(Text-fig. 5A). The dorsal rib fragments of larger individuals
have incesingly thicker cortex (Table 51, The primary osteons
show a laminar-subplexiform arrangement in SAM-PE-11184
whereas in SAM-PE-KE longitudinally orientated simple chan-
nels are present in the cortex. In SAM-PE-KS013 (c. 76 per cent
adult size], the inner to mid-cortex is composed of fibrolamellar
bone tissue whereas a distinet change towards parallel-fibred tis-
sue is observed in the outer cortex (Text-fig. 5SB—C). The outer
wrtex along the periosteal margin s more or less avascular
while the primary osteons in the deeper cortex are mainly longi-
tudinally orientated. A distinctive feature of ISIR7S2 (Text-
fig. 500} is the high prevalence of radially orientated channels.
Some of these run from the medullary region to the mid-cortex
while others run from the mid-cortex to the periosteal margin.
One distinct, but narrow, annulus composed of lamelar bone is
present in the mideortex of SAM-PE-K1415 The section of
ISIR752 also shows an asymmetric extension of secondary recon-
struction towards the medial side, which is probably related to
the curvature of the rib (Buffrénil et al. 1990).
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TEXT-FIG. 4. Lystrosaurus morrayt. A, SAM-PE-EE79%a, transverse section of a procmal phalane showing a narrow cortex (COR)
and a large medullary region filled with bony trabeculae of cancellous bone. B—C, transverse sections of the clavicles showing B, SAM-
PE-3531, woven-fibred bone matrix (WEFB) and longitudinally orientated bony channels with some osteonal deposits (arrows ), and

C, 181 R754, extensive secondarily enlarged erosion cavities in the deeper to mid-cortex (ER) and a narrow, rdatively compact outer
cortex containing fibrolamellar bone (FLE). Periosteal surface is towards top of the frame. Sale bars represent 200 gm,

DISCUSSION
Growth pattern

The bone microstructure of L surrayi shows that the
cortex is predominantly composed of woven-fibred bone
matrix. Most of the channels within the bone are longi-
tudinally orientated and have circumferential anasto-
moses. Radially orientated vascular channels are also
present in the outer cortex and in the regions of muscle
insertion such as the deltopectoral crest, trochanter
major and base of the neural canal, depending on the
skeletal element. The channels show centripetal osteonal
deposits forming primary osteons, and, together with the

woven-fibred bone matrix, results in fibrolamellar bone
(Text-figs 1-5). Similar occwrrences of fibrolamellar bone
with primary osteons in a laminar-plexiform pattern in
lystrosaurid limb bones were observed by Ricgles (1972).
Our study has shown that in specimens such as SAM-
PE-K&991a and 5AM-PK-11184 (ie. HL > 90 mm) the
primary osteons are mainly arranged in a laminar-sub-
plexiform pattern in the inner to mid-cortex whereas
the outer cortical region shows a reticular pattern
(Text-fig. 2D). Fibrolamellar bone is considered to indi-
cate rapid osteogenesis (Amprino 1947; Buffrénil 1980
Reid 1990; Chinsamy 1997; Margere ¢t al. 2002) and
suggests overall fast growth of L srurrayi. The predom-
inance of fibrolamellar bone in the various skeletal
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TEXT-FIG. 5. Lystrosaurns murmayt. Transverse sections of the dorsal ribs, A, SAM-PE-3531, showing bony channds with some
osteonal deposits (arrows). B-C, SAM-PE-KB0L3 showing B, nearly avascular compact cortex (COR) and a large medullary region
(MR} with cancellous bone, and C, a thick crtex with peripheral avascular parallel-fibred bone (PFB), and fibrolamellar bone (FLE]
and profuse secondary osteons (arrows) in the deeper cortex. D, ISIR752, showing fibrolamellar bone (FLB) and extensive secondarily
enlarged erosion cavities in the cortex (ER ). Periosteal surface is towards top of the frame. Scale bars represent 200 pm.

elements of L murrayi is in contrast to that seen in many other extinct vertebrates such as the dinosaurs,
many extant nonavian sauropsids, except some crocodi- captorhinids, pterosaurs, pelycosaurs, gorgonopsians and
lians and juvenile chelonians (Reid 1984, 1996; Chinsamy cynodonts (Gross 1934; Enlow and Brown 1957; Enlow
1995). However, this tissue type has been identified in 1969; Ricgles 1969, 1976, 1983; Chinsamy 1990, 1995
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Ricgles er al. 1991; Curry 199% Horner et al. 1999, 2000;
Botha and Chinsamy 2000).

Four distinct ontogenetic regimes, evident within the
inferred overall fast growth strategy of L. murrayi, are
summarized in Table 6. The woven-fibred bone matrix of
the cortex, initiation of fibrolamellar bone, high local por-
osity and absence of LAGs characterized the first or early
juvenile stage (Text-fig. 6A), and are best exemplified by
the smallest individual SAM-FE-3531 (HL < 30 mm;
1464 per cent adult size). During this stage, L. mrurrayi
had rapid growth without any interruptions. Endosteal
bone deposition and secondary reconstruction were
absent in this stage. The rapid growth of the first stage
suggested by the highly vascularized fibrolamellar bone
(Text-fig. 6B) continued in the second phase of growth
(late juvenile stage; HL 30-60 mm, FL c. 35-65 mm). An
annulus suggesting temporary slowed growth is present
only in the femur (ISIR758, FL 3677 mm), which may
indicate adverse local environmental conditions. A note-

TABLE 6. Characteristic bone microstructure in the four

growth stages of L murrayr.

Early juvenile (< 15 per cent adult size)
Appositional deposition of woven-fibred bone matrix
Longitudinally and radially orientated channels in the cortices
Highly uneven and irregular perisoteal margin
Mo LAGs
Mo secondary reconstruction
Mo endosteal bone deposition

Late juvenile (¢ 15-30 per cent adult size)
Fibrolamellar bone tissue in the cortex
Primary osteons arranged in laminar-subplexiform pattern
Mo LAGs
Secondary reconstruction; erosionally enlarged vascular
channels, very few secondary osteons
Medullary cavity contains cancellous bone

Sub-adult (e 30-60 per cent adult size}
Frimary fibrolamellar bone tissue in the cortex
LAGS and annuli present
Ahbsence of a free medullary cavity; filled with trabeculae
Extensive secondary reconstruction; resorption cavities even in
the outer cortex
Onset of endosteal bone deposition

Adult (= 60 per cent adult size)
Cortex generally composed of fibrolamellar bone tissue
Frimary osteons arranged in laminar pattern in the inner cor-
tex while mid-to outer wrtex shows subreticular organization
and radially orientated channels
Ribs show narrow avascular peripheral zones of parallel-fibred
bone tissue
Annuli and LAGs present
Extensive secndary reconstruction relative to other stages;
profuse secondary osteons in the deeper cortex
Compacted coarse cancellous bone and dense network of bony
trabeculas in the medullary region
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worthy feature in the late juvenile stage was the presence
of secondary reconstruction, which resulted in erosionally
enlarged wvascular channels in the inner cortical region.
Other features in this stage included the presence of can-
cellous bone in the medullary region, and the absence of
endosteal bone deposition (Text-fig. 6B).

Subsequent appearance of LAGs (Text-fig. 6C) in larger
individuals, such as SAM-PE-E& and SAM-PK-E8991a,
suggests periodic cessation of growth in the third growth
stage C (i.e. sub-adult stage; HL 60-100 mm, FL c 65
120 mm). The annuli and LAGs were followed by
resumption of rapid growth, as shown by wide zones of
fibrolamellar bone (Chinsamy and Rubidge 1993 Horner
et al, 2000). LAGs and annuli have been associated with
environmental stress, as suggested by their occurrence
in extant crocodilians (Hutton 1986), some rodents
(Klevezal 1996) and Arctic polar bears (Chinsamy et al
1998). In general, the Triassic cdimate was dry and hot
with seasomnal rainfall (Hiller and Stavrakis 1984; Wing
and Sues 1992). It is probable that annuli and/or LAGs
developed in L murrayi during these dry and adverse
conditions when growth slowed or stopped completely.
Starck and Chinsamy (2002) concluded that the LAGs are
an expression of a high degree of developmental plasticity
(sensu Smith-Gill 1983) suggesting the ability of the animal
to stop growth and development during unfavourable
conditions. It is a functional trait that allows an individual
to adjust to changing external conditions. Presence of
such LAGs in several individuals suggests that L. srurrayi
had developmental flexibility and could stop growing in
hostile environments. The sub-adult stage also marked
the onset of endosteal bone deposition along the edges of
the trabeculae in the medullary region (Text-fig. 6C).

A general decrease in periosteal osteogenesis and slow
growth rate later in ontogeny (ie in adults; HL =
100 mm, FL > 120 mm) is inferred from the more organ-
ized patterns of the primary osteons, the appearance of
growth rings and the change in the peripheral tissue type
from woven-fibred to parallel-fibred (Text-fig. 6D2). The
latter is especially evident in the microstructure of the
dorsal ribs (SAM-PK-K8013% Text-fig. 3C-D), where
the peripheral bone is nearly avascular, and parallel-
fibred, and the osteocyte lacunae show linear orientation.
A narrow zone of lamellar bone is also present in the
outer cortex of the vertebra (SAM-PE-K8012). Such
parallel-fibred and lamellar bone in skeletal elements
implies very slow growth during this stage. However,
growth did not stop completely, as suggested by absence
of external circumferential lamellae and thick deposition
of parallel-fibred bone, thereby indicating an indeter-
minate growth strategy for Lystrosaurus,

In summary, the bone microstructure suggests that the
growth strategy of L. mrray involved distinct onto-
genetic variation, and this variation can be correlated with
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Waoven-fibred bone

Annulus

- .| Line of arrested growth [LAG)
Secondary osteons

Endeostcal bone doposition along
the edges of trabeculae

TEXT-FIG. 6. Schematic representation of bone microstructure in the four ontogenetic stages of L murrapt. A, early juvenile; B, late
juvenile; C, sub-adult; and D, adult stages. Periosteal surface is towards the top of the page.

size classes of L muwrrapi as deduced from allometric’
regression equations, skeletal morphology and relative size
of the specimens. The juveniles (including eady and late
stages  comprising  individuals  with  HL < &0 mm,
FL < 65 mm and < 30 per cent adult size) had fast,
sustained growth, which became interrupted in the sub-
adult stage (HL 60-100 mm, FL . 85-120 mm, 30-60 per
cent adult size). In the adult stage (HL > 100 mm, FL =
120 mm, =60 per cent adult size), growth slowed down
appreciably.

Histovariation

A distinctive feature of the bone microstructure of
L murrayi is the inter-elemental histovariability, especially

evident where several elements of the same individual
were examined (Table 1). These variations relate to the
thickness of the cortex (RBT), organization of the pri-
mary osteons, which may be observed locally within the
same section, incidence of annuli and LAGs, and extent
of secondary reconstruction. The cortical thickness of the
humerus is much higher than that of the other limb
bones (Table 5, Text-fig. 77 even within the same individ-
ual (eg. SAM-PK-KB991a), suggesting a higher rate of
appositional growth relative to the other limb bones. Sim-
ilar fast growth of the humerus relative to other limb
bones was noted in the small dicynodont Diictodon (Ray
and Chinsamy 2004) and in the extant Japanese quails
iStarck and Chinsamy 2002). An interesting feature seen
in L. wmurrayi is the high cortical thickness of the ribs
compared to the limb bones even in the early juvenile
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stage and within the same individual (Text-fig. 7): RBET in
SAM-PE-3531 is 27-33 per cent while that of the humens
is only 12-:24 per cent (Table 5). A variable arrangement
of the primary osteons is seen in most of the skeletal ele-
ments studied, where the observed pattern often ranges
from laminar to subplexiform and reticular. Such vari-
able organization was also seen in Diictodon (Ray and
Chinsamy 2004) and in some other non-mammalian
therapsids (Ricqgles 1972; Ray et al. 2004). Similar inter-
elemental histovariation was observed in the dinosaurs
Apatosaurus (Curry 1999) and Maiasaura (Horner et al.
2000). As bone histology is affected by a varety of factors
such as phylogenetic, ontogenetic, functional and biome-
chanical constraints (Ricgles 1972; Ricglés et al 1991;
Reid 1996; Curry 1999; Starck and Chinsamy 2002) such
variation is expected and suggests varable growth rate of
the skeletal elements.

Lifestyle adaptations

Wall (1983) considered the thickness of the cortex (RBET)
to be correlated with a specific mode of life. He suggested
that if the cortex exceeds 30 per cent of the average bone
diameter in most of the limb bones, then the animal was
at least semi-aquatic (e.g. hippo, manatee, beaver). The
high RBT of aquatic/semi-aquatic animals suggests high
bone density, which helps in overcoming buoyancy. High
bone densities have also been recorded in the sirenians,
cetaceans and certain aquatic birds (Buffrénil et al. 1990;
Hua and Buffrénil 1996). Similar high values of cortical
thickness are seen in Crocodyus niloticus (363 per cent;
Chinsamy 1991) and Alligator (3645 per cent; Ray and
Chinsamy 2004), which corroborate Wall's  findings.
However, such a high value of RBT is also seen in Diicto-
don, inferred to be a digging dicynodont, where the hum-

Adult siza {per cani]

eral and femoral cortical thickness is about 34 per cent in
adult individuals (Ray and Chinsamy 2004), and contrasts
with Wall's findings.

In L. murrayi, only the humeral cortical thickness
exceeds 30 per cent of the bone diameter (e.g. 325 per
cent in SAM-PE-K8013, . 76 per cent adult size), and is
much higher than that of other limb bones examined,
suggesting enhanced weight of the forelimb. In addition,
the rate of increase in humeral RBT from 1224 to 325
per cent (14-64-76-84 per cent adult size) is much higher
than that of other limb bones (Text-fig. 7) and cannot be
explained by increase in size through ontogeny alone. It
suggests a different functional constraint for the forelimb,
which was probably used actively for digging and/or
swimming, especially by the adult individuals.

However, the most distinctive feature of L. murrayi is
the high cortical thickness of its dorsal ribs relative to the
other bones throughout growth (Table 5, Text-fig. 7). This
is evident even in the juvenile individual (SAM-PK-3531)
where the RBT of the rib is much higher than that of its
humeras (Text-fig. 7). In SAM-PK-8013 (7684 per cent
adult size), the cortical thickness of the rib is 3517 per
cent (Table 5). However, this high cortical thickness of the
dorsal ribs contrasts with that of the inferred burrowing
dicynodont, Diictedon (SAM-PK-Ke704, RBT ¢ 20 per
cent ). The thick and highly vascularized cortices of the ribs
along with nearly complete filling of the medullary region
by cancellous bone {Text-fig. 5) probably suggest pachyos-
tosis of the rbs (sensu Ricgles and Buffrenil 2001) of
L wurrayi similar to that seen in the semi-aquatic Clau-
diosaurus (Buffrenil and Mazin 1989), where no extensive
external morphological modification is visible, The thick
ribs of Lystrosaurss in comparison to that of other dic-
ynodonts were also noted by Retallack et al. (2003).

Previous work has shown that distinct histological
specializations are indicative of different modes of life
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(Mopsca 1930; Ricglés 1974, 1977; Rhodin 1985; Buffrénil
and Schoevart 198%; Buffrénil and and Mazin 1990
Hua and Buffrénil 1996; Sheldon 1997; Damiani 2000
Ricglés and Buffrénil 2001; Steyer et al. in press). In agua-
tic animals, these specializations involve either reduction
or increase in skeletal mass (Chinsamy 1997). The bone
microstructure of L. smurrayi at different stages of growth
is characterized by an extensive development of cancellous
bone in the medullary region of a varety of skeletal ele-
ments including the diaphyseal regions of the limb bones
(Text-figs 1-5). In the sub-adult and adult stages, the
bone trabeculae contained thin deposits of lamellar endo-
steal bone forming successive layers separated from each
other by erosion lines. This suggests that the trabeculae
have undergone several localized erosion-reconstruction
cycles (Buffrénil and Schoevart 1988; Homer er al. 2001).
Such infilling by the trabeculae of coarse cancellous bone
resulted in the near absence of a “tubular structure’ of the
limb bones (sensu Ricglés and Buffrénil 2001).

This absence of a free medullary region occurs in con-
junction with extensive secondary reconstruction, which
constitutes about 70-90 per cent of the total cortical area
in the adult stage. The secondary remodelling starts early
in ontogeny (in the late juvenile stage) and most of the
channels within the bone are erosionally enlarged, result-
ing in high local bone porosity (eg. about 23 per cent in
ISIR758) and an almost cancellous appearance. In the
sub-adult and adult stages, the compact part of the cortex
is limited to a narrow layer in the peripheral region. Pro-
fuse secondary osteons are especially visible in the adult
radius and ulna (e.g. SAM-PK-K8991a).

The trabeculae in the medullary region augment density
(Carter and Spengler 1978), flexural rigidity, strength and
toughness of the bones (Rogers and Laberbera 1993)
whereas extensive secondary reconstruction, a  time-
dependent process, includes resorption of bone channels
and subsequent centripetal deposition of lamellated bone
inside the enlarged cavities resulting in the formation of
secondary osteons (Ricgles et al. 1991). In L murrayi, sec-
ondary reconstruction started early in ontogeny (in the late
juvenile stage) and resulted in erosionally enlarged vascular
channels, an apparent increase in cortical porosity, narrow
compact cortex and profuse secondary osteons in the dee-
per cortex. Although a medullary spongiosa is common in
the dicynodonts (Chinsamy and Rubidge 1993}, such an
association with extensive secondary reconstruction that
occupied 70-90 per cent of the cortex has not yet been
recorded in any other dicynodonts. The genera examined
include Endothiodon, Wadiasaurus (pers. obs.), Cistecepha-
lus, Oudenodon, Dicymodon, other dicynodontids and
Kannemeyeria (Ricgles 1972; Chinsamy and Rubidge 1993),
and even Diictodon (Chinsamy and Rubidge 1993; Ray and
Chinsamy 2004), which has been inferred to be a digging
dicynodont (Ray and Chinsamy 2003). In these dic-

ynodonts, the secondary reconstructions were mainly
found to be restricted to the perimedullary region. Even in
neatherapsids such as the gorgonopsians Soplacops and
Aclurognathus, the therocephalian Pristerognathus, the
cynodonts Procynosuchus, Tritplodon (Ray et al. 2004),
Diademodon  and  Cynognathus (Botha and Chinsamy
2000}, such an association between medullary spongiosa
and extensive secondary reconstruction was not noted.
Such bone microstructure is usually found in tetrapods
secondarily adapted to an aquatic/semi-aquatic lifestyle
(Buffrénil and Mazin 1990; Ricglés et al. 1991; Damiani
2000; Ricgles and Buffrénil 2001). Medullary spongiosa
results in increasing tissue compactness in the medullary
and deep cortical region (Buffrenil and Mazin 1989), and in
tum suggests at least a semi-aquatic lifestyle for L snurrayi,
However, L. murnayi exhibits differing modification of
the limb bones for a semi-aquatic lifestyle. This is revealed
in the extent and nature of secondary reconstruction,
which varies depending on loading and position of the
skeletal element (Lieberman and Pearson 2001), even
within the same individual, and in the extent of cortical
compactness. Secondary reconstruction is generally higher
in the midshafis of distal limb bones, especially in the
radius and ulna, relative to that of the proximal limb
bones, which results in profuse secondary osteons and
shows an overall increase in compactness and mass in
ontogeny. A similar increase in mass is also evident in the
ribs and vertebrae. In contrast, skeletal elements such as
the humerus, fernur and clavicle show very little or no cen-
tripetally deposited secondary bone within the resorption
cavities, even in the adult stage. This suggests an imbalance
between destructive (osteoclastic ) and reconstructive (osteo-
blastic) stages (Enlow 1963) that resulted in an apparent
increase in cortical porosity and an osteoporotic-like state
in the adult humerus, femur and clavicle, and a tendency
towards a reduction in mass. Thus, histological specializa-
tions of L smurrayi relating to its inferred adaptation to a
semi-aquatic life do not follow either one of the two
opposite patterns (that is, increase or decrease in skeletal
mass) seen in many other aquatic and semi-aquatic ani-
mals such as caundicsaurs, ichthyosaurs and turtles.
Instead, as suggested by Ricglés and Buffrénil (2001) for
extant manatees, the ostechistological features in Lystro-
saurus are variously combined and not mutually exclusive.

CONCLUSIONS

The bone microstructure of L. surrayi reveals that the cor-
tex is predominantly composed of fibrolamellar bone. Most
of the primary osteons are longitudinally orientated and
have circumferential anastomoses resulting in laminar-sub-
plexiform-reticular pattems. Predominance of fibrolamellar
bone suggests rapid osteogenesis and fast overall growth of
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L wurrayi. Within this overall fast growth strategy, four
distinct ontogenetic stages may be inferred from the
bone microstructure. During the early juvenile stage
(HL < 30 mum}, the bone microstructure is characterized
by woven-fibred bone matrix, initiation of fibrolamellar
bone, absence of growth rings and high cortical porosity
that suggest sustained fast growth. In the late juvenile stage
(HL 30-60 mm, < 30 per cent adult size) fast growth con-
tinued. The subsequent appearance of LAGs suggests peri-
odic cessation of growth in the sub-adult stage (HL s0-
100 mm, 30-60 per cent adult size). This stage also marked
the onset of endosteal bone deposition. Growth slowed
down appreciably in the last/adult stage (HL > 100 mm,
= 60 per cent adult size) as evident from the more organized
pattems of the primary osteons and the change in periph-
eral tissue type from fibrolamellar to parallel-fibred bone.

The absence of external circumferential lamellae and
continued deposition of parallel-fibred bone suggest an
indeterminate growth strategy for Lystrosaurus. Inter-
elemental histovariability is evident, especially where sev-
eral skeletal elements from the same individual were
examined. These variations relate to the thickness of the
cortex, organization of the primary osteons, incidence of
annuli and LAGs, and extent of secondary reconstruction.

L murrayi is characterized by the high cortical thick-
ness of its dorsal dbs (c. 35 per cent), even in the juvenile
stage (c. 27 per cent), which possibly suggests pachyosto-
sis of the ribs though no gross external morphological
modifications are visible.

The bone microstructure, from the late juvenile stage
onwards, is characterized by a medullary spongiosa and
extensive secondary reconstruction that resulted in a nar-
row compact cortex. This feature is in contrast to that
found in other dicynodonts examined, and is more sim-
ilar to that of semi-aquatic/aquatic animals. At least a
semi-aquatic lifestyle for L. murrayi is proposed here.
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APPENDIX

Abbreviations used in the text-figures, plates and tables

CCCB, compacted coarse cancellous bone; COR, cortex; ER, ero-
sionally enlarged channels; FIDD, diameter of the distal fibula;
FiL, length of the fibula; FL, femoral length; FLB, fibrolamellar
bone tissue FMD, diameter of femoral midshaft; FPD, diameter
of proximal femur; HL, humeral length; HMD, diameter of
humeral midshaft; HPD, diameter of proximal humerus; LAG,

line of arrested growth; LAM, laminar arrangement of the pri-
mary osteons (smsu Ricgles er al. 1991); MR, medullary region;
n, number of specimens measured; PFB, parallel-fibred bone;
PO, primary osteons; RET, reticular arrangement of the primary
osteons (serse Ricgles et al. 1991% RL, radial length; RMD,
diameter of the radial midshaft; RPD, diameter of the proxmal
radius; 50, secondary osteons; TiDD, diameter of the distal
tibia; Til, tibial length; TREB, trabecolae; UL, length of ulna;
UPD, diameter of the proxmal ulna; WFB, woven-fibred bone;
x, length; v, different dimensions,
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