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Pareiasaurs were an abundant group of large herbivores during Middle and Late
Permian times. The habitat of pareiasaurs has proven enigmatic, and ecological
interpretations from anatomical and taphonomic data have included aquatic, semi-
aquatic to fully terrestrial lifestyles. Insight into the ecology of extinct taxa can also be
gained from stable isotope analyses, and interpretations benefit from studies of
multiple, coeval groups. Here, we report the first stable carbon and oxygen isotope
analyses from the enamel, dentine and bone of pareiasaurs and contemporaneous
therapsids (dinocephalians and therocephalians), in specimens recovered from the
Permian Tapinocephalus to lower Pristerognathus Assemblage Zones of South Africa.
Previous ecological inferences for dinocephalians (riparian to terrestrial) and
therocephalians (terrestrial) are less ambiguous than reconstructions for pareiasaurs
and provide an independent reference for interpreting stable isotope measurements.
Oxygen isotopes of enamel carbonate were indistinguishable between pareiasaurs and
therocephalians, which had higher values than dinocephalians. The data suggest that
dinocephalians and pareiasaurs (megaherbivores) inhabited different ecological niches
and that pareiasaurs may have shared a terrestrial habitat with therocephalians
(carnivores). Our results agree with earlier suggestions of a terrestrial lifestyle among
pareiasaurs and provide evidence of niche partitioning among large coeval Capitanian
herbivores of South Africa. □ Dinocephalians, Karoo Basin, palaeoecology, South
Africa, therocephalians.
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Pareiasaurs were a prominent tetrapod group during
the Middle and Late Permian but perished during
the Permo–Triassic extinction event (Lee 1997).
Bereft of living descendents, the taxonomy of the
Pareiasauria (Parareptilia) is uncertain, and recon-
structing their life history has proven challenging
(Laurin & Reisz 1995; Lee 1995; Tsuji & M€uller
2009). Pareiasaurs were medium-sized to large her-
bivores (up to 2.5 m snout to tail; Lee 1997; Smith
et al. 2012) and have been hypothesized as fully
aquatic Dugong-like animals that fed on algae or
plankton; a conclusion drawn from their massive
bodies, stout stature and multi-cusped dentition
(Case 1926; Hartmann-Weinberg 1937; Ivakhnenko
1994, 2001). Gross anatomy, bone micro-structure
and taphonomic evidence have instead suggested
that pareiasaurs were semi-aquatic (Hippopotamus-
like) or riparian feeders (Kobus-like) that inhabited
swampy environments (Boonstra 1955, 1962; Ochev
1995, 2004; Tverdokhlebov et al. 2005; Khlyupin
2007; Kriloff et al. 2008; Sumin 2009). Interestingly,

pareiasaurs have been found in flood-plain and lake
deposits, in association with other aquatic or semi-
aquatic vertebrates such as teleost fish and stem
amphibians (Tverdokhlebov et al. 2005). Several
specimens of Bradysaurus (South Africa) and
Deltavjatia (Russia) have been discovered as com-
plete articulated skeletons, sometimes preserved in
upright positions, suggesting that those animals
would have been trapped in the mud (Boonstra
1969; Ochev 1995). In contrast, studies of limb anat-
omy and correlations with footprint ichnofossils
have suggested that pareiasaurs were fully terrestrial
browsers (Lee 1994; Gubin et al. 2003; Benton et al.
2004, 2012; Valentini et al. 2009; Voigt et al. 2010).

Stable isotope analyses provide insights into the
ecology of extinct taxa, and interpretations have
benefited from studies of multiple, coeval groups
(e.g. Clementz et al. 2003; Botha et al. 2005;
Amiot et al. 2010). The aim of this study was to
describe pareiasaur habitat from the stable iso-
topes of enamel carbonate with respect to coeval
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synapsids. The most basal and also largest pareia-
saurs such as Bradysaurus and Embrithosaurus
from the Tapinocephalus and Pristerognathus
Assemblage Zones (Capitanian) shared the Late
Middle Permian ecosystems of the Karoo Basin of
South Africa with therapsids, such as dicynodonts,
dinocephalians and therocephalians (Chinsamy-
Turan 2012). The dicynodonts of the Middle
Permian were small fossorial herbivores, mainly
represented by Diictodon (Smith et al. 2012),
while the dinocephalians were large heavily built
animals inhabiting mainly lowland environments
(Smith et al. 2012) and perhaps marshy areas
(Boonstra 1962). Dinocephalians were represented
by the titanosuchids and tapinocephalians, which
were terrestrial herbivores (Kammerer 2011; Kemp
2012; Smith et al. 2012), as well as by the anteo-
saurids, which were large terrestrial (Kammerer
2011; Kemp 2012) or riparian predators (Boonstra
1955, 1962). The contemporaneous therocephalian
synapsids are exclusively interpreted as cursorial
predators (Boonstra 1962; Kemp 1986). The life-
history interpretations of dinocephalians and
therocephalians provide a reference for the forag-
ing ecology of pareiasaurs.

The mineral fractions of bone, dentine and
enamel (i.e. bioapatite) contain oxygen isotopes
in carbonate (CO2�

3 ), hydroxyl (OH�) and
phosphate (PO3�

4 ) ions. Carbonate and phosphate
ions are often isolated for different analytical
goals, whereas isotopes in the hydroxyl ions have
received little attention (Koch 2007). Oxygen iso-
topes in carbonate (d18Oc) are often used to
describe the body water of an animal; habitat (i.e.
aquatic, terrestrial), drinking water and body size
can influence body water and d18Oc (Bryant &
Froelich 1995; Clementz & Koch 2001). Ambient
temperatures affect isotopic ratios (Longinelli &
Nuti 1973), and the oxygen isotopic composition
of phosphate (d18Op) has been useful for studying
thermophysiologies of extinct groups (e.g. Amiot
et al. 2010). Correlations between d18Op and
d18Oc suggest that carbonate might also be
informative about thermophysiology (Iacumin
et al. 1996; L�ecuyer et al. 2010), and recent stud-
ies have used clumped carbon and oxygen iso-
topes to study the body temperatures of extinct
groups (e.g. Eagle et al. 2011). Indeed, there are a
suite of biological and ecological factors that
influence the oxygen isotopic compositions of
bioapatite.

Here, we focus on d18Oc in bioapatite and con-
sider habitat differences and the distribution of
isotope values among Middle Permian animals.
Our samples comprise four therocephalians, ten

pareiasaurs and sixteen dicynodonts, collected
from locations across South Africa that spanned 3
million years of burial history. The principal
caveat of our study is that we have assumed that
the ecology of each group was conserved within
each taxonomic order, irrespective of location or
time, as well as the oxygen isotopic composition
of rainwater and the palaeohydrology of the
region. We were principally interested to know
whether the d18Oc in pareiasaur enamel identified
a semi-aquatic habitat. Similar studies have given
insight into the foraging ecologies of Cenozoic
mammals and Mesozoic taxa (e.g. MacLeod et al.
2000; Clementz et al. 2003, 2006, 2008; Botha
et al. 2005; Liu et al. 2008; Amiot et al. 2010).
Stable isotope studies have been reported for
Middle and Late Permian dicynodonts (Thackeray
et al. 1990; MacLeod et al. 2000), and the cyno-
donts Diademodon and Cynognathus (Botha et al.
2005), although similar work has not previously
been reported for Middle Permian parareptiles,
dinocephalians and therocephalians.

Material and methods

Specimens

Samples for stable isotope analysis were collected
from 30 specimens curated at Iziko South African
Museum in Cape Town, South Africa (Fig. 1; Table
S1). Our sample contains the major groups of conti-
nental tetrapods from the Middle Permian of South
Africa (Smith et al. 2012): Pareiasauria (Parareptilia,
n = 10); Dinocephalia (Therapsida, n = 16); Thero-
cephalia (Therapsida, n = 4). Fossils were recovered
from the Tapinocephalus Assemblage Zone (AZ)
(n = 27; ~263.8 Ma mid-point age), upper Tapino-
cephalus to lower Pristerognathus AZ (n = 2;
~263 Ma) and the lowermost Pristerognathus AZ
(n = 1; ~261.4 Ma) (Late Middle Permian, Guad-
alupian–Capitanian, 265.8–260.4 Ma: from Fr€obisch
2008; Smith et al. 2012).

Stable isotope sampling

Fossils with limited public display value and taxo-
nomic character preservation were sampled in areas
where minimal aesthetic damage would occur. Small
(~20 mg) samples of enamel, dentine and bone were
collected using a diamond drill bit. One canine was
sampled from each therocephalian and dinocepha-
lian and one marginal tooth for pareiasaurs. Dentine
and bone samples were collected as close to enamel
samples as possible.
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Stable carbon (d13C) and oxygen (d18O) isotopes
were measured using a Thermo Corporation Gas
Bench II coupled to a Finnigan MAT 252 ion ratio
mass spectrometer, housed in the Department of
Archaeology, University of Cape Town. Approxi-
mately 10 mg of enamel, dentine or bone powder
was soaked in 1 ml of ~2% NaOCl for one hour.
Samples were subsequently rinsed in distilled water
three times and left to soak overnight in 1 ml of
1 M acetic acid/calcium acetate buffer solution
(Koch et al. 1997). Thereafter, samples were rinsed
three times in distilled water and lyophilysed over-
night; 2-mg aliquots were weighed for analysis by
phosphoric acid reaction (CO2 liberation occurred
at 72°C using 100% H3PO4: e.g. Codron et al.
2008). Analysed standards included (all d13C and
d18O values are reported relative to PDB and
SNOW, respectively), Carrara Z (d13C = 2.23 �
0.04&; d18O = 29.42 � 0.14&, n = 25), Cavendish
marble (d13C = 0.34 � 0.07&; d18O = 21.80 �
0.17&, n = 25), NBS 18 (d13C = �5.02 � 0.05&;
d18O = 6.93 � 0.16&, n = 25) and IAEA-CO-9
(�47.33 � 0.21&; d18O = 15.29 � 0.15&, n = 11;

mean � standard deviation). Carbon and oxygen
isotope compositions were measured relative to the
PDB standards. All oxygen isotope compositions
were consequently converted and reported relative
to SMOW according to d18O (&SMOW) = ([d18O
(&PDB)]91.03092) + 30.92 (NIST, 1992; Rohling
& Cooke 1999). Student’s two-tailed t-test assuming
unequal variance was used for all statistical assess-
ments of mean difference.

Diagenesis

The isotopic composition of any fossil may be a mix-
ture of original biogenic signal and post-burial noise.
Several techniques have been proposed for assessing
whether a particular fossil is a high-fidelity source of
biological information (e.g. Kolodny et al. 1996;
Thomas et al. 2011). The method of assessing alter-
ation that was available for this study relates carbon
dioxide yield to carbonate composition (e.g. Koch
et al. 1997). Well-preserved bioapatite in the enamel
and dentine of modern mammals contains 2–5%
structural carbonate (Rey et al. 1991; Rink & Sch-
warz 1995; Koch et al. 1997), and greater or lower
percentage may be evidence for alteration. More spe-
cifically, low percentages of carbonate may indicate
that a non-biogenic, secondary apatite has been
incorporated into the sample. Note that the authors
were unable to find carbonate percentage values for
modern reptile teeth, and assume that the biogenic
composition of pareiasaur teeth was around 5%.
The percentage of carbonate in a bioapatite sample
was interpreted from the signal amplitude (voltage)
of a Faraday cup tuned to mass 44 (i.e. 12C16O2) and
normalized against the amplitude of NBS-18, a cal-
cium carbonate standard.

Results

Stable isotope measurements

The d18Oenamel values obtained for pareiasaurs were
compared with those from dinocephalians and
therocephalians. Average (� 95% confidence inter-
val) d18Oc values of pareiasaurs (14.5 � 1.0&) were
significantly higher than that of dinocephalians
(11.2 � 0.8&, P-value < 0.001), but not signifi-
cantly different than that of therocephalians
(15.4 � 0.9&, P-value = 0.845) (Fig. 2; Table S2).
Carbon isotopes from enamel were not significantly
different between pareiasaurs, dinocephalians and
therocephalians, and bone and dentin samples had
substantially lower carbonate percentages than
enamel (Table S3).

Fig. 1. Source locations for fossils analysed in the present study.
Specimens had been collected from the Tapinocephalus (n = 27),
upper Tapinocephalus to lower Pristerognathus (n = 2) and lower
Pristerognathus Assemblage Zones (n = 1). The age range of the
Tapinocephalus Assemblage Zone is ~266.1 Ma to ~261.5 Ma,
and the age range of the Pristerognathus Assemblage Zone is
~261.5 Ma to ~259.9 Ma (age data from Fr€obisch 2008; Smith
et al. 2012).
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Diagenesis

The normalized amplitude values (hereafter percent-
age carbonate values) were 5.2 � 0.7% (mean�95%
confidence interval), 5.5 � 0.8% and 5.8 � 3.4%
for the enamel of dinocephalians, pareiasaurs and
therocephalians, respectively. Percentages of struc-
tural carbonate were not significantly different
between dinocephalians (n = 15) and pareiasaurs
(n = 11) (P = 0.500), and confidence intervals for
both means included the expected 5% carbonate
value. One therocephalian enamel sample was a sub-
stantial outlier (10.9% CO3

2-: 11843, Glanosuchus
macrops, d18O = 16.5&), and removing it from the
data set lowered the mean of the remaining three
samples to 4.1 � 0.9%.

A second substantial outlier was observed among
the dinocephalian bone samples (11.9% CO3

2-:
11591, Struthiocephalus whaitsi, d18O = �91.9&)
and was removed from subsequent comparisons.
The percentage of structural carbonate in dentine
and bone was significantly lower than enamel for
both dinocephalian (dentine: 3.8 � 0.8%, P-value
=0.015; bone: 3.8 � 0.8%, P-value =0.012) and
pareiasaur (dentine: 4.1 � 0.8%, P-value =0.021;
bone: 4.0 � 0.8%, P-value =0.015) samples (Table
S3).

The ca. 5% structural carbonate values for pareia-
saur and dinocephalian enamel samples suggest the
values have not been substantially altered. In con-
trast, the significantly lower values for dentine and
bone suggest that some structural carbonate may
have been lost from these tissues, and hence, the iso-
tope values may not be useful for palaeoecological
inferences.

Discussion

Diagenetic alteration

Interpreting d18Oenamel values as original, biological
signals require the acceptance of certain conditions.
These conditions affect how we interpret diagenetic
alteration and can be summarized as: (1) all tissues
preserve biogenic values; (2) bone and dentine do
not preserve biogenic values; (3) enamel preserves a
partial biogenic value; and (4) all three tissues pre-
serve partial biogenic values. We suspect our data set
follows scenario three or four, based on percentages
of structural carbonate preserved in the samples
(Table S3). We base this assessment on previous iso-
tope studies of fossils from deep time (e.g. MacLeod
et al. 2000; Botha et al. 2005), and the robustness of
the d18Oenamel separation between pareiasaurs and
dinocephalians, although we acknowledge the circu-
larity of this approach. Hence, we will treat the
observed d18Oenamel values as an original, biological
phenomenon, under the caveat that some samples
may have been completely altered, restricting inter-
pretations to high-taxonomic-level trends.

Biological interpretation

Pareiasaur and dinocephalian d18Oenamel values were
significantly different. We have restricted the time
range of our samples to approximately 3 million
years and analysed taxa from a scatter of localities.
Hence, we have attempted to minimize temporal
(i.e. Thackeray et al. 1990) and endemic biases and
suggest that the observed offset is an unaltered origi-
nal, biological phenomenon.

Oxygen isotopic differences between modern taxa
may reflect body size (e.g. Bryant & Froelich 1995),
thermophysiology (e.g. Kolodny et al. 1983), diet or
digestive physiology (e.g. Clementz et al. 2009) or
sources of drinking water (e.g. Amiot et al. 2010).
Hippopotamus is an example of physiological frac-
tionation regarding oxygen isotopes, as it tends to
exhibit lower mean values than other megafauna in
the surrounding environment (Bocherens et al.
1996); lower Hippopotamus values likely reflect high
water turnover, similar to marine mammals (e.g.
Hui 1981; Clementz et al. 2008). Isotopic composi-
tions of enamel from extinct taxa, including the
Permian tetrapods we studied, may also reflect a
range of physiological or environmental factors.

Foraging niches (i.e. terrestrial, semi-aquatic,
aquatic, marine) are recorded in the oxygen isotopes
of taxonomically distinct animals (i.e. Cetacea and
Carnivora, Clementz & Koch 2001; Anapsida and

Fig. 2. Stable carbon (d13C, &PDB) and oxygen (d18O,
&SMOW) isotopic compositions of enamel carbonate from
Middle Permian tetrapods. Pareiasaurs and therocephalians have
significantly higher d18Oenamel values compared with dinocepha-
lians. For both open and closed symbols, measurements from
individual specimens are grey-bordered, and mean � 95% confi-
dence intervals are black-bordered.
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Diapsida, Wheatley et al. 2012). Habitat information
is provided by the mean and variance of oxygen iso-
tope values, and variance tends to be more informa-
tive (e.g. Clementz & Koch 2001; Clementz et al.
2008; Wheatley et al. 2012). Hence, a Hippopotamus
ecomorph for pareiasaurs would be evident as lower
d18Oenamel values compared with dinocephalians and
therocephalians. Instead, pareiasaurs have higher
d18Oenamel values than dinocephalians. Mean
d18Oenamel values either indicate a water source for
pareiasaurs that is enriched in 18O (i.e. esturarine as
opposed to riverine) or a higher water turnover rate
for dinocephalians (sensu Hippopotamus) (Fig. 2).
Neither scenario is consistent with the freshwater
lifestyle previously proposed for pareiasaurs. Instead,
the data suggest that both dinocephalians and pare-
iasaurs were terrestrial and that oxygen isotopic dif-
ferences reflect physiology (possibly different water
turnover rates). Terrestrial lifestyles for both pareia-
saurs and dinocephalians are supported by essen-
tially similar standard deviations of enamel oxygen
isotope values (1.56 and 1.63, respectively). How-
ever, we are cautious about interpreting the spread
of a data set that may have been affected by alter-
ation.

The biological and environmental factors that
influence oxygen isotopic composition of carbonate
in bioapatite may vary between individuals and pop-
ulations, as well as between species, genera and fami-
lies. Understanding the fine-scale structure in a data
set of Permian isotope values would require many
samples at low taxonomic levels. Instead of describ-
ing variation at low taxonomic levels, we have
instead focused on determining whether there is a
general trend for pareiasaurs. Specifically, we are
interested in determining whether ecological factors
in a semi-aquatic environment have contributed to
the oxygen isotopic composition of pareiasaur
enamel. The substantial enrichment in 18O of pareia-
saur enamel as compared to dinocephalians implies
that pareiasaurs lived in terrestrial environments.
The range of pareiasaur values suggests that there
were differences within the terrestrial environments
at low taxonomic levels. We have not had the oppor-
tunity to sample many individuals within low-level
taxa, and hence our data set does not lend itself to
describing fine-scale biological or ecological trends
for Permian genera. Rather, we have multiple sam-
ples representing high-taxonomic levels, for which
we must restrict our description of trends.

Additional considerations

Several ecological and physiological factors might
contribute to the isotope signal in a biogenic tissue.

In addition to foraging ecology described above, we
might also consider the effects of body size, body
temperature and digestive physiology.

Body size can influence the turnover rate of water
through an animal, and in turn, can influence the
oxygen isotope composition of hard tissues (Bryant
& Froelich 1995). We were interested in seeing
whether the isotopic variation among Permian tetra-
pods in our data set could be explained as a function
of body size. Specimens were too poorly preserved
for body size estimation; instead, isotope values were
regressed against previously published skull and
body lengths (as available, Table S4), and length
measurements were applied to congeners where data
were missing (i.e. Bradysaurus sp. was assigned the
size of Bradysaurus seeleyi, considering that both
known species of Bradysaurus had a similar body size
according to Lee 1997). For these regressions, we
have assumed a common isotopic baseline for
pareiasaurs and therapsids. Correlations between
skull length and carbon and oxygen isotope
value, and body length and carbon and oxygen iso-
tope value, were all weak (R2 = 0.21,
P-value = 0.040; R2 = 0.38, P-value = 0.004; R2 =
0.11, P-value = 0.131; R2 = 0.23, P-value = 0.020,
respectively; Fig. S1). Hence, body size is not a
strong influence on isotopic composition in our cur-
rent data set, although a robust conclusion would
benefit from additional sampling.

Body temperature can influence oxygen isotopic
compositions of bone phosphate (Longinelli & Nuti
1973) and may affect the fractionation between body
water and enamel carbonate (L�ecuyer et al. 2010).
Isotopic variation between taxa may therefore reflect
differences in thermophysiology. Unfortunately, the
thermophysiology of Permian tetrapods is uncertain,
largely because endothermy is a feature almost com-
pletely related to soft tissue anatomy (i.e. Ruben
et al. 2012). Fossil evidence of respiratory maxillo-
turbinals in the nasal cavity is the most useful feature
for assessing endothermy in extinct amniotes (Clarke
& P€ortner 2010; Laaß et al. 2011; Ruben et al. 2012).
Maxilloturbinal ridges have been found in Upper
Permian therocephalians and some cynodonts but
not in pareiasaurs (Ruben et al. 2012); the absence
of the ridges may represent a true absence or a pres-
ervation bias against the cartilaginous structure
(Kemp 2006). Elevated ventilation and metabolic
rates have been considered absent from Middle
Permian dinocephalians or therocephalians (Ruben
et al. 2012), although other researchers have consid-
ered these groups to have reached an incipient stage
of endothermy (Kemp 2006). Furthermore, pareia-
saurs were basal anapsid parareptiles (Lee 1997) and
are phylogenetically bracketed by ectotherms.
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Dinocephalians and therocephalians were synapsids
(Sidor 2001), for which the crown taxa (mammals)
are endothermic. Extending the thermophysiological
state of crown taxa approximately 260 million years
into deep time, and drawing on considerations
about maxilloturbinal ridges, we might consider
pareiasaurs and dinocephalians to have had different
body temperatures, which may explain the variation
observed in the carbonate isotope data set. We can
compare isotopic offsets between modern endo-
therms and ectotherms to gain some insight into the
effect of body temperature on oxygen isotopes in
Middle Permian tetrapod enamel. Ideally, we would
compare enamel isotopes from herbivorous, terres-
trial anapsids (i.e. tortoises) and herbivorous, terres-
trial synapsids (i.e. ungulate mammals). Tortoise
isotope data are not available. We therefore refer to
oxygen isotopic compositions of carbonate compo-
nent of bone from marine anapsids (i.e. turtles) and
synapsids (i.e. dugongs). We have found a single
report for the oxygen isotopic composition of car-
bonate in turtle bone (Wheatley et al. 2012):
1.3 � 0.6& PDB (i.e. 32.26& SMOW), loggerhead
turtle (Caretta caretta). The mean isotopic composi-
tion from loggerhead turtle bone is significantly
higher than for dugongs, manatees (Clementz &
Sewell 2011) and other marine mammals (Roe et al.
1998; Clementz & Koch 2001). However, ectother-
mic diapsids (e.g. alligators, crocodiles, iguanas)
exhibit substantial variation in their oxygen isotopic
compositions, and bones from marine iguanas
(Amblyrhynchus cristatus) and American alligators
(Alligator mississippiensis) have values that are sub-
stantially different than loggerhead turtle bone,
but not significantly different than many marine
mammals (Roe et al. 1998; Clementz & Koch 2001;
Clementz & Sewell 2011; Wheatley et al. 2012). We
therefore conclude that thermophysiology is not
easily classified with stable isotopes of carbonate.
Furthermore, the d18O of pareiasaur enamel is
higher than the composition of dinocephalian
enamel and not significantly different than the com-
position of therocephalian enamel. Therocephalia is
a clade within Synapsida, and hence, the ancestral
state inference of endothermy for dinocephalians
would also apply to therocephalians. A thermophysi-
ology effect that does not separate pareiasaur and
therocephalian values is unlikely to provide the
dominant explanation for a carbonate isotopic offset
between pareiasaurs and dinocephalians.

An offset in d13C has been observed between her-
bivores and carnivores in modern and Cenozoic
communities (e.g. Clementz et al. 2009). We did not
recover a d13C difference between herbivores and
carnivores in our Palaeozoic samples, although we

did not have the opportunity to study many well-
defined carnivores (four therocephalians and possi-
bly two dinocephalians). The enamel carbonate of
carnivores and herbivores may exhibit oxygen isoto-
pic offsets (after Kohn 1996), owing to different
water sources within a shared environment. For
example, many small herbivores may heavily rely on
plants as a source of water, whereas carnivores might
drink more surface waters (Kohn 1996). The enamel
of therocephalian synapids (carnivores) had higher
d18O values compared with dinocephalian synapsids
(herbivores/omnivorous), which might be attributed
to dietary differences. The isotope values of herbivo-
rous pareiasaurs and carnivorous therocephalians
were not significantly different, however. Diet may
explain variation within sample groups (i.e. the
range of dinocephalian values), but the oxygen iso-
topic segregation of herbivorous pareiasaurs and
herbivorous/omnivorous dinocephalians is unlikely
to reflect diet.

Water conservation is another physiological factor
that may influence fractionation of oxygen isotope
values in enamel. Modern animals that conserve
water tend to live in terrestrial, water-limited envi-
ronments and have more enriched oxygen isotope
values in bioapatite (e.g. kangaroo rats; Smith
et al. 2002). The relative high d18O values of
pareiasaur compared with dinocephalians may be
interpreted as water conservation, which would
also contradict the semi-aquatic lifestyle proposed
for pareiasaurs.

Permian Karoo ecosystem

The stable isotopes of modern taxa provide insight
into both foraging environment and trophic posi-
tion, and we sought similar information from Mid-
dle Permian megaherbivores and carnivores. We
observed significant d18Oenamel differences between
pareiasaurs (n = 10) and dinocephalians (n = 16,
P-value < 0.001), but not between herbivorous pare-
iasaurs (n = 10) and carnivorous therocephalians
(n = 4, P-value = 0.214). Although these data are
limited, they suggest that pareiasaurs may have
shared their habitat with therocephalians. Mean
d13Cenamel values were only significantly different
between dinocephalians (n = 16) and pareiasaurs
(n = 10, P-value = 0.009). Unfortunately, the varia-
tion within each small group limits meaningful
conclusions.

The isotope values we recovered are consistent
with previous measurements of Permian animals.
Thackeray et al. (1990) measured d13Cdentine from
Diictodon sp. (Synapsida; Dicynodontia) from the
Middle and Late Permian. The five herbivorous
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Diictodon samples analysed from the Tapinocephalus
and Pristerognathus Assemblage Zones had a mean
d13Cdentine value of around �11&; the mean
d13Cdentine value from all 21 specimens between the
Tapinocephalus and Dicynodon Assemblage Zones
was around �12&, and the mean d18Odentine value
across all Assemblage Zones was around 14&. The
values of Thackeray et al. (1990) are essentially
identical to the dentine values we observed in three
Permian tetrapod groups, but were less consistent
with our enamel values. A subsequent study of Late
Permian dicynodonts (Synapsida: Dicynodontia),
including Diictodon sp., Dicynodon sp. and Lystro-
saurus sp., found d13Cdentine values of around
�12&, �14& and �13&, respectively, and
d18Odentine values of around 12& for each genus
(MacLeod et al. 2000). Early Triassic Cynognathus
sp. and Diademodon sp. (Synapsida: Cynodontia)
had d13Cenamel values around �11& and �13&,
and d18Oenamel values around 18& and 16&,
respectively (Botha et al. 2005). Botha et al. (2005)
attributed the lower d13Cenamel values of Early
Triassic cynodonts to a trophic system based upon
C3 plants; an explanation which may apply to
d13Cdentine and d13Cenamel values from Middle and
Late Permian tetrapods (i.e. this study; Thackeray
et al. 1990; MacLeod et al. 2000). d18O values from
enamel and dentine are also substantially lower (e.g.
this study, Thackeray et al. 1990; MacLeod et al.
2000; Botha et al. 2005) than values from modern
tetrapods (e.g. Clementz & Koch 2001; Codron
et al. 2008; Wheatley et al. 2012). The lower oxygen
isotope values may reflect isotopic fractionation at
high palaeolatitudes (latitude information from
Scotese 2002).

Conclusions

We have sampled individuals from a wide range of
genera within three high-taxonomic-level groups;
our data set provides a coarse perspective on Middle
Permian palaeoecology, particularly, large-scale iso-
topic differences between pareiasaurs and dinoceph-
alians. Pareiasaurs had previously been hypothesized
to be aquatic, semi-aquatic or fully terrestrial on the
basis of anatomical and taphonomic data. Stable
oxygen isotopes from pareiasaur enamel were found
to be as or more enriched in 18O when compared
with isotopes from coeval therapsid enamel. This
pattern suggests that pareiasaurs were terrestrial
browsers and are inconsistent with the earlier semi-
aquatic ecomorph hypothesis proposed. Isotopic
differences between herbivorous dinocephalian

therapsids and pareiasaurs may also reflect higher
water turnover rates in the former group (by analogy
to modern mammals), which informs about niche
partitioning in Capitanian megaherbivores.
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