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The mass extinction at the Permian–Triassic boundary, 251
million years (Myr) ago, is accepted as the most profound loss
of life on record1–3. Global data compilations indicate a loss of
50% of families or more, both in the sea1,2,4 and on land2,5, and
these figures scale to a loss of 80–96% of species, based on
rarefaction analyses6,7. This level of loss is confirmed by local
and regional-scale studies of marine sections3,8, but the terrestrial
record has been harder to analyse in such close detail. Here we
document the nature of the event in Russia in a comprehensive
survey of 675 specimens of amphibians and reptiles from 289
localities spanning 13 successive geological time zones in the
South Urals basin. These changes in diversity and turnover
cannot be explained simply by sampling effects. There was a
profound loss of genera and families, and simplification of
ecosystems, with the loss of small fish-eaters and insect-eaters,
medium and large herbivores and large carnivores. Faunal
dynamics also changed, from high rates of turnover through
the Late Permian period to greater stability at low diversity
through the Early Triassic period. Even after 15 Myr of ecosystem
rebuilding, some guilds were apparently still absent—small fisheaters, small insect-eaters, large herbivores and top carnivores.
NATURE | VOL 432 | 4 NOVEMBER 2004 | www.nature.com/nature

At a time when there is so much focus on global change and
threats to biodiversity, it is surprising how little was known about
the Permian–Triassic boundary (PTB) event in 1990 (refs 1, 2, 9).
Over the past 15 years, our understanding of this mass extinction
has become focused in terms of the timescale (perhaps lasting for
500,000 years (refs 3, 10)), the cause (probably associated with
massive outpourings of basalt lava, the Siberian Traps, triggering
global warming and anoxia, and possibly a runaway greenhouse
effect associated with repeated release of gas hydrates2,8–12), and the
nature of the event and the immediate recovery phase (mass
extinction followed by rapid turnover of weedy species during
the phase of maximum anoxia, and then slow rebuilding of
ecosystems3,8,9).
The Permian–Triassic succession of the South Urals is about 6 km
thick, thinning to 1–2 km in the Moscow basin13–15, and it is
subdivided into 13 successive stratigraphic units (Fig. 1). These
units are recognized in the field by changes in sedimentary rock type
(svitas), and by particular fossil assemblages (gorizonts); they are
correlated with each other, and with the global standard, by means
of palynomorphs and ostracods13–15. The age range covers the
Kazanian and Tatarian stages of the Late Permian and the Induan
to Ladinian stages of the Early and Middle Triassic, a total time span
of 25–30 Myr.
The Late Permian to Triassic succession in the South Urals starts
with a marine episode in the Kazanian, represented by 200 m of
limestone, mudstone and halite, followed by about 1 km of riverdeposited mudstone and sandstone. The continental succession
extends with relatively continuous deposition from the late Kazanian to the Ladinian (Middle Triassic), and consists of repetitions of
four main facies types: mudflats, sandy distributary channels, small
gravelly channels and large gravelly channel fluvial systems13. The
basalmost Triassic is marked by thick sandstone units that document a marked, but short-lived, change in sedimentation style to
large gravelly channels, with boulders of more ancient rocks, up to
1 m across, swept down from the Ural mountains. These thick
conglomerate units were deposited in large-scale alluvial fans that
were part of a much larger terminal fan, about 350–400 km in width.
The abrupt change in the size of the basin and the incoming of
coarse-grained alluvial fans all along the western margin of the Urals
probably resulted from a peak in mountain-building activity in the
core of the Urals, and a change at the PTB towards a more arid
climate, with higher sediment yield and greater peak discharges in a
drainage basin with reduced vegetation cover13. These massive
changes in style of sedimentation at the PTB have been seen
independently in the continental Karoo succession in South Africa16
and Australia17. The changes have been linked to the Siberian basalt
eruptions and the consequent marked global warming and acid
rain. The acid rain may have killed off the vegetation on land, and
soils were stripped from the landscape and swept down rivers on to
the plains, and eventually into the sea2,8,9. Mountain uplift and soil
stripping, rather than increased rainfall, lies behind the switch from
low-energy rivers and cyclical deposition in the latest Permian to
massive erosion at the base of the Triassic. Environments and
sedimentation styles reverted to pre-PTB conditions higher in the
Lower Triassic succession.
The range chart of tetrapods in the Late Permian and Triassic of
the South Urals (Fig. 1) shows diverse ecosystems in the Late
Permian15. In the rivers and lakes, four to seven genera of small,
medium and large aquatic tetrapods (‘amphibians’) fed on the
abundant thick-scaled bony fishes and rarer freshwater sharks and
lungfishes. On the wooded banks were 5–11 genera of terrestrial
tetrapods (‘reptiles’), ranging in size from tiny insect-eaters to
rhino-sized plant-eating pareiasaurs and the wolf-sized to bearsized sabre-toothed gorgonopsians that fed on them. During the
17–18 Myr of the Kazanian and Tatarian, there was considerable
turnover of genera and families through the six time zones (Fig. 2).
The percentage extinction of families at the end of the Permian
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Figure 1 The end-Permian mass extinction of tetrapods in the South Urals basin, Russia.
The data show diverse and complex ecosystems in the Late Permian, with rapid
turnover among families between the stratigraphic units. After the mass extinction,
diversity and ecosystem complexity were much reduced. Recovery taxa lasted longer
through the Early and Middle Triassic, and turnover was much reduced as ecosystems
reassembled. Solid lines indicate that the family is known from the time bin in question;
dashed lines indicate Lazarus taxa22. Families are plotted by broad-scale ecological
categories, based on major habitat (freshwater or terrestrial), diet (fish, browsing, insects,
tetrapods) and size (small, medium, large), in accordance with categories and
classifications in ref. 29. Completeness of the record is documented to the right by

numbers of localities and specimens from each svita, and quality of the fossils is divided
into four classes (1, isolated bone; 2, several associated bones; 3, complete or nearcomplete skull; 4, complete or near-complete skeleton). The timescale of svitas (based on
field criteria) and gorizonts (based on fossil assemblages) are the Russian standards for
the South Urals basin14,15, and correlation with international timescales is from refs. 10,
23 and 24. The approximate positions of the South African tetrapod assemblage zones are
indicated. Boundaries for which good radiometric dates exist are indicated with filled
circles. Br., browsers; Chang., Changhsingian; In., insect-eaters; Kung., Kungurian; Loc.,
localities; Spec., specimens; Tet., tetrapod-eaters.

(82%) is no higher than some earlier peaks (Fig. 2), but the
difference at this point was that overall generic and familial diversity
remained low afterwards, and certain ecological zones remained
empty (Fig. 1). Only two families survived the event in the South
Urals basin: the small, herbivorous Procolophonidae and the
medium-sized, herbivorous Dicynodontidae. In the basal Triassic
(Kopanskaya Svita; Induan), there were only medium-sized and
large fish-eaters in the rivers and lakes (Tupilakosauridae, Capitosauridae, Benthosuchidae) and medium-sized insect/tetrapodeaters (Prolacertidae, Proterosuchidae). Dicynodonts must have
been present but are known from fossils only from later in
the Early Triassic in the South Urals, and the basalmost Triassic
elsewhere in Russia.
Only one family (Tupilakosauridae) could be identified as a
‘disaster taxon’, present for a short time immediately after the crisis.
Other families present in the basalmost Triassic Kopanskaya Svita
persisted through the Early Triassic. New taxa were added through
the 15 Myr of the Early and Middle Triassic: further medium-sized
and large fish-eaters in the fresh waters, and further medium-sized
herbivores and large carnivores on land. The Early and Middle
Triassic are characterized by a steady addition of taxa and a slow loss
of existing families: turnover was much less volatile than in the Late
Permian (Fig. 2).
By the end of the sampling period, ecosystems were again

complex, but small fish-eaters and small insect-eaters were still
absent, as were large herbivores and specialist top carnivores to feed
on them. These gaps presumably reflect incomplete ecosystems and
delayed recovery rather than that the ecosystem had reached
equilibrium at a lower level of complexity than is observed in the
Late Permian. Evidence for this is that Late Triassic faunas from
other parts of the world show all the families seen in the Middle
Triassic Russian faunas, as well as taxa that plug the ecological
gaps—various amphibians as small fish-eaters, small diapsids as
insect-eaters, ever-larger dicynodonts as large herbivores, and
rauisuchians as large carnivores.
The continental fossil record of vertebrates is notoriously patchy,
and there is a risk that studies such as this reflect little more than
sampling18,19. It could be argued, for example, that the range chart
(Fig. 1) and the plots of extinction and origination metrics (Fig. 2)
merely document fluctuations in the quality of preservation of the
fossils, or variations in the environments represented or in the
number of localities and specimens recorded for each time division.
Analysis of the data shows that the patterns cannot be explained
simply as artefacts of sampling. Plots of numbers of genera and
families against numbers of localities and specimens (Fig. 3a, b)
show no correlation: if anything, time bins with large numbers of
localities and specimens are associated with low-diversity faunas
and vice versa. Further, when the distributions of generic and
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Figure 2 Turnover of tetrapod families through the Late Permian and Early Triassic in the
South Urals basin, Russia. Rates are high and variable through the Late Permian, but they
are depressed after the end-Permian mass extinction, and pick up slowly thereafter during
the Early Triassic recovery phase. Rates of origination (O, diamonds) and extinction
(E, squares) are percentage metrics based on all taxa (including Lazarus taxa, but
excluding singleton families—families known from a single species or single locality)
known from a time bin. Stratigraphic units are the successive svitas of the Upper Permian
(1, Osinovskaya; 2, Belebey; 3, Bolshekinelskaya; 4, Amanakskaya; 5, Malokinelskaya/
Vyakovskaya; 6, Kutulukskaya/Kulchomovskaya), Lower Triassic (7, Kopanskaya;
8, Staritskaya; 9, Kzylsaiskaya; 10, Gostevskaya; 11, Petropavlovskaya) and Middle
Triassic (12, Donguz; 13, Bukobay). Binomial 95% confidence intervals30 are shown for
the percentage extinction metrics (confidence intervals are of similar magnitude for the
percentage origination metrics, but are omitted for clarity).

familial diversity through time are compared with the distributions
of numbers of sites and numbers of specimens in each time bin
(Fig. 3c), there is no apparent tracking. Peaks and troughs in the
diversity data do not match peaks and troughs in richness of
the fossil record. And, crucially, the time of diversity decline across
the PTB corresponds to a rising trend in numbers of sites and
specimens.
Three sampling standardization protocols were also applied (see
Methods) to assess whether the patterns of apparent diversity, and
extinction and origination rates, could be determined by sample
size. Five of the stratigraphic units are represented by small (n , 50)
sample sizes, namely the Osinovskaya, Belebey, Bolshekinelskaya,
Gostevskaya and Bukobay svitas, of which only the Gostevskaya
falls near the PTB (Fig. 1). Ignoring or combining these poorly
sampled bins does not affect the patterns of diversity, extinction
or origination through time. Rarefaction analysis shows that
the better-sampled time units, the Kopanskaya, Kzylsaiskaya and
Staritskaya svitas (Fig. 1), may overestimate diversity by one, or at
most two, families in comparison with the other time bins. Normalizing all time bin sizes to the range of 49–63 specimens cuts the
diversity of the first three Triassic gorizonts by one or two families,
hence making the PTB extinction seem larger (91% instead of 82%
extinction rate) and depressing earliest Triassic diversity even more
than has been indicated from the raw figures.
Scaling between local-scale or regional-scale observations such as
these and the global scale is hard. Nonetheless, just as local-scale
studies of marine PTB sections3,8 show patterns expected from
global-scale studies3,20, so this study, and similar investigations of
the PTB in the Karoo basin of South Africa16,21, indicate high
familial extinction rates among tetrapods: 74% from a global
database5, and 82% here. Our most striking finding has been that
the high-diversity and complex latest Permian terrestrial ecosystems
were volatile in terms of generic and familial turnover, but that
when these ecosystems were largely destroyed by the PTB crisis the
volatility disappeared, and recovery from low diversity was a slow
NATURE | VOL 432 | 4 NOVEMBER 2004 | www.nature.com/nature

Figure 3 The data on tetrapod distributions from the South Urals are probably reliable,
and cannot be accounted for simply by sampling (the patchiness of the rock and fossil
record). a, b, Numbers of genera and families are not related to numbers of localities (a) or
numbers of specimens (b). Best fitting straight lines show highly insignificant correlation
coefficients. c, The distributions of generic and familial diversity through time (left-hand yaxis) follow similar curves, but these do not seem to relate to measures of sampling
(numbers of localities and specimens per time bin, which themselves are correlated; righthand y-axis). Stratigraphic units are as in Fig. 2.

process, with longer survivorship of genera and families and less
turnover. Within the 15-Myr post-event window, full recovery of the
ecosystems had not taken place.
A

Methods
Database
The data set consists of records kept by V.P.T. at the Geological Institute of Saratov State
University since the 1960s documenting every vertebrate specimen recovered in a broad
geographic area about 400 km wide and 200 km long, bounded by Samara in the west and
the Ural mountains in the east, and centring on the city of Orenburg. These records
document a minimum of 675 specimens (isolated bones, complete skulls and complete
skeletons) from 289 localities, each dated to one of the 13 time divisions of the Kazanian to
Ladinian interval. The data are listed in refs 14 and 15. Lists of genera and families present
in each time bin were compiled, together with the numbers of specimens of each taxon and
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a note of the completeness of preservation (isolated bone, group of bones, complete skull,
complete skeleton) for each.
In the past, Western authors have tended to rename Russian svitas as ‘formations’, and
gorizonts as ‘horizons’, but this masks their true meanings. In Russia, gorizonts are the
main regional stratigraphic units, identified primarily from their palaeontological
characteristics, and they do not pertain to lithostratigraphic units. Svitas are largely
lithostratigraphic units, given a locality name that is close to their characteristic exposure.
The definition of a svita incorporates a mix of field lithological observations and
biostratigraphic assumptions.

19.
20.
21.
22.
23.

Analysis
The records were converted into range charts (Fig. 1), including Lazarus taxa22, from
which total numbers (N) and numbers of originations (O) and extinctions (E) per time
bin were calculated. Percentage origination and extinction metrics (O/N, E/N) were
calculated for each time bin (Fig. 2). There are many other possible measures of extinction
and origination rates, most calculated with respect to time; such measures would be
inappropriate here because the durations of the svitas are poorly constrained. Boundarycrossing measures of extinction and origination rates were not used because the sample
sizes are small, and 10 of the 38 families are restricted to one time bin and would have to be
discarded. Generic rates are not presented because many genera are singletons (restricted
to one time bin) and most are in need of taxonomic revision. Binomial error bars30 are
calculated for the percentage metrics.
The possible influence of sampling was assessed from the raw data (Fig. 3), and by the
application of three sampling standardizations. In the first standardization, units that had
yielded fewer than 50 specimens were ignored (namely the Osinovskaya, Belebey,
Bolshekinelskaya, Gostevskaya and Bukobay svitas); sample sizes then ranged from 49 to
147 specimens. In the second sampling standardization, the two oldest units were ignored,
and the others with small sample sizes were combined with adjacent units
(Bolshekinelskaya þ Amanakskaya, Gostevskaya þ Petropavlovskaya,
Donguz þ Bukobay), yielding a range of sample sizes from 50 to 147 specimens. In the
third sampling standardization, rarefaction analysis was applied to the units that had
yielded larger samples of specimens (Kopanskaya, Kzylsaiskaya, Staritskaya) to assess
what their apparent diversity would have been had the sample size been 50, within the
range 49–63 specimens, as for the other moderately well sampled units.
The data sets and analyses are available as Supplementary Data, and may be
downloaded at http://palaeo.gly.bris.ac.uk/Data/RussiaPTr.xls.

Dating
The timescale indicated in Fig. 1 is based on refs 10, 23, 24 and 25. The date for the
Permian–Triassic boundary, 251 Myr, from ref. 10, has been debated26, but is widely
accepted and will be the accepted date in the new Cambridge geologic timescale27,28. Other
aspects of the scales may seem less familiar, in that the Kazanian and Tatarian are much
longer than is often assumed, 16 Myr instead of 4–5 Myr, and the Middle Triassic is dated
as older than normally accepted. Should the old dates prove to be correct, and the newer
ones incorrect, the conclusions here are not affected because we do not make claims about
the longer-term timing of events, nor do we present rates of origination or extinction
calculated against time.
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Antarctic krill (Euphausia superba) and salps (mainly Salpa
thompsoni) are major grazers in the Southern Ocean1–4, and
krill support commercial fisheries 5 . Their density distributions1,3,4,6 have been described in the period 1926–51, while
recent localized studies7–10 suggest short-term changes. To examine spatial and temporal changes over larger scales, we have
combined all available scientific net sampling data from 1926 to
2003. This database shows that the productive southwest Atlantic
sector contains >50% of Southern Ocean krill stocks, but here
their density has declined since the 1970s. Spatially, within their
habitat, summer krill density correlates positively with chlorophyll concentrations. Temporally, within the southwest Atlantic,
summer krill densities correlate positively with sea-ice extent the
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