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Earth’s largest biotic crisis occurred during the Permo-Triassic
Transition (PTT). On land, this event witnessed a turnover from
synapsid- to archosauromorph-dominated assemblages and a
restructuring of terrestrial ecosystems. However, understanding
extinction patterns has been limited by a lack of high-precision
fossil occurrence data to resolve events on submillion-year time-
scales. We analyzed a unique database of 588 fossil tetrapod spec-
imens from South Africa’s Karoo Basin, spanning ~4 My, and 13
stratigraphic bin intervals averaging 300,000 y each. Using sample-
standardized methods, we characterized faunal assemblage dy-
namics during the PTT. High regional extinction rates occurred
through a protracted interval of ~1 Ma, initially co-occurring with
low origination rates. This resulted in declining diversity up to the
acme of extinction near the Daptocephalus-Lystrosaurus declivis
Assemblage Zone boundary. Regional origination rates increased
abruptly above this boundary, co-occurring with high extinction
rates to drive rapid turnover and an assemblage of short-lived
species symptomatic of ecosystem instability. The “disaster taxon”
Lystrosaurus shows a long-term trend of increasing abundance
initiated in the latest Permian. Lystrosaurus comprised 54% of all
specimens by the onset of mass extinction and 70% in the extinc-
tion aftermath. This early Lystrosaurus abundance suggests its ex-
pansion was facilitated by environmental changes rather than by
ecological opportunity following the extinctions of other species
as commonly assumed for disaster taxa. Our findings conserva-
tively place the Karoo extinction interval closer in time, but not
coeval with, the more rapid marine event and reveal key differ-
ences between the PTT extinctions on land and in the oceans.

Mass extinction | Permo-Triassic | Diversity dynamics | Lystrosaurus | Karoo
Basin

M ass extinctions are major perturbations of the biosphere
resulting from a wide range of different causes including
glaciations and sea level fall (1), large igneous provinces (2), and
bolide impacts (3, 4). These events caused permanent changes to
Earth’s ecosystems, altering the evolutionary trajectory of life
(5). However, links between the broad causal factors of mass
extinctions and the biological and ecological disturbances that
lead to species extinctions have been difficult to characterize.
This is because ecological disturbances unfold on timescales
much shorter than the typical resolution of paleontological
studies (6), particularly in the terrestrial record (6-8). Coarse-
resolution studies have demonstrated key mass extinction phe-
nomena including high extinction rates and lineage turnover (7,
9), changes in species richness (10), ecosystem instability (11),
and the occurrence of disaster taxa (12). However, finer time
resolutions are central to determining the association and rela-
tive timings of these effects, their potential causal factors, and
their interrelationships. Achieving these goals represents a key
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advance in understanding the ecological mechanisms of mass
extinctions.

The end-Permian mass extinction (ca. 251.9 Ma) was Earth’s
largest biotic crisis as measured by taxon last occurrences
(13-15). Large outpourings from Siberian Trap volcanism (2) are
the likely trigger of calamitous climatic changes, including a
runaway greenhouse effect and ocean acidification, which had
profound consequences for life on land and in the oceans
(16-18). An estimated 81% of marine species (19) and 89% of
tetrapod genera became extinct as established Permian ecosys-
tems gave way to those of the Triassic. In the ocean, this included
the complete extinction of reef-forming tabulate and rugose
corals (20, 21) and significant losses in previously diverse ammonoid,
brachiopod, and crinoid families (22). On land, many nonmammalian
synapsids became extinct (16), and the glossopterid-dominated floras
of Gondwana also disappeared (23). Stratigraphic sequences docu-
ment a global “coral gap” and “coal gap” (24, 25), suggesting reef and
forest ecosystems were rare or absent for up to 5 My after the event
(26). Continuous fossil-bearing deposits documenting patterns of
turnover across the Permian-Triassic transition (PTT) on land (27)

Significance

Mass extinctions permanently altered life’s evolutionary tra-
jectory five times in Earth’s history, and the end-Permian ex-
tinction was the greatest of these biotic crises. South Africa’s
unparalleled fossil record provides a window into mass ex-
tinction dynamics on land. We analyze a unique dataset com-
prising hundreds of precisely positioned tetrapod fossils,
identifying a protracted (~1 Ma) extinction. This contrasts with
the rapid marine extinction, demonstrating that the effects of
biotic crises vary prominently among Earth’s surface environ-
ments. We also identify the blooming of “disaster taxa” before
the main extinction rather than in its aftermath as assumed
previously. These changes contributed to breaking the incum-
bency of previously dominant mammal relatives (synapsids)
after the extinction and to the Triassic rise of crocodile- and
dinosaur-line archosaurs.

Author contributions: P.A.V., R.B.J.B., and K.D.A. designed research; P.A.V., R.B.J.B., and
K.D.A. performed research; P.A.V.,, RM.H.S,, J.B., CFK, ZS., E.B, A.C, B.E, SK, JM,
W.M., N.M,, S.M,, N.N,, T.N., J.N,, P.O., G.S., M.S,, H.S., and F.P.W. contributed raw data/
analytic tools; R.B.J.B. analyzed data; and P.A.V., R.B.J.B., and K.D.A. wrote the paper.

The authors declare no competing interest.

This article is a PNAS Direct Submission.

Published under the PNAS license.

"To whom correspondence may be addressed. Email: pviglietti@fieldmuseum.org.

This article contains supporting information online at https://www.pnas.org/lookup/suppl/
doi:10.1073/pnas.2017045118/-/DCSupplemental.

Published April 19, 2021.

https://doi.org/10.1073/pnas.2017045118 | 1 of 8

=
=]
=
=)
=
o
>
w

EARTH, ATMOSPHERIC,

www.manaraa.com

AND PLANETARY SCIENCES


https://orcid.org/0000-0003-0102-5632
https://orcid.org/0000-0001-8244-6177
https://orcid.org/0000-0001-8824-9334
https://orcid.org/0000-0002-0596-623X
https://orcid.org/0000-0001-8117-558X
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2017045118&domain=pdf
https://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:pviglietti@fieldmuseum.org
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2017045118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2017045118/-/DCSupplemental
https://doi.org/10.1073/pnas.2017045118
https://doi.org/10.1073/pnas.2017045118

Downloaded at Palestinian Territory, occupied on December 5, 2021

and in the oceans (28) are geographically widespread (29, 30), in-
cluding marine and continental successions that are known from
China (31, 32) and India (33). Continental successions are known
from Russia (34), Australia (35), Antarctica (36), and South Africa’s
Karoo Basin (Fig. 1 and 37-40), the latter providing arguably the
most densely sampled and taxonomically scrutinized (41-43) conti-
nental record of the PTT. The main extinction has been proposed to
occur at the boundary between two biostratigraphic zones with dis-
tinctive faunal assemblages, the Daptocephalus and Lystrosaurus
declivis assemblage zones (Fig. 1), which marks the traditional
placement of the Permian-Triassic geologic boundary [(37) but
see ref. 44]. Considerable research has attempted to understand
the anatomy of the PTT in South Africa (38, 39, 45-52) and to
place it in the context of biodiversity changes across southern
Gondwana (53, 54) and globally (29, 31, 32, 44, 47, 55).
Decades of research have demonstrated the richness of South
Africa’s Karoo Basin fossil record, resulting in hundreds of
stratigraphically well-documented tetrapod fossils across the
PTT (37, 39, 56). This wealth of data has been used qualitatively
to identify three extinction phases and an apparent early post-
extinction recovery phase (39, 45, 51). Furthermore, studies of
Karoo community structure and function have elucidated the po-
tential role of the extinction and subsequent recovery in breaking
the incumbency of previously dominant clades, including synapsids
(11, 57). Nevertheless, understanding patterns of faunal turnover
and recovery during the PTT has been limited by the scarcity of
quantitative investigations. Previous quantitative studies used
coarsely sampled data (i.e., assemblage zone scale, 2 to 3 Ma time
intervals) to identify low species richness immediately after the
main extinction, potentially associated with multiple “boom and
bust” cycles of primary productivity based on 8'*C variation during
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Fig. 1. Map of South Africa depicting the distribution of the four tetrapod
fossil assemblage zones (Cistecephalus, Daptocephalus, Lystrosaurus declivis,
Cynognathus) and our two study sites where fossils were collected in this
study (sites A and B). Regional lithostratigraphy and biostratigraphy within
the study interval are shown alongside isotope dilution-thermal ionization
mass spectrometry dates retrieved by Rubidge et al., Botha et al., and Gas-
taldo et al. (37, 44, 80). The traditional (dashed red line) and associated PTB
hypotheses for the Karoo Basin (37, 44) are also shown. Although tradi-
tionally associated with the PTB, the Daptocephalus-Lystrosaurus declivis
Assemblage Zone boundary is defined by first appearances of co-occurring
tetrapod assemblages, so its position relative to the three PTB hypotheses is
unchanged. The Ripplemead member (*) has yet to be formalized by the
South African Committee for Stratigraphy.

20fi8 | PNAS
https://doi.org/10.1073/pnas.2017045118

the first 5 My of the Triassic (41, 58). However, many details of
faunal dynamics in this interval remain unknown. Here, we in-
vestigate the dynamics of this major tetrapod extinction at an
unprecedented time resolution (on the order of hundreds of
thousands of years), using sample-standardized methods to
quantify multiple aspects of regional change across the Cistece-
phalus, Daptocephalus, and Lystrosaurus declivis assemblage zones.

Results

We tracked multiple aspects of tetrapod extinction, origination,
and regional diversity dynamics across the upper Cistecephalus
(CAZ), Daptocephalus (DAZ), and Lystrosaurus declivis (LAZ)
assemblage zones (Fig. 2 and Table 1) at high time resolution
and alongside the relative abundances of the disaster taxon
Lystrosaurus, comparing our results to the less complete data
available from global terrestrial sections outside of South Africa
(Fig. 3 A-C). We quantified extinction and origination rates,
diversification, turnover, and evenness. Additionally, we present
subsampled and other richness estimates for all bin intervals
alongside face-value counts of species and diagnostic fossil occur-
rences (Fig. 4 A-C). Most of the important shifts in these variables
occur between the Lystrosaurus maccaigi-Moschorhinus subzone
(upper DAZ) and lower LAZ (upper Palingkloof Member and
lower Katberg), spanning three stratigraphic bin intervals and sug-
gesting an approximate extinction duration of ~1 Ma, with the main
extinction acme occurring in an approximately <300,000 y time
window above the DAZ-1.AZ boundary.

Extinction, Origination, and Turnover. Regional extinction rates
remain low in the earlier half of the study interval, with the ex-
ception of a slight increase at the boundary between the Dicynodon-
Theriognathus (lower DAZ) and upper DAZ subzones of the DAZ.
However, extinction becomes significantly elevated above back-
ground levels in the lower Palingkloof Member, before the main
extinction acme. These elevated extinction rates co-occur with low
origination rates, resulting in negative diversification for an interval
of ~600,000 y (two bin intervals) before the DAZ-L.AZ boundary.
In total, extinction rate remains high over an interval estimated at
~900,000 y (three bin intervals). Most of the DAZ taxa go extinct
in this interval, with extinction peaking in a single time bin just
above the DAZ-LAZ boundary (<300,000 y, Fig. 34). Extinc-
tion dynamics likely reflect the disappearance of theriodonts
(Aelurognathus, Cyonosaurus, Ictidosuchoides), pareiasaurs
(Pareiasaurus), cynodonts (Cynosaurus, Vetusodon), and dicynodont
species (Daptocephalus, Dicynodon, Dicynodontoides, Diictodon,
Dinanomodon, Emydorhinus, Oudenodon, Pelanomodon).

Regional origination is generally stable and low throughout
the DAZ, with the exception of a minor uptick at the boundary
between the lower and upper DAZ. We then observe a time-
lagged pulse of high origination after the main extinction acme,
occurring in the lower LAZ. Multiple new taxa appeared during
this origination pulse, including archosauromorphs (Prolacerta,
Proterosuchus) amphibians (Lydekkerina, Micropholis), cynodonts
(Galesaurus, Thrinaxodon), dicynodonts (Lystrosaurus declivis,
Lystrosaurus murrayi), parareptiles (Saurodektes), and ther-
ocephalians (Ericiolacerta, Scaloposaurus). High rates of both ex-
tinction and origination co-occur in the immediate extinction
aftermath phase, resulting in positive diversification rates and high
turnover. This had previously been referred to as a post extinction
“recovery fauna” (37, 39) due to the appearance of several geo-
logically short-lived taxa such as the archosauriform Proterosuchus,
the cynodont Progalesaurus, and various therocephalians (Ericio-
lacerta, Olivierosuchus, Regisaurus) (Figs. 2 and 34).

Richness and Evenness. Both subsampled richness estimates and
counted richness values using several methods are greatest in
the lowermost DAZ (Daggaboersnek Member, Fig. 4C). Data
are insufficient for an accurate measurement of richness and
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Fig. 2. Stratigraphic ranges of the 53 Karoo fossil tetrapod species included in this study with occurrence counts (infilled circles) in each bin interval. The
dashed red line indicates the Daptocephalus—Lystrosaurus declivis Assemblage Zone boundary, the traditional PTB in the Karoo Basin. Some species have
lower-resolution stratigraphic data, and these were included here (but not in the analyses) to show uncertain first or last occurrences for specific species in

our study.

diversification for most strata of the underlying Cistecephalus
Assemblage Zone, which requires in-depth stratigraphic and
taxonomic study. However, if our finding of low species richness
in the upper Cistecephalus Assemblage Zone is robust, it has
intriguing implications for the overall species richness of the
uppermost Karoo assemblage zones. The DAZ shows a pattern
of declining richness that begins in the lowermost DAZ based on
face-value species counts (Fig. 4C), or slightly later based on
subsampled richness estimates and their estimated error terms,
at the onset of increased extinction rates in the Lystrosaurus
maccaigi-Moschorhinus subzone (Fig. 4C, uppermost Elandsberg
Member). Richness remains low through the upper Palingkloof
Member (lower LAZ). In the lower Katberg Formation, where
we begin to see new species appear in the lower LAZ, high
richness is obtained at our reported quorum level but not at
lower quora (SI Appendix, Fig. S6) and is associated with rela-
tively high estimation error, warranting further investigation.

Our findings tentatively suggest fluctuations in richness during
the earliest Triassic, which may be associated with primary pro-
ductivity (41). We also demonstrate a preboundary interval of
low richness, consistent with our findings of negative diversifi-
cation rates preceding the DAZ-LLAZ boundary (Fig. 34) and
with the hypothesized extinction phases of Smith and Botha-
Brink (39).

Evenness is a measure of the distribution of relative abun-
dances of the species in a stratigraphic interval. Our data show
species-level evenness to be relatively stable throughout the
Cistecephalus and Daptocephalus assemblage zones and across
the main extinction acme close to the Daptocephalus—Lystrosaurus
declivis Assemblage Zone boundary, likely because of the reten-
tion of some extinction acme-crossing species (Lystrosaurus
curvatus, Lystrosaurus maccaigi, Moschorhinus, Promoschorhynchus)
alongside the appearance of new species in the inferred recovery
phase. Nevertheless, a clear decrease in species-level evenness is

Table 1. Upper stratigraphic bin interval boundaries (in meters) specimen counts and average specimens per meter for Site A
(Graaff-Reinet, Nieu Bethesda) and Site B (Bethulie, Gariep Dam) study locations

Site A Site A Site A Site B Site B Site B Total

upper specimen  specimens per upper specimen specimens per  specimen
Bin Interval boundary (m) counts meter boundary (m) counts meter counts
Katberg_Lystrosaurus-4 560 13 0.3 234 42 0.5 55
Katberg_Lystrosaurus-3 520 4 0.8 155 54 33 58
Katberg_Lystrosaurus-2 515 2 04 138.75 58 3.6 60
Katberg_Lystrosaurus-1 510 15 1.5 122.5 49 1.5 64
Palingkloof_Lystrosaurus-1 500 13 0.7 90 28 2.8 a1
Palingkloof_uDaptocephalus-2 482 13 1.6 80 15 45 28
Palingkloof_uDaptocephalus-1 473.7 20 1.2 76.7 19 2.8 39
Elandsberg_uDaptocephalus 457 14 0.4 70 41 2.1 55
Ripplemead_lDaptocephalus 420 25 0.3 50 1 0.4 36
Daggaboersnek_IDaptocephalus-2 330 78 0.5 20 1 0.1 79
Daggaboersnek_IDaptocephalus-1 165 55 0.3 10 5 0.5 60
Daggaboersnek_Cistecephalus 0 7 0.1 0 0 N/A 7
Middleton/Oudeberg_Cistecephalus -100 1 0.0 0 5 N/A 6
Total specimen count 260 328 588

These relative positions were used to place tetrapod occurrences from each study area in our 13 stratigraphic bin intervals. Differences in bin interval
thickness between sites relate to tectonic setting and regional thickness changes between sites (see S/ Appendix for more information).
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(A) Turnover, origination, diversification, and extinction dynamics of tetrapod species across the PTT in South Africa’s Karoo Basin. (B) Evenness (J) at

species and genus resolution are shown in comparison to the genus level dominance of Lystrosaurus, which becomes abundant before the main extinction
acme. This dominance is sustained and peaks in the post extinction interval. Rates were calculated from fossil occurrence data in 13 stratigraphic bin intervals.
(C) Three hypotheses for the PTB placement in South Africa are compared to global PTT sections in Australia (35) but correlation to Karoo record per Gastaldo
et al. (44), Russia (34), China (31, 32), and Tibet (70). Question marks (?) indicate possible placement of marine extinction at global PTT sections.

evident in the lower LAZ and again higher in the LAZ, both times
coincident with peaks of Lystrosaurus abundance (Fig. 3B). Genus-
level evenness shows a more prominent pattern of low values high
in the LAZ and in the two bin intervals after the DAZ-LAZ
boundary, co-occurring with high turnover rates (Fig. 3B). We
regard the genus Lystrosaurus as an ecological group of func-
tionally similar and closely related species, suggesting that these
genus-level evenness patterns provide meaningful insights into
community structure. Broadly similar results are obtained for the
two-evenness metrics (SI Appendix, Fig. S7).

Lystrosaurus Abundance. High Lystrosaurus abundance within its
assemblage zone is well documented (46, 51, 52) and may be
globally widespread by the Triassic (59). This is reflected in our
study by a peak in Lystrosaurus abundance in the lower Katberg
Formation, where ~70% of fossil occurrences belong to Lystro-
saurus species. Nevertheless, our data show that Lystrosaurus
already attained high relative dominance (~54% of all occur-
rences) in the Palingkloof Member of the upper DAZ, before the
main extinction acme. Our data also confirm the observation
(46) that two species of Lystrosaurus appear in the upper DAZ
(L. maccaigi, L. curvatus) and another two after the main ex-
tinction acme at the base of the Lystrosaurus declivis Assemblage
Zone (L. declivis, L. murrayi).

Discussion

The stratigraphic record of the Karoo Basin provides high-
resolution data on the terrestrial end-Permian mass extinction

40f8 | PNAS
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among land vertebrates and potentially reflects the nature of the
terrestrial extinction event on wider geographic scales or globally.
Studies of the marine fossil record in South China (Meishan)
identify a rapid extinction and fluctuating negative 8'>C excursions
(31, 32, 35, 42, 43, 60, 61) occurring prior to and coincident with
the Permo-Triassic Boundary (PTB) at 251.902 + 0.024 Ma. The
Karoo fossil record has been used as a benchmark for the conti-
nental extinction (e.g., 38-40, 51, 56). However, some studies have
questioned the severity of the Karoo Permo-Triassic extinctions
(55), debated the nature of environmental changes (52, 62-64),
and raised uncertainties regarding their timing relative to the
marine extinction and global event (e.g., 37, 40, 44, 47-49).

Our multi-index analysis of a high-resolution database of
Karoo tetrapod occurrences substantially clarifies these uncer-
tainties. We find evidence for a protracted time interval (~1 Ma)
of significantly elevated extinction rates spanning the uppermost
Daptocephalus and lower Lystrosaurus declivis assemblage zones
(DAZ-LAZ boundary). Therefore, we refer to the latest Perm-
ian tetrapod extinctions documented in the Karoo record as a
“sustained extinction interval,” and increases in sampling inten-
sity are needed to establish whether extinctions were pulsed (39)
or more gradual during this interval. Our inferences do not rely
on estimating the precise timings of individual species extinctions
(7, 65, 66), and at this time we recommend that this paradigm of
a sustained extinction replace previous hypotheses of a single
rapid extinction (42), a press-pulse extinction (43), a stepped ex-
tinction (39), or no mass extinction (55). The fact that we cannot
localize tetrapod extinctions at a single stratigraphic horizon,
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boundary. Rp = Ripplemead member, El = Elandsberg Member.

assemblage zone boundary, and/or PTB level does not discount
the magnitude of the overall event, as reflected by the large loss of
species diversity during the extinction interval and by high extinc-
tion and turnover rates. The recognition of a sustained extinction
interval in the Karoo is an important advance that facilitates
comparisons to extinction patterns in other coeval terrestrial sec-
tions (23, 31, 34-36, 67-70) where transitional assemblages (31, 34,
35, 70) may also indicate prolonged development of the biotic crisis
followed by eventual ecosystem destabilization (Fig. 3C). Better
correlation, quantification, and timing of these global changes to
terrestrial PTT ecosystems is needed to refine models that link the
ultimate causes of the end-Permian mass extinction to more lo-
calized kill mechanisms on land and in the oceans.

We found by far the highest rates of extinction, regional
origination, and diversification in the upper Palingkloof Member
in the lowermost LAZ above the traditional placement of the
Permian-Triassic geologic boundary at the DAZ-LAZ boundary
(Fig. 34). If this acme of high extinction rates corresponds to the
PTB then, combined with improved Permian-Triassic geochro-
nology (37, 40, 44, 47), this suggests that the true Karoo PTB is
higher in the section than its traditional placement at the DAZ~
LAZ boundary and as indicated by Botha et al. (37). Nevertheless,
the geochronology of Botha et al. (37) would place the onset of
our sustained extinction interval closer in time to the marine ex-
tinction at the PTB (31, 32) and may therefore be conservative. By
contrast, the hypothesized placement of the PTB presented by
Gastaldo et al. (44), if correct, would place the entire extinction
interval, and our destabilized postextinction assemblage, in the
latest Permian. Regardless of geochronology, the protracted na-
ture of the Karoo terrestrial extinction contrasts with the more
rapid marine event (70).
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The geochronology of Gastaldo et al. (44, 62) has been used to
suggest that causal processes for the tetrapod extinctions in the
Karoo were disconnected from the global mass extinction event.
However, comparisons to the PTT terrestrial records from out-
side of South Africa in China (31), Russia (34), Australia (35),
and Tibet (70) suggest a potentially similar pattern of protracted
extinction and ecosystem destabilization that began in the latest
Permian. Additionally, the South China Penglaitan section re-
cords an expanded record of the marine event (32), documenting
two negative 8'°C excursions before the Penglaitan PTB ex-
tinctions [251.939 + 0.031 Ma] in an ~420,000 y window begin-
ning at 252.359 + 0.038 Ma. Similar excursions straddling the
PTB on the Pingtang syncline (Nanpangian Basin, South China)
are also observed by Bagherpour et al. (61), although their global
significance is questioned. Shen et al. (32) propose a scenario
where ecological resilience was successively diminished prior to
the PTB over 420,000 y until a tipping point was reached, trig-
gering a sudden collapse of global ecosystems. South China’s
marine record has generally been used as a touchstone for the
definitive version of the end-Permian mass extinction event. How-
ever, our findings suggest the marine extinction may actually rep-
resent a punctuation relative to a much longer span of biological
attrition on land.

The first appearances of taxa such as Lystrosaurus declivis,
L. murrayi, Prolacerta, Proterosuchus, Lydekkerina, Micropholis,
Galesaurus, Thrinaxodon, Saurodektes, and Tetracynodon darti in
the postextinction interval have been used to posit a rapid ear-
liest Triassic recovery for tetrapods in the Karoo (39). However,
here we find that this post extinction assemblage is characterized
by a co-occurrence of high extinction and origination rates, and
therefore by high turnover rates, with several short-lived taxa and
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overall low richness and evenness (Figs. 3B and 4). The question
of what constitutes a “recovered” community is complex, but the
abundance of four Lystrosaurus species combined with unusual
community structures and significant community instability (11,
53, 57) suggest that postextinction ecosystems in the Karoo had
not undergone a full recovery by this interval. The survival of the
DAZ Lystrosaurus species after the main extinction acme (37)
and the occurrence of potentially multiple postextinction peaks
in Lystrosaurus abundance and low faunal evenness (Fig. 3B)
raise the possibility that disturbed environmental conditions fa-
voring Lystrosaurus species recurred or persisted for some time
despite relatively high faunal diversification rates (11). Indeed,
the overall lower richness, higher unevenness, and instability of
these postextinction assemblages makes them similar to “disas-
ter” faunas that have been documented in the aftermath of other
mass extinctions, such as in the North American record of the
Cretaceous—Paleogene extinction (70, 71). A more substantive
recovery accompanied by extensive faunal turnover appears to
have occurred in the Karoo by the Middle to Late Triassic
Cynognathus Assemblage Zone (11) or potentially earlier (i.e., in
the upper Katberg Formation), but high-resolution data are
lacking for these assemblages.

Our findings are also consistent with the “turnover-pulse hypoth-
esis” originally formulated by Vrba (72) to explain environment-
driven bursts of speciation among African Neogene mammals
between glacial and interglacial periods. This hypothesis states
that climate variation causes the appearance and removal of en-
vironmental barriers to species distributions, driving pulses of
extinction, and origination (turnover) interrupting longer periods
of relative stasis (72). The substantial evidence for significant cli-
matic changes related to global warming beginning at the end of
the Permian period globally (16, 27, 30, 31, 35) likely had disas-
trous effects on local conditions in the Karoo. These effects were
possibly related to aridity [(63, 64) but see ref. 62] and also in-
creased climatic variability (52, 62). Nevertheless, it is very likely
that fluctuating climates associated with the end-Permian mass
extinction played a significant role in steadily altering the com-
position and structure of tetrapod communities in the uppermost
DAZ, eventually causing an ecosystem collapse marked by the
unstable, short-lived communities observed in the lower Lystro-
saurus declivis Assemblage Zone of South Africa’s Karoo Basin.

Our database and results also require a rethinking of con-
ventional wisdom about the extinction’s best-known survivor, the
dicynodont synapsid Lystrosaurus. Lystrosaurus is frequently
portrayed as a disaster taxon that flourished in the aftermath of
the end-Permian mass extinction because of its near-global
geographic range (59) and high abundance (73) as seen in the
Karoo. Although “disaster taxon” is a poorly defined concept
(74), the prominence of Lystrosaurus as a rare tetrapod example
of this concept warrants detailed examination of its abundance
dynamics through time. In the Karoo, it has been recognized for
some time that Lystrosaurus first appears in traditional Permian
strata alongside typical members of the upper DAZ (46, 50).
However, previous studies of evenness working at assemblage
zone resolution only noted a shift to Lystrosaurus abundance in the
Lystrosaurus declivis Assemblage Zone (41). Our high-resolution
data demonstrate that the relative abundance of Lystrosaurus be-
gan to increase in the Elandsberg Member of the upper DAZ and
before the PTB in all age hypotheses. The relative abundance of
Lystrosaurus increases significantly through the upper Palingkloof
Member with the arrival of two additional species at the extinction
acme in the upper Palingkloof Member (Fig. 3B) up to our post
extinction interval in the uppermost Palingkloof-lowermost
Katberg Formation [“recovery phase” of Botha et al. (39)]. Its
abundance then decreases slightly in the lowermost portions of the
Katberg Formation before increasing again. The pattern of early
increase in Lystrosaurus abundance is similar to that of Diictodon,
a common Permian dicynodont and disaster taxon-like survivor
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whose abundance steadily increased across the end-Guadalupian
extinction acme in the Karoo Basin (75).

The paleobiological insights Lystrosaurus can provide are also
intriguing, as juvenile aggregation during adverse conditions (52),
burrowing, growth and life history patterns (76), feeding system
biomechanics (77), and broad environmental tolerance (78) have
all been factors suggested to contribute to its success. Although
our data do not allow us to determine which, if any, of these
factors was of greatest importance, they do indicate that Lystro-
saurus was able to take advantage of changing environmental and
ecological conditions before the PTT in a way that other taxa,
including its contemporary dicynodont relatives, could not.
Therefore, the success of Lystrosaurus and the likely reason for its
cosmopolitan distribution was not caused strictly by the ecological
aftermath of the PTT or Early Triassic environments but instead
had its roots in the Permian. A similar ability to benefit from the
conditions that create and sustain mass extinctions may be com-
mon among disaster taxa in general, and testing this hypothesis
will require greater scrutiny of high-resolution occurrence
datasets.

Our high-resolution, multi-index approach significantly refines
understanding of tetrapod extinctions during the PTT in the
Karoo Basin, providing a quantitative picture of extinctions on
land that is possibly representative of the global record. Replacing
the abrupt or stepwise narratives of the event with a protracted
period of sustained extinction followed by rapid species turnover is
a key step in correlating the biotic crisis in the Karoo with regional
and global environmental changes, revised geochronology, and the
record of extinctions preserved in other areas that may also pro-
vide evidence for successive extinctions and the occurrence of
transitional communities (32, 34, 35, 70). The rise of the disaster
taxon Lystrosaurus well before the Permian-Triassic boundary
indicates that its success did not stem solely from an ability to
survive postextinction conditions. Instead, it likely had preexisting
adaptations or ecological and evolutionary versatility that allowed
it to flourish under the conditions that caused widespread and
sustained extinctions among other taxa. We observe a phase of
rapid speciation and turnover in the post extinction aftermath,
suggestive of a destabilized ecosystem, and possibly also reflected
in the floral record of Australia (35) and Tibet (70). This period of
instability was likely key to breaking the incumbency of previously
dominant synapsid clades, paving the way for the rise of archo-
saurs and their relatives as a more complete recovery was achieved
later in the Triassic. Finally, the changing narrative of PTT ex-
tinctions in the Karoo emphasizes that a more nuanced approach
to the end-Permian mass extinction is needed that accounts for the
idiosyncrasies of the event in different geographical areas. Only by
recognizing the specific details of the extinction in different places
can the search for generalizations be successful.

Materials and Methods

Our study area encompasses two sites from South Africa’s south central
Karoo region named Site A (Graaff-Reinet and Nieu Bethesda) and Site B
(Bethulie and Gariep Dam) (Fig. 1). Additional site map figures can be found
in SI Appendix, Figs. S1 and S2). Regional variation in lithostratigraphic
thickness documented by Viglietti et al. (56, 79) at these sites necessitates
that we index species occurrences using relative position in local lithos-
tratigraphic units, and the definitions of these units were refined by Viglietti
et al. (79) (S/ Appendix). These lithostratigraphic refinements were used to
assign taxa to stratigraphic bin intervals on classic stratigraphic sections
measured at these sites (37, 39, 56, 79) (S/ Appendix, Figs. S3-S5). Many fossil
specimens in this study were collected at or close to these stratigraphic
section locations and were used to document numbers of occurrences within
bins (Table 1). This work allowed us to analyze a dataset comprising 588
tetrapod fossil specimens lithostratigraphically resolved at meter-level pre-
cision (Table 1). More information on how the information in Table 1 was
obtained can be found in S/ Appendix. For more information on raw met-
adata for fossil species occurrences, see Dataset S1. Specimen data for these
occurrences includes accession and/or field number, species identification,
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location (farm name and centroid), quarry, and stratigraphic position (me-
ter, lithostratigraphic, and bin interval position).

Dataset S1 is the collation and extension of two previous datasets com-
piled by Van der Walt et al. (73) (historic collections) and more recent fossil
collections (37, 39, 56). Where possible, specimens had their provenance
data refined by referring to relevant literature and historic field notes. Any
specimens not collected and those lacking confirmed identifications were
discarded from the study. The 588 specimens primarily represent singleton
fossil finds (unless specified, see Dataset S1) and comprise 53 species that
occur in the Middleton, Balfour, and lower Katberg formations and span a
time interval of ~4 My based on the isotope dilution-thermal ionization
mass spectrometry age of Rubidge et al. (80) (Fig. 1). The positions of 124
specimens in the supplementary dataset of ref. 39 were identified as being
incongruent by ref. 49. We corrected these here (Dataset S2). Many were
correctly placed on previously published sections, and the inconsistent data
presented in ref. 39 result from transcription errors (figure 4 in ref. 39). Our
analyses were conducted at the level of occurrences of species within lo-
calities (i.e., quarries or bonebeds representing a single stratigraphic horizon
within a localized area). Therefore, multiple specimens (individuals) repre-
senting just one species from a single locality were analyzed as being one
single occurrence of that species.

All species occurrences used in our study had their identifications con-
firmed by taxonomic experts including K.D.A. and C.F.K. The ranges and
occurrence counts of vertebrate species in our 13 stratigraphic bin intervals
are shown in Fig. 2. For certain species, uncertain occurrences are shown on
the range chart but were not included in the analyses. We divided the
species occurrences into 13 stratigraphic bins, which represent an average of
300,000 y each. The average age range for each bin was calculated using the
estimated age duration of our study (~4 Ma). A total of 13 bin intervals were
constructed to balance approximate temporal duration and tectonic setting
(79) with minimum numbers of specimens per bin after excluding the most
frequent species. Differences in the absolute age measurements presented
by refs. 37 and 47 create ~ + 0.1 Ma uncertainty to our age estimate for bins
straddling the PTT. Improved geochronology is needed to refine the bin
interval models presented in this study.

We analyzed the high-resolution data (i.e., those occurrences with lith-
ostratigraphic positions known to within meter-level resolution) using shareholder
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quorum subsampling (SQS, or coverage-based rarefaction) (81, 82) to estimate
richness [the R package iNext version 2.0.20; Hsieh et al. (83)] and the modified
version of the gap-filler method (84) for inferring rates of extinction and
origination while accounting for variation in sampling rate (custom code in R
version 4.0.0; Dataset S3). Species occurrences within each stratigraphic bin
were subsampled to a uniform count of n = 19 prior to computation of ex-
tinction and origination (84), and we summarized the results from 1,000 it-
erations as the median and interquartile range in our results figures.
Diversification rates were calculated as origination rate minus extinction rate,
and turnover was calculated as the smaller value of either extinction or orig-
ination rate within each bin, representing the approximate amount of ex-
tinction that was balanced by origination (i.e., turnover). We implemented
SQS at a quorum of 0.8 (Fig. 3A) and in our supplement (S/ Appendix, Fig. S6)
also show results at a wider range of quora and excluding the dominant (most
frequent) species or pair of species from each interval prior to calculation to
reduce the biasing effects of variation in evenness (e.g., ref. 5). We also
quantified evenness using Pielou’s J and the Evar metric using the R package
Codyn version 2.0.4 (85) (SI Appendix, Fig. S7) at both species and genus levels
and the proportion of occurrences belonging to Lystrosaurus species within
each interval. Our analyses infer the pattern of extinction and turnover across
all our studied intervals rather than assuming coincidence with the Permian—
Triassic geologic boundary.

Data Availability. All study data are included in the article and/or supporting
information.
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