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In addition to their devastating effects on global biodiversity,
mass extinctions have had a long-term inﬂuence on the history of
life by eliminating dominant lineages that suppressed ecological
change. Here, we test whether the end-Permian mass extinction
(252.3 Ma) affected the distribution of tetrapod faunas within
the southern hemisphere and apply quantitative methods to analyze four components of biogeographic structure: connectedness,
clustering, range size, and endemism. For all four components,
we detected increased provincialism between our Permian and
Triassic datasets. In southern Pangea, a more homogeneous and
broadly distributed fauna in the Late Permian (Wuchiapingian,
∼257 Ma) was replaced by a provincial and biogeographically fragmented fauna by Middle Triassic times (Anisian, ∼242 Ma). Importantly in the Triassic, lower latitude basins in Tanzania and Zambia
included dinosaur predecessors and other archosaurs unknown
elsewhere. The recognition of heterogeneous tetrapod communities in the Triassic implies that the end-Permian mass extinction
afforded ecologically marginalized lineages the ecospace to diversify, and that biotic controls (i.e., evolutionary incumbency) were
fundamentally reset. Archosaurs, which began diversifying in the
Early Triassic, were likely beneﬁciaries of this ecological release
and remained dominant for much of the later Mesozoic.
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ass extinctions are thought to reshape the composition and
ecological structure of communities on a scale unparalleled
by background extinction (1, 2). Within the terrestrial realm, the
replacement of dinosaur-dominated communities by those of
mammals after the end-Cretaceous extinction is perhaps the
best-known example of such wholesale faunal reshufﬂing. By
contrast, understanding the effects of the more massive endPermian extinction on terrestrial community structure has been
hampered by the paucity of high-quality geographic data, with
nearly all studies restricted to sequences from single basins in
Russia (3, 4) or South Africa (5–8). Although some broad similarities have emerged, such as the progressive aridiﬁcation of the
two basins (3, 8) and a heightened diversity of temnospondyl
amphibians in the recovery interval (9), limited geographic
sampling in each hemisphere constrains the ability of paleontologists to distinguish regional patterns from those characteristic of the individual basins. Moreover, these broadly separated
areas are uninformative regarding large-scale (i.e., continentlevel) patterns of faunal evolution.
Here we examine tetrapod faunal composition in ﬁve fossiliferous areas in southern Pangea approximately 5 million years
before and 10 million years after the end-Permian mass extinction.
We analyze changes in biogeographic structure with four metrics
of taxon occurrence data. First, biogeographic connectedness
(BC) quantiﬁes the proportion of taxon-locality occurrences relative to the maximum number of such occurrences possible. Thus,
at its extremes, faunas or ﬂoras where species are distributed
across all localities show high connectedness, whereas when each
www.pnas.org/cgi/doi/10.1073/pnas.1302323110

species occurs at only a single locality, BC has a minimum value. A
second, related factor of biogeographic structure is the propensity for species to have correlated geographic ranges. To
measure this factor, we used a network clustering algorithm that
measures the potential to compress a taxon-locality bipartite
network into subunits. These measures have several advantages
over most current biogeographic methods (10, 11) because the
summary measures follow directly from the occurrence data of the
taxa included, rather than being ﬁltered through a similarity measure. We also analyzed the average number of basins in which
species occur as well as the proportion of endemic taxa per locality.
These four measures quantify complementary aspects of large-scale
biogeographic structure across the Permo-Triassic boundary.
Data Collection
Tetrapod occurrence data were collected from the Upper Permian
Cistecephalus Assemblage Zone (AZ) and the primarily Middle
Triassic Cynognathus AZ of South Africa and their temporal
equivalents (SI Text). These two zones are sufﬁciently separated
from the end-Permian mass extinction to represent reasonable
glimpses of pre- and postextinction assemblages. Indeed, the
Cynognathus AZ is considered the ﬁrst postextinction biozone to
feature a stable global carbon cycle (12, 13). In addition to the
Karoo, we collected data on the composition of tetrapod faunas
in four other areas preserving fossiliferous Upper Permian and
Middle Triassic beds, namely the (i) Luangwa Basin of Zambia,
(ii) Ruhuhu Basin of Tanzania, (iii) Chiweta beds of Malawi, and
(iv) Beacon Basin of Antarctica (see Fig. 1 for relative positions
in southern Pangea).
Data from the literature were extensively updated by over
a decade of ﬁeldwork and ﬁrsthand research of historical collections, both of which have yielded extensively revised occurrence lists as well as a variety of new taxa (14–18) (SI Text).
Importantly, ﬁeldwork has been able to precisely document the
stratigraphic position of fossil assemblages such that the fossiliferous Permian beds of Malawi, Tanzania, and Zambia are now
considered equivalent to the Cistecephalus AZ in South Africa
(15, 17). In addition, our occurrence data beneﬁt from the personal study of all of the relevant fossils and thus do not rely on
the literature being up-to-date. We restricted our analysis to
species-level taxa, as this is the most appropriate level for biogeographic analysis. However, the current state of gorgonopsid
therapsid taxonomy hampered our ability to generate a specieslevel taxonomic list for each region for this group, and therefore
we excluded this clade from our analysis. Based on our ﬁeldwork,
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grouped biogeographically, we use the higher-order relationships
(i.e., taxon-taxon cooccurrences) in the occurrence network.
Biogeographic data are inherently bipartite (i.e., taxon-locality
occurrences). The density of such a bipartite network can be
visualized with the simple case given in Fig. 2. More formally, we
rescale the bipartite density so that it is undeﬁned when only
a single locality is included (connectedness cannot be assessed
for a single locality), and require all taxa to be present in at least
one locality. When rescaled, the bipartite density measures the
connectedness of the localities by the occurrence relationships of
taxa. The rescaled bipartite density, which we introduce here as
BC, is written
BC =

Fig. 1. Paleogeographic map of southern Pangea with stars indicating the
positions of the ﬁve Permian and Triassic fossiliferous areas analyzed (from
left to right: Karoo Basin of South Africa; Luangwa Basin of Zambia; Chiweta
beds of Malawi; Ruhuhu Basin of Tanzania; Beacon Basin of Antarctica).
Corresponding faunal data from India and Namibia are discussed in the SI
Text. Modern outlines of Africa (excluding Madagascar) and Antarctica
(excluding East Antarctica) are highlighted. Early Triassic paleogeography
(∼250 Ma) is based on data originally published by Lawver et al. (40).

however, we suspect that at least two medium-sized gorgonopsids are shared between the four Permian areas used here. In
total, we gathered occurrence data for 62 Permian and 68 Triassic species (Tables S1 and S2).
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Network Methods for Assessing Biogeographic Structure
A number of measures have been proposed to summarize realworld networks. For example, in food webs species connectance is
the number of observed relationships divided by the number that
could conceivably occur (19), a property that is more generally
referred to as the density of a network. To study biogeographic
structure with bipartite (i.e., taxon-locality) occurrence networks,
two key network statistics are required. First, to summarize the
overlap of the geographic ranges of taxa, we rescale the density
measure for species-locality bipartite networks. Second, to summarize network clustering (20), or the extent to which species are

O−N
;
LN − N

[1]

where O is the number of links in the occurrence network (number of occurrences), N is the number of taxa, and L is the number
of localities. The numerator is the number of occurrences of taxa
beyond a single locality (hence why N is subtracted from O), and
the denominator is the number of occurrences that could conceivably occur (LN), minus one occurrence for each species because each species must occur at least once. This measure is
bounded between 0 (when O = N) and 1 (when O = LN), which
correspond to extreme occurrence network topologies of minimum and maximum homogeneity, respectively (Fig. 2). Between
these extremes, networks with a high proportion of endemic taxa
will have values closer to zero, whereas more cosmopolitan faunas will have higher values (Fig. 2). The measure does not assume that L be a speciﬁc spatial scale, or that the taxonomic rank
of N be constrained to the species level.
BC is not a sufﬁcient measure on its own to summarize biogeographic structure because a fauna or ﬂora with different biogeographic structure but equivalent geographic range distributions
can produce the same value. To more completely assess biogeographic structure, we used the map equation, an informationtheoretic approach for clustering networks (20–22). When a network can be compressed into subunits with minimal information
loss, it has rich cluster structure. For our purpose, a bipartite
occurrence network with a low code length (measured in bits) can
be compressed into more distinct biogeographic subunits than
a bipartite occurrence network that clusters with a high coding
length. Thus, changes in map equation scores serve as a useful
proxy for differences in biogeographic clustering.
Results
Fig. 3A shows the bipartite networks generated from our faunal
occurrence data. The Late Permian network includes a substantial percentage of species (21 of 62) that are shared by at
least two basins. It is worth noting that the South African Karoo
has a very long history of paleontological work (23–25), which

Fig. 2. Bipartite networks exemplifying minimum to maximum scores of BC. Brown circles denote localities (geographic areas), tan circles denote taxa that
occur at a single locality, and yellow circles denote taxa present at two or more localities. A taxon is connected to a locality if it occurs there.
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Fig. 3. Biogeographic structure of southern Pangean tetrapod assemblages before and after the Permian-Triassic mass extinction. (A) Late Permian terrestrial
vertebrate assemblages show high connectedness and are similar across regions. Early Middle Triassic faunas show increased biogeographic separation that
corresponds to faunal differentiation among fossiliferous basins. Asterisks denote approximate faunal horizon on the geological timescale (geochronology
from ref. 41). Color codes correspond to those in Fig. 2. E, Early; L, Late; M, Middle. (B–E) Histograms depicting the distribution of bootstrap analyses of four
measures of biogeographic structure. Values for network clustering are given in bits (22), with higher values indicating less distinct subunits in the bipartite
network. Recovery from the end-Permian crisis resulted in signiﬁcant differences in biogeographic connectedness, network clustering, range size, and proportion of endemics (Welch two sample t test, P << 0.01 for each; bootstrap data were normally distributed), indicating increased provincialism in the Triassic.

helps to explain its large number of endemic taxa (n = 26)
compared with the comparatively under-sampled Malawian,
Tanzanian, and Zambian basins. In contrast, the Middle Triassic
network shows clear geographic clustering and very few species
shared between regions (5 of 68), with only the cynodont therapsid Diademodon shared by all four. Equally interesting is the
remarkably divergent nature of the Tanzanian and, to a lesser
degree Zambian, fossil record. Crown group archosaurs are diverse and abundant in the Manda beds of Tanzania (16), which is
in stark contrast to their absence from contemporaneous South
African strata.
Our analysis revealed a decrease in BC from 0.16 in the Late
Permian to 0.04 in the Middle Triassic. Correspondingly, our
analysis showed increased network clustering across the massextinction boundary, with code length decreasing from 4.99 to
4.66. To test for signiﬁcance, we resampled the occurrence data,
such that for each presence of a species in a locality, we removed
that presence with 5% probability. If a species was reduced to
zero occurrences, it did not count toward the sample size. For
each absence of a species in a locality, we included the species
with 5% probability. Ten-thousand bootstrap replicates were
reanalyzed and showed statistically signiﬁcant differences between the Permian and Triassic in both the BC and code-length
values (P < 0.01) (Fig. 3 B and C). Our data show that on average, Middle Triassic tetrapod species had smaller geographic
ranges, measured as the number of locality (namely, geologic
basin) occurrences, compared with their Late Permian forebears
(Fig. 3D). Permian tetrapods of southern Pangea occurred in an
average of 1.49 basins, whereas Triassic species occurred in an
Sidor et al.

average of 1.13 basins. Bootstrapping the underlying occurrence
datasets suggests that these differences are signiﬁcantly different
(P < 0.01). We also examined the proportion of species endemic
to a single geographic locality. In the Permian, just over onethird (0.37) of the species studied occurred in a single locality,
whereas in the Triassic the same value rose to almost threequarters (0.73). Again, bootstrapping indicates that this change
is signiﬁcant (P < 0.01) (Fig. 3E). All four measures of biogeographic structure support the proposal that Triassic tetrapod
assemblages of southern Pangea were signiﬁcantly more heterogeneous and provincial than their Permian antecedents.
Discussion
Analyzing Biogeographic Structure. Quantitative studies of com-

munity similarity and biogeographic structure frequently make
use of a combination of similarity or distance metrics and cluster
analyses (10, 11). A wide range of similarity and distance metrics
have been proposed, which use differing deﬁnitions of similarity
and make various assumptions about issues such as the weighting
of joint occurrences or mismatches. However, it is often unclear
which metric or metrics might be most appropriate in a given
case, and when different metrics give differing results it is often
difﬁcult to determine which result is more strongly supported.
These metrics also tend to obscure the actual geographic ranges
of the constituent species and can be susceptible to differences in
the number of species per basin (a problem for paleontological
analyses that consistently underestimate richness). When combined with the variety of methods available for clustering, a researcher may be faced with an impractically large number of
PNAS Early Edition | 3 of 5

conﬂicting dendrograms, each based on different assumptions
and emphasizing various aspects of faunal similarity (10).
The network-based method we adopted here has several
advantages over more traditional approaches. For example, it
uses the occurrence distribution data directly, instead of ﬁltering it through a distance calculation, and can also take into
account indirect connections between communities (i.e., species that do not cooccur in a given location but are likely part
of a larger regional assemblage on the basis of cooccurrences with
more widely distributed species). The use of descriptive network
statistics also provides more detailed insight into the underlying
structure of biogeographic assemblages, and network diagrams
provide an easy-to-interpret means of representing similarities and
differences between faunas at various localities. In the current case,
our network results show that the higher dissimilarity of Triassic
communities relative to Permian ones was driven by a signiﬁcant
decrease in the geographic ranges of taxa and a fundamental
change in the nature of the faunal connections between the basins
we investigated. Interestingly, these results predict that the biostratigraphic correlation of mid-Triassic rocks should be more difﬁcult than those of the Permian, as widespread tetrapod species
became less common.
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Permo-Triassic Crisis. The end-Permian event had a devastating
effect on global biodiversity, with estimates of over 90% species
extinction among marine invertebrates and over 70% in terrestrial animals (but signiﬁcantly less among plants) (3–7, 26–28).
Recent work has suggested that recovery was delayed because of
prolonged environmental disturbance, manifested by wide ﬂuctuations in the global carbon cycle that persisted for most of the
Early Triassic (13, 29), and that substantial ecosystem diversity
was not regained until about 8-million-years later in the Middle
Triassic (12, 13, 30, 31). On land, the recovery of terrestrial
vertebrates has been studied extensively in the Karoo Basin of
South Africa. In that basin, only four therapsid genera are known
to have survived the end-Permian extinction (5–7, 32), which
implies that immigration substantially contributed to postextinction faunas. Indeed, coeval rocks in Antarctica have produced fossils suggestive of a high-latitude refugium (14, 33).
The lack of well-sampled, coeval basins has hamstrung the
attempts of vertebrate paleontologists to understand how the
end-Permian mass extinction affected the geographic distribution of tetrapod faunas. As a result, patterns documented in
the Karoo Basin have necessarily been considered representative of the southern hemisphere as a whole (5, 12, 24). Our
work has shown that the four basins preserving Upper Permian
fossils (Malawi, South Africa, Tanzania, Zambia) were, despite
markedly different basin architecture and ﬁll, characterized by
a single, highly interconnected community during the Permian.
Furthermore, the tetrapod fauna was broadly distributed (e.g.,
∼2,600 km between the Tanzanian and South African basins)
and dominated by dicynodont herbivores, with taxa such as
Pristerodon, Oudenodon, Dicynodontoides, and Endothiodon
being especially wide-ranging (17).
Postextinction terrestrial vertebrate community structure
changed in southern Pangea in two important ways. First, as previously shown for tetrapods (3, 4, 12, 17) the taxonomic composition of assemblages preserved in each basin underwent wholesale
revision; there are no species (or genera) found in both Upper
Permian and Middle Triassic rocks. Among basins, a second, largerscale transition also occurred. Our results demonstrate the balkanization of Triassic terrestrial vertebrate faunas, with different
communities present in each basin (although the depauperate
Antarctic fauna is the least differentiated from that of the Karoo).
1. Jablonski D (1986) Background and mass extinctions: The alternation of macroevolutionary regimes. Science 231(4734):129–133.
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Compared with the Permian data from the same basins, the number
of shared species is dramatically reduced and proportion of endemics increased. Even the Middle Triassic of Antarctica, which is
by far the least well understood (14, 34), has two unique species of
ﬁve total. Data for the Lower Triassic “disaster interval” are more
limited, but suggest a relatively cosmopolitan tetrapod fauna with
Lystrosaurus as its hallmark. Thus, the transition from widespread
to endemic tetrapod assemblages did not directly stem from the
extinction event, but instead coincided with the restoration of
ecological stability during the recovery process (30, 35) (SI Text).
Evolutionary Incumbency and the Rise of Archosaurs. The timing of
the archosaur radiation has received renewed attention with the
recent discovery of Middle Triassic dinosauriforms (16, 18, 36) as
well as Early Triassic footprints ascribed to dinosauromorphs
(37) and body fossils of poposauroid pseudosuchians (38). All of
these ﬁndings suggest that crown-group archosaur diversiﬁcation
was more intimately related to recovery from the end-Permian
mass extinction than previously suspected. Importantly, this early
diversiﬁcation included not only phylogenetic diversiﬁcation,
with at least ﬁve archosaur ghost lineages drawn back to the
Early Triassic, but ecological expansion into a variety of carnivorous, omnivorous, and herbivorous niches (16, 39).
Decimation of therapsid-dominated Late Permian ecosystems
left vacant ecospace that was only partially ﬁlled in the earliest
Triassic by Lystrosaurus and its associated fauna (23–25, 35).
Lystrosaurus is broadly distributed (e.g., China, India, Russia,
South Africa) and considered a disaster taxon adapted to the
perturbed environments typifying most of the Early Triassic (4,
7, 33). Proterosuchus, an early archosauriform, cooccurs with
Lystrosaurus and is found in the ﬁrst 10 m of the Triassic in South
Africa (5, 6), despite having no Permian predecessors there.
Middle Triassic archosauriforms, such as Erythrosuchus and
Euparkeria, are similarly found in the Karoo, but despite intensive collecting for over a century, unambiguous crown-group
archosaurs have yet to be recovered from that basin. Our research in the Middle Triassic of Tanzania and Zambia has uncovered an unsuspected taxonomic and ecological diversity of
archosaurs (16, 18, 36), indicating that the Karoo may not serve
as a useful model system for understanding postextinction diversiﬁcation. Although data rich, patterns of vertebrate recovery
established within the Karoo Basin of South Africa and the south
Urals of Russia fail to capture the geographic complexity of the
recovery process. Data from undersampled basins show that the
composition of tetrapod faunas varied to a greater degree in the
Triassic than in the Permian, and that the intervening mass extinction likely dislodged therapsid incumbents and set the stage
for a spatially heterogeneous recovery.
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