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10 Abstract

11 The Permian-Triassic mass extinction, the greatest biotic crisis in Earth history, triggered the complete
12 replacement of ecosystems with the 5-10% surviving species giving rise to the Mesozoic fauna. Despite a
13 long history of systematic studies on Permian-Triassic foraminifera, there have been few investigations into
14  spatial and temporal patterns of survivorship and evolution during this critical interval. We interrogate a high-
15  resolution data set comprising newly obtained and previously published foraminiferal data (including 13,422
16  specimens in 173 species in 62 genera) from seven well-studied Permian-Triassic successions that record a
17  transect of platform to basin facies in South China. Shallow-water settings seen at the Cili and Dajiang
18  sections suffered a single-pulse, sudden extinction with high extinction rates at the end of the Palaeofusulina
19  sinensis Zone; deeper-water and slope environments seen at Liangfengya and Meishan experienced a two-

20  pulse extinction in the Clarkina yini and Isarcicella staeschei zones; basinal settings, seen at Shangsi, Gujiao
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and Sidazhai, record a single, less devastating extinction pulse in and slightly above the C. yini Zone. In the

Late Permian, foraminiferal diversity was greatest on the shallow platforms, where 76.4% of species recorded

in our study lived. The two pulses of the Permian-Triassic extinction prompted this foraminiferal diversity

hotspot to move to deeper slope settings (comprising 75.6% of contemporary species) and finally basinal

settings (comprising 88.8% of species). We propose that foraminifera migrated to deeper water to avoid

overheating and toxicity in shallow waters that were driven by the emplacement of the Siberian Traps and

coeval volcanic activities around the Paleotethys Ocean. This study provides a methodological framework

for investigating survival mechanisms for foraminifers and other taxonomic groups during mass extinction

events.

Keywords: foraminifera; spatial-temporal evolution; selective extinction, survival strategy, deep-ward

migration

1. Introduction

It is estimated that four billion species have existed throughout Earth history and that 99% of these are

extinct (Novacek, 2001). Species naturally evolve and disappear, but the evolutionary balance of the planet

has also been interrupted by several major biotic crises (McGhee et al., 2013). The well-known “Big Five”

mass extinctions, and numerous lesser calamities, have pruned the branches of the tree of life over time,

enabling the survivors of these events and their descendants to establish new branches and shape life on Earth

as we know it. Thus, extinction survivors have played a fundamental role in the origins and macroevolution

of our biosphere. A key question remains: how and why could survivors survive mass extinctions? A variety

of survival strategies have been postulated for terrestrial animals, including poleward migration during times

of warming (Sun et al., 2012; Benton, 2018) and an ability to burrow (Waldrop, 1988; Robertson et al., 2004).
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Thus, many mammalian survivors of the Cretaceous-Paleogene extinction are thought to have found refuge

in underground burrows, while non-avian dinosaurs (that could not burrow) suffered major losses (Waldrop,

1988; Robertson et al., 2004). Fossil records show that tetrapods moved 10-15“poleward during the Permian-

Triassic extinction, probably in response to overheating in equatorial regions (Sun et al., 2012; Benton, 2018).

Survival strategies in marine organisms are poorly understood, partly because of the difficulty in evaluating

detailed biological and ecological processes at the required spatial and temporal resolution through

geologically brief mass extinction period intervals.

The Permian-Triassic mass extinction (PTME) was the most devastating and ecologically severe of the

“Big Five” extinctions (Alroy et al., 2008; Song et al., 2018), wiping out > 90% of marine species (Erwin,

1994; Song et al., 2013) and resulting in the complete restructuring of life from Palaeozoic- to Mesozoic-

faunas (Sepkoski, 1981). The drivers of this mass extinction have been debated for half a century, and most

extinction scenarios invoke multiple climatic and environmental factors linked to the Siberian Traps large

igneous province (Renne and Basu, 1995; Burgess et al., 2017; Shen et al., 2019; Chu et al., 2020) and coeval

volcanic activity around the Paleotethys Ocean (Yin and Song, 2013). Volcanically-derived stress factors

include global warming (Joachimski et al., 2012; Sun et al., 2012; MacLeod et al., 2017), anoxia (Isozaki,

1997; Grice et al., 2005; Bond and Wignall, 2010; Shen et al., 2016) and ocean acidification (Payne et al.,

2010; Hinojosa et al., 2012; Clarkson et al., 2015).

The PTME was highly selective (Knoll et al., 1996; McKinney, 1997; Clapham and Payne, 2011; Song

et al., 2013). Marine ecosystems shifted from dominance by non-motile animals to dominance by nektonic

organisms (Song et al., 2018), and non-motile animals suffered higher extinction magnitudes. Extinction

patterns and magnitudes among benthic organisms varied between shallow- and deep-water settings:
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extinctions amongst foraminifers occur as a single pulse in platform sections (Groves et al., 2005; Song et

al., 2009b; Yang et al., 2016), but this group also suffered a second extinction pulse in slope settings (Song

et al., 2009a). In contrast, ostracods exhibit two extinction pulses in shallow settings, and while abundant

ostracods are found within the well-known Permian-Triassic microbialite unit, they disappear along with this

facies in the Griesbachian substage (lower Induan Stage) (Forel, 2013; Wan et al., 2019). In slope settings,

ostracods record only a single extinction pulse (Crasquin et al., 2010).

In exploring how survivors survived the PTME, Foraminifera have so far not been much considered.

The large fusulinacean foraminifera were among the dominant benthos in late Palaeozoic oceans until they

were eliminated during the PTME (Stanley and Yang, 1994). Smaller foraminifers also suffered severe loss

but a few species survived (perhaps due to their more efficient oxygen uptake) into the Triassic (Groves et

al., 2005; Payne et al., 2011). Foraminifers represent an excellent group to study the above questions because

they have a rich fossil record and they experienced the whole process of extinction, survival, and recovery

during the Palaeozoic-Mesozoic transition (Song et al., 2011b). They are one of the most common fossil

groups in Permian-Triassic marine strata due to their high abundance and the high preservation potential of

their calcified or agglutinated tests. They are, therefore, perfectly suited for high-precision quantitative

studies of the ecological strategies that facilitated survival during extinction events. Here, we use a detailed

record from South China to investigate survival strategies during the PTME interval, and hence to unpick the

underlying causes of the PTME.

There has been a long history of systematic studies on Permian-Triassic foraminifera from many regions,

including the Alps (Vachard and Miconnet, 1989; Groves et al., 2007; Nestell et al., 2011; Kolar-Jurkovsek

et al., 2013), Caucasia (Pronina, 1988; Vuks, 2000; Pronina-Nestell and Nestell, 2001; Vuks, 2007), Iran
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(Kobayashi and Ishii, 2003; Aghai et al., 2009; Kolodka et al., 2012; Nejad et al., 2015), Japan (Kobayashi,
1997; Kobayashi, 2006; Kobayashi, 2012; Kobayashi, 2013), Tibet (Wang and Ueno, 2009; Wang et al., 2010;
Zhang et al., 2013; Zhang et al., 2016), Turkey (Altiner, 1981; Altiner et al., 2000; Altiner and Altiner, 2010;
Vachard and Moix, 2013), and South China (Gaillot et al., 2009; Song et al., 2009a; Song et al., 2011b; Song
etal., 2015). Earlier investigations have revealed that foraminiferal faunas from shallow to deep settings were
inconsistent in their response to the PTME (Gu et al., 2007; Song et al., 2009b; Zhang and Gu, 2015), thus it

is necessary to investigate their spatial evolution.

In this paper, we examine multiple facies in multiple localities to reveal the spatial-temporal evolution
of foraminifers during the PTME in South China. We perform a new quantitative analysis on seven sections
that record different facies and environments of deposition in South China, each of which has been previously
studied for its biostratigraphy, sedimentology, and geochemistry. This enables us to compare in detail, and

for the first time, how these key organisms responded to the mass extinction crisis in different oceanic settings.

2. Key sections and stratigraphy

During the Permian-Triassic boundary (PTB) interval, the South China Block was located in low latitude
eastern Paleotethys (Fig. 1B). The South China Block was a stable palaeogeographic unit from the Late
Proterozoic to the Middle Triassic and records diverse depositional lithofacies from shallow-water carbonates
to deep-water basin siliciclastics (Feng, 1997; Lehrmann et al., 1998; He et al., 2013). We have studied seven
sections that can be divided into three distinct sedimentary environments: shallow platform, slope, and basin
(Fig. 1 Aand C). Specifically, shallow platform facies are recorded at Cili and Dajiang, and in the lower part
of the Liangfengya section (the Changxing Formation); slope facies are exposed at Meishan, in the upper

part of the Liangfengya section (the Feixianguan Formation), and the lower part of the Shangsi section (the
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Dalong Formation); basinal facies are seen in the upper part of the Shangsi section (the Feixianguan

Formation) and at Gujiao and Sidazhai. Each section preserves a continuous succession through the Permian-

Triassic transition apart from Sidazhai where the basal 7.9 m of the Luolou Formation are covered. The

sedimentary characteristics and biostratigraphic data for each section are discussed in detail below. We

divided the successions into three parts, i.e. late Changhsingian (Clarkina yini Zone), PTB interval (C.

meishanensis to Isarcicella staeschei zones), and the late Griesbachian. Strata in the PTB interval are

sometimes referred to as transitional beds (Yin and Wu, 1985) or mixed fauna beds (Teichert et al., 1970;

Sheng et al., 1984; Chen et al., 2005), characterized by mixed Permian-type and Triassic-type faunas.

2.1 Cili section

The Cili section, ~200 km west of Changsha city, Hunan Province, is located in the central part of the

Upper Yangtze carbonate platform (Feng et al., 1993) (Fig. 1B). The Permian-Triassic sequence is composed

of the Changxing and Daye Formations (Fig. 2). The late Changhsingian foraminifera Palaeofusulina-

Colaniella Zone occurs in the upper part of Changxing Formation (\Wang et al., 2009). The first appearance

of Hindeodus parvus occurs at the base of the microbialite, i.e. lowest part of the Daye Formation (\Wang et

al., 2016), and it has been suggested that there is a hiatus between the Changxing and Daye formations (Yin

etal., 2014). Wang et al. (2016) assign the beds above the microbialite to the Isarcicella isarcica Zone.

The Upper Permian Changxing Formation comprises 15 m of grey, thick-bedded bioclastic packstones

with an abundant and diverse fossil assemblage that includes fusulinids, small foraminifers, calcareous algae,

echinoderms, and Tubiphytes (Wang et al., 2009; Yang et al., 2013). Most of the bioclasts are well preserved,

but some fusulinids, echinoderms, and Tubiphytes were fragmented, suggesting that they were transported
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from the edge of the reef area (Wang et al., 2009). The matrix is composed of micrite and rare calcisparite,

suggesting shallow back reef lagoon deposition with some turbulence (Wang et al., 1997; Wang et al., 2009).

The Lower Triassic Daye Formation, consisting of microbialites, oolitic limestones, vermicular
limestones, and limestones, has a sharp basal contact with the underlying bioclastic packstones. The lower
part of the Daye Formation yields a few fossil groups at low diversity, e.g. small foraminifers, small molluscs,
conodonts, and ostracods (Wang et al., 2009; Luo et al., 2013; Yang et al., 2013). The microbialite (Bed 2)
has similar petrographic features to the calcimicrobial framestone seen at Dajiang. Beds 3 and 4 at Cili are
oolitic limestone and vermicular limestone, respectively. The oolitic limestone is composed of well-preserved
grains. These grains are spherical or ellipsoidal with diameters between 0.2 mm and 0.6 mm, and are
surrounded by microspar and rarely, micrite (Wang et al., 2009). The development of microbialites and oolitic

limestones suggests shallow platform deposition (Wang et al., 1997; Wang et al., 2009).

2.2 Dajiang section

The Dajiang section, ~120 km south of Guiyang city, Guizhou Province, was deposited on the Great
Bank of Guizhou in the Nanpanjiang Basin, South China Block during the Late Permian period (Lehrmann
etal., 2003; Collin et al., 2009) (Fig. 1B). Its Permian-Triassic sequence consists of the Wujiaping and Daye
formations (Fig. 2). The late Changhsingian conodont Clarkina changxingensis is known from the upper part
of the Wujiaping Formation (Lehrmann et al., 2003). The first occurrence of the basal Triassic marker,
Hindeodus parvus is in the skeletal limestone that fills in hollows between the topmost Changxing Formation
and lowermost Daye Formation (Jiang et al., 2014). Accordingly, the microbialite is also assigned to the H.

parvus Zone (Lehrmann et al., 2003). The Isarcicella lobata and Isarcicella isarcica zones have been
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identified in the overlying molluscan grainstone and limestones, respectively (Payne et al., 2004; Jiang et al.,

2014).

The Upper Permian Wujiaping Formation comprises 15 m of thick-bedded cherty skeletal packstone,
yielding diverse and abundant fossils, including fusulinids, sponges, rugose corals, crinoids, echinoid spines,
Tubiphytes, bivalves, gastropods and dasycladacean algae (Lehrmann et al., 2003; Song et al., 2009b). The
skeletal packstone contains abundant small fossil fragments whose cavities are filled with lime-mud,

suggesting deposition in a shallow platform environment near fair-weather wave base (Lehrmann et al., 2003).

The overlying Early Triassic Daye Formation comprises 16 m of massive-bedded calcimicrobial
framestone interbedded with molluscan lime grainstone, yielding only a few fossils, such as pectinacean
bivalves, small gastropods, small foraminifera, ostracods, rare echinoderms and brachiopods (Lehrmann,
1999; Lehrmann etal., 2003; Yang et al., 2011; Forel, 2012). The microbial fossils of the framework comprise
equant to lunate globular fossils with micrite walls that form irregular, tufted, and dendritic aggregates
(Lehrmann et al., 2003; Liu et al., 2007). The irregular intraframework cavities are several centimetres thick
and filled with micritie and other fossil fragments (Lehrmann et al., 2003; Lehrmann et al., 2015). These
microbial blooms and interlayered molluscan grainstones are characteristic of shallow marine subtidal

environments (Osleger and Read, 1991; Lehrmann, 1999; Lehrmann et al., 2003).

2.3 Liangfengya section

The Liangfengya section, ~13 km west of Chongqing city, was deposited in the west of the Upper
Yangtze platform during the Permian-Triassic transition (Fig. 1B). This section comprises the Changxing and

Feixianguan formations (Fig. 2). The late Changhsingian conodont Clarkina changxingensis was found in
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the upper part of the Changxing Formation (Yuan and Shen, 2011). The Permian-Triassic boundary is

characterized by the first occurrence of Hindeodus parvus within a limestone (Bed 21c) in the uppermost

Changxing Formation (Peng and Tong, 1999; Yuan and Shen, 2011). The beginning of the late Grieshachian

is marked by the first occurrence of the ammonoid Ophiceras sp. (Wu, 1988).

The Upper Permian Changxing Formation (Beds 11 to 21) consists of 9.45 m of thick- to medium-

bedded bioclastic packstones with diverse fossils, including rugose corals, brachiopods, small foraminifers,

fusulinids, ostracods, calcareous algae, and conodonts (Yang et al., 1987; Tong and Kuang, 1990; Song et al.,

2011a). These abundant, well-preserved fossils are contained within micrite cements (some bioclasts are

micritised and abraded), suggesting that these sediments were deposited in an open platform (inter-reef)

setting with occasional perturbation (Tong and Kuang, 1990; Wignall and Hallam, 1996). The packstones are

interlayered with thin beds of clay that are up to a few centimeteres thick and consist entirely of illite and

montmorillonite (Wignall and Hallam, 1996).

The lower part of the Feixianguan Formation is characterized by thin- to medium-bedded marl

interbedded with black shale and yellowish clay (Bed 22). Bed 23 is characterized by alternations of yellow-

green laminar mudstone and calcareous mudstone, yielding a few bivalves, ammonoids, and brachiopods,

e.g. Claraia grissbachi, C. hunanica, and Lingula sp. (Yang et al., 1987). The marl is poorly bioturbated,

limited to small-sized burrows, and the abundance of small pyrite framboids in beds 16 to 22 suggests

oxygen-restricted conditions (Wignall and Hallam, 1996).

2.4 Meishan section

The Meishan section is located in Changxing County, Zhejiang Province (Fig. 1B), and is well known
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as the Global Stratotype Section and Point (GSSP) for the Permian-Triassic boundary (Yin et al., 2001). The
Late Permian to Early Triassic succession is recorded by the Changxing and Yinkeng formations (Fig. 2).

The conodont biostratigraphy is well established (Yin et al., 2001; Jiang et al., 2007).

The upper Changxing Formation (Beds 19 to 24) is composed of 11.3 m of thick- to thin-bedded
bioclastic micrite and siliceous micrite, yielding diverse fossils, including foraminifers, sponge spicules,
crinoids, echinoids, brachiopods, bivalves, ostracods, microproblematica, and sporadically radiolarians (He
etal., 2005; Song et al., 2009a; Chen et al., 2015). Lithofacies and fossils indicate deposition in a low-energy
open slope environment still within the euphotic zone (Zhang et al., 1996; Cao and Zheng, 2007; Chen et al.,

2015).

The lowest part of the Yinkeng Formation is composed of marl and mudstone, interbedded with clays
with planar, fine lamination. The marls are mostly composed of micrite matrix with rare fragments of
foraminifers, ostracods, echinoids and brachiopods (Cao and Zheng, 2009; Chen et al., 2015). The lower part
of the Yinkeng Formation records a transgressive systems tract deposited beneath storm wave base (Zhang
et al., 1996). The middle to upper part of the Yinkeng Formation has been interpreted as having been
deposited in a relatively deep, offshore location (Chen et al., 2007; Chen et al., 2015). Pyrite framboid and
geochemical data suggest that depositional redox conditions became euxinic to dysoxic in the latest
Changhsingian (Beds 25-26a), and these persisted into the basal Triassic (Shen et al., 2011; Song et al., 2012;

Chen et al., 2015).

2.5 Shangsi section

The Shangsi section, ~230 km south of Chengdu city, Sichuan Province, was located in the Northern
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Basin of the Yangtze Platform during the Permian-Triassic transition (Fig. 1A), and exposes the Dalong and
Feixianguan formations (Fig. 2). The biostratigraphic and cyclostratigraphic framework has been studied in

detail (Lai et al., 1996; Jiang et al., 2011; Wu et al., 2013; Yuan et al., 2019).

The upper part of the Dalong Formation comprises 2.98 m of thin-bedded dark grey, organic-rich micrite,
interbedded with claystone, yielding a deep-water fauna of ammonoids, radiolarians, conodonts, and small
foraminifers (Li et al., 1986; Wignall et al., 1995). Both the lithofacies and fossil groups suggest deposition

in an outer ramp to basinal facies (Jin, 1987; Wignall et al., 1995), somewhat deeper than Meishan.

The lowest part of the Feixianguan Formation (Bed 29) is composed of mudstone, marl, and claystone
with horizontal bedding, and includes sparse conodonts, bivalves, echinoids, and foraminifers. The remainder
of the lower Feixianguan Formation comprises thin- to thick-bedded marls and limestones interbedded with
mudstone, and contains rare Triassic fossils. The limestone is dominated by horizontal bedding and sporadic
cross bedding throughout the lower Feixianguan Formation, which suggests deposition within the reach of

storm waves in a lower carbonate ramp setting (Wignall et al., 1995; Xie et al., 2017).

2.6 Gujiao section

The Gujiao section, ~20 km southeast of Guiyang city, Guizhou Province, was located at the northern
margin of the Nanpanjiang Basin during the Permian-Triassic transition (Fig. 1B). The PTB sequence
comprises the Dalong and Daye Formations (Fig. 2), which are well exposed in this area. In our study, the
late Changhsingian index fossils Pseudotirolites sp. and C. yini were found in the lower part of the Dalong
Formation (Miao et al., 2019). The Permian-Triassic boundary marker, H. parvus occurs in the basal part of

the Daye Formation. The first occurrence of the Griesbachian ammonoid Ophiceras medium is in the
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uppermost part of the Dalong Formation (Dai et al., 2018a; Dai et al., 2018b). We consider that the interval

from the top of the siliceous micrite to the first occurrence of Ophiceras medium constitutes the Permian

Triassic transitional beds.

The Dalong Formation comprises 11 m of thin-bedded micrite, siliceous micrite, dolomitized limestone,

and marl, interbedded with mudstone and claystone. These beds yield diverse ammonoids, nautiloids,

radiolarians, small foraminifers, sponge spicules, as well as transported brachiopods and bivalves (Zheng,

1981; Feng and Gu, 2002). The siliceous micrite is characterized by spherical or elliptical radiolarian

fragments surrounded by micrite, suggesting deposition in a basinal setting. The relative water depth of

Guijiao is inferred to have been deeper than at Shangsi based on the abundant open marine fossils and

development of anoxic conditions.

The lower Daye Formation consists of 6.6 m of thin-bedded marl and limestone interbedded with black

shale and mudstone. The marl contains a low abundance fossil assemblage of ammonoids, bivalves,

brachiopods, gastropods, foraminifers and ostracods (Dai et al., 2018a; Dai et al., 2018b).

2.7 Sidazhai section

The Sidazhai section, ~130 km south of Guiyang city, Guizhou Province, was located in the north of the

Nanpanjiang Basin during the Permian-Triassic transition (Fig. 1B). The Late Permian to Early Triassic

succession comprises the Linghao and Luolou Formations (Fig. 2). The conodont Clarkina yini has been

recovered from the base of the Linghao Formation (Ji, 2012), indicating a late Changhsingian age. The lower

part of the Luolou Formation yields ammonoids belonging to the Ophiceras-Lytopiceras assemblage (Huang,

2014), suggesting a late Griesbachian age.
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The Linghao Formation comprises 13.4 m of medium- to thin-bedded limestone and siliceous limestone
interbedded with siliceous mudstone and yellow mudstone, yielding well-preserved fossils, including
foraminifers, radiolarians, ammonoids, brachiopods, bivalves, and conodonts (Ji, 2012; Huang, 2014). The
limestone (Bed 1) consists of a 4 m thick, grey, medium-bedded limestone with chert nodules and contains
pyrite framboids and diverse autochthonous fossil groups. The siliceous limestone (Bed 2) is characterized
by planar lamination, micrite fills with minor amounts of quartz, and deep-water fossil groups dominated by
radiolarians (e.g. Latentifistula sp., Ormistonella sp., and Follicucullus sp. (Feng et al., 2000; Gao et al.,
2001), sponge spicules, and small foraminifers. These sediments record deposition in a basinal setting. The

depth of Sidazhai is similar to that of Gujiao, but the former is more distal from the Yangtze platform.

The lower part of the Luolou Formation comprises 14.6 m of thin-bedded lutescent calcareous mudstone
interbedded with nodular limestones that yield a few bivalves, ammonoids, conodonts, and small foraminifers,
e.g. Claraia griesbachi, Claraia orbicularis, Ophiceras sp., and Lytophiceras sp. (Ji, 2012; Huang, 2014;

Huang et al., 2018).

3 Materials and methods

We analyzed 13,422 individual foraminiferal specimens observed in 981 standard thin sections (2.2>2.2
cm?) from seven Permian-Triassic transitional sections in South China. Our new data from the Liangfengya,
Cili, Gujiao, Shangsi, and Sidazhai sections (see details in the Supplementary materials) is supported by data
from previously published records from Dajiang (Song et al., 2009b; Payne et al., 2011) and Meishan (Song
et al., 2009a). We construct a temporal framework for these sections using high-resolution biostratigraphic
correlations based on larger fusulinaceans, conodonts, and ammonoids. All newly obtained samples are

deposited in the School of Earth Sciences, China University of Geosciences, Wuhan, China.
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3.1 Cluster analysis

Q-mode cluster analysis was performed using the paired group algorithm with the Euclidean distance
(or similarity) index (Parker and Arnold, 2003; Hammer and Harper, 2006; Schrcier-Adams et al., 2008) to
examine the similarities of foraminiferal assemblages in our seven sections during the Late Permian-Early
Triassic interval. Our database comprises taxa at generic level and their relative abundances (as percentages)
in each section and each interval. We included 63, 23, and 21 genera for the late Changhsingian (C. yini
Zone), PTB interval, and the late Griesbachian intervals respectively. The cluster analyses were performed
with PAleontological STatistics (PAST), Version 3.16 (Hammer et al., 2017), using the unweighted paired
group method of arithmetic means with Euclidean similarity index to calculate the cluster trees. Foraminiferal

faunas with high similarity are aggregated on one tree primarily, with smaller distances between these.

3.2 Confidence interval for estimating the extinction position

The “last occurrences” of fossil taxa do not necessarily represent their true extinctions because of the
Signor-Lipps effect (Meldahl, 1990; Rampino and Adler, 1998). This is especially the case for those species
that have less than 15% stratigraphic abundance (i.e. occurring in less than 15% of the sample intervals).
Statistical analyses can generate confidence levels (such as 50% or 95%; here we employ the 50% confidence
level) for the end of the stratigraphic range of a taxon. Confidence interval size depends inversely on the
sampling rate, based on the length of the stratigraphic range and the number of included fossil horizons. The
50% confidence interval, calculated from the binomial distribution (Marshall, 1990; Marshall and Ward, 1996)
and other improved methods (Wang and Marshall, 2004; Wang and Everson, 2007) can predict the position
of the true extinction horizon with some certainty, and so we employ the 50% confidence interval method for

our four platform and slope sections. The confidence interval (r) is calculated according to Strauss and Sadler
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(1989):

r = R[(1 - C)~V#H-D _1q]

where C is confidence level, which in this case equals 50%, H is the number of fossil horizons, and R

is the observed stratigraphic range.

3.3 Meldahl’s method for testing the extinction pattern

Meldahl (1990) developed a method with a “stratigraphic abundance vs. last occurrence” plot to negate
the Signor-Lipps effect, and test extinction patterns in the geological record. By modelling a sudden
extinction of a modern molluscan biota from the tidal zone in the northern Gulf of California, Meldahl (1990)
identified three extinction patterns, i.e. sudden, stepwise, and gradual. Sudden extinction exhibits an
accelerated diversity decline towards the extinction horizon. Stepwise extinction demonstrates a stepped
diversity decline. Gradual extinction appears as a constant decline (Meldahl, 1990, figs 4-6). Extinction
horizons for individual species are accurately recorded when their stratigraphic abundance is higher than
15%. Meldahl’s (1990) method has been applied frequently to test extinction patterns based on stratigraphic
ranges in the marine fossil record (Jin et al., 2000; Groves et al., 2005; Song et al., 2009b; Angiolini et al.,

2010; Jia and Song, 2018). We employ Meldahl’s (1990) method for our four platform and slope sections.

3.4 Rarefaction analysis

Sample- or individual-based rarefaction (species accumulation curve) is an interpolation method to
estimate how many species would be observed for any smaller or larger number of samples or individuals

(Raup, 1975). Our sample-based rarefaction follows the methods of Colwell et al. (2004), and individual-
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based rarefaction follows the methods of Colwell et al. (2012). Rarefaction analyses were performed using

PAleontological STatistics (PAST), Version 3.16 (Hammer et al., 2017). For sample-based rarefaction, 739

samples were analyzed. Among these, the late Changhsingian data set includes 103 platform, 74 slope, and

55 basin samples; the PTB interval data includes 118 platform, 88 slope, and 50 basin samples; the late

Griesbachian data includes 45 platform, 94 slope, and 112 basin samples.

4 Results

Here, the systematic classification of the Order Lagenida follows Groves et al. (2003), while for other

orders we follow Loeblich and Tappan (1988) and Loeblich and Tappan (1992). In total, 173 species in 62

genera (plus additional unidentified elements, Table 1) belonging to five orders (Fusulinida, Lagenida,

Miliolida, Textulariida, and Involutinida) have been identified from the upper Changhsingian stage (C. yini

Zone) of the Late Permian and Griesbachian substage of the Early Triassic. These taxa are all characteristic

of the Late Permian to Early Triassic Paleotethys marine realm.

4.1 Cili section

We identified 1,511 specimens from 36 samples in the upper Changxing Formation. Seventy-two species

belonging to 34 genera (Fig. 3) are present in the Palaeofusulina sinensis fusulinacean Zone-this is an index

fossil zone for the late Changhsingian in South China (Zhang and Yue, 2017). Four species were identified

from 54 specimens in 38 samples from the H. parvus Zone. The fusulinacean assemblage comprises 238

specimens in 12 species of 4 genera (Table 1). A total of 326 specimens in 17 species of 10 genera are non-

fusulinacean fusulinids. The Order Lagenida is represented by 604 specimens in 32 species of 14 genera. The

most abundant genera are Pachyphloia, Colaniella, and Nodosinelloide. The Order Miliolida includes 326
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specimens in 10 species of 5 genera, dominated by Glomomidiellopsis, Hemigordius, and Glomomidiella.
The textulariid Ammodiscus sp. is rarely observed in the upper Changxing Formation. During the extinction
pulse, all fusulinacean genera disappeared at the bioclastic packstone/microbialite boundary. The non-
fusulinacean fusulinids, Diplosphaerina inaequalis, and Globivalvulina bulloides occurred at the base of the
microbialite unit but then also vanished. Postcladella kahlori and Earlandia spp. are documented in younger

strata.

4.2 Dajiang section

Here we analyze the original foraminiferal data collected by Song et al. (2009b). A total of 615
specimens belonging to 60 species in 37 genera were determined from 34 thin sections from the late
Changhsingian Palaeofusulina sinensis foraminiferal Zone at Dajiang (Table 1). Five species of five genera
occur in the microbialite (in 37 samples). Three species were identified in the Griesbachian. The stratigraphic
ranges of these foraminifers are shown in Fig. 3 of Song et al. (2009b). Among these, the fusulinaceans
comprise 64 specimens in 7 species. Non-fusulinacean fusulinids are abundant and consist of 236 specimens
in 19 species and 13 genera. The Order Lagenida is represented by 176 specimens in 24 species and 12 genera.
The Order Miliolida is composed of 128 specimens in 7 species of 4 genera, of which Glomomidiellopsis
tieni (Song et al. (2009b) reported as Glomomidiella nestellorum) and Hemigordius are the dominant taxa.
The Order Textulariida has the lowest abundance and diversity with only Ammodiscus sp. and Glomospira
spp. observed in the Changxing Formation. The Order Involutinida includes Pseudovidalina sp. with one
specimen and Globivalvulina bulloides and Hemigordius longus across the skeletal packstone-calcimicrobial
framestone boundary, which appear in the basal part of the microbialite, but disappear quickly. Three species,

Postcladella kalhori, Earlandia spp., and Nodosaria expolita, appear in the microbialite - gradually at first,
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before the first two species become extraordinarily abundant in the earliest Triassic.

4.3 Liangfengya section

Thirty-four thin sections were examined from the C. yini Zone at Liangfengya, yielding 39 species in
21 genera (Fig. 4) amongst 279 specimens. A total of 418 specimens belonging to 16 species in 8 genera were
determined from 18 thin sections from the PTB interval (Table 1). Two species with 18 specimens were
collected from 18 samples in the Ophiceras sp. bed. The foraminiferal assemblage includes diverse lagenides,
which comprise 111 specimens in 22 species of 11 genera. The Order Fusulinida includes 165 specimens in
15 species of 8 genera. Of these, the fusulinaceans comprise 140 specimens in 10 species of 4 genera. Non-
fusulinacean fusulinids comprise 26 specimens in 5 species of 5 genera. Glomomidiella nestellorum is the
only representative of the Order Miliolida. After the first extinction pulse, 16 species survived the PTB
interval. The lagenides dominate this assemblage with 15 species. Earlandia spp. reaches extremely high
abundances in the limestone. Only Nodosaria elabugae and Earlandia spp. are recorded in the late

Griesbachian substage.

4.4 Meishan section

A total of 529 specimens from 47 thin sections have been identified from the C. yini Zone. The
foraminiferal assemblage includes 48 species in 28 genera (see Fig. 2 from Song et al. (2009a). A total of 80
specimens belonging to 23 species in 16 genera (excluding an additional 12 unidentified species) were
determined from 70 thin sections from the PTB interval. Five species with 178 specimens were identified
from 39 samples in the late Grieshachian. Among these, 201 specimens in 24 species of 12 genera belong to

Lagenida. The fusulinaceans are represented only by Reichelina spp. The non-fusulinacean fusulinids include
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181 specimens in 11 species of 12 genera. The Order Miliolida is represented by Hemigordius and
Multidiscus with ten species between them. The Order Textulariida includes Ammovertella inversus and
Pseudoammodiscus parvus. Lagenides become more dominant following the latest Permian extinction
(including eleven indeterminate species). Tuberitina sp. are the only representatives of the Order Fusulinida.
Hemigordius sp. A is also found in the PTB interval. The agglutinated tests of Glomospira spp. and
Ammodiscus sp., are recorded by single specimens. Above the level of the earliest Triassic extinction, the

Yinkeng Formation yields only five species. The disaster species Earlandia sp. appears with high abundance.

4.5 Shangsi section

A total of 27 thin sections were examined from the C. yini Zone at Shangsi, yielding 26 species in 19
genera (Fig. 5) amongst a total of 174 specimens. Eighteen species in 15 genera have been identified from
the PTB interval (from 46 samples). Griesbachian strata yielded 12 species in 9 genera from 86 samples. In
the C. yini Zone, 65 specimens in 14 species of 10 genera belong to Lagenida. The Order Fusulinida is
represented by 14 specimens in 3 species. The Order Miliolida includes 8 species in 5 genera. The Order
Textulariida includes Glomospira sp. During the PTB interval, the foraminiferal assemblage is relatively
diverse, and includes 18 species. Small and elongated lagenid elements dominate the assemblage. Fusulinida
and Miliolida include 2 and 4 species, respectively, in the PTB interval. Agglutinating foraminifera are
represented by Ammodiscus sp. and Glomospira sp., and these survive into the late Griesbachian. A total of
12 species from 353 specimens were collected in late Griesbachian strata (Table 1). Lagenida is represented
by 8 species. The Fusulinida and Miliolida are represented by Earlandia sp. and Postcladella kahlori,

respectively.

4.6 Gujiao section
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Data from the Gujiao section come from the analysis of 52 thin sections. A total of 43 specimens,

including 13 species in 11 genera (Fig. 6) have been identified from the late Changhsingian. The Order

Lagenida dominates the foraminiferal assemblage at Gujiao and is represented by 33 specimens in 10 species

and 8 genera (Table 1). The Order Fusulinida is represented by Earlandia sp. The Order Miliolida is

represented by Glomomidiella sp. The Order Involutinida includes Pseudovidalina sp. Three specimens

belonging to Nodosinelloides spp. are documented from the PTB interval. Foraminifers rebound in late

Griesbachian strata and 149 specimens have been obtained from 19 thin sections. These belong to 11 species

in 11 genera (plus one additional indeterminate genus and species A). The Lagenida become increasingly

dominant both in abundance and taxonomic richness. The miliolids are represented only by Planiinvoluta sp.

and Glomomidiella sp. The Order Fusulindia is represented by Earlandia sp. and Dagmarita sp. A in the

Daye Formation. The most common agglutinated test in our samples is that of Glomospira sp., which occurs

in late Griesbachian strata.

4.7 Sidazhai section

A total of 143 specimens belonging to 16 species in 12 genera (Fig. 10) have been determined from 26

thin sections from the Linghao Formation. The Order Lagenida is represented by 132 specimens in 13 species

of 6 genera (Table 1). The non-fusulinacean fusulinids are represented by single occurrences of Neoendothyra

parva and Dagmarita sp. in the upper part of the limestone unit. Miliolida is represented by only two

specimens of Glomomidiella sp. and Hemigordius ginglongensis. Textulariides, including Ammodiscus sp.

and Glomospira spp. are observed. The lower part of the PTB interval in this section was covered. The upper

part of the PTB interval is represented by calcareous mudstone with no foraminifera present. Foraminifers

are seen again in limestones from the late Grieshachian. The assemblage is dominated by lagenides. Both
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Earlandia sp. and Ammodiscus sp. are represented by single specimens in the lower part of the Luolou

Formation.

5 Late Permian—Early Triassic foraminiferal fauna

Three clusters (Fig. 8A-C) are identified from seven sections during the late Changhsingian, PTB
interval, and late Griesbachian. They are named after the dominant genera and species: Al. Palaeofusulina-
Colaniella assemblage; B1. Hemigordius assemblage; and C1. Rectostipulina assemblage in the late
Changhsingian (Fig. 8A); and A2. Postcladella kalhori assemblage; B2. Geinitzina assemblage; and C2.
undetermined (lack of specimens) from the PTB interval (Fig. 11B). These clusters appear to be depth-
controlled, and so we name them additionally as the A-platform assemblage, B-slope assemblage, and C-
basin assemblage, respectively. We did not identify the foraminiferal assemblages for the earliest Triassic

due to the paucity of preserved specimens.

5.1 Late Changhsingian foraminiferal fauna

A total of 143 species in 56 genera were determined from the late Changhsingian (C. yini Zone)
foraminiferal fauna. The Fusulinida dominate the platform assemblages with some larger taxa with complex
morphology, and then these decrease in abundance rapidly offshore, with some small fusulinids recorded in
slope areas and only a few elements found in basinal settings. The Lagenida dominate the slope and deeper
assemblages and comprise small and elongated infaunal elements. Their larger and more robust
representatives, such as Pachyphloia and Colaniella, preferred the shallow platform. The Miliolida is
represented by a few taxa on the platform, and some generalists spread into basin assemblages, whilst the

Textulariida is of low abundance and low diversity in all environments.
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5.1.1 Platform settings

A platform foraminiferal assemblage (the Palaeofusulina-Colaniella assemblage) was identified from

Dajiang, Cili, and Liangfengya (Fig. 8A). Atotal of 110 species in 46 genera were identified. This assemblage

is characterized by the frequent occurrence of shallow-water taxa such as fusulinids, large lagenids, and

miliolids. Other ecological generalists occur with moderate abundance.

Large fusulinids had relatively low diversity but were still prevalent on the shallow seafloor.

Palaeofusulina and Reichelina are the most abundant fusulinids in the Palaeofusulina-Colaniella assemblage

in South China, and these taxa also flourish in other shallow platforms in the Caucasus, Thailand and Japan

(Sakagami and Hatta, 1982; Pronina-Nestell and Nestell, 2001; Kobayashi, 2006). Palaeofusulina and

Reichelina occur in varying quantities in platform assemblages (Fig. 9), probably having been transported

(Tong and Kuang, 1990; Lehrmann et al., 2003). Other large fusulinids like Nankinella, Pisolina, Sphaerulina,

and Parareichelina are rare or absent, and comprise no more than 3% (no more than three species) in the

platform assemblage. Fusulinaceans have a relatively large test and they demanded more food. They also had

specialized microhabitats (Brasier, 1995; Beavington-Penney and Racey, 2004) that were adaptations for

algal symbionts (Lee et al., 1979; Cowen, 1983; Lee and Hallock, 1987; Groves and Yue, 2009; Lee et al.,

2010; Forsey, 2013) due to their wall structure, ecology, facies distribution, and their evolutionary pattern.

Without exception, these taxa are mostly restricted to the shallow euphotic zone. Fusulinaceans also appear

to be susceptible to extinction driven by environmental change (Stanley and Yang, 1994; Yang et al., 2004;

Song et al., 2013). Shallow-water fusulinids such as Palaeofusulina, Pisolina, Nankinella, and Sphaerulina

produced ovate or fusiform tests with thick walls to prevent photoinhibition in bright sunlight and test damage

in turbulent water (Beavington-Penney and Racey, 2004). The genus Reichelina occurs in relatively deeper
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habitats (Fig. 9), which might have been a response to competitive pressure and morphological adaptation

for endosymbiont advantage (Beavington-Penney and Racey, 2004).

The non-fusulinacean fusulinids are another important component of late Changhsingian assemblages,

mainly comprising members of superfamilies Biseriammininae and Palaeotextulariidae, with <10% of

occurrences in the platform assemblage. The Superfamily Palaeotextularoidea is very common in Paleotethys

and eastern Panthalassa (Lin et al., 1990; Kobayashi, 2006; Gaillot and Vachard, 2007; Vachard, 2016). The

Biseriammininae mainly includes Globivalvulina, Dagmarita, and Paraglobivalvulina, all of which preferred

shallow platform settings. Of these, the small subglobular tests Dagmarita are most common (up to 9.43%

of occurrences, Fig. 9) and with stable abundances in platform sections. Globivalvulina is found at moderate

abundance, ranging from 0.0% (Liangfengya) to 7.8% (Dajiang) of the total, and this genus is followed by

Paraglobivalvulina at less than 1%. The Palaeotextulariidae includes Cribrogenerina, Climacammina,

Deckerella, and Palaeotextularia. Palaeotextularia is the most prevalent genus in platform assemblages,

where it ranges from 0.26% to 5.37% of total abundance (Fig. 9). These are followed by Cribrogenerina,

Deckerella, and Climacammina, although the abundances of these decrease to zero at Liangfengya. Our

collections of Palaeotextulariidae are consistent with previous suggestions that they are mostly constrained

to settings above fair-weather wave base (e.g. in the Lower Carboniferous; Gallagher, 1998). They probably

had an epifaunal to shallow infaunal herbivorous lifestyle, and their strong and thick tabular tests protected

them from currents (Murray, 2006). The Superfamily Endothyracea includes Postendothyra and

Neoendothyra, found in higher quantities at Dajiang. However, these comprise less than 2.3% of the total

taxa, and they eventually disappear at Liangfengya. The primitive and small forms, such as Diplosphaerina

and Earlandia comprise low quantities but occur stably in platform sections (Fig. 9). Finally, some endemic

fusulinids, such as Sengoerina and Tetrataxis, are occasionally found in shallow platform assemblages.
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472 The large lagenids, such as Pachyphloia (ranging from 3.14% to 10.39% of occurrences, Fig. 9) and

473  Colaniella (ranging from 0.72% to 8.07% of occurrences, Fig. 9) share a similar life strategy with the

474  elongated non-fusulinacean fusulinids (Insalaco et al., 2006; Zhang, 2015) and they are prevalent in shallow

475  sites, but not in deeper waters. They are characterized by thicker, stronger walls, which enable them to live

476  inshallow, turbulent environments. The small lagenids are dominated by Nodosinelloides, ranging from 5.76%

477 10 12.36% of the total in the Palaeofusulina-Colaniella assemblage. Some small lagenids are present at low,

478  but steady abundances in platform sections, such as Geinitzina, Frondina, Ichthyofrondina, and Robuloides

479 (< 4.66%, Fig. 9). Other elements, i.e. Rectostipulina, Pseudolangella, Protonodosaria, and Cryptoseptida,

480  occur sporadically and at low diversity in platform settings.

481 The Order Miliolida includes many opportunists and ecological generalists that normally occur in low

482  quantities, but proliferated rapidly when conditions were favorable (Kauffman and Harries, 1996; Groves

483  and Altiner, 2005). During the late Changhsingian interval, the large miliolids (such as taxa from families

484  Hemigordiopsidae and Neodiscidae) colonized and flourished in their preferred habitats on shallow carbonate

485  platforms (Fig. 9). The dominant miliolid in very shallow sections (Dajiang and Cili) is Glomomidiellopsis,

486  but it is absent at Liangfengya. Glomomidiella and Hemigordius are found at low abundances in platform

487  assemblages (1.08-4.07%). Genera like Agathammina and Neodiscopsis occur rather sporadically and are

488  restricted to shallow settings (Gaillot and Vachard, 2007; Gaillot et al., 2009). Most of the miliolids in this

489  study are coils of undivided tubular chambers and inflated to subspherical or discoid larger forms whose life

490  strategy was most likely surficial or epifaunal (Chan et al., 2017).

491 In contrast to other groups described here, the Textulariida constructed agglutinated tests. The

492  textulariides have one of the longest foraminiferal fossil records and inhabit the broadest range of habitats
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from coast to deep ocean. The Order Textulariida has the lowest abundance and diversity in all our

assemblages. The agglutinated textulariides demonstrate ecological advantages in clastic facies (such as

clastic shelf and abyssal environments) when compared to carbonate facies (Armstrong et al., 2004; Murray,

2006). Their agglutinated tests are usually poorly preserved, and are difficult to identify (Hemleben et al.,

1990; Song et al., 2007). In our collections, Glomospira sp. and Ammodiscus sp. are present in platform

assemblages, but none of these comprises more than 2% of individuals (Fig. 9).

5.1.2 Slope settings

Aslope foraminiferal assemblage (the Hemigordius assemblage) was identified at Meishan and Shangsi

(Fig. 9). A total of 63 species in 36 genera were identified in this assemblage, which is characterized by the

frequent occurrence of small lagenids, non-fusulinacean fusulinids, opportunistic miliolids, and a low

abundance of agglutinated tests.

The fusulinids are represented only by Reichelina spp., comprising 3.78% of the assemblages, and they

disappear at Shangsi. The non-fusulinacean fusulinids include 11 genera in the Hemigordius assemblage, but

only three genera, Dagmarita, Globivalvulina, and Diplosphaerina, recorded at both Meishan and Shangsi

(Globivalvulina is recorded in the PTB interval at Shangsi). The non-fusulinacean fusulinids are dominated

by Biseriammininae (mainly Dagmarita) and Diplosphaerina (11.30%). The lower limit of taxa, such as

Palaeotextularia and Paraglobivalvulina could not reach the depth in the Shangsi section. Globivalvulina

and Paraglobivalvulina are characterized by biserial with planispiral chambers strongly enveloping a

subglobular test. Their test structure suggests an epifaunal life position with mobility in turbulent eutrophic

environments (Setoyama et al., 2011; Zhang, 2015). With increasing water depth, the percentage of these

taxa falls, whilst the small lagenids become dominant. This pattern is also reported from other regions such
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as Iran, as well as other sections in South China (Insalaco et al., 2006; Gu et al., 2007; Vachard et al., 2010;

Zhang and Gu, 2015). The lagenids are dominated by those with a small elongate test, such as

Nodosinelloides, comprising 20% of the fauna, followed by Frondina and Geinitzina. The larger lagenids

such as Pachyphloia and Colaniella occur at Meishan at less than 1% abundance. Other ecological generalists,

such as Cryptoseptida, Rectostipulina, and Robuloides are found in relatively low to moderate abundances

(< 4% of occurrences). The smaller discoidal test, Hemigordius flourishes in our slope assemblage, but rarely

occurs in the other assemblages. Glomomidiella is also found in this assemblage with high abundance at

Shangsi (Fig. 9) whilst Multidiscus padangensis, Planiinvoluta sp., and ?Meandrospira sp. are occasionally

recorded in the Hemigordius assemblage, at < 5.8% abundance. The textulariides are represented by

Pseudoammodiscus, Ammovertella, and Glomospira but with low abundance and diversity.

5.1.3 Basinal settings

A basin foraminiferal assemblage (the Rectostipulina assemblage) was identified from Gujiao and

Sidazhai (Fig. 9) where a total of 29 species in 19 genera were identified. This assemblage is dominated by

small, elongate and flattened Lagenida, including Nodosinelloides, Protonodosaria, Ichthyofrondina, and

Frondina with total relative abundances up to 92% (at Sidazhai). The elongate tubular test Rectostipulina is

also important in this assemblage, and its abundance increases rapidly in basinal environments to 34% on

average. Most lagenids are generalists that could tolerate and spread into various environments (Murray,

2006; Gaillot and Vachard, 2007) but the small lagenids do not reach their maximum quantities within the

shallow environments; instead, they are most important in basinal settings. Other groups occur at low

diversity and abundance in the Rectostipulina assemblage. Within the Order Fusulinida, no large fusulinids

occur in the basinal assemblage. The non-fusulinacean fusulinids are represented by three species with
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sporadic occurrences at Gujiao (including Earlandia sp.) and Sidazhai (including Dagmarita sp. and

Neoendothyra parva). The lifestyle of Dagmarita might have been epifaunal because the outer margins of its

chambers are joined with needle-like structures, which might have served to fasten the test to the sediment

surface. Aided by their life strategy and small tests, Dagmarita was able to tolerate basinal environments.

The lenticular and planispiral involute tests of Robuloides and Neoendothyra are not only similar to each

other in morphology, but also in spatial distribution. It is possible that they both developed a flattened

depressed planispiral form (with increased surface area to volume) as a strategy for living in or above shallow

sediments (Setoyama et al., 2011; Chan et al., 2017). The miliolids and textulariides are sporadically observed

at low diversity and abundance.

The planispiral involute test Robuloides occurs in low numbers in platform assemblages, reaching its

greatest abundance at Liangfengya, at 8.3%. Other taxa like Langella, Nodosaria, Pseudolangella, and

Pseudoglandulina (each < 1% abundance) are not strictly limited by lithofacies, but regularly occur in the

platform to basinal assemblages. Finally, some endemic lagenids, like Pseudoglandulina, Cryptoseptida,

Calvezina, and Eocristellaria are seen occasionally in various assemblages.

5.2 PTB interval foraminiferal fauna

Late Changhsingian foraminifera were major casualties of the latest Permian extinction, and the small

number of survivors, augmented by a few newcomers, make up the PTB interval foraminiferal fauna (Fig.

10). A total of 41 species in 23 genera were identified from this interval, and most of the survivors are seen

in slope settings. The Order Fusulinida includes five species in five genera in the microbialite and slope facies.

The Lagenida, which includes 28 species, dominates the slope and basinal environments with small elongated

infaunal taxa. The Miliolida is represented by five species, among which is the disaster taxon Postcladella
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kalhori, which is very abundant in the microbialite. The Textulariida is represented by Ammodiscus sp. and

Glomospira sp. in slope and basinal facies.

5.2.1 Platform settings

The platform Postcladella kalhori foraminiferal assemblage is identified at Dajiang and Cili. The

eponymous species is one of the most common foraminiferal taxa to be found in the microbialite (Altiner et

al., 1980; Hips and Pelikan, 2002; Groves et al., 2005; Song et al., 2016). Foraminifers from this unit are

generally of low diversity and abundance, but some taxa occur sporadically at extremely high abundance —

the so-called disaster taxa (Song et al., 2016) that include Postcladella kalhori, Globivalvulina bulloides and

Earlandia spp. Globivalvulina bulloides, Hemigordius longus and Diplosphaerina inaequalis are found at

the base of the microbialite but disappear above that level. Nodosaria expolita (small lagenids) are also found

but with extremely low abundance and diversity in the Postcladella kalhori assemblage. No textulariides are

found in the microbialite, which indicates that microbial blooms may have provided unsuitable habitats for

agglutinated foraminifers.

5.2.2 Slope settings

The slope Geinitzina foraminifer assemblage was identified at Liangfengya and Meishan. During the

PTB interval, dominant taxa are elongate and flattened lagenid tests, with Nodosinelloides and Geinitzina as

the most abundant genera, at 40.43% and 17.7% of occurrences, respectively. Nodosaria and Robuloides are

found at moderate abundance in the Geinitzina assemblage. Other taxa, including Amphoratheca,

Rectostipulina, and Frondina are also rarely found in the PTB interval. The Order Fusulinida is represented

by sporadically occurring Diplosphaerina inaequalis, Globivalvulina bulloides, Neoendothyra sp., and
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Tuberitina sp. in the PTB interval but these vanish during the earliest Triassic extinction. Earlandia spp.

bloomed in slope settings, and this genus persists into the Triassic. Ammodiscus and Glomospira are also

seen at very low abundance and diversity at Meishan.

5.2.3 Basin settings

Basinal foraminiferal assemblages are recorded in the PTB interval at Shangsi and Gujiao. Shangsi has

a moderately abundant foraminiferal assemblage, whilst Gujiao yields only Nodosinelloides spp. No

foraminifera are found in this interval at Sidazhai. The assemblage at Shangsi is similar to the Geinitzina

assemblage, but with increased dominance of lagenids and miliolids. A few Lazarus taxa, such as Tezaquina

clivuli and Planiinvoluta sp. are seen at Shangsi where they occur in remarkable quantities in comparison to

the late Permian fauna.

5.3 Late Griesbachian foraminiferal fauna

The diversity of foraminifera decreased during the earliest Triassic extinction, and 26 species in 18

genera have been determined from late Griesbachian strata, most of which are known from basin settings.

The Order Fusulinida comprises two species, whilst the Lagenida includes 18 species that dominate basinal

environments with their small elongated and flattened tests (Fig. 11). The Miliolida is represented by four

species at low abundance. The Textulariida is represented by Ammodiscus sp. and Glomospira sp. in slope

and basinal settings.

5.3.1 Platform settings

Foraminifers occur in platform settings at extremely low diversity and abundance, and only three species
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(Earlandia sp., Postcladella kalhori, and Nodosaria expolita) have been observed in our study. Payne et al.
(2011) reported three further species (Postcladella grandis, ?Hoyenella sp., and ?Cornuspira ?mahajeri) in
the Grieshachian substage, but the latter two had indeterminate identification and were represented by only

one specimen each.

5.3.2 Slope settings

Six species are found in the slope assemblage in the late Griesbachian. Of these, only Earlandia sp.
occurs with occasional high abundance at both Liangfengya and Meishan. The lagenids are represented by
Nodosaria elabugae, Nodosinelloides aequiampla, and Lingulina sp. with several specimens. The Order

Miliolida includes Glomospira regularis and Glomospira sp. B at Meishan.

5.3.3 Basin settings

The basin assemblage is more diverse than contemporaneous assemblages in shallower environments.
A total of 24 species in 17 genera have been identified, including Earlandia sp. and Dagmarita sp. A. The
Lagenida is represented by several relict genera (Fig. 11), such as Nodosinelloides, Frondina, Rectostipulina,
and Nodosaria that dominate the earliest Triassic foraminiferal assemblages in abundance and diversity.
These taxa are characterized by small, uniserial flattened tests, which might have benefitted from gas
exchange in dysoxic to anoxic sediments due to their increased surface area to volume ratio (Kaiho, 1994).
The Miliolida is sporadically represented by Postcladella kalhori, Glomomidiella sp., and Planiinvoluta sp.

The Textulariida comprises Glomospira sp., Ammodiscus sp., which are found in low abundance.

6 Extinction pattern
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It is well known that foraminifers suffered a catastrophic reduction in both diversity and abundance
during the PTME, not only in South China but globally (Tappan and Loeblich, 1988; Tong and Shi, 2000;
Groves and Altiner, 2005). The stratigraphic distributions of foraminifers from our study sections show
varying patterns of decline in the run-up to the PTB (Fig. 12). Here, we explore three distinct extinction

patterns in the foraminifera during the PTME.

6.1 Single abrupt extinction pulse with a few survivors in platform settings

The 50% confidence interval (red line, Fig. 3) method indicates a sudden extinction at Cili (a platform
setting) at the base of the microbialite. Using 50% confidence intervals, we show with dark stippling (Fig. 3)
in the microbialite interval that 26 species died out at the extinction horizon, and 23 species below.
Calculation of the binomial distribution of these 71 taxa (excluding 1, Glomospira sp.; 76, Postcladella
kahlori; 77, Earlandia sp. in Fig. 3) indicates with 99.7% probability that the extinction horizon lies within
the dark stippled area of Fig. 3, a 19.7 cm interval around the base of the microbialite (Marshall and Ward,
1996). Further, a total of 98.6% (71/72) of species disappeared in the PTB interval. Plots from Cili exhibit
hollow distribution curves consistent with a pattern of diversity decline in a simulation of sudden extinction
(Meldahl (1990), and 83.3% (60/72, Fig. 12A) of species disappear in the topmost 50 cm of the packstone.
The last occurrences of 31 of all 36 species (86.1%) with stratigraphic abundances > 15% disappear in the
same interval. Globivalvulina bulloides and Diplosphaerina inaequalis survived the main extinction pulse,

but these too eventually became extinct.

The same 50% confidence interval method also indicates that most species reach the extinction horizon
at Dajiang (platform). The predicted position of the true extinction horizon lies within a 62 cm interval that

includes skeletal packstone and the microbialite. Using the 50% confidence intervals method, foraminifers
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show 17 species endpoints below and 16 species endpoints within the 62 cm dark stippling, suggesting there
was one sudden extinction, with a 97.1% probability that the extinction horizon lies within the predicted
range. A total of 93.3% (56/60) of taxa became extinct at Dajiang in the late Changhsingian. Although plots
of stratigraphic abundance versus last occurrence indicate that a few taxa started to disappear a few metres
below the PTB, a large number of species (51.9% of taxa, or 28/54, pink boxes in Fig. 12B) disappear in the
topmost 60 cm of packstone, in the latest Changhsingian. The last occurrences of 11 of all 13 species (84.6%)
with stratigraphic abundances > 15% disappear in the same interval (Song et al., 2009b), which also suggests
a sudden extinction. Globivalvulina bulloides and Hemigordius longus cross the packstone-microbialite
boundary and appear in the basal part of the microbialite unit, but they do not reappear in younger strata

(Song et al., 2009b).

To summarize, these two shallow platform sections suffered an abrupt extinction pulse (Fig. 13A), which
wiped out 98.6% and 93.3% of species at Cili and Dajiang, respectively. The abrupt extinction pattern
documented here has also been identified in other regions, such as Turkey (Groves et al., 2005), the southern
Alps (Groves et al., 2007), and northern Iran (Angiolini et al., 2010). The latest Permian extinction pulse was
so catastrophic that only six species are recorded in the microbialite unit and three of these disappeared
quickly. The earliest Triassic extinction pulse did not occur in foraminifers in platform settings. The
“microbialite refuge” idea (Forel, 2013; Foster et al., 2018; Foster et al., 2019) is that the shallow microbiolite
environments were a shelter for some invertebrates, such as ostracods, bivalves, gastropods, and brachiopods.
But data from these two sections and some unpublished data (the Jianzishan, Shanggang, and Youping

sections in South China) indicate that shallow settings were unlikely to have been refuges for foraminifers.

6.2 Two-pulse extinction in slope settings
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The grey contours in Figure 4 indicate the predicted position of the extinction horizon, assuming a two-

step decline at Liangfengya, which was located on the open platform to the upper slope (considering the

water depth in the Upper Yangtze platform) when the mass extinction occurred. The first predicted extinction

interval is located in a 16.8 cm thick interval between beds 17 and 19 (C. yini to C. meishanensis zones) with

92.9% probability (Fig. 4). Foraminifers show 50% confidence intervals for ten species endpoints below and

ten species endpoints within the first predicted extinction interval. Meanwhile, plots of stratigraphic

abundances versus last occurrences of taxa from Liangfengya indicate a sudden decline during the first pulse

that eliminated 47.7% of taxa (27/57, Fig. 12C) in bed 19 or slightly below this interval. The last occurrences

of all 15 species with stratigraphic abundances > 15% are in the same interval. The second predicted

extinction interval is between the top of beds 21a and 21b (7 cm interval) with 92.3% probability. The 50%

confidence-interval endpoints of the foraminifers include four species below and seven species within the

second contour. Fifteen out of 17 species (88.2%, pink boxes in Fig. 12C) disappear in the second extinction

pulse, including all nine species with stratigraphic abundances > 15%.

Data from the Meishan section (slope) confirm the hypothesis that there were two extinction levels, in

beds 25 and 28 (Song et al., 2009a, fig. 2), and this accords with stratigraphic abundance versus last

occurrence data (Fig. 12D). The 50% confidence interval method predicts that the extinction interval lies in

bed 25 at Meishan with 99.5% probability. The 50% confidence interval of last occurrences is bracketed by

14 species with endpoints above and 19 species with endpoints within the extinction interval. The first pulse

sees 76.6% of taxa (49/64) disappear within a 10 cm stratigraphic interval (i.e. uppermost 10 cm of Bed 24e)

or slightly below this interval (Song et al., 2009a) and 82.4% (14/17) of taxa with stratigraphic abundances >

15% disappear in this interval. The second predicted extinction interval lies between bed 28 and the lower

part of bed 29 with 81.1% probability, with eight species having 50% confidence-interval endpoints above
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and seven endpoints within the secondary predicted extinction positional interval. The second pulse
eliminated 94.1% of taxa (32/34) in the 10 cm stratigraphic interval (i.e. the base of Bed 28), and eight species

with stratigraphic abundances > 15% disappear in this interval.

To sum up, both Liangfengya and Meishan show two extinction pulses (Fig. 13A), a pattern also seen
in southern Turkey, where the first pulse occurs at the base of oolitic limestones and the second pulse at the
base of a microbialite (Altiner, 2013). Liangfengya and Meishan exhibit similar extinction patterns, hinting
at shared processes (discussed below), with the first pulse eliminating taxa with large, complex morphologies,
and the second pulse chiefly affecting the small lagenids. The first extinction pulse was synchronous at
Liangfengya and Meishan, occurring at the top of the C. yini Zone. The second extinction pulse was possibly
also synchronous, although this is less certain. Thus, conodont biozones from Liangfengya include C. yini,
C. meishanensis, H. preparvus, and H. parvus. However, Yuan and Shen (2011) did not find conodonts from
beds 21b to 22, and placed this interval in the H. preparvus Zone. However, in another section at Daijiagou
~50 km north of the Liangfengya section, H. parvus was found in the same interval (Yuan et al., 2015). So,
the second extinction pulse at Liangfengya is within (or a little above) the H. parvus Zone. Besides, Peng
and Tong (1999) claimed the claystone beds found at Liangfengya (bed 21b) and Meishan (bed 28) are
contemporaneous, which further suggests that the second extinction of foraminifers in these two sections is

synchronous.

6.3 Asingle, less devastating extinction pulse in basin settings

Data from basinal sections are insufficient for full evaluation of the precise levels of the extinction
horizons. However, one main extinction pulse of lower magnitude (when compared to shallow settings, Fig.

13A) can be identified in the C. yini Zone. The main extinction pulse eliminated 63.0% of taxa (17/27, Fig.
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5), which gradually disappear between the C. yini and C. meishanensis zones at Shangsi. This main extinction
pulse corresponds to the extinction pulse in platform and the first pulse in slope settings. In addition, several
species gradually disappeared in the PTB interval, but it is difficult to pinpoint the second extinction pulse at
Shangsi. Similarly, Gujiao and Sidazhai also record the main extinction in the C. yini Zone (the first
occurrence of C. yini is below the main extinction interval) with 50% (9/18, Fig. 6) and 63.6% (14/22, Fig.
7) of taxa losses, respectively. In contrast to the platform area, 18 species are found in basinal strata from the
PTB interval. The basinal fauna is dominated by small lagenids and a few Lazarus taxa. The basinal fauna
did not suffer the second extinction pulse that occurred in slope settings. Additionally, diversity of the basinal

fauna rebounded moderately in the late Griesbachian.

These three distinct extinction patterns suggest that the three palaeoenvironmental settings we have
examined suffered different types and magnitudes of environmental fluctuations, and also different extinction
and survival processes. Shallow platform dwellers were impacted by high temperatures. Basinal taxa suffered
anoxia, whilst the mid water depths were influenced by both high temperatures and anoxia during the PTB
interval (Song et al., 2014). The environments recorded by the Cili and Dajiang sections quickly became
inhospitable. The deeper slope environments retained a habitable zone, and Liangfengya and Meishan shared
similar foraminiferal assemblages and water depths during the PTB interval. Basinal environments were
depauperate. As the temperature continued to rise (Fig. 14), the second extinction pulse occurred, forcing
survivors to migrate into basinal settings where they were able to tolerate the poor oxygen levels while
escaping from high temperatures (discussed below). Slope environments became uninhabitable for

foraminifers by the late Griesbachian.

7 Selective extinction and survival
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Selective extinction of marine invertebrates during the PTME has been proposed several times (Knoll
et al., 1996; Clapham and Payne, 2011; Song et al., 2014) and was mostly a function of physiological
selectivity. Taxa that lacked physiological buffering and non-motile taxa suffered markedly higher extinction
rates (Knoll et al., 1996; Knoll et al., 2007). Similarly, taxa thought to be susceptible to anoxia and high
temperatures also suffered higher extinction magnitudes. It follows that the survival or extinction of a taxon
depends on how it was able to respond to these factors. The behaviours of foraminifera during the PTME
exhibit high selectivity in both taxonomy and ecology, and they are, therefore, an informative group for

evaluating different drivers of extinction.

7.1 Taxonomic selectivity

The Order Fusulinida experienced a severe extinction during the late Guadalupian (Capitanian, Middle
Permian) mass extinction, and never re-established their Middle Permian levels of diversity (Stanley and
Yang, 1994; Tong and Shi, 2000; Yang et al., 2004; Bond and Wignall, 2009). In the aftermath of that crisis,
non-fusulinacean fusulinids rapidly came to dominate Lopingian assemblages in low palaeolatitudinal
tropical shallow carbonate platform settings (Tong and Shi, 2000; Mohtat-Aghanand Vachard, 2005;
Kobayashi, 2006; Gaillot and Vachard, 2007). During the latest Permian extinction pulse, fusulinids suffered
the greatest losses, and 92.3% of species became extinct (48/52, Fig. 13B). Those taxa with specialized
ecological distribution, large tests, and complex morphology all vanished, including all fusulinacean
fusulinids, all Palaeotextulariidae, and most Biseriamminidae (except Globivalvulina bulloides). In the PTB
interval, the non-fusulinacean fusulinids comprise primitive forms such as Diplosphaerina inaequalis and
Earlandia sp., and these are augmented by some moderately complex taxa such as Globivalvulina bulloides

and Neoendothyra sp. During the second extinction pulse, most non-fusulinacean fusulinids (except the
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741  disaster taxon Earlandia sp.) disappeared.

742 The Lagenida originated in the Late Carboniferous (Tappan and Loeblich, 1988; Groves et al., 2003)

743 and underwent rapid expansion in inner to middle neritic environments throughout the Tethyan region and

744 northern higher palaeolatitudes after the late Guadalupian mass extinction (Groves and Altiner, 2005). Most

745  lagenids are generalists, which can tolerate and spread into various environments (Fig. 9). Among them, 63.3%

746  (38/60, Fig. 13B) vanished during the first extinction pulse. The large lagenids (such as Pachyphloia and

747  Colaniella) are characterized by thicker, stronger tests and these became extinct along with some other

748  robust-walled taxa. The lagenids were moderately diverse in slope settings during the PTB interval, and these

749  survivors are dominated by generalists with small flattened tests. The earliest Triassic extinction pulse

750  accounted for 62.1% of the diversity loss (18/29). The second pulse chiefly affected palmate-shaped taxa

751  such as Geinitzina and Ichthyofrondina, while the elongate and lanceolate tests such as Nodosinelloides and

752 Nodosaria became more dominant in the late Griesbachian.

753 Miliolids first appeared at the beginning of the Pennsylvanian (Late Carboniferous) and proliferated

754  rapidly in the Middle and Late Permian in Palaeotethys (Altiner et al., 2003; Jin and Yang, 2004). Miliolids

755  are mostly members of the Superfamily Cornuspiroidea in the Late Permian, and they suffered 84.6%

756 extinction (22/26) in the first extinction pulse. Miliolids include opportunists and some large, complex forms,

757  such as Glomomidiellopsis, Agathammina, Neodiscus, Multidiscus, and Neodiscopsis, all prominent victims

758  of the first pulse of extinction. Few miliolids survived into the PTB interval and these also suffered the second

759  extinction pulse. In the late Griesbachian, miliolids comprised only four Lazarus taxa or opportunists

760  (Kauffman and Harries, 1996). Textulariides are of low abundance and diversity in all our faunas and they

761 were only slightly affected by the PTME, while three species emerged again in the late Griesbachian. The
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Involutinida includes one species, Pseudovidalina sp., which disappeared during the first extinction pulse.

7.2 Selective extinction of shallow-water dwellers

Here we divide foraminiferal species into two categories: shallow-water dwellers that are mainly seen
on the platforms but occasionally also appear in the slope facies, and widespread types that are commonly
seen in all three facies in the late Changhsingian. The shallow-water dwellers are mainly the fusulinids, large
lagenids, and miliolids. Widespread types include the small lagenids and some generalists from other groups.
There is a clear disparity in the extinction processes between these groups (Fig. 13C) because the shallow-
water dwellers suffered one abrupt extinction in the first pulse and with 96.7% of losses (58/60 species). The
single survivor, Pseudolangella dorashamensis, plus a new species, Neoendothyra sp., occur in slope settings
during the PTB interval, but these eventually became extinct in the second extinction pulse. In contrast, the
widespread elements lost 25% (4/16) and 33.3% (4/12) of diversity in the two extinction pulses, respectively.
The first extinction pulse wiped out moderately complex and robust taxa such as Langella, Protonodosaria,
and Hemigordius, and resulted in the contraction of habitats into the slope area. Shortly after this, widespread
types suffered the second extinction pulse, which saw the survivors remaining predominantly in deep basinal

environments.

8 Deep-ward migration of foraminiferal diversity

8.1 Migration pattern

In the late Changhsingian, the hotspot of foraminiferal diversity was concentrated in shallow platform
settings (Fig. 14) such as the Yangtze Platform and the Great Bank of Guizhou, where 110 species (76.4% of

the then extant fauna), including all 19 fusulinacean species, are found. Deeper-water environments also had
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moderately diverse faunas in the late Changhsingian, with 63 (1 fusulinacean) and 29 (0 fusulinacean) species

found in slope and basinal settings, accounting for 43.8% and 20.1% of the total fauna (note, some species

exist in multiple settings). During the PTB interval, the diversity hotspot moved to the slopes, where 31

species (75.6% of the total fauna) were found. In contrast, platform (6 species) and basinal (18 species)

settings yield only a few foraminifers in the PTB interval. The diversity hotspot continued its migration to

deeper settings in the late Griesbachian, when basinal environments (24 species, 88.8% the total fauna)

became much more diverse than on the slopes (6 species) and platforms (3 species, Fig. 13).

Our data reveal that the selective extinction of shallow-water taxa partly accounts for the initial

migration of the diversity hotspot, as the disappearance of 58 shallow-water species caused a significant

decline in biodiversity on the platforms (Fig. 15A). Although widespread types also suffered severe losses

during the first pulse of extinction, over 30 species (including a few newcomers) are known from the PTB

interval. In contrast to the pre-extinction interval, the survivors of the first extinction pulse preferred slope

settings. By this time, shallow settings were occupied by a few disaster taxa, suggesting unfavourable

conditions for most species. Similarly, the deep basinal environments were also depauperate in foraminifers.

The transition of foraminiferal diversity hotspots from platform to slope settings may be explained in two

ways. First, as discussed above, the selectivity of extinction may have played an important role; although

shallow-water taxa apparently became “extinct” in those settings, some also lived in slope settings, where

they survived. Second, the survivors in slope settings also included taxa known from both pre-extinction

platform and basinal environments, suggesting that these taxa might have migrated to the slopes during

extinction, such as Pseudolangella dorashamensis and Neoendothyra sp. During the second extinction pulse,

the species (not recorded in basinal settings in the PTB interval) from the slope settings in the PTB interval

disappeared (or become extinct) in the late Griesbachian, whilst the survivors from the PTB interval (such as
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Frondina permica, Geinitzina spandeli, Nodosaria skyphica, Nodosinelloides sagitta, and Rectostipulina
hexamerata) and newcomers (such as Nodosinelloides sp. from Gujiao, Frondina sp. from Sidazhai) are only
recorded in basinal settings in the late Griesbachian (Fig. 14). Ten species migrated from the slope settings
into basinal environments in the late Griesbachian. The second transition of foraminiferal diversity hotspots

was caused by the deep-ward migration of survivors of the second extinction pulse.

Subsample analysis shows that the decrease in biodiversity and the deep-ward migration of foraminifers
between the Late Permian and Early Triassic is not the result of sampling bias. Sample-based rarefaction was
performed on the late Changhsingian, PTB interval, and late Griesbachian data sets (Fig. 16). When the
randomly subsampled number reaches 200, the diversity patterns in our three sample intervals are revealed
to be complete. Sample-based rarefaction analysis was carried out for each facies within our three time bins
(Fig. 17). When the random subsampled size reaches 50 samples, it turns out that some settings were
insufficiently sampled, such as slope and basin settings in the late Changhsingian and the PTB interval.
Nevertheless, the diversity hotspot retains its pattern in being located on the platforms in the late
Changhsingian (100 species), on the slopes during the PTB interval (36 species), and in the basins during the
late Griesbachian (18 species), We also performed individual-based rarefaction to test for sampling bias, the

results of which further support our findings.

8.2 Triggers of deep-ward migration

Facies analysis suggests that sea-level change was not a key driver of the deep-ward migration of
foraminifers during the PTB interval. The sections record a marine regression, and this affected the
environment in the lower part of the PTB interval (equivalent to beds 25 to 27b at Meishan) in shallow

settings, such as Dajiang and Cili, but the deeper-water sections were not influenced. Strata representing the
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upper part of the PTB interval (equivalent to beds 27c¢ to 28 at Meishan) are well documented in these sections,

suggesting that sea level had risen by this time and re-established depositional environments similar to those

of the Late Permian. Nevertheless, during the second pulse of extinction, the survivors migrated to basinal

settings, which account for 88.8% of species.

The PTB mass extinction interval lasted ~30,000-60,000 years (Shen et al., 2018) and saw a ~10 <T rise

in sea surface temperatures in equatorial regions (Sun et al., 2012). Such extreme warming represents a

potentially potent driver of migration of foraminifers to deeper, cooler waters. Modern benthic foraminifers

are considered eurythermal as they are found in oceans from the tropics to the polar regions. The upper

thermal limit for most modern foraminifer species is usually <35 <C (Nigam et al., 2008; Song et al., 2014),

but experimental studies have demonstrated that the temperature range for reproduction is much narrower

than that for individual growth and survival (Nigam et al., 2008; Saraswat et al., 2011). Thus, Rosalina

globularis can survive temperatures from 20 <C to 35 <C, but reproduction only occurs at 25 <C (Saraswat et

al., 2011). Overheating of surface waters during the PTB interval and late Griesbachian may have rendered

them extremely unsuitable habitats for foraminifera. The survivors could have escaped the stress of high

temperatures by migrating either horizontally (latitudinally) or vertically. For marine animals, vertical

migration (if possible) is likely a more effective strategy than migration across the latitudes (Burrows et al.,

2019). Climate modelling suggests that water temperatures at 200-400 m depth were 10-14 <C cooler than

those in surface waters in equatorial regions during the PTB interval (Winguth et al., 2015). Deeper waters

may also have been a refuge for other animals as well as foraminifers, such as conodonts, bivalves, and

echinoids (Song et al., 2014; Godbold et al., 2017) during the crisis interval.

Toxic compounds released by the Siberian Traps large igneous province and minor volcanic activities
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around the Palaeotethys Ocean (Yin and Song, 2013; Burgess et al., 2017) (Fig. 14) are a further potential
driver of foraminiferal migration. The Siberian Traps in particular released vast quantities of toxic
compounds, including poisonous metals (Sanei et al., 2012), noxious gases (Keller and Kerr, 2014) and chars
(Grashy et al., 2011), which might have transformed surface seawaters into a toxic soup in which foraminifers
could barely survive. This would have been compounded by additional loading of potentially toxic products
from massive soil erosion and/or biomass burning. In contrast, deeper waters were likely less affected by
these products of volcanism. The harmful effects of these toxic compounds were probably “consumed” by
those organisms that persisted in shallow waters (Grasby et al., 2017; Shen et al., 2019). A modern analogy
for our scenario is Sorfjord in western Norway — one of the most metal-polluted fjords in the world — where
benthic foraminifers have transferred their habitat to deeper waters just within their tolerance limits to escape

toxicity in surface waters (Alve, 1991).

A great body of evidence supports the development of intense marine anoxia in both deep and shallow
waters (within the photic zone) during the PTME interval (Wignall and Twitchett, 1996; Grice et al., 2005;
Algeo et al., 2010). A major increase in the 5*3C-depth gradient after the PTME suggests that deeper waters
experienced more intense and prolonged oxygen restriction (Meyer et al., 2011). Observations on living
foraminifers provide some clues about how they might have survived in low-oxygen conditions. Laboratory
experiments show that the oxygen consumption rate increases significantly in foraminiferal specimens larger
than 250 um (Bradshaw, 1961), and we note that many of the surviving taxa were small (mostly <200 um).
Furthermore, the elongate-tapered tests of survivors such as Nodosinelloides, Nodosaria, and Geinitzina
possess higher surface area-to-volume ratios that likely improved mitochondrial oxygen uptake (Kaiho,
1994). It is also notable that many living foraminifers are capable of (even complete) denitrification (by using

NOj3~ for respiration rather than oxygen) enabling them to flourish in the oxygen minimum zone (Risgaard-
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Petersen et al., 2006). Culture experiments show that denitrification is an auxiliary metabolic mechanism for

cell maintenance in many foraminiferal groups, including Lagenida, Miliolida, Textulariida, and Rotaliida

(Pife-Ochoa et al., 2010). Further, denitrification has been shown to be a more efficient metabolism than

aerobic respiration in some benthic foraminifers in the Peruvian oxygen minimum zone, and the ability of

oxygen respiration still remains (Glock et al., 2019). Previous evidence indicates that intensive denitrification

and/or anaerobic ammonium oxidation occurred during the PTME, and the foraminifera may play an

important role in denitrification (Sun et al., 2019). It has been suggested that modern benthic foraminifera

are responsible for up to 70 % of the total denitrification in several regions (Pifa-Ochoa et al., 2010; Glock

et al., 2013). Enhanced nitrogen fixation by cyanobacteria and other microbes has been suggested for the

PTME (Luo et al., 2011), which may have continuously supplied nitrates to the anoxic water masses.

Foraminifers living within the oxygen minimum zone, such as rotaliids, are able to store extremely high

concentrations of nitrate seawater (several hundred times that of pore water) in large vacuoles for

denitrification (Bernhard et al., 2012). Phylogenetic reconstruction of the enzymes’ evolutionary history

suggests an ancient acquisition of the foraminiferal denitrification pathway from prokaryote ancestors in the

early Phanerozoic (Woehle et al., 2018). The evolution of hybrid respiration in foraminifera likely contributed

to their ecological success in surviving during times of oxygen restriction and biotic crises such as the PTME.

Foraminifera have a higher tolerance of low oxygen levels than most other marine taxa (Song et al.,

2014). Other hypoxia-tolerant groups include bivalves, gastropods, cephalopods, and corals, with bryozoans,

echinoderms, ostracods, and non-ostracod crustaceans being much less tolerant. Predictions of survivorship,

however, depend on complex interactions between oxygen level and temperature, with oxygen requirements

of most animals increasing with temperature (P&tner, 2010). However, the oxygen solubility of the seawater

declined while temperatures rose during the PTME. Therefore, the oxygen requirement might be less in a
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cool water environment than a hot environment, and this might have been important for some taxa. Warming
of the modern oceans and consequent loss of dissolved oxygen are reshaping the biogeography of some fishes
and arthropods, forcing them to contract their ranges in the last few decades both vertically and poleward to
occupy metabolically viable habitats (Deutsch et al., 2015). The vulnerability of marine organisms to hypoxia
may cause them to migrate or even become extinct before reaching the temperature threshold (PGtner and
Knust, 2007). Physiological and ecological simulations of the PTME show that organisms with higher
temperature sensitivity (some taxa among arthropods and chordates) may have vacated habitats in shallow
areas at low latitudes (Penn et al., 2018). Physiological evidence suggests that some invertebrates, such as
sipunculids, annelids or bivalves, possess an alternative mitochondrial oxidase in aerobic respiration
(Buchner et al., 2001). The alternative oxidase may represent an ancient mechanism to tolerate oxygen-poor
environments, and this is still prevalent in some invertebrates in hypoxic environments (P&tner, 2010).
Notably, taxa with high temperature tolerances, such as ostracods and gastropods, were able to survive in the

shallow waters in the earliest Triassic, and these are major components of the microbialite.

Conclusion

A total of 13,422 individual foraminiferal specimens belonging to 173 species in 62 genera have been
analyzed from seven different paleoenvironmental settings across the Permian-Triassic boundary in South
China. Three foraminiferal faunas, from the late Changhsingian, the Permian-Triassic boundary interval, and
the late Griesbachian, were identified, and these are separated by two pulses of the PTME. These three faunas
reveal that the foraminiferal diversity hotspot moved from shallow platforms to deeper slopes and finally into
basinal settings during the PTME within ~30,000-60,000 years. Quantitative analysis presents three

extinction patterns: 1) shallow sections exhibit one abrupt extinction pulse with 97.3% of species lost; 2)
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slope settings experienced two stepwise extinction pulses, in which 63.5% and 90.5% of total taxa became
extinct; 3) basin dwellers suffered one main extinction pulse in which > 50% of species were lost. The
selective extinction of foraminifers reveals that both large and complex-morphology taxa (such as fusulinids)
and shallow water dwellers were prominent victims of the first extinction pulse. We suggest that the deep-
ward shift in diversity was a strategy to avoid overheated and toxic shallow waters that resulted from intense
volcanic activity in the Siberian Traps and coeval volcanism around the Palaeotethys Ocean. This ecological
strategy for escaping the deadly drivers of extinction may provide a key to understanding how some marine
species survived this catastrophic crisis and how modern ocean dwellers might escape warming oceans in the

coming decades.
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Fig. 1. Palaeogeographic map for the Permian-Triassic boundary interval. (A) Locations of studied sections

in South China, modified from Feng, (1997), Lehrmann et al. (1998) and He et al. (2013). (B) Global map

modified from Scotese (2001). (C) Schematic cross-section of the South China Block in the Permian-Triassic

boundary interval showing the relative water depths of our seven study sections. Red stars show the locations

of study sections. Abbreviations: NBYP = Northern Basin of the Yangtze Platform; NPJB = Nanpanjiang

Basin; GBG = Great Bank of Guizhou.

Fig. 2. Columnar sections of the Permian—Triassic successions at Cili, Dajiang, Liangfengya, Meishan,

Shangsi, Gujiao, and Sidazhai. Biostratigraphic data of the Dajiang section from Jiang et al. (2014) and Payne

et al. (2004), the Cili section from Wang et al. (2016), the Liangfengya section from Yuan and Shen (2011)

and Wu (1988), the Meishan section from Yin et al. (2001), and Jiang et al. (2007), the Shangsi section from

Jiang et al. (2011), Yuan et al. (2019), and Lai et al. (1996), the Gujiao section from Dai et al. (2018a) and

unpublished data, and the Sidazhai section from Huang (2014) and Ji (2012) are followed herein. The blue

box represents the late Changhsingian; the grey box represents the PTB interval; the pink box represents the

late Griesbachian. Abbreviations: C. yini = Clarkina yini; C. mei. = C. meishanensis; H. cha. = Hindeodus

changxingensis; C. tay. = C. taylorae; H. par. = H. parvus. |. isarcica = Isarcicella isarcicai.

Fig. 3. Stratigraphic occurrences of foraminifers in the Cili section. The red lines represent 50% confidence

intervals of each species. Contours indicating the predicted position of the extinction horizon are shown in

grey bars. The horizontal black lines to the right of the lithologic column represent the sampling position. A

list of foraminifers identified from Cili is provided as a Supplementary Table.
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Fig. 4. Stratigraphic occurrences of foraminifers at the Liangfengya section. The red lines represent 50%

confidence intervals of each species. Contours indicating predicted positions of the extinction horizon are

shown in grey bars. A list of foraminifers identified from Liangfengya is provided as a Supplementary Table.

Fig. 5. Stratigraphic occurrences of foraminifers in the Shangsi section. A list of foraminifers identified at

Shangsi is provided in a Supplementary Table.

Fig. 6. Stratigraphic occurrences of foraminifers in the Gujiao section. A list of foraminifers identified at

Gujiao is provided in a Supplementary Table.

Fig. 7. Stratigraphic occurrences of foraminifers in the Sidahzai section. A list of foraminifers identified from

Sidahzai is provided in a Supplementary Table.

Fig. 8. Dendograms of Q-model cluster analyses of the seven sections, tested during the C. yini Zone (A),

the PTB interval (B), and the late Griesbachian (C). Blue fonts represent platform foraminiferal assemblages.

Orange-red fonts represent slope foraminiferal assemblages. Pink fonts represent basin foraminiferal

assemblages. Abbreviations: DJ = Dajiang; CL = Cili; LFY = Liangfengya; MS = Meishan; SS = Shangsi;

GJ = Gujiao; SDZ = Sidazhai.

Fig. 9. A schematic diagram illustrating the percentage distribution of the dominant genera with depth in the

late Changhsingian of South China. Abbreviations as in Fig. 8 caption. Indigo-blue boxes represent the Order

Fusulinida. Orange boxes represent the Order Lagenida. Sky-blue boxes represent the Order Miliolida. Purple

boxes represent the Order Textulariida.

Fig. 10. The percentage distribution of dominant foraminifer genera with depth in the PTB interval in South
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China. Abbreviations as in Fig. 8 caption. Colours follow Fig. 9.

Fig. 11. The percentage distribution of dominant foraminifer genera with depth in the late Griesbachian of

South China. Abbreviations as in Fig. 8 caption. Colours follow Fig. 9.

Fig. 12. Stratigraphic abundance versus last occurrence of the late Changhsingian foraminifer species from

the Cili (A), Dajiang (B), Liangfengya (C), and Meishan (D) sections. Blue dots represent species with

stratigraphic abundances > 15%. Pink boxes represent the number of species disappear or extinct within

corresponding distance. Dajiang and Meishan are cited from Song et al. (2009b) and Song et al. (2009a),

respectively.

Fig. 13. Number of foraminifer species recorded from different (A) environments, (B) orders, and (C) types

in South China from the late Changhsingian (C. yini Zone) to late Griesbachian. Shallow-water dwellers are

mainly seen on the platforms but occasionally recognized in the slope facies. Widespread species are occurred

in all three facies.

Fig. 14. The deep-ward migration of foraminifers during the PTME. Sea surface temperature data is from

Joachimski et al. (2012) and Sun et al. (2012). Red lines and grey shadows represent the mean sea surface

temperature and 95% confidence intervals in the three time bins. Volcanism events are from Burgess et al.

(2017) and Yin and Song (2013). Section abbreviations as in Fig. 8 caption; SST = sea surface temperature.

Fig. 15. The spatial and temporal distribution of (A) shallow-water and (B) widespread foraminiferal species

during the Permian-Triassic transition. Abbreviations consistent with Fig. 14

Fig. 16. Sample-based rarefaction curves for the late Changhsingian, the PTB interval, and the late

721/91



1503

1504

1505

1506

1507

1508

1509

1510

1511

Griesbachian intervals. The dashed lines represent 95% confidence intervals.

Fig. 17. Sample-based rarefaction curves for platform, slope, and basinal environments. (A) Rarefaction

curves in the C. yini Zone. (B) Rarefaction curves in the PTB interval. (C) Rarefaction curves in the late

Griesbachian. The black lines represent curves from the platform environment. The blue lines represent

curves from slope environment. The blue-violet represent curves from the basin environment. The dashed

lines represent 95% confidence intervals.

Table 1 Species diversity distribution of the main foraminifer groups in each section in the C. yini Zone, PTB

interval, and late Griesbachian.
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1548

1549

Age Order Cili Dajiang Liangfengya Meishan Shangsi Gujiao Sidazhai
g | Fusuiinda o | 1 | 1 x| 1 ] 2 | 1
@ § Lagenida (0] | 1 I 1 I 2 . 8 . 8 . 7
S g1 Miolida o | 1 0 o | 1 | =2 0
O | Textulariida 0 0 0 I 2 | 2 | 1 | 1
= Fusulinda I 3 I 2 I 1 I 4 I 3 o o
é Lagenida o | 1 [s is o | 1 0
@ | Mioida | 1 | 2 0 | 2 | =3 0 0
" | Textlarida 0 0 o | 2 | =2 0 0
Fusuinda [ 20| 1260 |15 s o3 | 1 ] 2
2 | iagence I N B B N -
= | Mioida 10 B 7 | 2 [Hle BHse | 2 | 2
3 Textulariida | 1 I 2 (0] I 2 | 1 0 I 2
Involutinida 0 | 1 0 o | 1 0

Table 1
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