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Supplementary Methods and Data

Temperature data

All data for calculating the magnitudes and rates of temperature change are listed in Supplementary

Data 1.

Or5, Hirnantian (443.14 - 442.67 Ma)

The magnitude and duration of Hirnantian cooling are from North American carbonate clumped
isotope data of Finnegan et al. L and the U-Pb dates of Ling et al. 2. Conodont oxygen isotope data
from Canada suggest a consistent cooling trend 2. The cooling event occurs from the middle of the
Belonechitina gamachiana chitinozoan Zone to Spinachitina taugourdeaui chitinozoan Zone 2. The
trend line of A47-derived near-surface ocean temperature suggests a temperature drop of ~8.4 C
during the early Hirnantian cooling event (Fig. 3A in ref. 1). The U-Pb dates of Ling et al. suggest the

duration of this cooling event is ~227 kyr 2,

Silurian

The magnitude and duration of temperature change of three bins (i.e., S1, Llandovery; S2, Wenlock
and Ludlow; and S3, Pridoli) are from high-resolution conodont oxygen isotope records in the
Canadian Arctic Laurentian margin and Baltic craton 2. Ages are constrained from the Geological
Time Scale 2012 . The oxygen isotope value of Silurian seawater was set to -1%o. (VSMOW) * since
no continental ice sheet has been reported in the Silurian & (see Methods in main text). The trends of
oxygen isotope change in the Laurentian margin and Baltic craton regions are nearly synchronous,

suggesting a global trend that was not significantly affected by local salinity effects.

S1, Llandovery (442.67-433.4 Ma). Conodont oxygen isotopes from both Canadian Arctic and
Baltic craton indicate a temperature increase in the early Llandovery followed by a more significant
fall in in the late Llandovery 2. The temperature increase in the Canadian Arctic is ~4.1 <C, which is

a little larger than that found in the Baltic craton.



S2, Wenlock and Ludlow (433.4-423 Ma). Conodont oxygen isotope data from the Baltic craton
suggest two climate cooling events during the Wenlock and Ludlow interval 2. The larger one

occurred in the early Wenlock with a magnitude of 4.3 <C in 1.4 Myr.

S3, Pridoli (423-419.2 Ma). Conodont oxygen isotopes from the Baltic craton indicate a rapid climb
of temperature during the middle Pridoli 2. Calculated sea surface temperatures increased ~2.6 <C in

~0.9 Myr.

Early-Middle Devonian

The temperature change in three bins (i.e., D1, Lochkovian; D2, Pragian and Emsian; and D3,
Eifelian and Givetian) derive from high-resolution conodont oxygen isotope records from Europe
(France, Germany, and Czech Republic) and Australia 2. Ages are from the Geological Time Scale
2012 12 The oxygen isotope value of Early-Middle Devonian seawater was set to -1%o (VSMOW) to
reflect an ice-free world in this interval * &. The similar long-term §'80 trend in Europe and Australia
suggests that the reconstructed temperature curves represent global climatic change rather than local

changes.

D1, Lochkovian and Pragian (419.2-407.6 Ma). Conodont oxygen isotopes from Australia suggest
a rapid decline of temperature in the Pragian 2. Sea surface temperature decreased ~7.9 <C in ~4.3

Myr.

D2, Emsian (407.6-393.3 Ma). Conodont oxygen isotope data from Europe suggest a warming event
in the late Emsian with a magnitude of ~3.7 <C and a duration of 3.44 Myr 2. This warming event

was followed by a quick rebound in the end-Emsian.
D3, Eifelian and Givetian (393.3-382.7 Ma). Conodont oxygen isotope data from Europe suggests
three temperature troughs in the Middle Devonian 2. The largest magnitude temperature change in

this interval was a 5.7 <C decline during the Givetian, with a duration of 2.61 Myr.

Late Devonian



The magnitude and duration of temperature change of two bins (i.e., D4, Frasnian; and D5,
Famennian) are from high-resolution conodont oxygen isotope records from South China L. Ages
derive from the Geological Time Scale 2012 2. Only a minor ice age was identified in the late
Famennian (Strunian)!2. We assumed -1%o (VSMOW) as the oxygen isotope value of seawater for

the ice-free world” during the Frasnian and early-middle Famennian.

D4, Frasnian (382.7-372.2 Ma). Conodont oxygen isotopes from South China suggest multiple
cooling and warming events during the Frasnianil. The largest magnitude of climate change was a
cooling event that occurred at the end-Frasnian. Sea surface temperatures decreased ~5.2 <C in ~90

kyr.

D5, Famennian (372.2-358.9 Ma). Conodont oxygen isotopes from South China suggests a
significant increase of sea surface temperature with a magnitude of ~4.3 <C, over an interval of ~780

kyr.

Carboniferous-Early and Middle Permian

The temperature change of five time bins in the Carboniferous (i.e., C1, Tournaisian; C2, Visean and
Serpukhovian; C3, Bashkirian; C4, Moscovian and Kasimovian; C5, Gzhelian) and three time bins in
the Early and Middle Permian (i.e., P1, Asselian and Sakmarian; P2, Artinskian; P3, Kungurian and
Roadian) derive from conodont oxygen isotope records in Euramerica X3, and South China 4. Ages
are from the Geological Time Scale 2012 1216, The trends in oxygen isotopes in these regions are
near-synchronous, suggesting a global pattern. The Late Paleozoic Ice Age (LPIA) was the longest
ice age in the Phanerozoic 81, We assumed that the oxygen isotope ratio of seawater during the
Pennsylvanian glacial maximum is the same as the Pleistocene Last Glacial Maximum, i.e., +1%o
(VSMOW) %8 because the areas of ice cover in these two intervals were nearly the same 12, Seawater
5180 in the intervals between ice-free periods and the Pennsylvanian glacial maximum was set to

values between -1%o and +1%. (VSMOW) based on available glaciation records during the

Carboniferous and Permian 17:1:20



The Tournaisian and Visean have been recognized as the initial stage of the Late Paleozoic Ice Age,
while the Serpukhovian and Early Bashkirian were the major phase of ice sheet expansion 122, Ice
sheets began to shrink from the Gzhelian to Capitanian 1222, Here, we assumed seawater $'20 in the
initial Tournaisian, the initial Visean, the initial Serpukhovian, the initial Bashkirian, and the mid-
Bashkirian were -1%o, -0.5%o, 0%o, 0.5%o, and 1% (VSMOW), respectively. The seawater 5180 in
the initial Gzhelian, the initial Asselian, the initial Artinskian, the initial Kungurian, the initial
Wordian, and the end-Capitanian were assumed to be 1%, 0.5%o, 0%o, -0.3%o, -0.7%o, and -1%o
(VSMOW), respectively.

C1, Tournaisian (358.9-346.7 Ma). Conodont oxygen isotope records from Europe (French, Poland,
and Spain)22 show that there was a significant increase of conodont 5'0. Given that the Tournaisian
has been recognized as the initial stage of the Late Paleozoic lce Age 122, the shift in conodont 50

suggests a cooling event with a magnitude of ~4.6 <C in 5.5 Myr.

C2, early Visean (346.7-338.8 Ma). Conodont oxygen isotopes in South China 4 suggest a cooling

event in the early Visean. The magnitude and duration of this cooling was 3.8 <C and 2.4 Myr.

C3, late Visean and Serpukhovian (338.8-323.2 Ma). Conodont oxygen isotopes from Europe 2
suggest that the largest magnitude of climate change in this time interval was a cooling event that

happened in the Serpukhovian. Sea surface temperatures decreased ~3.8 <C in ~2.4 Myr.

C4, Bashkirian (323.2-315.2 Ma). Conodont oxygen isotopes in South China * suggest a slow
cooling event in the early Bashkirian. The magnitude and duration of this cooling was 1.6 <C and 5.0

Myr.

C5, Moscovian and Kasimovian (315.2-303.7 Ma). Conodont oxygen isotope records from South
China 4 suggest a short warming event in the early Moscovian with a magnitude of 3.4 T in 1.7

Myr.



C6, Gzhelian (303.7-298.9 Ma). Conodont oxygen isotopes in South China 14 suggest a warming

event in this interval with a magnitude of 1.0 <C in 2.9 Myr.

P1, Asselian and Sakmarian (298.9-290.1 Ma). Conodont oxygen isotope records from South
China 4 suggest two cooling events in the Asselian and Sakmarian. The magnitude and duration of

the larger of the two were 5.3 <C and 2.4 Myr.

P2, Artinskian (290.1-279.3 Ma). Conodont oxygen isotopes in South China 4 suggest a small

warming event in the late Artinskian with a magnitude of 1.2 <C over 2.8 Myr.

P3, Kungurian and Roadian (279.3-268.8 Ma). Conodont oxygen isotope records from South
China 4 suggest a minor warming in the late Kungurian-Roadian with a magnitude of 1.3 < in 5.2

Myr.

Middle Permian Wordian and Capitanian

P4, Wordian and Capitanian (268.8-259.8 Ma). The temperature change during the Wordian and
Capitanian (P4) are from high-resolution conodont oxygen isotope records in South China 2. Ages
derive from the Geological Time Scale 2012 ¢ and U-Pb dates 22. The Wordian and Capitanian
interval was the last stage of the Late Paleozoic Ice Age, which would have contributed to the
decrease of seawater 5180 22. However, the most significant and rapid change of temperature in P4
was an increase in conodont $*80 at the end-Capitanian, indicating a cooling event with a magnitude

0of 5.9 T in ~1 Myr.

Late Permian

P5, Wuchiapingian and Changhsingian (259.8-251.9 Ma).

Temperature changes in the Late Permian are from conodont §*80 in South China £ with durations
constrained with U-Pb dating 2. We assumed an oxygen isotope value of seawater of -1%.
(VSMOW) for an ice-free world during the Late Permian 8. The most significant change of climate
in the P5 interval was a rapid warming event at the end-Permian. Conodont oxygen isotopes

measured with in situ secondary ion mass spectrometry (SIMS) at Meishan, Dajianggou, and
6



Liangfengya (South China) 2 suggest that sea surface temperature increased 11.1 <C, 8.5 <C, and

9.3 T, respectively around the Permian-Triassic boundary. This temperature climb is consistent with
the trend derived from conodont oxygen isotope measurements using the conventional isotope ratio
mass spectrometry (IRMS) from South China, Iran, and Armenia 227, The U-Pb dates of Burgess et

al. suggest the duration of this warming event was >61 kyr (from 251.941 to 251.880 Ma) 2.

Early and Middle Triassic

T1, Induan-Anisian (251.9-247.2 Ma). The temperature change during the T1 interval derives from
high-resolution conodont oxygen isotope records in South ChinaZ8. Ages are from the Geological
Time Scale 20122°. Conodont oxygen isotope data in South China suggest two significant
temperature peaks in the Early Triassic. The largest warming happened in the Smithian with a

magnitude of 6.1 <T in ~770 kyr%,

Middle Triassic and Late Triassic

The magnitude and duration of temperature change of three bins (i.e., T2, Anisian and Ladinian; T3,
Carnian; and T4, Norian) are from high-resolution conodont oxygen isotope records in Europe .
Oxygen isotope data from upwelling systems and cooler water conodont biofacies (e.g.,
Gladigondolella biofacies) were excluded from the reconstruction of sea surface temperature 2 (see
Methods in main text). Temperature variations in the Rhaetian (T5) derive from oyster oxygen
isotope records in the UK L. Only oxygen isotope values from well-preserved oyster (Liostrea)
shells were selected for calculation of sea surface temperature. Ages derive from the Geological
Time Scale 2012 2. We assumed -1%o (VSMOW) as the oxygen isotope value of seawater for an ice-

free world in the Triassic 22,

T2, Anisian and Ladinian (247.2-237 Ma). Conodont oxygen isotopes from Europe suggest a long-

term cooling during the Ladinian 2. Sea surface temperature decreased ~4.3 <T in ~3.9 Myr.

T3, Carnian (237-228.4 Ma). Conodont oxygen isotope data from South China suggest a significant

warming during the late Carnian 2. Conodont &80 from South China suggest that sea surface



temperatures increased ~3.5 <C in ~1.2 Myr. Climate warming has also been observed in the Carnian

580 record from European conodonts .,

T4, Norian (228.4-209.5 Ma). Conodont oxygen isotopes from Europe show a temperature peak in
the Norian 2. Sea surface temperature climbed ~4 <C in the middle Norian before declining 4.5 T in
~3.0 Myr. This temperature peak has also been observed in conodont data from the Canadian

Cordillera %,

T5, Rhaetian (209.5-201.3 Ma). Oxygen isotopes from well-preserved oysters (Liostrea) at
Lavernock Point, UK suggest a significant warming event across the Triassic-Jurassic boundary
interval 3L, Ages derive from the Geological Time Scale 2012 *, Sea surface temperature increased
about 7.4 <C from the top of the Triassic Langport Member to the first occurrence of the ammonite

Psiloceras planorbis 2L,

Early Jurassic

The magnitude and duration of temperature change of three bins (i.e., J1, Hettangian and
Sinemurian; J2, Pliensbachian; and J3, Toarcian) derive from belemnite and brachiopod oxygen
isotope records in the UK, Spain and Portugal®>-2, Ages derive from the Geological Time Scale 2012

34 We assumed -1%o (VSMOW) as the oxygen isotope value of seawater for an ice-free world ~.

J1, Hettangian and Sinemurian (201.3-190.8 Ma). Belemnite oxygen isotopes from UK 3’ suggest
an abrupt decline of sea surface temperature in the middle Sinemurian, with a magnitude of 2.3 T in

~1.9 Myr. This cooling trend has also been observed in the oyster 580 record 2.

J2, Pliensbachian (190.8-182.7 Ma). Brachiopod 8*20 from two locations in Portugal (Peniche and
Tomar) show a consistent trend during the Pliensbachian and Toarcian 2. Brachiopod oxygen

isotopes from Portugal show a significant cooling event during the late Pliensbachian 2¢. Sea surface
temperatures decreased 5 <C in 2.5 Myr. This cooling event is also seen in belemnite 630 data from

UK, Germany, and Portugal 424,



J3, Toarcian (182.7-174.1 Ma). Brachiopod oxygen isotopes from Portugal 2 suggest a significant

warming event in the early Toarcian with a magnitude of ~5.4 <C in 1.4 Myr. This warming event is

also seen in the §'80 of belemnite from UK, Germany, Portugal, and Spain 384943 and the 580 of
fish teeth from Belgium, France, and Luxemburg #4. §*80 of belemnite from Reinosa, West Rodiles,
La Almunia, and Tudanca of Spain 22 indicate a warming of 5.0 <C, 4.9 <C, 5.7 <C, and 6.5 T,

respectively.

Middle and Late Jurassic

Temperature change in the Middle Jurassic (J4) and Late Jurassic (J5) are from belemnite oxygen
isotopes in the European realm representing shallow seas of the subtropical Tethyan area .
Temperature fluctuations in the Late Jurassic Kimmeridgian and Tithonian (J6) derive from 520 of
Paris Basin oyster shells ¢, Ages are from the Geological Time Scale 2012 2%, We assumed -1%o

(VSMOW) as the oxygen isotope value of seawater for an ice-free world ~.

J4, Middle Jurassic (Aalenian-Callovian, 174.1-163.5 Ma). Oxygen isotope data from Poland
belemnites suggest a cooling in the Callovian 4Z. Sea surface temperatures calculated from belemnite

5180 decreased ~1.6 T in 1.0 Myr.

J5, Oxfordian (163.5-157.3 Ma). Oxygen isotope data from Paris Basin oyster shells %6 suggest a
rapaid warming during the late Oxfordian with a magnitude of 3.3 T in ~0.7 Myr.

J6, Kimmeridgian and Tithonian (157.3-145 Ma). Oxygen isotope values from Paris Basin oyster
shells suggest a significant warming event (~5.0 <C) from the ammonoid Pictonia baylei Zone to the
lower Rasenia cymodoce Zone (early Kimmeridgian) 2. This warming trend is also seen in $*20

records of belemnite rostra from Scotland 4 and brachiopods from India %2,

Cretaceous
The magnitudes of temperature change in two bins (K1 and K2) derive from belemnite oxygen
isotope records, four bins (K3, K5, K6, and K8) utilize TEXgs (an organic paleothermometer) data,

and three bins (K4, K7, and K8) use planktonic foraminiferal oxygen isotope values. Ages derive
9



from the Geological Time Scale 2012 %2. We assumed -1%. (VSMOW) as the oxygen isotope value

of seawater for an ice-free world .

K1, Berriasian and Valanginian (145-133.9 Ma). Oxygen isotope data from Tethyan belemnites
show many short-term swings during the Berriasian and Valanginian, which were probably caused
by variations in polar ice-volume 2231, The long-term trend in the §*30 record of belemnites during
the Valanginian likely reflects temperature change since this trend is consistent with changes

observed in Mg/Ca (reflecting calcification temperature) of belemnites *°. Belemnite 580 suggest

that sea surface temperature decreased ~2.4 <C during the middle Valanginian2.

K2, Hauterivian and Barremian (133.9-126.3 Ma). No glacial records have been reported in the
K2 interval. Therefore, we assumed -1%. (VSMOW) as the oxygen isotope value of seawater ~.
Oxygen isotope data from French belemnites suggest a warming event during the end-Hauterivian to
early Barremian 2. Sea surface temperature increased 1.8 <C in ~1.1 Myr in the Tethyan realm (Fig.
5 in ref. 22). Belemnite oxygen isotope data from the UK show that this warming event also occurred

in the Boreal realm 2,

K3, Aptian (126.3-113 Ma). The TEXgs values of samples from Deep Sea Drilling Project (DSDP)
Site 398 show a warming event during Oceanic Anoxic Event (OAE) 1a followed by a rapid cooling
during the early Aptian >4 The TEXgs data show that sea surface temperature decrease of 2.6 <C in

~0.9 Myr >,

K4, Albian (113-100.5 Ma). Oxygen isotope values of planktonic foraminifera from Ocean Drilling
Program (ODP) Site 1052 suggest several temperature peaks during the late Albian 2. The largest

magnitude of climate warming and its duration were 2.1 <C and ~0.9 Myr.

K5, Cenomanian (100.5-93.9 Ma). The TEXsgs data from the tropical Atlantic Ocean (ODP Sites
1258 and 1259) suggest a significant warming event during the Cenomanian 6. The TEXgs data

suggest that sea surface temperature increased 3.8 <C in ~3.3 Myr.

10



K6, Turonian-Santonian (93.9-83.6 Ma). The TEXgs data from ODP Site 1259 suggest a significant
cooling event from the late Turonian to Santonian 8. Sea surface temperature decreased 1.9 < in
~5.4 Myr. This cooling trend is also seen in planktonic foraminifera 580 at ODP Site 1259 %, The
short-term positive excursion of §*30 in both the surface and deep ocean suggests a 200 kyr period of

glaciation during the middle Turonian 2L,

K7, Campanian (83.6-72.1 Ma). Oxygen isotope data of planktonic foraminifera from the eastern
Indian Ocean (ODP Site 762C) show a significant cooling event during the early and middle
Campanian®. Planktonic foraminifera (Contusotruncana fornicate) living in the surface mixed layer
suggest that sea surface temperature decreased 4.9 <C in ~3.6 Myr. This cooling trend is also seen in

planktonic foraminifera 5180 data at ODP Site 1210B (northwestern Pacific Ocean)®:.

K8, Maastrichtian (72.1-66 Ma). The TEXgs data from Texas and New Jersey (USA) suggest a
rapid cooling around the Cretaceous-Paleogene (K-Pg) boundary, coinciding with an iridium spike
associated with the well-known bolide impact 328, The TEXsgs data from Texas and New Jersey>2&0
and oxygen isotope data of planktonic foraminifera from the Ancora and Bass River boreholes®®
suggest sea surface temperature declined 5.2 <C from the upper part of the terminal Cretaceous
calcareous nannofossil Zone of Micula prinsii to the iridium spike layer. The U-Pb dates of Schoene
et al. suggest the duration of this cooling event was ~121 kyr 2. This cooling event has also been
observed in the fossil plants from North Dakota, USA &, suggesting that this was a global climate

trend.

Paleogene and Neogene

Ages for time bins in the Paleogene and Neogene are from the Geological Time Scale 2012 5465,

Pgl, Paleocene (66-56 Ma). TEXgs data from the equatorial Atlantic suggest a rapid warming event
around the Paleocene-Eocene boundary &, known as the Paleocene-Eocene Thermal Maximum
(PETM, 56 Ma). The TEXgs data from ODP Site 959 8 and Nigeria &’ suggest that sea surface

temperature increased ~5.1 <C in ~95 kyr. This warming has also been observed in the TEXge records

11



at Bass River and Wilson Lake along the New Jersey Shelf 8 and in the planktonic foraminiferal

580 record in the Southern Ocean (ODP Site 690) .

Pg2, Ypresian (Eocene, 56-47.8 Ma). TEXsgs data from the eastern equatorial Atlantic Ocean (ODP
Site 959) show a warming event during the early Eocene, known as the Early Eocene Climatic
Optimum®. This warming trend has also been observed in the Mg/Ca values of planktonic
foraminifer Morozovella from western equatorial Pacific Ocean (ODP Site 865) L. TEXss data from
ODP Site 959 and South Dover Bridge 2 suggest tropical sea surface temperature increase 1.0 T
in ~3.3 Myr. This warming trend has also been observed in the surface ocean at high latitudes 22

and the global deep ocean “°.

Pg3, Lutetian (Eocene, 47.8-41.2 Ma). TEXgs data from the eastern equatorial Atlantic Ocean (ODP
Site 959) show a long-term cooling during the Lutetian 2. This cooling trend has also been observed
in the Mg/Ca values of planktonic foraminifer Morozovella from western equatorial Pacific Ocean
(ODP Site 865) 2. TEXgs data from ODP Site 95922 and South Dover Bridge 2 suggest that tropical
sea surface temperature decreased ~1.7 <C decrease in ~1.2 Myr. TEXgs data from the Antarctic

margin also show a cooling trend in this interval”.

Pg4, Bartonian and Priabonian (Eocene, 41.2-33.9 Ma). Multiproxy climate records show a rapid
cooling during the Eocene-Oligocene transition 227475, §180, and TEXgs data from low latitude regions
0.14755 g ggest sea surface temperature decreased ~2.4 <T in ~526 kyr. Multiproxy climate records from
mid- and high-latitude oceans also show a similar cooling trend during the Eocene-Oligocene transition,

suggesting a global trend 2877,

Pg5, Oligocene (33.9-23.03 Ma). TEXgs data from DSDP 516F suggest that sea surface temperature
decreased ~1.5 T in ~2 Myr &, This cooling event has also been observed in alkenone and TEXss

temperature records from the mid-latitude Atlantic Ocean (IODP Sites U1404 and 1406A) L2,

Ngl, Aquitanian and Burdigalian (Early Miocene, 23.03-15.97 Ma). TEXgs data from the North

Atlantic Ocean (DSDP Site 608) show a rapid cooling at the end of the Early Miocene 88L Sea
12



surface temperature decreased ~2 <C in ~0.9 Myr. This short-term cooling event has also been
observed in a carbonate clumped isotope (A47) record from Central European paleosols (Molasse

Basin, Switzerland) 82,
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Supplementary Fig. 1 Schematic diagram illustrating calculation of the magnitude (AT) and rate

(R) of temperature change for a given time interval (At). Myr, million years.
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Supplementary Fig. 2 The relationship between timespan (At) and magnitude (AT) of climate
change over the past 450 million years. There is no correlation between timespan and magnitude (n
=45, p=-0.148, P = 0.331). Red dots represent the Big Five extinctions. Horizontal and vertical bars

represent mean %1 x standard deviation. n = the sample size used to derive statistics.
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Supplementary Fig. 3 The relative timing of temperature change (AT) and extinction for the
major (red) and minor (blue) extinctions during the past 450 million years. The dashed line is the
relative position of the extinction horizon in relation to the timespan of the largest magnitude climate
changes (colored bars) within the time interval containing the extinction. For the list of major and
minor extinctions, ages and AT see Supplementary Table 3. Red and blue bars represent Big Five and

minor mass extinctions, respectively.
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Supplementary Fig. 4 Comparisons of the magnitude (AT) and rate (R) of temperature change
between different temperature-proxies or between different sites for seven time intervals. a, The
magnitude of temperature change. b, The rate of temperature change. Orange, blue, and green circles
represent conodont 580, carbonate fossil §'80, and TEXsgs, respectively. §Oconodont data in the
Changhsingian are from Dajianggou, Liangfengya, Meishan of South China using in situ SIMS
technique 2 and Armenia using bulk conodont apatite 2. §*8Opetemnite aNd 8*¥Obrachiopod data in the
Toarcian are from Spain 38 and Portugal 26, respectively. TEXgs and 8'®Ororaminiter data in the
Maastrichtian are from New Jersey 2% and Ancora-Bass River &, respectively. TEXsgs data in the
Paleocene are from ODP Site 959 ¢ and Nigeria 8. TEXgs data in the Ypresian are from ODP Site 959
0 and the South Dover Bridge Core, Maryland “2. TEXgs data in the Bartonian-Priabonian are from
ODP Site 959 2 and St. Stephens Quarry, Alabama 2. §*®Otoraminifer data in the Bartonian-Priabonian

are Gulf of Mexico “ and Tanzania 2. Horizontal and vertical bars show mean %1 x standard deviation.
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Cretaceous Jurassic

Triassic Permian

Silurian < 4\{ / Ordovician

Supplementary Fig. 5 Locations of paleobiological data (small dots) and paleo-temperature
data (big dots). a, Neogene; b, Paleogene; ¢, Cretaceous; d, Jurassic; e, Triassic; f, Permian; g,
Carboniferous; h, Devonian; i, Silurian; j, Ordovician. Paleogeographic map and fossil data are from

Paleobiology Database (PBDB, http://paleobiodb.org).
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Supplementary Fig. 6 Results of autocorrelation function (ACF) for AT (a), log R (b), and GF

extinction (c). Dotted lines represent 95% confidence intervals.
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Supplementary Table 1 Results of correlation analysis among extinction rates of marine animals
and climate change.

Type Variables n Spearman's p P-value
GF-PBDB vs AT 45 0.629 3.64E-06
GF-PBDB vs R 45 0.567 4.92E-05
All bins
3T-PBDB vs AT 45 0.593 1.78E-05
3T-PBDB vs R 45 0.539 1.32E-04
GF-PBDB vs AT 40 0.536 3.68E-04
Excluding the Big GF-PBDB vs R 40 0.422 6.72E-03
Five extinctions 3T-PBDB vs AT 40 0.473 2.05E-03
3T-PBDB vs R 40 0.364 2.11E-02
GF-PBDB vs AT 25 -0.533 6.07E-03
GF-PBDB vs R 25 -0.308 1.34E-01
Cooling bins
3T-PBDB vs AT 25 -0.512 8.96E-03
3T-PBDB vs R 25 -0.335 1.02E-01
GF-PBDB vs AT 20 0.756 1.14E-04
GF-PBDB vs R 20 0.782 4.65E-05
Warming bins
3T-PBDB vs AT 20 0.809 1.57E-05
3T-PBDB vs R 20 0.723 3.13E-04
GFS-PBDB vs AT 45 0.610 8.60E-06
GFS-PBDB vs R 45 0.571 4.28E-05
All bins
3TS-PBDB vs AT 45 0.640 2.21E-06
3TS-PBDB vs R 45 0.505 3.99E-04
Paleolatitude vs AT 45 -0.138 0.367
All bins
Paleolatitude vs R 45 -0.005 0.974

AT, the magnitude of temperature change; R, the of temperature change; GF, gap-filler rate of extinction; 3T, three-timer rate of extinction; GFS, gap-
filler rate of shallow-water animal extinction; 3T, three-timer rate of shallow-water animal extinction; PBDB, Paleobiology Database. The statistical test

was two-sided and no adjustments were made for multiple comparisons.
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Supplementary Table 2 Results of Pearson-Filon test using R-package cocor. The results suggest
that there are no significant differences between correlation coefficients of GF extinction rate and AT/R
under warming and cooling events. There are no significant differences between correlation

coefficients of GF extinction rate and AT/R from Paleozoic, Mesozoic, and Cenozoic.

Variables Pearson and Filon's z Pvalue
GF extinction rates ~ AT | GF extinction rates ~ logR 0.34816 0.7277
GF extinction rates ~ warming AT | GF extinction rates ~ cooling AT 1.5757 0.1151
GF extinction rates ~ warming logR | GF extinction rates ~ cooling logR 1.2252 0.2205
Cenozoic extinction rates ~ Cenozoic AT | Mesozoic extinction rates ~ Mesozoic AT 0.42722 0.6692
Cenozoic extinction rates ~ Cenozoic AT | Paleozoic extinction rates ~ Paleozoic AT 0.15812 0.8744
Mesozoic extinction rates ~ Mesozoic AT | Paleozoic extinction rates ~ Paleozoic AT 0.82373 0.4101
Cenozoic extinction rates ~ Cenozoic logR | Mesozoic extinction rates ~ Mesozoic logR 0.53307 0.594

Cenozoic extinction rates ~ Cenozoic logR | Paleozoic extinction rates ~ Paleozoic logR 0.44584 0.6557
Mesozoic extinction rates ~ Mesozoic logR | Paleozoic extinction rates ~ Paleozoic logR 0.06187 0.9507
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Supplementary Table 3 The relative timing of temperature change (AT) and extinction for the

major and minor extinctions during the past 450 million years.

Bin Major/minor Onset age of ) t At
Taxa that suffered significant extinction References for extinction event
name  extinction extinction (Myr) (Ma) (Ma) (Myr)
Eocene-Oligocene bivalve, plant, gastropod, planktonic Retallack et al., 2004; Pearson et al.,
Pg4 34 34 3345 0.55
extinction foraminifer 2008; Vandenberghe et al., 2012
Hallam and Wignall, 1997; Thomas and
Paleocene-Eocene benthic foraminifer, ostracod,
Pg1 56 56.05 56 0.05 Shackleton, 1996; Gibbs et al., 2006;
extinction phytoplankton
Vandenberghe et al., 2012
ammonoid, belemnite, benthic
foraminifer, bivalve, brachiopod,
Hallam and Wignall, 1997; Longrich et
K8 K-Pg extinction bryozoan, dinosaur, lizard, marine 66.016 66.19 66.02 0.174
al., 2011; 2012; Schoene et al., 2019
reptile, planktonic foraminifer,
phytoplankton, plant, snake
Hallam and Wignall, 1997; Wan et al.,
Cenomanian- benthic foraminifer, planktonic
K5 94.4 97.69 94.4 3.29 2013; Parente et al., 2008; Ogg and
Turonian extinction foraminifer, molluscan, phytoplankton
Hinnov, 2012
Hallam and Wignall, 1997; Caswell et
early Toarcian
J3 bivalve, brachiopod, large foraminifer 182.7 182.94 181.5 1.43 al., 2009; Ogg et al., 2012; Jiang et al.,
extinction
2020
ammonoid, bivalve, brachiopod, coral,
middle Carnian
Tr3 conodont, foraminifer, gastropod, 233.1 2331 231.9 1.2 Ogg et al., 2012; Dal Corso et al., 2020
extinction
ostracod, radiolarian, sponge
ammonoid, bivalve, brachiopod, coral,
Triassic-Jurassic conodont, foraminifer, nanofossil, Hallam and Wignall, 1997; Ogg et al.,
Tr5 201.5 201.5 201.1 0.4
extinction ostracod, plant, radiolaria, sponge, 2012; Wignall and Atkinson, 2020
Tabulozoan
ammonoid, bivalve, brachiopod,
Shen et al., 2011; Song et al., 2013;
Permian-Triassic conodont, calcareous algae, coral,
P5 251.94 251.94 251.9 0.061 Benton and Newell, 2014; Burgess et
extinction fusulinid, gastropod, ostracod, plant,
al., 2014
radiolaria, sponge, tetrapod, trilobite
Stanley and Yang, 1994; Hallam and
end-Guadalupian ammonoid, bivalve, brachiopod, Wignall, 1997; Brayard et al., 2009;
P4 259.1 259.8 259.1 0.7
extinction bryozoan, coral, fusulinid, plant Bond and Wignall, 2010; Zhong et al.,
2014
ammonoid, conodont, marine and Hallam and Wignall, 1997; Kaiser et al.,
end-Devonian
D5 terrestrial vertebrates, stromatoporoid, 358.97 372.19 3714 0.78 2006; Sallan and Coates, 2010; Myrow
extinction
trilobite etal., 2014
Frasnian- ammonoid, brachiopod, conodont,
Hallam and Wignall, 1997; Becker et al.,
D4 Famennian coral, fish, stromatoporoid, trilobite, 372.3 372.29 372.2 0.08
2012; Huang et al., 2018
extinction ostracod
acritarch, brachiopod, bryozoan,
end-Ordovician Hallam and Wignall, 1997; Ling et al.,
Or5 conodont, coral, graptolite, sponge, 443.14 443.14 4429 0.22

extinction

stromatoporoid, trilobite

2019; Rong et al., 2020

For the detailed temperature data see Source Data. Data of extinctions are from references

21011.22.24.29.34.49 62647584105 Datq of temperature change are

from Source Data. Red and blue colours represent Big Five and minor mass extinctions, respectively.
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