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Mammals have dominated Earth for approximately 55 Myr thanks to their
adaptations and resilience to warming and cooling during the Cenozoic. All
life will eventually perishin arunaway greenhouse once absorbed solar
radiation exceeds the emission of thermal radiation in several billions of
years. However, conditions rendering the Earth naturally inhospitable to
mammals may develop sooner because of long-term processes linked to
plate tectonics (short-term perturbations are not considered here). In

~250 Myr, all continents will converge to form Earth’s next supercontinent,
Pangea Ultima. A natural consequence of the creation and decay of Pangea
Ultima will be extremes in pco, due to changes in volcanic rifting and
outgassing. Here we show thatincreased po,, solar energy (F;
approximately +2.5% W m~2 greater than today) and continentality (larger
range in temperatures away from the ocean) lead to increasing warming
hostile to mammalian life. We assess their impact on mammalian
physiological limits (dry bulb, wet bulb and Humidex heat stress indicators)
aswellas a planetary habitability index. Given mammals’ continued survival,
predicted background pco, levels of 410-816 ppm combined with increased
Fowill probably lead to a climate tipping point and their mass extinction.
Theresults also highlight how global landmass configuration, pco,and F,
playacritical role in planetary habitability.

Anthropogenic emissions of greenhouse gasses are pushing Earth’s
climate towards a warmer state not seen for millions of years', with
repercussions for ecosystemresilience. Yet, it is unknown whether or
when Earth’s dominant terrestrial animal species, mammals, will ever
reach aclimatic tipping point whereby their ascendancy is threatened.
Sherwood and Huber? have suggested that current global warming will

raise temperatures above terrestrialmammalian physiological limits,
rendering some parts of the world uninhabitable. Mid-to-late century
International Panel on Climate Change Sixth Assessment Report™*
high-emission scenarios suggest that some physiological thermal
thresholds will be exceeded in small, mainly coastal, regions of Africa,
Australia, Europe and South Asia*®. Even with the combustion of all
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available fossil fuels (+12 °C by 2300), most of the land surface would
still be habitable”. What is certain is that the Earth will leave the Sun’s
habitable zoneinseveralbillion years’ when solar luminosity (FooW m3)
reaches apoint where radiative heating and moist processesinitiatea
runaway greenhouse. However, conditions that threaten mammalian
predominance on Earth may naturally arise sooner.

Mammalian lineage (including endothermic vertebrates
belonging to the class Mammalia of the phylum Chordata) first
emerged ~310 million years ago (Ma)® but only became the dominant
species after the Cretaceous—Palaeogene (K-Pg) extinction’. Mammals’
success has seen habitation of nearly every terrestrial biome, encom-
passing periods of large climatic fluctuations and mass extinctions,
showing resilience to climate change'*". Mammalian physiology has
evolved toremove excess heat through thermoregulatory mechanisms
(sweatglands, locomotion and circulatory system) owing to an ances-
tral legacy having evolved under warmer, non-glaciated climates'.
Although mammals are resilient to temperature fluctuations, thermal
tolerances are invariant across latitudes, elevation and phylogeny'?,
showing that physiological constraints exist where survivability is
limited. Sustained dry-bulb temperatures (7;) of >40 °C can lead to
mortality’>". Hyperthermia, a further upper limit, occurs when the
ambient wet-bulb temperature (T,) exceeds approximately 35 °C,
because the transfer of metabolic heat through sweat-based latent
cooling is insufficient>”™', Exposure above this threshold for >6 h
leads to death™", but this threshold is rarely reached in our current
climate'. Humidex, another heat stress measure, is a unitless indica-
tor based on dry-bulb temperature and vapour pressure that is used
by the Meteorological Service of Canadatorepresent human thermal
comfortinhot, dry continental interiors'. Values of >30 indicate ‘some
discomfort’,>45is ‘dangerous’ and prolonged exposure will lead to heat
stroke, while >54 indicates heat stroke and imminent mortality. There
isadivergence between heat stress metrics where hyperthermiacanbe
induced. T, heat stress has a greaterimpact on tropical hot and humid
regimes®"”, whereas Humidex better represents dry, hot climates like
deserts™, such as those foundin the continental interiors. Habitability is
constrained notjust by awarming climate but also by a cooling climate.
Hypothermia canarise asadirect consequence of cold temperatures.
Prolonged exposure to wind chill temperatures below =10 °C (T,,)
causesischaemic necrosis on exposed skin. However,amore relevant
measure of habitability for mammals is temperatures below freezing
(T,), which affects freshwater availability and induces plant dormancy
(<5°C; ref. 19). The planetary habitability index (PHI)* also offers
another measure to assess mammalian survivability on the basis of
constructing indices from a star-planet distance, star temperature
and the wavelengths of light absorbed by a planetary body* to assess
thermal tolerances.

The next supercontinent, Pangea Ultima (PU)* (Fig. 1 and
Supplementary Fig. 1), is predicted to form in the next ~250 Myr
(ref. 23). By ~250 Myr our Sun will emit -2.5% more energy compared
with today (-1% per 110 Myr (ref. 24) in F), a radiative forcing
+5.55 W m™(more than double present-day pco, (3.7 W m™)). Coupled
withtectonic-geographicvariationsinatmospheric pco,and enhanced
continentality effect for supercontinents®, Earth could reach atipping
pointrendering it uninhabitable to mammalian life.

Predicting future pco, in ~250 Myr is challenging. The geologic
record has shown large swingsin pco, (ref. 26) over the past 3.5 billion
years. However, thereis anapparent cool-warmin-phase relationship
(for example, the Rodinia and Gondwana supercontinents) as part of
the natural cycle (~400-600 Myr) of assembly, tenure and break-up of
supercontinents with pco,. However, thisis complicated and depends
onmechanical and insulating effects of continents on mantle convec-
tion” (for example, the Nuna Supercontinent stayed warm throughout
the assembly-decay). Thisis aresult of competing factors that modu-
late CO, sources and sinks (volcanic outgassing versusssilicate weather-
ing) of the long-term carbon cycle” %, There have been at least five

periods of tectonic convergent cycles that have resulted in continental
assembly’’ coinciding with large variations in global temperature®.
Relatively little isknown about the pco,and climate conditions of the
first four supercontinents (Vaalbaraapproximately 3,600-2,800 Ma,
Kenorland approximately 2500 Ma, Nuna approximately
1,800-1,300 Maand Rodinia approximately 1,100—600 Ma), although
during the Snowball Earth events (approximately 720-650 Ma), pco,
isbelieved to have built-up to two or three orders of magnitude greater
than present-day values®>**. More is known about the most recent
supercontinent, Gondwana, approximately 550—170 Ma (alsoincluding
Pangea330—170 Ma). During the time of the Gondwanan Superconti-
nent, atmospheric pco, varied from ~200 ppm (reconstructions vary
between 96-435 ppm) at-334 Mato~2,100 ppm (1,127-2,909 ppm) at
~255 Ma (ref. 34). This led to periods of extremes in temperature from
panglacial climates during the Carboniferous (-5 °C compared with
the present-day global mean®~°) to greenhouse climates of the
Devonian (+10 °C compared with the present-day global mean®), all
periods where F was weaker (<-3%; ref. 38) than today. It has been
suggested that, once a supercontinent has assembled, the rate of
Large Igneous Province (LIP) emplacement increases, raising pco,-
This process can initiate continental break-up®, leading to increased
continentalrifting and a further injection of pco, (ref. 40).

Will the formation and decay of the PU Supercontinent lead to
Earth becoming uninhabitable for mammals by surpassing their ther-
mal physiological limitations long before F o becomes high enough to
cause a runaway greenhouse? In this Article, we assess the impact of
mammalian thermal tolerances resulting from numerical simulations
at 0, 70, 140, 280, 560 and 1,120 ppm pc,, under both modern and
future Fg, (1,364.95 and 1,399.07 W m™). We employ a version of the
United Kingdom Met Office Hadley Centre Coupled Model (HadCM3L)
adynamic fully coupled atmosphere-land-ocean general circulation
model (GCM) with aninteractive ozone scheme under aPUgeography
(see Methods for details). Further, we utilize the spatial-continuous
integration (SCION) biogeochemistry modelin conjunction with these
simulations to quantitatively estimate background atmospheric car-
bon dioxide concentrations to predict how much of the land surface
remains habitable by 250 Myr.

Results

PU mammalian thermal tolerance

PU grid-weighted global mean annual temperature (GMAT) ranges
from 19.9 to 27.3 °C (land-only GMAT ranges from 24.5 to 35.1°C)
(0-1,120 ppm CO,; +2.5% Modern F) (Fig. 1and Table 1). The GMAT
anomaly relative to the Pre-industrial control simulation (280 ppm
Pco,, modern Fg) for PU varies between +8.2 and +16.1 °C (land-only
GMAT anomalies range between +12.2 and +29.8 °C). When changing
only the global geography (280 ppm; Modern Fo) fromits Pre-industrial
configuration to PU, GMAT warms by +3.5 °C, while land-only tem-
peratures increase by +13.9 °C as a result of the continentality effect.

When the mammalian physiological metrics Ty (Extended Data
Fig.1), T,, (Extended Data Fig. 2), Humidex (Extended Data Fig. 3),
Toand T, are applied to all scenarios, they present varying amounts
of mammalian habitation (Extended DataFig. 4). Here, we define hab-
itability (Table 1) by exceeding conditions where: (1) cold monthly
mean temperature >0 °C (T,) for at least three consecutive months,
(2) T, <34.5°Cand (3) Tumicex < 45.

Hibernationis encoded in these metrics. Hibernation is an effec-
tive strategy for mammals in times of cold stress once sufficient fat
stores have been built up. This is required as plants (food) enter dor-
mancy once temperatures are <5 °C (ref. 19). Using amore conservative
estimate of <0 °C also removes freshwater availability. Aestivation,
thatis, warm weather dormancy, cannot occurinregions where plants
cannot grow, usually in hot, arid regions. Subsequently, we also rule
outdesertregions as habitable (low species diversity; Fig.1a) owing to
low water and food availability. To ensure that the model shows skill,
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withglobal land surface temperature (GLST) (grid-weighted) indicated.
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Table 1| Pre-industrial and PU climate simulations for a range of CO, (ppm) and solar luminosities (Sol), both Modern and in

250Myr (Sol+2.5%); see Table 2 in Methods for details

Habitability metrics

Scenario Carbon dioxide Habitable land Habitableland Percentage of total Desert Land and Landonly AT,

concentration (ppm)  (million km?) (million km?) habitable land percentage of ocean(°C) (°C) (°C)
planet

Pre-industrial 280 147.9 975 66% 30% 1.73 5.32 3.7

PU, 280 ppm, Sol 280 145.5 78.8 54% 42% 15.28 19.22 2.4

PU, 560 ppm, Sol 560 145.5 39.8 27% 40% 19.28 23.97 40

PU, 1120 ppm, Sol 1120 145.5 249 17% 40% 22.59 28.64 &3

PU, 280ppm, 280 145.5 36.0 25% 44% 19.89 24.53 2.3

Sol+2.5%

PU, 560 ppm, 560 145.5 23.8 16% 47% 23.36 29.28 3.5

Sol+2.5%

PU, 1120 ppm, 1120 145.5 12.0 8% 49% 27.30 3512 3.9

Sol+2.5%

PU, 560 ppm, 560 145.5 27.3 19% 43% 2175 24.78 1.9

Sol+2.5%, 2x0Orog

Total land area (km?) and habitable land area (km? and %; see Methods for details) for each experiment are shown for habitability metrics. The percentage of land area that is desertified is also
indicated. Grid-weighted global mean annual and land-only mean annual temperatures along with global equilibrium climate sensitivity (AT,,) are highlighted. ‘Orog’ signifies orography. *From

ref. 62.

Table 2 | Description of sensitivity studies and model boundary conditions for a Pre-industrial climate (Modern geography)

and PU geography
Scenario Experiment name Time (Myr) pCO,(ppm) FoW m2) Geography Modification to geography
Pre-industrial XMXXC 0 280 1,364.95 Modern No
PU, Oppm, Sol teurk ~250 0 1,364.95 PU No
PU, 70ppm, Sol teurl ~250 70 1,364.95 PU No
PU, 140 ppm, Sol teurm ~250 140 1,364.95 PU No
PU, 280 ppm, Sol teurc ~250 280 1,364.95 PU No
PU, 560 ppm, Sol teurd ~250 560 1,364.95 PU No
PU, 1,120 ppm, Sol teure ~250 1120 1,364.95 PU No
PU, Oppm, Sol+2.5% teurr ~250 0 1,399.07 PU No
PU, 70 ppm, Sol+2.5% teurs ~250 70 1,399.07 PU No
PU, 140 ppm, Sol+2.5% teurt ~250 140 1,399.07 PU No
PU, 280 ppm, Sol+2.5% teurg ~250 280 1,399.07 PU No
PU, 560 ppm, Sol+2.5% teurh ~250 560 1,399.07 PU No
PU, 1,120 ppm, Sol+2.5% teuri ~250 1120 1,399.07 PU No
PU, 560 ppm, Sol+2.5%, teurp ~250 560 1.399.07 PU Topographic height
2x0rog doubled

CO,, solar constant and any modifications made are detailed for each experiment.

we evaluated our Pre-industrial control simulation against Modern
observed mammalian species distribution where theimpact of humans
has been removed", showing good agreement (Fig. 1).

Only one scenario (280 ppm pco,; Table 1) has comparable
amounts of habitable land (54%) to the Pre-Industrial Earth (66%) under
increased future F. Under 560 or 1,120 ppm, habitability decreases
to 16% and 8%, respectively. In all cases, increasing pco, pushes the
majority of the land surface beyond thermal physiological tolerances
for Ty, T, and Humidex (Fig.1),and at 1,120 ppm the planet is practically
uninhabitable (8% habitability). Evenifthe land surface heightis dou-
bled, habitability increases only marginally from 16%t0 19% at 560 ppm
(Table 1). Although silicate weathering feedbacks have the potential
to draw down pco, to extremely low levels, leading to climates where
cold thermal tolerances are exceeded and extinction occurs, such a
scenario is less plausible under future F (ref. 42), As such, scenarios

(Table 1) and analysis where pco, is low (140, 70 and O ppm) are only
discussed in ‘Cold Stress Environments’ in Supplementary
Information.

PU energy balance analysis

Energybalance analysis* (Extended Data Figs. 5and 6d) indicates that,
changing from Pre-industrial geography to a PUgeography (280 ppm
CO,, Modern Fg kept constant to remove its influence) leads to an
increase in GMAT of +3.7 °C (Extended Data Fig. 5a) driven by changes
in surface albedo (+2.2 °C) and emissivity (+1.4 °C) at high latitudes
owing to there being no polar ice (mainly thoughice and cloud feed-
backs). The addition of future F (+2.5% F ) increases GMAT by +8.2 °C
(Extended Data Fig. 5d). A fraction (+1.8 °C) of this increase is directly
attributable toincreased F and indirectly through changesinalbedo
(+2.7 °C), emissivity (+3.7 °C) and heat transport (+0.1°C) as aresult
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Fig. 2| Astrophysical habitability index. ESI and PHI of all Solar System bodies
and each PU pco, and solar luminosity (Modern (Sol) and solar luminosity in
250 Myr (Sol +2.5%)) sensitivity study (orange symbols). Values within the green
zone indicate habitability (see Methods for details). Values in the red zone
indicate poor habitability due to having a rocky interior (high PHI) but not a
temperate surface (low ESI) and vice versa. See ref. 20 for ESl and PHI for
definitions and planetary body values for the Solar System.

of non-linear feedbacks that arise fromincreasing F .. Thisis driven by
areduction in seasonal seaice at high latitudes (compare Extended
Data Fig. 5a,d), whereas just increasing pco, impacts GMAT predomi-
nantly through emissivity-driven feedbacks (Extended DataFig. 5a-c).
Terrestrial albedo changes are primarily driven by vegetation feedbacks
due to desertification under warming conditions (Table 1) that are
already enhanced because of supercontinent formation with no pco,
or Fchange (30-42%). When F 5 iskept at Pre-industrial levels, deserts
show asmall decrease withincreasing pco, owingtoincreased evapo-
ration and moisture enrichment of the atmosphere, leading to an
invigorated hydrological cycle in some regions (Table 1).

A stepwise doubling of pco, under F, (+2.5%) from 280 to
1,120 ppm (Extended Data Fig. 6d-f) shows ageneralincrease in equi-
librium climate sensitivity (AT, of 2.3-3.9 °C; Table 1). Interestingly,
AT, analysis of the same suite of pco,concentrationsbutwithamodern
Fo(Tablel) indicates more variable AT, with pco, (AT, 0f2.4-4.8°C),
demonstrating non-linear climate feedbacks with changesin F,,.

Finally, we consider an astrophysical classification of PHI in con-
junctionwith an Earth Similarity Index (ESI) based on planetary mass,
radius, temperature, stable substrate, available energy, chemistry
and ability to host liquid water®. These are defined relative to the only
known habitable planet, Earth, and habitability is defined as greater
than 0.8 (see online methods for further details). Hence, by definition,
the only parameter that changes in the future is GMAT, since all other
factors remain constant. According to the ESI, no future scenario is
predicted to remain habitable (Fig. 2).

PU pco, modelling

Continent-continent collision during supercontinent formation, on
average, is predicted toreduce, notincrease, pco, drawdownbecause
high topography (and more readily erodible material) is concentrated
inthedry continental interiors, away from moisture sources”. Moisture
pathways may be just asimportant as topography ininfluencing chem-
icalweathering. Thisis corroborated in our model, which sees areduc-
tion both in precipitation (Extended Data Fig. 7) and in runoff when
only changing the continental configuration from a Pre-industrial
worldtoaPUworld. Increasing pco, reduces precipitationand runoff

into the continental interior, theoretically further reducing chemical
weathering and increasing pco,.

To better constrain the likely pco, and understand the silicate
weathering feedback in our PU reconstruction, we use the global
climate-biogeochemical model SCION (see Methods for more infor-
mation), which computes the long-term carbon cycle and uses a
two-dimensional (2D) terrestrial weathering module informed by
climate model simulations. Here, a data structure of climate model
outputs at different CO, levelsis used to simulate spatial continental
processes through variations in atmospheric CO,, and we update
this with the climate model runs from this study both for the
Pre-industrial (which determines the initial steady state) and for PU.
To run the model, we must also prescribe the tectonic rate of CO,
degassing, which we estimate from a conservative set of plate bound-
aries (mid-oceanridges and subduction zones) that might describe
the gross tectonic fabric of the PU world (see Supplementary Infor-
mation for more details). We find that PU is likely to have 1.3-1.9 times
the degassing rate of the present-day Earth, whichis roughly equiva-
lent to the rates proposed for Pangea**. SCION ensemble simulations
for PU predictamean long-termbackground pco, of 621 ppm (range
410-816 ppm) when considering the range of uncertainty in the
degassing rate as well as the potential for changing reactivity of
globalssilicate rocks.

Discussion

The formation and decay of PU will limit and, given a much greater
source-to-sink ratio of pco,, ultimately end terrestrial mammalian
habitability on Earth by exceeding their warm thermal tolerances,
billions of years earlier than previously hypothesized. Inevitable
changesinboth plate tectonics and F create feedbacks in the climate,
eveninlieu of variable pco,, that will raise GMAT.

Further, tectonic evolution of PU will lead to large variations in
Pco, (over10®years (for example, hyperthermal events*) and 10° years
(for example, volcanism*®)), as observed through the geologic record
and seen as a natural consequence of supercontinent assembly and
decay”, enhancing GMAT (20.9-24.8 °Cat 410-816 ppm pco,). Further,
the tenure of PU possibly increases the likelihood of massive hyper-
thermal events akin to the Permian-Triassic event that saw up to10 °C
warming on 10* year time scales®.

Today, critical heat stress measures are rarely exceeded on land
and, if so, only for short time scales™ (hours or days). If only the geog-
raphy wasto change, critical heat stressis not exceeded but does drive
the climate towards critical thresholds (Fig. 1 and Extended Data
Figs.1-3). Combined with a future increase in F, large regions of the
supercontinent breach these critical thresholds for periods of >30 days
(Table 1, Fig. 1 and Extended Data Fig. 4). At 280 ppm, most of the
Tropics become uninhabitable, and by 1,120 ppm this extends through
the mid to high latitudes. Although the high latitudes (>50°) at
1,120 ppm offer limited refugia from critical heat stress, cold stress
metrics further reduce habitability (Extended DataFig. 4). Only highly
specialized migratory mammals would be able to compete. However,
even a migratory strategy may be perilous for mammals owing to
continent-wide deserts and aridity (Table 1) throughout PU acting as
abiogeographicbarrier (Extended Data Fig. 7). High T and T,,as afunc-
tionofincreasing pco,require plentiful water availability for mammals
to balance losses through evaporative cooling to stop hyperthermia.
Rates of evaporative water loss will increase with hyperthermia as the
rate of respiratory water lossincreasesin direct proportiontoincreases
in the rate of gas exchange®’, making traversing these near 50° N to
50° S continent-wide arid and desert regions impractical. Asecondary
impact of low moisture availability would be anincrease in the vapour
pressure deficit (VPD) and plant stress (not shown) and areductionin
the productivity and food availability of vegetated land for mammals.
Under 1,120 ppm pco,, the VPD between 50° N and 50° S is a factor of
three or four greater than in the Gobi Desert today (with our
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Pre-industrialmodel showing similar values of approximately 10-12 hPa
compared with observations*®).

Hibernation (a seasonal adaptation to prolonged periods of food
shortage and cold) and its hot weather equivalent, aestivation, have
been effective strategies for mammals for millions of years to combat
relative extremes in temperatures. Today, ~50% of mammals hiber-
nate*’, and of those, only a small fraction for more than1 month*’. With
Pco,predictedtobe 410-816 ppm, cold stress will be less of a constraint
on mammalian habitability (Extended Data Fig. 4). Burrows and cave
systems, which are buffered from external air temperature, may allow
some refugia for some mammal speciesif food and water are plentiful.
Small burrowing rodents may show greater survivorship in regions
above thermal thresholds if staying active at night rather than during
the day. However, even if increasing the aestivation period is allowed
from1-3 months during the warmest months of the year, habitability
isonly marginally increased (Supplementary Table 2) at 280, 560 and
1,120 ppm from 25%16% and 8% to 32%, 21% and 13%, respectively, as a
result of adjoining months being above physiological thresholds.

Although we cannot discount evolutionary adaptationto heat and
cold stress, recent studies have shown that mammalian thermotoler-
ance upper limits are conserved through geologic time'*' and have
not increased during past rapid (for example, Palaeocene-Eocene
Thermal Maximum) or slower warming events (Early-Eocene Climatic
Optimum). Mammalian physiological limitations show thatincreasing
their upper thermal tolerance is a slow process (0.6 °C per Myr) with
anupper Tyboundary of approximately 40 °C thatisrarely crossed. At
40-60 °C, plant life and the basis of the terrestrial food chain begins to
critically fail owing to damage to photosystem I, leading to decreased
electron transport rates and photosynthetic failure'*2. At >560 ppm,
daily 7,>40 °C are consistent throughout the supercontinent (at
1,120 ppm, this can often reach >50-60 °C). Although mammals are
better at adapting to cold tolerance'*, a more conservative <0 °C
threshold whereby freshwater sources are rendered biologically
unavailable offers a finite lower thermal tolerance limit. To adapt to
more humid and warmer environments, endotherms would need to
increase body temperature (7,) above both the dry- and/or wet-bulb
temperature (7,) to maintainanegative T, - T,gradient. However, since
most endothermsregulate 7, near lethal or physiological limits, there
is probably only limited scope for thermal adaptation'. This is likely
conservative given that juvenile mammals will be more susceptible to
lower ranges®.

Over long-time scales (10° years), weathering feedbacks will regu-
late pco, owing to higher Fg increasing surface temperatures and
enhancing the long-term hydrological cycle, thereby reducing pco,.
However, weathering feedbacks will have a lagged response, operat-
ingonlonger time scales than are important for mammalian habitabil-
ity, meaning that any substantial pco, outgassing would lead to
short-term (10>-10* year) warming that would reduce habitability
through heat stress, such as during supercontinent assembly
that has consistently been shown to result in high pco, emissions
(1,000-3,000 ppm)** (see Methods for more details).

Reduced moisture advection (Extended Data Fig.1) into continen-
talinteriorsleadstolarge arid regions where surface runoffis reduced
or non-existent (not shown). This reduces the carbon sink (via both
chemical weathering andbiotic factors), raising pco, throughareduc-
tioninterrestrial pco, sequestration, erosion and transport of carbon
for oceanic sequestration®.

InPU, a Tropical east-west trending mountain range (Supplemen-
tary Fig. 1) is modelled, from which an invigorated hydrologic cycle is
derived, driven from the mountain range proximity to oceanic mois-
ture. Consequently, we speculate amoistened atmosphere fromgreen-
house conditions, and astrongland-sea contrast would progressively
increasesilicate weathering, drawing down pco,. When the topography
of PU is doubled in height, the hydrological cycle decreases over the
higher mountains (Extended Data Fig. 7), suggesting that silicate

weathering and po, drawdown may slow. On the other hand, if the
erodible material of these mountain ranges was made of sedimentary
material with lowssilica content, it would instead release large amounts
of pco,throughthe oxidation of rock-rich inorganic carbonandsulfide
minerals®, increasing pco, further and expanding regions where mam-
mals would experience critical heat stress.

Today critical cold stress (T, Or Ty) environments are limited to
the high to mid latitudes (>30°). Changing geography and increased
Fgbothshiftthiszone atleast10° towards the poles. Cold stressiis still
a factor limiting habitability regardless of changing geography and
increased F, which both act to warm the planet. Elevated pco,
(>1,120 ppm) effectively removes all cold stress environments.
Cool-adapted mammals that have lower thermal physiological limits
willbe particularly impacted by rising temperatures as well asincreased
competition from other species moving poleward as they migrate away
fromthe Tropics.

Other future supercontinent configurations have been proposed
(Novopangea, Aurica and Amasia®*). All formations except Amasia
suggest a supercontinent landmass centred in the Tropics and would
likely lead to climates similar to PU. Amasia, however, would be centred
over the North Pole (except for Antarctica, which remains in its
present-day position). Insuchascenario, under arange of pco,regimes,
large regions would probably be less affected by critical heat stress and
remain habitable. However, strong weathering feedbacks under such
ascenario may present greater challenges from cold stress on mam-
malian physiology. Ice-albedo feedbacks may also present asituation
where Amasia® would glaciate more readily, even under higher pco,
regimes and mass extinction.

Ultimately, it is supercontinent geography and increased F, that
drive the increased sensitivity to variable pcq,. Continued mammalian
habitability willbe contingent onnolarge, sustained, pulses of pc,, either
through processes in supercontinent assembly and decay or coincident
outgassingevents (forexample, LIPssuchas the Siberianor Deccantraps),
both of which have precedent throughout the geologic record. Elevated
Pco,levels (>840 ppm), oftenassociated with greenhouse climates, have
been common over most of the Phanerozoic®***. If pco, was to spike
>560 ppm, even for a short period (10>-10° years), Earth will become
inhospitable for mammalian life, resulting in a mass extinction compa-
rable to the ‘Big 5’ extinction events™. This may even be conservative.
Song et al.®° suggest that warming of >5.2 °C from Pre-industrial levels
led to previous mass extinctions in marine animals®°, and their defined
thresholdis passed under scenarios below 280 ppm po,.

This analysis pinpoints theimportance of tectonics, atmospheric
constituents and solar energy for continued mammalian survivability.
Under all scenarios of an ‘Earth-like’ planet, regions of habitability do
exist (even for 1,120 ppm pco,, Fo +2.5%, albeit small (Extended Data
Fig. 4)). However, no future realization of PU where pc, is 2280 ppm
passes a well-used astrophysical assessment of habitability (Fig. 2),
meaning that Earth will leave its astrophysical defined habitable zone
(at least temporarily) well before a runaway greenhouse occurs. This
suggests that the potential for human habitability of many exoplanets
might be mistakenly discounted. This is illustrated by the recent dis-
covery of KOI-456.04 (ref. 61), which has an Earth-Sun system similar
to our own and an estimated GMAT of 5 °C. The habitability of KOI-
456.04 may be more dependent on the position of its continental
landmass and concentration of atmospheric constituents than an
arbitrary habitable zone defined by planet-star distance.

Online content
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summaries, source data, extended data, supplementary infor-
mation, acknowledgements, peer review information; details of
author contributions and competing interests; and statements of
data and code availability are available at https://doi.org/10.1038/
$41561-023-01259-3.

Nature Geoscience | Volume 16 | October 2023 | 901-908

906


http://www.nature.com/naturegeoscience
https://doi.org/10.1038/s41561-023-01259-3
https://doi.org/10.1038/s41561-023-01259-3

Article

https://doi.org/10.1038/s41561-023-01259-3

References

1.

10.

.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Tierney, J. et al. Past climates inform our future. Science 370,
680-692 (2020).

Sherwood, S. C. & Huber, M. An adaptability limit to climate
change due to heat stress. Proc. Natl Acad. Sci. USA 107,
9552-9555 (2010).

Ranasinghe, R. et al. in Climate Change 2021: The Physical Science
Basis Ch. 12 (eds Masson-Delmotte, V. et al.) 1767-1926 (IPCC,
Cambridge Univ. Press, 2021).

IPCC Climate Change 2021: The Physical Science Basis (eds
Masson-Delmotte, V. et al.) (Cambridge Univ. Press, 2021).

Im, E. S., Pal, J. S. & Eltahir, E. A. B. Deadly heat waves projected in
the densely populated agricultural regions of South Asia. Sci. Adv.
3, 1603322 (2017).

Pal, J. S. & Eltahir, E. A. B. Future temperature in southwest Asia
projected to exceed a threshold for human adaptability. Nat. Clim.
Change 6, 197-200 (2016).

Wolf, E. T., Shields, A. L., Kopparapu, R. K., Haqgg-Misra, J. &

Toon, O. B. Constraints on climate and habitability for Earth-like
exoplanets determined from a general circulation model.
Astrophys. J. 837,107 (2017).

Rowe, T. B. The Emergence of Mammals Vol. 2, 1-52 (Elsevier,
2017).

Chiarenza, A. A. et al. Asteroid impact, not volcanism, caused the
end-Cretaceous dinosaur extinction. Proc. Natl Acad. Sci. USA 117,
17084-17093 (2020).

Bininda-Emonds, O. R. P. et al. The delayed rise of present-day
mammals. Nature 446, 507-512 (2007).

Petryshyn, V. A. et al. The role of temperature in the initiation

of the end-Triassic mass extinction. Earth Sci. Rev. 208, 103266
(2020).

Bennett, J. M. et al. The evolution of critical thermal limits of life
on Earth. Nat. Commun. 12, 1198 (2021).

Asseng, S., Spankuch, D., Hernandez-Ochoa, I. M. & Laporta, J.
The upper temperature thresholds of life. Lancet Planet Health 5,
E378-E385 (2021).

Raymond, C., Matthews, T. & Horton, R. M. The emergence of
heat and humidity too severe for human tolerance. Sci. Adv. 6,
eaaw1838 (2020).

Nowack, J., Levesque, D. L., Reher, S. & Dausmann, K. H. Variable
climates lead to varying phenotypes: ‘weird’ mammalian torpor
and lessons from non-Holarctic species. Front. Ecol. Evol.
https://doi.org/10.3389/fevo.2020.00060 (2020).

Boyles, J. G., Seebacher, F., Smit, B. & McKechnie, A. E. Adaptive
thermoregulation in endotherms may alter responses to climate
change. Integr. Comp. Biol. 51, 676-690 (2011).

Buzan, J. Ra. H. & Moist, M. Heat stress on a hotter Earth. Annu.
Rev. Earth Planet. Sci. 48, 623-655 (2020).

Sobolewski, A., Mlynarczyk, M., Konarska, M. & Bugajska, J.

The influence of air humidity on human heat stress in a hot
environment. Int. J. Occup. Saf. Ergon. 27, 226-236 (2021).
Rabenhorst, M. Biologic zero: a soil temperature concept.
Wetlands 25, 616-621(2005).

Schulze-Makuch, D. et al. A two-tiered approach to assessing the
habitability of exoplanets. Astrobiology 11, 1041-1052 (2011).
Bryson, S. et al. The occurrence of rocky habitable-zone

planets around solar-like stars from Kepler data. Astron. J. 161,

36 (2021).

Scotese, C. R. & Wright, N. PALEOMAP Paleodigital

Elevation MOdels (PaleoDEMS) for the Phanerozoic,

PALEOMAP Project. EarthByte https://www.earthbyte.org/
paleodem-resource-scotese-and-wright-2018/ (2018).

Davies, H. S., Green, J. A. M. & Duarte, J. C. Back to the future:
testing different scenarios for the next supercontinent gathering.
Glob. Planet. Change 169, 133-144 (2018).

24.

26.

27.

28.

20.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

Wolf, E. T. & Toon, O. B. Delayed onset of runaway and moist
greenhouse climates for Earth. Geophys. Res. Lett. 41,167-172
(2014).

Tabor, N. P. & Poulsen, C. J. Palaeoclimate across the Late
Pennsylvanian-Early Permian tropical palaeolatitudes: a

review of climate indicators, their distribution, and relation

to palaeophysiographic climate factors. Palaeogeogr.
Palaeoclimatol. Palaeoecol. 268, 293-310 (2013).

Foster, G. L., Royer, D. L. & Lunt, D. J. Future climate forcing
potentially without precedent in the last 420 million years.

Nat. Commun. 8, 14845 (2017).

Jellineck, A., Lenardic, A. & Pierrehumbert, R. Ice, fire, or fizzle: the
climate footprint of Earth’s supercontinental cycles. Geochem.
Geophys. Geosyst. 21, 1-45 (2020).

Gernon, T. M. et al. Global chemical weathering dominated

by continental arcs since the mid-Palaeozoic. Nat. Geosci. 14,
690-696 (2021).

McKenzie, N. R. et al. Continental arc volcanism as the principal
driver of icehouse-greenhouse variability. Science 352, 444-447
(2016).

Bradley, D. C. Secular trends in the geologic record and the
supercontinent cycle. Earth Sci. Rev. 108, 16-33 (2011).

Haywood, A. et al. What can palaeoclimate modelling do for you?
Earth Syst. Environ. 3, 1-18 (2019).

Pierrehumbert, R. T. High levels of atmospheric carbon dioxide
necessary for the termination of global glaciation. Nature 429,
646-649 (2004).

Gernon, T. M., Hincks, T. K., Tyrrell, T., Rohling, E. J. & Palmer, M.

R. Snowball Earth ocean chemistry driven by extensive ridge
volcanism during Rodinia breakup. Nat. Geosci. 9, 242-U283 (2016).
Anagnostou, E. et al. Changing atmospheric CO, concentration
was the primary driver of early Cenozoic climate. Nature 533,
380-384 (2016).

Hoffman, P. F. et al. Snowball earth climate dynamics and
cryogenian geology-geobiology. Sci. Adv. 3, €1600983 (2017).
Voigt, A., Abbot, D., Pierrehumbert, R. & Marotzke, J. Initiation of a
Marinoan Snowball Earth in a state-of-the-art atmosphere-ocean
general circulation model. Climate 7, 249-263 (2011).

Mills, B. J. W. et al. Modelling the long-term carbon cycle,
atmospheric CO,, and Earth surface temperature from late
Neoproterozoic to present day. Gondwana Res. 67, 172-186 (2019).
Gough, D. O. Solar interior structure and luminosity variations.
Sol. Phys. 74, 21-34 (1981).

Heron, P. J. Mantle plumes and mantle dynamics in the Wilson
cycle. Geol. Soc. Lond. Spec. Publ. 470, 87-103 (2019).

Brune, S., Williams, S. E. & Muller, R. D. Potential links between
continental rifting, CO, degassing and climate change through
time. Nat. Geosci. 10, 941-946 (2017).

Faurby, S. & Svenning, J. C. Historic and prehistoric human-driven
extinctions have reshaped global mammal diversity patterns.
Divers Distrib. 21, 1155-1166 (2015).

Feulner, G., Bukenberger, M. & Petri, S. Tracing the Snowball
bifurcation of aquaplanets through time reveals a fundamental
shift in critical-state dynamics. Earth Syst. Dynam 14, 533-547
(2023).

Heinemann, M., Jungclaus, J. H. & Marotzke, J. Warm Paleocene/
Eocene climate as simulated in ECHAM5/MPI-OM. Climate 5,
785-802 (2009).

Marcilly, C. M., Torsvik, T. H., Domeier, M. & Royer, D. L. New
paleogeographic and degassing parameters for long-term carbon
cycle models. Gondwana Res. 97, 176-203 (2021).

Hu, X., Li, J., Han, Z. & Li, Y. Two types of hyperthermal events in
the Mesozoic-Cenozoic: environmental impacts, biotic effects,
and driving mechanisms. Sci. China Earth Sci. 63, 1041-1058
(2020).

Nature Geoscience | Volume 16 | October 2023 | 901-908

907


http://www.nature.com/naturegeoscience
https://doi.org/10.3389/fevo.2020.00060
https://doi.org/10.3389/fevo.2020.00060
https://www.earthbyte.org/paleodem-resource-scotese-and-wright-2018/
https://www.earthbyte.org/paleodem-resource-scotese-and-wright-2018/

Article

https://doi.org/10.1038/s41561-023-01259-3

46. Wignall, P. The link between large igneous province eruptions and
mass extinctions. Elements 1, 293-297 (2005).

47. Lovegrove, B. G. et al. Are tropical small mammals physiologically
vulnerable to arrhenius effects and climate change? Physiol.
Biochem. Zool. 87, 30-45 (2014).

48. Zhang, H.M., Wu, B. F.,, Yan, N. N., Zhu, W. W. & Feng, X. L. An
improved satellite-based approach for estimating vapor pressure
deficit from MODIS data. J. Geophys. Res. Atmos. 119, 12256-12271
(2014).

49. Turbill, C., Bieber, C. & Ruf, T. Hibernation is associated with
increased survival and the evolution of slow life histories among
mammals. Proc. R. Soc. B 278, 3355-3363 (2011).

50. Geiser, F. Aestivation in mammals and birds. Prog. Mol. Subcell.
Biol. 49, 95-111 (2010).

51. Araujo, M. B. et al. Heat freezes niche evolution. Ecol. Lett. 16,
1206-1219 (2013).

52. Feeley, K. et al. The thermal tolerances, distributions, and
performances of tropical montane tree species. Front. Glob.
Chang. https://doi.org/10.3389/ffgc.2020.00025 (2020).

53. Laburn, H. P, Mitchell, D. & Goelst, K. Fetal and maternal body
temperatures measured by radiotelemetry in near-term sheep
during thermal-stress. J. Appl. Physiol. 72, 894-900 (1992).

54. Godderis, Y. et al. Onset and ending of the late Palaeozoic ice age
triggered by tectonically paced rock weathering. Nat. Geosci. 10,
382-386 (2017).

55. Godderis, Y., Donnadieu, Y., Le Hir, G., Lefebvre, V. & Nardin,

E. The role of palaeogeography in the Phanerozoic history of
atmospheric CO, and climate. Earth Sci. Rev. 128, 122-138 (2014).

56. Hilton, R. G. & West, A. J. Mountains, erosion and the carbon
cycle. Nat. Rev. Earth Environ. 1, 284-299 (2020).

57. Way, M., Davies, H. S., Duarte, J. C. & Green, M. The climates of
Earth’s next supercontinent: effects of tectonics, rotation rate, and
insolation. Geochem. Geophy. Geosy. 22, €2021GC009983 (2021).

58. Witkowski, C. R. et al. Validation of carbon isotope fractionation in
algal lipids as a pco, proxy using a natural CO, seep (Shikine
Island, Japan). Biogeosciences 16, 4451-4461(2019).

59. Raup, D. M. & Sepkoski, J. J. Mass extinctions in the marine fossil
record. Science 215, 1501-1503 (1982).

60. Song, H. et al. Thresholds of temperature change for mass
extinctions. Nat. Commun. 12, 4694 (2021).

61. Heller, R. et al. Transit least-squares survey: Ill. A 1.9 R-circle
plus transit candidate in the habitable zone of Kepler-160 and a
nontransiting planet characterized by transit-timing variations.
Astron. Astrophys. 638, A10 (2020).

62. Farnsworth, A. et al. Climate sensitivity on geological timescales
controlled by nonlinear feedbacks and ocean circulation.
Geophys. Res. Lett. 46, 9880-9889 (2019).

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2023

Nature Geoscience | Volume 16 | October 2023 | 901-908

208


http://www.nature.com/naturegeoscience
https://doi.org/10.3389/ffgc.2020.00025
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Article

https://doi.org/10.1038/s41561-023-01259-3

Methods

Numerical modelling framework

An overview of the model setup, boundary conditions, sensitivity
studies and carbon dioxide modelling is given below.

Model. Here, we utilize the HadCM3LB-M2.1aD®* GCM, a member of
the UK Meteorological Office HadCM3 family of climate models®*.
The grid resolution is 3.75° x 2.5° in longitude x latitude in both the
atmosphere (19 vertical levels) and ocean (20 vertical levels), employ-
ing the Arakawa B-grid scheme.

Ocean salinity is adjusted to an ice-free world global mean refer-
ence value of 34.23 practical salinity units and allowed to freely evolve
globally. To prevent millennial-scale salinity drift during model spin-up,
thetotal ocean volumeintegralis calculated and is re-adjusted to back
toice-free world global mean after each ocean time step. Sea-ice cover-
ageis calculated fromazero-layer model overlaying the top-most layer
ofthe oceangrid.Seaice formsusing athreshold value of -1.8 °C, with
albedo set at 0.8 for temperatures below -10 °C and 0.5 for tempera-
tures above 0 °C, with alinear variation between.

Parameterizations include the radiation scheme of Edwards and
Slingo®, the convection scheme of Gregory et al.** and the Met Office
Surface Exchange Scheme (MOSES)-2.1 land-surface scheme, whose
representation of evaporation includes the dependence of stomatal
resistance on temperature, vapour pressure and CO, concentration®’.
There are nine sub-grid-scale land surface types, four non-vegetated
types (urban, lakes, bare soil, ice and inland water), and five plant func-
tional types (broadleaftrees, needleleaftrees, shrubs, C3 (temperate)
grasses and C4 (tropical) grasses), updated every 10 model days.

The Top-Down Representation of Interactive Foliage and
Flora Including Dynamics (TRIFFID) dynamic vegetation model® is
employed, allowing two-way coupled interactions between the land
surface and atmosphere. The MOSES 2.1 land surface scheme was
employed, as opposed to MOSES 2.2, owing to the former producing
abetter representation of Pre-industrial climatesin combination with
the TRIFFID model®® as well as because the future distribution of vegeta-
tion needs to be predicted based on the simulated climate. Crucially,
TRIFFID allows fullinteraction between climate and feedbacks associ-
ated with vegetation cover and complex land surface-atmosphere
interactions.

Desert soil albedo is interactively updated on the basis of the
soil carbon content, where low soil carbon concentrations resultin a
modified soil albedo of 0.32 (average modern-day Saharan albedo).

Typically, the ozone distributionis prescribed asastaticlatitude—
pressure-time distributionin many climate models. However, inwarmer
climates of the past or future, the tropopause rises, meaning that strato-
spheric ozone penetratesinto the troposphere®, which is unphysical if
aPre-industrial tropopause height is prescribed for warm time periods.
Instead, the ozone distributionis prescribed using adynamicapproach™
inwhich ozoneis dynamically coupled to the model tropopause height
with constant values for the troposphere (0.02 ppm), tropopause
(0.2 ppm) and stratosphere (5.5 ppm). This change makes a negligible
difference to the global mean surface temperature but does have asmall
impact onthe stratospheric temperature and winds.

HadCM3LB-M2.1aD, part of the United Kingdom Met Office HadCM3
family of climate models, has been extensively evaluated against
modern-day observations as part of the International Panel on Climate
Change Climate Model Intercomparison Project phase 5, showing good
skillinreproducinga climate thatis comparable to observations as well
as other higher-fidelity climate models®. A full description of the indi-
vidual sub-component models in HadCM3LB-M2.1aDis giveninref. 63.

Boundary conditions and initialization. The reconstruction of tec-
tonics, structures and plate motion that underpin this study is based
on a+250 Myr reconstruction of PU*%. This reconstruction uses meth-
ods similar to those of Valdes and Markwick”, where land-sea mask,

bathymetric, topographic and the sub-grid-scale orographic variables
arerequired by themodel and are interpolated onto the GCM resolution
(Supplementary Fig.1). There are no assumed terrestrial ice sheets in
this reconstruction. Shorelines in this reconstruction represent the
maximum transgression in sea level assuming that no terrestrial ice
sheets are present. PU is only one of four potential configurations
(three of which are similar in continental distribution with a superconti-
nent centred in the Tropics®) of supercontinent formation by 250 Myr.

Allsimulations areinitialized from an equilibrated Pre-industrial
state (atmosphere and ocean).

ModernFissetat1,364.95 W m™ Fincreases by -1% per 110 Myr
(ref. 38). We forecast an F 0f 1,399.07 W m™2 (+2.5% increase from
Modern) by 250 Myr. Although modern solar luminosity has recently
been revised to 1,361 W m2, the model has been calibrated for the
previous value 0f1,364.95 W m ™2 For all simulations conducted, we use a
Modern orbital configuration. A set of sensitivity studies to constrain
the impact of atmospheric carbon dioxide are conducted at 70, 140,
280, 560 and 1,120 ppm. Table 1 gives an overview of the sensitivity
studies conducted in this study.

Simulations are run for 5,000 model years and reached equilib-
rium at both the surface (not strongly trending, less than 0.1 °C per
century in the global mean) and deep ocean, with less than 0.3 W m™
imbalancein the top-of-atmosphere net radiation. Long modelintegra-
tions are required when running new configurations to ensure that
ocean circulation is fully representative of the new model boundary
conditions applied to the model. The exception was the O ppm pco,
simulations atboth1,364.95and1,399.07 W msolar luminosity. Each
simulation ranfor 550 and 700 model years, respectively. Thisis com-
monwhere climate models using low pco,valuesbecome fully glaciated
(complete sea-ice coverage).

Heat and cold stress indicators
Two heat stress indicators are used within this study: (1) the wet-bulb
temperature and (2) Humidex, calculated as follows:

Wet-bulb temperature. Wet-bulb temperature (7,) is derived from
amore accurate computation from ref. 72 (their equation (3.8)) with
equivalent potential temperature (6;) calculated from ref. 73 (their
equation (38)). Wet-bulb approximations such as that of Stull™ are not
desirable for use as it is calibrated for the modern day and does not
apply to warmer time periods. The complete derivation can be found
inappendix A of ref. 75. T,, values of 235 °C are assessed to be critically
lethal and lead to mortality>"".

Humidex index. Humidex is ameasure of the combined effect of both
temperature and humidity on human physiology. Although a more
subjective metric and often equated to a simplified feels-like metric,
it does have an upper limit of 54. Above this limit for 6 h, mortality
will ensue through heat stroke as the body is unable to regulate its
core body temperature (7,) through evaporation at the skin surface.
Humidex is calculated as

5417.7530><< L !

Humidex = T + 0.5555 x (6.11 xe 273“5_173~‘5"dew> - 10), 2)

where Tis air temperature (°C) and T,,, is the dew-point temperature
(K)”.Here, we define aregion as uninhabitable where the monthly mean
Humidex value of 245 for acclimatized species, which is defined as
dangerous by the Meteorological Service of Canada, where all activity
should be stopped. Using mean monthly values is conservative given
that daily maximum Humidex values will exceed this value consistently.

Warm stress: aestivation. Of mammals that hibernate, only a small
proportion do so owing to warm weather conditions, and of those,
only a small proportion aestivate (warm weather hibernation) for

Nature Geoscience


http://www.nature.com/naturegeoscience

Article

https://doi.org/10.1038/s41561-023-01259-3

several hours to days”, of which an even smaller proportion do so on
seasonal time scales. Hibernation helps cold climate survivorship
more than warm weather. From an ecological point of view, aestiva-
tion results in different challenges and requirements compared with
hibernationin winter; while heat can reduce access to food and water
availability aswell, it will also reduce access to refugia for low ambient
temperature (T,) for asubstantial reduction of body temperature (7,)*°.
High T, prevents T, from falling to low levels and will therefore limit
the energy-conserving potential of aestivation as a viable solution®.
This is compounded by mammals’ high metabolic rates that require
an intake of large amounts of food, and when food supply is low or
fluctuating, energy requirements may exceed energy availability. In
response, here we take regions that are desert (as predicted by the
dynamic interactive vegetation scheme TRIFFID) in the model and
deem them uninhabitable owing to a lack of food (bare soil fraction
>0.5 corresponds to uninhabitable).

Cold stress: hibernation. Today, approximately 50% of mammals
hibernate*’, and mainly for days or weeks®. Only a fraction can do so
on seasonal time scales, with only one known mammal able to do so
for 11 months of the year. Here, we take a very unlikely conservative
approach with our simulations and allow all mammals to develop
hibernation as a trait and to hibernate for 9 months to survive cold
weather conditions. We define cold stress regions that inhibit mammal
habitation where nine or more consecutive months fall below 0 °C. This
threshold limits freshwater availability as well as placing plantsinto a
state of dormancy (<5 °C; ref. 19).

Exoplanet similarity index

Exoplanet habitability assessments are commonly used quantita-
tive measures of planetary habitability. Here, we use a weighted ESI*®
that measures habitability in relation to present-day Earth. A value of
between1 (identical similarity) and O (no similarity) signifies the likeli-
hood thataplanet would have the same physical properties as Earth (for
example, radius, mass and surface temperature). In this instance, the
only changing parameter will be the global mean annual temperature,
asthe physical properties of Earth will not have changed in +250 Myr.
Values of >0.8 indicate the potential to harbour life.

~ 1[/5-86\ [R—Rg\’

where Sis stellar flux, Ris the radius, Sg is Earth’s solar flux and Rg, is
Earth’sradius.

ESIprovides the physical properties of an exoplanet’s habitability
but cannot explicitly measure the possibility of life. Here, we couple
ESI with the PHI in a geometric mean of separate values that would
constitute conditions applicable to life:

PHI = (S x Ex C x L)"*,

where Sis the presence of a stable substrate (influenced by solid sub-
surface, atmosphere and magnetosphere), Eis the availability of energy
(influenced by light, heat, redox chemistry and tidal flexing), Cis appro-
priate chemistry (influenced by polymetric chemistry) to support life
and Lisaliquid solvent (in either the atmosphere or the sub-surface).
While values for S, £, Cand L are difficult to exactly determine on exo-
planets, for our purposes here these are known values with respect to
Earth. Seeref. 20 for further details.

PHI,¢; = (PHI/PHI ) .

Each parameter (S, £, C,L) issummed and divided by the maximum
attainable value to normalize the score (PHI,,) to between O and 1.

Here, we define values of >0.8 as giving a reasonable approximation of
conditions that allow life. A value of 1.0 would constitute ‘maximum’
habitability. Today, Earth has a value of 0.96.Seeref. 20 for further details.

Future pc,, modelling

To quantitatively estimate the long-term stable atmospheric CO,
concentration during PU, we use the SCION earth evolution model”’.
SCION is a linked climate-biogeochemical model that estimates a
self-consistent evolution of the major composition of Earth’s atmos-
phere and oceans over geological time. Itis an extension of the popular
Geologic Carbon-Cycle’”® and Carbon, Oxygen, Phosphorus, Sulphur
and Evolution®*®*' box models that use a 2D continental surface and
look-up tables of steady-state climate model outputs to approximate
surface processes such as weathering. The model calculates atmos-
pheric CO, based on tectonic and weathering-related CO, inputs, as
well as carbon sequestration as organic carbon or carbonates. SCION
has been tested over the Phanerozoic Eon and produces areasonable
fit to CO, proxy data, particularly over the last 250 Myr (ref. 77).

Using HadCM3B runs for the present day and for PU, we update
the climate and palaeogeographic data structure within SCION so that
it can run from the Pre-industrial to 250 Myr in the future. SCION also
requires an estimate of global tectonic CO, degassing. This is derived
from global tectonic fluxes (that is, the amount of new seafloor cre-
ated at mid-ocean ridges and consumed at subduction zones) and
the amount of carbon that is typically degassed from such environ-
ments. Estimates of both the flux and amount of carbon degassed are
available for present day®>**, and we use the recent estimates of ref. 82
as our present-day benchmark for carbon degassing (13 and 18 Mt C
per year atridges and subduction zones, respectively).

To estimate the carbon degassing for PU, we first construct a hypo-
thetical plate boundary network (that is, an interconnected set of
subduction zones and mid-oceanridges®*; Supplementary Fig.1). The
configuration is based on that which is inferred to have existed while
Pangea wasactive (and what is mostly still visible today): a ‘ring of fire’
actingas an (almost) complete girdle of subduction circumnavigating
PU®™¥ For mid-oceanridges, we infer the simplest and most conserva-
tive of all configurations, a stable triple junction that can account for
convergence at all subduction zones. (A similar approach is taken for
plate tectonic models in deep time®**®,)

To determine the rate of crust being formed and consumed at
ridges and subduction zones, we extracted the spreading rates of all
oceanic tectonic plates that compose the Pacific Ocean since 154 Ma
(the time at which we have preserved isochrons in the Pacific Ocean).
We limit our analysis to just the Pacific Ocean, as it is most analogous
toour PUworld (thatis, plates consisting just of oceanic crust that are
being subducted; see the discussioninref. 89). We find amean spread-
ing rate of 10.42 cm per year with a standard deviation of 1.76 cm per
year (Supplementary Fig.2). This range of 8.67-12.18 cm per year pro-
vides us with a possible estimate of mid-ocean ridge and subduction
flux. We multiply and sum the fluxes by the expected carbon degas-
sing for both present-day and PU and use the ratio of the two as the
relative change in degassing. Our results suggest that PU is likely to
have 1.3-1.9 times the degassing rate of present-day Earth (roughly
equivalent to and in line with estimates for Pangea degassing relative
to present day**).

Now that we have defined an assumed CO, degassing rate and have
built a data structure of climate model runs at different CO, levels for
250 Myr+, we can run the SCION model forwards in time to simulate
atmospheric CO,evolution over geological time. We start the model run
at 50 Myr with all forcings fixed at present-day values. Between 0 and
250 Myr+, we increase the degassing rate linearly between 1 (present
day) and the 250 Myr+ value calculated above. To account for model
uncertainty, we run the system 1,000 times subject toarandom choice
fromthe range of future degassing rates, as well as the parameter space
tested in the standard Phanerozoic model ensembles””. Supplementary
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Fig. 3 shows the model spatial fields at Pre-industrialand 250 Myr+, and
Supplementary Fig.1shows the predicted atmospheric CO, concentra-
tion for each of these times, with the central marker showing the model
ensemble mean and the bars showing the minimum and maximum. Like
Pangaea, PUhasalargearidinterior zoneinwhichsilicate weatheringis
inhibited butalso alarge warm and wet climate zone in which weather-
ingis enhanced. The overall combination of higher CO,degassing and
altered continental weatherability results in a prediction of 621 ppm
(range 410-816 ppm) CO,, or a range of approximately 1.5-3 times
Pre-industrial (Table 2).

Data availability

All data needed to evaluate the conclusions in the paper are present
in the paper and/or Supplementary Information. Model data can be
accessed from the repository at www.bridge.bris.ac.uk/resources/
simulations.
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Extended Data Fig. 6 | Energy balance model analysis for each experiment relative to the 280 ppm Pangea Ultima experiment. Energy balance model analysis for
each simulation relative to Pangea Ultima 280ppm CO2 simulation at present day (a,b,c; column 1) and +2.5% present day solar luminosity (d,e,f; column 2) at 280 pm,

560ppmand 1120ppm CO2.
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Extended Data Fig. 7| Mean annual precipitation for each experiment. Mean annual precipitation (mm/day) for each experiment at present day (column 1), +2.5%
present day solar luminosity (column 2) and +2.5% present day solar luminosity with a doubling of the topography (column 3) at 0 ppm, 70 ppm, 140 ppm, 560 pm and
1120 ppm CO2.
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