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Avoiding ocean mass extinction from

climate warming

Justin L. Penn™?* and Curtis Deutsch'%*

Global warming threatens marine biota with losses of unknown severity. Here, we quantify global and
local extinction risks in the ocean across a range of climate futures on the basis of the ecophysiological
limits of diverse animal species and calibration against the fossil record. With accelerating greenhouse

gas emissions, species losses from warming and oxygen depletion alone become comparable to current
direct human impacts within a century and culminate in a mass extinction rivaling those in Earth'’s past. Polar
species are at highest risk of extinction, but local biological richness declines more in the tropics. Reversing
greenhouse gas emissions trends would diminish extinction risks by more than 70%, preserving marine
biodiversity accumulated over the past ~50 million years of evolutionary history.

uman activities are altering the global
climate, physically transforming habi-

tats, and overexploiting ecosystems of

land and sea (I, 2). As a result, rates

of species extinction have risen above
natural background levels (3, 4). Documented
extinctions are largely confined to land, where
industrial human impacts began earlier and
remain more pervasive despite rapid growth
in commercial fishing, marine pollution, and
transport (5). Climate change may eventually
eclipse direct local human threats by causing
widespread habitat loss through changes in
the thermal and chemical conditions that reach
even the most remote biomes on Earth, in-
cluding the deep and open ocean (6, 7). However,
climate’s impact on global biodiversity is chal-
lenging to observe, especially for undersampled
marine environments (8), and common statis-
tical models are difficult to validate, particu-
larly as new climate conditions emerge (9-11).
The potential for substantial biodiversity loss

is illustrated by the fossil record, where long-
term diversification (72, 13) is punctuated by
episodic extinctions of varying intensity
(Fig. 1A and fig. S1A). The most extreme
events, the “Big 5” mass extinctions, coin-
cided with global environmental changes,
although mechanisms driving biodiversity col-
lapse remain uncertain (3). In the largest such
event, the end-Permian “Great Dying,” loss of
more than two-thirds of marine animal genera
reduced biodiversity to near its minimum
since animals first radiated (712-14). Similar
environmental changes that occurred in the
end-Permian, including rising temperatures
and declining ocean O,, productivity, and pH,
are now also underway in the Anthropocene
(fig. S2; 6, 7, 14—17). Past mass extinctions pro-
vide the only empirical benchmarks for eva-
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luating the severity and drivers of a “sixth
mass extinction” (3, 18).

Here, we project global and local extinction
risks for marine animals (as a percentage of
species lost) on the basis of habitat loss from
climate change using an ecophysiological
model that predicted the severity and latitude
pattern of the end-Permian extinction (17, 19).
Multicentury climate and ocean conditions
are simulated by a group of Earth system
models that reproduce historical global warm-
ing trends (table S1; 6, 20) and project future
climate changes under scenarios of high and
low anthropogenic greenhouse gas emissions
(Fig. 1C, inset; 6, 7, 2I). Global marine bio-
diversity is represented through a set of >10*
simulated animal species types (“ecophysio-
types”; 17), defined by thermal and hypoxia
tolerance traits (table S2 and fig. S3) that
structure the current biogeography of diverse
taxa (22-24). Model species are assigned traits
with frequencies found in a global species data
compilation (22), allowing predicted patterns
and climatic changes in biological richness to
be compared with and tested against richness
observations.

Ocean habitability requires conditions to
remain within a species’ ecophysiological
tolerances. Local O, must meet temperature-
dependent metabolic demands for growth and
ecological activity, imposing covarying upper
temperature and lower O, limits (22, 23). A
loss of aerobic habitat causes local species
extirpation wherever ocean warming and O,
loss drive the O, supply-to-demand ratio
(®) below a species’ critical threshold (®;)
(17, 24, 25). Aerobic habitat losses of model
species are comparable to those within the
known geographic ranges of real species with
corresponding traits (fig. S4). New habitat can
also be gained at the cold edge of a species’
range if temperatures there rise above its mi-
nimum tolerance (fig. S5; 25, 26).

Species are committed to global extinction
if net habitat loss exceeds a critical fraction
(Viv) beyond which a viable population can-

not be sustained even if disappearance is
gradual (i.e., the extinction debt) (27). This un-
certain extinction threshold is varied around a
central value that is calibrated by the end-
Permian extinction (fig. S6; 17, 19). We also
considered the widest possible range of spe-
cies capacities to colonize new habitat, denoted
0 and 100% colonization (Fig. 1B; 19), using
the median of these scenarios as our central
extinction case.

As anthropogenic climate change acceler-
ates, so too do projected species losses (fig. S7).
The rate of these losses over time depends
on the emissions scenario, which sets the pace
of warming and ocean O, loss. By the latter
half of this century, the divergent greenhouse
gas emission scenarios will lead to markedly
different climate trajectories and to growing
disparities in the fraction of species lost globally
(extinction) and locally (extirpation).

The eventual intensity of species losses for
all emissions scenarios, climate models, and
time periods is well predicted by the mag-
nitude of global surface warming (Fig. 1, B
and C). Total warming in turn is governed by
cumulative emissions and varies across models
with different climate sensitivities. For a given
temperature change, extinction risk depends
on the amount of O, lost (R* = 0.69 to 0.87,
range across colonization scenarios), which
also differs among models (fig. S8).

Under the low-emissions scenario, global
temperature stops rising after ~1.9° + 0.5°C of
warming [intermodel mean, SD; (6)] by the
end of the century, and species losses remain
close to current commitments (Fig. 1B, inset,
and C). Under the high-emissions scenario,
surface air warming could reach ~4.9° + 1.4°C
by 2100 CE and ~10° to 18°C over the next three
centuries (6), markedly elevating losses (Fig. 1,
B and C). Significant losses are also expected
in another high-emissions scenario (SSP3-7.0),
which yields 8.2°C of warming by 2300 CE
(5.7° t0 11.8°C, 5 to 95% range) in a reduced-
complexity model that does not simulate O,
(6). Global extinction risk is higher if species
cannot gain new habitat (Fig. 1B). Colonization
of new regions at species’ cold-edge range
boundaries partially compensates for aerobic
habitat loss (25) but eventually ceases to main-
tain habitat as warming intensifies.

We compared extinction risks from future
climate change with those from current direct
anthropogenic threats (fig. S9; 19) on the basis
of vulnerability assessments from the Interna-
tional Union for Conservation of Nature (IUCN;
28). Future species losses from warming would
become comparable to the sum of all anthro-
pogenic stressors at the end of this century
(Fig. 1B, inset, and C).

Under the high-emissions scenario, global
extinction risks from continued warming even-
tually rival the severity of past mass extinctions
in the fossil record and in paleosimulations
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Fig. 1. Marine extinctions in the past and risk from climate warming.

(A) Extinction intensity (percent losses) from the fossil record of marine animal
genera over the past ~542 million years (12), including the “Big 5" mass extinctions
(35) (fig. SIA). (B and C) Projected global extinction (B) and global mean extirpation
risks (averaged over 1° latitude x longitude, O to 500 m) (C) rise with increases in
annual mean global surface air temperature (thick lines are intermodel averages; thin
lines are individual Earth system models) and are plotted under historical greenhouse
gas emissions (petagrams of carbon per year) and divergent future scenarios [(C),
inset], yielding radiative forcings of 2.6 W/m? [i.e., RCP/SSP1-2.6; (6, 19, 21)] versus

A Global Temperature (°C)

A Global Temperature (°C)

8.5 W/m?in 2100 [i.e., RCP/SSP5-8.5; (6, 19, 21)]. Inset in (B) zooms in to show end
of the century changes. Percent colonization refers to the fraction of new habitat that a
species can instantly disperse to and inhabit (thin dashed line is the median case).
Extinction risks from current anthropogenic threats are estimated from IUCN
vulnerability assessments (orange bars; tables S3 and S4; 19). Simulated end-Permian
extinction risks are shown across colonization scenarios in (B) and in (C) display

the global mean and spatial SD of extirpation. Points and horizontal lines on the top
axis show the average and range of warming across Earth system models evaluated
here, respectively, for different time horizons and emissions scenarios.
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Fig. 2. Spatial variation in species losses and marine biological richness.
(A) By 2100, regions of strong extirpations overlap past productive fisheries
(blue points), where catch rates exceed the global median from 1950 to 2014
(36). (B to D) Patterns of extirpation risk (B), marine biological richness (C), and
global extinction risk [(D); averaged across colonization scenarios] are shown
versus latitude. Observed biological richness (number of species) estimated

(Fig. 1B). A mass extinction in this emissions
scenario is projected across all potential
values of the extinction threshold except in
the unlikely case that the average species can
maintain a viable population in <10% of
their initial habitat volume (fig. S10; 19). By
contrast, limiting warming to 2°C would cut
the severity of extinctions by >70%, avoiding a
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marine mass extinction across all extinction
thresholds.

Climate-driven species losses vary widely
among ocean biomes, with important implications
for fisheries and the patterns of biological
richness (Fig. 2). These spatial patterns also
provide crucial observational tests of the un-
derlying model.

Marine Biological Richness

-8~ Observations
—Model

mean (lines) mean (line)
s.d. (shading) range (shading)
50 100 0 0.5 1 50 100

Extinction (%)

== 2300 high emissions

using rarefaction (31) is reproduced by the trait-based habitat model
applied to climatological distributions of temperature and O, (37, 38) across a
range of maximum summation depths [(C) line is 500 m; shading is O

and 5000 m; (19)]. Richness is normalized to the maximum observation.
Extirpation and global extinction risks are averaged from 0 to 500 m, across
Earth system models, and across longitude in (B) and (D).

Extirpation risk is greatest where climate
anomalies are strong (fig. S2) or species are
living close to their ecophysiological thresholds,
typically equatorward near the warm and/or
low-O, edges of their ranges (Fig. 2, A and B).
Vulnerable regions include highly productive
ecosystems where background O, is already low,
such as the north Pacific, eastern boundary
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Fig. 3. Past and potential futures of marine biological richness. The number of marine animal genera

is plotted over time from the fossil record relative to present and projected into the future on the basis of
model extinction risks, averaged (lines) and varying (SD, shadings) across Earth system models and colonization
scenarios. The right axis shows the change in global mean temperature for a given richness loss. Vertical dashed
lines denote the “Big 5" mass extinctions. The lower fossil curve is based on Sepkoski's Compendium of Fossil
Marine Animal Genera (12), and the upper curve presents these data with the secular trend found in the
Paleobiology Database (https://paleobiodb.org) (fig. S12; 13). Letters indicate major stratigraphic intervals plus
the current Anthropocene. Time scale differs for past and future (see fig. S1B for both plotted on the same scale).

upwelling systems, and the tropical Indo-
Pacific (Fig. 2A). These regions are also home
to many of the world’s most productive fish-
eries, which supply ~17% of humanity’s dietary
protein (29). The spatial pattern of extirpation
is relatively stable over time, but its magnitude
steadily rises with warming (Fig. 2B). Low
extirpation intensities are predicted to be evi-
dent at low and northern midlatitudes already
(Fig. 2B) and may underlie the previously
documented range shifts observed there
(24-26, 30). Earth system models may under-
represent both small-scale spatial refugia as well
as short-term heat waves and related extreme
events. Although these phenomena will undoubt-
edly modulate local impacts on some species,
they are unlikely to override the broader biotic
outcome from the persistent large-scale and
long-term climate trends presented here.
The latitudes of strong fractional species ex-
tirpation also overlap regions of peak biologi-
cal richness (Fig. 2, B and C). The number of
observed marine animal species increases from
the poles toward the tropics, with a reduction
near the equator (37-33). The model reproduces
this pattern: As temperatures rise above species’
minimum tolerances, richness increases from
the poles to the tropics but decreases ap-
proaching the equator, where species reach
their temperature-dependent hypoxia limits.
In contrast to local extinctions, global ex-
tinction risk is greater for polar species than
for tropical ones, threatening higher-latitude
richness where extirpation is weaker (Fig. 2, C
and D). Species initially inhabiting the tropics
can tolerate warm, low-O, waters, making
them resilient to the climatic expansion of
those conditions, especially for species with
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high colonization ability (fig. S11). By contrast,
polar species occupy a disappearing climate
niche and lack habitat refugia as the climate
warms. This latitudinal extinction pattern has
been detected in the fossil record of the end-
Permian extinction (17, 34), supporting the
mechanistic basis for model projections.

The projected impact of accelerating climate
change on marine biota is profound, driving
extinction risk higher and marine biological
richness lower than has been seen in Earth’s
history for the past tens of millions of years
(Fig. 3 and fig. S1). Additional climate-related
threats beyond warming and O, loss, includ-
ing ocean acidification and declining primary
productivity, have the potential to amplify
these losses even further (6, 7, 18). However,
it is not too late to enact the reductions in
greenhouse gas emissions needed to avoid a
major extinction event. The low-emissions
scenario assumes that declines began around
2020 CE and continue thereafter (Fig. 1C, inset).
Coordinated efforts to slow the local impacts
of overfishing and marine pollution demon-
strate the high intrinsic and economic value of
preserving marine biodiversity and living re-
sources. Realizing the fruits of these conservation
efforts depends on mounting complementary
societal responses to avert the greater threat
posed by climate change.
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