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/™ Check for updates

The frequency, duration, and intensity of extreme thermal events are increasing and
are projected to further increase by the end of the century"2. Despite the considerable
consequences of temperature extremes on biological systems* 8, we do not know
which species and locations are most exposed worldwide. Here we provide a global
assessment of land vertebrates’ exposures to future extreme thermal events. We use
daily maximum temperature data from1950 to 2099 to quantify future exposure to
high frequency, duration, and intensity of extreme thermal events to land vertebrates.
Under a high greenhouse gas emission scenario (Shared Socioeconomic Pathway
5-8.5(SSP5-8.5); 4.4 °C warmer world), 41.0% of all land vertebrates (31.1% mammals,
25.8% birds, 55.5% amphibians and 51.0% reptiles) will be exposed to extreme thermal

events beyond their historical levels in at least half their distribution by 2099. Under
intermediate-high (SSP3-7.0; 3.6 °C warmer world) and intermediate (SSP2-4.5;

2.7 °Cwarmer world) emission scenarios, estimates for all vertebrates are 28.8% and
15.1%, respectively. Importantly, alow-emission future (SSP1-2.6,1.8 °C warmer
world) will greatly reduce the overall exposure of vertebrates (6.1% of species) and can
fully prevent exposure in many species assemblages. Mid-latitude assemblages
(desert, shrubland, and grassland biomes), rather than tropics®', will face the most
severe exposure to future extreme thermal events. By 2099, under SSP5-8.5, on
average 3,773 species of land vertebrates (11.2%) will face extreme thermal events for
more than halfayear period. Overall, future extreme thermal events will force many
species and assemblages into constant severe thermal stress. Deep greenhouse gas
emissions cuts are urgently needed to limit species’ exposure to thermal extremes.

Anthropogenic climate change is exacerbating extreme thermal events,
surpassing historical temperature records at an unprecedented rate>2,
These extreme thermal events manifest as more frequent, intense, and
prolonged episodes of extremely hot temperatures’*and are projected
toincrease further in the future*2. Recurring extreme thermal events
directly affect biological functions, causing increased physiological
stress, reduced reproductive output and population die-offs*”. Recent
episodes of extremely hot temperatures have already resulted in
widespread climate-change-induced population extirpationsin many
species***3_Such events will probably pose a considerable threat
to biodiversity in the coming decades®*%. Evaluating the impacts of
extreme thermal events on biodiversity is therefore an urgent conser-
vation priority in the face of rapid anthropogenic climate change'®”.
Thereisincreasing knowledge of the projected short-term extreme
thermal events’ effect on human health and agriculture’®”. However,
so far, studies on the effects of global climate change on biodiver-
sity have largely focused on mean annual temperatures***°22, Such
approaches may capture chronic exposure to warming, but do not cap-
ture trends and effects of extreme thermal events—which are arguably

more important>®3, First, animals experience, and are affected by, daily
temperature and their fluctuations rather than long-term climates®*.
Consequently, we need to account for short-term dynamics of heat
stress thatanimals will experience in the future, such as how long or fre-
quently they are exposed to extreme temperatures®?* >, Furthermore,
spatial patterns of the severity of projected changes in extreme and
mean temperatures are often mismatched? . Finally, the frequency,
duration, and intensity of extreme climatic events can arise due to
increased temperature variability rather than by increased means°.,
Thus, identifying the species and locations that will be most affected
by short-term extreme thermal events is paramount.

Mechanistic and biophysical models thatincorporate physiological
and behavioural data offer great power to predict species’ vulnerability
to temperature extremes®*>*, However, such models cannot illuminate
global trends across taxabecause dataonupper thermal tolerance are
available only for afew hundred well-studied species®. Here we provide
globalinsightsinto theimpacts of extreme climates onland vertebrates
by assessing species’ geographical range exposure to future tempera-
tures beyond their historical extreme temperatures as the baseline.
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Fig.1|Speciesgeographical range exposure to extreme thermal eventsin
thefuture.a,c-e, The percentage of species exposed in more than half of their
geographical range to extreme thermal events by 2099 for combined exposure
quantified by spatially aggregating exposure to all three metrics (frequency,
duration, and intensity) within the species range (a), and for each of the metric
separately (frequency (c), duration (d), and intensity (e)). Actual estimates from
five GCMs (different point shapes) are presented (the median modelis shown
asasolid triangle). b,f-h, The mean percentage of range exposed to extreme
thermal events over time for the combined exposure to all three metrics within
thespeciesrange (b), and for individual metrics (presented here for all

Quantifying extreme thermal events

Extreme thermal events can be defined as the period in which the
temperature significantly exceeds a historical percentile threshold
temperature (for example, 95th or 99th percentile) for agiven duration
of time***, Species’ physiological tolerance limits are predominantly
linked to extreme temperature events®™ ¥, Thus, future temperatures
exceeding extreme historical temperatures will force organisms to
experience conditions that they have yet to encounter, which may
lower their fitness or even cause death”*'*%, We estimated extreme
thermal event characteristics on the basis of species-specific histori-
calthreshold temperatures (99th percentile of the thermal maximum
(PTmax,,); Extended Data Fig.1and Methods). These thresholds were
measured as the extreme temperature (top 99th percentile) that aspe-
cieshasexperienced within their geographical range for the 1950-2005
period using daily maximum air temperature time-series data. We
used PTmax,, to define future extreme thermal events (see Methods
and Supplementary Information for acomparison with physiological
limits). We considered an extreme thermal event for a species to be a
period of at least five consecutive days in which the daily maximum tem-
perature at asite exceeds the PTmax,, (details and sensitivity analyses
are provided in the Methods)***.

We quantified three metrics of extreme thermal events: (1) frequency:
thenumberofyearly occurrencesofextremethermalevents;(2) duration:
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vertebrates combined (frequency (f), duration (g), and intensity (h)) (per-class
estimates are shownin Supplementary Fig.10). Thelines are smoothed by a
three-point moving average (estimates are for every five-year interval from
2015t02090, and every year from2090t02099).Side panel represents mean
percentage range exposure of the median model (circles) and range (error bar
with maximum and minimum model estimates). The median modelis presented
asaboldline, and individual models are presented as dashed lines (band f-h).
Thescenarios and the corresponding mean global warming by 2100 compared
with pre-industrial conditions (1850-1900) were as follows: SSP1-2.6 (1.8 °C),
SSP2-4.5(2.7°C),SSP3-7.0 (3.6 °C) and SSP5-8.5 (4.4 °C).

the mean number of days (between the start and end dates) of extreme
thermal eventsinayear; and (3) intensity: the mean peak temperature
(in degrees Celsius above the species-specific threshold) of all desig-
nated yearly extreme thermal events (Supplementary Fig.1). To define
the extent of species exposure to extreme thermal events, we calcu-
lated these three metrics at a grid-cell resolution of about 24.1 km?
throughout each species range while comparing these three metrics
between historical (1950 to 2005) and future (2015 to 2099) periods
(Extended Data Fig. 1).

We provide range exposure estimates for four SSPs: SSP1-2.6 (the low-
emission scenario); SSP2-4.5 (the intermediate-emission scenario);
SSP3-7.0 (the intermediate-high emission scenario); and SSP5-8.5
(the high-emission scenario), from five climate models (Methods).
We highlight extreme event exposure estimates for SSP5-8.5, as the
recent, historical global warming trajectory most closely aligns with
SSP5-8.5 (ref. *°) and to demonstrate the disastrous consequences
of high, unmitigated emissions (all relevant estimates for the other
scenarios are also presented). Assessments for the end of the century
are averaged from estimates for each year between 2090 and 2099
(hereafter 2099). We quantify species’ range exposure in two ways:
(1) asthe percentage of species exposed to extreme thermal events over
50% of their geographical range by 2099 (ref. ?°); and (2) the average
percentage of geographical range exposed to future extreme events
across all species per climate model (Methods). We calculated range



exposure measures by spatially aggregating the exposure to all three
metrics (frequency, intensity, and duration) across a species’ range and
separately for each metric (full details are provided in the Methods).

Exposure to future extreme thermal events

Under a high greenhouse gas emission scenario (SSP5-8.5; 4.4 °C
warmer world), 41.0% (median; range: 28.2-58.0%, estimates from
five models) of land vertebrate species will experience extreme thermal
events for all three metricsin >50% of the geographical range (Fig.1a).
Under anintermediate-high-level emission scenario (SSP3-7.0;3.6 °C
warmer world), the median estimate was 28.8% (20.7-39.6%; Fig. 1a).
For SSP2-4.5 (2.7 °C warmer world)—warming similar to that expected
by 2100 under current policy pledges—the median estimate was 15.1%
(10.2-23.2%; Fig. 1a). Under a low-emission scenario (SSP1-2.6; 1.8 °C
warmer world), the estimate is lower still (6.1% (3.7-13.0%); Fig. 1a).
Theseresults provide important quantitative evidence on how policy
measures could mitigate extreme heat impacts on biodiversity”.
Across classes, the median percentage of exposure was higher for
amphibians (from high to low emission: SSP5-8.5, 55.5%; SSP3-7.0,
40.2%; SSP2-4.5,21.0%; SSP1-2.6, 8.2%) and reptiles (SSP5-8.5, 51.0%;
SSP3-7.0,38.5%; SSP2-4.5,21.5%; SSP1-2.6, 9.3%) compared with mam-
mals(SSP5-8.5,31.1%;SSP3-7.0,20.4%; SSP2-4.5,8.8%;SSP1-2.6,3.1%) and
birds (SSP5-8.5,25.8%; SSP3-7.0,15.3%; SSP2-4.5,8.0%; SSP1-2.6, 3.1%).
Variationin projected exposure across taxa can be explained by differ-
encesin geographical range size** and the biome they occupy (Supple-
mentary Figs. 30 and 31), and may further depend on species ecology*
(Supplementary Discussion). Exposure trends for each of the three
individual metrics are lower than those based on their combination
and are generally consistent across taxa (Fig. 1a,b versus Fig. 1c-h).
The mean percentage of geographical range exposure to extreme
heat events for all land vertebrates will increase steadily in the coming
years, most substantially for the SSP5-8.5scenario (Fig.1b). By the end
ofthe twenty-first century, the mean percentage of geographical range
exposure will be 45.6% (range 33.4-60.1%) for the SSP5-8.5 scenario.
Notably, our estimates suggest that, under SSP5-8.5, on average 9.2%
(range, 7.2-13.4%) of geographical ranges will be exposed to at least one
feature of the extreme eventasearly as 2040 (Fig.1b). Under the SSP1-2.6
scenario, the mean percentage range exposure will reach 8.3% (5.6-17.1%)
by theend of the century (Fig.1b). This difference between scenarios is
tantamount to a delay of 60 years in extreme thermal event exposures
(Fig.1b), highlighting the considerable benefits of limiting warming to
below 2 °C (ref.?°). The delay in exposure timing between scenarios is
similar to previous findings for mean annual temperature”, suggesting
aconsensus among different climate change measures in terms of the
gains to biodiversity in delaying exposure from emission reductions.

Assemblage-level exposure

To highlight the degree of exposure at the level of species assemblage, we
calculated the percentage of speciesin each grid-cell exposed tothe three
features of extreme thermal eventsby2099. Wefound thatregionsthatare
most exposed to extreme thermal events are in the mid-latitudes: mostly
indeserts, shrublands, sub-arid regions, savanna, and grassland habitats
(rather than the tropics™'*?; Fig. 2), followed by some tropical habitats
(such as the Amazon basin; Extended Data Fig. 4). Specifically, most
assemblagesinthe Mojave Desert, the Caribbeanislands, the Gran Chaco,
northwestern Sahara and the Sahel, Iraq, Saudi Arabia, Afghanistan,
Pakistan, Botswana, eastern Namibia, northern South Africa, most
of central and northwestern Australia, and many islands (such as the
Caribbean and Pacific) are projected to experience a high frequency of
extreme events beyond the historical limits of nearly all species under
SSP5-8.5 (Fig.2a). Some of these regions are already facing population
declines due to extreme thermal events****, Assemblages in the southern
United States, most of the Amazon basin, Venezuela, the Kgalagadi
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Fig.2|Spatial patterns ofland vertebrate assemblages atrisk due to
extreme thermal events by 2099. Assemblage-level (thatis, per grid-cell)
exposure was quantified as the percentage of species presentin each grid-cell
exposedtothefrequency (a-c), duration (d-f), and intensity (g-i) of extreme
events greater than the historical levels, under the scenarios SSP5-8.5
(a,d,g),SSP1-2.6 (b,e,h) and SSP2-4.5 (¢,f,i).j-1, Latitudinal patternsas the
mean value per -24.1km?longitudinal band are shown for the three metrics
(frequency (j), duration (k), and intensity (1)). The maps show median estimates
from five GCMs. See Extended Data Figs. 7-10 for the results on major taxonomic
groups, and Supplementary Figs. 11-15 for the results using SSP3-7.0.

(Kalahari), western Madagascar, central India, and eastern China are
at considerable exposure to frequent extreme thermal events under
SSP5-8.5 (approximately 30-50% of species in an assemblage; Fig. 2a).
Assemblages exposed to a high duration and intensity are mostly similar
to those exposed to a high frequency of extreme events (Fig. 2a,d,g).
Many assemblages in the Gran Chaco, northwestern Sahara and the
Sahel, Iraq, northernSouth Africa, and most of central and northwestern
Australiaare at considerable exposure (>40%) under SSP3-7.0 (Supple-
mentary Fig.11). Under SSP2-4.5, only afew assemblagesin Algeria, Iraq,
and northwestern Australia are at greater exposure (Fig. 2¢,fi). Limiting
mean global warming to below 2 °C can fully prevent species exposure
to extreme thermal eventsin many assemblages (Fig 2b,e,h). Under the
lowest-emission scenario (SSP1-2.6), most assemblages have <1% species
exposure, with greater exposure (>30% species) concentrated inislands
(for example, the Caribbean and the Pacific).

Spatial patterns of exposure to extreme temperatures differ across
vertebrate classes (Extended Data Figs. 7-10). Threats toisland assem-
blages are more prominentin amphibians and reptiles compared with
in mammals and birds. Generally, smaller range sizes of amphibians
and reptiles are reflected in increased exposure to extreme thermal
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Fig.3|Simultaneousrisk due to multiple aspects of extreme thermal
events.a-c,Species-level exposure, calculated as the percentage of species
with more than half of their geographical range tobe exposed to all three metrics
(frequency, duration, and intensity) (a), any two metrics (frequency and
intensity, frequency and duration, or duration and intensity) (b) or asingle
metric (frequency, duration, or intensity) (c) of extreme thermal events beyond
their historicallevels by 2099. Actual estimates from five GCMs (different point

events by 2099—especially in SriLanka, Eastern Madagascar, Borneo,
and Papua New Guinea—compared with mammals and birds. Endemic
reptiles and batsin New Zealand also face higher exposure (Extended
Data Figs. 7 and 10). The number of species projected to be exposed
to extreme temperature events is positively correlated with species
richness at the grid-celllevel (Supplementary Figs.21-23), suggesting
thatbiodiverseregions, especially in the Neotropics (Supplementary
Fig.34), may also face adverse effects of extreme heat. This positive rela-
tionshipis predominantly evidentinamphibians and reptile species that
have on average smaller ranges than birds and mammals (Spearman’s
p=0.36-0.74inamphibiansandreptilesversusp = 0.03-0.51inmammals
and birds, respectively; Supplementary Figs. 22 and 23).

We compared our results on exposure to extreme temperature
events on biodiversity to the results of projected changes to mean
temperatures (as explored previously'®*?). Overall, we found that
assemblages in mid-latitude regions (arid regions) are more strongly
exposed to extreme thermal events, whereas tropical assemblages are
more exposed to changesin meanannual temperatures (Extended Data
Fig. 6; see the Supplementary Discussion for explanations).

Compounded extreme exposure

The frequency, duration, and intensity of extreme events may impart
different types of thermal stress to animals that are not necessarily
spatially independent*. Exposure to more than one of them simul-
taneously probably poses a much greater risk than exposure to one
separately. The percentage of species that will experience frequency,
duration, and intensity of extreme events together is greater than the
percentage of species that will experience a combination of any two
features or only a single one (Fig. 3a-c). Under SSP5-8.5, on average
14.2% of all land vertebrates, 8.4% of mammals, 8.3% of birds, 20.4%
of amphibians and 18.6% of reptiles are predicted to be exposed to all
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shapes) are presented (the median model is shown as asolid triangle).

d, Assemblage-level exposure. Grid-cells with more than 50% of species exposed
toonlyone, any two or all three metrics of extreme thermal events beyond their
historical levels for SSP5-8.5by 2099. Median estimates from five GCMs are
shown. Theresults for major taxonomic groups and other SSPs are presentedin
Supplementary Figs.16-18.

three measures of extreme eventsin >50% of their range (Fig. 3a-c). The
estimated median exposure to asingle measure for SSP5-8.5is10.6% of
allland vertebrates, 9.6% of mammals, 7.2% of birds, 13.7% of amphibians
and 12.2% of reptiles (Fig. 3a-c). Under SSP3-7.0, the projected median
exposure for all vertebrates is 10.8% for all three features, 8.9% for a
combination of any two, and 7.7% for a single measure. Under the
intermediate- and low-emission scenarios, there is less difference in
the percentage of species that will experience either of all three features
together (SSP2-4.5, 5.2%; SSP1-2.6, 2.0%, for all land vertebrates), a
combination of any two (SSP2-4.5, 4.6%; SSP1-2.6,1.7%), or a single
feature (SSP2-4.5,4.2%; SSP1-2.6, 2.3%; Fig. 3a-c).

Atthe assemblage level, the three types of exposure are only moder-
ately correlated to each other, especially for the high-emission scenario
(Supplementary Figs. 37 and 38). Nevertheless, under SSP5-8.5, more
than 50% of vertebrate species in the southern parts of the Mojave
Desert, Iraq, Afghanistan, Pakistan, and many islands in the Pacific
will simultaneously face a high frequency, duration, and intensity of
extreme events beyond their historical limits (Fig. 3d). Parts of the
Saharaand Sahel, Saudi Arabia, and western Madagascar are projected
to experience any two measures of extreme thermal events simultane-
ously (Fig. 3d). Most of the Amazon basin, Kgalagadi, north-western
and central Australia, and central India may face only one measure of
the extreme event. Notably, different vertebrate classes differ in the
regions exposed to the combinations of metrics. Specifically, amphib-
ians and reptiles in the Caribbean Islands, southwestern Europe, and
eastern China are greatly exposed to the combination of exposure
types compared with birds and mammals (Supplementary Fig. 18).

Living under a permanent extreme event

The mean total duration of extreme thermal events within species
geographical range for all land vertebrate species in 2099 will be
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Fig.4|Projected total duration of exposure to extreme thermal events by
2099. a, The overallmean of the total duration of extreme thermal event
exposure from the median model for historical and future scenarios. The
valuesat the top of the lines represent the fold increase in the mean total
duration for the future period (2099) for different SSPs compared with the
historical period (1950-2005). b-f, The distribution of the total duration
averaged within each species geographical range for allland vertebrates
(b), mammals (c), birds (d), amphibians (e), and reptiles (f). The number of
species thatexperience amean total duration within their geographical
range of more than 182 days per year (that is, more than half ayear; vertical
dashed line)is highlighted for each SSP scenario (b-f). The distribution’s

14.8 (70.3 days, SSP5-8.5), 9.6 (45.6 days, SSP3-7.0), 4.6 (21.8 days,
SSP2-4.5), and 1.8 (8.4 days, SSP1-2.6) times higher on average com-
pared with the historical period (4.72 days; Fig 4a). Overall, 11.24%
(3,773 species) of all land vertebrates are projected to face extreme
thermal events totalling more than half a year (182 days) on average
under SSP5-8.5 (Fig. 4b). The percentage of land vertebrates that face
extreme events totalling over half a year for the projections SSP3-7.0
and SSP2-4.5is3.5% (1,178 species), and 1.2% (437 species), respectively.
Under SSP1-2.6, no land vertebrate species will experience extreme
temperature events for more than 182 days per year. Amphibians and
reptiles will probably face more prolonged exposure to extreme ther-
mal events than mammals and birds (under SSP5-8.5, mammals, 6.4%;
birds, 8.7%; amphibians, 14.4%; reptiles, 14.2%; Fig. 4c—f).

Many assemblages in the mid-latitude regions (both hemispheres),
including arid and sub-arid areas, and most of South America (the Amazon
basin), are projected toface on average extreme thermal events of at least
100 daysunder SSP5-8.5 (Fig.4g,h). However, when the meantotal dura-
tion of exposureis scaled by the total number of species per assemblage,
assemblagesinthe southern hemisphere (for example, many species-rich
assemblages in the Amazon basin) will probably face higher exposure
thaninthe northern hemisphere (Fig. 4h). Although the overall average
durationof exposurein the tropicsislower, assemblages with the highest
mean total duration (>200 days) are several tropical islands (including
Caribbean Islands, the Malay Archipelago, and Oceania; Fig. 4g,h).

overallmean () is represented next to the histograms for each SSP scenario.
Estimates are provided as the median from five GCMs. g, Spatial patterns of
the mean total duration per grid (that s, species assemblage) by 2099 under
SSP5-8.5 (light blue borders, >100 days; dark blue borders, >200 days).

h, Corresponding latitudinal patterns for the mean total duration of exposure
perassemblage for all land vertebrates by 2099 under SSP5-8.5; the red line
represents the mean total duration per 24.1 km?latitudinal band, and the
violetline represents the latitudinal pattern for the mean total duration
multiplied by the number of species per grid-cell. Results for other SSPs are
presented in Supplementary Fig.19.

Discussion

Here we explicitly assess at the global scale the threat of future
short-term extreme thermal events for 90% of land vertebrates (33,548
species). Extreme temperature events are highly detrimental to species
survival®*”. Our analyses of species exposure to short-term extreme
thermal events consequently add much-needed conservation-relevant
information beyond previous analyses that considered only the risks
from changes in long-term mean climates®. Future assessment of the
threat from global warming should incorporate the complementary
and biologically relevant measures of climate extremes**>%4_Qur
study further highlights those species and regions that will be most
affected by the different facets of projected temperature extremes to
enable pre-emptive conservation actions.

Identifying regions that are vulnerable to climate change is crucial
toguidetargeted conservation, but the exact locality of severe biologi-
calimpactis contingent on the climatic dimension explored®®'02832%,
Beyond our biologically relevant exploration of extreme temperatures,
we also compared the climate-extremes results with ananalysis of the
potential effects of changes to meantemperatures. Mean temperatures
will have the greatestimpactin the tropics (Extended DataFig. 6), as was
previously shown'©?#6*7 However, we find that the mid-latitudes, espe-
cially deserts, are the most exposed to threats from extreme events**
(Extended DataFig. 6). These differences may arise from changesin the
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variation of mean and extreme temperatures at daily and annual scales
across the planet under climate change?*? (Supplementary Fig. 33 and
Supplementary Discussion).

We find that many species will experience extreme thermal events
for most of the year over their geographical range by 2099 (Fig. 4).
We suspect that such long exposure to heat extremes will prevent, or
greatly reduce, the potential of coping strategies (such as through
behaviour) to avoid extreme heat and therefore severely impact spe-
cies®*, Longer and more intense heatwaves in the past decades have
been reported to strongly correlate with population extirpations*>.
We find that most land vertebrates exposed to extreme thermal events
willbe affected by more than one of the features that we explored, which
can further exacerbate its effects on species persistence**,

Range exposure to extreme events may not necessarily imply local
population extinction. Nevertheless, we suspect that our assessment is
arealisticapproximation of species exposure to potentially dangerous
temperatures, as we find that our species-specific threshold (PTmax,,)
exceeds physiological limits for thermal tolerance measured in the
laboratory, and potentially lethal or sublethalimpacts of observed or
simulated heatwaves for most species that we could gather data for
(74.1% of 699 species in Extended Data Fig. 2, and 95.6% of 23 species
inSupplementary Table 2, respectively). However, similar to previous
assessments®*?, our results may overestimate exposureif (1) species can
shift their current range®, activity season® or daily activity patterns®>;
(2) physiological limits for thermal tolerance or operative tempera-
tures can be different compared with realized climatic limits>*;
(3) behavioural adaptions, or microhabitat use, can help species to cope
with extreme temperatures**~%; (4) species can evolve physiological
tolerance, or show plastic responses, to extreme temperatures®. We
alsosuggest that the following high-level interaction factors may alter
our estimates: (1) effects of species interactions®’; (2) effects of other
related extreme events, such as megafires; (3) changes to precipitation
regimes; (4) synergistic effects of climate and land-use changes (Sup-
plementary Discussion). Future studies that address these limitations
willbevaluableinrefining the overall effects of extreme temperatures
onnature.

As the planet enters a new state of climate in which extreme tem-
peratures that were once regarded rare become the norm®., it is cru-
cialtoestablish conservation practices that minimize and tackle the
impact of heat extremes. Approaches such as establishing or pro-
tecting microhabitats®?, open water sources that lower the impact
of short-term heat stress® or rewilding to maintain the intactness of
communities after extreme events are essential**2. Importantly, we
find strong effects of SSP scenarios on the impactonland vertebrates,
withwarming below 2 °C fully preventing exposure (above the thresh-
olds we set) in many regions (Fig. 2). Our study therefore stresses
the importance of lowering greenhouse gas emissions in reducing
theimpact of heat extremes on biodiversity, highlighting the urgent
need for international collaborations to mitigate the magnitude of
climate change®’.
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Methods

Daily climate data

We used daily maximum temperature as it accurately captures vari-
ation in extremes®* and is biologically appropriate for predicting
acute thermal stress®>*2, We obtained daily maximum near-surface
air temperature (tasmax) from the NASA Earth Exchange Global Daily
Downscaled Projections (NEX-GDDP CMIP6) dataset®*. NEX-GDDP
CMIP6 provides a bias-corrected statistically downscaled output
of Coupled Model Intercomparison Project Phase 6 (CIMP6) daily
temperature maximum data for historical and future climate projec-
tions for 35 General Circulation Models (GCMs) at a spatial resolution
of 0.25° (-25 km at the Equator) for the period 1950 to 2100%. We
chose NEX-GDDP as this dataset’s spatial and temporal resolution
is better than others (such as HadEX3 or The Berkeley Earth daily
climate). Moreover, NEX-GDDP CMIP6 provides modelled climatolo-
gies for ‘historical’ (1950-2014) and ‘future’ projections (2015-2100),
circumventing the challenges associated with using different data-
sets for future and historical periods. For these reasons, NEX-GDDP
daily climate data have been used in a wide range of climate change
studies, especially involving extreme climates, for example, to assess
the impact of extreme thermal events on agricultural crops® 5, the
spread of disease-causing vectors® 7 and changes in physical activity
and sleep loss in humans™”,

We used five GCMs for our study (instead of all 35 because of
computational limitations): the five GCMs were from the Austral-
ian Community Climate and Earth System Simulator, Australia
(ACCESS-CM2); the Centre National de Recherches Météorologiques—
Centre Européen de Recherche et de Formation Avancée en Calcul
Scientifique, France (CNRM-CMé6-1); the Europe wide consortium
(EC-Earth3-Veg-LR); the National Institute for Environmental Stud-
ies, the University of Tokyo, Japan (MIROC6); and the Max Planck
Institute for Meteorology, Germany (MPI-ESM1-2-LR). These five
models were chosen to capture GCM-projected climate variability as
availablein the NEX-GDDP CMIP6 to represent ‘cold’ (MPI-ESM1-2-LR;
MIROC6), ‘warm’ (CNRM-CM6-1; ACCESS-CM2) and ‘intermediate’
(EC-Earth3-Veg-LR) models quantified on the basis of the equilib-
rium climate sensitivity values™7”. All of our impact metrics were
calculated for each GCM separately and provided the median and
range (minimum, maximum) of metrics across models to account
for model variability whenever possible. We further compared our
results using NEX-GDDP CMIP6 with the previous NEX-GDDP dataset
based on the CMIP5 models (below).

Climate change scenarios

NEX-GDDP CMIP6 currently includes four plausible future climate
pathways based on socioeconomic challenges for climate change miti-
gation in the future—SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5%.
In SSP5-8.5, the economy is fossil-fuel driven and energy intensive’s,
with mean global warming expected toreach 4.4 °C compared with the
pre-industrial levels by the end of the century®. SSP5-8.5 is labelled as
a high-emission scenario and is considered to be a very high baseline
emissionscenario (no policy baseline)®. The SSP3-7.0 scenarioincludes
policy shifts oriented towards national and regional issues”, under
which the mean warming may reach about 3.6 °C above pre-industrial
levels by 2100°. The SSP2-4.5 scenario is a modest-emission sce-
nario with socioeconomic trends that do not markedly differ from
the historical patterns™. Under SSP2-4.5, mean warming is expected
to reach about 2.7 °C relative to the pre-industrial level by the end
of the century®, which is well within reach with current policies”.
However, SSP2-4.5 still does not meet the Paris agreement goal of limit-
ingwarmingbetween 1.5 °Cto 2 °C. To align with further strong climate
change mitigation policy (within reach of Paris agreement goal), we
alsoincluded the low emission scenario (SSP1-2.6). Under SSP1-2.6,
the mean warming is expected to be 1.8 °C (ref. *').

Species distribution data

We used species extent of occurrence (EOO) polygons from the Interna-
tional Union for Conservation of Nature (IUCN)’8, BirdLife International
and the Global Assessment of Reptile Distributions” for mammals and
amphibians (IUCN, v.6.2), birds (BirdLife v.4) and reptiles (GARD v.1.7).
We used only breeding, extant and native species ranges. We omitted all
marine species (alist of speciesis provided in Supplementary Table 1).
The final dataset had a total of 33,548 species representing 90.4% of
currently known land vertebrate species, including 5,658 mammals,
10,074 birds, 6,932 amphibians and 10,884 reptiles.

We gridded the expert-drawn EOO polygons to equal area Behr-
mann grid-cells at a finer resolution than previous explorations®
(-24.12 km x 24.12 km) using NEX-GDDP CMIP6 climate data. We opted
to calculate our estimates at this relatively fine resolution to capture
thelocal climatic variation within species ranges®. However, for species
with EOOs less than the size of a grid-cell (<582 km?; especially many
amphibians and reptiles) we may have under/overestimated the impact
of extreme thermal events. Nevertheless, as these narrow-ranged spe-
cies are the most affected by climate change*®®, especially by extreme
thermal events® (Supplementary Figs. 30 and 31), we did not exclude
them. Furthermore, the intention of expert-verified EOO maps is to
providebroad distributional information onspecies occurrence. EOOs
are currently available for almost all land vertebrate species’ and are
therefore a better alternative to point locality data in terms of taxon
coverage. However, EOOs are susceptible to commission and omission
errors®® and, as such, these limitations apply to our assessments. Our
preliminary analyses (not shown) indicated that theinclusion of marginal
species-distribution range (grid-cells with <10% of overlap with EOO)
tends to inflate species-specific threshold estimates—for example, the
duration of the extreme thermal event was >100 days for the historical
periodinfew relatively large-ranged species that border hotter climates.
Thus, for species with an overall EOO area of greater than 582 km? (one
grid-cell), we considered species presenceinagrid-cell only if more than
10% of the EOO polygon overlapped with the grid-cell. We performed an
analysis examining the sensitivity of the results for cut-off values of 1%,
5%,15%,and 20% (Supplementary Figs. 4-7). These results showed that
estimates based on10% overlap are tightly correlated with other cut-off
values (Spearman’s p = 0.99; Supplementary Figs. 4-7), suggesting that
our results are not sensitive to the cut-off for most species.

Species-specific daily maximum temperature threshold for
defining extreme thermal events

We used methods similar to studies on heatwaves for characterizing
extreme thermal events®*#* (Supplementary Fig. 1). Owing to global
warming trends">*"%% we estimated exposure for only hot (rather than
cold) extreme thermal events. Heatwaves are defined as the ‘prolonged
duration of extremely high temperature’ withinaregion®#*. Extremely
high temperatures are categorized as temperatures above a certain
baseline threshold temperature—usually as the 90th or 95th percentile
value of the historical temperature from the time-series data for that
particular region®*® or as an absolute impact-related threshold (for
example, 40 °C)®, This threshold-based approach has become very
popularinstudies addressing heatwaves*>>855878990 a5 jt enables the
quantification of the frequency, duration, and intensity of extreme
thermal events (see the next section).

We undertook a species-centred approach for estimating historical
baseline threshold temperature. Species-specific threshold temperature
(PTmax,,) was calculated as the spatial maximum of 99th percentile
daily maximum air temperature for the historical period 1950 to 2005.
Although NEX-GDDP CMIP6 provides climate data for the historical
period until 2015, we set 1950-2005 as the baseline for ease of compari-
son with CMIP5 data (see the ‘Spatial scale and CMIP5’ section below).
Importantly, we set the period 1950 to 2005 as the historical baseline
instead of pre-industrial time (1850-1900) as NEX-GDDP CMIP6 historical



projections are unavailable before 1950. This makes our results conserva-
tive, as the latter part of the period already saw considerable warming.
Tofurtherbe conservativeinour estimates of species-specific threshold
temperature, we used the 99th percentile thresholdinstead of commonly
used 90th and 95th percentile values to define extreme events®*#*,

The species-specific daily maximum temperature threshold was esti-
mated intwo steps (Extended DataFig.1). First, we estimated the 99th per-
centile value of the daily maximum temperature of the 55-year time-series
dataforeachgrid-cellinspecies geographical range. We then considered
the hottest of the 99th percentile values (that is, maximum) across all of
the grid-cells as PTmax,,. In other words, we quantified PTmax,, as the
99th percentile of daily maximum temperature experienced by a spe-
ciesinthe hottest part of its range between 1950 to 2005. We calculated
PTmaxy, as the spatial maximum assuming that populations from the
warmer edge of aspecies’ range are closer to their upper tolerance” and
aretherefore more vulnerable to extreme temperatures/climate change
compared with those from cooler parts of the range®**2, However, this
approach underestimates exposure if populations are adapted to local
climatic conditions” and for species that are active only during the day-
time and warmest period of the year (Supplementary Discussion).

We used a relative instead of an absolute threshold®® to account
for differences in upper thermal tolerance limit across different spe-
cies®>**%, This method has potential shortcomings associated with
using EOOs to estimate climatic limits*¢, especially if a species range is
notin equilibriumwith climatic conditions, for example, due to anthro-
pogenicimpact®, or ecological reasons such as species interactions®.
Nevertheless, our estimates of species-specific threshold limits are
based on ‘realized climatic limits’and provide a practical first approxi-
mation for estimating climate change impacts at the global level (and
following approaches of recent studies®%). Furthermore, studies have
shown associations between physiological thermal tolerance limits
and the climatic extremes estimated from species ranges>s 379499100,
suggesting that extreme events may affect the evolution of thermal
tolerances and species ranges***”!°! (Supplementary Discussion).

NEX-GDDP CMIP6 data for the ‘historical’ period are an output of
GCM simulations. To validate the use of NEX-GDDP CMIP6 data for the
historical period, we examined the correlation between the PTmax,,
estimated using the observed weather station data (ECMFW ERAS5) and
PTmax,, values calculated using NEX-GDDP CMIP6. A strong positive
correlation of thresholds estimated from the two datasets suggests
that NEX-GDDP CMIPé6 reflects the observed historical variation in daily
maximum temperatures (Spearman’s p > 0.8; Supplementary Fig. 3).

Species-specific daily maximum temperature threshold and
physiological limits

Weaimedto evaluate thereal-world consequences of our spatial-derived
species-specific thermal limits (PTmax,,). To this end, we compared
PTmax,, to physiological upper tolerance limit data at the species level
measured in the laboratory under astandardized protocol*? from the
GlobTherm database'®. Our analysis included data for 699 land ver-
tebrate species (211 mammals, 102 birds, 107 amphibians and 279 rep-
tiles). We also evaluated our extreme event metrics, and species-specific
threshold, by comparing them to direct biologically relevant data on
theimpact of extreme thermal events. We performed aliterature survey
about studies that have quantified population dynamics or biological
impacts of extreme thermal events (heatwaves) in natural conditions
orinthelaboratory. Inboth of these analyses, our estimated PTmaxo,
exceeds the physiological upper thermal tolerance limits measuredin
thelaboratory and potentially lethal or sublethalimpacts of observed
or simulated heatwaves for most species that we could gather data for
(Extended DataFig. 2 and Supplementary Table 2). Thus, our analysis
provides more-conservative estimates than those obtained in the labo-
ratory orinanatural setting (deleterious effects of exposure to extreme
climates may appear before our thresholds based on air temperatures
arereached; Supplementary Discussion).

Defining extreme thermal events and their characteristics
We defined an extreme thermal event if the daily maximum temperature
for a grid-cell in species range is above the species-specific PTmax,,
for more than five consecutive days®. Although this five-day-window
period is arbitrary, a limited set of species studied for the impact of
extreme thermal events suggests that thermal events asshortas asingle
day can have profound biological impacts (Supplementary Table 2).
Thus, we consider our threshold number of days to define extreme ther-
mal events to be biologically meaningful. Nevertheless, we repeated our
analysis by using 10 or more days to define aheat event. Our estimate of
species exposure to extreme thermal events for a threshold duration of
>5or>10daysissimilar (Fig.1and Extended DataFig. 3a,b), indicating
that the choice of this value had little effect on our inference. Note that
many species have notexperienced extreme thermal events consecu-
tively for more than 10 days in the historical period (Supplementary
Figs. 8 and 9), again suggesting that our approach is conservative.
Moreover, as we used a relative approach (see below) by comparing
historical versus future metrics to quantify species range exposure,
our results are likely to be less sensitive to the threshold duration.
We estimated the frequency, duration, and intensity>*®* (Supplemen-
tary Fig. 1) of extreme thermal events separately for all grid-cells within
the speciesrange for each calendar year for the historical period 1950
t02005. For future estimates, we measured yearly extreme event met-
rics for every five years between 2015 and 2090 and for every calendar
year for the end of the century (2090 t0 2099). We estimated the total
number of days under extreme thermal events for each grid-cell every
year. Extreme thermal events that span different years (that s, lasting
beyond 31 December) were treated as two separate events® so that the
maximum total number of days for any extreme event can only be 365
or 366 days. Species in different hemispheres may experience tem-
perature extremes at different times of the year (boreal versus austral
summer). We examined the sensitivity of exposure duration for species
in the southern hemisphere to a different start-end period (1July to
30 June) to that used in the main analysis (1January to 31 December).
The estimated exposure duration withinthe species range was similar
irrespective of the start-end period (Supplementary Discussion and
Supplementary Figs.39-41), suggesting that exposure durationis not
much affected (<2%in all scenarios) by the specified start-end period.

Geographical range exposure to the extreme thermal events

Extreme thermal events have detrimental effects on species well-being
based on the strength of all three metrics and their combination® (Sup-
plementary Table 2). However, such impact data for most species are
currently unavailable. We therefore took arelative approach to quantify
the effect of future extreme thermal events on species geographical
range. We deemed a particular grid-cell (for each species) to be exposed
to anextreme thermal eventifthe frequency, duration, or intensity of
extreme thermal eventinthat grid-cellin the futureis greater than the
maximum value of the corresponding metric from the historical period
calculated across all grid-cells (Extended Data Fig.1). This process was
repeated for each grid-cell, for each species that occupies it, and for
each ofthe future yearsin our dataset (totalling 22 billion raster extract
operations for all GCMs, scenarios and datasets). Furthermore, our
estimates of geographical range exposure do not account for either
adaptation or dispersal that may enable species to survive in extreme
temperatures or expand outside their current range (Supplementary
Discussion). For each species, those grid-cells (that form part of its
current range) exposed to any of the three features of extreme thermal
events for each year were subsequently used inthe summary analysis.
Exposure to the three metrics of extreme thermal events need not
necessarily be correlated. To quantify overall exposure, we estimated
species range exposure to the combination of extreme thermal event
features by spatially aggregating the exposure measure of all three
features (frequency, duration, and intensity). Spatial aggregation was
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performed by combining the three exposure layers to obtain overall
range exposure per species as a binary map (grid-cell either exposed
or not to any three features). These binary maps were then used to
calculate the percentage of range exposure per species.

Spatial scale and CMIP5
Inour main analysis, we used the NEX-GDDP CMIP6 dataset, which pro-
vides daily maximum dataat ~25 km?spatial resolution. Tounderstand
how the spatial scale of the data may affect our results, we repeated
our analysis using climate data as available from the CMIP6 runs at a
coarse resolution®® (-1°). In total, we used the same five GCMs similar
to the NEX-GDDP CMIP6 dataset. As the CMIP6 original dataset uses
different spatial grids, we regridded data to a1° Behrmann grid-cells
(96.5 km x 96.5 km equal-area grids) using bilinear interpolationin R'*,
We also repeated all of our main analyses on exposure to extreme
heat events for the previous phase of climate models (CMIPS5). For
this, we focused on five climate models from the NASA NEX-GDDP
CMIP5 dataset (BCC-CSM1-1, CCSM4, CSIRO-Mk3-6-0, IPSL-CM5A-LR
and MIROC-ESM). We chose to present the CMIP6 dataset in the main
results as the updated CMIP6 dataset is better at simulating tempera-
ture extremes than its predecessor CMIP5 dataset'®*.

Mean annual temperature

For analysis of mean annual temperature, we used daily near-surface
air temperature (tas) data from the NEX-GDDP CMIP6 dataset for the
same GCMs and SSP scenarios as in the main analysis on daily maximum
temperature at approximately 24.12 km? resolution. We then calcu-
lated the mean annual temperature by first averaging the daily mean
temperature data for each month separately and then across all the
12 months for each year from 1950 to 2099. Our analysis of exposure to
changes in mean annual temperature followed procedures that were
similar to those described in ref. 2. We first calculated the historical
species-specific realized threshold limit for mean annual temperature
as the spatial maximum of the mean annual temperature within the spe-
ciesrange for the period 1950 t0 2005. Then, for each year in the future
(2015-2099), we identified those grid-cells within the species range
inwhich the mean annual temperature exceeded the species-specific
threshold as potentially exposed to unsuitable mean annual temper-
atures. Assemblage-level patterns were analysed by compiling the
percentage of species in each global 24.12 km? grid-cell experiencing
potentially unsuitable mean annual temperatures (Extended Data
Fig. 6). For species range exposure, we calculated the percentage of
the number of unsuitable grid-cells to the total number of grid-cells
within the species range for each year (Extended Data Fig. 3e,f).

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The NEX-GDDP CMIP6 climate datalayer for the five GCMs were obtained
from the NEX-GDDP CMIP6 webpage (https://nccs.nasa.gov/services/
data-collections/land-based-products/NEX-GDDP-CMIP6; accessed
January 2022). The NEX-GDDP CMIPS climate data layer for the five
GCMswere obtained from Amazonweb services (https://data.nasa.gov/
Earth-Science/Amazon-Web-Services-NASA-Earth-Exchange-NEX-Globa
I/7yme-6yjr; accessed November 2020). Climate data for the
low-emission scenario were downloaded from the original CMIP6 runs
(coarse resolution) from the Copernicus Climate Data Store (https://
cds.climate.copernicus.eu; accessedJanuary 2022). ECMFW ERA5 data
were obtained from Copernicus Climate Data Store (https://cds.climate.
copernicus.eu; accessed November 2020). Species distribution data are
available for mammals and amphibians from the IUCN (https://iucn.org;
accessed November 2020), birds from BirdLife International (https://

birdlife.org; accessed November 2020); reptiles from GARD initiative
(https://doi.org/10.5061/dryad.9cnp5hqmb; accessed November
2020). Physiological thermal tolerance data were obtained from the
GlobThermdatabase (https://doi.org/10.1038/sdata.2018.22; accessed
November 2020). Source data are provided with this paper.

Code availability

TheR codes associated withthe study are available at FigShare (https://
doi.org/10.6084/m9.figshare.16641079).
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Extended DataFig.1|Overview of methods employed for estimating
speciesrange exposure to extreme thermal events. [llustrated using the
geographical range of the Coloradoriver toad Incilius alvarius. Stage 1:
species-specific threshold is calculated as the spatial maximum of 99% daily
maximum temperature between the years 1950 to 2005 (PTmax,, - indicated
byaredarrow). Stage 2and 3: extreme thermal event metrics - frequency (F),
duration (D), and intensity (I) for future (indicated by letter F before each metric)
and historical (indicated by letter H before each metric) period was calculated
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by comparing PTmax,, with daily maximum temperature time series per

grid-cell for each year. Extreme event was designated if the daily maximum
temperature is above the species-specific threshold formorethan5or10
consecutive days. Stage 4: to designate grid-cell exposure, future extreme
event metric per year was compared against the maximum of historical metric
(Hf ., Hd oy, and H ., ). Stage 2to 4 are repeated for each year (indicated by the
circulararrow).
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Extended DataFig.3|Species geographical range exposure under different
thresholds and datasets. Results presented for a-b when the minimal number
ofdaysrequired to define extreme thermal events was more than 10 days
instead of 5days (uses NEX-GDDP CMIP6 dataset), c-d for three different SSPs
using a coarse resolution dataset (-96.5 km?grid-cells; CMIP6 original runs),
e-festimates based on mean annual temperature (NEP-GDDP CMIP6), and
g-hfor datafrom NEX-GDDP CMIP5 dataset. (a,c, and g) percentage of species
exposedinmore than half of their geographical range to extreme thermal events
by 2099 for combined exposure quantified by spatially aggregating exposure
toallthree metrics within the species range. Actual estimates from five GCMs

(different point shapes) are presented (median model as solid triangle).

(b,d, and h) mean percentage of range exposed to extreme thermal events

over time as the combined exposure to all three metrics across species range.
Side panel represents mean percentage range exposure of the median

model (circles) and range (error bar with maximum and minimum model
estimates). Estimate from five GCMs are presented per SSPscenario (the median
modelis highlighted as solid line). e-fsame as in the other panel but uses mean
annual temperature data (see methods). Scenarios and corresponding mean
global warming by 2100 compared to pre-industrial conditions (1850-1900):
SSP1-2.6 (1.8 °C), SSP2-4.5 (2.7 °C), SSP3-7.0 (3.6 °C), and SSP5-8.5 (4.4 °C).
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Extended DataFig.4|Percentage of species exposed to extreme thermal represent the corresponding biometype (legend provided ontop of the figure).
events per assemblage averaged across 14 biome types by 2099. Results are Resultsare shown for the SSP5-8.5. Results for other scenarios are presentedin
shownfora.frequency, b. duration, and c.intensity of extreme events for all land Supplementary Fig.$27-S29.SSP5-8.5 corresponds to amean global warming
vertebrates and major taxonomic groups. The numbers ontop of the bar plot of4.4 °Cby 2100 compared to pre-industrial conditions (1850-1900).
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from five GCMs are shown. Scenarios and corresponding mean global warming
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Extended DataFig. 6 | Regionally contrasting tropical species vulnerability
tomeanand extreme temperatures by 2099. Bivariate map showing
assemblage level percentage of vertebrate species exposure to extreme
thermal events and mean annual temperature (a). For extreme thermal
events, combined exposure was quantified by spatially aggregating exposure
toall three metrics across the species range (sameasinFig. 1b), percentage

of species exposure was then aggregated within each -24.1 km? grid-cells.

blatitudinal patterns for assemblage level exposure to extreme thermal events
(yellow) and mean annual temperatures (blue) are shown. Smoothened line
represents generalized additive model fits of the percentage of species
exposure against the latitude value of each grid-cell (GAM; both two-sided
unadjusted P <0.001). Median estimates from five GCMs are shown. Results are
presented for the SSP5-8.5scenario - 4.4 °C of warming by 2099 compared to
pre-industrial conditions (1850-1900).
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Extended DataFig. 8| Spatial patterns of bird assemblages atrisk due to
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parallel; grid; stats; graphics; grDevices; utils; datasets; methods; base
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NEX-GDDP CMIP6 climate data layer for the five GCMs were obtained from the NEX-GDDP CMIP6 webpage (nccs.nasa.gov/services/data-collections/land-based-
products/NEX-GDDP-CMIP6; accessed January 2022). NEX-GDDP CMIPS climate data layer for the five GCMs were obtained from amazon web services
(data.nasa.gov/Earth-Science/Amazon-Web-Services-NASA-Earth-Exchange-NEX-Global /7yme-6yjr; accessed November 2020). Climate data for the low emission
scenario were downloaded from the original CMIP6 runs (coarse resolution) from the Copernicus Climate Data Store (cds.climate.copernicus.eu; accessed January
2022). ECMFW ERAS data was obtained from Copernicus Climate Data Store (cds.climate.copernicus.eu; accessed November 2020). Species distribution data are
available for mammals and amphibians from IUCN (iucn.org; accessed November 2020), birds from BirdLife International (birdlife.org; accessed November 2020);
reptiles from GARD initiative (doi.org/10.5061/dryad.9cnp5hgmb; accessed November 2020). Physiological thermal tolerance data were obtained from the
GlobTherm database (doi.org/10.1038/sdata.2018.22; accessed November 2020).
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Ecological, evolutionary & environmental sciences study design
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Study description Global assessment of land vertebrates’ exposures to future extreme thermal events
Research sample Species geographic range data and daily climate data from 1950 to 2099
Sampling strategy All relevant data were used. No statistical methods were used to predetermine sample size.

Data collection Data were based on existing datasets and was collected online by the authors.
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Timing and spatial scale  Global data since 1950 to 2099

Data exclusions No data were excluded from the analyses

Reproducibility This is not an experimental study, thus experimental replication was not performed
Randomization Not applicable

Blinding Not relevant, since this study is not experimental
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