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Wildfires are emerging as a major driver of biodiversity loss, yet their
long-term implications for species under climate change remain poorly

quantified. Here we show that future wildfire exposure will substantially
increase for 9,592 non-marine species identified as threatened by increased
fire frequency and/or intensity. Under shared socioeconomic pathway
2-4.5,global burned areais projected to increase by 9.3%, with 83.9% of
wildfire-vulnerable species exposed to higher risk and ~40% of South
American species experiencing >50% increases. High-latitude regions
exhibit the fastest intensification, with fire season duration more than
doubling. Species with small ranges and elevated conservation concern—
particularly in South America, Australiaand South Asia—dominate the top
1% most affected taxa. In contrast, up to 41.8% of African species experience
reduced exposure, revealing marked spatial asymmetry in future risk. OQur
results demonstrate that climate-driven shifts in wildfire exposure are
highly uneven across regions and taxa, underscoring the need for targeted,
region-specific conservation strategies.

Anthropogenic climate change poses a profound and escalating threat
to globalbiodiversity' . Unlike localized stressors such as poaching or
urban development, climate change exerts large-scale, multifaceted
pressures that are difficult to manage—even within protected areas™.
Although estimates vary across studies and methods, there is broad
consensus that climate change is emerging as a potentially dominant
driver of species extinction*'?, A recent meta-analysis synthesizing
485 studies and more than five million projections suggests that, under
high-emissions scenarios, up to one-third of global species may be at
risk of extinction from climate change alone*. These findings under-
scoretheurgency of reducing greenhouse gas emissions and integrat-
ing climate risks into biodiversity conservation strategies.

Climate change threatens species through two primary
pathways>"". Gradual climatic shifts—including warming, altered
precipitation patterns and sea-level rise—erode habitat suitability
and push species beyond physiological tolerance limits***°. In par-
allel, acute climatic disturbances—such as wildfires, heatwaves and
storms—can cause immediate and extensive mortality”*, While many

extinction-risk assessments have focused on long-term habitat deg-
radation driven by climate change"**?°, far less attention has been
directed towards acute disturbances such as wildfires” >, despite their
increasing frequency and severity under climate change®*. Notably,
15% of threatened species worldwide are already threatened by altered
fire regimes®, and as fire activity intensifies, previously fire-naive
regions may face elevated risk of exposure to fire or to fire intensities
outside species’ evolutionary experience.

Research on wildfire impacts remains largely regional and
case-specific. For example, the 2019-2020 Australian bushfires dev-
astated ecosystems and imperilled numerous endemic species® . Yet,
global-scale, scenario-based projections of future wildfire exposure for
species under climate change remain largely absent****—particularly
for biomes historically unaffected by fire, such as the pan-Arctic**.

Here we address this gap by assessing long-term wildfire exposure
for 9,592 species explicitly threatened by increased fire frequency and/
orintensity, as well as for 41,543 non-marine species more broadly doc-
umented in theInternational Union for Conservation of Nature (IUCN)
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Fig.1|Projected changes in burned area and wildfire season length based on
the ensemble mean of 13 CMIP6 models. a-g, Projected annual burned area for
North America (a), South America (b), Europe (c), Africa (d), Asia (e), Oceania (f)
and the global average (g). h—n, Projections of wildfire season length for North
America (h), South America (i), Europe (j), Africa (k), Asia (I), Oceania (m) and
the global average (n). Coloured boxplots represent five scenarios: historical
(1999-2014, black), SSP1-2.6 (blue), SSP2-4.5 (green), SSP3-7.0 (yellow) and

SSP5-8.5 (red). Future time periods are defined as 1999-2014 (P0), 2021-2040
(P1),2041-2060 (P2),2061-2080 (P3) and 2081-2100 (P4). Boxplots show the
interquartile range (IQR), with box edges indicating the first (Q1) and third (Q3)
quartiles; whiskers extend to values within 1.5x IQR from Q1 and Q3. Note that
y-axis scales vary across panels; direct comparisons of values between panels
should be made with caution. The boxplots are based on samples from 13
Coupled Model Intercomparison Project Phase 6 (CMIP6) models.

Red List, under multiple shared socioeconomic pathways (SSPs), which
reflect alternative future trajectories of emissions and socioeconomic
development. We project future burned area using the light gradient
boosting machine (LightGBM), a high-performance gradient-boosting
model, and estimate wildfire season duration using the Canadian Wild-
land Fire Weather Index System. By integrating spatial and temporal
indicators of wildfire exposure across taxa and regions, our analysis
provides aglobal projection of climate-driven wildfire exposure based
on projected changesinburned area and fire season length—highlight-
ingacritical, yet underexplored, climate-biodiversity feedback.

Expansion of global burned areas and wildfire
season length

Projections for the twenty-first century show widespread increases
in burned area across most continental regions, with Africa as the
key exception. The magnitude of these changes strongly depends
on the emissions scenario (Fig. 1a-g). Under higher-emissions path-
ways, increases in burned area intensify, while central Africa exhibits
adecline (Supplementary Fig. 1), likely driven by projected increases
in precipitation®.

Globally, average burned area is projected to rise by 5.5%, 9.3%,
13.2% and 16.1% under SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5,
respectively (Fig. 1g). Under the moderate-emissions SSP2-4.5 sce-
nario—considered a plausible future trajectory by the end of the cen-
tury (2081-2100)—South America experiences the most pronounced
increase (32.7%), with central and northern regions seeing rises of 54.1%
and 44.9%, respectively (Figs.1band 2aand Supplementary Fig.1). Asia
follows with an 11.5% increase, concentrated in the Tibetan Plateau
(27.4%), Russian Arctic (25.7%) and Russian Far East (25.1%). Europe
shows a10.1% increase. The largest projected increases occur within
high-latitude regions of North America and Eurasia, and within north-
ernand southernSouth America (Fig. 2a). Africa, by contrast, exhibits
onlyamodest overallincrease (1.8%), with regional variationsincluding
localized declines 0f 11.3%, 3.4% and 1.7% in southeastern, northeastern
and central Africa, respectively. Northern and southern Africa still
exhibit localized increases of 3.7-13.4%. Overall, 30.7% of Africa is
projected to experience adeclinein burned area.

Under SSP2-4.5, wildfire season length similarly intensifies
(Fig. 1h—n and Supplementary Fig. 2). Globally, the wildfire season
extends by 22.8% by the end of the century (Fig. 1n). Particularly, the
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most pronounced increases occur in Europe (49.1%), North America
(41.2%) and South America (37.0%) (Fig. 1j,h,1), while Oceania and Asia
show expansions exceeding 20%. Even in Africa—where burned area
is projected to decline slightly—the wildfire season still lengthens by
10.6% (-9 days). In northeastern Africa, where both burned area and
season length decline, overall wildfire exposure may decrease.

Under the high-emissions SSP5-8.5 scenario, increases in wildfire
season length are more than double those projected under SSP2-4.5
across most regions, except Africa, where declines become more pro-
nounced. A detailed regional assessment is provided in Supplementary
Text 1. These findings closely align with recent regional and global pro-
jections of climate-driven changes in wildfire patterns and fire weather
conditions®**¢, reinforcing the robustness of our conclusions. They
underscore the growing threat of wildfire in a warming world and its
substantial regional heterogeneity, which are likely to drive complex
and unevenimpacts on biodiversity. Comprehensive regional projec-
tionsarereported in Supplementary Tables1and 2.

Escalating risk of species exposure to wildfire
Species threatened by increased fire frequency and/or intensity are
projected to experience substantial increases in exposure to burned
area (EBA) across most regions (Fig. 2a). Globally, EBA rises progres-
sively with higher emissions forcing (Extended DataFig.1). By theend
ofthe twenty-first century (Fig. 2h),13.5% (1,295 species) t0 23.4% (2,245
species) of currently fire-threatened species are projected to experi-
encereductionsin EBA, whereas 49.3% (4,729 species) to 72.3% (6,935
species) may show increases of less than 50% across scenarios. Under
the low-and intermediate-emissions pathways, only 0.6% (58 species)
under SSP1-2.6 and 3.8% (365 species) under SSP2-4.5 are projected
to experience more than a twofold increase in EBA. In sharp contrast,
under SSP3-7.0 and SSP5-8.5, this proportion escalates t010.9% (1,045
species) and 15.1% (1,448 species), respectively.

Atthe continental scale, South Americaemerges as the most vul-
nerable region. Under SSP2-4.5, nearly 40% (559 species) of currently
fire-threatened species are projected to experience more than a 50%
increase in EBA (Fig. 2c), rising to over 75% (1,092 species) under SSP5-
8.5. North America and Europe also face substantial increases: under
SSP2-4.5,4.1% (52 species) and 21.0% (222 species), respectively, exceed
a 50% EBA rise; under SSP5-8.5, these proportions climb sharply to
45.2% (578 species) and 49.4% (522 species).

In contrast, Africashows a more favourable trajectory, with32.1-
41.8% (909-1,184 species) expected to experience reductions in EBA
asemissionsrise (Fig.2e). Reductions are also projected for asubset of
species in North America, Asia and Oceania, ranging from 11.6-20.4%
under intermediate emissions to 7.3-17.7% under high emissions.

Regionally (refer to the AR6 regions in the ‘Study area divi-
sion’ section), pronounced shifts in EBA distributions under higher
emissions are projected for South America (regions 9, 10 and
12-14), Europe (region 16), Asia (region 28) and Oceania (region 43)
(Extended DataFig.1), underscoring the strong dependence of wildfire
exposure on future emissions pathways. In these hotspots, close to or
more than one-third of species (29.4-84.4%) are projected to experi-
enceatleasta50%increasein EBAunder SSP2-4.5 (Extended DataFig.2).
Particularly extreme exposure is projected for South America (regions
12 and 13), where over 30% (166 species) may experience more thana
doubling of wildfire exposure (>100% increase). Most of these hot-
spots coincide with regions historically identified as fire-sensitive for
biodiversity****°, indicating that climate-drivenincreases in wildfire

exposure may compound existing vulnerabilities and heighten con-
servation risks in the coming decades.

Ourfindings underscoretheintensifying threat that climate-driven
wildfires pose to global biodiversity and highlight the critical role of
emissions mitigation in reducing future risk. Under SSP2-4.5, pro-
jected changes in EBA vary substantially across regions and threat
categories (Fig. 3). Most hotspots for increasing wildfire exposure
coincide with regions that already contain the highest numbers of spe-
cieslisted asthreatened by wildfire (Fig. 3f-j). Inthese areas—the Carib-
bean (regions 7 and 8), parts of South America (regions 9,12 and 14),
South Asia (regions 37 and 38) and Australia (regions 39-42)—
species generally exhibit progressively greater EBA growth with
higher threat categories®**.

Abroadly similar pattern emerges when using the comprehensive
dataset of 41,543 terrestrial species of amphibians, reptiles, mammals,
birds and plants from the [IUCN Red List, which includes spatial distri-
butions even for species not currently identified as fire-threatened
(Extended Data Fig. 3). Notably, after including species not presently
classified as threatened by wildfire, this expanded dataset reveals a
distinct pattern in high-latitude regions (Extended Data Fig. 3). His-
torically, wildfire activity has been limited in these colder ecosystems
duetolow temperatures and unfavourable fire weather conditions®,
meaning relatively few species were recognized as vulnerable to fire.
However, as global warming drives the poleward expansion of wildfire,
increasing numbers of high-latitude species are expected to encounter
elevated exposure®. This finding emphasizes that conservation assess-
ments focused solely on present-day threats may overlook emerging
wildfire risks, underscoring the need for forward-looking strategies
to safeguard high-latitude biodiversity.

Inseveralregions, however (Fig.3a-e and Extended Data Fig.3a-e),
these patterns do not hold consistently, suggesting that additional
ecological factors shape species-level exposure. One key factor is
species range size. We find a significant negative correlation between
species’ range size and EBA growth (Fig. 3j): species with larger distri-
butions, particularly those in the upper quartile of range area, tend
to experience smaller increases in EBA (<200%). The regression is
statistically significant (P=0.001), and model uncertainty decreases
sharply asrange size increases, producing a characteristic triangular
distribution. This suggests that broadly distributed species may be
partially buffered against increasing wildfire exposure, potentially
enhancing their resilience®* %, These results highlight the importance
of prioritizing conservation resources for narrowly distributed, highly
threatened species that are particularly susceptible to intensifying
fire regimes.

To complement the EBA analysis, we also assessed changes in
species’ exposure to wildfire season length (ESL) (Supplementary
Text 2 and Extended Data Figs. 4 and 5). Compared with EBA, ESL dis-
plays stronger scenario dependence in most regions except Africa,
indicating that emissions mitigation can substantially limit species’
exposure to prolonged fire season conditions that can exacerbate fire
severity or coincide with sensitive life-history stages, akey mechanism
linking climate change to biodiversity loss. Scenario sensitivity in
ESL increases with latitude, mirroring the latitudinal amplification
observed in EBA projections.

Although the main text focuses on SSP2-4.5 as a plausible
mid-range pathway, we additionally assess SSP5-8.5 in the Supplemen-
tary Information (Supplementary Text 1) to characterize upper-bound
impacts. Under high emissions, the spatial pattern of wildfire activity

Fig.2|Projected changes in wildfire burned area and species exposure by
the end of the twenty-first century. a, Percentage increase in annual burned
arearelative to the reference period (1999-2014), projected for 2081-2100
under SSP2-4.5. Regional codes 1-43 shown on the map correspond to the
Intergovernmental Panel on Climate Change’s Sixth Assessment Report (AR6)
land regions. b-h, Proportion of species projected to experience different

levels of exposure increase to burned area across continents (the numbers in
parentheses indicate the number of species within each region, including those
spanning multiple regions): North America (b), South America (c), Europe (d),
Africa (e), Asia (f), Oceania (g) and the global average (h). Exposure levels are
grouped based on percentage increases relative to the baseline. This figure is
based on the dataset of 9,592 fire-threatened species.
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Fig. 3 | Projected changes in species exposure to wildfire burned area by the
end of the twenty-first century under SSP2-4.5. a-e, EBA change across 43 AR6
land regions for species grouped by IUCN threat categories: LC (a), NT (b),

VU (c), EN (d) and CR (e). Marker shapes indicate variability among species within
aregion: circles for standard deviation <25%, squares for 25-50% and triangles
for>50%. f-i, Proportion of species experiencing different levels of EBA change
inselected hotspot regions: Caribbean (grey shadingin e) (f), South America
(red shading in e) (g), South Asia (purple shadingin e) (h) and Australia (yellow

shadingine) (i).j, Relationship between projected EBA change (%) and species’
distribution size (log,,-transformed area in km?) for species. Shading shows the
joint probability density; the two red dashed lines denote the 95% confidence
interval of the fitted regression line (red solid line). The confidence interval
was derived from the standard errors of the fitted parameters, reflecting the
uncertainty in the model estimates and corresponding to a two-tailed test

for parameter significance. This figure is based on the dataset of 9,592 fire-
threatened species.

remains broadly similar to that under SSP2-4.5, but both burned area
and wildfire seasonlengthincrease more sharply. Despite their nonlin-
ear responses to emissions forcing, the qualitative conclusions of the
study remain consistent across scenarios. Moreover, even the SSP2-4.5
pathway entails substantial risks of crossing ecological and climatic
thresholds, underscoring that it should not be interpreted as a ‘safe’
orrisk-free future®°',

We further quantified potential wildfire-driven habitat changes
at the species level. Under SSP2-4.5, the top 1% most affected species
(96 species) are concentrated primarily in South America (59 species—
28inregion 12,12 inregion 14, 11inregion 13, 8 in region 10 and 1in
region15), South Asia (22 species), Southern Australia (13 species) and
New Zealand (2 species). These species share common ecological traits:

very small geographic ranges and elevated conservation concern®*°*¢

(Extended Data Fig. 6 and Supplementary Table 3).
Taxonomically, these 96 speciesinclude 46 Animalia (16 Amphibia,
12 Actinopterygii, 8 Insecta, 4 Aves, 3 Malacostraca, 1Clitellata, 1 Petro-
myzonti,1Mammalia), 43 Plantae (41 Magnoliopsida, 2 Liliopsida) and
7 Fungi (5 Agaricomycetes, 1 Leotiomycetes, 1 Pezizomycetes). These
numbers reveal substantial differencesin species composition: Anima-
liaaccount for 35.6% of the 9,592 species in the full dataset, and make
up 47.9% of the top 1% list. Notably, 45 of the 96 species each occur in
one1° x1°grid cell, and only five species occupy more than five cells,
underscoring their extreme range restriction. In terms of conservation
status, these top-exposed speciesinclude 35 (36.5%) Endangered (EN),
20 (20.8%) Vulnerable (VU), 14 (14.6%) Least Concern (LC), 14 (14.6%)
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Near Threatened (NT) and 13 (13.5%) Critically Endangered (CR) species.
This distribution contrasts markedly with the full assessed pool, where
LC species constitute 27.91%, followed by EN (26.55%), VU (20.65%),
NT (13.42%) and CR (11.47%). The over-representation of EN and VU
species among the top 1% suggests that already-threatened taxa are
disproportionately vulnerable to wildfire-driven habitat loss. These
findings are robust across scenarios: 73 of the 96 species also appear
in the top 1% most exposed species under SSP5-8.5, indicating strong
cross-scenario consistency in exposure risk.

By contrast, species projected to experience reductions in
EBA under SSP2-4.5 (972 species; Extended Data Fig. 7) tend to have
larger ranges (Extended Data Fig. 7e) and better conservation sta-
tus (Extended Data Fig. 7a). Relative to the top 1% group, LC species
increase from 14.6% to 26.6%, while EN and CR species decrease from
50.0% to 41.3%. Nearly one-third of these species occur in Africa (309
species)®. Fire-related threats also decline markedly for Fungi®®: 57 of
191 fungal species show reduced exposure, most of them located in
North America (48 species).

Avoidable wildfire threats to biodiversity

Giventhat current climate pledges remaininsufficient to meet global
temperature goals®>®, wildfire-driven biodiversity loss is likely to
intensify. To evaluate the role of mitigation, we compared changes in

EBA and ESL across three socioeconomic pathways: SSP2-4.5 (moder-
ate mitigation), SSP3-7.0 (regional rivalry) and SSP5-8.5 (fossil-fuel
intensive). SSP2-4.5 serves as the baseline, though achieving the
Paris Agreement’s 2 °C target would still require a 28% reduction
in projected 2030 emissions, according to the 2023 Emissions Gap
Report®*—indicating that SSP3-7.0 and SSP5-8.5 remain plausible
high-risk futures.

Globally, EBA growth under SSP2-4.5 is 32.6% lower than under
SSP3-7.0,and 63.4% lower than under SSP5-8.5 (Fig. 4c,d). Regions that
benefit most from emissions mitigationinclude North America, South
America, Europe and northern Asia. For instance, in North America,
ESL growthis 54.7%lower under SSP2-4.5 compared with SSP3-7.0, and
97.0% lower relative to SSP5-8.5. Corresponding reductions reach 38.5%
and 71.9% in South America, 48.5% and 101.2% in Europe, and 42.1% and
101.2% in northern Asia.

These effects translate into substantial avoidable wildfire expo-
sure. Following SSP2-4.5 instead of SSP3-7.0 could prevent a 23.5%
global increase in terrestrial EBA. New Zealand shows the greatest
potential benefit—a dramatic 343% reduction (Fig. 4a)—followed by
eastern North America (95.9%) and much of South America (up to
54.5%). Relative to SSP5-8.5, global EBA would be 35.1% lower under
SSP2-4.5, with especially large benefits for New Zealand (511.9%), south-
ern Australia (44.8%) and high-latitude regions including northern
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Europe (up to 70.6%), northern North America (up to 42.6%) and north-
ern Asia (up to 33.9%) (Fig. 4b).

Consistent with earlier findings (Figs. 1and 2), high-latitude spe-
ciesand biodiversity-rich regions such as South America—where many
species are already listed as threatened by wildfire—are particularly
sensitive to emission trajectories (Fig. 4e,f). These results demonstrate
that strengthening global climate mitigation offers profound benefits
for biodiversity, reducing the severity of wildfire-driven habitat loss
and helping avoid irreversible ecological impacts.

Overall, our study indicates that regions such as the Amazon in
South America, New Zealand and Southeast Asian countries may face
heightened species-specific wildfire risks. Although these countries
are not among the world’s largest greenhouse gas emitters, they are
projected to experience disproportionately severe ecological impacts.
Moreover, as global warming intensifies, high-latitude regions are also
expected to face increasing wildfire threats. This suggests that conser-
vation policiesin these areas should proactively consider species that
have historically not been exposed to wildfire, as their vulnerability may
grow under future fire regimes. Integrating these projectionsinto spe-
cies protection planning is, therefore, crucial to anticipate emerging
risks and prioritize mitigation strategies effectively.

Conclusion

We assessed projected changes in species exposure to wildfire using
bothburnedareaandwildfireseasonlength, drawing onspecies-specific
and climate-zone analyses. Our results indicate that wildfire activity
is expected to increase substantially across most regions by the end
of the twenty-first century—particularly in terms of burned area and
season length—exceptin central Africa, where changesin precipitation
and land use may dampen future fire risk. A clear poleward expansion
of wildfire activity is projected, with high-latitude regions showing
emerging and heightened vulnerability. These ecosystems are highly
sensitive towarming, and even modest climatic shifts can substantially
alter wildfire behaviour**°”°,

As a consequence, species in high-latitude areas are projected
to face the largest relative increases in wildfire exposure, despite
currently low baseline levels. This underscores the importance of
proactive intervention. Moreover, species already listed at higher
threat levels are expected to experience disproportionately large
increases in fire exposure. Amphibians in South America, especially
range-restricted taxa, emerge as particularly vulnerable, reinforcing
earlier meta-analytical findings**.

Our findings highlight the urgent need for regionally tailored,
species-specific strategies to mitigate biodiversity loss from future
wildfire regimes. Many species are already threatened by changing fire
regimes (represented by the area burned and the length of the wild-
fire season), and further climate-driven intensification may greatly
exacerbate these risks. Even where species have evolved to persist
with fire, climate change may alter severity, frequency, duration and
spatial extent—or introduce fire to previously fire-free ecosystems—
potentially exceeding species’ natural resilience. The rapid declines
observed in some taxa in Australia following extreme fires illustrate
this vulnerability. In addition to amplifying risksin fire-prone regions,
our projectionsindicate new fire threats in high-latitude ecosystems,
where ecological resilience is expected to be minimal*°. Future work
will need to focus on individual species and ecosystems to pinpoint
these risks for individual species and design mitigation efforts to
prevent losses’.

Although this study provides a global-scale perspective, future
efforts should prioritize high-resolution projections in identified
hotspots and incorporate biological information on species’ sensi-
tivity and adaptive capacity when available®-**”>”?>, While most spe-
cies are negatively affected by increasing wildfire exposure, a subset
may benefit from fire. Wildfire effects depend strongly on species’
intrinsic resilience; in some cases, fire can enhance regeneration,

,

facilitate seed dispersal or maintain open habitats. These ‘fire-adapted
or ‘fire-facilitated’ species often rely on periodic burning for key
life-history processes®”*”, Future work should further investigate
the populationdynamics of such species under changing fire regimes
and theirinteractions with threatened taxa to develop amore compre-
hensive view of ecosystem responses.

Toimprove extinction-risk estimates and guide targeted conserva-
tion planning, future research should couple global projections with
ecological models that incorporate species-specific fire sensitivi-
ties. Strengthening such integrative approaches will be essential for
anticipating—and mitigating—the biodiversity consequences of an
increasingly fire-prone world.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butionsand competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41558-026-02600-5.
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Methods

Data

We used monthly burned area data from version 5 of the Global Fire
Emissions Database (GFED5)” for 1997-2020 to calculate the annual
maximum burned area, which is used as a proxy for wildfire-related
risk. For the period 2001-2020, GFEDS5 utilized the moderate resolution
imaging spectroradiometer MCD64Alburned area product, applying
correctionstoaccount for commission and omission errors. To extend
thetimeseriesbackto1997, GFED5incorporated active fire datafrom
the along-track scanning radiometer and the visible and infrared scan-
ner. We focus on burned area as a key metric for assessing impacts on
species diversity””°. Burned area not only captures the spatial extent
of potential habitat change, but also indirectly reflects fire frequency
and intensity, providing an integrated measure of fire pressure®>®. By
emphasizing burned area, we can identify species and regions most
exposed to wildfire areas, supporting more effective biodiversity
conservation. For conducting long-term, global-scale assessments
and for projections based on climate model data, climate-scale burned
areais more robust and reliable than event-scale fire metrics, such as
fireintensity or duration.

Meteorological variables from the European Centre for
Medium-Range Weather Forecasts (ECMWF) Reanalysis version 5
(ERAS) reanalysis dataset are used in training the wildfire burned area
prediction model®. These include surface pressure, surface air tem-
perature, precipitation, total cloud cover, surface wind speed, shallow
soil moisture (0-7 cm) and surface relative humidity. Leaf Area Index
(LAI) dataare sourced from the LAI1999-2020 dataset®, originally ata
10-day resolution and down sampled to monthly scale for consistency.
LAlis derived from SPOT-VEGETATION and PROBA-V satellite data.

Future wildfire projections are based on 13 CMIP6 models that
meet therequirements for the necessary wildfire prediction variables
(Supplementary Table 4). We use the first ensemble member from
each climate model under four SSPs: SSP1-2.6 (sustainability), SSP2-
4.5 (moderate development), SSP3-7.0 (regional rivalry) and SSP5-8.5
(fossil-fuel-driven growth). Specifically, SSP1-2.6 reaches ~2.6 W m?,
SSP2-4.5reaches~4.5 W m,SSP3-7.0 reaches ~-7.0 W m2and SSP5-8.5
reaches -8.5 W m™. These SSPs represent alternative trajectories of
global socioeconomic development, energy use and greenhouse gas
emissions, corresponding to different radiative forcing levels by the
end of the twenty-first century. By considering multiple SSPs, we cap-
ture a wide range of potential future climates and associated wildfire
risks. To account for inter-model variability and reduce uncertainty,
wildfire projections are ensemble-averaged across models, providing
amorerobust estimate of potential exposure for species under future
climate scenarios.

A total of 9,592 species distribution data for Animalia (3,411),
Plantae (5,926) and Fungi (191) were obtained from the IUCN Red
List (https://www.iucnredlist.org/). These species comprise all those
reported by the IUCN as being threatened by increased fire frequency/
intensity. Duplicate species entries were merged by taking the union
of their spatial extents. Notably, a total of 11,399 species identified
by the IUCN as threatened by increasing wildfire frequency/inten-
sity were retrieved, of which 1,807 species (15.9%) were, therefore,
excluded from the present study due to unavailable distribution data.
Supplementary Fig. 3b shows the spatial distribution of these species,
and Supplementary Table 5 provides the number of species across
five threat categories: CR (1,100 species), EN (2,547 species), VU (1,981
species), NT (1,287 species) and LC (2,677 species). Species identified
by the IUCN as threatened by increased wildfire frequency/intensity
show considerable overlap with wildfire hotspots over the past two
decades, especially in certain regions of South America, Africa and
Oceania (Supplementary Figs. 3b and 4c), highlighting the consist-
ency and reliability of the datasets used in this study. In addition, we
reproduced and compared the key analyses using a more compre-
hensive dataset of 41,543 terrestrial species provided by the [IUCN

(Supplementary Table 6)—including Aves, Plantae, Reptilia, Amphibia
and Mammalia—covering both species identified as threatened by
increased fire frequency/intensity and those that are threatened more
generally by any disturbance. These datarepresent thoroughly assessed
species groups for which spatial distribution polygons are available
(https://www.iucnredlist.org/resources/spatial-data-download),
further underscoring the robustness and broad applicability of our
findings. These species represent 36.01% of the IUCN retrievable
records for Aves, Plantae, Reptilia, Amphibia and Mammalia.

Alldatawereinterpolated toacommon spatial resolution of 1° x 1°
to reconcile differences in native resolutions. Temporal coverage
includes observational data (1999-2020), a historical reference period
(1999-2014), near-term projections (2020-2040), mid-century pro-
jections (2040-2060), late-century projections (2060-2080) and
end-of-century projections (2080-2100).

Study areadivision

This study adopted the AR6 (https://www.ipcc.ch/assessment-report/
ar6/) regional classifications to assess climate change impacts more
effectively®*. We analysed 43 land regions (excluding Antarctica and
Greenland) and grouped theminto six continental zones: North Amer-
ica(regions1-8), South America(regions 9-15), Europe (regions16-19),
Africa (regions 20-27), Asia (regions 28-38) and Oceania (regions
39-43) (Supplementary Fig. 3c). Since species canbe distributed across
multiple regions (with 1,197 out of 9,592 species), the total number
of species across all regions may exceed the actual species count.
To clarify, all analyses at the regional scale are constrained by the
respective regional boundaries when clipping species distributions,
whereas analyses at the species scale (mainly referring to Extended
Data Figs. 6 and 7 and Supplementary Table 3) are not subject to any
boundary clipping.

Fire Weather Index
Fire weather conditions are key drivers of wildfire activity. We used the
Fire Weather Index (FWI) calculated with the Canadian methodology®,
as applied to ERAS data and CMIP6 simulations. The FWI captures
atmospheric conditions favouring fire ignition and spread, integrat-
ing variables such as temperature, humidity, wind and precipitation.
The system comprises indices like the Fine Fuel Moisture Code, Duff
Moisture Code and Drought Code, which are combined into the Initial
Spread Index and Buildup Index, culminating in the final FWI score®.
The FWI requires four daily surface variables: maximum surface
air temperature, minimum surface relative humidity, precipitation
and surface wind speed. The length of the fire season is defined as the
number of days during which the FWI exceeds the local threshold of
thatgrid, calculated as the midpoint of the historical extrema over the
reference period 1850-1900°°’, Although FWIlis anonlinear composite
index, it is compatible with models using single-variable predictors.
Theanalysis of the FWland fire season length over the reference period
is largely consistent with previous studies®*’.

Machine learning prediction model

Two major modelling paradigms are commonly used to project wildfire
activity. The first involves process-based global fire models, such as
those developed within the Fire Model Intercomparison Project (Fire-
MIP) and CMIP6%%°, These models explicitly simulate fire occurrence,
spread and termination, but they also exhibit well-documented limita-
tions: many fail to reproduce the observed global decline in burned
areas, struggle to capture extreme fire events and display substantial
inter-model variability?>?".

The second paradigm consists of empirical fire models®***, which
link burned area or other fire metrics to environmental predictors
using statistical or machine learning approaches, as in the present
study. These models typically incorporate climate, vegetation and fuel
characteristics, topography, human influence and ignition sources®.
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Inthis study, we focused primarily on climate-related predictors, con-
sistent with our aim of isolating the impacts of climate change on future
burnedareas. We applied the LightGBM algorithm® to predict wildfire
burned area. LightGBM is a tree-based ensemble learning method
designed for high efficiency and strong predictive performance, even
with large datasets and correlated features. It builds multiple decision
trees iteratively to minimize prediction error.

Inputvariablesincluded four geographic attributes (month, used
to represent seasonal position, latitude, longitude, biome, latitude,
longitude and biome), one ecological factor (LAI) and seven climate
variables (surface pressure, surface wind speed, precipitation, sur-
face air temperature, total cloud cover, shallow soil moisture and
FWI). These cover both direct meteorological drivers and ecologi-
cal or geographic modifiers of wildfire behaviour. This study used
the global biogeographic regionalization of terrestrial biodiversity
proposed in ref. 97, which categorizes land areas into 16 distinct
biomes (Supplementary Fig. 3a). Including biomes helps capture the
fire regime differences across ecosystem types, while LAl serves as a
key proxy for fuel availability. Since burned area is an output of our
machine learning prediction model, the effects of wildfire on LAl are
reflected only passively, and the model does not account for fully cou-
pled feedbacks between vegetation and fire. The model assumes that
the relationship between climate variables and burned area is stable
and persists under future climate change scenarios.

Training data spans 1999-2014, with 2015-2020 reserved for
model testing. Inputs are standardized before model training; pre-
dictions are then inverse-transformed to reflect real-world units. The
modelisimplemented using Python with the Light GBM and scikit-learn
libraries. The model parameters were selected based on a grid search
procedure to optimize predictive performance. The final configuration
isasfollows: the model uses 1,000 boostingiterations, with alearning
rate of 0.05,amaximum tree depth of 15, amaximum of 60 leaves per
tree, a minimum of 10 samples per leaf and random sampling of 80%
of featureswhenbuilding each tree. Regularizationis applied through
penalties onboth the absolute and squared values of leaf weights. This
configuration balances model complexity and generalization: the
moderate maximum depth and number of leaves prevent overfitting,
while the regularization penalties further constrain model flexibility.
Thelarge number of boosting iterations combined with asmalllearn-
ing rate allows the model to learn complex nonlinear relationships
between input variables and burned area while maintaining stable
convergence. Because latitudinal climate and biome gradients are
already captured by the included predictors, longitude emerges as a
slightly more influential spatial descriptor (Supplementary Fig. 4b),
reflecting regional heterogeneity that climate variables alone cannot
explain, such as human activity and land use.

Model performance was evaluated using root mean squared error
(RMSE), mean absolute error (MAE) and R-squared (R*). RMSE empha-
sizes larger errors, while MAE reflects average deviation. R indicates
the proportion of variance explained by the model. Lower RMSE and
MAE, along with higher R?, signify better predictive performance:
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where y;denotes theburned areainmonthi, y,isthe predicted burned
areainmonthiand y meansthe averaged burned area.

The test dataset evaluation shows that the trained model achieves
an R?score of 0.84, indicating strong agreement between predicted
and observed values. The RMSE and MAE are 144.8 km?and 71.4 km?,
respectively (Supplementary Fig. 4a,b), both less than one-third the
standard deviation, highlighting the model’s accuracy and reliability.
Spatially, the model captures key global wildfire hotspots, includ-
ing South America, Africa, Oceania, South Asia, Northeast Asia and
West Asia (Supplementary Fig. 4c,d). While burned areas are slightly
underestimated in Asia and slightly overestimated in South America,
the errors remain below 1% of the respective grid cell areas. Since
the LightGBM model is deterministic and does not directly produce
probabilistic output, the uncertainties and confidence intervals
reported in this study (Supplementary Tables 1 and 3) are derived
fromtheinter-model variability across 13 CMIP6 models, rather than
reflecting the predictive uncertainty of the LightGBM model itself.
Moreover, because subsequent exposure estimates are based onrela-
tive changes between future scenarios and historical simulations, any
systematic biasin the machine learning prediction modelis effectively
cancelled out.

Comparisons across empirical, mechanisticand emerging hybrid
modelling frameworks indicate that no single approach is without
limitations. Nonetheless, the climate-driven patterns projected by
our model closely align with the dominant signals reported in recent
global and regional fire assessments®, supporting the robustness of
our conclusions.

Species exposure to wildfire burned area and wildfire season
length

This study focuses on climate-driven wildfire changes® ", treating
wildfireimpacts onspecies asindirect consequences of climate change
under different SSPs. To assess the potential threat of future changes
inwildfire burned area and wildfire seasonlength to species fromboth
temporal and spatial perspectives, we used the concept of exposure.
Species EBAis defined as the total annual maximum burned area within
aspecies’ distribution (unit: km?). Similarly, ESL is defined as the aver-
agefireseasonlengthacrossaspecies’ distribution range (unit: days).
Besides exposure, vulnerability depends on sensitivity and adapt-
ability in the approach referred to as climate change vulnerability
assessment’>'°°, Oftentimes, traits are used to describe differential
sensitivitiesamong species. However, in this case, traits are not known
for most of the thousands of species in this study. Instead, we use the
IUCN’s expert analysis of wildfire threats to select the subset of species
that would be predicted to be most sensitive to wildfire risks. We did
not estimate adaptability in this study because of a lack of sufficient
dataondispersal and evolutionary rates.

We focused on burned area as the primary indicator for assess-
ing wildfire activity and its potential ecological impacts. Compared
with other fire metrics, such as fire intensity or duration, burned area
data are more robust and consistent across regions and time, owing
to advances in satellite-based remote sensing that allow long-term
and globally comparable observations. Current global burned area
products provide continuous, quality-controlled records that have
beenwidely validated and are, therefore, suitable for large-scale mod-
elling. Moreover, burned area directly reflects the spatial extent of
habitat loss and ecosystem disturbance, making it an ecologically
meaningful variable for evaluating wildfire exposure under climate
change. While wildfire impacts are multidimensional—varying with
landscape patterns, fire intensity and severity, and return intervals—
these aspects are currently difficult to capture robustly at the global
scale due to limitations in observational data and model representa-
tion. Fire-related weather conditions and non-climate factors, which
influence these nuanced fire characteristics, were incorporated as
predictor variablesinour burned area models, so the projected burned
area partially reflects these combined effects. This focusis particularly
important given the current lack of studies projecting future burned
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area and the gaps in integrating such projections into ecological and
species conservation assessments.

Giventhelarge number of species and their varied spatial distribu-
tions, we aggregate and present results at the AR6 regional level for clar-
ity. Foreach AR6 land region, weidentified the species occurring within
its boundaries and computed EBA and ESL for each species. We then
calculated the percentage changein both exposure metricsrelative to
the baseline period (1999-2014, the end year of the reference period
is constrained by the historical simulations) for four future intervals:
2020-2040,2040-2060,2060-2080 and 2080-2100. These percent-
age changes were grouped into six categories: <0%, 0-50%, 50-100%,
100-150%, 150-200% and >200%. Finally, we counted the number of
species falling into each percentage change group.

This study focuses on relative rather than absolute changes in
exposure, as species vary greatly in distribution size. Using absolute
changes wouldresultinlarge discrepancies across species—sometimes
differing by orders of magnitude—thereby diminishing the interpret-
ability of regional averages.

Our analysis assesses future wildfire exposure based on current
species distributions, implicitly assuming that species ranges remain
constant under climate change and are not influenced by other envi-
ronmental factors. We did not explicitly model species range shifts,
asincorporating migrationand dispersal dynamics at the global scale
remains a substantial and ongoing challenge. Importantly, despite
this constraint, our findings remain highly relevant, particularly for
high-latitude regions, where even small changes in wildfire risk may
have pronounced impacts on species currently adapted to historically
fire-free environments.

Data availability

ERAS reanalysis products are available from https://cds.climate.
copernicus.eu/datasets/reanalysis-era5-land-monthly-means?tab=
overview. CMIP6 simulations can be accessed at https://esgf-node.
ipsl.upmc.fr/search/cmip6-ipsl/. The LAl dataset can be obtained
from https://land.copernicus.eu/en/products/vegetation/leaf-area-
index-v2-0-1km. The GFEDS5 dataset can be obtained from https://www.
globalfiredata.org/. Distribution data of species canbe obtained from
https://www.iucnredlist.org/. Supplementary Table 7 listing abbre-
viations and their corresponding full names is provided to facilitate
datainterpretation.

Code availability

The code ofthe FWI calculationis available via GitHub at https://github.
com/yquilcaille/FWI_CMIP6. The code for the analysis and mapping
can be obtained via GitHub at https://github.com/xiaoyeyang1024/
Wildfire-Risk-for-Species/ (ref.101). Maps presented in this study were
generated using the Cartopy projection library for geospatial visu-
alization. No commercial map tiles or proprietary geographic prod-
ucts were used. All geographic features are derived from open-source
resources provided through Cartopy, and, therefore, do not involve
copyright restrictions.
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Extended Data Fig. 1| Changes in EBA under different scenarios. a Cumulative
distribution of changes in species exposure to wildfire burned area under four
scenarios across 43 AR6 land regions. b-h represent the continent-scale average
results. bNorth America. ¢ South America. d Europe. e Africa. fAsia. g Oceania.

Relative Change (%)
hGlobal. Blue, green, yellow, and red lines represent the SSP1-2.6, SSP2-4.5,
SSP3-7.0, and SSP5-8.5 scenarios, respectively. This figure is based on the dataset
0f 9,592 fire-threatened species.
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Extended DataFig. 2| The proportion of species experiencing different levels of EBA growth by the end of 21 century under SSP2-4.5 scenarioin 43 AR6 land
regions. This figure is based on the dataset of 9,592 fire-threatened species.
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Extended DataFig. 3 | Projected changes in species exposure to wildfire
burned areaby the end of the 21st century under SSP2-4.5. Same as Fig. 3. but
based on dataset of 41543 species. a-e, EBA change across 43 AR6 land regions
for species grouped by IUCN threat categories: LC (a), NT (b), VU (c), EN (d)

and CR (e). Marker shapes indicate variability among species within a region:
circles for standard deviation <25%, squares for 25-50% and triangles for >50%.
fshows the global average proportion of species experiencing different levels

log;o(Species distribution area)

of EBA change. g, Relationship between projected EBA change (%) and species’
distribution size (logl0-transformed area in km?) for species. Shading shows

the joint probability density. The two red dashed linesin g denotes the 95%
confidence interval of the fitted regression line (red solid line). The confidence
interval was derived from the standard errors of the fitted parameters, reflecting
the uncertainty in the model estimates and corresponding to a two-tailed test
for parameter significance.
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a. Changes in ESL under different scenarios
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Extended DataFig. 4 | Projected changes in species exposure to wildfire
season length by the end of the 21st century under different scenarios.

a Cumulative distribution of changes in exposure to wildfire season length (ESL)
for species across 43 AR6 land regions under the SSP2-4.5 scenario. b Latitudinal
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Extended DataFig. 5| Percentage increase in wildfire season length by the end of the 21st century related to the reference period. Results are under a SSP1-2.6,
b SSP2-4.5,¢SSP3-7.0,and d SSP5-8.5.
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1°resolution grids within the distribution, d Count of kingdom, and e. Count of

class for the Top1% species experiencing the greatest EBA growth under the SSP2-
4.5scenario by the end of the 21st century. This figure is based on the dataset of
9,592 fire-threatened species.

Nature Climate Change


http://www.nature.com/natureclimatechange

Article

https://doi.org/10.1038/s41558-026-02600-5

300

200

100

Number of Species

600

B
o
o

N
o
o

Number of Species

160

140

120

[
o
(=)

80

60

Number of Species

40

20

C

IC NI VW EN CR 09 11 21 33 50

Conservation Category Distribution Grids

600
Magnﬁr?%%sll)dg d 25
Li kgsuég
Agarlcomyé) es
Aves
stro 9 a

Actl 0 t ||
.%r:&ﬁr?@
Polyp a
Leotlgmogsk %

0 100 200 300 400 500

57
Lecanorom}/,
Number of Species

Plantae Animalia Fungi

155

135

21
10 6 9 15 s 12
2 |12 12113104 131
123456 7 891011131415171920212223242526273435363738394142
Region

Extended DataFig. 7 | Information of species experiencing the EBA changeless  across multiple regions are counted separately within each region) for the
than -0% under the SSP2-4.5 scenario by the end of the 21st century. a Count of species experiencing the EBA change less than -0% under the SSP2-4.5 scenario
IUCN conservation status, b Count of 1° resolution grids within the distribution, by the end of the 21st century. This figure is based on the dataset of 9,592 fire-
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