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With global warming heading for 1.5 °C, understanding the risks of
exceeding this threshold is increasingly urgent. Impacts on human and
natural systems are expected to increase with further warming and some
may beirreversible. Yetimpacts under policy-relevant stabilization or
overshoot pathways have not been well quantified. Here we report the risks
ofirreversible impacts on forest ecosystems, such as Amazon forest loss
and high-latitude woody encroachment, under three scenarios that explore
low levels of exceedance and overshoot beyond 1.5 °C. Long-term forest loss

ismitigated by reducing global temperatures below 1.5 °C. The proximity
of dieback risk thresholds to the bounds of the Paris Agreement global
warming levels underscores the need for urgent action to mitigate climate
change—and therisks of irreversible loss of animportant ecosystem.

The latest Intergovernmental Panel on Climate Change (IPCC)
report shows that reaching 1.5 °C of sustained global warming above
pre-industrial conditions is more likely than not in the early 2030s for
all commonly used scenarios of future atmospheric greenhouse gas
concentrations'. However, the future levels of global warming beyond
thatdate are highly uncertain, being related strongly to the scenario’.
Limiting global warmingto 2 °C, oreven 1.5 °C above pre-industrial lev-
els, remains asocietal aspiration and was proposed as potential global
policy at the 21st Conference of Parties (COP21) in Paris. Depending
on the strength of policy action to reduce greenhouse gas emissions,
warming could stabilize at or near 1.5 °C, temporarily overshoot and
return to that level, or exceed and remain above it. Temporary tem-
perature overshoots have been suggested as potentially safe for some
components of the Earth system®. However, even if compatible with
long-termglobal warming targets, such an approachbears considerable
risks for spatially heterogeneous and potentially irreversible impacts®.
TheIPCC Synthesis Report assessed the risks of overshoot in detail and
showed that both longer and higher degrees of overshoot increase
therisk of potentially irreversible impacts, such as loss of ecosystems
and biodiversity°.

Theriskand magnitude ofimpacts due to globalmean temperature
overshoot and return onkey forest ecosystems, such asthe Amazonand
boreal forests, are largely unquantified, especially those from more
realistic and policy-relevant emissions scenarios. However, a number
of studies have focused on tipping points, using idealized temporary
overshoot trajectories. In these idealized studies, tipping pointsina
forest’s ecosystem composition have been shown to occur at global
warminglevelsabove 2 °C, along with hysteresisin the forest’s response
to cooling®. Risk of crossing a threshold for key climate tipping elements
(including the Amazon forest) has also been shown to significantly
increase due to temporary overshoot’. Meanwhile, in the near term, a
significant proportion of the Amazonis at risk of sudden, possibly irre-
versible, state transitions®. Other work has centred around biodiversity,
quantifying global species’ exposure’ and impacts on marine ecosystem
habitability’® under the SSP5-3.4-0S scenario". This research also high-
lights the prolonged ecosystemimpacts after the overshoot has peaked.
Theevidence provided inthese simulations suggests that thisisan area
inneed of more research across alarger range of scenarios.

The IPCC Special Report on 1.5 °C of global warming™ identi-
fied key gaps in tools and understanding to determine the particular
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Fig.1|Selected IMPs. a-c, Profiles of cumulative CO, emissions (a), atmospheric
CO, concentration (b) and global mean temperature change (c) calculated by the
FalR emulator, driven by emissions from C1:IMP-Ren, C2:IMP-Neg and C3:IMP-
GS pathways (as labelled). The plumes in b and c represent the Oth to 100th
percentile ensemble spread from FalR, with the solid lines showing the central

ensemble member selected from mean global temperatures at year 2100. Thin
horizontal lines are for warming level (compared to pre-industrial conditions)
atl.5and 2 °C. Thegrey vertical lines divide the short and long-term focuses and
show where FalR’s climate storylines were sampled from c.

impacts of different overshoot scenarios. There is a further require-
ment to create probabilistic and quantitative tools to clearly analyse the
impacts between1.5and2 °C of global warming. However, neither fully
comprehensive Earth system models (ESMs) nor ecosystem-specific
impacts models have been able to assess the implications of the most
up-to-date policy scenarios. For example, lllustrative Mitigation Path-
ways (IMPs), some of which include overshoot trajectories, and as
assessed by IPCC WGIII®, have only been analysed using simple climate
emulators. Emulatorsingeneral simulate only global temperature and
notregional changes orimpacts. Instead, due to computation require-
ments, detailed studies with ESMs are restricted to fewer scenarios
(typically those recommended by ScenarioMIP"), as is the case for
models in the Coupled Model Intercomparison Project (CMIP) ver-
sion 6 ensemble'. Even for the earlier CMIP5 ensemble only a limited
number of scenarios are investigated®. Fortunately, CMIP6 simula-
tions with ESMs are emerging that investigate overshoot, although
these tend to be more idealized calculations exploring large levels of
overshoot—such as up to four times CO, (ref. 16) or the SSP5-3.4-0S
scenario”. We aim to explore amore nuanced analysis of the additional
risks during more policy-relevant, smaller overshoot scenarios. Here
we find a gap between the latest policy-oriented scenario design and
associated impacts analyses.

We use an emissions-to-impacts modelling framework, Probabil-
istic Regional Impacts from Model Patterns and Emissions (PRIME™®),
to bridge this gap and quantify the implications of policy-relevant
overshoot scenarios for terrestrial ecosystems in a probabilistic and
spatially resolved way. PRIME also allows for the quantitative assess-
ment of long-term impacts, and here we extend the IMP scenarios to
2300 (Methods) to explore multi-century commitments of ecosystem
changes. Indoing so, we quantify and analyse three axes of uncertainty:
societal choices through a selection of mitigation scenarios and their
trajectories to 1.5 °C (and beyond), a climate emulator calibrated to
sample the IPCC-assessed range of global climate sensitivities', and a
set of 34 CMIP6 patterns of climate change which sample uncertainty
in regional climate response to different global warming levels. This
multi-model climate space forcing in turn drives a single land surface
model. In total we perform 918 simulations up to 2300.

Wesselect three IMPs for cumulative CO, emissions (Fig.1a), which
generate CO, concentration pathways (Fig. 1b) such that the final
long-term global temperature changes are trajectories near to 1.5 °C
forthe period from 2100 and beyond. However, their temperature path-
ways before eventual stabilization are very different (Fig. 1c). Specifi-
cally, our goalis to quantify differential impacts from stabilizing at or
near 1.5 °C of global warming with little or no overshoot, overshooting
1.5°Candreturning by 2100, or sustained exceedance of 1.5 °C (Fig. 1c).
We use these climate projections to assess the short-term (up to 2100)

and long-term (up to 2300) impacts of overshoot on two vulnerable
ecosystems, focusing on ‘central estimate’ storylines to analyse the
inertia of the systems’ responses to global warming. We also place an
emphasis on assessing ‘high sensitivity’ storylines to describe the tail
risks of overshoot associated with each of these policy-relevant path-
ways. We categorize safe and dangerous climatic spaces for the forests
atdifferent timescales, and look at the drivers of ecosystem net primary
productivity (NPP) and irreversible forest cover loss or expansion.

Results

We analyse the impacts of the three IMPs on the resilience of Amazo-
nian and Siberian forest ecosystems, which are known to be especially
vulnerable to climate impacts** . We focus on NPP as a measure of
forest health and productivity, and simulated tree cover fraction as a
longer-term integrated consequence of changes**—while ecosystem
health and productivity are more complex than just NPP and tree cover,
further justification of these metrics is given in the Supplementary
discussion. The PRIME framework'® uses the FalR emulator® to sample
the range of IPCC-assessed climate sensitivities*® and calculate proba-
bilistic global warming and CO, concentration profiles from emissions
pathways associated with each scenario.

Our simulations span a range of CO, concentration and global
temperature in response to CO, emissions in the chosen IMPs (Fig. 1).
CL:IMP-Renand C2:IMP-Neg have similar emissions at 2100, represent-
ing different policy approaches of accelerated renewable deployment
andreduced emissions (C1:IMP-Ren) or reliance on negative emissions
technologies later in the century (C2:IMP-Neg) to get approximately
the same global warming level at 2100. Our extension to the C2 scenario
includes high levels of net CO, removalin the twenty-second century,
which consequently brings concentrations and temperatures below
the C1:IMP-Ren scenario in the long term. In contrast, C3:IMP-GS has
higher emissions and CO, throughout, and warming of around 1.8 °C
by 2100. Varying levels of carbon cycle feedback sensitivities in the
FalR ensemble” account for the spread in CO,concentrationsin these
scenarios (shaded region in Fig. 1b). Carbon cycle uncertainties are
smallincomparison to total climate system uncertainty (shaded region
inFig. 1c and Supplementary Fig. 1), which includes the uncertainties
inclimate sensitivity and present-day aerosol forcing in FalR—the key
controlling factors of climate projection uncertainty®,

The most likely evolution of the ecosystem response, denoted
here by NPP and tree cover, varies by region and scenario (Fig. 2). In
the C1:IMP-Ren and C3:IMP-GS scenarios, NPP is shown to increase
with increasing temperature in both regions, which corresponds to
increased tree cover. Thereductionsin atmospheric CO, (Fig. 1b) which
stabilizes temperatures in these scenarios, however, results in NPP
reducing inboth forest ecosystems, while the tree cover continues to
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Fig. 2| Central estimate of ecosystem response. a-d, The trajectory of
ecosystem responses of NPP (a,c) and tree cover fraction (b,d) in the Amazonian
(a,b) and Siberian (c,d) regions. Dashed grey lines denote present-day

(1995-2015) mean values. Temperatures at 2100 (grey circles) and 2300 (black
circles) are shown. e,f, Maps showing regional differences in NPP between
C2:IMP-Neg and CL:IMP-Ren at 2100 in the Amazon (e) and Siberia (f).

increase due to the inertia in its response. Amazonian NPP is shown
to reduce below present-day values, resulting in a reduction in tree
cover. The same reductionin tree cover is not seen in C1:IMP-Ren and
C3:IMP-GS in Siberia, probably due to stabilized increased tempera-
turesin the northernlatitudes. Instead, increases in forest cover lead
to woody encroachment in the region, and irreversible ecosystem
composition shifts (Supplementary Figs.2 and 3). Archer et al.”’ high-
light that woody encroachment has significantimpacts on terrestrial
carbon sequestration, the hydrological cycle and biodiversity. This
result also corresponds with findings from Garcia Criado et al.*°, who
show that woody encroachment has a positive relation to warming
in the tundra biome. In the C2:IMP-Neg scenario, a greater reduction
of NPP below present-day values is seen in both regions. By 2300, the
increased tree cover in Siberia is limited and Amazonian tree cover is
reduced below present-day. These results suggest that limiting the
magnitude of overshoot is beneficial for forest health. NPP and forest
coverasinFig.2a-d are plotted against time in Extended Data Fig. 1.

Localized impacts of differing extent of overshoot can be substan-
tial even when global temperature has reached a similar level. Compar-
ing the C2:IMP-Neg and C1:IMP-Ren scenarios, regional differences
between small and large overshoot (Fig. 1a) can be seen in both forest
ecosystems, where both IMPs arrive at similar global temperatures at
2100 (Fig. 2e,f). Despite amean NPP difference between the C2 and C1
scenarios of 0.03 PgC in Siberia at 2100 (Fig. 2¢), differences of over
12 times greater are seen regionally (Fig. 2f), and large areas of both
Amazonianand Siberian forest show reduced NPP due to C2:IMP-Neg’s
overshoot (Fig. 1e,f). This result is consistent with Ruiz-Pérez et al.”,
who found spatial heterogeneity in boreal forest productivity due to
warming which has already occurred.

A vital part of risk assessment is beyond the central estimate
response’**, PRIME allows probabilistic assessment of low-likelihood,
high-impact outcomes, and here we analyse the tail risks of potentially
irreversible damage to forest ecosystems. A considerable number of
ensemble members show the potential for much more significant
changes to both ecosystems than the central estimates (black lines
inFig.3).

The Siberian forest is probably committed to a long-term, and
possibly substantial, expansion of tree cover. Most ensemble members
projectadecreasein NPP (Fig.3b), but thisisrelatively modest even for
regional temperature increases of up to 7 °C. There is relatively little
scenario dependence as NPP stays broadly within 10% of present-day
values. However, all members exhibit long-term committed increases
in tree cover, as NPP is above pre-industrial levels, which in extreme
casesreacharound 50% above present-day levels (Fig.3d). This agrees
with Pugh et al.>* who saw committed boreal forest expansion and
long-term carbon sink with the potential to offset carbon loss from
thawing permafrost.

The Amazon forest, in contrast, is susceptible to asmall but signifi-
cantrisk of along-term committed andirreversible dieback (Fig. 3a,c).
Some ensemble members see a decrease in NPP of 10-20% or more,
which results in similar loss of forest cover. For regional warming lev-
els above 2 °C, forest loss is potentially substantial (Extended Data
Figs. 2-4). We find that, for these tail risks, the uncertainty related to
FalR’s sensitivity greatly outweighs the relative differences between
thescenarios, resultinginabroadly similar distribution of models with
forest losses by 2100 from each scenario.

The long-term extent of Amazonian forest loss in these sce-
narios increases with time, with models showing increasing losses
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decreased below present-day levels by 2100, whereas thin lines are those which
have not. Regional NPP for the Amazon (a) and Siberian forest (b); regional
average tree cover fraction for the Amazon (c) and Siberia (d).

upto2300.Underlong-term stabilized global temperature charac-
teristic of C1:IMP-Ren and C3:IMP-GS scenarios, NPP continues to
decrease up to 2300, and forest fraction shows no sign of reducing
its rate of loss (as indicated by the fact that the green and orange
lines in Fig. 3c are vertical). In the C2:IMP-Neg overshoot scenario,
the NPP has amarked behaviour; NPP values can be seen to reverse
as global temperature reduces (purple lines in Fig. 3a show clear
recovery) and this leads to stabilized forest cover (purple lines
become horizontal in Fig. 3¢).

The ecosystem response in terms of climate phase space of tem-
perature and precipitation can provide further insight into the risk of
Amazondieback. Thereisaclear distinction, mainly driven by regional
temperature, showing that greater levels of climate change lead to a
greater chance of dieback. Although scenarios span those with wetter
anddrier futures, drying climate tends to also contribute to greater for-
estloss. If climate sensitivity at aglobal level led to aregional warming
of3 °Cormore, theneventhese very low emissions scenarios have very
severeimpacts. Hence, there remains alow-likelihood but high-impact
outcome of significant Amazon dieback even under the most aggres-
sive mitigation policies.

Short- and long-term ‘high-risk climatic zones’ can be identified
(red lines in Fig. 4), providing a range of regional average tempera-
ture and precipitation conditions for the Amazon, for which there
is a significant risk of dieback. The main driver of high-risk climatic
zone shifting between long- and short-term outlooks is the regional
temperature. Concentrating on short-term dieback risk, we find that

58% of simulations with regional temperature greater than 2.7 °C at
2100 experience forest loss beyond present-day levels (Fig. 4a). This
corresponds to a global temperature of 2.1+ 0.5 °C (Supplementary
Fig.4).Inthelongterm, we find that 49% of simulations with regional
temperature greater than1.7 °C at 2100 experience Amazon dieback by
2300 (Fig. 4b), corresponding to a global temperature of1.3 + 0.3 °C.
In these high-sensitivity, high-risk futures, the Amazon experiences
average diebacks of 60,000 km? by 2100 and 130,000 km? by 2300
(Extended DataFig. 2).

Therisks of Amazon dieback beyond aglobal temperature of 1.5 °C
increase with the length of outlook. For the short term, we find that 37%
ofall our simulations, with regional temperatures corresponding with
global temperatures greater than1.5 °Cat 2100, display some amount
of dieback by 2100. Thisriskincreasesin thelong term, to 55% of simula-
tions exhibiting dieback by 2300.

Discussion
The forest response to climate change is often cited as having a risk
of acting as a tipping point. In particular, there is a focus on whether
this could occur for the Amazonian rainforest. Whether this means
atrue tipping point, with abrupt transition to a new stable state, or
simply along-term, effectively irreversible loss of forest due to the
inertia of regrowth, the risks to ecosystem functioning, carbon sinks
and biodiversity are hugely important.

In determining a risk profile for forest loss for each of the path-
ways, we find that the uncertainty related to the sensitivities sampled
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which did not. Regional climatic conditions are as at 2100. The grey dashed lines
arethe regional temperature and precipitation ensemble means at 2100. The
red lines denote the ‘high-risk’ climatic zones, within which 95% of simulations
leading to Amazon forest loss beyond present-day values, arrive.

by FalR far outweighs that given by the differences between the selected
IMPs. This is clearly illustrated by the broadly equal distribution of
endpoints of all three pathways, which fall below the present-day level
of forest coverinthe Amazonregion (Fig. 3a). Thereis, however, some
scenario dependence of this outcome. While all three scenarios expe-
rience regional warming of 3-4 °C for their highest sensitivity mem-
bers, the two which stabilize (especially C3:IMP-GS, which stabilizes
at higher warming, approaching 5 °C regionally in some cases) see
continued forest loss even beyond 2300, as shown by the vertical end
ofthelines (Fig.3c). Thisindicates that stabilizing global temperature is
not sufficient to stabilize the impacts of climate change. Only scenario
C2:IMP-Neg, where temperature is decreasing markedly by 2300, sees
the beginning of impacts stabilizing, with the curvature of the purple
linesto the left (Fig. 3¢). As temperature reduces, tree cover stabilizes.
This highlights the long-term benefits of not stopping at net-zero:
CO,removal, and overshoot and recovery of global temperature, can
have substantial benefits in the prevention of long-termimpacts. Our
findings are, however, also consistent with those from Meyer et al.’,
who found lagged and prolonged biodiversity risk exposure of over a
century beyond the conclusion of overshootin both marine and terres-
trial ecosystems for SSP5-3.4-0S. Even under lower levels of overshoot,
many of the C2:IMP-Neg simulations which temporarily overshoot
1.5 °C demonstrate prolonged NPP and forest loss in the Amazon for
centuries afterwards (Extended Data Fig. 5).

Uncertainty in CMIP6 climate patterns also plays arole. For exam-
ple, more than 50% of simulations using climate change patterns
from CanESMS5 and GFDL-ESM4 saw Amazon dieback, while patterns
from CNRM-CMé6-1 and EC-Earth3-Veg only led to dieback in the very
extremes of the sensitivity. The IPCC assessment® shows a consensus of
dryingin the Amazon region across CMIP6 models but with substantial
spread.Improved representation of changesin circulation over South
Americaisacrucial research need, to better understand these tail risks
of irreversible forest loss.

The pathway distinction mattersin two aspects. First, the degree
of climate change matters: higher global temperature resulting from
the higher emissions in C3:IMP-GS leads to a greater risk of long-term
loss compared to C1:IMP-Ren, which largely stabilizes temperature
justunder 1.5 °C. Second, under overshoot there is a clear benefit of
returning global temperature to alower level—even after exceeding the
warming in C1:IMP-Ren, the C2:IMP-Neg pathway shows clear reduc-
tions in the long-term committed changes to forest.

Priority developments for the PRIME system firstinclude better rep-
resentation of pattern scaling for stabilization and overshoot scenarios.
Second, simulating fire processes inthe JULES modelis a high priority,
aschangesinfireregime mayrapidly alter ecosystemstructure. Finally,
species adaption is not commonly represented in global land surface
models, which may alter ecosystemresilience on very long timescales.

We conclude that both of our focus ecosystems will almost cer-
tainly experience long-term committed changes, but the Amazon
forestinparticularisatrisk of substantial loss. We delineate short-and
long-termhazardous climatic spaces, where global temperature-related
dieback thresholds are resolved. Our short-term dieback threshold is
consistent with Armstrong McKay et al.??, who estimate an Amazon
dieback tipping point global temperature range of between 2 °C and
6 °C.Thethreshold also aligns with that found by Albrich et al.®, beyond
which a forest ecosystem tips into another state. However, we show
that there remains a significant longer-term risk of dieback at global
temperatures below this range, even under strong mitigation scenarios.
Further, we determine the short-and long-termrisks of Amazon forest
loss associated with breaching 1.5 °C of global warming in the IMPs.
These low-likelihood, high-impact risks can be ameliorated, but not
removed completely, by both limiting the magnitude of warming and
by aiming for temperature recovery after any temporary overshoot.
Both immediate emissions reductions and long-term investment in
CO, removal bring lasting benefits to forest health.

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-
butions and competing interests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41558-025-02327-9.
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Methods
Scenario selection
We evaluate three of the seven IMPs, which are socioeconomic sce-
narios derived fromintegrated assessment models. The three selected
IMPs were chosento give abroad and representative view into differing
potential future climate scenarios. The IMPs were used in the IPCC’s
Sixth Assessment Report Working Group 3*° to demonstrate a range
of techno-socio-economic solutions to meeting the 1.5 °C and 2 °C
Paris Agreement targets, but have not previously been runin ESMs.
IPCC WG3 classified emissions scenarios into eight categories
depending on their peak and end-of-century temperature. The lowest
three C1, C2 and C3 scenario groupings can be interpreted as being
broadly consistent with 1.5 °C (C1) and well-below 2 °C (C2 and C3)
thresholds of the Paris Agreement, though thisis not strictly defined™.
Clrefers to scenarios which peak below 1.5 °C with a probability of at
least 33%, and are below 1.5 °Cin 2100 with a probability of at least 50%.
Median peak warming, therefore, may temporarily exceed 1.5 °C, allow-
ing for a small overshoot, typically less than 0.1°C. C2 scenarios have
peak warming exceeding 1.5 °C with a probability of more than33%, but
stillreturntolessthan1.5°Cin2100 with greater than 50% chance, hence
having a larger overshoot of peak warming typically in the 0.1-0.3 °C
range. C2scenarios are sometimes referred to as ‘1.5 °C with high over-
shoot’. C3 scenarios do not return below 1.5 °C in the median before
2100 but remain ‘well below’ 2 °C throughout the twenty-first century,
interpreted as at least 67% chance of not exceeding 2 °C and typically
with median warming not exceeding 1.85 °C. References to probabili-
ties relate to these scenarios being run with a simple climate model
hundreds of times, perturbing parametric uncertainty in future climate
change. Scenario classification in AR6 was performed using MAGICC?®,
We retain the original IPCC classifications in this paper though report
our results using FalR, resulting in marginally cooler projections.
From the seven IMPs, we select one representative scenario per
category for the headline results in this paper. From C1 we use IMP-Ren
(REMIND-MAGgPIE 2.1-4.3 DeepElec_SSP2_HighRE_Budg900)* and from
C3weuseIMP-GS (WITCH5.0 CO_Bridge)*°. The C1:IMP-Ren scenarioisa
low emissions scenario, chosen as our default scenario givenits achieve-
ment of 1.5 °C global warming with little overshoot, enabled by steep
reductions and replacement of fossil fuels with renewables. C3:IMP-GS
prescribes agradual strengthening of combinations of renewables uptake
and CO,removal.For C2thereisasolerepresentativeinthe IMPs:IMP-Neg
(COFFEE 1.1 EN_NPi2020_400f_lowBECCS), a scenario with a large
scale-up of negative CO, emissions in the second half of the century*.
IMP-Negis technically aC3scenarioin AR6, thoughitis characteristic of
C2scenarios® and its warming profile in FalR satisfies the C2 definition.

PRIME

We use the PRIME framework'® to examine 918 potential futures (three
IMPs, nine climate storylines and 34 CMIP6 model patterns). We use
FalR v.1.6.2, the reduced complexity climate model®, to produce CO,
concentration profiles and global mean temperature projections driven
by IMP emissions data, generating 2,237 ensemble members' per
IMP. Nine ensemble members were subsequently subsampled from
the original 2,237 from the C1:IMP-Ren scenario, with those ensemble
members being used consistently in all three IMPs, enabling a pairwise
comparisonbetween membersindifferent scenarios (Supplementary
Fig.5). Therefore, each scenario member relates to a particular climate
storyline. The nine ensemble members represent the Oth, 1st, 5th, 25th,
50th, 75th, 95th, 99thand 100th percentiles of global mean temperature
response from the 2,237-member FalR ensemble at 2100 (Supplemen-
taryFig.1and Table1). Thisapproachisin contrast to many probabilistic
projections of future climate change, which take statistics across the
ensemble at each time point. Hence, we refer to the ‘low sensitivity’,
‘central’ and ‘high sensitivity’ ensemble members to represent the
storylines tied to the 5th or below, 50th and 95th or above percentiles
in 2100, rather than, for example, the ‘ensemble median’ for the 50th.

The global temperature profiles produced by FalR were used to
scale monthly aggregated climate patterns derived from 34 CMIP6
(Eyring etal."*) ESMs (Supplementary Table 2), encapsulating the range
of uncertainty and enabling the emulation of the CMIP6 ensemble
response to the IMPs’ associated global warming projections. We fol-
low a proven pattern-scaling methodology***, further detailed and
evaluated in Mathison et al."®, and use the climate patterns to drive a
land surface model (JULES) to recover terrestrial ecosystem impacts.

TheJoint UK Land Environment Simulator Earth System (JULES***¢)
isacommunity land surface model that canbe usedin either standalone
mode or coupled with the UK Earth System Model"’. Here we use the
JULES-ES configuration*®, which includes a representation of both
dynamic vegetation and nitrogen limitation. We do not include any
land use change to focus on the ecosystems’ response to climate. Fire
modellingisinits infancy and not included in our current set-up, but
changesin fire regime are important* and possible amplifiers of abrupt
change. Werecommenditsinclusioninfuture studiestowards IPCCAR?7.

JULES was driven by temporally and regionally downscaled
hourly weather data. This downscaled time series was reconstructed
by superimposing the local change in the meteorology caused by the
global mean temperature change multiplied by the climate patterns
on an observed climatology derived for the period 1901-1930 from
the GSWP3-W5ES5 dataset from the ISIMIP3a project™.

These global pathways are combined with spatial patterns of cli-
mate change for temperature, rainfall, humidity, radiation, wind speed
and pressure from CMIP6 ESMs. These patterns are used torunthe land
surface model JULES to simulate the impacts on global ecosystems. A
validation of PRIME using the SSP-RCPs, for which ESM output s avail-
able, is demonstrated by Mathison et al.’®,

IMP extensions

We extend the IMPs examined in this study from 2100 to 2300 following
the methodology designed by Meinhausen et al.”, which was also used
previously to extend the shared socioeconomic pathway simulations.
In these extensions, the emissions before 2100 remain unchanged
and are identical to those in the AR6 WGIII report for the scenarios
presented. The approach for fossil CO, emissions post 2100 depends
on if they are positive or negative in 2100. If positive, the fossil CO,
emissions are ramped down to zero by 2250, if negative they are held
constant at 2100 levels to 2140, at which point they are brought back
to zeroby 2190, reflecting the assumption that negative emissions can-
not continue indefinitely. Non-CO, emissions from fossil and industry
(always positive) are ramped down linearly from their 2100 levels to
zero in 2250. Agriculture, forestry and other land use CO, emissions
(whether net positive or net negative) are ramped linearly from their
2100 levels to zero in 2150, while non-CO, land use emissions are held
constant at 2100 levels. This is most consistent with the assumption
of a constant land use between 2100-2300, which represents a more
plausible future given that food production will continue, and this will
result in some emissions, for example, N,O and CH,.

We use the methods described to analyse two vulnerable regions:
the Amazon and a region of boreal forest in Siberia (45-80°N,
45-135°E) (Supplementary Fig. 6). The Amazon region boundary was
defined using data from the MapBiomas Amazonia Project™. For the
comparison of end-of-century and long-term predictions for ecosys-
temimpacts against present-day conditions, we calculate a1995-2015
reference period. Thisis constructed by evaluating the means of simu-
lated outputsresulting frominputs of allavailable CMIP6 patterns and
the three IMPs, driven using FalR’s central ensemble member. These
reference periods are used as reference levels for tree cover fraction
and NPP when we assess risks of irreversible impacts or forest loss.

Data availability
Model output from FalR and JULES used in this paper are available
via Zenodo at https://doi.org/10.5281/zenodo0.15097561 (ref. 53).

Nature Climate Change


http://www.nature.com/natureclimatechange
https://doi.org/10.5281/zenodo.15097561

Article

https://doi.org/10.1038/s41558-025-02327-9

CalibrationdataforFalRv.1.6.2 are available at https://doi.org/10.5281/
zenodo.6601980 (ref. 54). The lllustrative Mitigation Pathways emis-
sions dataareavailable fromthe IPCC AR6 Scenarios Database, hosted
athttps://data.ece.iiasa.ac.at/ar6/ (ref. 55) and CMIP6 dataare available
at https://esgf-node.llnl.gov/search/cmip6/ (ref. 14). The Amazon
region boundary was selected using data from the MapBiomas Ama-
zonia Project (ref. 52).

Code availability

The code for analysis and plotting of the PRIME outputs is available
with the models’ output data via Zenodo at https://doi.org/10.5281/
zenodo.15097561 (ref. 53). FalR v.1.6.2 is available from the Python Pack-
agelIndexathttps://pypi.org/project/fair/1.6.2/,via GitHub at https://
github.com/OMS-NetZero/FAIR/tree/v1.6.2 and viaZenodo at https://
doi.org/10.5281/zenodo.4465032 (ref. 56). The code calculating the cli-
mate patterns used to drive JULES is available in ESMValTool viaZenodo
athttps://doi.org/10.5281/zenod0.12654299 (ref. 57) and it downloads
therequired model dataonthefly. Accessto the JULES code used inthis
study is available on request from the corresponding authors.
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Extended Data Fig. 1| Ecosystem impacts over time. Central estimate-driven simulations of regionally averaged net primary productivity (NPP) and tree cover
fraction against time for the Amazon a,cand Siberiab,d for each of our selected Illustrative Mitigation Pathways. The temperature anomaly for each of the regionsis
shown by colour.
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Extended Data Fig. 2| Amazon forest loss distributions. Distributions of the area of Amazon forest cover lost under all selected lllustrative Mitigation Pathways, all
ensemble members and model patterns at 2100 and 2300. Vertical lines designate mean losses of 65,000 km?at 2100 and 146,000 km?at 2300. Only those simulations
which show forest loss by each time period are displayed.
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Extended Data Fig. 4| Maps of forest cover loss in the Amazon. Simulations GFDL-ESM4 earth system model. These mapsillustrate the evolution of regional
ofa,b,ctree cover fraction, d,e,fnear-surface air temperature and g,h,i ecosystem and climate change, and spatial heterogeneity of forest loss in the

precipitation, driven by the S99 climate storyline and patterns selected from the Amazonwithits key drivers.

Nature Climate Change


http://www.nature.com/natureclimatechange

Article https://doi.org/10.1038/s41558-025-02327-9

a b
741 g 0.60+ %
7.21
0.59
__7.01 5
T _ ‘ ©
5 g 8 0.581
:—-’, 6.8 7 § 2
< 3 7
o o 3
o P e
Z 6.6 g 0.574 z. .
c = -~ .
S c e
E Q . .
£ 6.41 - . 2 0564 3
ot 2 < ..
6.2 —~ ¢ ‘
: : : 0.551
6.0
T T T T T T T 054 L T T T T - T T T
08 10 12 14 16 18 20 08 10 12 14 16 18 20
GMST (°C) GMST (°C)
0.601
c d
6.81 059
s
T 6.6 3 0.58
> g
£
% &
o >
=~ [=}
g 6.41 S 0.571
= o
c =]
8 g
£ % .56
< 6.2 g
<
0.55
6.0
T T T T T 054 R T T T T
0 50 100 150 200 0 50 100 150 200
Years since return from overshoot Years since return from overshoot
Extended DataFig. 5| Prolonged impacts after overshoot. C2:IMP-Neg designate the year 2100, and the black points show 2300. These panels indicate
simulations of a Amazon NPP, b tree cover fraction against global mean surface thatin simulations where global temperature stabilizes or continues to decrease
temperature, c Amazon NPP and d tree cover fraction versus the number of post-overshoot, Amazon forest health and cover fraction show protracted
years since the end of overshoot. Only simulations whose global temperature decline.

trajectories returned below 1.5 °C are included here. Ina,b the grey points
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