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Abstract
Biodiversity loss is expected to escalate with every increment of global warming. Simultaneously,
land-intensive climate change mitigation strategies, such as afforestation and bioenergy, may fur-
ther compound biodiversity loss. So far, the magnitude of these two drivers has not been compared
in the context of temperature overshoot, meaning the temporary exceedance of a targeted global
warming limit. By combining spatial data on climate refugia (areas sheltering biodiversity from cli-
mate change), bioenergy cropland, and forestation for multiple cost-effective scenarios with vary-
ing levels of climate action and overshoot, we illustrate how both warming and mitigation affect
today’s climate refugia across five integrated assessment models. Decisive climate action, compat-
ible with limiting warming to 1.5 ◦C, reduces the combined loss of today’s climate refugia due to
warming and mitigation-related land-use change by more than 50% compared to current climate
policies, outweighing potentially negative implications of mitigation at the global level by limit-
ing the magnitude and duration of warming above 1.5 ◦C. We observe notable differences across
regions and the considered model frameworks. Overshoot implications strongly depend on the
underlying biodiversity recovery assumptions.

1. Introduction

Biodiversity loss is expected to escalate with
every increment of global warming [1, 2]. Land-
intensive climate change mitigation strategies, such
as afforestation and the use of bioenergy plantings
may further compound biodiversity loss. This dual-
ity of drivers of biodiversity loss in the context of
climate change raises the question of how these

compare in magnitude. Existing studies show mixed
results. Several studies cautioned that negative biodi-
versity implications of land-intensive mitigation via
afforestation [3] and bioenergy with [4] or without
[5] carbon capture and storage might outweigh posi-
tive conservation effects of mitigated warming. More
recent studies corroborate that land-intensive mitiga-
tion partly comes with negative impacts for biodiver-
sity conservation, while still indicating net benefits
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[6, 7] globally. Some studies emphasize the role of
temporal dynamics, where land-based mitigation
may bring net harm over shorter evaluation periods,
while the benefit of avoided climate change outweighs
negative mitigation effects over longer periods [8,
9]. Regional implications may strongly deviate from
global mean estimates [6, 7, 9].

An important, so far largely underexplored,
aspect concerns biodiversity implications under
potential temperature overshoot, defined as tem-
porary exceedance of a target warming level, which
is reversed by achieving net negative CO2 emissions
[10, 11]. Overshoot management is gaining atten-
tion as it would be needed to limit long-term cli-
mate risks [12, 13]. First steps have been made to
assess warming-related overshoot implications for
biodiversity [11, 14]. However, comparative evidence
on warming-related and mitigation-related biodiver-
sity implications in the context of overshoot scenarios
is still largely lacking [10].

Here, we illustrate and compare the scale of
warming and mitigation-related implications for
today’s climate refugia (climate shelters for biodiver-
sity at the current level of global warming of 1.3 ◦C—
see methods and table 1) in existing decarbonisation
scenarios with varying levels of overshoot or peak-
and-decline warming. Various definitions of climate
refugia exist, which suit different analytical use cases
[15–17]. Our study assesses the future climatic suit-
ability of in situ macro-refugia. We critically exam-
ine the role of two stylized climate refugia recov-
ery assumptions and dynamics after peak warming.
We focus on land-intensive mitigation as this is a
main driver of land-use change in the assessed scenar-
ios and thus critical for biodiversity (supplementary
information SI(A)). Beyond our illustrative analysis,
we discuss other important determinants of biodiver-
sity implications in the context of overshoot.

2. Methods

2.1. Analysis overview
We considered and combined the following existing
datasets as inputs to our analysis: spatial data on cli-
mate refugia areas; spatial land use data on forestation
(afforestation, reforestation, and forest restoration)
and bioenergy cropland for various already existing,
cost-effective mitigation pathways and from five dif-
ferent model frameworks; spatial data on the world
administrative boundaries at country and territory
level; scenario-based global warming data; and con-
textual data on the suitability of land for forestation
and bioenergy cropland.

First, we compared the warming-related and
mitigation-related ‘losses’ of today’s climate refugia
side-by-side. We denote ‘loss’ that fully or partly
stems from land-intensive mitigation with quota-
tion marks to highlight the illustrative nature of this

Table 1. Overview of the climate refugia and related recovery
concept of this study.

Concept Description

Today’s climate refugia Today’s climate refugia

represent areas (grid cells)

where terrestrial biodiversity

(comprising roughly 135 000

species of fungi, plants,

invertebrates, and vertebrates)

can persist at the current level

of global warming of around

1.3 ◦C (for at least 11 out of 21

considered regional climate

model projections).

‘Loss’ of climate refugia Today’s climate refugia areas (at

grid cell level) are considered

lost to global warming when

the regional climate (for at least

11 out of 21 considered regional

climate model projections)

becomes unsuitable for more

than 25% of the species initially

present. Unless otherwise

specified, today’s climate

refugia areas are considered

‘lost’ to mitigation-related

land-use change when allocated

for forestation or bioenergy

cropland.

Recovery of climate refugia Today’s climate refugia areas,

which lose climatic suitability

due to global warming, may

become climatically suitable

again if global warming

declines. In such cases, initially

present species may repopulate

these areas (grid cells). The

degree to which this is possible

depends on species’ ability to

recover from warming, which

we illustrate through two

extreme cases: no recovery or

full and instant recovery

(acknowledging that there is

likely only limited recovery

over the assessed timescales).

precautionary estimate (section 2.5). We also esti-
mated the combined climate refugia ‘loss’ of these
two drivers. In doing this, we tested different refu-
gia recovery assumptions (defined below) after peak
warming in peak-and-decline scenarios (supplemen-
tary information SI(B)). Second, we compared which
of the two impact drivers (warming loss or land allo-
cation) dominate at country or territory level and
explored how insights align or differ across the five
considered model frameworks. Lastly, we illustrated
differences in land allocation within climate refu-
gia at 1.5 ◦C of global warming before versus after
overshoot.
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2.2. Climate refugia
Climate refugia are crucial shelters for biodiversity
in the context of climate change, making their pro-
tection an important component of conservation
strategies [15, 16, 18–20]. Climate refugia can lose
their insulating function if climate velocity acceler-
ates and climate conditions become unsuitable under
overshoot for sheltered species [20]. Evidence sug-
gests that some species could partly cope with over-
shoot by temporarilymigrating to other places (track-
ing their suitable climate niches) and repopulating
previously inhabited areas if they become climati-
cally suitable again—recovery would, however, only
be feasible over long time periods and only for certain
species [15, 20–22].

The here used climate refugia data are based on
previous analyses [23–25], building on the Wallace
Initiative. Climate refugia are defined as areas (grid
cells) in which at least 75% of the initially present
terrestrial species (fungi, plants, invertebrates, and
vertebrates) retain a suitable climate space under
a given warming level, requiring pattern consen-
sus of at least 11 out of 21 considered regional cli-
mate model projections (based on CMIP5). This spa-
tial dataset (10 arcmin spatial resolution) comprises
around 135 000 species across taxa, showing the
potential future change in species’ climatically suit-
able ranges under global median surface tempera-
ture levels (GSAT) from 1 ◦C to 4.5 ◦C, relative to
the preindustrial level (1850–1900). Information on
individual species models was aggregated to indicate
remaining cross-taxa species richness per grid cell
and warming level. The global species distribution
is based on the MaxENT model [24, 26, 27]. The
dataset implies that the relationship between present-
day regional climatic conditions and observed species
distribution would remain stable under future cli-
mate change. The input dataset shows climate refu-
gia locations and extent at 0.5 ◦C increments of global
warming.Weused linear interpolation to generate cli-
mate refugia maps at 0.01 ◦C increments of global
warming (this should not be interpreted as reflecting
the level of precision of the underlying data), based
on the available climate refugia maps.

Here, we focus on in situ climate refugia, mean-
ing that we do not track potential shifts in the loca-
tion of climate refugia, based on species dispersal
rates. Instead, we explore potential refugia recovery in
the context of peak-and-decline warming trajectories
(table 1 and section 2.5). A dedicated assessment of
refugia recovery from land-use changes is beyond the
scope of this study. In this analysis, ‘today’s climate
refugia’ refers to the global climate refugia extent at
1.3 ◦C of warming, corresponding to the current state
of global warming. Altered regional climate condi-
tions after overshoot are currently not captured in the
underlying dataset.

Note that other definitions of refugia exist in the
literature which deviate from this study’s approach,

e.g. focusing primarily on ex situ instead of in situ
refugia, looking at the micro-scale instead of the
macro-scale, or identifying past glacial refugia rather
than projecting future refugial suitability under
anthropogenic climate change [15, 16].

2.3. Scenario-based forestation and bioenergy
cropland
As in Prütz et al [14], data on future deployment
of forestation and bioenergy cropland for several
combinations of the shared socioeconomic path-
ways (SSPs) and representative concentration path-
ways (RCPs) [28–30] are retrieved from the models
AIM-SSP/RCP Ver2018 [31] at 30 arcmin spatial res-
olution, GCAM-Demeter-LU [32] at 3 arcmin spa-
tial resolution, GLOBIOM [33–35] at 5 arcmin spa-
tial resolution, IMAGE 3.0.1 [36] at 30 arcmin res-
olution, and from the REMIND-MAgPIE integrated
assessment modelling framework (REMIND 1.6 cou-
pled with MAgPIE 3.0) [30, 37] at 30 arcmin spatial
resolution.

For AIM, GLOBIOM, IMAGE, and REMIND-
MAgPIE, this land use data is based on the origi-
nal SSP quantification [37–40]. For GCAM, the data
is based on the 2020 quantification [32]. A variable
for bioenergy cropland is directly available in the
model datasets. The net increase in managed and
unmanaged forest cover per grid cell between 2010
and a given future timestep is used as a proxy for
forestation—comprising afforestation, reforestation,
and natural restoration—as the datasets do not con-
tain explicit information on these forest-based miti-
gation options. This proxy may also capture natural
forest regrowth or expansion on abandoned agricul-
tural land, which is not necessarily linked to active
mitigation efforts. For GCAM, we used 2020 as base
year when estimating the net increase inmanaged and
unmanaged forest cover per grid cell since no data
for 2010 is available. Implications and caveats of this
forestation estimation approach have been described
in Prütz et al [14].

Biodiversity considerations are increasingly
incorporated in more recent IAM-based scenario
development (e.g. by quantifying scenario implica-
tions for the biodiversity intactness index BII or by
actively protecting biodiversity hotspots) [41–43],
compared to the scenario data assessed in this study.

The evaluated scenarios are cost-effective, mean-
ing that the mitigation costs of achieving a given cli-
mate policy objective areminimized. Assumptions on
land-use change regulations differ across the assessed
socioeconomic pathways, with strong regulations in
SSP1 (characterizing a world that develops sustain-
ably), moderate regulations in SSP2 (a pathway fol-
lowing historical socioeconomic development pat-
terns), and limited regulations in SSP3 (characterized
by high regional rivalry) [29]. Differences in individ-
ual models concerning their assumptions and rep-
resentation of land allocation processes are further
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described in Popp et al [30] and in the individual
modelling studies underlying the SSPs [32, 37–40].
Land-use change dynamics per model and consid-
ered scenario are shown in supplementary informa-
tion SI(A).

2.4. Scenario data processing
We used nearest-neighbour resampling to resam-
ple the forestation and bioenergy cropland data to
10 arcmin to match the spatial resolution of the
climate refugia dataset, while preserving numeri-
cal properties. We matched the spatial SSP-RCP
land use datasets with corresponding scenario-based
global warming (GSAT), as reported in the AR6
Scenarios Database, based on the climate emula-
tor MAGICCv7.5.3 [44, 45]. The AR6 global warm-
ing data and the land use dataset used from AIM
and GCAM are based on slightly different but sim-
ilar model versions [31, 32, 44]. Warming curves
per model and scenario are shown in supplementary
information SI(B).

The assessed scenarios comprise a 1.5 ◦C-scenario
(RCP1.9), a 2 ◦C-scenario (RCP2.6), a scenario sta-
bilizing above 2 ◦C (RCP3.4), and one substantially
exceeding 2 ◦C (RCP4.5). The 1.5 ◦C-scenario and the
2 ◦C-scenario imply a peak-and-decline trajectory of
global warming, and therefore form the basis of our
overshoot-focused analysis. RCP4.5 is used to illus-
trate climate refugia implications of a trajectory that
roughly aligns with current global climate policies.
The current policies scenario is used as a reference
case to contrast with the potential biodiversity ben-
efits of ambitious climate action, consistent with the
assessed peak-and-decline scenarios. The used IAM
scenario data and climate refugia maps are matched
based on GSAT [24, 44].

2.5. Analysis of global climate refugia ‘loss’
We contrasted warming-related loss and mitigation-
related’loss’ of today’s climate refugia by exploring
both impact drivers separately. For this comparison,
we deliberately did not consider areal overlap of the
two drivers (section 3.1 and figure 1(a)). Secondly,
we explored the combined effect of warming-related
loss of today’s climate refugia and mitigation-related
‘loss’ (considering areal overlap) (section 3.2 and
figure 1(b)).

Warming-related loss is here defined as the rel-
ative reduction of today’s global climate refugia for
a given scenario-based future warming level, com-
pared to today’s climate refugia extent (table 1). Due
to the uncertain response of species to warming rever-
sal in the context of peak-and-decline scenarios, we
worked with two different refugia recovery assump-
tions. The first assumption implies no recovery after
peak warming and holds the climate refugia extent
constant after scenario peak warming. While unreal-
istic over the timescales considered here, the second

assumption implies full recovery once warming starts
to decline [22]. In scenarios where global warm-
ing is lowered below 1.3 ◦C towards the end of the
century, we capped refugia recovery at 100% of the
baseline climate refugia extent. We stress the illus-
trative character of the two recovery assumptions.
Especially full recovery is likely impossible in less than
century timescales [22]. We used these two recov-
ery assumptions to map the maximum impact space
and note that climate refugia response to peak-and-
decline warming would fall somewhere between these
two extreme cases—until 2100, likely only very lim-
ited recovery [22, 46]. We do not provide a central
recovery assumption, as doing so might imply a level
of confidence not supported by the underlying data.

Mitigation-related ‘loss’ is estimated as the share
of today’s climate refugia allocated for forestation or
bioenergy cropland, based on the considered SSP-
RCP scenarios at different time steps. For the main
analysis, we assume that all mitigation-related land-
use change in climate refugia leads to negative bio-
diversity outcomes. This precautionary assumption
is considered appropriate as it safeguards against
underestimating potential biodiversity loss to sup-
port robust risk-hedging in conservation planning.
Implications of this assumption are described in the
discussion.

Complementary results with alternative assump-
tions concerning level of warming and the land-use
change effect are presented and discussed in supple-
mentary information SI(C). Note that we focus on
future implications of today’s climate refugia, start-
ing in 2030. Past or current land use-related impacts
(positive or negative) on climate refugia are not
within the scope of this analysis—in the assessed sce-
narios, most land-use change occurs after 2030 (sup-
plementary information SI(A)).

2.6. Analysis of regional variations in climate
refugia ‘loss’
To identify potential regional variations in the
warming-related versus the mitigation-related bio-
diversity implications, we compared which of these
two drivers dominate at the country or territory level
across the five considered model frameworks. The
results are shown for the focus scenario SSP2-26 in
2100 (since this scenario is available for all five model
frameworks), assuming full and instant refugia recov-
ery once warming starts to decline again (section 3.3).
The magnitude of warming-related climate refugia
loss and mitigation-related climate refugia ‘loss’ are
assessed separately, meaning that areal overlap of the
two impact drivers is not considered. For the assess-
ment of model consensus (figure 2(a)), at least three
out of the five considered models needed to agree
on which of the two drivers results in larger climate
refugia ‘loss’ per administrative region. We imposed
a lower bound threshold of 5% to highlight model

4



Environ. Res. Lett. 21 (2026) 124024 R Prütz et al

Figure 1. Overview of warming effect and land-intensive mitigation effect on today’s global climate refugia across scenarios and
models. Panel (a) shows the magnitude of warming-related climate refugia loss (y-axis) and mitigation-related climate refugia
‘loss’ (x-axis) separately (areal overlap of the two impact drivers not considered). Colored lines represent the scenario-based,
decomposed evolution of relative climate refugia ‘loss’ over time (2030–2100). Above the dashed grey line, the warming effect
on climate refugia is larger than the land-use change effect and vice versa. The top row implies no refugia recovery, whereas the
bottom row implies full and instant refugia recovery after peak warming in the context of peak-and-decline scenarios. Scenarios
are based on SSP2. Columns show results for individual model frameworks. Panel (b) shows the magnitude of combined warm-
ing and mitigation-related climate refugia ‘loss’ (considering areal overlap of the two drivers). LUC refers to land-use change for
forestation and bioenergy cropland. Lines show the median estimate and shading shows the 5–95 percentile-range across the five
considered model frameworks and across SSP1-3. Solid lines imply no refugia recovery after peak warming, whereas dashed lines
imply full and instant recovery. Median estimates for global warming were used in this figure. Not all variables are available for
all model-scenario combinations. Complementary results with alternative assumptions are shown in supplementary information
SI(C).

consensus concerning more substantial implications,
excluding administrative regions for which both con-
sidered ‘losses’ are below this threshold. Results for
alternative lower bound thresholds and for a case
in which not all mitigation-related land-use change
in climate refugia leads to negative biodiversity out-
comes are shown in the supplementary information
SI(D). Model-specific land allocation patterns are
presented in supplementary information SI(E).

2.7. Analysis of climate refugia land allocation
before and after overshoot
To illustrate differences in land allocation within cli-
mate refugia at 1.5 ◦C before and after overshoot
(section 3.4), we focused on the two illustrative sce-
narios in our considered scenario set that overshoot
1.5 ◦C by at least 0.1 ◦C and return to 1.5 ◦C of
global warming within this century (2020–2100).
These two scenarios are based on SSP1-19 from the
GLOBIOMmodel, and the REMIND-MAgPIEmodel
framework. For both scenarios, we overlaid global cli-
mate refugia (at 1.5 ◦C) with forestation and bioen-
ergy areas and compared the difference in overlap at
1.5 ◦C before and after overshoot. Full and instant
refugia recovery is assumed in this case.

3. Results

3.1. Global effects comparison
Across all considered model frameworks and scenar-
ios, we find that the magnitude of warming-related
climate refugia loss is larger than the ‘loss’ induced
by land-intensive mitigation if we assume no refugia
recovery (figure 1(a), top row). We observe similar
warming-related climate refugia losses across the con-
sideredmodel frameworks. Differences inmitigation-
related land allocation within today’s climate refu-
gia are more pronounced but show a similar global
pattern. More ambitious scenarios can substantially
reduce the warming-related climate refugia loss, how-
ever, at the expense of increased land allocation for
land-intensive mitigation within today’s climate refu-
gia (see section 3.2 for the integrated effect).

We also find that the warming-related cli-
mate refugia loss arises markedly faster than the
mitigation-related ‘loss’. By 2030, around 16%
(17 Mkm2) of today’s climate refugia would be lost
due to warming across all assessed scenarios (main
analysis), whereas the mitigation-related ‘loss’ does
not reach this level even towards the end of the 21st
century, except for the 2 ◦C-scenario modelled in
GCAM (figure 1(a)).
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In the scenario aligned with the expected warm-
ing outcome of current climate policies (SSP2-45),
more than 60% of today’s climate refugia would be
lost due to warming by 2100, whereas the mitigation-
related ‘loss’ ranges between 2%–15% (6% median
‘loss’) across the considered model frameworks. For
the scenario compatible with limiting warming to less
than 2 ◦C(SSP2-26), thewarming-related loss in 2100
is substantially reduced and roughly halved (29%
median loss) across the five considered model frame-
works compared to current policies. The mitigation-
related ‘loss’ in 2100 in this 2 ◦C-scenario increases
compared to the current policies scenario, ranging
between 4%–16% (9%median ‘loss’), corresponding
to an area loss of 4–16Mkm2 (9Mkm2 median ‘loss’).

For two considered peak-and-decline scenarios
(SSP2-19 and SSP2-26), the underlying assump-
tions concerning refugia recovery are crucial for the
ratio between the two impact drivers. If we assume
full refugia recovery (though highly unlikely over
the timescales considered here), the warming-related
loss is partly reversed after peak warming, mean-
ing that the magnitudes of warming-related loss and
mitigation-related ‘loss’ converge. For the 1.5 ◦C-
scenario (SSP2-19), the mitigation-related ‘loss’ even
becomes larger than thewarming-related loss towards
the end of the century. However, mitigation still
avoids much higher warming-related climate refu-
gia loss in the first place (figure 1(b)). Implications
of this illustrative global analysis and the underlying
assumptions about mitigation-related ‘loss’ and refu-
gia recovery after peak warming are examined further
under discussion.

3.2. Integrated global picture
The integrated ‘loss’ of today’s climate refugia due
to both impact drivers is shown in figure 1(b),
which accounts for the fact that warming-related and
mitigation-related climate refugia ‘losses’ overlap in
some regions. We show that by 2100, ambitious cli-
mate action compatible with 1.5 ◦C of global warm-
ing would more than halve the combined ‘loss’ of
today’s climate refugia (implied ‘loss’ 30% median
estimate), compared to the expected climate refu-
gia ‘loss’ under current policies (66% median esti-
mate), even if no recovery after peak warming is
assumed. With full and instant refugia recovery after
peak warming, the disparity in biodiversity out-
comes between current policies and ambitious cli-
mate action would become even larger (implied cli-
mate refugia ‘loss’ for the 1.5 ◦C-scenario with recov-
ery in 2100: 11% median estimate). This integrated
analysis of both drivers underlines the value of strong
climate change mitigation, which reduces overall
climate refugia ‘loss’, despite larger land allocation
within refugia.

We find that mitigation-related ‘losses’ may be
even smaller when only assuming ‘losses’ in areas
where mitigation-related land-use change is likely

harmful, while assuming no ‘losses’ in potentially
suitable areas or areas of unclear effect direction (sup-
plementary information SI(C)).

3.3. Model consensus at sub-global level
We find that in most countries and territories, the
warming-related climate refugia loss is larger than
the mitigation-related ‘loss’, despite assumed refu-
gia recovery after peak warming and fully negative
land-related mitigation effects (figure 2). However,
we identify several administrative regions for which
at least three-of-five model frameworks agree that
mitigation-related ‘loss’ would be larger than the
warming-related loss (figure 2(a)). Results depend on
the imposed minimum ‘loss’ thresholds as shown in
supplementary information SI(D).

Despite the partial agreement (figure 2(a)), we
observe distinct results across the five considered
models at the administrative level (figures 2(b)–
(f)). Warming-related climate refugia losses at coun-
try and territory level are similar across the five
models—differences stem from slightly different
median warming in the assessed 2 ◦C-scenario across
the individual model frameworks (supplementary
information SI(B)). The mitigation-related ‘loss’ of
today’s climate refugia differs more substantially
between model frameworks due to distinct land
allocation patterns [14] (supplementary information
SI(E)). Complementary results for a case in which not
allmitigation-related land-use change in climate refu-
gia lead to negative biodiversity outcomes are shown
in supplementary information SI(D).

3.4. Post- versus pre-overshoot
In the assessed 1.5 ◦C-scenarios with overshoot, over-
shoot starts in the early-2030s and ends in the early-
2070s (figure 3(a)). Warming in both scenarios peaks
at around 1.65 ◦C, implying relatively low overshoot
of 0.15 ◦C [44], at which around 11% of the total
1.5 ◦C-refugia area would be temporarily lost, while
89% would still remain but under increased climatic
stress.

While the assessed scenarios show distinct
regional land allocation patterns within climate refu-
gia, our analysis shows a pronounced increase in
mitigation-related land allocation within climate
refugia at 1.5 ◦C of global warming after an over-
shoot, compared to before. These results are illustra-
tive to showcase that ecosystems would not only need
to cope with and recover from overshoot but also
deal with altered mitigation-related land use within
climate refugia, implying that a world at 1.5 ◦C after
overshoot is different from a world at 1.5 ◦C before
overshoot, with increasing differences at higher lev-
els of overshoot. In reality, many additional factors
are at play, determining the impact of land use and
land-use change and species’ ability to cope with and
recover from overshoot.

6



Environ. Res. Lett. 21 (2026) 124024 R Prütz et al

Figure 2. Dominance of warming effect versus land-intensive mitigation effect on today’s climate refugia across administrative
boundaries. Panel (a) shows model consensus per administrative region on whether more of today’s climate refugia is ‘lost’ due
to global warming [median warming estimate] (red) or due to mitigation-related land-use change (LUC) (blue) for the five con-
sidered model frameworks. Model consensus is given if at least three-of-five models agree on the dominant effect for a given
administrative region. Results are shown for climate refugia ‘loss’ of at least 5%, excluding countries or territories in which both
impact drivers are below this lower bound threshold. Panels (b)–(f) show the relative climate refugia ‘loss’ across administra-
tive boundaries due to warming or mitigation-related land-use change based on three bins: 0%–25% ‘loss’, 25%–50% ‘loss’, and
50%–100% ‘loss’, based on the five considered model frameworks. Since bins represent ranges, effects that fall into the same bin
may still differ in size. All panels are based on SSP2-26 in 2100. Full and instant recovery of climate refugia is assumed after peak
warming in the context of a peak-and-decline warming trajectory. All panels compare the climate refugia ‘loss’ across adminis-
trative boundaries for the two drivers separately, meaning that areal overlap of the two impact drivers is not considered. Results
for alternative thresholds and assumptions are shown in supplementary information SI(D). Model-specific land allocation pat-
terns are presented in supplementary information SI(E). Basemaps were generated in Cartopy using Natural Earth data. World
administrative boundaries are based on [47].

4. Discussion and conclusion

To date, very few studies have discussed potential
future biodiversity impacts in the context of peak-
and-decline warming scenarios [10, 11, 46]. Our
study contributes to this nascent body of litera-
ture by combining and contrasting multi-model evi-
dence of warming and mitigation-related climate
refugia impacts of such peak-and-decline scenarios.
Implications and limitations, as well as entry points
for future work, are discussed below.

4.1. Warming versus land-intensive mitigation
Our assessment suggests that warming-related cli-
mate refugia loss would be larger and arise substan-
tially faster than mitigation-related ‘loss’. This is true

across all considered scenarios and model frame-
works when assuming no refugia recovery in peak-
and-decline scenarios. This holds despite our pre-
cautionary assumption that spatial overlap between
land-intensive mitigation and climate refugia would
imply only negative effects for biodiversity. However,
in peak-and-decline scenarios compatible with long-
term warming of 1.5 ◦C, mitigation-related cli-
mate refugia ‘loss’ could become larger than the
warming-related loss if we assume refugia recovery
after peak warming. For the illustrative comparison
of warming-related and mitigation-related implica-
tions, we looked at the two drivers side-by-side. It
needs to be noted that global warming affects climate
refugia across scale, even if the effects are too small to
result in refugia loss. In contrast, mitigation-related
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Figure 3. Change in land-intensive climate change mitigation within climate refugia at 1.5 ◦C before and after overshoot of
1.5 ◦C. Panel (a) shows the start and end points of overshoot for the two considered scenarios. Panels (b) and (c) show the differ-
ence in land-based mitigation within climate refugia at 1.5 ◦C before versus after overshoot for SSP1-19, based on the GLOBIOM
model and the REMIND-MAgPIE model framework respectively. Increases in land-based mitigation within climate refugia at
1.5 ◦C after overshoot are shown in purple, decreases are shown in orange, and relative change below±1% is hatched (panels
(b), (c)). Change in land allocation per grid cell is shown relative to the total grid cell area. Climate refugia at 1.5 ◦C are shown in
grey, representing a stylized case in which climate refugia location and extent would be the same after an overshoot compared to
before (panels (b), (c)). Basemaps were generated in Cartopy using Natural Earth data.

land allocation would be more spatially confined,
affecting only parts of climate refugia. In reality,
warming and mitigation-related implications would
not arise in isolation but partly overlap, as shown by
our integrated analysis of the combined effect.
4.2. Ambitious action versus current policies
Our integrated analysis of the combinedwarming and
mitigation effect shows that ambitious climate action
compatible with 1.5 ◦C of global warming reduces
today’s climate refugia ‘loss’ by more than 50% (in
2100), compared to the current policy trajectory, even
if we assume no refugia recovery after peak warming.
With recovery, biodiversity benefits of ambitious cli-
mate action become even larger.

The here-tested recovery assumptions are used to
delimit the maximum impact space. However, until
2100, only very little and gradual recovery may be
expected [11, 12, 22]. Beyond warming, there may
also be recovery from mitigation-related land allo-
cation, e.g. when land uses are reversed or changed
again. This is partly the case in the GCAM-based
below 2 ◦C-scenario. While beyond the scope of
our analysis, future studies may explore levels of
mitigation-related recovery and compare implica-
tions to warming-related recovery.

4.3. Precautionary versus optimistic approach
In addition to the beneficial effects of miti-
gated warming, carefully implemented land-based
mitigation measures can at least partly support

biodiversity rather than disturb it. This can be
achieved by prioritizing reforestation or natural
restoration on degraded lands rather than afforesta-
tion and bioenergy plantations in pristine ecosys-
tems, including grasslands and savannas [21, 48–53].
To complement our precautionary analysis with a
more nuanced case, we show that mitigation-related
‘losses’ would be smaller when only assuming ‘losses’
in areas where mitigation-related land-use change is
likely harmful, while assuming no ‘losses’ in poten-
tially suitable areas or areas of unclear effect direction
[54, 55]. In this more optimistic case, the differ-
ence in size between the warming-related loss and
the mitigation-related ‘loss’ becomes even more pro-
nounced. Integrated climate refugia ‘losses’ fromboth
impact drivers are slightly reduced across all scenar-
ios, however, without altering the pattern observed
in the precautionary analysis.

4.4. Regional versus global pattern
As for the global level, we show that inmost countries
and territories, the warming-related loss of today’s
climate refugia is larger than the mitigation-related
land allocation within today’s climate refugia for our
tested 2 ◦C-scenario, however, with a few exceptions.
Our findings can inform future scenario modelling
in refiningmitigation-related land allocation patterns
to design scenarios that are more sensitive to biodi-
versity. Careful selection of land-based climate miti-
gation strategies, their mode of implementation, and
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deployment sites can not only avoid negative cli-
mate refugia implications but actively support climate
refugia conservation, e.g. through improving habitat
connectivity or by actively designing future climate
refugia [20, 21].

4.5. After versus before overshoot
We show how mitigation-related land allocation of
climate refugia areas is markedly higher in a 1.5 ◦C
world after an overshoot compared to before. This
finding is partly a feature of continuously scaled
land-intensive mitigation that, over time, would also
arise in a stabilization scenario without overshoot.
However, the necessity to achieve net negative emis-
sions to reverse warming in an overshoot context
comes with higher dependence on land-intensive
forestation and bioenergy with carbon capture and
storage compared to scenarios that avoid overshoot
[12, 44, 53, 56]—unless portfolios of less land-
intensive carbon dioxide removal options or marine-
based approaches are leveraged [57], as partly done
in more recent integrated modelling efforts [58, 59].
More generally, our illustrative analysis shows that
ecosystemswould not only need to recover fromover-
shoot but also deal with altered mitigation-related
land use within climate refugia, implying that a world
at 1.5 ◦C after overshoot is different from a world at
1.5 ◦C before overshoot.

4.6. Limitations and outlook
To what extent individual species can recover and
repopulate areas that become climatically suitable
again after an overshoot is highly uncertain [11, 53]
and contingent on an array of factors beyond the
scope of our analysis, as outlined in the following.
A prerequisite for species’ ability to track their suit-
able climate niche during overshoot is the connec-
tivity of ecosystems to allow for migration [21]. In
this regard, land-basedmitigation could be an enabler
or barrier, depending on the mode of implemen-
tation, as highlighted above. Importantly, different
species have distinct abilities to track their climate
niche during overshoot, with higher dispersal rates
among birds and long-lived mammals compared to
short-lived insects or plants [15, 26, 46]. These dis-
tinct abilities to cope with overshoot threaten ecosys-
tem composition and, therefore, stability [60]. Even
if some species can successfully recover, important
species-interdependencies such as predator-prey or
plant-pollinator relationships may be lost [21, 23,
61]. Further, land-intensivemitigation efforts to limit
overshoot may also alter ecosystem composition, as
different species within and across taxa may differ
in their ability to cope with the effects of forestation
or bioenergy cropland expansion. Future research
may assess such divergent species responses to both
overshoot and land-intensive mitigation to refine
our understanding of potential future climate refugia
changes and species’ ability to recover.

Another important aspect concerning potential
refugia recovery pertains to altered and continu-
ously changing regional climate conditions after over-
shoot compared to a world that avoids overshoot
[10, 12], meaning that climatically suitable areas
may be continuously shifted to other locations. In
addition, land-intensive mitigation via forestation
and bioenergy plantations also directly impacts local
climate [62–64], which may affect the suitability of
climate refugia for species. Lastly, overshoot is linked
to more intense and frequent climate extremes and
may induce stronger land-intensive adaptation such
as human resettlement—both of which can increase
the pressure on species and their ability to recover
[11, 53].

In light of these different factors and related
uncertainties, we stress the illustrative nature of our
assessment of biodiversity implications in the context
of peak-and-decline scenarios and highlight that only
limited recovery can be expected over the timescales
considered here. More research on this mitigation-
biodiversity-overshoot nexus is required. Our discus-
sion has outlined several dynamics that remain uncer-
tain as entry points for future work. Despite these
uncertainties, one thing is clear: constraining over-
shoot by cutting emissions as much as possible is our
best chance to limit climate-related biodiversity loss.
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