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Executive Summary

The paper Overconfidence in Climate Overshoot (Schleussner et al 2024) shows that many
impacts of climate overshoot are irreversible, at least over century timescales. These findings
can now be extended to biodiversity.

In the policy scenarios examined the suitable climate space for species does not fully recover
after overshoot. The greater the overshoot, the greater the impact and the lower the recovery.

For many species groups the maximum temperature reached in the scenario is the overall
impact on biodiversity. Even if the temperature declines, and the climate space once again
becomes suitable, the species will potentially become locally extinct once their suitable climates
have been exceeded. For many different species groups (most insects, reptiles, amphibians,
many plants) the dispersal rate is so low that they would be unable to recover except over very
long periods of time. The exceptions to this are some birds, mammals, butterflies, and
dragonflies. However, if key habitat (plant) or food (plant, insect) species have become locally
extinct then it would be difficult for the birds, mammals, butterflies, or dragonflies to reclaim
their climate space.

The impacts of short-lived overshoot on trees are more difficult to assess. Once the climate
suitability of a tree species is exceeded a typical response is to no longer reproduce. However,
once the climate once again becomes suitable for reproduction then the species may be able to
recover. Disease, pests and fires, especially when coupled with increasing drought, make it
more likely that disturbance may lead to local extinctions in which case recovery may take much
longer (decades - centuries).

The results presented here were for individual species groups. However, these species occur in
communities. With climate change there will be changes to communities as some species
persist (climate remains suitable), some species undergo local extinction (climate becomes
unsuitable), and some new species arrive. In preliminary studies it was found that the potential
impact at the community level is greater, and occurs at lower temperatures, than that for the
individual species. Recovery from overshoot potentially exacerbates the problem as species
may be leaving and then returning and even more novel assemblages of species in the
communities occur.
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1. Introduction

“There has been a discernible impact of regional climate change, particularly increases in
temperature, on biological systems in the 20th century.” (IPCC 2001)

The observed impacts of climate change have been noted for more than two decades. This
initial finding from the IPCC Third Assessment Report was followed up by a comprehensive
meta-analysis (Root et al. 2003) and in subsequent IPCC Working Group |l reports. The most
recent report finds that these impacts have now been noted on all continents and across many
species’ groups (Parmesan et al 2022). The initial findings concentrated mostly on changes in
timing of events (phenologies) and changes in species ranges that were associated with local
climate change. Later work brought in attribution of the changes to climate change (from the
IPCC Fourth Assessment report onwards). The latest IPCC report (Parmesan et al. 2022) notes
that at least two terrestrial species, and possibly one subspecies, have become extinct owing to
climate change (all tied to extreme events). Extinction is an irreversible event. Furthermore,
“Local population extinctions caused by climate change have been widespread among plants
and animals, detected in 47% of 976 species examined and associated with increases in the
hottest yearly temperatures (very high confidence)” (Parmesan et al 2022). These are noted to
have occurred more in the tropics than in temperate areas. Thus, there is strong evidence of the
impacts of observed climate change on biodiversity, suggesting that there may already be an
adaptation deficit in biodiversity.

There have been thousands of papers published on the projected impacts of climate change on
biodiversity. Most of these are around single species, or groups of species in small areas, and
they tend to use different assumptions, baselines, and climate models. One of the largest
studies to date, examining more than 130,000 terrestrial species, found that, globally, projected
climatically driven geographic range losses of more than 50% (i.e., local extinctions of more
than 50%) is projected in ~49% of insects, 44% of plants, and 26% of vertebrates for warming of
3.2°C above pre-industrial levels (Warren et al 2018); at 2°C, the projected loss is 18% of insects,
16% of plants, and 8% of vertebrates; 1.5°C, 6% of insects, 8% of plants, and 4% of vertebrates.
A reanalysis of this data for the IPCC Sixth Assessment Report found that “Among the groups
containing the largest numbers of species at a very high risk of extinction for mid-levels of
warming (3.2°C) are: invertebrates (15%, and specifically pollinators at 12%), amphibians (11%
overall, but salamanders are at 24%) and flowering plants (10%). All groups fare substantially
better at lower warming of 2°C, with extinction projections reducing to <3% for all groups,
except salamanders that reduced to 7% (medium confidence) (Figure 2.8a). Even the lowest
estimates of species’ extinctions (median of 9% at 1.5°C rise GSAT) are 1000 times the natural
background rates” (Parmesan et al. 2022).

What about Overshoot scenarios?

Almost all previous work looking at climate change and biodiversity has looked at either
continuing increases or stabilization, focussing on the conditions at the end of the 21% century.
Based on the available biodiversity models and data three approaches were taken to assess the
potential impacts of overshoot on biodiversity:

Using the interpolated Wallace Initiative data (in 0.1°C timesteps) an analysis was taken using
the global temperature projections from FalR-MESMER. The assumption here was that the final
potential species richness loss would match the highest temperature in the given FalR-MESMER
global temperature time series. There are many reasons for this, outlined below.

Developing an emulator based on the interpolated Wallace Initiative data and applying it to
biodiversity, as well as to a selected number of species groups. This allowed an examination of
what might happen if the temperature trajectories of the different FalR-MESMER pathways were
followed and look at whether the climate suitability for species richness would be able to
recover as the temperature recovered. This approach only used the average temperature
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change per cell from MESMER following different FalR realizations. These are the results
currently in the PROVIDE climate dashboard.

At the scheduled end of the project, the MESMER team were able to generate a new set of
climates for some of the FalR-MESMER realizations. The previous data only included average
temperature, while the new data contained both minimum and maximum temperature
(precipitation was already available) which are required to directly run the biodiversity models
from the Wallace Initiative. In the extension period, we were able to directly run individual
species models for a few groups of species using these new data. This allowed us to use the
original base models (the lambdas from the original models plus the thresholds used in the
original models) against this new climate data. This provided the ability to compare the outputs
from the base Wallace Initiative models, the emulator, and the new MESMER climate data.

Based on the observed impacts of climate change on biodiversity (as well as paleoecological
data) it is apparent that most species attempt to track their suitable climate, if they are able. This
can be seen in shifting climatic ranges (either by latitude or longitude) but also changes in the
timing of events (like migration and breeding) that allow species to track their preferred climate.
There are many caveats to this. The first is that the species must be able to move to track the
changing climate (typically called dispersal, though this is not the same as year-on-year
dispersal that many species undergo for other reasons). Only some taxa have dispersal rates
large enough to track the current velocity of climate change. These generally include birds,
mammals, dragonflies, butterflies and some bees (see Warren et al 2013 for dispersal rates).
Not all species within these groups can disperse at the general rate but it is used for large-scale
analyses. Other species groups — most plants, reptiles, amphibians, fungi, and most insects are
unable to track the current velocity of climate change. Even in those species able to disperse,
many of them will require corridors to enable them to move to track the suitable climate. These
corridors would need to follow a suitable climatic gradient and provide everything else a species
needs to persist and reproduce. In many parts of the world, there are substantial barriers to
movement (e.g., roads, waterways, seas, cities, agriculture, etc.). Therefore, the ability to move,
except perhaps in flying species, may not be an option in tracking the changing climate. In
species that are not able to move at a rate to track the changing climate the ultimate impacts
will most likely be driven by life-history traits. Short-lived species, facing an inability to move
and a loss of climate space will potentially undergo local extinction. This would include reptiles,
amphibians, many insects, fungi and annual plants. Long-lived species, especially trees, may
be able to persist in an overshoot scenario, depending on the rate of recovery. A typical
response of tree species to climate stress is to stop reproducing until climate conditions are
suitable again. However, in these same conditions the trees are more susceptible to disease,
pests and fire. Thus, the ability to recover and persist will depend on a host of additional factors.

For these reasons it is reasonable to use, as a first approximation, the lack of climate suitability
at the maximum temperature reached (under current Nationally Determined Contributions,
approximately 3°C) as leading to equivalent local extinctions. Potential recovery, all things
being equal, would also be subject to the same caveats around dispersal as species would need
to return to the areas with a returning suitable climate space. For short-lived species with low
dispersal rates, this means projected local extinctions with little opportunity for recovery in
century timescales. Similarly, the ability of long-lived species to recover will depend on what
disturbances the species is subjected to in the recovery period.

1.1. Zombies, orphans, and emigrants - impacts at the community level

Most climate change studies on species deal with a) species remaining in an area (species
richness remaining), herein called orphans; b) species going locally extinct in a given area (local
extinction rate usually calculated as 1 — species richness remaining) that may include zombies,
and, sometimes, c) emigrants that potentially move into an area as they track their climate
space. Zombies are a special case of local extinction risk and refer to long-lived species whose
climate had become unsuitable. This term was first used to describe zombie forests in the Sierra
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Nevada region of California — forests whose climate was no longer suitable for the species found
there but that persisted owing to ecological inertia. The Wallace Initiative data can be used to
estimate each of these three categories independently but visualizing this is very difficult (and
not part of PROVIDE). Nevertheless, taking the three parts together indicates that new
communities will be different to very different (even non-analogue) to what is currently found
in an area. No assumption can safely be made that species emigrating into an area will be able
to replace the natural ecosystem services provided by the species lost as they either track their
new climate or go locally extinct themselves. Preliminary analyses suggest that the combination
of these three responses to climate change will potentially be worse than that shown by any
one of the three on its own. Thus, the impact of overshoot at a community level is greater than
what might be projected for any individual species or groups of species, and the ability to
recover is less.

1.2. The implications of local extinction

Biodiversity underpins most of the ecosystem services provided to humans (Price et al. 2024b).
The IPCC Sixth Assessment Report estimates that once local extinction passes 50% the impacts
on the functioning of the ecosystem and its ability to provide services to humans is
compromised (Parmesan et al. 2022). That is not to say that there are no ecosystem service
impacts at lower levels of local extinction, just that it would be much more apparent once it
passes 50%. In some cases, like pollinators, even the local extinction of a few species will
potentially have an impact on flower production and yields in some crops depending on the
redundancy of available pollinating insects.

Restoring natural ecosystems, which can be part of CDR (see WP1), can assist both in restoring
some lost ecosystem services, and aid in helping some species adapt to a changing climate.
This restoration has the potential to increase carbon uptake in some habitats.
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2. Methods

2.1. Biodiversity models

The results presented here are all based on the original models prepared as part of the Wallace
Initiative. The Wallace Initiative (phase Ill) modelled ~135,000 terrestrial fungi, plants,
invertebrates, and vertebrates, at warming levels ranging from 1.5°C to 6°C, across 21 CMIP5
climate model patterns at a spatial resolution of ~20km x 20km based on occurrence data
obtained from the Global Biodiversity Information Facility (GBIF.org, 2015). More information
on the overall project, results, modelling methodology, caveats, and uses can be found in a
series of papers (Jenkins et al., 2021; Price et al., 2024a,b; Saunders et al., 2023; Smith et al.,
2018; Warren et al., 2018a,b, 2013) and also in the Annex (section 6.4). The data were also used
for a number of figures and tables in multiple chapters in Working Group Il of the IPCC Sixth
Assessment Report (AR6). The data used in the Protected Area reports were then subsequently
elevationally downscaled to ~1km x 1km (details in Price at al. 2024a; Saunders et al., 2023;
Annex 6.4.5) to better understand which areas of each modelled 20km cell or pixel might be lost
sooner or persist longer. In short, a given 20km cell is an average of the temperatures for all
elevations within that cell (i.e., the average elevation); for the direct MESMER models it would
be the average over 2.5° latitude and longitude. In areas with a varied terrain, some areas will
be warmer than the average and some will be cooler. Species in areas that are warmer than the
average would be expected to potentially be more susceptible (exposed) to warming, while
those in cooler areas would be expected to potentially be less susceptible (or be able to shift
into these areas if they are currently too cool). Therefore, species within cooler areas within a
climate “cell’ or ‘pixel” would be expected to potentially be able to persist in that area longer.

Biodiversity refugia are calculated as cells containing 75% or more of the species modelled for
each of the 21 GCMs. By using independent calculations for all 21 climate models, an estimate
of the uncertainty of the results can be provided based on the numbers of models in agreement
that the area is a refugia. For subsequent analyses it is usually standard to then create a binary
raster that is split for half of the models in agreement. This facilitates using this new raster in
combination with other rasters or as a filter. These are the data provided to WP1 in PROVIDE.

2.2. Wallace biodiversity reports

The reports of the Wallace Initiative on the observed climate, projected climate and projected
biodiversity changes under differing levels of warming leverage output from close to ten years
of collaborative work between the Tyndall Centre of Climate Changes Research at the University
of East Anglia (UK), and the eResearch Centre at James Cook University (Australia). Each report
overviews experienced and expected climatic changes, particularly temperature, precipitation,
drought events and waterlogging. They further assess the state of biodiversity given certain
levels of global warming, outlining the expected species richness remaining and identifying
climate refugia within a selected area. These reports were generated for every terrestrial
Protected Area on Earth >1km? in size. Approximately 100,000 reports have been generated and
work is underway to make all of them freely and publicly available on a web server.
Approximately 30 of them are on the web portal Zenodo and the list of these can be found at
the end of the Annex. The Annex also contains information on the origin of all the data used in
the reports and some information on interpretation (which is also present in each report). These
reports were made available to WP4 of PROVIDE for Norway, Pakistan and Portugal (although
not The Bahamas owing to its overall size and being a series of islands making any report
potentially problematic for accuracy).

2.3. Climate data
2.3.1. Overshoot scenarios

For this project, a total of ten different overshoot scenarios were considered, namely CurPol
(Current Policy pathway), ModAct (Moderate Action pathway), GS (Gradual Strengthening
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pathway), Neg (Negative emissions pathway), Ren (Renewable pathway), LD (Demand-Limiting
pathway), SP (Shifting Pathways), SSP1-1.9, SSP5-3.4-0S (SSP5-3.4 overshoot) and Ref1.5C
(follows LD until 1.5 °C and then remains at this temperature level). A detailed description of the
scenarios can be found in Lamboll et al. (2022).

2.3.2. Annual temperature projections

Spatially explicit annual global mean temperature (GMT) projections for the ten selected
overshoot pathways were generated using the climate emulators FalR (Finite amplitude
Impulse Response) and MESMER (Modular Earth System Model Emulator with spatially
Resolved output). These steps are described in detail in Schwaab et al. (2024) and only a
summary will be given here. First, emissions associated with each of the overshoot pathways
were used to drive FalR and obtain a set of 100 annual GMT trajectories for each pathway. These
trajectories were then used to drive MESMER for each of the 25 GCMs it can represent coupled
with 1000 of its stochastic realisations. This resulted in a coherent set of 100 x 25 x 1,000 = 2.5
million spatially explicit annual temperature fields per overshoot pathway. To reduce the overall
number of required simulations, only 100 representative temperature fields were selected for
each pathway and used for further analysis.

2.3.3. Monthly temperature projections

In addition to the annual temperature fields, monthly fields of precipitation, mean temperature,
minimum temperature, and maximum temperature were generated following a similar
approach. To achieve this, MESMER was extended by module MESMER-M-TP which allows for
generation of monthly precipitation fields coherent with a given set of monthly temperature
fields (Schongart et al., 2024).

2.4. Speciesrichness remaining

To obtain estimates of species richness remaining under different overshoot scenarios, an
emulator was built based on the CMIP5 driven results from the Wallace Initiative. Here, the
species richness remaining estimates for six levels of global warming from the Wallace Initiative
(1.56°C, 2°C, 2.7°C, 3.2°C, 4.5°C, 6°C) were statistically associated with their respective
temperature anomalies. Assuming a linear response curve, this allowed for the generation of
dedicated functions to determine spatially explicit estimates of species richness given a set of
temperature anomalies. Because the response curves between the lowest and highest level of
global warming would ignore increasing or decreasing rates of changes between different
temperature levels, the response functions were built as piecewise functions, allowing for
different rates of change depending on temperature (Figure 1). The emulator was then driven
using the 100 spatially explicit temperature anomaly fields derived by coupling FalR and
MESMER for each of the ten overshoot pathways.

In addition to the emulator, a subset of species distribution models (SDMs) from the Wallace
Initiative (see section 2.1) was driven by FalR-MESMER derived monthly climate data for five of
the emission pathways. To this end, the monthly temperature and precipitation fields were first
converted to the bioclim variables required by the SDMs. Subsequently, the SDMs were run,
producing annual projections of suitability for each individual species. To derive a measure of
suitability for any 30-year period considered by this project, the mean suitability was
determined and, based on thresholds identified during the original Wallace project, converted
to absence/presence fields. Finally, a measure of species richness remaining for each species
group was calculated in each grid cell as the ratio of the number of species present in the cell
in the selected 30-year period and the total number of species present in the period 1961-1990.
Due to the large number of species, only a limited subset of species groups were considered
here.
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Figure 1: Visual representation of the method employed for the emulation of species richness remaining. The curve
represents the response function of the species richness remaining to a change in temperature and the orange points
on the line represent the values obtained from the output generated by the Wallace Initiative. The blue dashed lines
indicate how the emulator derives the remaining species richness remaining from a given temperature change
relative to pre-industrial.

3. Results

3.1. Emulated species richness remaining

Figure 2 presents the global mean biodiversity species richness remaining derived by driving
the biodiversity emulator with 100 different realisations of ten distinct emission scenarios. For
those scenarios in which the global level of warming starts to decrease within the simulation
period of 2020 to 2100, the results clearly show that the rate of recovery of suitable climate
space for species richness remaining is substantially lower than the rate of decline expected
on route to the highest level of global warming. As the period of the analysis starts in 2020 the
numbers are below 100 representing the local extinction inertia present in the system owing to
warming up to 2020. The maximum local extinction by 2100 ranges from >45% in the CurPol
scenario to approximately 30% in many of the emission scenarios with lower levels of
warming. While the curves show some recovery MAY be possible (scenarios LD, Neg, SP, SSP
119, SSP534-Over) the recovery does not return to the level seen in 2020 (at least by 2100).
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Figure 2. Emulated biodiversity species richness remaining under ten different policy scenarios. Blue lines correspond
to 100 climate realisations of each policy scenarios used to drive the emulator and the solid black line represents the
median of all realisations. To aid visual comparison of the scenarios, the solid red line corresponds to lowest value
of species richness remaining for the ensemble median while the dashed black line represents the lowest value across
the realisations.

3.2. Modelled species richness remaining compared with the emulator

It was only possible to model biodiversity as a whole with the emulator owing to the number
of species involved. For smaller groups of species, it was possible to run both the emulator and
new models driven by new MESMER runs.

Figure 3 shows the species richness remaining under 5 policy scenarios for timber species
(>1000 individual species) for both the emulator (blue and black lines) and for the new MESMER
outputs (gold line). There is a consistent difference between the two approaches in terms of
overall decline and recovery potential. This difference, for timber is <5%. However, the patterns
of decline and recovery are the same. In all cases, recovery by 2100 does not return to the same
point as it was in 2020, although the trajectories indicate it may possibly recover post-2100. This
is especially true for the SSP534-Over scenario. Timber species generally fall into the category
known as zombies. Most timber species are long-lived and individuals in an area will likely stop
reproducing yet still survive in the absence of disturbance (pests, disease, fire). Thus, there may
Public 16
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be individuals within a given cell to allow for slow recovery of populations once temperatures
recover to the point where a species’ climate suitability is restored.

CurPol Ref1p5 SP

100 A
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Figure 3. Changes in timber species richness for the biodiversity emulator and MESMER modelled pollinator results
(based on individual species) for five different emission scenarios.

Figure 4 shows the species richness remaining under five emission scenarios for insect
pollinator species for both the emulator (blue and black lines) and for the new MESMER outputs
(gold line). There is a consistent difference between the two approaches in terms of overall
decline and recovery potential. This difference, for insect pollinators is ~5-10%. However, the
patterns of decline and recovery are the same. In all cases, recovery by 2100 does not return to
the same point as it was in 2020, although the trajectories indicate it may possibly recover post-
2100. This is especially true for the SSP534-Over scenario. Insect pollinators are made up of
some species that may be able to track current climate velocities and those that are unable to.
In the case of species with low dispersal potential this would represent local extinctions and
species becoming locally extinct would be unlikely to recover within the time frames shown
here (or, indeed, well into the next century). Thus, many areas would become depauperate of
insect pollinators and recovery would not be at the rate shown here. The curves shown here
show a recovery in suitable climates of that percentage of species, but in the case of insect
pollinators it would be unlikely that they would be able to take advantage of the improved
climatic conditions. Thus, the final species richness remaining in insect pollinators would be
somewhere between the lowest point reached in the curves and the point of recovery
depending on the species makeup of insect pollinators in a given cell. This would then have
knock-on effects on some flowering plants and crops depending on which insect pollinating
species were involved.
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Figure 4. Changes in pollinator species richness for the biodiversity emulator and MESMER modelled pollinator

results (based on individual species) for five different emission scenarios.
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Figure 5. Changes in mammal species richness for the biodiversity emulator and MESMER modelled pollinator results

(based on individual species) for five different emission scenarios.

Figure 5 shows the species richness remaining under five emission scenarios for mammal
species for both the emulator (blue and black lines) and for the new MESMER outputs (gold
line). There is a consistent difference between the two approaches in terms of overall decline
and recovery potential. This difference, for mammals is ~5-10%. However, the patterns of
decline and recovery are the same, and the MESMER results usually match the emulated
realisations with the lowest sensitivities. In all cases, recovery by 2100 does not return to the
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same point as it was in 2020, although the trajectories indicate it may possibly recover post-
2100. This is especially true for the SSP534-Over scenario. Many mammal species (although not
all groups) have dispersal rates that may be able to track current climate velocities if climatically
suitable corridors are available and in the absence of barriers. In the case of species with low
dispersal potential this would represent local extinctions and species becoming locally extinct
would be unlikely to recover within the time frames shown here (or, indeed, well into the next
century, especially in the MESMER runs owing to the spatial resolution). Thus, many areas
would be depauperate of mammals and recovery would not be at the rate shown here. The
curves shown here show a recovery in suitable climates of that percentage of species, but in
the case of mammals it would be unlikely that they would be able to take full advantage of the
improved climatic conditions. Thus, the final species richness remaining in mammals would be
somewhere between the lowest point reached in the curves and the point of recovery
depending on the species makeup of mammals in a given cell. This would be further
exacerbated by projected losses in species richness of plants (habitat and forage) and insects —
both of which show greater exposure to a given level of warming than mammals do.
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Figure 6. Changes in amphibian species richness for the biodiversity emulator and MESMER modelled pollinator
results (based on individual species) for five different emission scenarios.

Figure 6 shows the species richness remaining under five emission scenarios for amphibians
for both the emulator (blue and black lines) and for the new MESMER outputs (gold line). There
is a consistent difference between the two approaches in terms of overall decline and recovery
potential. This difference, for amphibians is ~5%. However, the patterns of decline and recovery
are the same with the curves for the MESMER model runs being generally in line with the least
sensitive of the emulator runs. In all cases, recovery by 2100 does not return to the same point
as it was in 2020, although the trajectories indicate it may possibly recover post-2100.
Amphibians are the vertebrate group that previous analyses have found are most exposed to
climate change and dispersal rates are such that they are unable to track the velocity of the
changing climate. Owing to the low dispersal potential of amphibians this would then represent
local extinctions and species becoming locally extinct would be unlikely to recover within the
time frames shown here (or, indeed, well into the next century or beyond). Thus, many areas
would remain depauperate of amphibians and recovery would essentially not occur. The
curves shown here show a recovery in suitable climates of that percentage of species, but in
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the case of amphibians it would be unlikely that they would be able to take advantage of the
improved climatic conditions. Thus, the final species richness remaining in amphibians should
be considered to be the lowest point reached in each of the scenarios, with no recovery.
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Figure 7. Spatial pattern of species richness remaining for timber species with ~1.5°C warming. Note the spatial
resolution of the MESMER model runs is 2.5° of latitude and longitude while the emulator and Wallace Initiative
results presented here are both at ~20km resolution. White are areas with no data.
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Figure 8. Spatial pattern of species richness remaining for insect pollinator species with ~1.5°C warming. Note the
spatial resolution of the MESMER model runs is 2.5° of latitude and longitude while the emulator and Wallace
Initiative results presented here are both at ~20km resolution. White are areas with no data.
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Figure 9. Spatial pattern of species richness remaining for mammal species with ~1.5°C warming. Note the spatial
resolution of the MESMER model runs is 2.5° of latitude and longitude while the emulator and Wallace Initiative
results presented here are both at ~20km resolution. White are areas with no data.
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Figure 10. Spatial pattern of species richness remaining for amphibian species with ~1.5°C warming. Note the spatial
resolution of the MESMER model runs is 2.5° of latitude and longitude while the emulator and Wallace Initiative
results presented here are both at ~20km resolution. White are areas with no data.
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Figure 11. Spatial pattern of species richness remaining for timber species with ~2.0°C warming. Note the spatial
resolution of the MESMER model runs is 2.5° of latitude and longitude while the emulator and Wallace Initiative
results presented here are both at ~20km resolution. White are areas with no data
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Figure 12. Spatial pattern of species richness remaining for insect pollinator species with ~2.0°C warming. Note the
spatial resolution of the MESMER model runs is 2.5° of latitude and longitude while the emulator and Wallace
Initiative results presented here are both at ~20km resolution. White are areas with no data.
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Figure 13. Spatial pattern of species richness remaining for mammal species with ~2.0°C warming. Note the spatial
resolution of the MESMER model runs is 2.5° of latitude and longitude while the emulator and Wallace Initiative
results presented here are both at ~20km resolution. White are areas with no data.
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Figure 14. Spatial pattern of species richness remaining for amphibian species with ~2.0°C warming. Note the spatial
resolution of the MESMER model runs is 2.5° of latitude and longitude while the emulator and Wallace Initiative
results presented here are both at ~20km resolution. White are areas with no data.

Figures Figure 7-Figure 14 show how the spatial pattern of climate suitability for species
richness remaining is essentially the same for the original (Wallace Initiative), the emulator, and
the MESMER model runs. While there are slight differences, owing primarily to the different
spatial resolutions of the different models, the patterns are very similar. In some cases, the
emulator shows more areas with no data or slight differences (some higher, some lower) to the
original Wallace Initiative data. However, there does not seem to be any systemic differences in
the species richness remaining in different parts of the World.
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4. Discussion

In both cases where overshoot was directly examined (emulator, MESMER model) for different
policy scenarios the climate suitability does not completely recover by the end of the century.
The trajectories suggest that the climate suitability in some of the scenarios might eventually
recover post-2100 but the climate data was not available to allow investigating how suitable
climates for existing biodiversity might recover out to 2200 or beyond. Given the current state
of biodiversity declines largely independent of climate change then the ability for recovery is
even less likely.

However, recovery of climate space does not mean that many individual species will be able
to recolonize areas that had previously become climatically unsuitable. Realistic dispersal rates
for different species groups have previously been estimated to be 1.5 km/year for birds and
mammals and 0.1 km/year for reptiles, amphibians and plants (Warren et al 2013). For insects
the realistic dispersal rate previously examined was 2.6 km/year for butterflies and 3 km/year
for dragonflies (Warren et al. 2018). Thus, if the maximum temperature was reached in 2060
(SSP534-Overshoot) with recovery over the following 40 years, then some butterfly species
might be expected to be able to shift 104 km (up to five cells in the emulator but not even one
in the MESMER results); some dragonfly species might be able to shift up to 120 km (six cells
in the emulator but not even one in MESMER); some bird and mammal species shift by 60 km
(three cells in the emulator but not even one in MESMER); and reptile, amphibian, plant, and
most insect species by only 4 km (not detectable in either the emulator or MESMER). Dispersal
rates (or inability to disperse at rates matching climate velocity) has profound implications for
the projected impacts of overshoot on the ability of species to be able to return to their
recovering climate spaces. This would be driven primarily by life history traits. While dispersal
was not actively investigated as part of this project, it can be considered in any discussion of
the recovery potential of biodiversity.

As the majority of species studied have very low dispersal rates (and thus very low recovery
rates) the impacts on biodiversity and smaller groups of species groups is the impact of the
highest temperature reached. This is supported by the observations of range shifts and local
extinctions even with <1°C warming above pre-industrial. While the climate suitability for
species may recover, many will already have been driven to climatically induced local
extinction (through loss of suitable climate space). This is especially true for many insects,
reptiles, amphibians, annual and other short-lived plants and possibly short-lived mammals
(which also tend to have low dispersal rates). Many birds, butterflies, dragonflies would
potentially be able to recover with the recovering climate suitability (depending on whether
there were any climate driven population bottlenecks). Some mammals, especially larger
mammals, would also potentially to return to areas previously climatically unsuitable if
climatically suitable corridors with no barriers were available for movement.

The ability of plants to persist or recover is more difficult to fully assess. For example, some
plants can recover from seeds in the soil that may have been dormant for many years, allowing
them to recover as the climate suitability of that species recovers. This includes many annual
flowering plants, that would also require pollinators to be available at the time of flowering —
while many pollinators are also expected to lose their climate suitability. This may be a case of
an ecological disconnect where one species loses another species, or group of species it is
dependent on. These disconnects make local extinctions more likely. In long-lived species
(many trees, including those in the timber species plots above) have lifespans of greater than
40 years. These species would be expected to have sporadic reproduction (only in climatically
‘good’ years) to complete cessation of reproduction while the climate is no longer suitable. As
the climate recovers these species might be expected to begin reproducing again, maintaining
the species in that area. However, the same loss of suitable climate conditions that halt
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reproduction also tends to make many of these species more susceptible to disease, pests, and
fire (especially when coupled with increasing drought conditions). Thus, the recovery of these
species is subject to multiple outside influences.

Thus, the precautionary principle would suggest that overshoot should not be seen as any sort
of panacea to the maintenance or recovery of biodiversity with increasing warming, this is
especially true once global temperatures exceed 3°C warming from pre-industrial. The safest
option for biodiversity is to avoid the higher temperatures completely. The projected impacts
of climate change on biodiversity is yet one more reason to not have ‘Overconfidence in
Overshoot’ .

Why the differences between the emulator and direct MESMER model run results

There is a consistent ~5-10% difference in changes in species richness between the results
obtained by the emulator and those obtained directly from running the species models with the
MESMER climate data. The consistency of these differences, which are consistent with the taxa
run, and the results showing there are no major spatial differences, plus the similarity between
the patterns of decline and recovery suggest that this is likely being driven by two main factors

The emulator was run using individual realisations of the FalR-MESMER average temperatures.
This captured the variability between the different realisations and can be seen in the fainter
lines in the figures above. The median of these realisations was then calculated as the ensemble
median. This is the preferred way of performing this sort of impact analysis as it is an ensemble
relevant to the impact x climate model. It also allows for calculating percentiles of differences,
if desired. However, the MESMER climate data for Tmax and Tmin was not available until late
in the project, and this did not allow for the full set of realisations to be run in the same way
(they were not available, nor would it have been possible to run individual models of thousands
of species using the full suite of realisations in a very short period. This meant that an ensemble
of the climate data was provided giving just the median Tmax, Tmin, and Precipitation. This is
not the preferred way of running impact models as much of the potential variability is lost,
especially differences in precipitation.

The emulator was run on long-term average climate using 30-year averages around the center
year of each decade (e.g. the value for 2020 was obtained by driving the emulator with the
average climatic conditions of the years 2006-2035) while the models were run on annual data
and a 30-year average was calculated from the resulting species richness remaining. The
emulator generated results hence do not capture the year-to-year variability in species richness
in the same way the models do. Ideally, the emulator would have been used to generate annual
values as well.

The biggest contributor to the differences is most likely the difference in spatial resolution
between the two approaches. The emulator was run at a spatial resolution of ~20km, while the
data modelled directly with the new MESMER variables was 2.5° latitude/longitude - a
substantial difference (there would be more than 150 cells difference between the two). The
emulator would better capture those areas that were lower, and thus warmer, and those that
were higher, and thus colder providing a better overall estimate of the potential changes in
species richness with warming. The ensemble of the MESMER climate variables would thus be
an average over the ~150 cells rather than capture the actual spatial heterogeneity.
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6. Annexes

This annex provides in-depth background information biodiversity modelling as well as
understanding and technical underpinnings of the Wallace's pARCs Reports overall.

6.1. Wallace Reports: Expanded Text for the Tables and Figures

The text in each of the reports provides a brief overview of what the tables/maps show and how
to read them. This was shortened to allow more ready access to understanding the data.
However, some users may want more detail on the tables and figures and this information is
set out below.

6.1.1. Climate

The text of the reports reviews the observed climate, climate variability, and potential climate
changes in the region selected. It contains an analysis of the output of the Community
Integrated Assessment System (CIAS; Warren et al. 2008) with downscaled climate change
projections from the IPCC CMIP5 climate model patterns from the ClimGEN pattern scaling
system (Osborn et al 2016). It also provides analyses of observed climate data from the Climatic
Research Unit (CRU) TS 4.07 database.

The reports look at high, low, and average temperatures, precipitation, and meteorological
drought/waterlogging (Price et al 2022) for the area listed. These projected changes are explored
in the context of the current climate variability to which the area is already exposed (1-2
standard deviations, shaded as yellow or red respectively). This assumes that many human and
ecological systems may be largely resilient to changes lying within the bounds of recently
experienced natural variability, depending on the return rate of the event. The first set of tables
(1-12) summarises observed climate variability and projected climate change. For temperature
and precipitation variables comparisons are also provided between two recent periods to show
the recent trends in climate in the area. The tables also provide a comparison between the
magnitudes of projected climate changes with observed climate variability in terms of standard
deviations (yellow - >1 standard deviation, occurring ~1 in 3 years; red is >2 standard deviations,
occurring ~1 in 20 years). Thus, if a month is shaded as red it means that the future average
climate will exceed that currently occurring only once in every twenty years.

Both observational and projected climate change data presented here have a spatial resolution
of 0.5° of latitude by 0.5° of longitude, all calculated monthly. The observed climate data comes
from the University of East Anglia Climatic Research Unit (CRU TS 4.07 dataset, which provides
monthly gridded climate data through 2022). Versions of these data have previously been used
extensively in IPCC reports and many different works on climate change impacts. The data
presented here cover two time periods: 1961-1990 and 1991-2020 (except drought which uses
1986-2015). Summary statistics are provided giving the difference between the climates in 1961-
1990 and 1991-2020 to provide information on what changes (if any) in temperature and
precipitation have been observed between these two time periods. The first period, 1961-1990,
is one of the standards used for climate modelling results and is a commonly used baseline for
impact models (including the biodiversity results presented here); by this time, the world had
warmed by 0.35°C since 1861- 1890 (see HadCRUT4 dataset of Morice et al., 2012). By the
second period (1990-2020) warming had increased by ~0.9°C — 1.0°C since 1861-1890. Similarly,
the IPCC (2023) states that global land temperatures were 1.59 (1.34 to 1.83) °C warmer between
1850-1900 and 2011-2020.

6.1.2. Future Climates

Projected climate data comes from the Community Integrated Assessment System (CIAS; Warren et al. 2008)
and its component module ClimGen (Osborn et al. 2016). In this approach, a simple climate model is first used
to project global temperature rises (using a probabilistic approach to encompass the key uncertainties in state-
of-the-art global climate change projections) over the 21st century, as a time series. The Climatic Research Unit
has a database of stored outputs from 21 general circulation models (GCM) from a model inter-comparison

Public 28



D2.5 Biodiversity impacts of overshoot
31.12.2024

project known as CMIP5. These outputs provide the pattern of how climate variables are
projected to change regionally for specific levels of global temperature rise. ClimGEN scales
these patterns to the amount of warming provided by the time series, to create 21 new patterns
of projected changes corresponding to the desired future time periods/warming levels for each
area. These are the changes provided here.

The projected climate change data are expressed as quantified changes, typically called
anomalies (e.g., degrees of temperature rise, millimetres of precipitation), relative to the
baseline climate of 1961-1990. For example, an anomaly of 2.3°C means that the temperature is
projected to be 2.3°C warmer than the 1961-1990 average. In preparing these reports, these
projected changes are generally averaged across 21 climate model patterns, and then
compared against the observed baseline, as well as to the standard deviation in the observed
(1961-1990) baseline.

6.1.3. Warming Levels

The tables of projected results give the projected monthly average changes in the different
climate variables, together with the corresponding projected global temperature rise (also
referred to as specific warming level). The warming levels used in this report are 1.5°C (Paris
Accord aspirational goal), 2.0°C (upper limit of Paris Accord goals), 2.5°C, 3.0°C, 3.5°C
(approximately the range of warming projected if countries meet their Intended Nationally
Determined Contributions and make no additional improvements, and 4°C as a Business as
Usual (BAU) pathway if temperature trajectories follow their current trajectory. In general, many
impacts are tied to the amount of warming and its accompanying climate change and are not
strongly dependent on time (as different scenarios reach the same temperature at different
times). This approach is used to aid the reader in determining potential projected changes
depending on what global policies are agreed upon (and followed) in international negotiations.
The projected climate change model data presented here is provided for different warming
levels as averages of 30-year periods.

The tables of projected climate change (Tables 2, 4, 6, 8, 11, and 12 in a protected area report)
provide monthly values averaged across the 21 climate change model patterns AND the entire
area of interest (e.g., Country, Protected Area, Key Biodiversity Area, Ecoregion, etc.). The
values are the average relative change (also called the delta or anomaly) compared to the
observed data for 1961-1990. Yellow and red shading in the tables shows the warming level
when the average climate equals the climate currently occurring at greater than one (yellow) or
two (red) standard deviations (SD) of the 1961-1990 average. Some adaptation practitioners use
2 SD as the limit to which systems may have autonomously adapted; greater deviations
potentially leading to greater impacts. For example, a change of greater than 2 standard
deviations in rainfall is classified as either being extremely dry or extremely wet. For climate
change this is considered RELATIVE climate change —the amount of climate change (expressed
as an anomaly) RELATIVE to the observed climate variability. For example, the absolute climate
change in temperature is projected to be greatest nearer the poles. However, the relative climate
change in temperature is projected to be greater in the tropics. This is because the year-to-year
variability in temperature, for a given season, is greater near the poles than it is in the tropics.

6.1.4. Climate Variables

6.1.4.1. Temperature

This report provides information on observed (Tables 1, 3, 5) and projected values (Tables 2, 4,
and 6) of three terrestrial seasonal temperature variables — high, average, and low. The data
does not give the maximum temperature of each day but the average value of these ~30 daily

high temperatures, to give the monthly average high (usually mid- to late-afternoon). This is
similar for the monthly average low (usually right before dawn) temperature.
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6.1.4.2. Observed

For observed data, differences between the two observed periods, 1961-1990 and 1991-2020,
are provided. Two additional metrics are also provided —the average of each of the variables in
the warmest year and the coolest year. In other words, for a given thirty-year period the
warmest/coolest/average monthly temperature (for low, high, and average) was calculated. As
previously mentioned, this is not derived from the extremes of daily data but is rather an
indication of how warm the 'warmest' overall month was and how cool the ‘coolest’ overall
month was. This can be viewed as the warmest month and coolest month observed (and thus
experienced by the people and biodiversity in the area) in the 30 years of 1961-1990 and 1991-
2020. Given the size of the spatial area analysed, the warmest year may not have been the same
year in every part of the area.

6.1.4.3. Precipitation

Also provided are observed and projected values for terrestrial precipitation. As for
temperature, for a given thirty-year observational period, the wettest monthly average and the
driest monthly average are also provided. This is often driven by exceptionally wet or dry years,
so the variability is much greater than with temperature and the number of ‘extreme’ years (i.e.,
> 2 SD) are fewer. For future projections of precipitation, when averaging across the 21 GCM
patterns used, the median is used rather than the mean as the median is a better measure of
central tendency. Finally, summary statistics are provided giving the difference between 1961-
1990 and 1991-2020 for average precipitation to show what changes (if any) may have already
been observed. Unlike temperature, the average precipitation projections in the future rarely
exceed the wettest or driest years of the past (>1 or >2 SD). The extremes in one direction or
another may become more common (and true extreme events will also usually become greater
and more common) but the median may not shift by that much.

Note on interpreting projected precipitation changes - While looking at climate change
projections for temperature is relatively straightforward, it is less so for precipitation. For a given
area, patterns of change from some GCM models will project a wetter future whilst others will
project a drier one, as illustrated in Figure 12.22 of IPCC's Working Group | report (IPCC, 2013),
which presents the degree of concurrence of the sign of projected precipitation change across
models. In general, GCMs tend to project that wet areas in mid and high latitudes become wetter
and dry, low latitude areas become drier as climate changes, and there is high confidence that
"the contrast of seasonal mean precipitation between dry and wet regions will increase in a
warmer climate over much of the globe" (IPCC, 2013). However, there is a great deal of variation
in the details and there are some parts of the world where model agreement on the sign of
precipitation change is poor. This means that the use of an overall mean, or even median,
change across models could potentially even lead to maladaptive responses and planning. Care
still must be taken in deciding how these climate changes might turn into impacts. One
overview of how climate impact drivers can turn into impacts can be found in the IPCC Working
Group 1 Fact Sheet on Biodiversity and Ecosystems
(https://www.ipcc.ch/report/ar6/wg1/downloads/factsheets/IPCC AR6 WGI Sectoral Fact She
et Terrestrial Freshwater Ecosystems.pdf)

The following provisions should also be kept in mind:

1) Depending on the size of the area/park analysed the changes may not be the same, or even
in the same direction in all parts of the park (mostly true in larger areas). Thus, some parts might
currently be being observed to be becoming drier, while others are becoming wetter. However,
this study only looks at the area as an overall average so some levels of important detail may
be lost.

2) The monthly differences may be in different directions. So, some months might become
wetter while others become drier in the same area of study. IPCC (2013, p. 1079) gives “high

Public 30


https://www.ipcc.ch/report/ar6/wg1/downloads/factsheets/IPCC_AR6_WGI_Sectoral_Fact_Sheet_Terrestrial_Freshwater_Ecosystems.pdf
https://www.ipcc.ch/report/ar6/wg1/downloads/factsheets/IPCC_AR6_WGI_Sectoral_Fact_Sheet_Terrestrial_Freshwater_Ecosystems.pdf

D2.5 Biodiversity impacts of overshoot
31.12.2024

confidence that the contrast between wet and dry seasons will increase over most of the globe
as temperatures increase”.

3) One approach to consider in adaptation planning is to look for the trend in precipitation (or
the differences between 1961-1990 and 1991-2020) and use that to think about how precipitation
(at least in the near term) might change. So, if it is getting drier now, this drying trend may
continue (and vice versa).

6.1.4.4. Drought

The drought metric used here is the Standardized Precipitation Evapotranspiration Index (SPEI)
as it uses changes in both precipitation and temperature. Specifically, the metric used is SPEI12
- an SPEI value averaged over the SPEI values of the preceding 12 months. This metric is often
used when looking at potential drought issues for agricultural and natural lands. For this report,
the specific metric was SPEI12 -1.5, severe drought. SPEI12 means that the drought has been
developing over the preceding 12 months before the ‘counting’ begins. Thus, an area identified
as having a maximum drought duration of 12 months has been in drought for up to 24 months.
The values in the table are calculated for the 30-year period that includes the specific warming
level given. More data on the drought metric and interpretation can be found in Price et al. 2022.

6.1.4.5. Waterlogging

Waterlogging is the reverse of the drought metric and uses an SPEI12 of +1.5 (SPEI > 1.5 SD of
the mean precipitation). This is an indication of areas having excess moisture for extended
periods, potentially leading to waterlogged soils.

Two different metrics are provided for observed and projected. The first is the number of
months and the second is the number of consecutive months, both in a 30-year period. The first
could have other months in between not meeting the threshold of -1.5 or +1.5. Consecutive
months mean there is no break in the run of month’s meeting the threshold (there could also
be other, shorter, consecutive months with severe drought/waterlogging in the given 30-year
period).

6.1.5. Role of elevation and topography

The climate data used in these reports is at a spatial resolution of ~60km x 50km (0.5° of latitude
and longitude) and the original biodiversity models are at ~20km x 20km (subsequently
elevationally downscaled to~1km x ~1km). This means that it is an average across a pixel (cell)
of this size. As an average, there may be areas that are hotter and others that are cooler (or
wetter and drier) than the average. Thus, areas with varying topography will have more
hotter/drier or cooler/wetter areas. Thus, elevation differences might ‘buffer’ the overall climate
change in a given cell. For example, the same elevation on two sides of a mountain may not
have the same temperature as one side of the mountain may be moister and the other drier
(depending on prevailing wind/moisture patterns). This becomes especially notable when
comparing results from the emulator model runs and those run directly with the new MESMER
data provided for biodiversity modelling (GCM scale).

6.1.6. Population Data

Table 13 presents the projected population for the years 2000 through 2100 at a 1 km? spatial
resolution. These data are provided both in terms of the total (summed across all 1 km? cells)
population within the boundary, and those within an area that includes a 15 km wide buffer
zone around the boundary. The data from 2000 and 2010 are interpolations of observed
population sizes, the other periods are projections of future change. There are several caveats
around these data: First, in many cases, a protected area may be managed in a way that
precludes any population or population growth within the protected area. These are not
captured in the modelling underpinning these population data but would still be captured in the
second row (area + 15 km buffer). Second, the population change projections are from what is
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known as the Shared Socioeconomic Pattern (SSP) 2 scenario. This is one of five scenarios used
in the IPCC to look at alternative pathways for climate change. In the SSP2 scenario, the trends
into the future follow those existing today and is sometimes referred to as a ‘middle of the road
scenario’. A good general source on the different SSPs can be found at
https://www.carbonbrief.org/explainer-how-shared-socioeconomic-pathways-explore-future-
climate-change/ with the underpinning science data discussed in Riahi et a/. 2017. Different
SSPs would therefore provide different projections of future populations. The projections
themselves use a weighting where areas currently increasing in population continue to
increase, and those that are decreasing continue to decrease. This is a major assumption that
may or may not hold up over time. More information on the process used to derive the
population projections and subsequent downscaling can be found in Jones and O’Neill, 2016,
and Gao, 2017.

6.1.7. Land Cover Changes

Table 14 shows the percentage of different landcover types in 1992 and 2020 as well as the
change between these two time periods within the boundaries of the area in this report. These
data come from the European Space Agency Climate Change Initiative (ESA Land Cover CCI
project team, 2019) and have a resolution of 300 metres. The main limitation of the ESA data is
that it is automatically classified, and not “ground-truthed”. This means that areas designated
as ‘forest’ may be plantations of non-native species. These figures are provided to assist in
understanding how these land cover classes have changed over time as this may have
immediate biodiversity implications in the area studied for this report.

6.1.8. Biodiversity

The biodiversity information presented here is from the Wallace Initiative. The Wallace Initiative
modelled ~135,000 terrestrial fungi, plants, invertebrates, and vertebrates, at warming levels
ranging from 1.5°C to 6°C, across 21 CMIP5 climate model patterns at a spatial resolution of
~20km x 20km based on occurrence data obtained from GBIF (GBIF, 2015). More information
on the overall project, results, modelling methodology, caveats, and uses can be found in a
series of papers (Warren et al. 2013; Warren et al. 2018 a, b; Smith et al. 2018; Jenkins et al.
2021, Saunders et al. 2023, Price et al. 2024a). The data were also used for several figures and
tables in Working Group Il of the IPCC Sixth Assessment Report (AR6). The data used in these
reports were then subsequently elevationally downscaled to ~1km x 1km (Saunders et al. 2023,
Price 2024b) to better understand which areas of each modelled 20km cell or pixel might be lost
sooner or persist longer. In short, a given 50 km or 20 km cell is an average of the temperatures
for all elevations within that cell (i.e., the average elevation). In areas with varied terrain, some
areas will be warmer than the average and some will be cooler. Species in areas that are warmer
than the average would be expected to potentially be more susceptible (exposed) to warming,
while those in cooler areas would be expected to potentially be less susceptible (or be able to
shift into these areas if they are currently too cool). Therefore, species within cooler areas within
a climate ‘cell’ or ‘pixel” would be expected to potentially be able to persist in that area longer.

6.1.9. Local Extinctions (extirpations)

Table 15 shows the percentage of species in different taxa projected to be at risk of local
extinction (extirpation, losses within the area of the report) owing to changes in climate alone.
Yellow-shaded areas are projected to become climatically unsuitable for >25% of the species
studied (by taxa listed); orange areas are projected to become climatically unsuitable for >50%
of the species studied; and red areas are projected to become climatically unsuitable for >75%
of the species studied. NA means there is insufficient data in the cell to assess overall likelihood.
The climate suitability is the average change (ensemble of biodiversity models) across the 21
climate models examined.

Species Richness Remaining
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Figures 1-7 show the species richness remaining in each 1 km cell within the boundaries of the
area under study (also depicted on the map as a solid black line) for selected taxa. This shows
the spatial variability in the potential patterns of loss.

6.1.10. Refugia

Table 16 shows the percent of the area remaining a climate refugia for the taxa. We define a
climate refugia as an area remaining climatically suitable for >75% of the species in those taxa.
The two columns, for each level of warming, are >0 (meaning at least one climate change model
projects that the area is a refugia) and >10 (meaning that more than 10 models, out of 21, project
the area remains a refugia). The shading is — darker green, >75% of the area is a refugium;
medium green, 50% - 75% of the area is a refugium; light green, 25% - 50% of the area is a
refugium; and white, less than 25% of the area is a refugium.

Figures 8 — 14 show the number of models in agreement that a particular pixel (cell) is a
refugium for the taxa indicated. These maps provide a spatial representation of the agreement
in the models (or areas with potentially lower uncertainty) to be refugia for the different taxa as
well as how this potentially varies within the area under study.

6.1.11. Adaptation Effort

Figures 15 — 21 present a spatial representation of the potential 'adaptation effort' that might be
needed to maintain at least 75% of the species modelled (i.e., the area remains climatically
suitable) in each ~1km pixel. Adaptation effort is a combination of the number of climate models
(+ 1 to 21) projecting an area is a refugium (remaining climatically suitable for >75% of the
species) as well as the number of climate models (- 1 to -21) projecting the area to be an Area
of Concern (becomes climatically unsuitable for >75% of the species) in each pixel. One way of
looking at this is to consider areas with high values (+18 to +21) as being less exposed to climate
change and thus potentially more resilient. Business-as-usual conservation, especially if
coupled with building resilience around extreme climates (e.g., drought, heat waves) might be
a reasonable adaptation approach to take. As the score drops, increasingly greater amounts of
adaptation might be needed to maintain the existing species in that pixel. While micro-refugia
(areas <1km) might be available, the amount of habitat available as micro-refugia would be less
than the pixel. Once the adaptation effort drops into the negative zone, adaptation to maintain
the existing species is likely to become increasingly difficult. A score of -15 to -21 the best
approach might be to consider facilitating change as opposed to putting large efforts into trying
to maintain existing species. Scores this low indicate that the area becomes climatically
unsuitable for a large percentage of species. While this does not preclude micro-refugia, large
areas (and potentially the area of conservation interest) would appear to be transforming. In the
case of an area where restoration or afforestation/reforestation is planned, then consideration
might be given to planting the species that might be expected to move into the area, given
enough time (considering species with similar structure and native, if possible). This type of
adaptation begins to make the new ‘habitat’ that species from surrounding areas will need to
autonomously adapt to climate change.

There are many complexities in these analyses. Not least of which is that an area may remain
a refugia for vertebrates and yet potentially become unsuitable for many of the species making
up the habitat or food resources for these species. If the habitat becomes unsuitable, or food
becomes more unavailable, then this is likely to have major implications for those taxa that a
cell remains a refugia for. With increasing warming, fewer areas remain refugia, more areas
become areas of concern, and adaptation effort increases (i.e., become more negative)

6.2. Wallace reports: sources of data

Biodiversity: Wallace Initiative (this is data produced in a decade long partnership between
Tyndall Centre for Climate Change Research and eResearch at James Cook University, Australia
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(see below for more details). Wallaceinitiative.org ; jeff.price@uea.ac.uk for data requests;
research partnerships.

Biodiversity Occurrence Data: Global Biodiversity Information Facility (GBIF, 2015).

Observed Climatology: Climatic Research Unit (CRU) TS 4.07 database.
https://crudata.uea.ac.uk/cru/data/hrg/cru ts 4.07/ (Climatic Research Unit (University of East
Anglia) and Met Office, 2024).

Projected Climate Data: ClimGEN and CIAS (see below).
https://crudata.uea.ac.uk/~timo/climgen/ (Osborn et al., 2016).

Population Data: (see below) https://sedac.ciesin.columbia.edu/data/set/popdynamics-1-km-
downscaled-pop-base-year-projection-ssp-2000-2100-rev01 (Gao et al. 2017, 2020).

Landcover Data: (see below) https:/www.esa-landcover-cci.org/ (ESA Land Cover CCI project
team; Defourny, P. 2019)

6.3. Wallace reports: technical details and understanding data sources
6.3.1. Method of projecting regional climate change

General circulation models (GCMs) are complex tools used to project global climate changes
and single runs can take many months on the most powerful computer systems in the world.
However, GCMs do not themselves encompass the full range of uncertainty inherent in the
climate system, since other variants of these models could be constructed in which certain key
variables take different values. Our approach in this project was to take account of as much of
the uncertainty in model projection as possible by use of a simple climate model that produces
probabilistic global temperature time series that reflect the full range uncertainty in key
variables.

GCMs typically produce regional output at a spatial resolution of a few degrees of
latitude/longitude, which is too coarse for most applications, including this study. The scientific
community has invested much effort in considering how to combine GCM outputs with other
information or techniques to project climate change at a finer resolution to facilitate climate
change impacts, adaptation and vulnerability studies. This process is called ‘downscaling’ (see
Wilby and Wigley 1997 for an overview). While using regional climate projections from different
GCMs is also possible (and are usually at the same scale used in this study), there are fewer of
them, they differ in magnitude and are particularly inconsistent in the case of precipitation.
Therefore, a comprehensive analysis of climate change impacts that can be useful to inform
decision making requires consideration of a wide range of outcomes. This is the reason we
chose to use downscaled data.

To encapsulate the variation in regional projections across general circulation models, and to
produce projections of change at a resolution useful to drive this study, a technique called
pattern scaling is used to produce climate projections at 0.5° spatial resolution (approximately
50km x 50km at the equator). This uses the global temperature time series produced by the
simple model as a driver and combines these time series with information about patterns of
regional climate change from GCMs, but also with observational climate data.

The next two sections describe the simple climate model used to project the global temperature
time series and the methodology of pattern scaling used to create the regional climate change
projections.

6.3.2. Origin of global temperature time series used

The global temperature time series matching the Representative Concentration Pathways
(RCPs) used in this project were kindly provided by the UK Met Office Hadley Centre. They are
identical time series to those used in the AVOID2 (Avoiding Dangerous Climate Change) project
funded by the UK Department of Energy and Climate Change (Bernie & Lowe, 2014). These time
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series encapsulate the uncertainty in GCMs through the process described below. They are
probabilistic outcomes of the modelling system used in AVOID2, which samples scientific
uncertainties in the climate system by sampling distributions of physical parameters which
have a dominant contribution to uncertainty in climate projections. The main advantage of
using these scenarios is that they are internally consistent as to when a given global
temperature is reached across climate models, making them more useful for adaptation and for
comparing different policy options.

The three physical parameters used in developing the scenarios are: the equilibrium climate
sensitivity (ECS), which is the long-term warming response to a doubling of atmospheric CO;
ocean diffusivity, which affects how quickly heat is removed from the upper ocean, moderating
the rates of atmospheric warming; and climate-carbon cycle feedback strength, which accounts
for how strongly climate change affects the ability of the carbon cycle to remove CO, from the
atmosphere. The distribution of carbon cycle feedback uncertainty was based on Friedlingstein
et al. (2006); the ECS distribution used is based on the Intergovernmental Panel on Climate
Change (IPCC) Fourth Assessment Report (AR4, Solomon et al. 2007) and is a simple
combination of ECS distributions from a number of alternative lines of evidence (Rogelj et al.
2012); and the estimated distribution of ocean diffusivity is based on climate models from the
IPCC AR4 (Gohar et al. 2011).

The Met Office calculated 10%, 50% and 90% probability outcomes for each of the four RCP
scenarios as time series over the 21° century, expressing this as the global temperature rise
relative to a 1961-1990 baseline. In this project, we then selected 30-year time periods centred
on 2025, 2055 and 2085 (i.e. 2011-2040, 2041-2070, 2071-2100) to represent different levels of
temperature rise. Thirty-year time periods are used as this is the standard for providing
meteorological data because it tends to span many types of climate variability/oscillations and
is therefore not as impacted as heavily by single extreme years (e.g., EI Nifo) as a ten- or twenty-
year average may be.

6.3.3. Pattern Scaling

Downscaled climate data were obtained by running the model ClimGEN (Osborn et al. 2015).
ClimGEN uses GCM datasets obtained from the IPCC Data Distribution Centre (www.ipcc-
data.org) to produce interpolated patterns of climate change per °C of global warming. The
GCM outputs currently incorporated in ClimGEN were used in the IPCC Fifth Assessment Report
(ARbB, IPCC, 2013). These are the CMIP5 simulations for the four RCPs (van Vuuren et al. 2011).
The pattern-scaling approximation is that, for a particular GCM, these patterns should be similar
regardless of scenario. ClimGEN combines these change patterns with the observed
climatology to yield patterns of mean absolute climate, and then combines them with observed
time series of deviations from climatology to yield realisations of climate change with realistic
year-to-year variability superimposed. It provides month-by-month climate variations for both
observed climate from 1901 to 2015 (CRU TS 3.24) and future climate scenarios over 2001 to
2100, at a resolution of 0.5° latitude by 0.5° longitude, for the entire terrestrial land surface
except Antarctica (Mitchell & Jones 2005). Climate fields can be generated for 7 terrestrial
climate variables based on GCM outputs, specifically: mean, high and low temperature;
precipitation (all presented here); and vapour pressure, cloud cover, and number of wet days
(not included here). In the case of precipitation, ClimGEN takes account of projected change in
the temporal distribution of precipitation as well as its magnitude; meaning that it captures the
way that GCMs project that precipitation variability will change. This means that it can capture
projected increases in drought for example (see Osborn et al. 2015 for more information, and
Price et al. 2024 for a specific application for drought).

6.3.4. Climate Change Scenarios

This project is based on analyses of alternative potential climate change outcomes associated
with the ‘Representative Concentration Pathways’ (RCPs). RCPs are a set of four new radiative
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forcing time-series (Figure 2) developed for the climate modelling community as the basis for
long-term and near-term modelling experiments (van Vuuren et al., 2012): these scenarios cover
the range from scenarios consistent with the 2°C goal to high emission futures. RCPs are
expressed as 21 century time series of radiative forcing values and their key parameters are
shown in Table A1 and Figure A1.

These scenarios do not span the entire range of potential climate change outcomes, but they
do sample a wide range of outcomes that are considered to be plausible and are being widely
used by the research community to explore climate change futures. The RCP with the lowest
radiative forcing used here is RCP2.6 (Van Vuuren et al 2006, 2007) while the one with the
highest forcing refers to a future without mitigation and encompasses rapid large increases in
greenhouse gas concentrations (RCP8.5). However, it should be borne in mind that it is still
possible that concentrations might exceed these levels, so the range of RCPs should not be
taken as encompassing the complete range of future outcomes. This project did not look at what
are known as ‘overshoot’ scenarios where global temperatures exceed a threshold for a period
of time and then come back down. However, more recent work has shown that while the global
temperature may recover, the patterns of change and the impacts on biodiversity are different
than if the temperature is not exceeded (work in progress). For biodiversity and overshoot it is
best to consider that biodiversity is most likely to be impacted by the highest temperature
reached, not the recovery temperature, as dispersal rates for many species is low compared to
the rate of change and recovery.

IPCC AR5 reported results from new climate and earth system models provided by CMIP5, the
Coupled Model Inter-comparison Project Phase 5. CMIP5 included more than twice as many
models as its predecessor (CMIP3), reported in the previous IPCC AR4 (Solomon et al. 2007).
CMIP5 models featured a more comprehensive treatment of forcing agents, particularly with
respect to aerosols and land use change. CMIP5 projections were driven by the four new RRCPs,
designed to achieve different targets for radiative forcing by 2100 relative to pre-industrial
conditions (2.6, 4.5, 6.0. and 8.5 W/m?).

Global surface temperature change by the end of the 21st century is “likely to exceed 1.5°C
relative to 1850 to 1900 for all RCP scenarios except RCP2.6. It is likely to exceed 2°C for RCP6.0
and RCP8.5, and more likely than not to exceed 2°C for RCP4.5 (Figure 16). Warming will
continue beyond 2100 under all RCP scenarios except RCP2.6” (IPCC, 2013, p.20). Across all four
RCPs, global mean surface temperature rise relative to 1986-2005 is projected to likely be in the
range 0.3 — 4.8°C. The likely range for RCP2.6 is 0.3-1.7°C whilst that for RCP8.5 is 2.6-4.8°C
(ARB). Projected temperature rises relative to pre-industrial times (the baseline used in this
project) are 0.6°C larger (because temperatures were 0.6°C lower in pre-industrial times than
they were in 1986-2005).

Table 1. Representative Concentration Pathways: year 2100 parameters

Radiative forcing | COz2 equivalent | Rate of change in
(W/m?) concentration (ppm) radiative forcing

RCP8.5 8.5 1350 Rising

RCP6.0 6.0 850 Stabilizing

RCP4.5 4.5 650 Stabilizing

RCP2.6 2.6 450 Declining
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Figure 15. Radliative forcing time series in the Representative Concentration Pathways (RCPs).
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Figure 16. CMIP5 multi-model simulated time series from 1950 to 2100 for change in global annual mean surface
temperature relative to 1986-2005. Time series of projections and a measure of uncertainty (shading) are shown for
scenarios RCP2.6 (blue) and RCP8.5 (red). Black (grey shading) is the modelled historical evolution using historical
reconstructed forcings. The mean and associated uncertainties averaged over 2081-2100 are given. This figure has
been reproduced from IPCC, 2015.

6.3.5. Information about Intended Nationally Determined Contributions (INDCs)

The INDCs are countries’ post-2020 climate pledges, which largely describe emission mitigation
plans to 2025 or 2030. Limiting global temperature rise depends also on emission trajectories
after 2030 and so will depend on future NDCs. For example, the global emissions could stay
constant after 2030; or they could be further reduced to (for example) meet a 2°C target.

Information about the INDCs was obtained from the AVOID2 project team of which author RW
was a member as well as from other meta-analyses from other research groups. AVOID2
analyses explored the temperature outcomes found the warming of approximately 3°C above
pre-industrial levels would ensue if INDCs were met but emissions were thereafter held
constant (often referred to as a ‘no backtracking’ scenario). INDC and NDC analyses are
expected to be published in 2016 on the AVOID2 website. A useful meta-analysis may be found
at http:/buff.ly/1QlZlhe, and provides a range of estimates from 2.7 to 3.7°C above pre-industrial
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levels. In this study we look at 2.5°, 3° and 3.5°C warming levels (above pre-industrial) to capture
this range and 4°C as a higher-level business as usual warming level.

6.3.6. Information about scenarios that limit warming to 2°C or below

The AVOID, AVOID2, and subsequent projects concluded that it is “feasible yet challenging” to
meet a target of 2°C above pre-industrial levels for warming. However, most scenarios in which
global temperature rise remains below 2°C rely on negative-emissions technology, typically
bioenergy with carbon capture and storage (BECCS). Here a bioenergy crop takes in carbon
dioxide from the atmosphere (via photosynthesis); when the bioenergy crop is then combusted
for energy, the resultant carbon emissions are then captured and stored in geological reservoirs
and not re-emitted into the atmosphere. A recent study (Wiltshire and Davies-Barnard, 2015)
estimated that the median BECCS requirement during the 21 century to achieve 2°C would be
166 Gigatonnes of Carbon (GtC) whilst the maximum feasible is 130 GtC (net sequestration
accounting for land-use change emissions resulting from planting biofuels). Such extreme
BECCS scenarios involve biofuel cropping of 18% of the land surface. This implies enormous
associated land-use change and/or competition for land with food production, and potential
destruction of ecosystems (Smith et al. 2018). Furthermore, some of these analyses are not life-
cycle analyses factoring emissions from cropping and fuel manufacture. Current research is
exploring how techniques such as ecosystem restoration, agricultural intensification, changes
in dietary preferences, larger scale use of solar energy, or new novel technologies such as
cultured meat or insect farms might constrain warming to 2°C above pre-industrial levels or
even less.

6.3.7. Background information about the RCPs and the New Scenarios Process

International assessments, such as the IPCC Special Report on Emissions Scenarios (SRES)
(Nakicenovic, N. et al., 2000) previously used self-consistent socio-economic scenarios
(characterised by population, GDP, land use and energy use) and emission pathways over time.
Four main types of scenarios were produced to which no probability of occurrence was
attached. In these scenarios, there were two main ‘axes’ of change that were considered: (a)
environmental versus economic and (b) a global versus regional. Hence the four scenarios may
be briefly summarised as A1 (Global, economic); A2 (Regional, economic); B1 (Global,
environmental); B2 (Regional, environmental). Each socio-economic scenario was thus
associated with a particular climate change outcome.

A new process for deriving global scale scenarios, independent of the original SRES scenarios,
was developed for use in the IPCC AR5 (and afterwards) (Moss et al. 2008, 2010) recognising
that several different socio-economic pathways (Shared Socio-economic Pathways, SSPs)
might have the same climate change outcome. The SRES scenarios have now been replaced
by the RCPs and were used in the IPCC AR5 and new SSPs (van Vuuren et al., 2012, Kriegler et
al. 2012, O’Neill et al 2015). The RCPs and the SSPs offer the potential to mix and match
alternative combinations in a framework (a matrix) combining climate forcing on one axis and
socio-economic conditions on the other (Table 2; Figure 17). Together, the two axes describe
situations in which mitigation, adaptation and residual climate damage can be evaluated. The
crosses represent combinations that can be explored by analysts. Some combinations of RCP
and SSP will not be realistic (for example, conventional development will not be compatible
with the RCP scenario with the smallest amount of climate change (RCP2.6).

Like the SRES scenarios, SSPs are narrative descriptions of how the world might evolve and
are designed to span the following two dimensions shown in the lower panel of Figure 17: those
increasing socio-economic challenges for mitigation (y-axis, such as high business-as-usual
emissions and low mitigative capacity), and those increasing socioeconomic challenges for
adaptation (x-axis, such as geographic factors (e.g. high coastal population densities), or socio-
economic factors (e.g. poorly constructed housing). These dimensions do not have units, as
they simply represent a qualitative notion or the ease of mitigation or adaptation, as described
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in the narrative. For example, SSP1 describes a more sustainable path of inclusive
development, respecting environmental boundaries, and with improved management of
resources, effective cooperation at all levels, and low population: this means that the challenges
to both mitigation and adaptation are greatly reduced. Five SSPs have now been created (Figure
17, after O’'Neill et al. 2015). For example, if society were to become more sustainable (SSP1),
challenges to both mitigation and adaptation would be reduced, whereas if it becomes more
fragmented (SSP5), the challenges to both increase. The other scenarios reflect trends in society
that would create larger or smaller challenges to adaptation or mitigation.

Table 2. Possible combinations of RCPs and SSPs

Shared Socioeconomic Pathway
RCP SSP1 SSP2 SSP3 SSP4 SSP5
RCP2.6 X X - X -
RCP4.5 X X X X X
RCP6 X X X X X
RCP8.5 - X X X X
('}
c
2 SSP 5: SSP 3:
0o O (Mit. Challenges Dominate) (High Challenges)
'§ .g Conventional Fragmentation
(o) 'E Development
3 SSP2:
0 = ;
(%) 2 (Intermediate Challenges)
O ., Middle of the Road
)
T SSP 1: SSP 4:
o] Q (Low Challenges) (Adapt. Challenges Dominate)
e 5 Sustainability Inequality
T

Socio-economic challenges
for adaptation

Figure 17. Shared Socioeconomic Pathways (SSPs, reproduced with permission from O’Neill et al., 2015)

6.4. Wallace Reports: Further information pertaining to biodiversity
analyses

6.4.1. Refugia, adaptation, and scale of analysis

Mitigation and adaptation are often thought of as separate, but they are really two sides of the
same coin. The easiest and cheapest adaptation is that which does not have to be done. The
Wallace Initiative was designed to identify those areas most likely to remain climatically suitable
for suites of species under varying levels of climate change. However, the classification of
refugia is such that there could still be many species in a given area potentially impacted by
climate change, or by interactions with species that are impacted by climate change. Even with
mitigation there is some warming already embedded in the Earth system so adaptation, over
and above business-as-usual conservation practices, will always be necessary. Furthermore,
refugia are defined by changes in average climate conditions. The impacts on species to change
in the average climate will play out over long periods of time, while extreme events can have
large impacts in a single year. With increasing levels of warming, the exposure to many extreme
events is likely to occur more often (see Figure Cross-Chapter Box Extremes.1 in IPCC AR6
Working Group Il https://www.ipcc.ch/report/ar6/wg2/figures/chapter-2/figure-2-cross-chapter-
box-extremes-1) for an illustration. Therefore, adaptation to climatic variability (extreme
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events), and impacts tied to extreme events (e.g. fire frequency, flooding) will become
increasingly necessary — even in refugia. Analyses of Wallace Initiative results helps to identify
those areas where adaptation may just require good management practices PLUS adaptation
to climatic variability/extremes, as well as those areas that will require increasing levels of
adaptation over time (or where thresholds may very well be exceeded). With increasing levels
of warming, in some areas, it may not be possible to adapt to maintain the same species - if the
definition of adaptation is to try and maintain ecosystems as they are. However, one adaptation
strategy is that it may be necessary to facilitate change — to accept, make possible, and facilitate
one system transforming into another. This could include maintaining and developing
corridors, restoring an area with species that would be expected to colonise given enough time,
preserving environmental gradients, and differentiating between potential colonists
(environmental refugees from their current climates) and true invasive species.

6.4.2. Models and the Precautionary Principle

The question, then, is how should this be done? This is where the precautionary principle and
developing ‘no regrets strategies’ come into play. Recognition of the role of climate in the
distribution of species dates to at least 1807 (Essay on the Geography of Plants, Humboldt and
Bonpland). There are several techniques used to assess the potential impacts of climate change
on species. Many caveats are associated with using bioclimatic models, which are stated in this
study. However, not all publications based on these models state the caveats. Separately,
bioclimatic models need to be used with care and attention to setting of parameters (such as
buffers, see below). Due to these issues, there have been a small number of publications that
apply cautionary notes on the use of bioclimatic models, as there are with any statistical model.
Some view these publications as being critical of the techniques (even though the authors have
published extensively using the same techniques). The Wallace Initiative already took these
cautions into account in the development of its models. Hence, the criticisms do not mean that
the models are invalid, rather that models (any model) should not be used blindly, and that one
must think carefully about the question one is trying to answer when using a modelling
approach. Not understanding which criticisms are valid, or how to properly consider
uncertainties in model outputs, can lead (and sometimes had led) to poor decisions as to the
best practices for understanding how climate change may impact biodiversity. A meta-analysis
of many different types of modelling techniques (Urban 2015), including traits-based analyses,
showed that the different techniques yielded roughly similar results. IPCC AR6 (Parmesan et al.
2022) also goes into this and the data these reports and underpinning the work for PROVIDE are
based on were used in many chapters of the IPCC AR6 Working Group Il report. That biodiversity
is being impacted by climate change and will increasingly be impacted in the future (Parmesan
et al. 2022) should not be surprising given the long history of recognition of the relationships
between ecosystems and climates.

There are many different modelling techniques that can be used to look at the potential impacts
of climate change on biodiversity (or water, agriculture, etc.). For biodiversity, these include
bioclimatic models, mechanistic models, and traits-based analysis. At best, models provide
guidance or provide a hypothesis detailing what might happen under a given set of future
climate changed conditions. Models, including bioclimatic models, are also scale dependent —
both in terms of time and space.

Most bioclimatic models start from observed species distribution data, in our case from the
Global Biodiversity Information Facility (GBIF 2015). The finer the resolution of the model, the
more accurate the occurrence data needs to be. For example, a study trying to model species
to a scale of 100m would need to ensure that all occurrence data had been collected and
reported on with that accuracy, that the species home range was also less than 100m, and that
the observed climate data had also been collected at that resolution. For global studies, the
spatial accuracy of the occurrence data and availability of validated high-resolution observed
climate data are key limitations to sub-10 km studies.
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To develop these models, before any projection of future change is carried out, the models use
one portion of species distribution data together with the corresponding observation climate
data, to derive the way that climate constrains species’ ranges. These ‘draft’ relationships are
then used to ‘predict’ whether the model ‘thinks’ that the species will be present in the other
half of its range, given the observations of the climate in that half. It is then possible to measure
how well the model works based on this comparison. Ideally this should be repeated, or the
model predictions then checked after a period of time has passed to see how well the model
performed. By monitoring what happens in a given region, it would be possible to see how well
a model has worked and whether the model assumptions are valid. To date, there have been
few of these sorts of checks on biodiversity models, mostly owing to the scarcity of data
collected consistently over time in many parts of the world. With more models and better
monitoring then the models can better be validated over time. No model is perfect and there is
no one best technique. Model output, especially when analysed for individual species, should
be taken as a potential direction of change, indicating areas or species that may be more
vulnerable or sensitive and which should then be monitored.

Even mechanistic models, based on physiology, are limited because the knowledge on the
physiology or requirements of a given species varies over its range and different populations
(and potentially with epigenetic changes). Even a species’ habitat requirement can vary
substantially depending on whether the population is in the core or edge of its range.

Most important in thinking about which modelling approach to use is to keep in mind that it is
all about the question being asked and then constrained by the data available. Which model, or
modelling technique, is best depends on the question. At a large scale, or looking at many
species and range changes, many techniques yield similar results. For example, dynamic
vegetation models (based largely on plant physiology) project that many of the same regions
may be impacted by climate change as do bioclimatic models. Similarly, traits-based models
for equivalent taxa (as a group) also show many of the same areas as being vulnerable to future
climate change. It is not possible to do a direct one-to-one comparison with any of these
techniques as modelling teams often use different baselines, spatial scales, climate models, etc.
In contrast, a question about how a single species at a given place may respond to climate
change will have an entirely different set of information that needs to be included in the model,
and potentially a different set of modelling techniques, that are best.

It is not surprising that different modelling approaches yield similar patterns of impacts — all are
based on similar underlying climate change projections. The models are just helping to identify
which suite of climates may be more or less likely to impact different suites of species. It does
not matter if a species is warm- or cold-blooded, all have physiologies, and are limited in some
way by climate. As time goes by, some of the techniques are beginning to be blended - for
example, there is ongoing work to merge bioclimatic models (to give exposure) with traits-
based models (to give adaptive capacity and sensitivity). However, care need be taken even in
these approaches to avoid circular thinking. For example, some authors consider a species
found mostly in the canopy to be more exposed to the climate than those on the ground. Thus,
terrestrial species are less exposed to the climate and perhaps have better adaptive capacity.
The problem with this thinking is that the occurrence data for a species at a given point is based
on the species being in its preferred zone. So, if it was a canopy species it was likely detected
in the canopy, a terrestrial species on the ground. Thus, these differences are already in the
models for the species as there is a relationship between the climate that is measured and the
climate in the same area in the canopy and on the ground. As the climate changes, the climates
in the canopy and on the ground will also change by equivalent percentages.

Almost all model estimates are likely to be conservative, owing to processes not included in the
models that, overall, tend to underestimate projected impacts. A key factor omitted from many
models is the effect of extreme events (e.g., floods, seasonal droughts, heatwaves, fire risk), all
of which are generally projected to increase in frequency and intensity with climate change.

Public 41



D2.5 Biodiversity impacts of overshoot
31.12.2024

This is important because species do not experience the mean climate —they experience a series
of changing extreme events around the mean. As the climate changes, what was once an
unusual climate (e.g., 2 standard deviations from the mean) becomes the new mean (often by
2° - 2.56°C warming) and the extremes become more extreme. This is what would likely cause
local extinctions and for the local extinction to happen earlier than the models project. This is
particularly important because climate change increases climate variability disproportionately
compared to the mean (that is, if for example, the mean summer climate in a place becomes
2°C warmer locally, the heatwaves are likely to be more than 2°C warmer than previously
experienced, and they are likely to happen more often). Whether species can recover or not
from extreme events depends on how quickly the climate returns to ‘normal’ or how often the
event in question occurs. In the few cases where extreme events, or adequate time series, have
been included in a bioclimatic modelling study, the projected impacts were modelled to occur
much earlier than models based on changes in the mean. While certain traits may make some
individual species more resilient to climate change (and research is just beginning to really
tease out what these traits are), the lack of inclusion of extreme events suggests that many
species may be more sensitive than once thought (McDermott Long et al. 2018). Another key
factor omitted is the tendency for changes, often increases, in the ranges of pests and diseases
as the climate warms. These pests and diseases then impact on biodiversity and this is not
included in the bioclimatic models. Even mechanistic models, based on physiology, that run at
daily or yearly time steps often do not include disturbances such as pests and fire.

What this means, in terms of natural resource and conservation planning, is that the “best”
approach needs to combine a no-regrets conservation strategy with the precautionary
principle. No-regrets management means that an action is taken that should benefit biodiversity
no matter what happens (only possible up to a point). The precautionary principle would then
guide planners and practitioners to consider the information the climate change and bioclimatic
models are providing and to use them to guide their activities, whilst also not blindly trusting
the projections. This allows a decision maker to take the information from one or more sources
(modelling and other sources) and to then use their expert judgement to make the best decision.
A key message is that owing to the uncertainty in model projections, it can be helpful to retain
flexibility in the decision-making process, so that the decision can be re-visited (adaptive
management) as more data or monitoring information comes to light. However, it is important
to avoid ‘uncertainty paralysis’ by doing nothing. This allows decisions to be revised as (a)
scientific information improves, perhaps allowing more confident regional projections of
precipitation to be made and/or (b) monitoring of the effects that climate change is having in an
area confirms, or opposes, the effects projected by the models. This concept of adaptive,
iterative management is well established in the literature pertaining to adaptation of human
systems to climate change. In these situations, it is important to avoid locking into a decision
that would not be robust for some of the projected climate change outcomes. So, combining
these two activities would suggest that, all things being equal, a given conservation action that
would normally be considered as successful, performed in an area projected to be a refugia,
would be a better decision than performing the same activity in an area projected to be an area
of concern. The biodiversity may be the same in both locations; the models are just helping
guide long-term actions when resources are limited.

6.4.3. The Wallace Initiative

The Wallace Initiative was designed to bring together experts in bioclimatic modelling and
statistics, climate change modelling, and high-performance computing facilities to look at the
potential impacts of climate change on biodiversity. The goal of the Wallace Initiative was to
look at patterns of change, specifically to identify: (1) where refugia from climate change are
projected to be, (2) where areas of concern are projected to be and (3) how the percentage of
species projected to lose more than 50% of their range varies over time and across space
(Warren et al. 2013, 2018a, 2018b).
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Wallace Initiative Phase | looked at ~50,000, and Phase Il at ~80,000 terrestrial plant, bird, reptile,
mammal, and amphibian species. Phase Ill added in invertebrates and fungi to bring the total
to ~135,000 species. Each species was modelled independently and all discussions of changes
in species richness are based on summing the relevant independent models. The spatial scale
of Phase | was ~50km x 50 km while it was ~20 km x 20km in phases Il and lll. Phases Il and llI
used 21 climate model patterns for temperatures ranging from 1.5° to 6°C above pre-industrial.
Results have been tested repeatedly using several resampling techniques and the patterns of
change have been found to be robust (even across different generations of climate models).
Furthermore, we examine the spatial implications of the projected range losses by mapping out
areas that tend to retain most of the species currently present (refugia). As in most similar work,
issues such as cross-species interactions and effects of extreme weather events are not included
and thus the projections are underestimates of the potential impacts.

This report draws from the full suite of Wallace Initiative Phase Il data. These outputs include
changes in species richness, changes in climatic range sizes for individual species, areas likely
to be refugia (i.e. remain climatically suitable for >75% of the species currently present), and
areas likely to be areas of concern (i.e. those that become climatically unsuitable for >75% of
the species currently present). These are based on assessments of species for which distribution
data is available, and the analysis is carried out in each of thousands of 20x20 km cells. The
information exists for a range of policy (i.e. emission) scenarios, ranging from no action on
climate change, to very stringent action to mitigate it.

Details on the methodology used can be found in Warren et al. 2013 (especially the
supplemental material), 2018a and 2018b. The analyses draw on data sourced from the Global
Biodiversity Information Facility (GBIF 2015). GBIF facilitates discovery of data from many
datasets worldwide, including newer efforts such as eBird (Cornell Laboratory of Ornithology,
ebird.org). Many of the gaps and/or outliers in available data in Phase | were eliminated in Phase
Il and the overall coverage in many areas is improved. Furthermore, the parameters used in the
models are such that the outliers have no impact on the models in the area where a species is
naturally found. While there are still some gaps in the available data, GBIF provides a source
allowing researchers to identify potential patterns of change across the widest range of species
and areas possible. The data were then checked for locational consistency and outliers (Warren
et al. 2013).

6.4.4. Limitations of species distribution modelling

Species distribution modelling is a common tool for gaining ecological and evolutionary insight
into how species are distributed across a landscape, and how this may change in space and
time. The models build statistical relationships between species occurrences and
environmental data, assuming that where a species occurs provides useful information on the
species' physiological and ecological requirements. The assumptions and limitations of species
distribution modelling have been largely reviewed in the literature (e.g. Elith and Leathwick 2009
and references therein). Common to species distribution modelling exercises are several
assumptions, including that the observations for each species represent the full environmental
range of the species; that there is little-to-no bias in observations; and that background selection
excludes areas that have not been searched. We sought to minimize potential violation of these
assumptions by: i) using the most robust global data for species observations (GBIF 2015) to
represent the full range of species at the time; ii) reducing biases associated with spatial
aggregation of observations by using only a single observation record per ~10 km pixel for
model training (removing potential for high bias in prevalence); and iii) selecting background
points from biogeographic realms appropriate to observed species records.

Other factors of potential importance in our analysis

Our findings result from the most comprehensive global analysis to date of projected losses in
the climatic ranges of plants and animals; nevertheless, we were unable to consider all factors
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of potential importance in our analysis. Many factors could lead to either under- or
overestimation of potential climatic range shifts (Dormann 2007). For example, it is unclear how
and to what extent species might utilise novel climates (especially through epigenetic changes),
as they need to be able to disperse to them and, furthermore, it is highly likely that some
species’ reshuffling will occur resulting in undesirable non-analogue communities (Williams
and Jackson 2007). New analyses are underway to look at a new combination that considers
species arriving, species leaving, and species remaining in a given cell to measure the extent a
given area may become a non-analogue community (ZOE index discussed in the introduction).
Changes in the severity of extremes of atmospheric weather and climate variables, such as
temperature and precipitation extremes, might exceed the survivability thresholds of some
species before the mean climate becomes unsuitable (Welbergen et al. 2008; McDermott Long
et al 2018). Changes in fire regimes, while not considered directly, are included indirectly as fire
frequency is also strongly related to bioclimatic variables (Krawchuk et al. 2009) and can
potentially lead to major changes in biodiversity. There is an expectation that, overall, there will
be more increases than decreases in extreme events (Meehl et al. 2007) with concomitant
negative impacts on biodiversity.

The direct biotic effects of increases in CO, concentrations (e.g. earlier stomatal closing, protein
or phytochemical changes leading to increases/decreases in herbivory, water use) were not
included as it would not be practical in a large-scale study such as this. Similarly, the potential
effects of biotic interactions, such as climate-change-mediated decoupling of trophic levels or
of mutualistic relationships (e.g. Memmot et al. 2007; Visser et al. 1998) or the potential spread
of various disease vectors, pathogens and invasive species might also impact species but were
also not included here. To some extent, the overall Wallace Initiative database can be used for
specific studies on such effects, something that has hitherto been difficult to accomplish.

While species might persist in suitable microclimates (e.g. at higher elevations, protected micro-
habitats) within areas otherwise apparently climatically unsuitable at a large scale, their overall
range would still be smaller than current. Similarly, species might be absent from apparently
climatically suitable areas due to unsuitable microclimates. Thus, over the entire range of the
species we would expect these two opposing effects to potentially cancel out, especially for
more broadly distributed species. While a 1km buffer surface was provided for the climate, no
attempt was made to do the same for INDIVIDUAL species. There are several reasons for this:

1) Computational - it took 1 million hours of CPU time and 1 Petabyte of hard disk storage to
perform the analyses at 20km. Going to 10 km increases this 4x; 5km, by 16x and 1Tkm, by 200x.

2) Spatially - as mentioned above the higher the resolution the more accurate the occurrence
data must be for each of the 135,000 species. Also, the match between daily movements in the
home range of the species and the scale at which the relationship has been modelled. Generally,
the higher the resolution of the spatial data the finer the resolution of temporal data is needed.

3) Climatologically - there are limits to interpolation based on the number of weather stations,
and this is true even for reanalysis datasets. The developer of thin-plate spline smoothing, one
of the commonly used interpolation techniques, recommends that it be applied at levels no finer
than 10km unless there are many weather stations (pers. comm.). There are newer climate grids
based on remote sensing data that eliminate some of the issues of interpolation but these
usually span a more recent period of time meaning that a greater amount of climate change
will have already occurred, making it more difficult to use them as a baseline. The two main
issues are around proper classification and measurement of precipitation in areas of high
topography (e.g., separating clouds and virga from actual rainfall) and proper measurement of
dew point to adequately calculate the adiabatic lapse rate for the temperature estimation.

4) Climate change anomaly application — GCMs run at scales more on the order of >100 km (2°
latitude and longitude) rather than <20 km. Even regional climate models tend to be more on
the scale of 50 km. Downscaling to the underlying resolution of the observed climate is an
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approach but there remain the issues specified in #3 above plus issues around potential
changes in wind speed and direction (impacting precipitation in high topography regions,
especially near coasts) as well as changes in dew point.

5) Psychological — a map is often seen as reality, so the higher the resolution the more ‘real’
people think it is. There are ways of trying to improve estimates of change at higher resolution
that get around many of the issues above, and that is simply to say that x% of an area, without
specifying WHERE in a protected area it is, is a refugia at the higher resolution. Guidance can
even be given as to the types of areas this might be. However, maps at this fine of scale, unless
the issues addressed above have been dealt with, can be misleading to the point of
maladaptation strategies (e.g., if an area is identified as being cooler than it actually is owing to
a misapplication of lapse rate or improper calculations of precipitation changes).

6.4.5. Elevational Downscaling

As a compromise to the issues outlined above, we used the average adiabatic lapse rate to
provide elevational downscaling to help determine where changes in species richness might be
more resilient (smaller changes) or more exposed (larger changes). Elevational downscaling
takes into account the physical parameter of adiabatic lapse rate. The modelled data, be they
50km or 20km (or even 1 km) are an average of all the temperatures (and underlying elevations)
within that ‘cell’ or ‘pixel’. In other words, if you have a weather station measuring data at 1000m
then local areas higher than this will be cooler and areas lower than this will be warmer. This
relationship is modified by local vapour pressure (how much water the atmosphere can hold)
but the overall relationship would remain approximately the same with warming. This would
especially be expected to hold in reference to the average and the surrounding points (as
changes in vapour pressure would likely apply over the ‘cell’).

To elevationally downscale the summary biodiversity data (species richness remaining, refugia,
adaptation effort; but not the individual species models) a curve was fit through each species
group and each cell to determine how much change there was per increment of temperature
(warming or cooling). These curves were then applied to the difference between the 20km
climate (annual average temperature) and the equivalent 1km climate. In warmer areas the
impacts would increase, and the impacts would decrease in cooler (higher) areas. The best way
of thinking about this is the difference is a difference in the ability of a species to persist at a
scale of 1km owing to differences in temperature.

6.4.6. Use of climatic buffers (micro or meso-climatic refugia) and limitations

As stated earlier, the climate data used might be considered coarse (~50km x 50km), but it is a
commonly accepted resolution for climate change data. There are some scientists who think
that even this level of downscaling may be too high for GCM data but many others who accept
it. The Helix project tested downscaled climate change model data versus ‘high-resolution’
regional climate model data (both at the same ~50 km scale) and found they produced similar
results in impact models. While higher resolution data are theoretically available, that does not
mean it is accurate. There are limitations tied to the underlying

observed climate data, the ability of GCMs to adequately portray areas of high topography, etc.

The data sets used here use a form of interpolation to calculate a grid of climate values based
on actual observations. There are limitations with all interpolative techniques, but the key
underlying point is one of how much data it is based on. In parts of the world with many weather
stations the grid will be better than in areas with few. Nevertheless, there is a relationship
between elevation and temperature that can be approximated to provide additional information
as to how elevation might ‘buffer’ the overall climate in a cell (and this is used in both
techniques). This is not a simple relationship, and it varies depending on the amount of water
vapour in the air (adiabatic lapse rate). For example, the same elevation on the two sides of a
mountain will usually not have the same temperature as one side of the mountain will be
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moister and one drier. The smaller (finer) the spatial scale, the more information is required to
accurately calculate something like micro-refugia (Suggitt et al. 2017). So, while elevation data
is available at very fine scales (e.g., 5m — 30m) at that scale the relationship with elevation, as
well as the slope and aspect of the surface, can all make a substantial difference. The finer the
resolution of the elevation data, the more accurate the data on species occurrences needs to
be, yet some species’ home ranges may be large (i.e., hundreds — thousands of meters) so
would then potentially span many different cells during a day. This means that there needs to
be a temporal match of the occurrence data to the climate data to capture how these differences
accrue over space AND time. Thus, while it may be possible to model how a single individual
of a species, or possibly even a single population relates to climate, it is not possible to apply
the same level of detail to a very large number of species across the globe.

For these reasons, at this time, we are limiting the buffering surface to ~1km x 1km and annual
temperature. Precipitation generally follows temperature (or elevation) in these cases, so we
have not provided a different buffering surface for precipitation.

Analyses of paleoecological data (and current observations) showed that the response of many
species to past climatic changes has been range shifts. Based on this, recent work has projected
major disruptions to ecosystems in the future (yet a different technique than mentioned above;
Nolan et al 2018). Nevertheless, there may be the potential for genetic variability (especially
epigenetic) that might provide adaptive potential for some species, especially less mobile ones
that have been exposed to large climate changes in the past. Although the magnitude of this
potential is unknown, it is likely to be limited given the rate with which anthropogenic climate
change is expected to proceed.

6.4.7. Interactions

While there have now been several attempts to include species traits in assessments of
sensitivity and vulnerability of biodiversity to climate change the same cannot be said of
interactions. In large part this is owing to incomplete data on dependencies of species on each
other (for example predator-prey, pollinator, seed disperser, etc.) over the entire range of a
species. It is true that some individual species are dependent on some specific individual other
species (e.g., mutualistic species), but others may be able to shift their diets. Even habitat
specificity can vary in the same species in different parts of its range. At the level of entire taxa,
such analyses are not only currently not possible, but may never be possible, at least for entire
food webs. Some assumptions can possibly be safely made that large impacts on plants will
have some additional impacts on birds, mammals, reptiles and amphibians; and the number of
nectar producing plants (e.g., largely in the class Magnoliophyta) has been used a proxy for
pollinators, but exact quantification of this impact is currently not possible.
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