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Large Reductions in Temperate Rainforest Biome Due to
Unmitigated Climate Change
Ben Silver! ¢, Dominick V. Spracklenl, Dominick A. DellaSalaZ, and Callum Smith’

'School of Earth and Environment, University of Leeds, Leeds, UK, >wild Heritage, a Project of Earth Island Institute,
Berkeley, CA, USA

Abstract Temperate rainforests are rare ecosystems globally; restricted to cool, moist conditions that are
sensitive to a changing climate. Despite their crucial conservation importance, a global assessment of how
temperate rainforests will be impacted by climate change is lacking. We calculated historical (1970-2000)
climate conditions for the temperate rainforest biome using ERAS reanalysis data for three key bioclimatic
variables: warmest quarter temperature, annual precipitation and proportion of rainfall during warmest quarter.
We used high-spatial resolution climate projections for these variables to identify regions likely to become
unsuitable for temperate rainforests under four future shared socioeconomic pathway (SSP) scenarios. We
predict unmitigated climate change (SSP 5-8.5) would lead to a 68.3 (95% confidence interval (95 CI): 53.4—
81.3)% loss in the existing temperate rainforest biome by 2100 at a global scale with some national-level
reductions exceeding 90%. Restricting global warming to <2°C (consistent with SSP 1-2.6), limits loss of
global temperate rainforest biome to 9.7 (95 CI: 7.8-13.3)% by 2100 and is crucial to ensuring temperate
rainforest persistence. Deforestation has resulted in loss of up to 43% of the current temperate rainforest biome
with only 37% of primary forest remaining, and some regions like Europe with virtually none. Protection and
restoration of the temperate rainforest biome, along with emissions reductions, are vital to its climate future.

Plain Language Summary Temperate rainforests are rare ecosystems found only in wet and cool
regions, making them vulnerable to a warming climate. They are important to conserve because they host unique
species and can store high amounts of carbon. We use global maps of forest cover and condition to assess how
much temperate rainforest remains, and how much it has been impacted by human activity. We find that only
37% of the temperate rainforest area is still covered by primary forest. We use a map of existing temperate
rainforests along with records of past weather conditions to estimate what climate conditions are needed for its
survival. We then use estimates of future climate under four different scenarios of greenhouse gas emissions to
see which areas of temperate rainforest will maintain these conditions up to 2100. We find that under the most
pessimistic scenario, 68% of temperate rainforest will be lost, while under the most optimistic scenario, only 9%
will be lost. Our study can aid temperate rainforest conservation by identifying the areas of temperate rainforest
that are least/most vulnerable to climate change, and where there is potential to restore forest.

1. Introduction

Temperate rainforests are a rare forest ecosystem globally, restricted to cool, moist climates biomes that cover less
than 1% of the Earth's land surface and account for 2.5% of total forest cover (Alaback, 1991; DellaSala, 2011).
They are recognized for their global ecological importance, high ecosystem productivity and carbon storage, with
intact temperate rainforest having higher carbon density than intact forests in other latitudes, and regions of
temperate rainforest in Australia having the highest known carbon density in the world (>1,000 tonnes of carbon
ha™!) (Brandt et al., 2014; Buma et al., 2019; Carpenter et al., 2014; Keith et al., 2009; Kranabetter et al., 2021;
Smith-Ramirez, 2004). However, they have lower average gross ecosystem productivity rates compared with
tropical rainforest (1318 vs. 1961 g CO, m™2 year '), demonstrating that their carbon storage is slower to
accumulate (Keith et al., 2009). The moist climate within temperate rainforests supports a high diversity of
bryophyte and lichen epiphytes (Ellis & Eaton, 2021; Galloway, 1992) including many endemic species. A large
fraction of temperate rainforests have already been lost to deforestation and conversion to plantation forests;
protection and restoration of temperate rainforests is therefore a global conservation priority (DellaSala, 2011).

Climate change is causing global shifts in species and ecosystem distribution, including poleward and upslope
shifts of forest ecosystems (Parmesan et al., 2022). However, climate change assessments of potential future
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temperate rainforest distributions are mostly restricted to the Americas (e.g., Shanley et al. (2015); Buma
etal. (2019)) and do not use the full suite of future climate model projections. Warmer temperatures and increased
precipitation have been predicted for temperate rainforests of the North Pacific coast (Shanley et al., 2015), and in
the coastal temperate rainforests of the Americas, a shift in precipitation from snow to rain and a projected in-
crease in fire occurrence is likely to increase tree mortality rates (Buma et al., 2019) and contraction of temperate
rainforests in their trailing edge (DellaSala et al., 2018). In Tasmania, climate change is projected to cause shifts in
the distribution of key temperate rainforest species (Mackey et al., 2017). Whilst these studies hint at future
impacts, a global analysis of how climate change will affect temperate rainforests is currently lacking.

We combined a map of the temperate rainforest biome from DellaSala (2011) with climate data from the late
twentieth century to establish the historical climate biome for temperate rainforest regions using three bioclimatic
variables that represent the unique cool and moist climate of temperate rainforests. These bioclimatic variables,
originally identified in Alaback (1991) are the warmest quarter temperature (relatively low), annual precipitation
(relatively high) and proportion of annual precipitation that occurs during the warmest quarter (relatively high),
which are typical features of an oceanic climate. Together these variables serve to delineate areas which remain
cool and wet throughout the summer, which creates the conditions to maintain their unique characteristics,
including epiphytic growth of lichens and moss, giant trees and low fire disturbance (DellaSala, 2011).

We analyzed climate reanalysis data to explore the current distribution of these climate variables across the
temperate rainforest biome. We then used future predictions of climate from the CMIP6 models downscaled to
high spatial resolution to quantify the degree to which these climate variables may change under future scenarios.
Where one or more of the bioclimatic variables shifts by >3 standard deviations from its historical distribution, we
consider that the climate biome has shifted and that location is no longer be suitable for temperate rainforest. We
explored the sensitivity of our results to this assumption (see Methods) and find consistent trends for a range of
thresholds. We calculated the change in the existing temperate rainforest biome from 1965 to 2100 through
combining reanalysis (ERAS; 1965-2022) and climate model (WorldClim; 1970-2100) data under different
scenarios. Finally, to assess the potential for forest protection and restoration to mitigate some of these impacts,
we analyzed contemporary forest cover data to assess the extent, condition and current threats to temperate
rainforests at the global scale. Our analysis provides new evidence on the threats posed by climate change to
temperate rainforests, the urgent need for stringent efforts to reduce climate change and increasing protection and
restoration of this rare ecosystem.

2. Materials and Methods
2.1. Forest Coverage Data

To calculate the area of forest within the temperate rainforest climate biome, we used the Global Forest Coverage
(GFC, version 1.9) data set (Hansen et al., 2013), which estimates forest coverage during 2000-2020, and used
this to estimate annual forest loss within those regions. The GFC data estimates the percentage of canopy cover at
aresolution of 30 m. We use a canopy cover threshold of 50% tree cover to represent forest (Tang et al., 2019), and
then regrid the 30 m resolution data to the Worldclim data resolution.

We used multiple data sets for global estimates of forest coverage, management and loss. We used the Intact
Forest Landscapes (IFLs) (Potapov et al., 2017) data set to estimate the distribution of extant primary or un-
managed temperate rainforest. IFLs are defined as “an unbroken expanse of natural ecosystems within the zone of
current forest extent, showing no signs of significant human activity and large enough that all native biodiversity,
including viable populations of wide-ranging species, could be maintained.” IFL have a minimum size of 500 km?
so exclude smaller patches of primary forest. For this reason we also used a data set of forest management levels
(FML) at 100 X 100 m resolution (Lesiv et al., 2022), that classified whether forests are “naturally regenerating
forest without any signs of management” which we refer to as primary, “Naturally regenerating forest with signs
of management” which we refer to as regenerating, or managed as forestry, a plantation, oil palm or agroforestry.

2.2. Climate Data

To map the spatial extent of the temperate rainforest climate biome under historical and future climates, we used
gridded data sets of downscaled 2.5 degree-minute (~0.0416°) resolution climate data from worldclim.org (Fick
& Hijmans, 2017). The “historical” Worldclim data refers to a high-resolution climate average for the 1970-2000
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period created by an interpolated fusion of weather station and satellite data sets. We created Worldclim future
climate scenarios by scaling the 1970-2000 historical scenario by simulations from the Coupled Model Inter-
comparison Project-6 (CMIP6) (Eyring et al., 2016). Additionally, we created future scenarios for four 20-year
time periods (2021-2040, 2041-2060, 2061-2080, 2081-2100). Projections are available for four future shared
socioeconomic pathway (SSP) climate scenarios. At the time of downloading, 25 different models were available,
but three had missing data in one or more time periods, and one was found to have anomalously high temperature
and precipitation. We use data from the remaining 21 CMIP6 models.

We use 0.1° X 0.1° ERA5 monthly averaged reanalysis data (Hersbach et al., 2020) for the period 1965-2022.
ERAS data is available from 1950, however the lack of satellite data before around 1965 results in larger errors in
temperature and precipitation prior to this date (Bell et al., 2021). Our historical climate period is relatively short,
but long enough to capture interannual climate variability (Holmgren et al., 2013). We calculated a 20-year rolling
mean climatology to match the averaging period of future climate data from Worldclim.

2.3. Comparison With Baseline Climate Windows

To establish baseline climates for each of the regions, we first obtained a map of the temperate rainforest biome
that was estimated in DellaSala (2011; available at https://databasin.org/datasets/e60e7ca203b74f06b1-
ba027a4a326406/). For simplicity, we combine geographically and climatologically similar regions to create six
temperate rainforest regions: (a) North Pacific Coast in North America, (b) Northwest Atlantic in North America,
(c) Chile and Argentina in South America, (d) Europe, (e) Japan and Korea and (f) Australasia. We calculate
baseline climate windows for the three key bioclimatic variables (warmest quarter temperature, annual precip-
itation and the proportion of annual precipitation that occurs during the warmest quarter) that are known to be key
delimiters of global temperate rainforest extent (Alaback, 1991; DellaSala, 2011). For each year, at each
temperate rainforest gridcell, we calculate the value for these three bioclimatic variables using the equations from
Xu and Hutchinson (2011).

We generated the historical climate variability for each of the six key regions using both the ERA-5 and
Worldclim historical scenario, by calculating the mean and standard deviation of the distribution of 30-year
means within the temperate rainforest biome climate zone for each variable. We calculate a separate historical
climate window for each of the regions, so we can reflect the diversity of climate occupied by biota recognized as
“temperate rainforest” throughout the world, and including regions that do not meet the rigid climate envelope
defined in Alaback (1991), and reflecting the variability that was recognized in DellaSala (2011). We calculated
the historical baseline separately for ERAS and Worldclim because they each use different methodologies and
data sources, and are at a different resolution, so their values are not an exact match for the overlapping 1970—
2000 period.

In order to estimate the impact of future climate shifts, we then compared the 20-year ERA-5 and Worldclim
means with the regional historical baselines, and calculate the z-score (i.e., the number of standard deviations
from the mean), to quantify the shift in climate. For ERA-5, we use a rolling 20-year mean across the 1965 to 2022
period. For Worldclim, we calculate separately for each SSP and time period. We averaged across the 21 models
to obtain the most robust future climate prediction, and report the lower and upper 95% confidence limits of the
multi-model mean.

To estimate future change in temperate rainforest extend, we calculated the suitability of each pixel as temperate
rainforest based on whether any of the three bioclimatic variables transitioned substantially outside their historical
climate variability. We classified a pixel of the historical temperate rainforest biome as “lost” when the z-score for
one or more climate variables exceeds +3, meaning that over a 20-year period the majority of individual years will
not lie within the historical range of the variable. We tested the sensitivity to this assumption through also testing
thresholds of +2 and + 4. Under a threshold of +2 assumption loss of temperate rainforest is even more severe
(Figure S1 in Supporting Information S1) with a global loss of 90.3 (95 CI: 83.3-94.1)% under SSP 5-8.5 and
35.6 (95 CI: 27.8-45.1)% under SSP 1-2.6 by 2081-2100. Under a threshold of +4, much less loss of temperate
rainforest biome is estimated, with a global loss of 37.0 (95 CI: 24.6-53.3)% under SSP 5-8.5 and 2.9 (95 CI: 2.7—
4.6)% under SSP 1-2.6 (Figure S2 in Supporting Information S1). When the change in the mean exceeds a z-score
of £3, there is little overlap of past and future distributions, suggesting this is the most appropriate threshold.
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3. Results
3.1. Temperate Rainforest Global Extent

The global temperate rainforest biome totals 792,000 km?, equivalent to about 2% of global forest area (Figure 1a)
(as in DellaSala (2011)). The countries with the largest temperate rainforest climate biome are Canada (27.0% of
the global potential area), United States (18.7%), Chile (13.8%), Japan (11.0%), United Kingdom (7.5%), New
Zealand (7.4%), Norway (6.1%), Australia (4.6%), Ireland (1.8%), Austria (1.2%) and South Korea (0.9%).

Globally 56.8% of the potential temperate rainforest climate zone is forested with Japan having the highest forest
coverage of 80.6%, followed by Australia (77.0%), South Korea (62.4%), Canada (61.5%), United States (61.2%),
New Zealand (59.2%), Chile (53.1%) and Austria (52.7%) (Figure 1b), with the remaining countries having <50%
forest cover. The UK and Ireland have notably low forest coverage, with 13.9% and 12.1% of the temperate
rainforest biome covered by forest respectively, due to the extensive deforestation.

3.1.1. Forest Management Within the Temperate Rainforest Biome

We used a new data set of forest management (Lesiv et al., 2022) to explore the different types of forest man-
agement within the temperate rainforest biome. Globally, 36.8% of the world's temperate rainforest climate biome
is classified as primary rainforest (with no signs of management such as logging) with 25.7% classified as
regenerating forest with signs of management, 8.7% planted forest, 2.6% plantation forest and 25.7% unforested.
In most countries more than half of the temperate rainforest climate biome is classified as primary or naturally
regenerating forest (Figure 1b, Figure S3 in Supporting Information S1). In contrast, the European countries
(United Kingdom, Ireland and Norway), most of the forest within the temperate rainforest biome is planted forest.
In the United Kingdom and Ireland <1% of the temperate rainforest biome is covered by primary or naturally
regenerated forests, highlighting a heavily degraded ecosystem with high potential for restoration. Regional
studies using national data sets are needed to confirm these numbers. These three European countries (United
Kingdom, Ireland and Norway) together account for 40.1% of the unforested land within the temperate rainforest
climate biome globally.

We used a map of “Intact Forest Landscapes (IFL)” (Potapov et al., 2017) to estimate how much of the temperate
rainforest climate biome is occupied by “old growth” or primary forest based on the IFL definition. We found
31.6% of the temperate rainforest biome is currently (2020) covered by IFL. The IFL coverage is around 5.2% less
than the primary forest coverage estimated using the FML data, likely because IFLs are defined as areas with an
area >500 km?, which excludes smaller fragments of surviving primary forest. Countries with the highest pro-
portions of IFL temperate rainforest are Canada (48.9% of suitable climate is an IFL), Chile (41.3%), United
States (33.8%), New Zealand (62.6%) and Australia (31.1%). Together, these five countries account for >99% of
the world’s IFL in the temperate rainforest climate biome.

3.1.2. Rates of Temperate Rainforest Loss

Temperate rainforests have experienced high rates of forest loss over the last two decades (2000-2020; Figure
S4 in Supporting Information S1). The relative rate of primary forest loss within temperate rainforest regions
was greatest in the Northwest Atlantic region with over 4% of primary forest lost during the past 20 years.
Primary forest is also being lost in Europe, North Pacific Coast and Australasia, with 2%—4% lost during 2000—
2020. Less than 1% has been lost in Japan and Korea as well as Chile and Argentina. Secondary forests are
being lost ~3 times faster than primary, with Australasia losing 15% during 2001-2020. The largest loss rates
occurred in planted forest with >10% loss over 2000-2020 in all regions except Japan and Korea. The fast rate
of loss in plantations is likely due to logging activities and short timber rotations associated with this forest
management. It is not clear how much of the forest loss recorded in this data is from anthropogenic versus
natural causes.

3.2. Temperate Rainforest in an Changing Climate

3.2.1. Observed Climate Shifts During 1965-2022

We used ERAS data to explore the spatial variability of three bioclimatic variables within the temperate rainforest
biome regions (Figures 2a—2c). The majority of temperate rainforest biome had a warmest quarter temperature
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Figure 1. Historical (1970-2000) extent of the temperate rainforest biome based on DellaSala (2011) combined with data sets
of forest coverage and type. (a) Distribution of temperate rainforest biome (bright green) across six key regions. Areas
currently covered in forest in the year 2000 based on “Global Forest Change” data (Hansen et al., 2013) (middle green) and
intact temperate rainforest using data from the “Intact Forest Landscapes” map (Potapov et al., 2017) (dark green) are shown.
(b) Area of temperate rainforest biome for the countries with temperate rainforest biomes >5,000 km?. Estimates of the
suitable temperate rainforest climate biome that is occupied by forest are given using MODIS, GFC and Intact Forest
Landscapes data. Additionally, the Forest Management Level data set, which includes a “primary forest” category, is shown
as a stacked bar.
(WQT) of less than the 16°C threshold identified in Alaback (1991). The “Japan and Korea” region was a notable
outlier, with higher WQTs, but also a higher proportion of rainfall during the summer, reflecting a monsoonal
climate.
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Figure 2. Upper panels (a—c): historical (1970-2020) climate variability across temperate rainforest biomes for the three bioclimatic variables (a) warmest quarter

temperature, (b) annual precipitation and (c) precipitation during the warmest quarter. The circle shows the mean value in each region, with the outer lines showing +2,
+3 and + 4 standard deviations from the mean respectively. Lower panels (d—f): regional shifts in climate within the temperate rainforest biome with respect to 1970—
1999 baseline period calculated from ERAS data, during 1965-2022, averaged by 20-year rolling periods. The z-score refers to the number of standard deviations from
the baseline climate mean. For regions with a significant trend (according to the Mann-Kendall test, p < 0.05), the linear trend (calculated using the TheilSen estimator)

is shown as a dotted line.

First, we explored changes in climate in the temperate rainforest biome over the past 5 decades using the ERAS
reanalysis data. The 20-year mean WQT has already begun to increase to regional average levels that are 0.5-1
standard deviation (o) higher than their historical mean (z-score), and all regions had a significant positive trend
(Figure 2d), with absolute trends ranging from 0.15 (Australasia) to 0.40 (North Pacific coast) °C decade™.
Annual precipitation and the proportion of rainfall occurring during the warmest quarter changed less in
temperate rainforest regions (regional z-scores < £0.5, Figure 2d). However, there are significant trends in some
regions, with annual precipitation significantly increasing in the Northwest Atlantic (25 mm decade™) and
Europe (31 mm decade™"). Increases in annual precipitation are likely to have a positive impact on temperate
rainforest climate, especially lichens and bryophytes that depend on high moisture levels. In Chile and Argentina,
currently the wettest region of temperate rainforest in terms of annual mean precipitation (>3,000 mm year™! on
average, Figure 2b), warmest quarter precipitation proportion is significantly decreasing at rates of —0.6% dec-

ade™! (Figure 2f).

The change in global area of the temperate rainforest biome from 1965 to 2100 is shown in Figure 3a (black line).
During the 1965-2022 period covered by the ERAS data, ~1% of the temperate rainforest biome has shifted by a
z-score of more than +3c, where we define climate conditions suitable for temperate rainforest to have been lost.
This means that little of the climate has currently shifted to a completely unprecedented state where temperate
rainforest is unlikely to persist. However, it is clear from the widespread positive trends of WQT in temperate
rainforest regions, that temperate rainforest climate may be increasingly lost in the decades to come.

3.2.2. Projected Climate Shifts During the 21st Century

We then used high-spatial resolution data from WorldClim to estimate changes in climate during the 21st century,
relative to historical climate variability, under the four SSP scenarios. Over the 21st century, we predict that the
temperate rainforest biome will decline under all scenarios (Figure 3a). We estimate that over the period 1965—
2100, the global temperate rainforest biome will be reduced by 68.3 (95 CI: 53.4-81.3)% under SSP 5-8.5 and by
48.1 (95 CI: 34.2-63.2)% under SSP 3-7.0. More moderate climate change scenarios, experience smaller loss
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Figure 3. Impacts of climate change on the temperate rainforest biome. (a) Changes in the projected area of temperate
rainforest biome from 1970 to 2100. The black line shows current conditions from ERAS for 1965 to 2020. Future temperate
rainforest biome extent is shown for four SSP scenarios (colored lines) with the shaded regions showing the spread amongst
the central third of CMIP models. (b) Estimated distribution of extant temperate rainforest during 2081-2100 under the four
SSP scenarios. The color shows the maximum (in terms of carbon emissions) SSP scenario in which the temperate rainforest
biome survives.
with the extent of temperate rainforest reduced by 22.7 (95 CI: 15.5-32.6)% under SSP 2—4.5 and only 9.7 (95 CI:
7.8-13.3)% under SSP 1-2.6.
Figure 3b shows the distribution of the surviving temperate rainforest biome under the different SSP scenarios
during the 2081-2100 period. Temperate rainforest biome is more likely to survive in cooler areas, either at high
altitudes or poleward regions. With the exception of the “Northwest Atlantic” region all of the regions have large
contiguous areas that are predicted to be maintained even under SSP5-8.5, with notable examples including
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Patagonia, the Alaskan coastal temperate rainforests, the South Island of New Zealand, and the highlands of
Scotland.

In all of the scenarios, the loss of temperate rainforest biome is driven by the warmest quarter temperature
exceeding the +3c threshold (Figure S5 and S6 in Supporting Information S1). A warmer summer temperature is
likely to be damaging to many of temperature rainforest lichens (Mallen-Cooper et al., 2023). As for the other
bioclimatic variables, in the majority of regions the annual precipitation is predicted to increase, while the
proportion of the precipitation occurring during the summer decreases slightly, with the notable exception of
Chile and Argentina that are predicted to experience drying, but by far less than 3¢ on average. This result
partially continues the observed trends from ERAS, with some increases in total precipitation but a significant
decrease of ~3% in summer precipitation proportion in Chile and Argentina (Figure S7 in Supporting
Information S1).

Across the six key temperate rainforest regions, the Northwest Atlantic region experiences the most warming
relative to its baseline climate under all SSP scenarios (Figure S6 in Supporting Information S1), with WQT
increasing by on average >2¢ under SSP 1-2.6 and almost 66 under SSP 5-8.5. The regions with the least
warming relative to their baseline climates are Chile and Argentina, and Australasia, which both warm by less
than 1o on average under the SSP 1-2.6 and around 3¢ on average under the SSP 5-8.5 scenario.

Unmitigated climate change (SSP 5-8.5 or SSP 3-7.0) will cause a significant reduction in the temperate rain-
forest biome across all regions, with all countries losing at least 20% of their temperate rainforest extent by 2100
(Figure 4). However, under SSP 2—4.5, many countries including Chile, New Zealand and Australia, retain at least
90% of their temperate rainforest biome.

4. Discussion

Our analysis shows that unmitigated climate change (SSP 5-8.5) will lead to loss of 68% of the temperate
rainforest biome's historical climate envelope over the next century. Rapid reduction in greenhouse gas emissions
are needed to ensure widespread survival of temperate rainforests, with global-scale loss reduced to 9% under SSP
1-2.6. Strong action to mitigate climate change will lead to survival of the temperate rainforest biome in most
countries (Figure 4). Communicating this positive environmental outcome for such an iconic forest ecosystem
may help inspire conservation engagement and climate action (McAfee et al., 2019). However, our analysis may
underestimate the impacts of climate change. Our climate scenarios cannot capture the effects of extreme events
such as heatwaves (Hirsch et al., 2021), which may push endemic temperate rainforest species more quickly
toward extinction (He et al., 2016). At a regional scale trends in the abundance of temperate rainforest indicator
species such as lichens and bryophytes may be an alternative indicator of the impact of climate change
(Ellis, 2016).

Our analysis was restricted to analyzing the loss of the existing temperate rainforest biome, which was delineated
by historical climate conditions. We were not able to assess the potential for a warming climate to create new
potential temperate rainforest biomes, as the full suite of climate variables required to delineate the temperate
rainforest biome is not available in future projections. We acknowledge that there is the potential for climate
change to lead to expansion of the biome to new areas. Future work is required to assess potential gains in biome
and understand whether temperate rainforest species can keep up with the rate of change. We were also unable to
assess how sensitive temperate rainforests are to the rate of climate change. For example, little is known about the
tolerance of mature trees in temperate rainforests to rapidly changing climatic envelopes. It is possible that the
climatic envelope that defines the temperate rainforest biome differs from the climate conditions that mature trees
can tolerate. Future work is needed to further understand the sensitivity of temperate rainforest trees and asso-
ciated biodiversity to the rate and extent of climate change.

4.1. A Global Call for Stepped-Up Temperate Rainforest Protection and Restoration

We provide evidence to support temperate rainforest protection and restoration as immediate climate adaptation
options. Primary and old growth temperate rainforests are generally less fire prone and have global importance for
climate and biodiversity as refugia (Kun et al., 2020; Luyssaert et al., 2008; Watson et al., 2018). Other natural
disturbances, such as landslides and windstorms, may become more frequent under climate change (Shanley
et al., 2015). Despite this importance, logging of primary temperate rainforests continues in the USA (Albert &
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Figure 4. Extent of the temperate rainforest biome under future climate scenarios. Potential area shown as percentage of
current extent for the countries with a current area of potential temperate rainforest of >5,000 km?. The y-axis represents
severity of climate change, while the x-axis represents time period. The percentages are an average of the predictions between
the CMIP models. Numbers less than 100 represent loss (shaded red). The green bar represents the current extent of potential
temperate rainforest in each country relative to the largest (Canada).
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Schoen, 2013) and Canada (DellaSala et al., 2021; DellaSala, Keith, et al., 2022). To prevent further loss of
primary (old growth) temperate rainforests they require the strongest protection. This is particularly important
where large extents of primary forest remain in regions with resilience to future climate change such as the
Tongass National Forest in Alaska (DellaSala, Gorelik, et al., 2022). Where temperate rainforests have been
degraded by logging there is substantial potential for restoration (DellaSala, 2011).

In countries with extensive historical deforestation, such as UK and Ireland, reforestation of native woodlands
within the temperate rainforest biome is needed. For example, the UK hosts more than 7.5% of the global
temperate rainforest biome but only 14% of this is forested, with large areas of non-native plantations. This
highlights an opportunity for the UK and Ireland to become global leaders in restoration and reforestation of
temperate rainforests.

We also provide an assessment of the impacts of future climate change and ongoing forest degradation of
temperate rainforests globally. Little is known about how forest microclimate will respond to global climate
warming (De Frenne et al., 2021), particularly in combination with accumulating land-use stressors. It is well
known that the microclimate of intact forests is typically cooler than ambient temperatures and this buffering may
reduce the severity of warming impacts on forest functioning and biodiversity (De Frenne et al., 2019; Frey
et al., 2016). For example, increases in forest canopy density in recent decades has been shown to attenuate
microclimate warming in some temperate forests (De Frenne et al., 2013; Frey et al., 2016). Our analysis of
changes in macroclimate does not include this important role of microclimatic variability and buffering of
temperate rainforest refugia under climate change.

Fragmented and isolated forests and forest edges are likely to experience greater climate warming compared to
more intact forests (Zhu et al., 2023). Reforestation around existing areas of temperate rainforest may help reduce
these impacts and increase climate resilience. Future work is needed to understand the potential of targeted
reforestation to contribute to climate adaptation (Ellis & Eaton, 2021). In contrast, forest management with short
rotation timber cycles often leads to even-aged forest stands with reduced structural complexity and few older
trees (Esseen et al., 2022) that are likely to be less resilient to a changing climate (Forzieri et al., 2022).
Restoration of logged and degraded forests may help reverse these negative impacts. Our work highlights the
large-scale areas in which temperate rainforests are more likely to survive under different scenarios of climate
change (see Figures 3b and 4). Local and regional-scale work is urgently needed to identify and prioritize con-
servation and restoration of temperate rainforest microclimate refugia that are more likely to survive under a
warming climate.

Restoration of temperate rainforest faces a range of regionally specific opportunities and challenges. In England,
the Government's plan to restore the nation's temperate rainforest identifies the need for stronger protection, to
control invasive species (specifically Rhododendron ponticum) and manage herbivores (DEFRA, 2023). In
Scotland, a voluntary partnership of more than 20 organizations, aims to restore all existing temperate rainforest
and double the area of temperate rainforest in Scotland by 2045; key challenges include invasive species and
overgrazing (Alliance for Scotland's Rainforest, 2024). In North and South America, large areas of temperate
rainforest have been protected and restored through partnerships led by and closely involving First Nations and
Native Americans. Where active restoration is proposed, for example, removal of non-native trees, new research
is needed to refine restoration approaches to maximize positive impacts on rainforest diversity (Broome
et al., 2021).

Our findings generally support the inclusion of the temperate rainforest biome in global efforts to protect at
least 30% (Dinerstein et al., 2019) to 50% of nature (Dinerstein et al., 2017; Pimm et al., 2018). Protection
of this biome needs to be adopted by nations seeking to comply with the United Nations Sustainable
Development Goals (Mackey et al., 2015). Importantly, intact ecosystems (Martin & Watson, 2016; Watson
et al., 2018) and primary forests (Mackey et al., 2015) provide the best defense against climate change and
therefore should be prioritized for full protection at the regional scale. In countries with little remaining
temperate rainforest (e.g., Europe), restoration and reforestation should be the primary objectives. Resto-
ration of degraded forests and reforestation to create larger forest landscapes via re-wilding may enhance
microclimate buffering, ecosystem integrity and make forests more resilient to a changing climate (Mackey
et al., 2017).

SILVER ET AL.

10 of 12

3SUSD|7 SLOIWIOD BAIER.ID 3]qed!dde ayy Aq pousenoh ae sapiie YO ‘38N JO saInu oy Areiq1T auljUO A3|IM UO (SUOHIPLIOD-PUE-SWBH WD A8 | 1M AreIq 1 BUIUO//:SdNY) SUONIPUOD PUe SWB | 8U1 39S *[G20e/90/62] uo AriqiTauliuo AB11M 83 L Ad ZT8r0043202/620T OT/10pwod A3 1M Aselq puljuo'sgndnfe/:sdiy wouy papeojumoq ‘TT ‘v20T ‘LLZv8ZET



ADVANCING EARTH
AND SPACE SCIENCES

Earth's Future 10.1029/2024EF004812

Acknowledgments

The authors declare no conflicts of interest.
DVS acknowledges funding from the
European Research Council under the
European Union's Horizon 2020 research
and innovation program (Grant agreement
number 771492) and from the Natural
Environmental Research Council (NE/
Z00005X/1).

Data Availability Statement

Code used to perform the analysis and visualize the results is available from figshare (Silver et al., 2024). His-
torical and future climate WorldClim is available in Fick and Hijmans (2017). The Intact Forest Landscapes
shapefiles are available in Potapov et al. (2017). The FML data is available in Lesiv et al. (2022). GFC data set is
available in Hansen et al. (2013). The ERAS Land monthly averaged data can be downloaded from the Copernicus
Climate Data Store (Mufioz, 2021). Natural Earth data is used for country borders, available from https://www.
naturalearthdata.com/downloads/10m-cultural-vectors/10m-admin-0-details/.

References

Alaback, P. B. (1991). Comparative ecology of temperate rainforests of the Americas along analogous climatic gradients. Revista Chilena de
Historia Natural, 64, 399—412.

Albert, D. M., & Schoen, J. W. (2013). Use of historical logging patterns to identify disproportionately logged ecosystems within temperate
rainforests of Southeastern Alaska. Conservation Biology, 27(4), 774-784. https://doi.org/10.1111/cobi.12109

Alliance for Scotland’s Rainforest. (2024). Alliance for Scotland’s rainforest. Retrieved from https://savingscotlandsrainforest.org.uk

Bell, B., Hersbach, H., Simmons, A., Berrisford, P., Dahlgren, P., Horanyi, A., et al. (2021). The ERAS5 global reanalysis: Preliminary extension to
1950. Quarterly Journal of the Royal Meteorological Society, 147(741), 4186—4227. https://doi.org/10.1002/qj.4174

Brandt, P., Abson, D. J., DellaSala, D. A., Feller, R., & von Wehrden, H. (2014). Multifunctionality and biodiversity: Ecosystem services in
temperate rainforests of the Pacific Northwest, USA. Biological Conservation, 169, 362-371. https://doi.org/10.1016/j.biocon.2013.12.003

Broome, A., Inchboard, L. L., Perks, M., Clarke, T.-K., Park, K. J., & Thompson, R. (2021). Can epiphytic lichens of remnant Atlantic Oakwood
trees in a planted ancient woodland site survive early stages of woodland restoration? Annals of Forest Science, 78(3), 58. https://doi.org/10.
1007/s13595-021-01069-w

Buma, B., Batllori, E., Bisbing, S., Holz, A., Saunders, S. C., Bidlack, A. L., et al. (2019). Emergent freeze and fire disturbance dynamics in
temperate rainforests. Austral Ecology, 44(5), 812—826. https://doi.org/10.1111/aec.12751

Carpenter, D. N., Bockheim, J. G., & Reich, P. F. (2014). Soils of temperate rainforests of the North American Pacific coast. Geoderma, 230-231,
250-264. https://doi.org/10.1016/j.geoderma.2014.04.023

DEFRA. (2023). A plan to recover England’s temperate rainforests. Retrieved from https://assets.publishing.service.gov.uk/media/
656622ad75007400131ded88/Temperate_Rainforest_Strategy.pdf

De Frenne, P., Lenoir, J., Luoto, M., Scheffers, B. R., Zellweger, F., Aalto, J., et al. (2021). Forest microclimates and climate change: Importance,
drivers and future research agenda. Global Change Biology, 27(11), 2279-2297. https://doi.org/10.1111/gcb.15569

De Frenne, P., Rodriguez-Sanchez, F., Coomes, D. A., Baeten, L., Verstraeten, G., Vellend, M., et al. (2013). Microclimate moderates plant
responses to macroclimate warming. Proceedings of the National Academy of Sciences, 110(46), 18561-18565. https://doi.org/10.1073/pnas.
1311190110

De Frenne, P., Zellweger, F., Rodriguez-Sanchez, F., Scheffers, B. R., Hylander, K., Luoto, M., et al. (2019). Global buffering of temperatures
under forest canopies. Nature Ecology & Evolution, 3(5), 744-749. https://doi.org/10.1038/s41559-019-0842-1

DellaSala, D. A. (2011). Temperate and boreal rainforests of the world: Ecology and conservation. https://doi.org/10.5822/978-1-61091-008-8

DellaSala, D. A., Brandt, P., Koopman, M., Leonard, J., Meisch, C., Herzog, P., et al. (2018). Climate change may Trigger Broad shifts in North
America’s Pacific coastal rainforests. In D. A. Dellasala & M. I. Goldstein (Eds.), Encyclopedia of the Anthropocene (pp. 233-244). Elsevier.
https://doi.org/10.1016/B978-0-12-809665-9.09367-8

DellaSala, D. A., Gorelik, S. R., & Walker, W. S. (2022a). The Tongass national forest, Southeast Alaska, USA: A natural climate solution of
global significance. Land, 11(5), 717. https://doi.org/10.3390/1and11050717

DellaSala, D. A., Keith, H., Sheehan, T., Strittholt, J., Mackey, B., Connolly, M., et al. (2022b). Estimating carbon stocks and stock changes in
Interior Wetbelt forests of British Columbia, Canada. Ecosphere, 13(4), €4020. https://doi.org/10.1002/ecs2.4020

DellaSala, D. A., Strittholt, J. R., Degagne, R., Mackey, B., Werner, J. R., Connolly, M., et al. (2021). Red-listed ecosystem status of interior
Wetbelt and Inland temperate rainforest of British Columbia, Canada. Land, 10(8), 775. https://doi.org/10.3390/1and 10080775

Dinerstein, E., Olson, D., Joshi, A., Vynne, C., Burgess, N. D., Wikramanayake, E., et al. (2017). An ecoregion-based approach to protecting half
the Terrestrial Realm. BioScience, 67(6), 534-545. https://doi.org/10.1093/biosci/bix014

Dinerstein, E., Vynne, C., Sala, E., Joshi, A. R., Fernando, S., Lovejoy, T. E., et al. (2019). A global deal for nature: Guiding principles,
milestones, and targets. Science Advances, 5(4), eaaw2869. https://doi.org/10.1126/sciadv.aaw2869

Ellis, C.J. (2016). Oceanic and temperate rainforest climates and their epiphyte indicators in Britain. Ecological Indicators, 70, 125-133. https://
doi.org/10.1016/J. ECOLIND.2016.06.002

Ellis, C.J., & Eaton, S. (2021). Microclimates hold the key to spatial forest planning under climate change: Cyanolichens in temperate rainforest.
Global Change Biology, 27(9), 1915-1926. https://doi.org/10.1111/gcb.15514

Esseen, P.-A., Ekstrom, M., Grafstrom, A., Jonsson, B. G., Palmqyvist, K., Westerlund, B., & Stahl, G. (2022). Multiple drivers of large-scale
lichen decline in boreal forest canopies. Global Change Biology, 28(10), 3293-3309. https://doi.org/10.1111/gcb.16128

Eyring, V., Bony, S., Meehl, G. A., Senior, C. A,, Stevens, B., Stouffer, R. J., & Taylor, K. E. (2016). Overview of the coupled model Inter-
comparison Project phase 6 (CMIP6) experimental design and organization. Geoscientific Model Development, 9(S), 1937-1958. https://doi.
org/10.5194/gmd-9-1937-2016

Fick, S. E., & Hijmans, R. J. (2017). WorldClim 2: New 1-km spatial resolution climate surfaces for global land areas. International Journal of

Climatology, 37(12), 4302-4315. https://doi.org/10.1002/JOC.5086

Forzieri, G., Dakos, V., McDowell, N. G., Ramdane, A., & Cescatti, A. (2022). Emerging signals of declining forest resilience under climate
change. Nature, 608(7923), 534-539. https://doi.org/10.1038/s41586-022-04959-9

Frey, S. J. K., Hadley, A. S., Johnson, S. L., Schulze, M., Jones, J. A., & Betts, M. G. (2016). Spatial models reveal the microclimatic buffering
capacity of old-growth forests. Science Advances, 2(4), e1501392. https://doi.org/10.1126/sciadv.1501392

Galloway, D. J. (1992). Biodiversity: A lichenological perspective. Biodiversity and Conservation, 1(4), 312-323. https://doi.org/10.1007/
BF00693767

Hansen, M. C., Potapov, P. V., Moore, R., Hancher, M., Turubanova, S. A., Tyukavina, A., et al. (2013). High-resolution global maps of 21st-
century forest cover change. Science, 342(6160), 850—-853. https://doi.org/10.1126/science.1244693

SILVER ET AL.

11 of 12

3SUSD|7 SLOIWIOD BAIER.ID 3]qed!dde ayy Aq pousenoh ae sapiie YO ‘38N JO saInu oy Areiq1T auljUO A3|IM UO (SUOHIPLIOD-PUE-SWBH WD A8 | 1M AreIq 1 BUIUO//:SdNY) SUONIPUOD PUe SWB | 8U1 39S *[G20e/90/62] uo AriqiTauliuo AB11M 83 L Ad ZT8r0043202/620T OT/10pwod A3 1M Aselq puljuo'sgndnfe/:sdiy wouy papeojumoq ‘TT ‘v20T ‘LLZv8ZET


https://www.naturalearthdata.com/downloads/10m-cultural-vectors/10m-admin-0-details/
https://www.naturalearthdata.com/downloads/10m-cultural-vectors/10m-admin-0-details/
https://doi.org/10.1111/cobi.12109
https://savingscotlandsrainforest.org.uk
https://doi.org/10.1002/qj.4174
https://doi.org/10.1016/j.biocon.2013.12.003
https://doi.org/10.1007/s13595-021-01069-w
https://doi.org/10.1007/s13595-021-01069-w
https://doi.org/10.1111/aec.12751
https://doi.org/10.1016/j.geoderma.2014.04.023
https://assets.publishing.service.gov.uk/media/656622ad75007400131ded88/Temperate_Rainforest_Strategy.pdf
https://assets.publishing.service.gov.uk/media/656622ad75007400131ded88/Temperate_Rainforest_Strategy.pdf
https://doi.org/10.1111/gcb.15569
https://doi.org/10.1073/pnas.1311190110
https://doi.org/10.1073/pnas.1311190110
https://doi.org/10.1038/s41559-019-0842-1
https://doi.org/10.5822/978-1-61091-008-8
https://doi.org/10.1016/B978-0-12-809665-9.09367-8
https://doi.org/10.3390/land11050717
https://doi.org/10.1002/ecs2.4020
https://doi.org/10.3390/land10080775
https://doi.org/10.1093/biosci/bix014
https://doi.org/10.1126/sciadv.aaw2869
https://doi.org/10.1016/J.ECOLIND.2016.06.002
https://doi.org/10.1016/J.ECOLIND.2016.06.002
https://doi.org/10.1111/gcb.15514
https://doi.org/10.1111/gcb.16128
https://doi.org/10.5194/gmd-9-1937-2016
https://doi.org/10.5194/gmd-9-1937-2016
https://doi.org/10.1002/JOC.5086
https://doi.org/10.1038/s41586-022-04959-9
https://doi.org/10.1126/sciadv.1501392
https://doi.org/10.1007/BF00693767
https://doi.org/10.1007/BF00693767
https://doi.org/10.1126/science.1244693

ADVANCING EARTH
AND SPACE SCIENCES

Earth's Future 10.1029/2024EF004812

He, X., He, K. S., & Hyvonen, J. (2016). Will bryophytes survive in a warming world? Perspectives in Plant Ecology, Evolution and Systematics,
19, 49-60. https://doi.org/10.1016/j.ppees.2016.02.005

Hersbach, H., Bell, B., Berrisford, P., Hirahara, S., Horanyi, A., Mufioz-Sabater, J., et al. (2020). The ERAS5 global reanalysis. Quarterly Journal
of the Royal Meteorological Society, 146(730), 1999-2049. https://doi.org/10.1002/qj.3803

Hirsch, A. L., Ridder, N. N., Perkins-Kirkpatrick, S. E., & Ukkola, A. (2021). CMIP6 MultiModel evaluation of present-day heatwave attributes.
Geophysical Research Letters, 48(22), €2021GL095161. https://doi.org/10.1029/2021GL095161

Holmgren, M., Hirota, M., van Nes, E. H., & Scheffer, M. (2013). Effects of interannual climate variability on tropical tree cover. Nature Climate
Change, 3(8), 755-758. https://doi.org/10.1038/nclimate1906

Keith, H., Mackey, B. G., & Lindenmayer, D. B. (2009). Re-evaluation of forest biomass carbon stocks and lessons from the world’s most carbon-
dense forests. Proceedings of the National Academy of Sciences, 106(28), 11635-11640. https://doi.org/10.1073/pnas.0901970106

Kranabetter, J. M., Philpott, T. J., & Dunn, D. E. (2021). Manganese limitations and the enhanced soil carbon sequestration of temperate rain-
forests. Biogeochemistry, 156(2), 195-209. https://doi.org/10.1007/s10533-021-00840-5

Kun, Z., DellaSala, D., Keith, H., Kormos, C., Mercer, B., Moomaw, W. R., & Wiezik, M. (2020). Recognizing the importance of unmanaged
forests to mitigate climate change. GCB Bioenergy, 12(12), 1034-1035. https://doi.org/10.1111/gcbb.12714

Lesiv, M., Schepaschenko, D., Buchhorn, M., See, L., Diirauer, M., Georgieva, L., et al. (2022). Global forest management data for 2015 ata 100 m
resolution. Scientific Data, 9(1), 199. https://doi.org/10.1038/s41597-022-01332-3

Luyssaert, S., Schulze, E.-D., Borner, A., Knohl, A., Hessenmoller, D., Law, B. E., et al. (2008). Old-growth forests as global carbon sinks.
Nature, 455(7210), 213-215. https://doi.org/10.1038/nature07276

Mackey, B., Cadman, S., Rogers, N., & Hugh, S. (2017). Assessing the risk to the conservation status of temperate rainforest from exposure to
mining, commercial logging, and climate change: A Tasmanian case study. Biological Conservation, 215, 19-29. https://doi.org/10.1016/j.
biocon.2017.08.032

Mackey, B., DellaSala, D. A., Kormos, C., Lindenmayer, D., Kumpel, N., Zimmerman, B., et al. (2015). Policy options for the world’s primary
forests in multilateral environmental agreements. Conservation Letters, 82), 139-147. https://doi.org/10.1111/conl.12120

Mallen-Cooper, M., Rodriguez-Caballero, E., Eldridge, D. J., Weber, B., Biidel, B., Hohne, H., & Cornwell, W. K. (2023). Towards an un-
derstanding of future range shifts in lichens and mosses under climate change. Journal of Biogeography, 50(2), 406—417. https://doi.org/10.
1111/jbi.14542

Martin, T. G., & Watson, J. E. M. (2016). Intact ecosystems provide best defense against climate change. Nature Climate Change, 6(2), 122-124.
https://doi.org/10.1038/nclimate2918

McAfee, D., Doubleday, Z. A., Geiger, N., & Connell, S. D. (2019). Everyone loves a success story: Optimism inspires conservation engagement.
BioScience, 69(4), 274-281. https://doi.org/10.1093/biosci/biz019

Muiioz, S. J. (2021). ERAS5-Land monthly averaged data from 1950 to 1980 [Dataset]. Copernicus Climate Change Service (C3S) Climate Data
Store (CDS). https://doi.org/10.24381/cds.68d2bb30

Parmesan, C., Morecroft, M. D., Trisurat, Y., Adrian, R., Anshari, G. Z., Arneth, A., et al. (2022). Terrestrial and freshwater ecosystems and their
services. In H. O. Portner, D. C. Roberts, M. Tignor, E. S. Poloczanska, K. Mintenbeck, A. Alegria, et al. (Eds.), Climate change 2022: Impacts,
adaptation and vulnerability. Contribution of working group II to the sixth assessment report of the intergovernmental panel on climate change
(pp. 197-378). Cambridge University Press. https://doi.org/10.1017/9781009325844.004.198

Pimm, S. L., Jenkins, C. N., & Li, B. V. (2018). How to protect half of Earth to ensure it protects sufficient biodiversity. Science Advances, 4(8),
eaat2616. https://doi.org/10.1126/sciadv.aat2616

Potapov, P., Hansen, M. C., Laestadius, L., Turubanova, S., Yaroshenko, A., Thies, C., et al. (2017). The last frontiers of wilderness: Tracking loss
of intact forest landscapes from 2000 to 2013. Science Advances, 3(1), e1600821. https://doi.org/10.1126/sciadv.1600821

Shanley, C. S., Pyare, S., Goldstein, M. 1., Alaback, P. B., Albert, D. M., Beier, C. M., et al. (2015). Climate change implications in the northern
coastal temperate rainforest of North America. Climatic Change, 130(2), 155-170. https://doi.org/10.1007/s10584-015-1355-9

Silver, B., Spracklen, D. V., DellaSala, D., & Smith, C. (2024). Temperate rainforest [Dataset]. figshare. https://doi.org/10.6084/m9.figshare.
25676523.v1

Smith-Ramirez, C. (2004). The Chilean coastal range: A vanishing center of biodiversity and endemism in South American temperate rainforests.
Biodiversity and Conservation, 13(2), 373-393. https://doi.org/10.1023/B:BIOC.0000006505.67560.9f

Tang, H., Armston, J., Hancock, S., Marselis, S., Goetz, S., & Dubayah, R. (2019). Characterizing global forest canopy cover distribution using
spaceborne Lidar. Remote Sensing of Environment, 231, 111262. https://doi.org/10.1016/j.rse.2019.111262

Watson, J. E. M., Evans, T., Venter, O., Williams, B., Tulloch, A., Stewart, C., et al. (2018). The exceptional value of intact forest ecosystems.
Nature Ecology & Evolution, 2(4), 599-610. https://doi.org/10.1038/s41559-018-0490-x

Xu, T., & Hutchinson, M. (2011). ANUCLIM version 6.1 user guide (Vol. 90). The Australian National University, Fenner School of Environment
and Society.

Zhu, L., Li, W, Ciais, P., He, J., Cescatti, A., Santoro, M., et al. (2023). Comparable biophysical and biogeochemical feedbacks on warming from
tropical moist forest degradation. Nature Geoscience, 16(3), 244-249. https://doi.org/10.1038/s41561-023-01137-y

Erraturm

The originally published version of this article contained a typographical error. In Figure 4, the orientation of the
key in the bottom right-hand corner did not match the orientation of the data. The error has been corrected, and
this may be considered the authoritative version of record.
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