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• Weprovide an in situ climate risk analy-
sis of vegetation and protected areas
(PAs).

• Under RCP8.5, 27.8–43.6% of PAs and
32.2–43.6% of non-PAs face high
climate risk.

• Most vegetation types face high climate
risk (e.g. Nothofagus and Araucaria for-
ests).

• Elevation and latitudinal patterns of cli-
mate risk changed with the GCM used.

• Climate refugia were identified in the
central Andes, in Patagonia, and for
some coastal areas.
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The many Gondwanic vegetation types found across the extensive latitudes and elevation gradients of South
America's southern cone contribute to Chile's global biodiversity hotspot ranking. Species loss in global biodiver-
sity hotspots is an ongoing climate change concern and landmanagers need spatially explicit climate riskmaps to
adapt conservation strategies to climate change in these areas. Wemodeled future climate risk for Chile's terres-
trial vegetation using a high-resolution vegetation map and tested the relationship to climate risk for each type's
latitudinal and elevation range. We found that 43.6% of all vegetation has high climate risk in Global Circulation
Models (GCMs) under a high emissions scenario (RCP8.5). All forest types in the country, including Southern
Beech (Nothofagus sp.), Alerce (Fitzroya cupressoides), Araucaria (Araucaria araucana), and Sclerophyllous, as
well as the Valdivian rainforest, Altiplanic Steppes, and Salares, face high levels of climate risk. Tests for trends
in risk across elevation and latitude showed that exposure for all types increased with elevation based on the
MIROC5 GCM, and decreased with latitude based on the Had2GEM-ES GCM. Our results suggest that vegetation
typeswith smaller latitudinal ranges typically have higher levels of climate risk, but a type's elevation range is not
significantly correlated with risk of exposure. We identified climatically stable areas which could act as vegeta-
tion refugia in Patagonia, the central Andes mountains between latitudes 27.5°S and 32.5°S, and some coastal
areas. Conservation strategies in Chile should include the protection of climatically stable areas to safeguard cur-
rent Gondwanic biodiversity and active habitat restoration in climatically exposed areas to facilitate vegetation
shifts.
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1. Introduction

Climate change impacts are of particular concern for theworld's bio-
diversity hotspots because of the potential vulnerability of their high
numbers of endemic species (Malcolm et al., 2006; Myers et al., 2000).
This has led to a focus on individual biodiversity hotspots to assess
their species' vulnerability to climate change (e.g. Midgley et al., 2002)
and to the development of climate-adaptive conservation plans
(Hannah et al., 2007). Chile is one of 35 global biodiversity hotspots
(Myers et al., 2000), harbors three of the 200 top priority ecoregions
for conservation (Olson and Dinerstein, 2002), and six of the 14 terres-
trial biomes (Dinerstein et al., 2017). The country's wide range of eleva-
tions (0–6893 m) and great latitudinal extent (18–55°S) along the
western flanks of the Andes Mountains create many ecological niches
(Moreira-Munoz, 2011). Combined with its climatic and geographical
isolation, this has resulted in a unique flora, including 4985 plant spe-
cies, with nearly 50% endemism (Moreira-Munoz, 2011; Scherson
et al., 2017), a level also found in Chile's vertebrate fauna (Simonetti,
1999). Many of the plant species form unique Gondwanic vegetation
types (Iglesias et al., 2011), including forests dominated by species in
the genus Nothofagus that make up roughly 58% of the area of all of
Chile's native forests and that occupy most of the latitudinal gradient
of the southern temperate rainforest (DellaSala et al., 2011; Segovia
and Armesto, 2015). Nothofagus forests are critical for forest ecosystem
functions (Rodríguez et al., 2018) and are an important component in
the study of biogeographic theories (Scherson et al., 2017). In contrast,
Chile's Gondwanic conifer forests, dominated by Araucaria and Alerce,
exhibit narrow spatial distributions, which, along with their long
lifespans, make them vulnerable to climate change (Camarero and
Fajardo, 2017). Other vegetation types also support unique biotic com-
munities, such as the highly endemic Sclerophyllous forest of central
Chile (Alaniz et al., 2016), and salt flat wetlands (“salares”), which
serve as key habitat for migratory bird species (Lobos et al., 2018).
Few studies of endemic vegetation types have tested climate change re-
lationships across such wide latitudinal and elevation gradients as
these, though examples of such an approach are found from Canada
(Boisvert-Marsh et al., 2019), China (Wan et al., 2018) and tropical
South America (Fadrique et al., 2018).

Recent climate change studies of Chilean vegetation have focused on
potential range shifts and phylogenetic diversity (Fuentes-Castillo et al.,
2020; Fuentes-Castillo et al., 2019; see Supporting Information Appen-
dix 1 for full bibliography of studies), but a holistic and comprehensive
study for all of Chile's endemic vegetation types is still lacking. The
range shiftsmodeled in recent studies report species shifting southward
and to higher elevations, which are consistent with general global pre-
dictions (Chen et al., 2011). However, to date there have been no studies
explicitly assessing changes in climatic conditions for Chile's Gondwanic
vegetation types within their current geographic distributions, that is,
their in situ climate risk, based on existing patterns of vegetation across
the full extent of the country. For climate adaptation planning, such
spatially-explicit climate change refugia (Keppel et al., 2015; Morelli
et al., 2020) can provide additional context to species range modeling
approaches by showing potential climate-driven physiological stress
for vegetation patterns in their current sites under future climatic con-
ditions, and because land managers need tools that enable them to dif-
ferentiate relative risks to extant vegetation within the static
boundaries of existing conservation lands (Thorne et al., 2020). This ap-
proach can inform a major decision confronting natural resource man-
agers: whether to invest limited funding and available effort in the
retention of existing vegetation, or to permit transition to other vegeta-
tion types (Millar and Stephenson, 2015).

Here, we examine climate risk for each of Chile's 38 landcover types
that include 24vegetation types (including11 forest types, 5 shrublands
and succulent types, 4 grasslands types, and 4 wetlands types) using a
novel climate exposure approach (Choe and Thorne, 2019; Thorne
et al., 2020) not yet applied to Chile that integrates projected future
2

climate conditions with the satellite-derived spatial patterns of each
existing dominant vegetation type.Wemapped in situ climate exposure
of each pixel of each vegetation type, and classified the overall level of
risk for each type under different future emissions scenarios (Thorne
et al., 2017a). Locations within each vegetation type with highest cli-
mate exposure have climate conditions that differ the most from its
baseline climate conditions. We then tested for geographic and biogeo-
graphic patterns of climate risk by relating our exposure output to ele-
vation and latitude across vegetation types. In line with theoretical
and empirical estimates of climate warming, we expected that the
level of climate exposure would increase with both latitude and eleva-
tion (Nolan et al., 2018; Pepin et al., 2015). We also expected that veg-
etation types with more restricted latitudinal and elevational
distributions would be at higher risk of exposure, as these aspects of
geographic range size are typically powerful predictors of vulnerability
and extinction risk for various taxonomic groups (Pacifici et al., 2017).

2. Material and methods

2.1. Input data

2.1.1. Vegetation/land cover and conservation lands maps
We used a government-produced vegetation map of Chile covering

725,650 km2 that used aerial photography (1997–2015; scale
1:50,000) and on-the-ground verification (Conaf-Conama-Birf, 1999).
The minimum mapping unit is 0.5 ha for forested areas and 1 ha for
non-forested areas. We analyzed 38 land cover types (24 corresponded
to natural vegetation types), including forests, matorral (scrubland),
grasslands, wetlands, succulents, exotic forest plantations, mixed
exotic-native forest, urban areas, industrial areas, hydric sources, bare
lands, and glacier areas (Fig. 1, Supporting Information Appendix S2
Table S1). To provide more details about different matorral vegetation
types, we also analyzed them according to their vertical structure
(Supporting Information Appendix S2).

We used a governmental map of various types of protected areas
(hereafter PAs) (BCN, 2020) that we combined to identify conservation
lands and non-protected lands at national scale. The terrestrial PAs
cover about 131,000 km2 (18.1%) of the country (Appendix S2,
Table S1).

2.1.2. Climate data
We obtained baseline and future climate conditions and 19 biocli-

matic variables at a spatial resolution of 30 arc-seconds from the
WorldClim database version 1.4.

(https://www.worldclim.org/data/v1.4/cmip5_30s.html; Hijmans
et al., 2005) (Supporting Information Appendix S3). We evaluated
potential change in climate on a per-pixel basis between the baseline
conditions (1960–1990 and a WorldClim-provided future period
(2061–2080). We evaluated 17 Global Circulation Models (GCM) out-
puts and selected two, based three criteria: i) their previous use
(HadGEM2-ES) in Chilean government climate change reports
(Ministerio del Medio Ambiente, 2016); ii) their predictions of change
(minimum temperature and precipitation) bracket the predicted future
climates from 17 of the GCMs on theWorldClim website (Thorne et al.,
2018); and iii) their satisfactory simulation of precipitation and atmo-
spheric circulation over South America (Almagro et al., 2017). All but
one GCM predict a drier and hotter climate pattern (Figs. S1, S2,
Table S4).

We selected MIROC5 https://www.worldclim.org/data/v1.4/cmip5_
30s.html and HadGEM2-ES (Collins et al., 2011) (Supporting Informa-
tion Appendix S3, Figs. S1 & S2). We selected two emission scenarios
(the Representative Concentration Pathways RCP4.5 and RCP8.5) to
compare change from baseline conditions with projected future condi-
tions. The RCP4.5 is roughly equivalent to Paris accord emission reduc-
tions and the RCP8.5 is supposed to represent current rates of
emissions (Schwalm et al., 2020).

https://www.worldclim.org/data/v1.4/cmip5_30s.html;
https://www.worldclim.org/data/v1.4/cmip5_30s.html
https://www.worldclim.org/data/v1.4/cmip5_30s.html


Fig. 1. Map of classification of land cover types based on the National Forestry Cadaster (www.sitconaf.cl).
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2.2. Analyses

2.2.1. Climate change model
We randomly selected 100,000 grid cells across the country, equiva-

lent to 13.11% of the country's area (Supporting Information Appendix
S3 Table S5), and extracted the baseline and future climate and biocli-
matic variables as inputs for four principal components analyses (PCA).
The baseline and each of the four futures (2 climatemodels × 2 emissions
scenarios) were put into a principal components analysis using the
3

‘prcomp’ base function in R version 3.3.3 (R Development, 2017). We
used PCA to reduce the number of bioclimatic variables to two dimen-
sions constituting the first two principal components (Supporting Infor-
mation Appendix S3 Table S7, Fig. S3), and representing the current and
future climate conditions. For each PCA, we zero-centered all climate var-
iables and scaled them to have the same unit variance (Choe and Thorne,
2019). On average, the first two axes represent 75.5% of the variation
(Supporting Information Appendix S3), with baseline and future climate
conditions values at every grid cell of the country.

http://www.sitconaf.cl
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2.2.2. Climate change exposure for each vegetation and landcover type
We resampled the vegetation types in the vegetation map to match

the resolution of the baseline and future climate data by using the ma-
jority sample rule in ArcGIS (ESRI v. Pro) to go from 30 m pixel size to
a 30 arc-seconds, the operational grid scale for the analysis. We linked
the resulting vegetation type in each pixel to its corresponding climate
data from each of the four climatemodels developed in the PCAmodels.

To categorize the level of climate exposure for Chile as a whole and
for each vegetation type, we first analyzed the frequency of occurrence
of baseline climate conditions (Choe and Thorne, 2019; Thorne et al.,
2017a). The frequency of baseline climate conditions in themapped ex-
tent of each vegetation type was calculated using a two-dimensional
kernel density estimation, the ‘kde2d’ function in the ‘MASS’ package
in R (Venables and Ripley, 2003), resulting in a baseline climate fre-
quency distribution in 5% increments, with the most frequent, or com-
monly occurring conditions, found in the center of the distribution.
We used the distribution to define five categories of climate stress
(hereafter called climate risk). We assumed that the baseline climate
conditions found 80% of the time within each vegetation type repre-
sents the least physiological risk for that vegetation type (Thorne
et al., 2017a; Williams et al., 2018). This central 80% (most commonly
occurring) of a vegetation type's climate frequency distribution was de-
fined as ‘low risk’; the class from the center, the 80–95% of the distribu-
tion was treated as a buffer between low and high exposure, and called
‘medium risk’; the marginal 95–99% were classed as ‘high risk’; the last
(outer) 1% of the frequency distribution was considered ‘very high risk’,
and cells with future-climate conditions not currently found in Chile
were classed as ‘non-analog’.

Classifying the baseline climate exposure classes for each type
identified a range of PCA values associated with each of the five clas-
ses. We then examined the future climate PCA values of each grid cell
in each vegetation type to see in which class, defined from the base-
line time period, the cell's future climate was in. For example, grid
cells that retained climate conditions in the central 80% of baseline
conditions were considered low risk locations and are potential
areas of conservation interest for maintaining current vegetation,
whereas grid cells with climate conditions in the high- or very-high
climate risk categories are areas that may experience a shift in dom-
inant vegetation (Thorne et al., 2020). This was done for each vege-
tation type individually, to identify the areas that become highly
exposed and those that remain climatically suitable. The climate
risk categories of all the vegetation types under each of the four fu-
ture projections were then mapped to visualize and measure cli-
matic risk across the whole country.

2.2.3. Assessing latitudinal and elevation patterns of exposure across
vegetation types

We analyzed the latitudinal and elevation effects of climate on each
vegetation type and assessed the degree of vegetation climate exposure
for the major forest types, including the Gondwanic Nothofagus, Arau-
caria, Austrocedrus, Fitzroya, and Sclerophyllous forests.

We extracted raster values from a digital elevation model (DEM)
at the same spatial resolution of our climate variables (30 arc-
seconds), as well as the associated latitudes for all pixels of each veg-
etation type's range and calculated its mean elevation and latitude.
We related these values to the baseline (1960–1990) climate condi-
tions for each vegetation type's pixels, using the 5% frequency values.
We also calculated the elevation and latitudinal range as the maxi-
mum elevation/latitude minus the minimum elevation/latitude for
each vegetation type.

We assessed relationships between mean elevation, mean latitude,
elevational range, and latitudinal range on exposure across vegetation
types by fitting separate linear models with each geographic parameter
as a univariate predictor and mean exposure as the response variable.
We repeated these analyses for exposure calculated from each future
climate forecast.
4

3. Results

The RCP4.5 scenario presented lower climate risk than the RCP8.5
scenario, with 16.5–24.18% of the country under high-risk categories
(high, very high, and non-analog) by 2080. By comparison, 31.4–43.6%
of Chile was classified as high risk under the ‘business-as-usual’
(RCP8.5) scenario. While lower emissions may eventually be achieved,
we focus the paper on the currently more accurate RCP8.5 scenario
(Schwalm et al., 2020). We provide results for the RCP4.5 scenario in
Supporting Information (Appendix S4 Table S8, Fig. S4). Models showed
greater climate exposure under HadGEM2-ES than in MIROC5 (Fig. 2,
Supporting information Appendix S4, Fig. S4). Under RCP8.5,
27.8–43.6% of the current protected areas (PAs) and 32.2–43.6% of the
non-protected areas are in higher risk categories (Fig. 3, Supporting in-
formation Appendix S2 Table S1).

3.1. Vegetation climate risk exposure

There were marked differences in the level of climate exposure
among vegetation types under RCP8.5 (supporting information Appen-
dix S5). We found that most of the main vegetation types both within
and outside of the protected areas are in high climate risk (Table 1).
This is particularly relevant for the case of Nothofagus forests that repre-
sent nearly 50% of the forested areas of the country, 52–100% of the area
of these types within PAs are at high climate risk, with a similar level of
exposure (43–99%) for areas outside PAs. For example, the entire extent
(100%) ofN. obliqua-N. glauca (34 km2) in PAs is under high climate risk
as well as over 99% of its total distribution (Table 1, Fig. 4a). A limited
area of low climate risk in its southern distribution in the Andes moun-
tains at 36.5°S represents a possible conservation target (Fig. 4a). The
situation is not quite a dire forN. obliqua –N. alpina –N. dombeyi forests,
which have 52–61% of their extent in PAs is at high climate risk, but
which have an additional 2043–3032 km2 outside PAs in areas of low
climate risk (Table 1). Chile's Gondwanic coniferous forests have small
ranges and all are already endangered (IUCN, 2020). For example,
Araucaria araucana and Fitzroya cupressoides forests,which arewell rep-
resented in protected areas (44.8% and 63.8% of their range respec-
tively), face high climate risk for >95% of their extents not only within
PAs but also beyond PAs (Table 1, Fig. 4b, c). However, we did identify cli-
mate refugia in the coastalmountain range at 37.9°S forA. araucana andat
41°S for F. cupressoides (Fig. 4b, c). Finally, the core biodiversity hotspot of
Chile's Winter Rainfall forests, the Sclerophyllous forest and Valdivian
rainforest, differ in protected area and climate risk. Only 1.7% (238 km2)
of Sclerophyllous forest is under protection, of which 29% faces high cli-
mate risk (Table 1, Fig. 5a). Our analysis identifies two climate refugia
for this type, one in the Coast mountains (33°S) and other in the Andes
(34.5°S) (Fig. 5a). About 38% (9259 km2) of Valdivian rainforest is
currently protected, of which 33.4–35.3% is under high climate risk
(Table 1, Fig. 5b). For Valdivian rainforest, we found climate refugia in
National Parks, at Chiloé 42°S and southern Isla Magdalena 44–47°S
(Fig. 5b). More information about other vegetation type can be found in
the supplementary information (Appendix S6).

3.2. Latitudinal and elevation patterns of exposure across vegetation types

Climate change risk has latitudinal and elevation patterns across
Chile, but these depend to some degree on the GCM considered. For ex-
ample, exposure risk increases with elevation when considering
MIROC5 (βmean elev = 0.072, 95% confidence interval (CI) = [0.015,
0.131]), and the highest elevation vegetation type, Altiplanic Steppe,
had among the highest risk of exposure (Fig. 6e, Fig. S12). However,
while exposure risk also increased with elevation when considering
HadGEM2-ES, this relationship was not statistically significant (βmean

elev = 0.061, 95% CI = [−0.046, 0.168]; Fig. 6a). This is perhaps due to
a higher degree of variance of exposure for vegetation types with
mean elevations <2000 m based on that GCM.



Fig. 2. Projected future climate exposure for Chile: a) Baseline (1960–1990) baseline scenario, b) future (2061–2080)MIROC5 RCP8.5 and HadGEM2-ES RCP8.5 emission scenario. Yellow,
orange, red and black colors represent increasing levels of climate risk (Low,Medium,High, VeryHigh,Non-Analog, respectively). (For interpretation of the references to color in thisfigure
legend, the reader is referred to the web version of this article.)
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We also found that mean exposure had strong latitudinal patterns
when considering projections based on HadGEM2-ES with vegetation
types towards the south having increasing risks of exposure (βmean lat

= −0.01, 95% CI = [−0.02, −0.001]; Fig. 6c). For example, Patagonic
Steppe is one of the most southerly distributed vegetation types
(mean latitude = 50.28°S), and had a mean exposure of 0.94 consider-
ing based on HadGEM2-ES. Yet, for the MIROC5 GCM, we did not find a
statistically significant relationship between latitude and exposure
(βmean lat = 0.002, 95% CI = [−0.005, 0.007] Fig. 6g). That said, results
from both models indicated that some northerly distributed vegetation
types are also at high climate risk, notably Altiplanic Steppe (Supporting
information, Fig. S8).

Generally speaking, vegetation types with narrower elevation
ranges had higher mean exposure rates, although these trends were
5

not statistically significant with either GCM (MIROC5: βelev size =
−0.022, 95% CI = [−0.053, 0.007]; HadGEM2-ES: βelev size = −0.034,
95% CI = [−0.086, 0.019]; Fig. 6b, f). Many vegetation types with
small elevational ranges had high risk of exposure, such as Araucaria
araucana (Fig. 4b), Alerce (Fig. 4c), and Patagonic Steppe (Table 1) But
we found a few exceptions, such as some Cypress forests that were
very narrowly distributed with only moderately high risk of exposure.

Similarly, we found the general trend that vegetation types with
smaller latitudinal range sizes had higher mean exposure rates, but
this finding was only statistically significant based on results from the
MIROC5 GCM (βlat size = −0.006, 95% CI = [−0.009, −0.003];
Fig. 6h). Results from the HadGEM2-ES qualitatively matched this pat-
tern, but were not statistically significant (βlat size = −0.006, 95% CI =
[−0.012, 0.001]; Fig. 6d).



Fig. 3. Land cover types of Chile projected in different climate risk categories at the end of the century for the RCP8.5 emission scenarios for PAs (green) and non-PAs (grey). The categories
are based on the percentage of pixels for a given land cover or vegetation type that are with the Baseline period (1960–1990) in terms of the percentage of change of exposure: low (blue,
0%–80%, central 80% of the baseline frequency distribution of climate for a type); medium (yellow, 80%–95%); high (orange, 95%–99%); very high (red, 99%–100%); and non-analog (black,
outside 100%). Scores shown values for the two global circulation models (GCMs) evaluated under the Baseline, and RCP8.5 emissions scenario (Supporting Information). (For interpre-
tation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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As mentioned above, there are some notable exceptions to these
general patterns in latitude and elevation (Fig. 2). The Andesmountains
show high climate risk from central Chile (33°S) to northern Patagonia
(43°S), coinciding with their decreasing elevation. Between latitude
43°S to 50°S in the Andes, we found a mixed pattern of low-exposure
and high-exposure that coincided with differences in elevation. Like-
wise, some geographically flat areas show high risk, such as in the
north of the country, mainly in and around of the Atacama Desert and
coastal areas (21°S). Similarly, in central Chile, the intermediate flat de-
pression (“central valley”) between the coastal mountain range and the
Andes mountains (33°S–35°S) showed high climate exposure. Finally,
we found climatically stable areas in the high Andes between 27.5°S
and 32.5°S and in the austral Tierra del Fuego island in Patagonia (55°S).
Transverse valleys that cross from the Andes Mountains to the coast (lat-
itude 29°S–31°S) also show low climate exposure and relative stability.

Nevertheless, when controlling for all four factors considered (mean
elevation, mean latitude, elevational range size, and latitudinal range
Table 1
Future climate risk exposure (year 2060–2080) for the main vegetation types for both GCMs i

Vegetation type Non-protected

Area [km2] Low climate risk (%) High

Altiplanic Steppe 13,433 1.4–3.6 96.4–
Succulents 659 18.4–23.3 76.6–
Central Andes Steppe 4947 28.5–33.0 67.0–
Sclerophyllous forest 13,675 35.1–40.4 59.6–
N. obliqua - N. glauca 2087 0.1–0.9 99.1–
Austrocedrus chilensis 550 16.0–20.4 79.6–
N. obliqua - N. alpina - N. dombeyi 13,357 15.3–24.2 75.8–
Araucaria araucana 1840 2.0–3.5 96.5–
N. dombeyi - N. alpina - L. philippiana 7003 8.6–14.1 85.9–
Fitzroya cupressoides 1320 2.8–4.5 95.5–
Valdivian rainforest 24,058 26.4–31.4 68.6–
N. betuloides 5900 32.6–49.1 50.9–
N. pumilio 29,394 42.0–57.0 43.0–
Patagonic Steppe 6010 8.8–42.9 57.1–
Pilgerodendron uviferum 1311 33.0–48.9 51.1–
Salares 7340 7.7–12.4 87.6–
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size) in a single model, the mean elevation of a vegetation type is a con-
sistently positive and significant indicator of climate exposure risk under
either climate change scenario, and is perhaps the most important pre-
dictor. The mean latitude of a vegetation type is also an important pre-
dictor (i.e., more southerly distributed vegetation types are generally at
greater climate exposure risk), especially under the HadGEM2-ES GCM.

4. Discussion

We found that climate risk for vegetation in Chile is widespread
across all latitudes, with 31.4–43.6% of the entire land area projected
to move into high climate exposure categories. Our results provide evi-
dence to consider for country-level conservation and adaptation plan-
ning and evidence-based decision-making, and can be used to identify
and manage priorities for individual vegetation types.

Our results offer information for climate change adaptation andmit-
igation for Chile's natural vegetation types (Table 1, Figs. 2–3). We also
n RCP8.5. For detailed information see Fig. 3 and Supplementary information.

Protected

climate risk (%) Area [km2] Low climate risk (%) High climate risk (%)

98.6 1548 9.2–18.3 81.7–90.8
81.6 27 2.9–58.7 41.3–97.1
71.5 292 36.6–44.0 56.0–63.4
64.9 238 70.4–70.4 29.6–29.6
99.9 34 0.0–0.0 100–100
84.0 50 20.2–27.9 72.1–79.8
84.7 793 38.5–47.3 52.7–61.5
98.0 824 2.8–4.5 95.5–97.2
91.4 1653 33.4–39.5 60.5–66.6
97.2 842 1.1–2.7 97.3–98.9
73.6 9259 64.7–66.6 33.4–35.3
67.4 10,568 31.9–48.0 52.0–68.1
58.0 6961 24.6–38.3 61.7–75.4
91.2 362 2.8–8.3 91.7–97.2
67.0 2845 38.8–60.3 39.7–61.2
92.3 954 0.0–6.0 94.0–100.0
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highlight the need to increase the representativeness of vegetation
types in the country's PAs (Table 1) the majority of which have climate
refugia predominantly outside the current stablished areas, whether by
expanding current PAs or establishing new PAs depending on the vege-
tation type. This information is relevant for the establishment of new
protected areas and may help inform national efforts for conservation
planning (e.g. Chile's National Strategy for Climate Change andVegetation
Resources (ENCCRV, 2017), and National Protection Plan of Wetlands
(MMA, 2018)). At the national scale, our climate risk maps can be
used to identify which governmental administrative units need to
be coordinated for climate adaptive measures (Choe and Thorne,
2019). For individual types, such as N. obliqua-N. glauca (Fig. 4a)
and Salares (Fig. S9), their small extent of climate refugia within
current protected areas and few opportunities for future climate sta-
bility outside PAs, suggest more localized research is needed to
ensure their survival. For example, Araucaria araucana and Fitzroya
cupressoides, are well-represented in Chile's PAs (Table 1), but
show high climate risk within the national reserves and few oppor-
tunities for climate refugia outside them. For vegetation types such
as these, climate adaptive conservation and management strategies
such as increasing connectivity (Stralberg et al., 2020) and landman-
agement treatments intended to increase climate resilience (Millar
and Stephenson, 2015; O'Donnell et al., 2018) are critical. Both for-
ests types that comprise Chile's Winter Rain biodiversity hotspot
(Sclerophyllous forest and Valdivian rainforest) have climate refugia
outside current PAs, highlighting the need to stablish new protected
parks and private protected areas. Such actions would also support
Chile's obligation to the Aichi-Convention on Biological Diversity
goal of 17% of protection of each ecosystem, to be reflected in na-
tional policy (MMA, 2017). This is particularly relevant for these
two forest types, whose high endemism are the result of long periods
of climate stability, which increases their vulnerability to climate
change (Trew and Maclean, 2021). Finally, some of the vegetation
types analyzed here are well represented within PAs that have
climate refugia within them (e.g., N. betuloides, Pilgerodendron
uviferum).

Conservation planning that integrates multiple approaches is likely
more effective than planning that relies on a single analytical approach,
especially under changing conditions (Schmitz et al., 2015). Our in situ
climate risk assessment provides a tool for conservation planning
nationally that can complement current efforts based on species distri-
bution models (Supporting information Appendix S1). For example,
predictions of gains in species richness and increased species turnover
along increasing elevation in the Andes mountains of central Chile
(35°S) (Fuentes-Castillo et al., 2019) contrasted with our results. This
is likely related to different study objectives (species versus vegetation
types) and the modeling approach employed (i.e., spatially-dynamic
species distribution models versus in situ vegetation risk). However,
our approach facilitates identifying areas predicted to have high climate
exposure, which is consistent with areas Fuentes-Castillo et al. (2020)
identified as more likely to experience high ecological turnover, and
where species fromother vegetation typesmay be able to competitively
establish. Additionally, areas we identify as climate-stable vegetation
refugia (Thorne et al., 2020), including the pristine native vegetation
in Southern Patagonia (Terra del Fuego 53°S), are similar to locations
where other studies suggest plant species richness may increase in the
future under climate change (Fuentes-Castillo et al., 2020). In this
case, our study can provide context for land managers as they decide
if they whether or not to try to invest in retaining existing dominant
vegetation, or to allow some areas to transition to other vegetation
(Millar and Stephenson, 2015).

Portions of the Andesmountains in Chile are thought to act as climate
refugia due to the large elevational gradients (Elsen et al., 2018). Our re-
sults suggest that the Andes will be climate-stable only between lati-
tudes 19°S to 31°S, representing both a warning of low overall refugia
potential generally in Chile, but also a time-sensitive opportunity for
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conservation planning in the identified possible refugia that do exist.
Context is key to achieving conservation objectives (Jarzyna and Jetz,
2018), and we observed that some agricultural, ranching and forested
landscapes are expected to be climatically stable. These areas, at rela-
tively low elevation (150–400 m a.s.l.) and with flat topography, were
predicted to have lower future climate risk at latitude 39°S (agriculture
and exotic forest plantations) and around latitude 41°S (grazed grass-
lands). These climate-stable areas may have substantial adaptation ben-
efits to biodiversity, so regulatory, incentive, or voluntary actions to
support biodiversity without sacrificing livelihood potential in these
areas could be viable conservation strategies, such as the implementa-
tion of sustainable silvopastoral systems (Garibaldi et al., 2020; Kremen
and Merenlender, 2018).

Regions in Chile with high climate exposure are likely to face species
turnover, with associated changes in ecosystem function, community
composition, and biodiversity patterns (Williams and Jackson, 2007).
Conservation strategies for these areas could include: management to
increase resilience of existing vegetation (Watson et al., 2018); the de-
velopment ofmigration corridors (Keeley et al., 2018), restoration of de-
graded habitat (Meyer et al., 2021), potentially with plant species
anticipated to be adapted to future climate conditions; and policies
that promote a diversity of land cover typeswith heterogeneous climate
niches (Elsen et al., 2020a). For example, retaining intact native forests
with high canopy cover that can resist seed invasion in Nothofagus for-
ests (Gómez et al., 2019) could also provide thermal buffering for mul-
tiple taxonomic groups (Scheffers et al., 2014). Similarly, stronger
government regulation of the frequent practice of leaf-litter removal
in central Chile for horticultural purposes could increase resilience to
climate change in Sclerophyllous forest and prevent the advance of de-
sertification (Fuentes et al., 2014).

Our assessment of latitudinal patterns of exposurewas partially con-
sistent with previous studies that found higher warming rates at high
latitude (Nolan et al., 2018). We found that vegetation types restricted
to a smaller range of latitudes tended to have higher risk of exposure,
at least under the MIROC5 GCM (Fig. 4). We also found elevational gra-
dients of climate risk when based on the MIROC5 GCM, with exposure
increasing with elevation, especially for species with a restricted latitu-
dinal range of distribution, but notwhen based onHadGEM2-ES (Fig. 4).
However, apparent differences we observed could be related to the in-
teraction of latitude and elevation, as the Andes reach their highest ele-
vation at Mt. Aconcagua (6962 m above sea level, around 33°S) and
decrease in elevation towards southern latitudes. The relationship
between latitude and exposure was also influenced by the GCM consid-
ered, as we found different spatial patterns of risk between HadGEM2-
ES andMIROC5 for vegetation types that have large latitudinal distribu-
tions. Therefore, for climate adaptive conservation planning, we caution
that climate risk assessments can be sensitive to both the spatial scale
considered and choice of modeled climate data (Fordham et al., 2011).
In addition to elevation and latitude, maritime influence is another fac-
tor potentially influencing the location of low climate-exposure areas in
Chile. While this potentially confounded our analysis of elevation range
size and climate exposure (Johnstone and Dawson, 2010), we did iden-
tify coastal areas of vegetation refugia, located at 31°S and 53°S.

Our results are consistent with previous research that predicted
novel climates at low elevations (Mahony et al., 2018). We also found
locations of non-analog climates at lower elevations near the coast in
the central north of the country, particularly in the Atacama Desert
(Fig. 3). It is likely that non-analog conditions in the Atacama desert
will increase the already stressful climate that these plants are adapted
to with detrimental consequences for their conservation (Díaz et al.,
2019), opposite to the relaxation in environmental conditions found
in other non-analog climates (Mahony et al., 2018).

Finally, our analysis may also inform vegetation risk status for simi-
lar vegetation types. Some of the Altiplanic steppe vegetation is shared
in the north of the country with Perú, Bolivia and Argentina, as well
as, part of the Nothofagus forest is also found in Argentina (Moreira-
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Fig. 5. Projected future climate exposure for Sclerophyllous forest (a) and Valdivian rainforest (b) for Baseline scenario (1960–1990), and future (2061–2080) emission scenarios MIROC5
RCP8.5, and HadGEM2-ES RCP8.5 emission scenario. Yellow, orange, red and black colors represent increasing levels of climate risk. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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Munoz, 2011). Performing similar analysis in these countries can also
inform and unite conservation planning efforts for the southern cone
of Latin America.

4.1. Caveats and future research

The arid and hotter conditions predicted by the GCMs we used
(Fig. 2, Supporting Information Appendix S3, Figs. S1, S2, Tables S3,
S4) were consistent with an observed increase in wildfires over the
past two decades (Úbeda and Sarricolea, 2016). Recently, wildfires
have burned large areas of central Chile (CONAF, 2018), and these
burned areaswere not considered in our current assessment, indicating
that the climate risk we report is likely a conservative estimate. Addi-
tionally, colonization success in burned areas by invasive species used
for forest plantations (Pinus and Eucalyptus) can increase threats to na-
tive forests by competition displacement and increase wildfire risk
Fig. 4. Projected future climate exposure for N. obliqua-N. glauca (a), Araucaria araucana (b),
emission scenarios MIROC5 RCP8.5, and HadGEM2-ES RCP8.5 emission scenario. Yellow, oran
the references to color in this figure legend, the reader is referred to the web version of this ar
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(highly flammable species) (Bowman et al., 2019). Given the need for
conservation planning to implement over the next fewdecades, another
round of climate exposure analysis for more near-term impacts, com-
pared to our predictions for 2070, such as conducted by Thorne et al.
(2017a), may be useful for Chilean governments. Future studies could
also integrate changes in species distributions, biotic interactions,
species adaptability to future climates, and land use projections to our
maps of climate risks for native vegetation (Mantyka-Pringle et al.,
2015). For example, plant adaptability could also play a key role
under climate change, with some plants able to persist even under
future climate conditions. In this regard, place-based species and
community-level monitoring and experiments focused on phenolog-
ical and demographic dynamics can help to improve climate risk pre-
dictions (Parmesan and Hanley, 2015). Threats from climate change
are likely to interact with threats from land use change (Elsen et al.,
2020b; Thorne et al., 2017b), especially in mountainous regions
and Fitzroya cupressoides (c) for Baseline scenario (1960–1990), and future (2061–2080)
ge, red and black colors represent increasing levels of climate risk. (For interpretation of
ticle.)



Fig. 6. Climate exposure relationships across vegetation types considering elevation (mean and range), and latitude (mean and range) for HadGEM2-ES (a–d) andMIROC5 (e–h) GCMs. Black
lines are linearmodel fitswith shaded regions depicting 95% confidence intervals. Note that SandDunes is omitted in the figure for display purposes only but is included in the linearmodel fits.
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where intact vegetation may become suitable for agriculture in the
future (Hannah et al., 2013). The implications of these gaps should
be considered and complemented with other approaches in future
research to effectively guide conservation planning.

Despite these limitations, our approach is uniquely capable of evalu-
ating with precision the climate risk for all of Chile's major vegetation
and land cover types. Moreover, our climate risk assessment can be
coupled with other data sets (e.g., soil maps, hydrology models, species
distribution models) in order to provide a comprehensive risk evalua-
tion (Thorne et al., 2017a).

5. Conclusions

Our results agree that biodiversity hotpots present few climate
refugia under climate change (Brown et al., 2020) and are at high risk
from climate change (Aukema et al., 2017; Bellard et al., 2014; Le Roux
et al., 2019). We found that narrowly distributed vegetation types
have higher climate risk, but that for some types, maritime influence, to-
pographic, and microclimatic conditions may provide areas of refuge
(e.g. A. araucana and F. cupressoides). The lower-risk areas highlighted
in this study are potential “vegetation refugia” (Thorne et al., 2020),
areas that are conservation and restoration priorities, with the goal of
maintaining current ecosystem functioning and patterns of biodiversity.
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