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INTRODUCTION
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Abstract

Central America and the Caribbean are regularly battered by megadroughts, heavy rain-
fall, heat waves, and tropical cyclones. Although 21st-century climate change is expected
to increase the frequency, intensity, and duration of these extreme weather events (EWEs),
their incidence in regional protected areas (PAs) remains pootly explored. We examined
historical and projected EWESs across the region based on 32 metrics that describe distinct
dimensions (i.e., intensity, duration, and frequency) of heat waves, cyclones, droughts, and
rainfall and compared trends in PAs with trends in unprotected lands. From the eatly 21st
century onward, exposure to EWEs increased across the region, and PAs were predicted to
be more exposed to climate extremes than unprotected areas (as shown by autoregressive
model coefficients at p < 0.05 significance level). This was particulatly true for heat waves,
which were projected to have a significantly higher average (tested by Wilcoxon tests at
p < 0.01) intensity and duration, and tropical cyclones, which affected PAs more severely
in carbon-intensive scenatios. PAs were also predicted to be significantly less exposed to
droughts and heavy rainfall than unprotected areas (tested by Wilcoxon tests at p < 0.01).
However, droughts that could threaten connectivity between PAs are increasingly com-
mon in this region. We estimated that approximately 65% of the study area will experience
at least one drought episode that is more intense and longer lasting than previous droughts.
Collectively, our results highlight that new conservation strategies adapted to threats asso-
ciated with EWEs need to be tailored and implemented promptly. Unless urgent action is
taken, significant damage may be inflicted on the unique biodiversity of the region.

KEYWORDS
climate adaptation, climate change, climate exposure, conservation planning, droughts heavy rainfall, hurricanes,
restoration

Trujillo et al., 2023; Kreyling et al., 2014; Smale & Wernberg
2013). Understanding the historical and future trajectories of

Despite widespread recognition of climate change effects on
biodiversity (Pecl et al., 2017; Pereira et al., 2012), the impacts
of extreme weather events (EWEs) have received limited atten-
tion. Yet, compared with gradual climate changes, EWEs can
have more devastating effects (Harris et al., 2018; Sabater et al.,
2022; Wethey et al., 2011). Disruption of species’ life cycles,
local population collapses, habitat loss, connectivity disruptions,
and community disassembly are just some of the consequences
of EWEs (Buckley & Huey 20106; Franga et al., 2020; Gonzalez-

EWEs is thus critical for effective biodiversity conservation
planning in the face of climate change.

Regions near the equator, including Central America, Africa,
and South Asia, are particularly exposed to a combination of
several forms of extreme climate changes (Garcia et al., 2014;
Thompson et al., 2023). Central America and the Caribbean
region are notoriously affected by EWES, such as heat waves,
heavy rainfall, droughts, and tropical cyclones (Cook et al., 2022;
Reyer et al.,, 2017; Taylor et al.,, 2012). The impact of these
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events on the region’s unique biodiversity has not been exten-
sively studied, but several projections indicate that the intensity,
frequency, and duration of EWEs will increase in the future
(Avila-Diaz et al.,, 2023; Castellanos et al., 2022). However,
some important questions remain: would protected areas (PAs)
be well placed to act as buffers against the effects of EWEs
on biodiversity; would they be disproportionately exposed to
them; and are there areas in Central America and the Caribbean
projected to be consistently overexposed or underexposed to
EWEs? In other words, can areas that will require greater pro-
tection from EWEs in the future and areas that could serve as
climate refugia be identified?

We quantified the exposure of Mesoamerican and Catibbean
PAs to historical (observed) and future (projected) EWEs.
EWEs can be characterized by metrics describing their intensity,
frequency, duration, or interactions among these 3 dimensions.
In addition, they can focus on different climate variables, such
as high temperatures (heat waves), peaks and shortages of pre-
cipitation (heavy rainfall and droughts, respectively), and strong
wind speeds (tropical cyclones). Using climate metrics charac-
terizing 4 dimensions and 4 variables across dry and wet seasons,
we asked whether exposure to EWEs is more pronounced in
PAs or across unprotected territory. We used historical daily
time series, projections of future climate change, and 3 socioe-
conomic scenarios (IPCC, 2021) to answer this question. We
then quantified overexposure to EWEs in the future to iden-
tify areas with low and high probabilities of exposure to EWEs
in the next 70 years. Finally, we mapped regional patterns
of the lowest overexposure-to-EWEs scores to help identify
regions potentially suitable for PA expansion, conservation, or
restoration.

METHODS
Climatic data

We investigated changes in exposure to EWEs from 1952
until 2100 with gridded data on temperature, wind speed, and
precipitation with a daily temporal resolution and a spatial res-
olution of 0.5° X 0.5°. Climatic data were retrieved from the
ISIMIP portal (https://data.isimip.org, accessed on 10 January
2023), which contains downscaled and bias-adjusted climatic
data (method ISIMIP3BASD 2.5 [Lange et al., 2020]) genet-
ated using different CMIP6 models. To compute metrics, we
used daily values obtained by the GFDL-ESM4 model under 3
shared socioeconomic pathways (SSPs) (SSP126, SSP370, and
SSP585) (IPCC, 2021). This model was chosen because of its
reliability to reproduce extreme values (Chen et al., 2020). In
SSP126 (sustainability scenario), the world gradually and exten-
sively shifts toward a more sustainable path. In SSP370 (regional
rivalry scenario), countries prioritize the achievement of climatic
security in their own regions even if it comes at the expense of
broader-based development. In SSP585 (fossil-fueled develop-
ment), global progtress heavily depends on fossil fuels, leading
to high emissions that result in a radiative forcing of 8.5 W/m?
by 2100.

Metrics of exposure

A wide array of metrics exists to describe the multiple dimen-
sions of EWEs (Gonzalez-Trujillo et al., 2023). Metrics can be
used to describe an EWE in terms of its unusual frequency,
intensity, or duration and be based on different sets of variables,
such as temperature, precipitation, and wind speed. We calcu-
lated the intensity, frequency, duration, and interaction between
intensity and duration (4 dimensions) of heat waves (i.e., tem-
perature driven), meteorological droughts (i.e., precipitation
driven), heavy rainfall (i.e., precipitation driven), and tropi-
cal cyclones (i.e., driven by wind speed) (4 climatic variables)
(Table 1). Mettics were computed separately in 0.5° X 0.5° grid
cells for the dry season (i.e., December to April) and the wet sea-
son (i.e., June to October) (Table 1). This resulted in 32 metrics
(4 dimensions, 4 climatic variables, and 2 seasons) describing
exposure to EWEs across the Caribbean and Central America
from 1952 to 2100 under the 3 SSPs. Data and dynamic repre-
sentations of exposure metrics are available at GitHub (https://
github.com/jdgonzalezt/extremeEventsProtected Areas).

Protected areas

PA boundaries were obtained from the WDPA database
(https://www.protectedplanet.net/en/thematic-areas /wdpa?
tab=WDPA, accessed on 10 March 2023). We included PAs
classified as IUCN (International Union for Conservation
of Nature) management categories I-VI and areas with no
assigned management category because these may still offer
reasonably high levels of protection. The shapefile was clipped
to the landmass of the Central America continent and the
Caribbean islands, based on the Global Administrative Areas
Database (http://gadm.org), so as to keep the terrestrial
component of coastal PAs. PA shapefiles were merged using
ArcGIS 10.2.

To establish a binary classification of protected and unpro-
tected grid cells, and following Aratjo (2004), we tested a full
range of thresholds (i.e., percentage grid cell area protected),
from 0% to 100% (at a decimal basis), and chose the one that
best approximated the total area of the protected grid cells to the
total area covered with PAs in the region (i.e., a 40.9% thresh-
old for PAs in a grid cell) (Appendix S1). Because the region has
several small PAs scattered within the grid cell mesh, we also
examined patterns obtained using a 20% PA threshold. This
analysis enabled us to quantify exposure of EWE on smaller
PAs. Herein, we present results derived from the 40.9% thresh-
old (henceforth referred to as 41%), but they were qualitatively
similar to those obtained using the 20% threshold (Appendix
S2).

Statistical analyses
Unless specifically stated otherwise, all modeling processes were

conducted using R 4.2.1 (R Core Team, 2022). The analyses
included all protected and unprotected grid cells in the study
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TABLE 1 Climate metrics used to measure the multiple dimensions of extreme weather events.

Dimension Metric (abbreviation) Description

References

Intensity Number of extreme

standardized anomalies

Number of standardized anomalies above 3 SD computed using
maximum or minimum (in the case of meteorological droughts) daily

Gonzalez-Trujillo
etal., 2023

(nSA) values in a season or year

Intensity and Cumulative intensity of

Cumulative mean of the excess magnitude of any climatic variable

Perkins & Alexandet,

linearly weighted by the duration of the event; persistent event (PE) 2013
defined as 5 or more consecutive days where the daily maximum is

above or daily minimum is below (in the case of meteorological
droughts) the established threshold (P95th or P5th)

Median number of consecutive days per season or year where the daily

Sillmann et al., 2013

maximum (or minimum in the case of meteorological droughts) is

above or daily minimum is below the established baseline (P95th or

duration persistent climate
extremes (MCI)
Duration Duration of persistent
climate extremes (MRT)
P5th)
Frequency Persistent climate extremes

Number of events in which daily maximum is above, or daily minimum

Buckley & Huey, 2016

is below (in the case of meteorological droughts), the established
(PE) threshold (P95th or P5th) for 5 or more consecutive days

Abbreviations: MCI, mean cumulative intensity; MRT, mean residency time; nSA, number of standardized anomalies above 3 SD; P5th, 5th percentile; P95th, 95th percentile.

window. Spatial data sets were reprojected to conform to the
WGS84 projection system.

We used a spatial autocorrelation modeling framework (Ver
Hoef et al.,, 2018) to investigate whether exposure to EWEs dif-
fered between protected and unprotected areas on an annual
basis. First, we calculated the isotropic semivariograms for each
metric, variable, season, and PAs to determine the geographi-
cal extent of the autocorrelation signals. We used the variogram
function from the gstat R package (Griler et al., 20106) to fit
an exponential model that best fitted the empirical values of
all cases. Neighborhood weights for each grid cell were then
determined based on autocorrelation ranges. Spatial lag vectors
were derived for each variable, metric, season, and PA with the
lag listw function of the spdep R package (Bivand, 2022).

Linear regression models were formulated with each vari-
able X indicator X season as the dependent variable and the
lag vector and an indicator variable discriminating between pro-
tected and unprotected grid cells as predictors. The coefficients
associated with the indicator variables indicate the average rel-
ative exposure in PAs compared with unprotected areas. We
controlled for the structure of spatial autocortelation. Thus, a
coefficient significantly different from zero (p < 0.05) indicated
that exposure to EWEs was higher (for positive coefficients)
or lower (for negative coefficients) in PAs compared with
unprotected grid cells. We built linear models by merging the
normalized scores of the 32 metrics. Given that the different
metrics were measured using distinct units, to ensure consis-
tency, the data for each metric and year were standardized from
zero to one. We ran additional models for the combination of
each climatic variable and season independently.

We conducted a complementary analysis with the Wilcoxon
rank-sum test to compate historical and future values for each
metric inside and outside PAs. For both periods (historical,
1952-2016; future, 2016-2100) and for each of the 32 EWE
metrics, the Wilcoxon test was performed using the R function
wilcox.test to determine whether the distribution of exposure
values differed significantly between protected and unprotected

grid cells (significance level p < 0.01). Additionally, we com-
puted the Cliff’s delta (Cliff, 1993) effect size to determine the
magnitude and direction of the differences. Cliff’s delta esti-
mates the probability that a value selected from one of the
groups being compared is greater than a value selected from
the other group. It varies from —1 to +1; values farther from
zero indicate the absence of overlap between the 2 groups. In
our analyses, negative values indicated that unprotected cells
had greater exposure to extreme climate than protected cells,
whereas positive values indicated the opposite. Cliff’s delta was
calculated using the cliff.delta function of the effsize R package
(Torchiano, 2020).

To quantify future overexposure to EWEs, we initially iden-
tified the maximum recorded values for each metric in the
historical period (1952-2016, hereafter referred to as historical
threshold) for each grid cell. We then compared the predicted
future values of each grid cell in each year with the histori-
cal threshold and identified the grid cells with predicted values
greater than historical ones. To characterize the degree of over-
exposure of each grid cell for the future period (2016-2100), we
calculated 2 scores: years of overexposure (i.c., number of years
a given grid cell was predicted to present exposure values higher
than the historical threshold) and magnitude of overexposure
(i.e., difference, in the units of each metric, between the histori-
cal threshold and the maximum future value estimated for each
grid cell).

We computed the overexposure scores for the metric that
showed the greatest Cliffs delta for each type of EWE
(Appendix S3): the number of standardized anomalies above 3
SD (nSA) for tropical cyclones, which measures intensity; the
mean residency time (MRT) for heat waves, which measures
duration; nSA for rainfall, which measutes intensity; and the
mean cumulative intensity (MCI) for droughts, which measures
the interaction between intensity and duration. Details on these
metrics are in Table 1.

To illustrate the usefulness of metrics for strategic conser-
vation planning, we used the overexposure scores to delineate
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FIGURE 1 Comparison of annual exposure to extreme weather events
inside and outside protected areas (PAs) from 1952 to 2100 historically and
under 3 shared socioeconomic pathways (significant differences at p < 0.05;
blue, exposure to EWEs is significantly greater outside PAs; red, exposure is
significantly greater inside PAs; lack of a bar, no significant difference between
protected and unprotected areas).

areas with conservation and/or restoration potential owing to
their low exposure to future EWEs. Specifically, we identified
grid cells with values below the 25th percentile of each of the
2 overexposure scores computed for each type of EWE (see
above), resulting in 4 maps of the region showing cells with low
exposure to intense tropical cyclones, prolonged heat waves,
intense and prolonged droughts, and intense rainfall. We then
overlaid the 4 maps to identify cells with low exposure to one or
more extreme events.

RESULTS

Our primary goal was to describe patterns of exposure under
a moderate climate change scenario (SSP370). Results based on
the carbon-limited (SSP126) and intensive-emissions (SSP585)
scenarios are in Appendices S4 and S5. Findings with these
scenarios were qualitatively similar to those of the SSP370.

Temporal changes in exposure inside and
outside PAs

Through the study period, exposure to EWEs vatied between
protected and unprotected areas. Before 1997, overall expo-
sure to EWESs, as estimated by grouping all metrics, was higher
outside PAs than inside. From the early 21st century onward,
PAs consistently faced greater exposure to extreme events than
unprotected areas, irrespective of the SSP considered (as deter-
mined by the coefficients of spatial autoregressive models with
a significance level of p < 0.05) (Figure 1; Appendix S6).
Analyzing the 32 metrics, the historically lower exposure to
EWEs in PAs was estimated to increase significantly in the
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FIGURE 2 Comparison of historical and future exposure to multiple
dimensions of extreme (a) heat waves, (b) cyclones, (c) drought, and (d) rainfall
between protected (PA) and unprotected areas under shared socioeconomic
pathway SSP370 (Cliff’s delta effect size, differences in exposure; positive
values, higher exposure in protected areas; negative values, higher exposure in
unprotected areas; open squares, variation in exposures historically; solid
squares, variation in exposures in the future; hotizontal lines, 95% confidence
intervals of Cliffs delta). Effect size estimates ate shown for metrics that show
significant differences between groups with the Wilcoxon signed-rank test
(alpha <0.01). Appendix S3 contains the results of the Wilcoxon tests for all
metrics and their respective effect sizes.

future (Figure 2; Appendices S3-S0). Before 2016, unprotected
areas had greater exposure to heat waves of greater intensity and
duration (open squares in Figure 2a) and droughts of higher
intensity, frequency, and duration (open squares in Figure 2c).
In contrast, PAs had higher exposure to tropical cyclone
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duration (open squares in Figure 2d). As projected by the
SSP370 scenario for the remainder of the 21st century, PAs and
unprotected areas faced varying levels of exposure to all dimen-
sions of change, including intensity, duration, frequency, and
interactions (compare filled squares on in the positive and neg-
ative sides of the axis in Figure 2a—d). Projected impacts in PAs
included exposure to more intense and prolonged heat waves
(6 metrics) (Figure 2a), more intense and prolonged cyclones
(6 metrics) (Figure 2) in dry and wet seasons, and more severe
droughts (2 metrics) (Figure 2). Projected impacts outside PAs
included exposure to more frequent heat waves (2 metrics)
(Figure 2a), more severe and extended droughts (especially dur-
ing the dry season) (4 metrics) (Figure 2¢), and more intense and
frequent rainfalls (3 metrics) (Figure 2c).

Geographical variation in projected exposure

Under the SSP370 scenario, we documented heterogeneous
exposure to tropical cyclones, heat waves, droughts, and
precipitation events across the Caribbean and Central Amer-
ica (Figure 3; Appendix S7). Despite these vatiations, the
regions at heightened risk from each event showed consis-
tency across different socioeconomic pathways (Appendices
S8-S11).

Regarding tropical cyclones, 64.2% of the grid cells
(n=1030) in the study area were projected to experience at least
one cyclone surpassing the intensity of previous extreme events.
Throughout the remainder of the 21st century, a majority, about
82.1% of these cells, were projected to face high-intensity events
for fewer than 21 years (orange cells in Figure 3a,b). Specifically,
the Andes, Orinoco, and Amazon regions spanning Colom-
bia, Venezuela, and Brazil were projected to experience more
intense winds during the wet and dry seasons compared with
the baseline period (1952-2016). In addition, the Mesoamerican
corridor (stretching from South Mexico to North Colombia)
will likely be exposed to considerable cyclonic activity, especially
during the dry season (Figure 3a).

Heat waves presented another concern. Most grid cells,
87.5% (n = 1412), were projected to experience at least one heat
wave exceeding the length of the historically longest recorded
event in both seasons. Specifically, Central America was fore-
casted to have heat waves extending over 12 days beyond the
previous record for less than one quatter of the 21st century
(purple cells in Figure 3d). In contrast, the western region of
South America is expected to face such extended heat waves
for over half of the century’s remaining duration (darkest cells
in Figure 3d). Interestingly, a few areas, accounting for 19.7%
of grid cells, were projected to have minimal or no overexpo-
sure. These areas were in the northeastern part of Brazil, some
regions in Venezuela, and the Guianas (gray or uncolored cells
in Figure 3c,d).

Approximately 61% (z = 984) and 67.6% (» = 1091) of grid
cells were forecasted to experience at least one drought event
surpassing the MCI of the historically most extreme dry and
wet year events, respectively. Almost half of these overexposed
cells might endure more severe and prolonged droughts for less

than one quarter of the century’s remaining duration (greenish
cells in Appendix S7).

Conversely, precipitation levels seemed more stable. Precipi-
tation events that exceed past records were projected to occur in
33.25% (n = 525) of grid cells. Broadly speaking, South America
may experience low overexposure to heavy rainfalls. In con-
trast, Florida and the southeastern part of the Gulf of Mexico
might face heightened overexposure, particularly during the wet
season (blue cells in Appendix S7).

Low overexposure cells

The cells in our study area with the lowest exposure to EWEs
during the 21st century are highlighted based on the conver-
gence of 4 metrics (Figure 4). In these cells, it is anticipated that
less than a quarter of the century’s remaining years (<21 years)
will experience EWEs of the lowest overexposure levels (<25th
percentile) under the SSP370 scenario. Details for other SSPs
are in Appendices S12 and S13. For the cells projected to expe-
rience the least overexposure, about 90% of them are likely to
experience either one type of EWE (78.4% during the dry sea-
son and 73.8% in the wet season) or 2 types (20% in the dry and
21.8% in the wet season). Importantly, the aggregate area with
low exposure varied seasonally. It decreased from 52.8% in the
dry season to 39.1% in the wet season. This reduction implies
an increased susceptibility to EWEs during the wet season.

DISCUSSION

PAs are the cornerstone of biodiversity conservation policy and
pivotal to maintaining ecosystem functions and services (Din-
erstein et al., 2020). However, the ability of PAs to achieve
their conservation objectives extends beyond buffering against
extractive activities and effectively managing their local bio-
diversity. It also depends on understanding and addressing
the dynamics of global change, such as gradual warming
(Peters & Darling, 1985). Despite previous studies exploring
the impacts of climate change on PA viability (Aragjo et al.,
2011; Dobrowski et al., 2021; Hannah et al., 2007; Hoffmann
& Beierkuhnlein 2020; Martinuzzi et al., 2016), our study rep-
resents the first comprehensive analysis of PAs’ exposure to
EWEs across Central America and the Caribbean and reveals
that climate change poses substantially greater challenges in
these areas compared with unprotected lands.

PAs, originally designed to preserve iconic landscapes and
wildlife (Thorsell, 1990; Watson et al. 2014), may not always be
adequately located to tackle the 21st-century climate crisis. Cus-
tomizing strategies to effectively mitigate the impacts of EWEs
is imperative to ensure the effectiveness and resilience of PAs.
Our study area provides a compelling example of this impera-
tive, whete PAs in the Mesoamerican corridor and the transition
from the Andes to the Orinoco and Amazon regions, previously
acknowledged as refugia for gradual climate change (Griscom
et al., 2020; Sales & Pires 2023), may prove insufficient without
implementing measures designed to mitigate future impacts of
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FIGURE 3 TFuture overexposure (over-exp) to more intense tropical cyclones in the (a) dry and (b) wet seasons and to prolonged heat waves in the (d) dry and

(d) wet seasons in Central America and the Caribbean under the shared socioeconomic pathway SSP370 (colors, overexposute scotes; yeats of overexposure,

number of years in a future period in which events will be more severe than the worst event in the past; magnitude of overexposure, how extreme the worst future

event will be compared with the worst past event; grid cell values, categorized as below the 25th percentile, between the 25th and 50th percentile, and above the 50th
percentile; bold-bordered grid cells, over 41% of area protected; cyclone intensity, number of standardized anomalies above 3 SD [nSA]; heat wave duration, median

number of consecutive days above the 95th percentile of the maximum daily temperature [mean residency time or MRT]).

tropical cyclones and heat waves in these areas (Figures 2—4). As
such, our findings undetscore the urgent need for management
strategies that go beyond addressing gradual climate change and
explicitly incorporate considerations of EWEs. Failure to do so
may place species at risk. For example, a series of heat waves
occurring in a compressed time frame could imperil the survival
of forest species lacking suitable thermal refugia (Gonzalez-
del-Pliego et al.,, 2020; McKechnie & Wolf 2010; Scheffers
et al,, 2014). Similarly, an increased likelihood of intense trop-
ical cyclones in the near future could compromise the stability
of Mesoamerican ecosystems by altering seedling establishment
and recruitment (Amaral et al., 2023; Comita et al., 2009).
Adapting PAs to EWEs is more challenging than adjusting
to gradual warming because biodiversity responses to EWEs
depend on the specific dimension of change involved, ranging
from rapid and severe disruptions to lagged long-term effects
(Gonzalez-Trujillo et al., 2023). For example, the more intense
cyclones anticipated for the area can rapidly increase mortality
rates across all developmental stages of a population, triggering
mass mortality events and decreasing postdisturbance sutrvival

rates (Frederiksen et al. 2008; Neilson et al., 2020). Conversely,
events expected to become more frequent in the area, such as
heat waves, are likely to have long-term effects on population
dynamics by reducing recruitment and growth rates (Hughes
et al, 2019; Yu et al,, 2022). Finally, events that last for an
extended period, such as droughts and heat waves in the area,
may have delayed effects by gradually altering the recruitment
process through increased mortality and reduced birth rates as
the event persists (Matusick et al., 2018). As such, existing strate-
gies for adapting to gradual climate change might not suffice for
conserving biodiversity if they overlook the multifaceted threats
posed by EWEs, as outlined in Table 2.

In light of our results, identification and preservation of
refugia must consider future exposure to the diverse facets of
EWEs. For example, areas projected to have lower overexpo-
sure to one or more types of EWEs (e.g, colored grid cells
in Figure 4) could be designated as climatic refugia. These
are defined as sites where biodiversity can retreat, persist,
and potentially thrive amid changing environmental conditions,
thereby acting as safe havens during periods of severe climatic
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GONZALEZ-TRUJILLO ET AL.
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(a) Dry season

Heat waves

Droughts

211
(27.8%)

Cyclones Rainfall

(b) Wet season

Heat waves

Droughts

143
(20.4%)

171
(24.4%)

Cyclones Z Rainfall

h

FIGURE 4 Locations in Central America and the Caribbean with the lowest exposure to extreme weather events in the (a) dry and (b) wet seasons that are
anticipated to persist throughout the 21st century under the shared socioeconomic pathway SSP370 (grid cells, locations where years and magnitude of overexposure

scores are below the 25th percentile; gray, tropical cyclones; red, heat waves; yellow, drought; blue, rainfall; overlapping colors, grid cell has low exposure to more
than 2 event types; bold-bordered grid cells, over 41% protected area). Venn diagrams show the number of grid cells (and percentage of the total) that are predicted

to have a lower level of exposure to one or more types of extreme weather events.

changes (Keppel & Wardell-Johnson 2012). Such a strategy
would help safeguard species adept at weathering certain events,
such as prolonged heat waves (Figure 3c), but vulnerable to
others, such as intense rainfall or tropical cyclones (Figure 3a).
Similarly, these areas can guide the establishment of corridors
to promote source—sink dynamics and facilitate species recolo-
nization in regions heavily affected by EWEs (Alagador et al.,
2014, 2016; Williams et al., 2005). However, it is important to
acknowledge the changing patterns in the seasonal exposure
of EWEs (Figures 2 & 3; Appendix S7) and to view corti-
dors as dynamic entities rather than static ones (Alagador et al,,
2014, 2016; Aratjo, 2009). Within this framework, cortidors can
serve as interim refugia, providing a buffer against short-term
effects of intensifying seasonal EWE exposure, particularly in
landscapes fragmented by human activity (D’aloia et al., 2019).
Although absence of knowledge on species-specific
responses to EWEs might hinder effective management
and conservation efforts (Bailey & van de Pol 2016; Utban
et al., 2010), the use of metrics can provide valuable insights for
guiding urgent and priority conservation actions (Buenafe et al.,

2023; Garcia et al., 2014; Gonzélez-Trujillo et al., 2023). Our
results underscore how each metric lends unique perspectives
on the multiple dimensions of EWEs. By deploying a range
of metrics, practitioners can discern the vulnerabilities and
resilience of a specific region in terms of EWEs. This allows for
a comparative analysis of regions with high and low exposure to
various EWE dimensions to identify areas in need of immediate
protection, restoration, or forward-looking interventions. In
the context of our study region, the metrics revealed zones
of overexposure that require preemptive measures, such as
restoration of the Amazon and Orinoco forests to maintain
thermal refugia or management of the Mesoamerican corridor
to protect ecosystems from tropical cyclones during the dry
season. Similarly, metrics can reveal areas with low overex-
posure (Figure 4) that play an important role as biodiversity
corridors and offer microhabitats that buffer against extreme
drought and heat wave effects (Gonzélez-del-Pliego et al., 2020;
Li et al,, 2023; Scheffers et al., 2014). Although these metrics
might not capture the full complexity of species’ responses
to climate change (Dawson et al., 2011; Foden et al., 2007),
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their assessment often aligns with results of more sophisticated
species—climate response modeling assessments (Gartcia et al.,
2016). As such, they can serve as a first stage broad-scope
tool to identify climate-resilient areas and guide more detailed,
area-specific conservation strategies in light of evolving climate
change.

When making decisions on the basis of metrics, it is impot-
tant to be aware of the limitations of climate data. The CMIP6
models, such as GFDL-ESM4, have improved relative to their
previous renditions (Ortega et al., 2021). Nevertheless, there
are still some problems with precise portrayals of weather pat-
terns in certain areas, such as South and Central America.
Climate models cannot accurately predict the largest amounts
of precipitation in the region, which can lead to over- or
underestimation of rainfall intensity (Gouveia et al., 2022).
Moreover, although frequency and spatial distribution can be
recovered with good accuracy, an evident decline in perfor-
mance is observed when trying to simulate the most severe
cyclones and hurricanes (Roberts et al., 2020). As a result, pat-
terns that emerge from metrics that measure the intensity of
future EWEs should be interpreted with caution. A crucial
step forward is to design and implement sensitivity analyses,
which aid in quantifying the dependability and precision of cli-
mate change metrics derived from various climate models. This
approach will facilitate informed decision-making and foster the
formulation of resilient conservation and mitigation strategies,
thereby safeguarding biodiversity against the challenges posed
by the presently accessible data.

The Central America and Caribbean region, known for its
exceptional biodiversity, has been dubbed the “miner’s canary of
climate change” due to the unprecedented rise in EWEs (Gould
et al. 2020; Reyer et al., 2017). Despite the expansion of PAs
over the last century, our results showed that they are more vul-
nerable to EWEs than the surrounding unprotected areas. As
such, climate change has put the effectiveness of PAs at a critical
juncture, bringing into question the suitability of the tradi-
tional criteria used to establish them and emphasizing that new
conservation strategies need to be tailored and implemented
promptly. To effectively conserve regional biodiversity, conset-
vation efforts must go beyond consideration of the effects of
gradual warming and explicitly address the multidimensional
impacts of EWEs. A new biodiversity conservation plan tai-
lored to Central America and the Catibbean region should be
developed, capitalizing on the opportunities presented during
the 15th Conference of the Parties of the Convention for Bio-
logical Diversity. This plan should guide the identification and
conservation of refugia to extreme climates, areas where species
can find shelter and survive under changing conditions. Con-
serving refugia, wherte the effects of climate change are reduced,
can involve expanding existing PAs or establishing temporary
conservation agreements under the banner of “other effec-
tive area-based conservation measures” (IUCN WCPA Task
Force on OECMs 2019). Enhancing connectivity between key
biodiversity ateas is also crucial to facilitating species adapta-
tion through dispersal and therefore to enhancing the resilience
of ecosystems. Additionally, adaptive management procedures,
including the implementation of moveable PAs (i.e., dynamic

regimes of land use or seasonal protection), should be consid-
ered as part of the post-2020 commitments. By adopting these
comprehensive approaches, the likelihood of conserving biodi-
versity in the face of extreme climate change can be increased to
ensure a sustainable future.
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