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Abstract
Protected areas are essential to conserving biodiversity, yet changing climatic conditions challenge
their efficacy. For example, novel and disappearing climates within the protected area network
indicate that extant species may not have suitable climate in protected areas in the future. Further,
potential transboundary range shifts, those that involve movement from one country to another,
are also challenging because physical (e.g. fencing) and non-physical barriers (e.g. contrasting
conservation policies) may impede climate-induced movements. Through the lens of climate
analogs, we examined disappearing and novel climates within the global terrestrial protected area
network and the potential for transboundary range shifts among protected areas under global
warming 2 ◦C above preindustrial levels. We found that globally, climates in 24% of protected
lands will no longer be protected within a 500 km radius of their focal location (indicating
disappearing climates within the protected area network), while 36% of protected lands will gain
climates not previously protected (indicating novel climates within the protected area network).
Further, we found that potential transboundary range shifts are widespread but variable; for
example, 23% of protected climates in Europe and >50% of protected climates in Africa under
climate change are located in a different country than the focal protected areas. As the global
conservation community actively deliberates conservation frameworks (e.g. 30% by 2030), our
study offers insights to reduce the prevalence of novel and disappearing climates within the global
protected area network via strategic conservation actions and underscores the importance of
setting and accommodating targets and strategies that transcend national boundaries.

1. Introduction

Protected areas serve as an essential tool for con-
serving biodiversity (Gray et al 2016, Pacifici et al
2020). However, their efficacy in a changing climate
is increasingly being questioned (Elsen et al 2020,
Dobrowski et al 2021). Protected area boundaries are
static and yet the organisms they protect will need

to move as they shift their ranges in response to a
warming climate (Hannah et al 2007, McGuire et al
2016). Because the matrix of unprotected lands can
be inhospitable to some species (Newbold et al 2015),
the most favorable destinations for many climate-
driven movements, particularly for species sensitive
to human land uses, are likely to be protected areas
themselves. This raises the question as to whether
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species currently resident in protected areas will find
other protected areas with similar future climate con-
ditions to which to move. That is, to what extent will
climate conditions represented in the contemporary
global terrestrial protected area network have—or not
have—analogous climates in protected areas under
climate change (i.e. disappearing climates within the
protected area network) (Hoffmann et al 2019)?

In cases where the climate of protected lands is not
expected to disappear, climate-induced species range
shifts out of some protected areas and into others
can be expected, yet organisms will also need to tra-
verse thematrix of non-protected lands where human
stressors and land uses are more intense (Parks et al
2020, Doherty et al 2021). Not only will organisms
face degraded and fragmented habitat as they move
out of protected areas (di Marco et al 2018), but for
some species, their movement will require crossing
international borders because suitable climatic condi-
tions lie outside of their country of origin (Titley et al
2021). This type of transboundary movement likely
presents additional challenges for organisms shifting
in response to climate change because of differences
in land-use types and intensities, conservation prior-
ities, and laws and policies among countries (Lambin
et al 2003, Hodge et al 2015, Thornton et al 2018).
Further, international borders themselves may have
physical barriers (e.g. fencing) that restrict species
movement (Ito et al 2013, Peters et al 2018). Con-
sequently, transboundary range shifts pose unique
challenges for conserving biodiversity and promot-
ing landscape connectivity now and into the future
(Hannah 2010).

Research at regional to continental extents has
shown that species range shifts will impact the effect-
iveness of, and species represented in, protected areas
(Hole et al 2009, Araújo et al 2011, Thomas and
Gillingham 2015, Heikkinen et al 2020). For example,
Araújo et al (2011) found that by 2080, 58% of
plant and terrestrial vertebrate species would exper-
ience a reduction in suitable climate in European
protected areas. The potential for climate-induced
transboundary range shifts is a newer topic of study
with limited research to date. An exception is Titley
et al (2021), who examined the potential for trans-
boundary range shifts for mammals and birds at the
global scale; they found that by 2070, climatically suit-
able conditions for roughly one third of birds and
mammals will primarily lie in countries in which
the species are not currently found. To our know-
ledge, however, no studies have specifically quantified
the potential for transboundary range shifts with a
specific focus on the global protected area network.
Given that physical and non-physical barriers along
international borders can threaten biodiversity (Ito
et al 2013, Thornton et al 2018), a focused analysis on
the potential for transboundary range shifts among

the global protected area network would quantify
another metric of vulnerability that species will face
as they respond to climate change.

One method for analyzing the potential for dis-
appearing climates and climate-driven species range
shifts is through the lens of climate analogs. Climate
analogs are specific locations with matching climate
conditions for two time periods (e.g. contemporary
and future) (Wuebbles andHayhoe 2004, Ohlemüller
et al 2006). Climate analogs are increasingly used
to quantify metrics of climate change exposure
(Dobrowski and Parks 2016, Batllori et al 2017), to
map potential movement routes for species track-
ing suitable conditions (Littlefield et al 2017, Carroll
et al 2018, Parks et al 2020), to identify climatic refu-
gia (Michalak et al 2018), and to model community
and vegetation response to climate change (Blois et al
2013, Holsinger et al 2019). Two kinds of climate ana-
logs can be identified (Hamann et al 2015): source
analogs (also referred to as reverse or backward ana-
logs) represent, for a focal site, the locations from
which the climate is moving, and destination ana-
logs (also referred to as forward analogs) represent
the locations to which the climate at a focal site will
move in the future. In the context of climate-induced
range shifts, this can be framed as ‘where organisms
are moving from’ (source analogs) and ‘where organ-
isms are moving to’ (destination analogs) (figures 1
and 2). In this study, a novel climate emerges when
a focal site has no protected source analogs within
500 km; a disappearing climate occurswhen a focal site
has no protected destination analogs within 500 km.
We limited our search to a 500 km radius to account
for dispersal constraints observed for many species
shifting in response to changes in climate that are
plausible by mid-21st century (Chen et al 2011). In
conducting this study, we assume that species will
shift their ranges with concomitant shifts in climate
(Parmesan and Yohe 2003, Chen et al 2011, Alagador
et al 2016), and consequently, we interpret spatial
shifts in climate as potential climate-induced range
shifts.

Our overall goal is to examine disappearing and
novel climates within the global protected area net-
work and the potential for transboundary range shifts
among protected areas under a global 2 ◦C warm-
ing (recognizing that all analyses are constrained to a
500 km search radius). We have four specific object-
ives (figures 1 and 2). The first is to quantify the
potential for protected areas to gain novel climates
that are not currently represented in the protected
area network. When this is the case, the future cli-
mate conditions in protected areas have no con-
temporary protected source analogs within 500 km.
The second objective is to quantify the potential
for disappearing climates, in which climates currently
represented by protected areas will no longer be
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Figure 1. Conceptual depiction of the four objectives. For each protected ‘focal pixel’ across the planet, we determine whether its
climate is novel or disappearing and we quantify the potential for transboundary range shifts (among protected areas) under a
global 2 ◦C warming. Green= protected areas (or protected pixels). Yellow (panels (a) and (c))= current locations of analogous
climate to focal pixel (i.e. source analogs). Yellow (panels (b) and (d))= future locations of analogous climate (under 2 ◦C
warming) to focal pixel (i.e. destination analogs).

represented within the protected area network within
500 km under 2 ◦C warming. Third, we aim to
determine the degree to which source analogs ori-
ginate in a different country, and fourth, the degree
to which destination analogs terminate in a differ-
ent country. Our focus on climate (instead of indi-
vidual species) (Schloss et al 2012, Titley et al 2021)
allows us to conduct this analysis in a manner that
applies to a broad range of species without making
assumptions about species-specific dispersal, repro-
ductive rate, or other factors that may inhibit or facil-
itate climate-induced range shifts. This coarse-filter
approach (Hunter et al 1988, Tingley et al 2014) there-
fore provides a species-agnostic lens to characterize a
subset of the many challenges the global conservation
community faces in protecting biodiversity in the face
of climate change.

2. Materials andmethods

2.1. Data
Global gridded climate and water balance data
(resolution = 4 km) including average minimum
temperature of the coldest (Tmin), average maximum
temperature of the warmest month (Tmax), annual
actual evapotranspiration (AET), and annual climate
water deficit (CWD) were obtained from TerraCli-
mate (Abatzoglou et al 2018). These metrics are bio-
logically relevant to species distributions (Stephenson
1998, Williams et al 2015) and have previously been
used to characterize multivariate climate departures
(Abatzoglou et al 2020). The four climate metrics
were produced for each year from 1961 to 1990 and
then averaged over the 1961–1990 time period to rep-
resent reference period climate normals.
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Figure 2. Illustration of potential transboundary movement into Costa Rican protected areas (source analogs; (a)) and out of
Costa Rican protected areas (destination analogs; (b)). Note that, for simplicity, we do not show within-country analogs. Results
for this illustration are summarized per protected area; for example, number of analogs moving from one Costa Rican protected
area (using its centroid) to another protected area outside of Costa Rica (by centroid). Protected areas shown in blue.

Future climate conditions correspond with global
mean temperatures that are 2 ◦C above pre-industrial
levels per policy targets (Rogelj et al 2016). While
modeled projections of climate change vary across
models and policy-emission pathways, many estim-
ates suggest that global mean temperatures will reach
or exceed 2 ◦C above pre-industrial conditions by
mid-century absent massive abrupt changes in global
climate policies (Friedlingstein et al 2014). We do
not presume a specific representative concentra-
tion pathway (RCP) or climate model sensitivity,
all of which involve uncertainty. Rather, we base
our climate projections on the amount of global
warming that may be seen following various RCP-
model choices. The +2 ◦C scenario (available from
www.climatologylab.org/terraclimate.html) super-
poses projected multi-model changes in climate—
including changes in both the mean and interan-
nual variability as described in detail by Qin et al
(2020)—to the observed 1961–1990 climate record.
As with the reference period climate, we produced
the four +2 ◦C climate metrics annually and over
a 30 year time period to represent future climate
normals.

We obtained a geospatial dataset representing
protected areas from the World Database on Pro-
tected Areas (WDPA) (IUCN and UNEP-WCMC
2020). We included all protected areas identified
as IUCN (International Union of Conservation for
Nature) management categories I–VI and excluded
protected areas categorized as ‘marine’ or ‘proposed’.

A large number of protected areas identified by the
WDPA and were not assigned an IUCN category
(i.e. designated as ‘not reported’) but have reason-
ably high levels of conservation (e.g. Kruger National
Park in South Africa). Therefore, we included addi-
tional protected areas where the level of human
modification was similar or less than that observed
within IUCN category I–VI protected areas. Human
impacts were estimated using the human modifica-
tion gradient (HMG), a gridded raster dataset (res-
olution = 1 km) representing cumulative human
modification to terrestrial lands (Kennedy et al 2019).
Following Dobrowski et al (2021), we calculated the
mean HMG for each IUCN category I–VI protec-
ted area, identified the 80th percentile of this dis-
tribution, and included un-assigned protected areas
in our study that had a mean HMG less than or
equal to the identified threshold. That is, protected
areas without an assigned IUCN category but hav-
ing a mean HMG ⩽80th percentile threshold were
included in our study. This procedure increased the
protected lands included in this study by 30% (com-
pared to that of strictly using IUCN I–VI according
to theWDPA). Finally, we converted the vector-based
polygon dataset to raster format with a resolution
of ∼4 km to match gridded climate data. Follow-
ing Dobrowski et al (2021), raster pixels were cat-
egorized as protected if ⩾75% of their area were
identified as protected (i.e. IUCN category I–VI
or meeting the HMG threshold) (n = 975 961
pixels).
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2.2. Identifying climate analogs and characterizing
potential climate-induced transboundary range
shifts
We used Mahalanobis distance and its standardiz-
ation based on the Chi distribution (Mahony et al
2017) for quantifying climatic dissimilarity between
each protected pixel and all other protected pixels
within a 500 km radius; this radius has been used in
previous studies (Williams et al 2007, Bellard et al
2014). Based on the reference period (1961–1990)
and that of the +2 ◦C climate projections that are
likely to manifest by mid-21st century, a 500 km
search radius roughly corresponds to 5 km yr−1 and
to the upper dispersal limit for many terrestrial biota
(animals and plants) (Chen et al 2011). We chose
Mahalanobis distance because it compactly charac-
terizes multiple variables by measuring the distance
in multivariate space away from a centroid through
principal components analysis of standardized anom-
alies. Mahalanobis distance scales multivariate mean
climate conditions between a focal pixel and those
within the 500 km search radius by the focal pixel’s
covariance and magnitude of interannual climate
variability (ICV; based on 30 years of climate data)
across the four climate metrics (Tmin, Tmax, AET,
andCWD).Mahalanobis distanceswere calculated on
standardized data (i.e. normal distributions based on
means and standard deviation from the reference and
+2 ◦C time periods). For source analogs, we charac-
terized+2 ◦C ICV (30 years of climate data) and ref-
erence period climate normals to calculate climatic
dissimilarity; for destination analogs, we used refer-
ence period ICV (30 years of climate data) and+2 ◦C
climatic normals to calculate climatic dissimilarity.
We quantify climatic distance relative to each pixel’s
ICV, meaning that relatively small changes in climate
in regions with low ICV will exhibit higher Mahalan-
obis distances compared concomitant changes in cli-
mate in regions with high ICV (see Abatzoglou et al
2020, Dobrowski et al 2021). In this way, we implicitly
account for the fact that small changes in climate in
someparts of the planet (e.g. tropical regionswith low
ICV) may experience larger physiological and ecolo-
gical impacts compared to other parts of the planet
(e.g. temperate regions with higher ICV) (Dillon et al
2010).

To account for data dimensionality (number of
variables), we standardized climatic dissimilarity (i.e.
Mahalanobis distance) using the Chi distribution to
calculate a multivariate z-score (σd) (Mahony et al
2017). σd is therefore defined for all protected pixels
in comparison to the focal pixel, and as such, σd

expresses the similarity between each pixel and can-
didate source and destination analogs (i.e. all other
protected terrestrial pixels within 500 km). Inferences
can be made from the percentiles of the Chi dis-
tribution (i.e. 1σ, 2σ, and 3σ for ∼68th, 95th, and
99.7th percentiles, respectively). Protected pixels with

σd ⩽ 0.5 were considered climate analogs in our ana-
lyses. As such, analogs in our study fall within the 39th
percentile of ICV of the focal pixel. Inversely, non-
analogous pixels exceed the 61st percentile ICV of the
focal pixel. This threshold ensured a strong degree of
multivariate similarity between climate analogs but
was not so restrictive as to disqualify candidate ana-
logs because of a small degree of variability.

For each country, we calculated the percentage of
protected lands with novel and disappearing climates
under a global 2 ◦C warming (figure 1). We also cal-
culated the number and percent of source and des-
tination analogs, as defined above, that originate or
terminate in a different country, thereby characteriz-
ing the potential for climate-induced transboundary
range shifts among protected areas (figures 1 and 2).

Acknowledging that our findings may be contin-
gent on the 500 km search radius we used to identify
protected climate analogs, we also conducted a sens-
itivity analysis using different search radii. Specific-
ally, we used 50 and 250 km search radii to recog-
nize that dispersal abilities vary among species (see
McLachlan et al 2005, Jenkins et al 2007). For this
sensitivity analysis, we report the percentage of novel
anddisappearing climates and characterize the poten-
tial for climate-induced transboundary range shifts
among protected areas globally, by continent, and by
region.

3. Results

Globally, 24% of protected lands will have disappear-
ing climates under a 2 ◦C warming scenario (figure 3
and table 1), meaning that the contemporary climate
conditions in approximately one-quarter of protec-
ted lands will not be protected in the future (keep-
ing in mind the search for analogous climates for all
aspects of this study, excluding the sensitivity analysis,
was limited to a 500 km radius; see section 2). Cor-
respondingly, 36% of protected lands will have novel
climates under a 2 ◦C warming scenario, meaning
that the future climatic conditions of approximately
one-third of protected lands are not currently rep-
resented in the protected area network (figure 3 and
table 1). Of those protected lands that have protected
source analogs (meaning those focal pixels that will
not experience novel climates; figure 3(c)), 13% ori-
ginate in a different country (table 1). Of those pro-
tected lands that have protected destination analogs
(meaning those focal pixels that will not experience
disappearing climates; figure 3(d)), 15% terminate in
a different country (table 1).

Substantial variation is apparent among con-
tinents (table 1), regions (table S4 available online
at stacks.iop.org/ERL/17/054016/mmedia), and indi-
vidual countries (tables S7–12). In southeast Europe,
for example, 17.9% of protected lands have novel
climates and 4.1% have disappearing climates. For
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Figure 3.Maps depict the percent of each country’s protected lands projected to have novel (a) or disappearing climates (b) (i.e.
no source or destination analogs within 500 km, respectively). For the protected lands that do have analogs, maps depict the
percent of protected source analogs that originate in a different country (c) and the percent of protected destination analogs that
terminate a different country (d).

Table 1. Continental and global summaries show the percent of protected lands with novel and disappearing climates and the potential
for transboundary range shifts among protected areas.

Source analogs Destination analogs

Continent % protected

Area
protected
(km2)

Novel climate
(% of protected

lands with
no protected

analog)

% of all analogs
originating
in different
country

Disappearing
climate

(% protected
lands with no

protected analog)

% of all analogs
terminating in

different country

Africa 12.1 3330 272 51.7 48.2 35.8 54.7
Asia 4.9 1522 656 35.4 23.3 23.6 21.3
Europe 9.7 2219 456 14.5 22.4 15.2 23.4
N. America 13.3 3207 056 16.8 7.7 16.1 7.1
Oceania 17.1 1461 344 24.8 0.0 17.5 0.0
S. America 21.7 3867 568 54.2 14.1 28.5 15.7
Global 11.8 15 608 352 35.7 13.2 24.1 14.6

the protected lands in southern Europe that have
protected analogs, 57.3% of source analogs origin-
ate in a different country and 71.1% of destination
analogs terminate in a different country (table S4).
As an example from a specific country (Romania),
7.3%and 8.2%of protected lands are expected to have
novel anddisappearing climates, respectively; of those
protected lands with protected analogs, 49.4%origin-
ate outside of Romania (source) and 39.4% terminate
outside of Romania (destination) (table S9). For each
country, we also report the contributions from indi-
vidual countries relating to the source and destination
analogs (figures 4 and 5; S1–17; tables S13–40).

The sensitivity analysis using 50 and 250 km
search radii for identifying protected climate ana-
logs revealed predictable patterns. The percent of pro-
tected lands with novel and disappearing climates
increases as the search radii becomes smaller; the

prevalence of source and destination analogs that
originate and terminate (respectively) in a different
country decreases as the search radii becomes smal-
ler (tables S1–6). Globally for example, novel climates
are expected in 36% of protected lands when using a
500 km search radius, 44% of protected lands when
using a 250 km radius, and 66% of protected lands
when using a 50 km radius (tables S1–3).

4. Discussion

Protected areas are recognized as one of the most
important tools for conserving biodiversity, yet their
static borders do not explicitly recognize dynamic
processes (e.g. range shifts) resulting from climate
change (Hannah 2010). Our study found that roughly
a quarter of protected lands will not have destin-
ation analogs in the protected area network under
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Figure 4. Chord diagrams depict potential source (a) and destination (b) transboundary movement among western European
countries. The percent of each country’s analogs that originate or terminate in a different country is indicated in black text. The
percent of protected lands with no protected source or destination analog is indicated in white text (embedded within colored bar
for each country). For source analogs (a), identify a country of interest and follow the incoming arrows to the country of origin;
the width of the incoming arrows represents the relative contribution. In Portugal, for example,∼40% of the source analogs
originate in Spain and the remaining∼60% originate in Portugal itself (a). For destination analogs (b), identify a country of
interest and follow the outgoing arrows to the destination country; the width of the outgoing arrows represents the relative
contribution. In terms of Portugal’s outgoing analogs,∼20% terminate in Spain and the remainder terminate in Portugal itself
(b). For clarity, arrows between countries are only shown if⩾5% of the total number of analogs originate or terminate in a given
country. Chord diagrams for different regions can be found in the supplemental material (figures S1–17). Exact among-country
values can also be found in the supplemental material (tables S13–40). The ‘other’ category represents countries that are not
specifically shown.

Figure 5. Chord diagrams depict potential source (a) and destination (b) transboundary movement among southern Asian
countries. The percent of each country’s analogs that originate or terminate in a different country is indicated in black text. The
percent of protected lands with no protected source or destination analog is indicated in white text (embedded within colored bar
for each country). For source analogs (a), identify a country of interest and follow the incoming arrows to the country of origin;
the width of the incoming arrows represents the relative contribution. For destination analogs (b), identify a country of interest
and follow the outgoing arrows to the destination country; the width of the outgoing arrows represents the relative contribution.
For clarity, arrows between countries are only shown if⩾5% of the total number of analogs originate or terminate in a given
country. Chord diagrams for different regions can be found in the supplemental material (figures S1–17). Exact among-country
values can also be found in the supplemental material (tables S13–40). The ‘other’ category represents countries that are not
specifically shown.
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a 2 ◦C warming (i.e. disappearing climates within
500 km). This finding indicates that biota inhabit-
ing 3.75 million km2 of the protected area network
may be unable to find suitable habitat in protected
areas in the future, further exacerbating the grow-
ing risk of climate-related extinctions. Additionally,
roughly one-third of terrestrial protected lands across
the globe have future climates that are not currently
represented within the protected area network (i.e.
novel climates within 500 km). This finding implies
that 5.6 million km2 of protected lands may not reach
their full potential in terms of biodiversity repres-
entation because the source analog locations are not
currently protected and thus may be degraded by
human land uses, may support a depauperate com-
plement of species, and may support large numbers
of non-native species (Foley et al 2005, Didham et al
2007, Newbold et al 2015). Identifying new protec-
ted areas that encapsulate both future and current
climates of protected areas (source and destination
analogs, respectively) could increase the likelihood
of continued biodiversity protection as the climate
continues to warm (Elsen et al 2020). Along with
explicit attention to maximizing the ability of land-
scapes to promote species movement when respond-
ing to a changing climate (i.e. climate connectivity)
(McGuire et al 2016, Carroll et al 2018), our findings
could help prioritize spatial planning efforts aimed at
achieving global conservation initiatives (Convention
on Biological Diversity 2020).

Although recent explorations into enhancing the
terrestrial protected area network are starting to con-
sider climate-induced movements (Carroll and Noss
2021), static boundaries such as international borders
are not generally considered even though they have
the potential to act as barriers to organisms undergo-
ing range shifts. For the 64% and 76% of protected
lands with protected source and destination analogs,
respectively, our study indicates that species in pro-
tected areas undergoing climate-induced range shifts
will often contend with international borders. In the
protected areas of eastern Africa, for example, 33%
of destination analogs terminate in a different coun-
try, in southeast Europe, 71% terminate in a different
country, and in central America, 30% terminate in a
different country (table S4). Although some interna-
tional boundaries are remote and porous (Liu et al
2020), transboundary range shifts can challenge some
organisms because international borders may act as
impermeable or semi-permeable barriers. These may
be physical barriers (e.g. fencing, water) or barriers
imposed by different national biodiversity policies,
contrasting land use practices, limited social accept-
ance of new species, or an overall lack of interna-
tional coordination regarding conservation and spe-
cies management (Hannah 2010, Hodge et al 2015,
Peters et al 2018, Thornton et al 2018).

Even in the absence of climate-induced range
shifts, it is clear that physical barriers such as

border fencing negatively impacts some species
(Pokorny et al 2016, Peters et al 2018). Directional
movements to track suitable climatic conditions will
exacerbate the deleterious effects of border fences on
Earth’s biota. For example, there is a 4000 km fence
along the border of India and Bangladesh (Liu et al
2020) and a 500 km fence along the border of India
and Pakistan (Ellison 2014), yet 59% of Pakistan’s
source analogs originate in India, 47% of India’s des-
tination analogs terminate in Pakistan, and 100% of
Bangladesh’s destination analogs terminate in India
(tables S8, S21, S22 and figure S8). In total, there
are approximately 30 000 km of border fencing in
Eurasia, with border fence construction increasing
in response to refugee crises and geopolitical unrest
(Linnell et al 2016). Border barriers have also been
constructed beyond Eurasia, for example, along the
Botswana–Zimbabwe border, US–Mexico border,
among many others. As such, our results underscore
the need for increased international cooperation
and investment to make borders more porous for
organisms undergoing climate-induced range shifts
(Mason et al 2020). Conservation practitioners could
also strategically expand the protected area network
within individual countries so that current and future
climates are adequately represented, thereby redu-
cing the necessity for transboundary range shifts.
Recognizing that neither of these options are always
practical or even possible, conservation practitioners
could consider managed relocation (also referred to
as assisted migration) when appropriate (McLachlan
et al 2007).

Physical barriers like border fencing are more
likely to inhibit climate-induced movement of large-
bodied mammals compared to insects, small mam-
mals, birds, and wind dispersed plants that can
more easily circumvent such barriers. However, non-
physical barriers (e.g. different biodiversity policies,
contrasting land-use practices) may pose an even
greater threat to many organisms. Different national
policies may affect the ability of countries to coordin-
ate management responses to species migration at
a time of climate change. Examples of differing
national policies include the asymmetry of species
listing as endangered or threatened and dissimilar
conservation priorities (Selier et al 2016, Thornton
et al 2018). Also, differences between global and
national priorities could have a deleterious impact
on efforts to conserve biodiversity in an era of cli-
mate change. When neighboring countries have dif-
ferent policy frameworks for species protection, the
ability of government agencies and non-government
orginizations to achieve biodiversity conservation
targets can be impaired (Vasilijevíc et al 2015). As
such, transboundary range shifts provide an addi-
tional challenge for international conservation efforts
and provide ample rationale for improving inter-
national cooperation relating to the conservation of
biodiversity (Bartoń et al 2019, Thornton et al 2020,
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Titley et al 2021).When countries do not have aligned
national policies, international agreements such as
the Convention on Migratory Species can facilitate
cooperation (Trouwborst 2012). For countries in the
European Union, the Birds Directive and the Habit-
ats Directive provide useful policy frameworks for the
transboundary protection of species under theNatura
2000 network of protected sites, despite the fact that
the climate change provisions of those directives are
non-binding (Cliquet 2014).

The IUCN defines Transboundary Conservation,
as ‘a process of cooperation to achieve conservation
goals across one or more international boundaries’.
It proposes a typology of transboundary conserva-
tion that includes three types of international cooper-
ation for protected areas across borders relevant to
this discussion of climate analogs and transbound-
ary range shifts. The first is Transboundary Protec-
ted Areas, defined by IUCN as ‘a clearly defined geo-
graphical space that includes protected areas that are
ecologically connected across one or more interna-
tional boundaries and involves some form of cooper-
ation’. The second is a Transboundary Conservation
Landscape and/or Seascape, defined as ‘an ecologic-
ally connected area that includes both protected areas
and multiple resource use areas across one or more
international boundaries and involves some form of
cooperation’. The third is Transboundary Migration
Conservation Areas, defined as, ‘wildlife habitats in
two or more countries that are necessary to sus-
tain populations of migratory species and involve
some form of cooperation’. Establishing formal and
informal cooperation that encapsulate these and
other concepts could provide the basis for policy
coherence on transboundary species dispersal and
migration in the face of climate change.

Although we used the same set of variables
(Tmin, Tmax, AET, and CWD) to identify climate
analogs across the planet, we recognize that species
will respond to changes in these and other climate
variables to different degrees and in different ways
(Alfaro-Sánchez et al 2017). Some species may also
exhibit different sensitivities to different climate vari-
ables in different portions of their distribution (Gavin
and Hu 2006, Benito Garzón et al 2011). Although
this analysis could be tailored to specific sets of cli-
mate variables known to be critical for specific taxa,
the climate variables we used are known to influence
the distributions of a wide array of species, and con-
sequently, our study provides a coarse-filter lens in
which to consider the potential for climate-induced
range shifts. Likewise, our coarse-filter approach did
not explicitly include many of the dynamics that
will shape species range shifts (e.g. specific hab-
itat needs, dispersal dynamics, reproduction rates).
Instead, we focused on climate analogswith the inher-
ent assumption that species, both plants and anim-
als, will shift their ranges with concomitant shifts in
climate (Alagador et al 2016), an assumption that

some studies have documented under previous and
contemporary climate changes (Davis and Shaw2001,
Chen et al 2011). This approach is therefore a broad-
brush effort to encapsulate the potential needs of
a wide range of species. This said, we acknowledge
that dispersal abilities will be important in determin-
ing whether individual species can undergo success-
ful climate-induced range shifts (Jenkins et al 2007).
Dispersal abilities vary by orders ofmagnitude among
species, and in some cases, the rate of climate change
(i.e. climate velocity) may exceed the dispersal capab-
ilities of some species (Schloss et al 2012, Corlett and
Westcott 2013), as has been documented after the last
glacial maximum with plant species in Europe (Nor-
mand et al 2011). These differences in dispersal rates
will lead to time lags between animal range shifts and
plant range shifts. Furthermore, because there will
likely be a reshuffling of plant and animal communit-
ies, some animal species may not find suitable hab-
itat conditions or prey species—or maybe excluded
by new competitors or predators—in areas of suitable
climate in the future (see Svenning and Sandel 2013,
Fricke et al 2022).

Related, we searched for climate analogs within
a 500 km radius of each protected pixel. This radius
has been used in previous studies (Williams et al
2007, Bellard et al 2014) and roughly corresponds
to the upper dispersal limit for many terrestrial biota
(animals and plants) (Chen et al 2011). However, this
threshold is likely too optimistic given that some spe-
cies have dispersal abilities of only 1 km yr−1 or less
(Bowman et al 2002, McLachlan et al 2005, Jenkins
et al 2007). Our sensitivity analysis acknowledges
varying dispersal capabilities among species and taxo-
nomic groups by limiting the search for protected cli-
mate analogs to 50 and 250 km radii. The results were
somewhat predictable in that the percent of novel
and disappearing climates increase with decreasing
search radii; this is because the total pool of candid-
ate analogs is reduced as the search radius decreases.
Overall, this suggests that that species that are more
dispersal limited in the protected area network are
at heightened risk under climate change. Conversely,
the percent of analogs originating and terminating in
a different country decreases with decreasing search
radii. This is simply a mathematical artifact: focal
pixels greater than the search radius from the bound-
ary of the country in which it is located, by definition,
will not have analogs that originate or terminate in a
different country.

We also did not consider habitat fragmenta-
tion or the intervening matrix of human land uses
that may impede successful range shifts (Schwartz
et al 2001, Garcés-Restrepo et al 2018). Roads, agri-
cultural fields, cities, and other human infrastruc-
ture and activities will likely reduce species’ ability
to track changing climatic conditions (Nunez et al
2013, McGuire et al 2016, Parks et al 2020). Yet
another factor thatmay impede successful range shifts
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among protected areas is that the potential routes
organisms must traverse may include sites with cli-
matic conditions that exceed the thermal tolerance for
some species (see Dobrowski and Parks 2016). For
example, consider a montane species whose future
climate is on an adjacentmountain range, yet between
the mountain ranges, there is a hot and dry desert
that serves as a barrier to climate-inducedmovement.
Given these limitations on species dispersal, our res-
ultsmight in fact be optimistic.Hence, understanding
and quantifying connectivity among protected areas,
and specifically, connectivity assessments that incor-
porate factors that inhibit or promotemovement such
as habitat needs, human land uses, and climatic tol-
erances, will be a critical feature of future protected
area networks (Hannah 2010, Littlefield et al 2019,
Ward et al 2020). Although there are several caveats to
our methodology and assumptions, the climate ana-
log approach is an effective means for predicting and
communicating broad scale changes in biodiversity
patterns (Blois et al 2013, Parks et al 2018, Holsinger
et al 2019).

Our study is not intended to convey that pro-
tected areas are not a useful construct in an era
of climate change. Protected areas will continue to
play an important role in conserving biodiversity
even though we expect some species to move out of
some protected areas and into others as they shift
their ranges in response to climate change (Thomas
and Gillingham 2015); individual protected areas will
simply protect a different set of species than are cur-
rently extant. In addition, because our analyses were
conducted at a relatively coarse grain, it is possible
that some speciesmay be able to find suitable climates
within the protected areas they currently occupy.
Finer grained analyses would be needed to identify
such finer scale refugia within protected areas. While
biodiversity conservation is often a key motivation
for establishing protected areas, it is also important
to recognize that protected areas may have primarily
been created for several other reasons, such as the pro-
tection of unique geological or cultural features (e.g.
Grand Canyon and Mesa Verde National Park, USA,
respectively). Regardless of why protected areas were
primarily established, they serve myriad of ancillary
functions and features, including soil conservation,
carbon sequestration, watershed protection, aesthet-
ics, recreation, and human well-being (e.g. Melillo
et al 2016, Puhakka et al 2017, Dinerstein et al 2019).
This is all to say that existing protected areas are critic-
ally important to the conservation of biodiversity and
other features and functions even in an era of rapid
climate change.

As nations grapple with changing climates and
the loss of biodiversity, protected areas remain one
of the best solutions to ensure the survival of spe-
cies (Hannah et al 2007, Elsen et al 2020). The Global

Biodiversity Framework currently being negotiated
by the parties to the Convention on Biological
Diversity has a 2050 shared vision of ‘living in har-
mony with nature’. Proposals to realize this vision
include a target to conserve 30% of the planet, with
a focus on areas that are important to biodiversity, by
2030 (30 × 30) (Convention on Biological Diversity
2020) as well as the half-Earth conservation move-
ment (Wilson 2016). Current estimates suggest that
15.7% of the planet’s terrestrial area is protected
according to the IUCN classification system (UNEP-
WCMC, IUCN and NGS 2021). As nations designate
new protected areas to achieve these targets, our study
offers insights to reduce the prevalence of novel and
disappearing climateswithin the global protected area
network via strategic conservation actions.

Moreover, the potential for climate-induced
transboundary ranges shifts suggests that interna-
tional cooperation is needed to remove physical
and non-physical barriers to facilitate species move-
ment. This can be achieved, for example, by creating
connectivity corridors (Hilty et al 2020), develop-
ing cooperation models using the IUCN frame-
work for transboundary conservation, alignment of
national policies, and through new programs, initi-
atives, and protocols developed within regional and
international conventions and treaties. International
cooperation could also include ‘knowledge sharing’
or ‘experience sharing’ workshops and developing
best practice guidelines, in that countries gaining
new climates and species can learn management and
conservation considerations from other countries
with knowledge of those climates and the associ-
ated species. As removing physical and non-physical
barriers is not possible in all cases, other strategies
such as managed relocation might be necessary to
conserve biodiversity within the protected area net-
work (see Hoegh-Guldberg et al 2008). Managed
relocation might be necessary even with good inter-
national cooperation because climate-inducedmove-
ment might be impeded by incompatible land uses or
climate conditions that exceed the thermal tolerance
for a given species. As the global conservation com-
munity deliberates a 2030 conservation framework,
our study underscores the importance of setting and
accommodating targets and strategies that transcend
national boundaries.

Data availability statements

Protected area boundaries were obtained from the
World Database on Protected Areas (available at:
www.protectedplanet.net).

The data that support the findings of this study
are openly available at the following URL/DOI:
www.climatologylab.org/terraclimate.html.
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