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a b s t r a c t

Habitat loss from unrelenting human pressure is causing an unprecedented decline in
global biodiversity. Protected areas (PAs) are meant to counteract loss and fragmentation
of ecosystems and today PAs form the backbone of conservation strategies worldwide.
However, anthropogenic climate change can severely reduce the effectiveness of PAs.
Conservation professionals are in need of concrete spatial information on climatic changes
within PAs in order to put forward practicable strategies to safeguard PA effectiveness in
the face of climate change. In this study, we take advantage of openly accessible data on
the disappearing climate index (DCI) to examine which PA characteristics are linked to
climate change resilience on a global scale. DCI provides a measure of the relative area
(percent of total area) within a PA that exhibits certain climatic conditions that will either
disappear entirely or move outside the boundaries of the PA by the year 2070. Our results
show that topographic diversity is highly correlated with reduced climate change impacts
in PAs worldwide. We analyzed three different PA characteristics representing topographic
diversity: PA area, maximal elevational difference (MED) and median terrain ruggedness
(TR). All three characteristics are highly correlated with a decrease in the disappearing
climate index (DCI). These results hold true across localities and even PA management
practices. IUCN management category IV (habitat/species management area) and V (pro-
tected landscape/seascape) exhibit on average the highest DCI values. As an indicator for
PA resilience under climate change, topographic diversity can be assessed easily through
publicly available data and remote sensing products. This ease-of-use leaves topographic
diversity standing in marked contrast to overall environmental diversity as an actionable
conservation metric. Of course, topographic diversity alone is not a sufficient criterion on
which to base conservation decisions. However, neither should the potential usefulness of
topographic diversity be underestimated. As an actionable and complementary metric in
combination with biological information topographic diversity can be an exceptional tool
for decision making by PA managers, conservation practitioners and politicians.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Anthropogenic pressure and the associated loss and fragmentation of natural habitats are the primary cause of species
extinctions and the rapid decline in biodiversity worldwide (Millennium Ecosystem Assessment, 2005; IUCN 2010; Cardinale
et al., 2012; Crooks et al., 2017). To counteract these negative developments, protected areas (PAs) function as the backbone of
conservation strategies (Gaüz�ere et al., 2016; Hoffmann et al., 2018; Pimm et al., 2014) by preserving valuable habitat for rare
and threatened species (Gray et al., 2016; Langdon and Lawler, 2015; Nila et al., 2019).

However, anthropogenic climate change can severely reduce the effectiveness of PAs as nature conservation tools
(Hoffmann and Beierkuhnlein, 2020; Hoffmann et al., 2019; Johnston et al., 2013). Climate change is projected to influence all
ecosystems worldwide (Scheffers et al., 2016) and future persistence of suitable climatic conditions is critical for species
survival (Hannah et al., 2007; Loarie et al., 2009). In many cases, climate change will lead to shifts in species distributions by
compelling migration poleward and towards higher elevations as species attempt to track suitable climatic conditions
(Berteaux et al., 2018; Chen et al., 2011; Root et al., 2003; Scheffers et al., 2016; Thomas and Gillingham, 2015). In contrast to
species distributional ranges, PAs are static and fixed in space. While PAs may be effective in limiting threats to biodiversity
caused by habitat loss and fragmentation, their inflexibility in the face of species’mobility could severely hinder their overall
effectiveness in reducing extinctions tied to climate change (Araújo et al., 2011; Gaüz�ere et al., 2016; Hoffmann et al., 2019)
Whether existing protected areas will remain effective as the climate changes is a key question that needs to be answered to
develop robust long-term conservation strategies (Johnston et al., 2013; Lehikoinen et al., 2019).

A number of recent studies have dealt with the challenges PAs face under climate change and consider strategies PA
managers might take to adapt their conservation efforts (Batllori et al., 2017; Hannah et al., 2007; Langdon and Lawler, 2015;
Monz�on et al., 2011). Unfortunately, scientific recommendations for effective PA management are often too theoretical or
vaguely defined to be implementable in practice (Halpin, 1997; Monz�on et al., 2011). Even well-structured recommendations
are often based on little or no scientific data. As result, these recommendations can be prohibitively difficult to apply, are
targeted to certain areas (Langdon and Lawler, 2015) or are based on a limited sample of case studies (Monz�on et al., 2011), if
any at all.

To determine which PA characteristics lead to a reduced effect of changing climatic conditions, muchmore information on
interactions between projected climate scenarios, PA characteristics, and adaptive management strategies is needed. Infor-
mation of this kind has long been unavailable on a global scale. Today, however, widely accessible future climate projections,
improved climate modelling techniques, global satellite data and more open-access platforms for sharing administrative and
scientific data, create the opportunity to empirically test previously stated assumptions about the relationship between PA
characteristics and climate change.

It has been suggested that small PAs are more vulnerable to climatic changes than large ones, leading to greater loss of
species and ecological systems as PA area decreases (Hoffmann et al., 2019; Langdon and Lawler, 2015). Therefore, it is
recommended that PA area should be as large as politically feasible (Halpin, 1997; Lemieux et al., 2011).Both environmental
diversity and species diversity can buffer against climate change and in particular against climatic extremes (Ackerly et al.,
2010; Isbell et al., 2015; Lawler et al., 2015). Hence, environmentally heterogeneous PAs are expected to allow for adapta-
tion or migration of species under climate change (Thomas and Gillingham 2015). While PAs located in mountainous regions
are expected to experience some of the largest climatic changes (Monz�on et al., 2011; Root et al., 2003), they also cover some
of the most diverse environmental conditions (Carroll et al., 2017; Langdon and Lawler, 2015). Mountainous PAs that show a
high topographic heterogeneity can create a high environmental diversity due to e for example - differences in solar radi-
ation, precipitation and wind exposure (Scherrer and K€orner, 2011). Heterogeneity in elevation, aspect, and slope result in a
diversity of climates such that species canmake smaller spatial adjustments to track suitable climatic conditions (Carroll et al.,
2017; Littlefield et al., 2017). In addition, mountainous landscapes are especially prone to natural disturbance events like mud
flows or avalanches. These disturbances can remove inertia from a system (e.g. non-reproductive long-lived individuals) and
support accelerated establishment of new species and structures, enabling species populations to adapt more quickly to
changing climatic conditions (Jentsch and Beierkuhnlein, 2003). Diversity in environmental conditions can indicate the
resilience and adaptive capacity of PAs in the face of climate change (Loarie et al., 2009; Langdon and Lawler 2015; Lawler
et al., 2015). High topographic heterogeneity within a PA also increases the likelihood that shifting climatic conditions still
remain within the boundaries of PAs (Thomas and Gillingham 2015).

As climate changes, certain climatic conditions hitherto found within a given PA may disappear. Hoffmann, Irl, and
Beierkuhnlein (2019) previously calculated the percentage of PA surface with disappearing climate conditions expressed
by the so-called “disappearing climate index” (DCI). DCI closely relates to climate change velocity in that both indices assess
the speed of climate change for certain areas in a way that is relevant to the ability of species to track their suitable climates.
Climate change velocity measures the instantaneous local velocity (km yr�1) along Earth’s surface needed to maintain
constant temperatures (Loarie et al., 2009). In other words, it measures the speed at which organisms would have to migrate
on a 2D surface to keep up with climate change. DCI measures the percent of total area within each PA that exhibits a loss of
certain climatic conditions. In that sense DCI is easier to apply and to interpret for PAs. Hence, DCI as an indicator for PA
resilience against climate change can be a useful tool for conservation managers, when combined with biological information
on species and habitats.

The DCI was calculated for all terrestrial PAs and is publicly available (Hoffmann et al., 2019). In our study, we hypothesize
that (a) PAs which cover larger areas will show a decrease in DCI, (b) PAs with a high maximal elevational difference (MED)
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will show a decrease in DCI and (c) PAs with an increased terrain ruggedness (TR) will show a decrease in DCI. Further, we
hypothesize that MED and TR differ in their strength affecting DCI within PAs. While TR measures a median of small-scale
elevational diversity, MED simply measures the difference between the highest and the lowest elevation within a PA.
Hence, especially for bigger PAs MED is measured on a larger scale compared to TR. The differing scales at which MED and TR
are calculated affect their relationships with environmental diversity. We expect that MED e the large-scale measurement e
correlates more strongly with DCI than TR. It is known that climatic data is correlated with elevational data at local and
landscape scale. Elevational data is even built into climate data projections. Yet we believe that quantification of the rela-
tionship between climatic and elevational data across almost all of the world’s PAs is useful since it has never been done with
such scope and clarity.

Beyond revealing general correlations between PA characteristics and DCI we also analyzed these correlations separately
for different PAmanagement categories. The IUCN divides all global PAs into seven different management categories (Table 1)
(Dudley, 2008; IUCN and UNEP 2018).

We hypothesize no strong differences in DCI among management categories since DCI is generally driven by large-scale
geographic patterns and therefore it is independent of individual PA management. However, it is conceivable that some types
of PA are on average more topographically diverse than others. For example, establishing PAs in mountainous landscapes is
often easier and cheaper since there is less pressure to use this land for agriculture or urban expansion. In addition, especially
scenic mountain landscapes often attract tourists. This may be more relevant to some IUCN management categories than
others. Hence, we hypothesize higher topographic diversity among strictly protected PAs (IUCN Ia, Ib and II) linked to lower
DCI values.Analysing IUCN management categories separately can demonstrate which types of PAs are more or less affected
by climate change and where conservation efforts should be focussed.

2. Methods

2.1. Protected area data

This study is based on the dataset produced by Hoffmann et al. (2019). The dataset is derived from the World Database on
Protected Area (WDPA) (IUCN and UNEP 2018). The original WDPA dataset was condensed to include only terrestrial PAs.
Hoffmann et al. (2019) then rasterized the original PA polygons into a dataset of the same resolution (30 arcseconds, approx.
900 m at the equator) as the climate data used for identification of the areas experiencing disappearing climate conditions for
each PA. Rasterization was processed via cell-center coverage. In other words, PA polygons were only included in the final
dataset when the center point of a 30 arcsecond-sized raster cell falls within that polygon. Very small PAs and PAs with
elongated shapes are more likely to elude the center point of any raster cell and therefore were not included in the final
dataset. While this procedure was necessary in order to calculate reliable DCI values, it might distort the results since very
small PAs are expected to experience high DCI values. After processing, a total of 137,432 PAs remained, comprising a total
area of 20,658,583 km2 (This is 14% of the global terrestrial surface and 99.9% of total PA-status area as of January 2018). For
more details see Hoffmann et al. (2019).

2.2. Disappearing climate index

We used the open access (https://doi.org/10.6084/m9.figshare.9804350) disappearing climate index (DCI) calculated for
the local scale by Hoffmann et al. (2019). This index measures the proportion of 30 arcsecond cells within a given PA that
Table 1
IUCN management categories. Adapted from Dudley (2008).

IUCN
category

Name Description

Ia Strict nature reserve Human visitation, use and impacts are strictly controlled and limited to ensure protection of the
conservation values.

Ib Wilderness Area Usually large unmodified or slightly modified areas, retaining their natural character and influence, without
permanent or significant human habitation.

II National park Large natural or near-natural areas protecting large-scale ecological processes with characteristic species
and ecosystems, which also have environmentally and culturally compatible spiritual, scientific, educational,
recreational and visitor opportunities

III Natural monument or feature Areas set aside to protect a specific natural monument, which can be a landform, sea mount, marine cavern,
geological feature such as a cave, or a living feature such as an ancient grove

IV Habitat/species management
area

Areas to protect particular species or habitats, where management reflects this priority.

V Protected landscape or
seascape

Areas where the interaction of people and nature over time has produced a distinct character with
significant ecological, biological, cultural and scenic value: and

VI PAs with sustainable use of
natural resources

Areas which conserve ecosystems, together with associated cultural values and traditional natural resource
management systems. Generally large, mainly in a natural condition, with a proportion under sustainable
natural resource management
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contain climate classes which will not exist within the same PA in the future. In other words, the DCI provides a measure of
the relative area (percent of total area) within each PA that exhibits certain climatic conditions that will either disappear
entirely or move outside the boundaries of the PA in the future. To calculate the DCI, Hoffmann et al. (2019) used global
climate data with a resolution of 30 arcseconds provided by the WorldClim project (Hijmans et al., 2005). Future climate data
were downscaled from ten different general circulation models (GCMs) for the Representative Concentration Pathways RCP
4.5 covering the year 2070, i.e. the average of period 2061e2080. For further details on the calculation of DCI see Appendix A.
2.3. Protected area characteristics

To identify PA characteristics that are especially associated with climate change inside PAs, we related three distinct PA
characteristics e PA area, maximal elevational difference, and terrain ruggedness - to the DCI. PA area is given by the WDPA
dataset. Maximal elevational difference (MED) was calculated as the absolute difference between maximal elevation and
minimum elevation for each PA. Maximal andminimum elevation datawas obtained from two separate global raster datasets
by Amatulli et al., (2018). These two remote sensing products (maximal elevation and minimum elevation) are based on 90 m
elevation data from the Shuttle Radar Topography Mission and have a final resolution of 30 arcseconds (Jarvis et al. 2008;
Reuter, Nelson and Jarvis 2007). We than calculated the highest minus the lowest point of each PA at 30 arcsecond resolution.
Terrain ruggedness index (TR) of each PA is given by the original dataset of Hoffmann et al. (2019) (https://doi.org/10.6084/
m9.figshare.9804350). This data was extracted from open-source digital elevation model data provided by Amatulli et al.
(2018). It is based on 90 m elevation data and has a final resolution of 30 arcseconds. TR was calculated as the mean of
the absolute differences in elevation between a cell within a PA and its eight adjacent cells inside the PA. It is important to
note that a resolution of 30 arcsecond will show variation in grain size with latitude, which can bias or distort TR values to
some degree. Hoffmann, Irl, and Beierkuhnlein (2019) assigned each PA one TR value by calculating themedian of all TR values
inside a single PA. For further details see Hoffmann et al. (2019).
2.4. IUCN management categories

We further analyzed the correlations between PA characteristics and DCI for separate PA management categories. The
IUCN divides all global PAs into different management categories ranging from strictly protected (Ia) to PAs with sustainable
use of natural resources (VI) (Table 1). This data is provided by the original WDPA dataset (IUCN and UNEP, 2018). We hy-
pothesized no strong differences among management categories since DCI is generally driven by large-scale geographic
patterns and therefore it is largely independent of individual PA management. However, our results can reveal which types of
PAs are more severely affected by climate change and therefore might impact decisions about where to concentrate future
conservation efforts.
2.5. Statistical analyses

Statistical analyses were performed in R v. 3.6.2 (R Core Team 2019). We tested frequency distribution of our data visually
by using histograms as well as qqplots. To assess the effects of PA characteristics on DCI we conducted a generalized linear
model (GLM). We selected three distinct characteristics as explanatory variables, PA area, maximal elevational difference
(MED), and median terrain ruggedness (TR). To account for spatial autocorrelation we assigned each PA to one of 32 climate
zones based on Koeppen-Geiger climate classification (Rubel and Kottek, 2010). We initially conducted separate linear mixed
models (LMMs) with disappearing climate index as response variable, PA characteristics as fixed effects and Koeppen-Geiger
climate zone as random effect. In all three cases, variance explained by Koeppen-Geiger climate zone was below 0.01. This
implies that our model is robust for differences in climate and the effect of spatial autocorrelation in our data is negligible.
After clarifying the status of spatial autocorrelation, we conducted generalized linear model analyses (GLM) using the glm
function in R. DCI functioned as response variable while log (PA area), MED and TR and their interactions PA area*MED, PA
area*TR and MED*TR were predicting variables in our model. All predicting variables were poisson distributed and below the
0.7 threshold value for the Pearson correlation test. Stepwise, forward selection was used to select the most parsimonious
model. Since most goodness-of-fit measures are not well suited for such large data sets we based our model selection on a
threshold of an increase in R2 of at least 2% for each degree of freedom used by the model. R2 was calculated using the rsq
package (Zhang 2020). The assumptions for linear regressions were tested via diagnostic plots and met in all cases presented
in this study.

To see if different IUCN management categories have significantly different DCI values we calculated an one-way ANOVA
test with IUCN category as explanatory variable and DCI as response variable. For this test we excluded PAs, which follow
under one of the following IUCN categories, “Not applicable”, “Not assessed”, “Not reported”, which amounted to a total of
37784 (27.5%). The remaining 99648 PAs were analyzed. All DCI values within the seven IUCN groups followed a normal
distribution. The assumptions for ANOVA were tested via diagnostic plots and met in all cases presented in this study. In
addition, we performed a Tukey’s Honestly Significant Difference (Tukey’s HSD) post-hoc test for pairwise comparisons of DCI
among IUCN categories using a 95% confidence interval.
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To test whether PA characteristics differ significantly among IUCNmanagement categories, we performed a Kruskal-Wallis
test between IUCN category and a) PA area, b) MED and c) TR. We performed a posthoc pairwise.wilcox.test() for pairwise
comparisons of PA characteristics among IUCN categories.

To test how IUCN categories interact with PA characteristics in their effects on DCI we conducted three separate GLMswith
poisson distribution: DCI ~ log(PA area)*IUCN; DCI ~ MED*IUCN; and DCI ~ TR*IUCN. This analysis of IUCN management
categories in relation to abiotic terrain variables should allow a description of the relative characteristics of each category. To
preserve the clarity of interpretationwe separated the analysis in threemodels, one for each abiotic terrain variable, instead of
fitting all variables into a single model.We plotted our datawith the interact_plot function from the package interactions (Long
2019) and included 80% confidence intervals. We chose 80% confidence intervals instead of 95% confidence intervals to
improve the interpretability of the graphics.

3. Results

All terrestrial protected areas worldwide will experience a change of climatic conditions in the future. Under moderate
climate change (RCP 4.5) global terrestrial PAs will lose between 1% and 85% of their relative land surface area exhibiting
certain climatic conditions which will no longer be part of this PA by 2070. The best-fit model for predicting DCI within global
terrestrial PAs included PA area (log-transformed) and maximal elevational difference (MED) (R2 ¼ 0.63) (Table 2).

Including TR as predicting variable in the model resulted in an R2 increase of only 0.9% even though TR had a significant
effect on DCI (p ¼ 0.000002) (Appendix B, Table. B1).

The one-way ANOVA test showed significant differences in DCI for IUCN categories (p < 0.000001). With a 95% confidence
interval, Tukey’s Honestly Significant Difference (Tukey’s HSD) post-hoc test for pairwise comparisons showed a significant
difference in DCI between all IUCN categories except for Ib (wilderness area) and VI (PAs with sustainable use of natural
resources) (Fig. 1).

When testing the differences in PA characteristics for each IUCN category (Table 3) we found area differed significantly
(p < 0.000001) for all IUCN categories except IUCN Ia (strict nature reserve) and V (protected landscape or seascape) (Ia:
p ¼ 0.14). The largest median areas were found in category II (66 km2), the smallest in category IV (1 km2).

MED differed significantly (p < 0.000001) for all IUCN categories except IUCN Ia (strict nature reserve) and III (natural
monument or feature) (p¼ 0.51) as well as Ib (wilderness Area) and II (national park) (p¼ 0.83). The largest medianMEDwas
found in category Ib (400m), the smallest in category V(50m) (Table 4).

TR differed significantly (p < 0.000001) for all IUCN categories except IUCN III (natural monument or feature) and VI (PAs
with sustainable use of natural resources) (p ¼ 0.31). The largest median TR was found in category Ib (10m), the smallest in
category V(3m) (Table 5).

Whenwe tested the interaction of IUCN category with PA area (DCI ~ log(PA area) * IUCN) we found that compared to the
strictest protection status Ia (strict nature reserve) the other IUCN categories do not exhibit significant differences in the
effects of area on DCI. Within category II (national park) we see a significant trend (p ¼ 0.002) in area linked with a stronger
decrease in DCI compared to IUCN Ia (Table 6). This might be due to the large sizes of PAs found in category II (Table 3). Within
category IV we see a significant trend (p¼ 0.005) in area linked with a less strong decrease in DCI compared to IUCN Ia (Table
6).

The relationship between DCI and PA area for the different IUCN categories is shown in Fig. 2.
When we tested the interaction of IUCN category with MED (DCI ~ MED * IUCN) we found that compared to the strictest

protection status Ia (strict nature reserve) IUCN category Ib (wilderness area) exhibits a significantly stronger decrease of DCI
with MED (p ¼ 0.25) (Table 7). Within category II (national park), V(protected landscape or seascape) and VI (PAs with
sustainable use of natural resources) we see a weak, yet insignificant trend in MED linked with a stronger decrease in DCI
compared to IUCN Ia (II: p ¼ 0.059, V:p ¼ 0.052, VI:p ¼ 0.065). All five IUCN categories (Ia, Ib, II, V and VI) were significantly
different from each other in their levels of MED except for IUCN category Ib and II (Table 4) which both resulted in a stronger
decrease of DCI with MED compared to IUCN Ia (Table 7).

The relationship between DCI and MED for the different IUCN categories is shown in Fig. 3.
When we tested the interaction of IUCN category with TR (DCI ~ TR * IUCN) we found that compared to the strictest

protection status Ia (strict nature reserve) IUCN category Ib (wilderness area), II (national park), V(protected landscape or
seascape) and VI (PAs with sustainable use of natural resources) exhibits a significantly stronger decrease of DCI with TR
(Ib:p ¼ 0.009, II: p < 0.001, V:p ¼ 0.040, VI:p ¼ 0.038) (Table 8). All five IUCN categories (Ia, Ib, II, V and VI) were significantly
different from each other in their levels of TR (Table 4).
Table 2
Generalized linear model results of PA characteristics as predictors of DCI. R2 ¼ 0.63

Variable Estimate Standard Error z-value P-value

DCI
PA area (log) �0.0398 0.003 �11.50 <0.000001 ***
MED �0.0003 <0.001 �15.91 <0.000001 ***

Significance codes as indicated are “*” <0.05, “**” <0.01 “***” <0.001.
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Fig. 1. DCI for IUCN management category. IUCN categories differ significantly in their DCI values. Black lines represent the median, black dots the mean, and
error bars show 95% confidence intervals. Statistical significance (p < 0.000001) is indicated by different letters below the bars. Tukey’s HSD post-hoc test showed
a significant difference in DCI between all IUCN categories except for Ib (wilderness area) and VI (PAs with sustainable use of natural resources). IUCN man-
agement category IV (habitat/species management area) and V (protected landscape/seascape) exhibit on average the highest DCI values.

Table 3
The difference of PA area among PAs of different IUCNmanagement categories.We performed a Kruskal-Wallis Test excluding PAs, which follow under
one of the following IUCN categories, “Not applicable”, “Not assessed”, “Not reported”. Comparisons are significant with p < 0.001 unless otherwise stated.

Ia Ib II III IV V VI

Median in km2 2 40 66 1 1 2 9
Mean in km2 118 467 918 22 63 67 968
p-value:
Ib NA
II NA
III NA
IV NA
V 0.140 NA
VI NA

Table 4
The difference ofMED among PAs of different IUCNmanagement categories.We performed a Kruskal-Wallis Test excluding PAs, which follow under one
of the following IUCN categories, “Not applicable”, “Not assessed”, “Not reported”. Comparisons are significant with p < 0.001 unless otherwise stated.

Ia Ib II III IV V VI

Median in km2 87 400 292 95 73 50 180
Mean in km2 248 594 634 198 173 154 378
p-value:
Ib NA
II <0.83 NA
III <0.51 NA
IV NA
V 0.14 NA
VI NA

Table 5
The difference of TR among PAs of different IUCNmanagement categories.Weperformed a Kruskal-Wallis Test excluding PAs, which follow under one of
the following IUCN categories, “Not applicable”, “Not assessed”, “Not reported”. Comparisons are significant with p < 0.001 unless otherwise stated.

Ia Ib II III IV V VI

Median in km2 4 10 7 6 4 3 6
Mean in km2 9 12 11 10 7 6 10
p-value:
Ib NA
II NA
III NA
IV NA
V NA
VI 0.036 0.305 NA

A. Lawrence, S. Hoffmann and C. Beierkuhnlein Global Ecology and Conservation 25 (2021) e01445
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Table 6
Generalized linear model results on the interaction of PA area and IUCN category as predictors for DCI.

Variable Estimate Std Error z-value P-value

DCI
PA area (log):IUCN_Ib �0.0258 0.017 - 1.55 0.121
PA area (log):IUCN_II �0.0441 0.014 - 3.06 0.002**
PA area (log):IUCN_III 0.0106 0.012 0.85 0.392
PA area (log):IUCN_IV 0.0286 0.010 2.79 0.005**
PA area (log):IUCN_V 0.0134 0.011 1.21 0.226
PA area (log):IUCN_VI �0.0152 0.014 - 1.11 0.269

Significance codes as indicated are “*” <0.05, “**” <0.01 “***” <0.001.
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The relationship between DCI and TR for the different IUCN categories is shown in Fig. 4.
4. Discussion

All terrestrial protected areas (PAs) on earth will experience a change of climatic conditions in the near future. Certain
climatic conditions within the boundaries of any given PA will disappear while others expand or change locations. This can
severely reduce biodiversity conservation and other measures of PA effectiveness. Under moderate climate change (RCP 4.5)
global terrestrial PAs will lose between 1% and 85% of their relative land surface area exhibiting certain climatic conditions
which will no longer be part of this PA by the year 2070. The disappearing climate index (DCI) is a measure of the amount of
land surface area that will lose current climatic conditions by 2070. Higher topographic diversity within PAs is strongly linked
to lower DCI values. We found that all three investigated PA characteristics representing topographic diversity ePA area,
maximal elevational difference (MED) and terrain ruggedness (TR)e are correlated with a significant decrease in DCI. PA area
and MED alone explain 63% of the variance observed in DCI among the world’s terrestrial PAs. IUCNmanagement category IV
(habitat/species management area) and V (protected landscape/seascape) exhibit on average the highest DCI values.

In our study we analyzed the relationship between DCI and topographic diversity using the resolution of 30 arcseconds,
determined by the preexisting data of DCI. To our knowledge this is the highest spatial resolution for which global climate
data is available. While this allowed us to look at all terrestrial PAs worldwide, the resolution of 30 arcseconds e approxi-
mately 1 km e probably underestimates the potential for microclimates and microclimatic refugia (Suggitt et al., 2018).
Therefore, a 30 arcsecond resolution might underestimate climate change indices such as DCI by overlooking fine-scale
topoclimatic patterns, especially in rugged terrain and by not-detecting fine-scale sites decoupled from the regional
climate (Heikkinen et al., 2020). While MED and TR values are based on elevation data of 90 m resolution, we analyzed them
in a final resolution of 30 arcseconds determined by the preexisting data of DCI. This allowed us to create computationally
manageable values for all terrestrial PAs worldwide. These values however are likely to underestimate the full range of
topographic diversity present in any given PA.

As hypothesized, our research demonstrates that increasing PA area is significantly related to decreasing DCI. This backs up
previous studies suggesting small PAs are more vulnerable to climatic changes compared to larger ones (Hoffmann et al.,
2019; Langdon and Lawler, 2015; Loarie et al., 2009). Large PAs are more likely to harbor diverse climatic conditions
allowing for internal climate displacement such that some portion of the PA is more likely to exhibit prior climatic conditions
(Loarie et al., 2009; Thomas and Gillingham, 2015).

Our research also demonstrates that increases in both MED and TR are significantly linked to decreases in DCI. This builds
on previous studies which have suggested that mountainous areas are less vulnerable to climatic changes (Lawler et al., 2015;
Loarie et al., 2009). High topographic diversity leads to high climatic and thus environmental diversity (Carroll et al., 2017;
Halpin, 1997; Langdon and Lawler, 2015), which increases the likelihood that species will be able to find suitable nearby
habitat as climate changes (Carroll et al., 2017), for example by shifting their ranges towards higher elevations (Halpin, 1997;
Scheffers et al., 2016). Further, our results show that MED is much stronger correlated with DCI and adds a higher explanatory
power to DCI compared to TR.

To our knowledge, the effects of TR and MED on climate change indices have never before been analyzed separately. One
reason for this lacuna could be a paucity of available data. Alternatively, TR and MED are often assumed to be too closely
correlated to differ significantly in their effects on climate change indices. In our study of 137,432 terrestrial protected areas
MED and TR were just below the 0.7 threshold value for the Pearson correlation test. Even if MED and TR are often correlated,
they still represent two different aspects of mountainous landscapes that must be studied independent of one another. MED
measures the difference between the lowest and highest elevations within a PA. TR, by contrast, is the mean of the absolute
differences in elevation between a raster cell located within a PA and its eight adjacent cells inside the PA. Consequently, TR
represents the roughness of a terrestrial surface independent of its altitudinal range or zonation. As such, PAs with low overall
elevational difference can still have high TR. As we have hypothesized MED is linked with a much stronger decrease in DCI
compared to TR. One possible explanation for this phenomenon is that MED is a more large-scale measurement compared to
TR. Testing whether MED also leads to higher environmental diversity compared to TR would require additional analysis not
attempted in this paper.
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Fig. 2. Decreasing DCI with increasing PA area among all IUCN management categories. Colored sections around the trendlines represent an 80% confidence
interval. Compared to the strictest protection status Ia (strict nature reserve) IUCN category II (national park) exhibits a significantly stronger decrease of DCI with
PA area (p ¼ 0.002), while IUCN category IV (habitat/species management area) exhibits a significantly less strong decrease of DCI with PA area (p ¼ 0.005).

Table 7
Generalized linear model results on the interaction of MED and IUCN category as predictors for DCI.

Variable Estimate Std Error z-value P-value

DCI
MED:IUCN_Ib �0.0002 <0.001 - 2.25 0.025*
MED:IUCN_II �0.0002 <0.001 - 1.89 0.059
MED:IUCN_III <0.0001 <0.001 <0.01 0.999
MED:IUCN_IV <0.0001 <0.001 0.66 0.511
MED:IUCN_V �0.0001 <0.001 - 1.94 0.052
MED:IUCN_VI �0.0002 <0.001 - 1.85 0.065

Significance codes as indicated are “*” <0.05, “**” <0.01 “***” <0.001.

Fig. 3. Decreasing DCI with increasing MED among all IUCN management categories. Colored sections around the trendlines represent an 80% confidence in-
terval. Compared to the strictest protection status Ia (strict nature reserve) IUCN category Ib (wilderness area) exhibits a significantly stronger decrease of DCI
with MED (p ¼ 0.25).
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Table 8
Generalized linear model results on the interaction of TR and IUCN category as predictors for DCI.

Variable Estimate Std Error z-value P-value

DCI
TR:IUCN_Ib �0.0110 0.004 - 2.61 0.009**
TR:IUCN_II �0.0198 0.004 - 5.25 <0.001***
TR:IUCN_III �0.0011 0.003 - 0.39 0.699
TR:IUCN_IV 0.0017 0.002 0.67 0.501
TR:IUCN_V �0.0056 0.003 - 2.05 0.040*
TR:IUCN_VI �0.0069 0.003 - 2.07 0.038*

Significance codes as indicated are “*” <0.05, “**” <0.01 “***” <0.001.
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DCI differs significantly among all IUCN categories. IUCN management category IV (habitat/species management area)
shows a generally high DCI (second highest mean andmedian DCI after IUCNmanagement category V). Regardless of whether
or not this difference can be explained by topographic diversity, this is an important finding since PAs managed under
category IV are specifically designated to protect “particular species or habitats, where management reflects this priority”
(Dudley, 2008, Table 1). Yet, while management in category IV PAs might be effective for protecting particular species and
habitats today, our results suggest that these management practices will not be as effective in mitigating habitat loss from
climate change in the future. Therefore, we recommend incorporating climate change indices, such as DCI, into decision
making for category IV PAs. The lowest mean and median DCI value was found in category II (national park). PAs within
category II e however - also exhibit the largest range of DCI values. Overall IUCN category II has the highest median PA area,
the second highest median MED and the second highest median TR (the order of mean values is comparable). This might be a
result of political interests in preserving especially large and scenic mountain landscapes as national parks. IUCN category Ib
(wilderness area) exhibits the second highest median values in PA area and the highest inMED and TR. This may be due to less
pressure from land use by agriculture or urban expansion in mountainous landscapes, which creates room for larger, more
strictly protected PAs. The highest DCI values are found in category V (protected landscape or seascape), which usually
consists of small (median area ¼ 2 km2) and flat areas with the lowest median MED and TR values among all IUCN categories.

We found no strong differences in the interactions of IUCN categories and PA characteristics in its effects on DCI. However,
there was one notable exception: IUCN management category II (national parks) exhibits lower DCI values compared to even
the strictest protection status Ia (strict nature reserve) based on all three PA characteristics. While the interaction of IUCN II
and PA area is not quite significant (p ¼ 0.054) there is a weak trend in decreasing DCI by an additional 3.6% for each km2 PA
area increases compared to IUCN Ia (strict nature reserve). The interaction of IUCN II andMED shows aweak trend (p¼ 0.059)
in decreasing DCI for an additionally 0.02% for each additional 1 m increase in MED compared to IUCN Ia. The interaction of
IUCN II and TR shows a significant decrease in DCI (p < 0.000001) for an additionally 2% for each additional 1m increase in TR.
IUCN management category IV (habitat/species management area) shows a generally high DCI and tends to reduce the
decrease of DCI with increasing PA area, MED and TR. However, none of these relationships tested significant (PA area*IUCN
IV: p ¼ 0.058, MED* IUCN IV: p ¼ 0.511, TR*IUCN IV: p ¼ 0.501). While our results demonstrated no significant effect of the
interactions of PA area, MED and TRwith IUCN category IV it nevertheless showed elevated levels of DCI. For future research it
is worth examining the factors driving climate change indices especially within IUCN category IV since these PAs are spe-
cifically designated to protect “particular species or habitats, where management reflects this priority” (Dudley, 2008, Table
1). Thus, if wewant to preserve specific species or habitats, we need to consider doing this during times of climatic change, so
that species can still profit from PAs currently listed under IUCN management category IV. DCI as a climate index is generally
driven by large-scale geographic patterns and it is therefore independent of individual PA management. However, our results
show which types of PAs are more affected by climate change compared to others. Our study demonstrates which PA
characteristics are most influential in determining DCI for different PA management categories. However, DCI can vary
tremendously between individual PAs even if they are part of the same IUCN management category. Therefore, IUCN man-
agement category alone cannot be used to inform practitioners of individual PAs about potential future strategies in reducing
DCI. The results of our study are the first to demonstrate topographic diversity as a meaningful and practicable guide for
conservation managers to design effective PA’s in the face of climate change.

Previous studies have projected tremendous differences in the degree of climatic change individual PAs will experience
(Langdon and Lawler, 2015; Loarie et al., 2009; Wiens et al., 2011). While some studies show a projected increase in biodi-
versity for certain areas under climate change, either through direct or indirect means (Lim et al., 2018; Pawson et al., 2013),
most research predicts negative effects of climatic changes on overall biodiversity in the long-term. Environmentally het-
erogeneous PAs are expected to allow for adaptation ormigration of species under climate change (Scherrer and K€orner, 2011;
Thomas and Gillingham, 2015). Hence, environmental diversity within PAs is considered to act as a buffer in climatic change
(Ackerly et al., 2010; Heller et al., 2015; Lemieux et al., 2011). Our goal was to assess if and how topographic diversity may
buffer the impacts of climate change. We found three meaningful PA characteristics representing topographic diversity ePA
area, maximal elevational difference (MED) and terrain ruggedness (TR)e that are strongly linked to a decrease in DCI. This
robust correlation holds true for all terrestrial PAs worldwide and all IUCN management categories.

Hence, topographic diversity can be used as an indicator for the resilience and, to some extent, the effectiveness of PAs
under climatic change as it is based on evidence frommany climatic regimes which shows that different geophysical settings
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Fig. 4. Decreasing DCI with increasing TR among all IUCN management categories. Colored sections around the trendlines represent an 80% confidence interval.
compared to the strictest protection status Ia (strict nature reserve) IUCN category Ib (wilderness area), II (national park), V(protected landscape or seascape) and
VI (PAs with sustainable use of natural resources) exhibits a significantly stronger decrease of DCI with TR (Ib:p ¼ 0.009, II: p < 0.001, V:p ¼ 0.040, VI:p ¼ 0.038).
Category IV (habitat/species management area) exhibits a less strong decrease in DCI compared to IUCN category Ia, this weak trend is e however e not sig-
nificant (p ¼ 0.501).
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can maintain distinct ecological communities under a wide range of climates (Jones et al., 2016). In this way our results
support the theory of Conserving Nature’s Stage (CNS), which advocates for conserving an abiotically diverse stage, which is
considered to exhibit high climate change resilience and is easier to identify and measure than biotic diversity (Lawler et al.,
2015). However, it is important to note that representing heterogeneity alone is unlikely to preserve specific species or aspects
of biodiversity that are most threatened by climate change. Hence, representing heterogeneity within PAs should be com-
plemented by specific conservation approaches which will incorporate biological information to conserve individual species
or communities (Jones et al., 2016; Tingley et al., 2014). Applying topographic diversity as an indicator for PA resilience under
climate change is an important first step toward climate smart conservation that will be especially useful for PA managers,
conservation practitioners and politicians because topographic diversity can be assessed easily through publicly available
data and remote sensing products. This ease-of-use puts topographic diversity in marked contrast to overall environmental
diversity as an actionable metric. Assessing overall environmental diversity is a much more complex undertaking, usually
demanding intensive and costly fieldwork for which most conservation practitioners are understaffed, underfunded, and
underequipped. Thus, in most circumstances, topographic diversity is a better measure for designing and managing effective
PAs.

In the age of “big data,” topographic diversity offers a relatively simple and inexpensive guide for estimating climate
change resilience in PAs worldwide. It can help in maintaining effectiveness of current and future PAs given projected climatic
changes. Most mountainous PAs with high MED and TR are relatively well situated to cope with climatic change while PAs
located in flat terrain likely experience higher DCI values. Wessely et al. (2017) suggests that habitat restoration has high
potential to mitigate species loss due to climate change in the lowlands of Europe but limited potential in high mountain
landscapes. The likely reason is that semi-natural habitats are restricted to remnant patches in Central European lowlands
while they still represent the matrix at (sub-) alpine elevations. Pairing practical and applied conservation studies like this
with our results on the spatial distribution of climate change resilient PAs based on topographic heterogeneity might help
guide conservationists in distributing limited funds in preparing current PAs for remaining their effectiveness under climate
change. Beyond managing current PAs our results have the potential to help in designing new PAs with an eye to climate-
smart conservation strategies. Our results concur with Lawler et al. (2020), who also point out that creating new PAs in
mountainous regions with the intention of providing future climatic refugia will be relatively inexpensive, making the
protection of rare climate refugia a low-cost adaptation strategy. However, while managing for topographic diversity is a
comparatively simple approach, conservation decisions also need to be based on other criteria such as biological diversity,
quality of habitat inside the PA, or the uniqueness of its species (Heikkinen et al., 2020; Hoffmann et al., 2018).

While we investigated the correlation of topographic diversity on DCI we did not include information on species move-
ment. DCI does inform about the disappearing climatic conditions comparable to climate velocity or climate anomaly indices,
however these are based on abiotic conditions and processes. When inferring direct measures for species conservation cli-
matic indices should be paired with biological information on species movement in order to predict future climate refugia or
biodiversity hotspots. Underlying mechanisms such as dispersal limitations, demographic shifts, species interactions, and
10
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evolution, however play key roles in mediating biotic responses to climate change (Littlefield et al., 2017; Urban, 2015). In
addition to mountain-top extinction or low-elevation bottlenecks, physical structures, such as insurmountable environ-
mental barriers, can further prevent successful climate tracking (Littlefield et al., 2017; Reside et al., 2018).

Our results underscore the findings of previous studies that suggest future-oriented conservation approaches that
maximize environmental diversity to buffer impacts of climate change (Ackerly et al., 2010; Heller et al., 2015; Lawler et al.,
2015; Scherrer and K€orner, 2011). However, maximizing environmental diversity is difficult to put into practice. One often-
used proxy for environmental diversity is PA size.While it is widely acknowledged that increasing PA area leads to a reduction
in climatic change impacts within PAs it is also understood that expanding PA area is often unfeasible due to limited funds,
human land use pressures, depleted natural habitats, political will, and other factors (Hoffmann et al., 2019; Langdon and
Lawler, 2015; Thomas and Gillingham, 2015). In such cases PA management might profit from new, more flexible ap-
proaches to PAmanagement and design. However, it is important to note that in this studywe focused on PAs only and did not
analyze the surroundings of PAs. In this sense we treated PAs as islands, assuming that species will not be conserved outside
PAs and that species are unable to move through non-PA areas into other PAs to track their climatic niche. There is a vast body
of research which looks at the optimal shape and connectivity of PAs and their effects on species movement (Heller and
Zavaleta, 2009; Hodgson et al., 2009; Ward et al., 2020; Wegmann et al., 2014). While species movement is already
tremendously restricted by human activity, climate change is projected to further constrain potential movement routes while
simultaneously creating a higher need for species movement (Littlefield et al., 2017). In order to put connectivity-enhancing
strategies forward, future climate projections, landscape permeability due to human modification, and dispersal capabilities
need to be considered simultaneously (Littlefield et al., 2017; Urban et al., 2013).

Broadly, PAs exist to preserve global biodiversity. But at the local and regional level, PAs are geared toward the preservation
of characteristic species, populations, and ecosystems within static boundaries. Unfortunately, these principles appear
increasingly anachronistic in the face of global climate change. The mosaic of PAs worldwide comprises a vast array of biota
and habitats that need flexible principles of design to adapt to large-scale environmental changes (Abrahms et al., 2017;
Thomas, 2011; Timberlake and Schultz, 2017). By focusing e as a first step - on topographic diversity as an indicator for PA
resilience in the face of climate change, practitioners will have an easier, more reliably implementable guide in designing,
formulating and establishing effective PAs.
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