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ARTICLE INFO ABSTRACT

Keywords: Ecoregions are distinct groups of natural communities and species. Currently, some ecoregions of the world are
Biome considered as vulnerable. Protected areas (PAs) can support the conservation of such vulnerable ecoregions. In
Climate change this study, global PAs in different International Union for the Conservation of Nature (IUCN) management ca-
Ecoregi"_“ tegories and their vulnerable ecoregions were studied, and human footprint and climate disappearance were
E}u&an influence assessed. The human footprint was found to drive the ecoregional vulnerability of PAs, which was high for

vulnerable ecoregions in Europe, North America, and in smaller regions of Asia, Australia, New Zealand, and
South America. These PAs included different biomes (excluding montane grasslands and shrublands) and af-
fected IUCN PA management categories. Discrepancies may exist between observations and the present as-
signment of PAs to IUCN categories considering the extent of the human footprint; hence, these categories need
to be re-evaluated based on human influence. The obtained results indicate that vulnerable ecoregions in forest,
tundra, and mangrove biomes in PAs of eastern North America, Europe, south-eastern Asia, Australia, New
Zealand, and the Pacific islands face high risks from climate disappearance. The ecoregional vulnerability of PAs
to both human influence and climate change was high in temperate broadleaf and mixed forests in south-eastern
Asia, Europe, Australia, and New Zealand. For global PAs, we propose that: 1) long-term monitoring should be
conducted for changes in temperature and precipitation in vulnerable ecoregions such as forest, tundra, and
mangrove biomes; and 2) human influence and climate change are integrated into adaptive strategies for the
conservation of vulnerable PA ecoregions.

Nature reserves

and concerns, the International Union for the Conservation of Nature
(IUCN) developed management categories for global PAs, which have
been applied in ecoregion conservation (https://www.iucn.org/). The

1. Introduction

Because of their characteristic, geographically distinct assemblages

of natural communities and species, ecoregions have been identified as
priorities for conservation by the World Wildlife Fund (WWF), and are
globally conserved as protected areas (PAs; Olson et al., 2001). Both the
number and size of PAs have been increasing rapidly over the past
20 years, with the aim of protecting 13-17% of the world's land surface
by 2020 (according to Aichi Biodiversity Targets to 2020, https://www.
cbd.int/sp/targets/) and thus, preventing the further loss of threatened
species (Waldron et al., 2013; Watson et al., 2014; Venter et al., 2014).
A global PA network can strongly contribute to the conservation of
ecoregions. PA monitoring networks, databases, and evaluation systems
have been developed to conserve ecoregions ranging from regional to
global scales (Hoekstra et al., 2005; Jenkins and Joppa, 2009; Barr
et al., 2011; Venter et al., 2014). For example, based on various aims

World Database on Protected Areas (WDPA, http://www.wdpa.org/)
plays an important role in the evaluation of regional and global PAs,
and performs gap analyses, based on the ecoregion concept (Maxted
et al., 2008; Jenkins and Joppa, 2009; Barr et al., 2011; Venter et al.,
2014; Dinerstein et al., 2017).

Anthropogenic impacts and rapid climate change have been re-
ported to threaten the effectiveness of PAs with regard to ecoregion
conservation (Wittemyer et al., 2008; Mawdsley et al., 2009; Aratjo
et al.,, 2011; Watson et al., 2014). Global human activities and agri-
cultural growth may both decrease PA coverage and obstruct PA ex-
pansion (Wittemyer et al., 2008). Furthermore, population growth has
increased on the edges of PAs across ecoregions, countries, and con-
tinents, which could exacerbate anthropogenic threats to biodiversity in
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PA buffer zones (McKinney, 2002; Wittemyer et al., 2008; Joppa et al.,
2009). Human activities can drive alien species into PAs and affect
wilderness quality, wildlife habitat, and biological systems (Pauchard
and Alaback, 2004; Foxcroft et al., 2007; Barros and Pickering, 2014).

Past climate change can lead to variations in biodiversity distribu-
tion patterns, as well as in both the composition and function of eco-
systems, and to regional and global extinction of biodiversity (Williams
et al., 2007; Svenning et al., 2015; Weigelt et al., 2016). The climatic
dissimilarity between past and modern climates may result in the lack
of a modern analogue for past climates (i.e., climate disappearance),
such that the development of species associations and biomes has no
modern counterpart (Williams et al., 2007; Svenning et al., 2015;
Weigelt et al., 2016). As a consequence, climate disappearance can lead
to species loss and extinction (Williams et al., 2007). Key risks are as-
sociated with future climate states without current analogue, due to
increasing cumulative concentrations and emissions of carbon dioxide.
Climate disappearance may also lead to similar extinction dynamics in
the future (Williams et al., 2007; Pacifici et al., 2015). Beaumont et al.
(2011) have reported that the ecoregions of tropical montane regions
and of the poleward portions of continents would be threatened by
climate disappearance. In addition, in recent centuries, past climate
change and human activities interacted and played an important role in
affecting the effectiveness of PAs for biodiversity conservation (Leu
et al., 2008; Mawdsley et al., 2009; Porter et al., 2013). Hence, an-
thropogenic climate change has been shown to weaken the ability of
PAs to protect ecoregions (Mawdsley et al., 2009; Aratjo et al., 2011).
For example, human-induced climate change may threaten regional PAs
and lead to the loss of conservation functions (Hannah, 2008). There-
fore, globally, many ecoregions in PAs are vulnerable due to anthro-
pogenic impacts and rapid climate change.

The assessment of existing PAs is an important stage in systematic
conservation planning (Margules and Pressey, 2000). For example, Barr
et al. (2011) developed an effective measure for the determination of
global PA coverage for ecoregions, and evaluated the ability of these
PAs to protect ecoregions across different countries. Furthermore,
global PAs under management categories I-IV contribute to biodi-
versity conservation; however, there are still vulnerabilities and gaps in
the global plant protection that need to be overcome to meet the
Convention on Biological Diversity's protection targets (Jenkins and
Joppa, 2009; Barr et al., 2011; Venter et al., 2017). To assess the ef-
fectiveness of PAs, indicators of threats to ecoregions need to be iden-
tified and effective methods for the conservation of biodiversity need to
be proposed (Hoekstra et al., 2005; Barr et al., 2011).

Recent studies across different regions have reported the negative
effects of anthropogenic activities and of climate disappearance on
threatened species and ecosystem stability (Beaumont et al., 2011;
Dinerstein et al., 2017). The human footprint is a tool for conservation
planning at the ecoregional scale, which quantifies a continuum of
anthropogenic impacts on terrestrial ecosystems and identifies the re-
maining large global wild areas (Sanderson et al., 2002; Woolmer et al.,
2008). Previous studies have demonstrated that the human footprint is
significantly related to ecoregional biodiversity (Leu et al., 2008;
Woolmer et al., 2008; Etter et al., 2011). The quantification of climate
disappearance between current and future states is an effective method
for the evaluation of risks of species loss and extinction in response to
future climate change (Williams et al., 2007; Beaumont et al., 2011;
Watson et al., 2013; Bellard et al., 2014). Watson et al. (2013) defined a
measure of similarity between the expected future climate of a region
and its present state for the assessment of ecoregional vulnerability, and
proposed recommendations for the adaptation of the conservation of
ecoregion biodiversity and ecosystems. If anthropogenic disturbance
and disappearing climates are considered interactively, their impacts
and threats/risks to PAs are close to reality. Climate change is causing
global warming due to anthropogenic activities in the past 50 years, and
the similar changing trends would continue in the future (Porter et al.,
2013; Jones et al., 2016; http://www.ipcc.ch). Such anthropogenic
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climate change may drive biodiversity loss, and decrease conservation
functions of PAs (Keppel et al., 2012; Porter et al., 2013; Svenning et al.,
2015). Maps of future climate change can be projected based on the
assessment of concentrations of anthropogenic greenhouse gases and
other pollutants (http://www.ccafs-climate.org). Hence, it is possible to
assess effects of future climate change on vulnerable ecoregions of PAs
in the consideration of human disturbance. Although the assessments of
eco-vulnerability using disappearing climates may have limitations,
similar approaches have been widely used for conservation planning
with a focus on global ecoregions (Williams et al., 2007; Beaumont
et al., 2011; Watson et al., 2013; Pacifici et al., 2015).

Here, both the human footprint and climate disappearance were
used as indicators of threats to ecoregions, and assessed their potential
global impacts on vulnerable PA ecoregions. PA data was collected from
the WDPA based on IUCN protected area management categories
(http://www.wdpa.org/), ecoregion data from Olson et al. (2001), and
human footprint data from Sanderson et al. (2002). Then, human
footprint indices and degrees of disappearance of future PA climates
were calculated through an extensive, global PAs sample. Finally, vul-
nerable PA ecoregions were identified according to high human foot-
print and climate disappearance, and several effective conservation
management methods for global biodiversity were proposed.

2. Materials and methods
2.1. Protected areas (PAs)

PA data with polygons and points were obtained from the UNEP-
WCMC WDPA (http://www.wdpa.org/; accessed in July 2017). In total,
234,008 PA records, comprising 215,427 polygons and 18,581 points,
were released by the WDPA in July 2017, covering 245 countries and
territories. Where boundary data was unavailable for point data, both
the latitude and longitude of the centermost point were requested as a
reference point for the PA (http://www.wdpa.org/). ArcGIS 10.2 (Esri,
Redlands, CA, USA) was used to convert polygons into point data based
on the latitude and longitude of the centermost points, creating point
data for 234,008 PAs for further study. PAs in IUCN management ca-
tegories I-VI were selected as study cases; the management categories
are as follows: 1) Ia. Strict Nature Reserve; 2) Ib. Wilderness Area; 3) II.
National Park; 4) IIl. Natural Monument or Feature; 5) IV. Habitat/
Species Management Area; 6) V. Protected Land/Seascape; 7) VI
Protected area with sustainable natural resource use (https://www.
iucn.org/). These categories are based on the management objectives of
the PAs with regard to human activity and land use (Leroux et al.,
2010). The present assignment of protected areas to IUCN categories
corresponds to the expected extent of anthropogenic impacts on both
biodiversity and species (Dudley, 2008; Leroux et al., 2010).

2.2. Ecoregions

Ecoregions are units for conservation action across different spatial
scales (Olson et al., 2001). The WWF has delineated 825 terrestrial
ecoregions globally, in 14 major biomes (see Fig. 1a), and three con-
servation statuses have been applied (i.e., “critical or endangered”,
“vulnerable”, and “relatively stable or intact”; https://www.
worldwildlife.org/). The study of Olson and Dinerstein (1998) pro-
vided an effective approach for the assessment of the vulnerability of
global ecoregions. Vulnerable ecoregions (i.e., “critical or endangered”
and “vulnerable”) are threatened by total habitat loss, degree of frag-
mentation, poor water quality, and estimates of future threat. The ha-
bitats, biodiversity, and ecosystems of non-vulnerable ecoregions are
relatively stable or intact (Olson and Dinerstein, 1998). The details of
the vulnerability assessment approach have been reported in the study
of Olson and Dinerstein (1998). Here, “critical or endangered” and
“vulnerable” ecoregions have been regarded as vulnerable, and “rela-
tively stable or intact” ecoregions as non-vulnerable.
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(a) Biomes

(b) Human Footprint

Human Footprint
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Fig. 1. Maps of (a) biomes; (b) human footprint; and (c) protected areas. Codes for biomes: 1 - Tropical and Subtropical Moist Broadleaf Forests; 2 - Tropical and
Subtropical Dry Broadleaf Forests; 3 - Tropical and Subtropical Coniferous Forests; 4 - Temperate Broadleaf and Mixed Forests; 5 - Temperate Conifer Forests; 6 -
Boreal Forests/Taiga; 7 - Tropical and Subtropical Grasslands, Savannas, and Shrublands; 8 - Temperate Grasslands, Savannas, and Shrublands; 9 - Flooded
Grasslands and Savannas; 10 - Montane Grasslands and Shrublands; 11 - Tundra; 12 - Mediterranean Forests, Woodlands, and Scrub; 13 - Deserts and Xeric
Shrublands; 14 - Mangroves; 15 - Inland Water; 16 - Rock and Ice. Codes for IUCN categories: Ia — Strict Nature Reserve; Ib — Wilderness Area; II — National Park; IIT —
Natural Monument or Feature; IV — Habitat/Species Management Area; V — Protected Landscape/Seascape; VI — Protected Area with sustainable natural resource use.
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The intersection function of ArcGIS 10.2 (Esri, Redlands, CA, USA)
can calculate the overlap between two groups of data, allowing the
identification of similar features. This function was used to assess the
vulnerability of ecoregions (i.e., vulnerable and non-vulnerable PA
ecoregions). Thus, data was obtained for the vulnerability of central PA
ecoregions.

2.3. Quantifying human footprint in vulnerable PA ecoregions

Sanderson et al. (2002) created a map of the Human Influence Index
(HII), reported at a spatial resolution of 1km?, based on human po-
pulation pressure (population density), land use and infrastructure
(built-up areas, night-time lighting, and land use/cover), as well as
access (coastlines, roads, railroads, and navigable rivers). Human
footprint is strictly related to HI[; a high human footprint index in-
dicates the intactness, naturalness, and function of natural commu-
nities. Based on the above-mentioned map of human influence, we
calculated human footprint (HF) using the following equation
(Sanderson et al., 2002; Leroux et al., 2010):

- (HIL = Hllyin ) X 100
' Hllngyj — Hllpinj

where i represents the cell and j represents the sub-region of which the
cell is a member. Ecological sub-regions indicate the primary spatial
variation in dominant biological communities within an ecoregion
(Sanderson et al., 2002; Woolmer et al., 2008).

The human footprint index ranges from 1 to 100 (see Fig. 1b). Based
on Woolmer et al. (2008), human footprint indices were classified into
three levels to quantify the degree of anthropogenic effects. Indices
from 20 to 40 indicated a high human footprint for vulnerable PA
ecoregions, while indices above 40 indicated an extremely high human
footprint.

Previous studies have shown that human footprint negatively affects
biodiversity (Kier et al., 2005a, 2005b; Venter et al., 2016). Here, PA
ecoregional vulnerability was used as a binary response variable (vul-
nerable as 1, and non-vulnerable as 0), and the human footprint index
was used as the explanatory variable, based on point data. Then, data
was removed that had the same human footprint index, type of ecor-
egion, IUCN category, and ecoregional vulnerability. The final number
of sampled PA ecoregions was 17,051 (see Fig. 1c). A General Linear
Model (GLM) was used to test the relationship between the human
footprint (the explanatory variable) and PA ecoregional vulnerability
(the response variable) across 14 major biomes and IUCN categories
I-VL

The average human footprint of vulnerable PA ecoregions was
computed, across different biomes and IUCN categories, to identify
vulnerable PA ecoregions with high human footprint, based on
Woolmer et al. (2008). The IUCN guide of PAs identifies common goals
across all IUCN categories, including the conservation of genetic, spe-
cies, community, ecosystem, and landscape diversity, as well as the
processes that link these different elements (Dudley, 2008). The qua-
litative goal of the IUCN toward nature conservation can be expressed
by a gradient of naturalness among PA categories (i.e., Ia =1b >
II =1III > IV = VI > V, from the most natural to the least natural; see
Dudley, 2008; Leroux et al., 2010). Both ecosystem structure and
human activity define naturalness in PAs (IUCN, 1994). Based on the
studies of Dudley (2008) and Leroux et al. (2010), human footprint was
used as a reasonable global proxy of naturalness with which to assess
the potential vulnerability of ecoregions in PAs across different IUCN
categories, considering human influences on PAs. An independent-
sample t-test was performed to test the differences between the human
footprint affecting vulnerable ecoregions across IUCN categories, which
was used to map vulnerable PA ecoregions with extremely high human
footprint.
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2.4. Quantifying climate disappearance in vulnerable PA ecoregions

First, eight climate variables were used (obtained from the
WorldClim database at 5.0-min resolution; Hijmans et al., 2005; www.
worldclim.org) to analyze the dissimilarity between current and future
climates (Williams et al., 2007; Bellard et al., 2014). These variables
provide a combination of means, extremes, and seasonality that influ-
ence the distribution and physiology of plant species, and were as fol-
lows: 1) annual mean temperature (°C), 2) temperature seasonality
(standard deviation*100), 3) max temperature of the warmest month
(°C), 4) min temperature of the coldest month (°C), 5) annual pre-
cipitation (mm), 6) precipitation of the wettest month (mm), 7) pre-
cipitation of the driest month (mm), and 8) precipitation seasonality
(coefficient of variation, http://www.worldclim.org/). The current cli-
matic variables covered the period 1950-2000 (Hijmans et al., 2005).
Two greenhouse gas concentration scenarios were used (i.e., Re-
presentative Concentration Pathways (RCPs) 4.5 and 8.5) from average
maps of three global climate models (cccma_canesm2, csiro_mk3, and
mohc_hadgem2) set in the 2080s (2071-2099; http://www.ccafs-
climate.org). RCP 4.5 differs from RCP 8.5 in that RCP 8.5 has larger
cumulative concentrations and emissions of carbon dioxide. Conse-
quently, it predicts a different climatic scenario based on different
concentrations of anthropogenic greenhouse gases and other pollutants.
RCP 8.5 and RCP 4.5 represented high and low concentration scenarios,
respectively (http://www.ipcc.ch/).

Current and future climates were first extracted based on the point
data of 17,051 PAs. Based on the study of Bellard et al. (2014), PAs
were assumed to have specific climates that explain the biodiversity
found in conservation areas. Historical processes, contemporary eco-
logical factors, inherent biological properties of taxa, topography, soil
types, and their combinations can all contribute to the high rates of
endemism in these PAs. To determine the dissimilarity between current
and future climates within PA ecoregions, these ecoregions were as-
sumed to have specific climates that explain their biodiversity. Based on
this assumption, the methodology developed by Williams et al. (2007)
was used to quantify climatic dissimilarity between current and future
states within each PA ecoregion. The following assessment of the
Standardized Euclidean Distance (SED) was used:

| 8
(ax — by)?
SED; = \/Z S
k=1 k

where a; and by represent the current and future (2080s) climate
variables k in PA j, and Sy represents the standard deviation of the intra-
annual variability for the current climate period (1950-2000), which
covers the metrics of seasonality for temperature and precipitation.
Based on Williams et al. (2007), the average climatic dissimilarity
between current and future states across all PA ecoregions was used as
the threshold of disappearing climate for low and high concentration
scenarios. The details of this method can be found in Williams et al.
(2007). The threshold of climate disappearance was 4.641 for the low
concentration scenario and 5.827 for the high concentration scenario.
Finally, the average number of disappearing climates in vulnerable PA
ecoregions was calculated for each biome in both low and high con-
centration scenarios. This was used a linear regression model to explore
their relationships. If the disappearing climates of biomes exceeded the
threshold values, there was a high risk of climates disappearing in
vulnerable PA ecoregions (Williams et al., 2007; Bellard et al., 2014).

3. Results
3.1. Human footprint
The human footprint was significantly related to PA ecoregional

vulnerability; the number of PAs with a human footprint above 20
exceeded largely those with a human footprint below 20 (P < 0.05, see
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Vulnerable

Non-vulnerable

0 20 40 60

Human footprint

80 100

Fig. 2. Relationship between human footprint and PA ecoregional vulner-
ability. The blue line represents the positive relationship between human
footprint and PA ecoregional vulnerability based on GLM. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Table 1
Human footprint in non-vulnerable and vulnerable protected area ecoregions,
based on biomes and IUCN categories.

Non-vulnerable Vulnerable P-values

Mean SD Mean SD
Biome
1 17.7 14.1 32.1 20.0 < 0.001
2 No data No data 34.1 20.5
3 No data No data 31.6 18.7
4 24.2 19.8 41.6 23.2 < 0.001
5 28.0 22.8 321 22.6 0.0034
6 24.7 23.1 29.4 24.1 0.0103
7 19.5 16.5 23.6 18.3 0.0259
8 31.6 21.3 36.3 23.1 0.2709
9 19.5 9.5 39.2 24.0 0.0021
10 19.1 13.5 19.7 10.6 0.6964
11 6.2 7.7 22.6 19.1 < 0.001
12 No data No data 36.6 22.6
13 24.5 21.5 27.4 20.6 0.0345
14 36.5 25.2 28.6 21.5 0.0435
IUCN protected area management category
Ia 15.3 14.4 30.1 21.4 < 0.001
1b 11.8 10.4 22,5 19.4 < 0.001
il 15.5 13.3 26.6 19.1 < 0.001
11 25.6 21.4 39.5 23.4 < 0.001
v 21.4 18.9 37.8 22.8 < 0.001
A 315 23.2 40.5 23.4 < 0.001
VI 17.7 14.7 31.2 20.4 < 0.001

We tested (P-values) the relationship between human footprints and ecor-
egional vulnerability of protected areas in 14 major biomes and IUCN cate-
gories I-VI. Codes for biomes: 1 - Tropical and Subtropical Moist Broadleaf
Forests; 2 - Tropical and Subtropical Dry Broadleaf Forests; 3 - Tropical and
Subtropical Coniferous Forests; 4 - Temperate Broadleaf and Mixed Forests; 5 -
Temperate Conifer Forests; 6 - Boreal Forests/Taiga; 7 - Tropical and
Subtropical Grasslands, Savannas, and Shrublands; 8 - Temperate Grasslands,
Savannas, and Shrublands; 9 - Flooded Grasslands and Savannas; 10 - Montane
Grasslands and Shrublands; 11 - Tundra; 12 - Mediterranean Forests,
Woodlands, and Scrub; 13 - Deserts and Xeric Shrublands; 14 — Mangroves.
Codes for IUCN categories: Ia — Strict Nature Reserve; Ib — Wilderness Area; II —
National Park; III - Natural Monument or Feature; IV — Habitat/Species
Management Area; V - Protected Landscape/Seascape; VI — Protected Area with
sustainable natural resource use.
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Fig. 2). This relationship was positive in all 14 biomes except for
montane grassland and shrubland and temperate grasslands, savannas,
and shrublands (no significance, P > 0.05), and mangrove (significant
negative relationship, P < 0.05) ecoregions (see Table 1). The human
footprint index exceeded 20 across vulnerable PA ecoregions belonging
to 13 biomes, excluding montane grasslands and shrublands. The
human footprint of vulnerable ecoregions was highest in temperate
broadleaf and mixed forests (41.6), and lowest in tundra (22.6, see
Table 1).

A significant positive relationship was identified between the
human footprint and PA ecoregional vulnerability based on IUCN ca-
tegories (P < 0.001), while significant differences in human footprint
were found between PA ecoregions across IUCN categories (P < 0.05).
The human footprint was high across different IUCN categories (> 20);
it was highest in Protected Landscape/Seascape, and lowest in
Wilderness Area. The human footprint of Strict Nature Reserve was
significantly higher than that of Wilderness Area and National Park
(P < 0.05, see Table 1).

Vulnerable PA ecoregions with high human footprint indices (> 40)
were mainly distributed across Europe, North America, and parts of
Asia, Australia, New Zealand, and South America. These areas contain
many vulnerable PA ecoregions with high human footprint indices,
excluding Wilderness Area (see Fig. 3). Vulnerable habitat/species
management area ecoregions with high human footprints were loca-
lized in South Asia, and vulnerable protected landscape/seascape
ecoregions were found in China (see Fig. 3).

3.2. Disappearing climates

There was a significant relationship between the climatic dissim-
ilarity of vulnerable PA ecoregions in both low and high CO, con-
centration scenarios (Slope = 0.978-1.057, R? > 0.850, P < 0.001
for all 14 biomes, see Table 2). Climate disappearance of vulnerable PA
ecoregions in the low concentration scenario was consistent with that of
the high concentration scenario (see Table 2). Vulnerable ecoregions,
including tropical and subtropical moist broadleaf, dry broadleaf, and
coniferous forests, temperate broadleaf and mixed forests, boreal forests
and taiga, as well as tundra and mangroves face high risks of dis-
appearing climates (see Table 2). These vulnerable ecoregions are dis-
tributed throughout the eastern regions of North America, Europe,
south-eastern Asia, Australia, New Zealand, and the Pacific islands (see
Fig. 4).

4. Discussion

This study quantified the human footprint and climate dis-
appearance in vulnerable PA ecoregions based on 17,051 global PAs.
Human influence and climate change are the main drivers for the
current global biodiversity loss, and the establishment of PAs is one of
the most effective biodiversity conservation approaches (Margules and
Pressey, 2000; Wade et al., 2003; Venter et al., 2016; Dinerstein et al.,
2017). Effectiveness of PAs may decrease due to high human footprints
and high risk of climate disappearance in ecoregions of forest, tundra,
and mangrove. We need to regard vulnerable ecoregions of PAs be-
longing to temperate broadleaf and mixed forests as key conservation
and monitoring areas because both human footprint and disappearing
climates would exist at extremely high levels (see Tables 1 and 2). This
study, therefore, could help to formulate feasible methods for con-
servation management of PAs.

4.1. Human footprint in vulnerable ecoregions of PAs

A significant positive relationship was found between human foot-
prints and PA ecoregional vulnerability in all 14 biomes except for
montane grasslands and shrublands, temperate grasslands, savannas,
and shrublands and mangroves. This result suggests that the human
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Fig. 3. Distribution of vulnerable PA ecoregions with extremely high human footprint. Codes for IUCN categories: Ia - Strict Nature Reserve; Ib — Wilderness Area; I -
National Park; III - Natural Monument or Feature; IV — Habitat/Species Management Area; V — Protected Landscape/Seascape; VI — Protected Area with sustainable

natural resource use.

footprint is a good indicator for vulnerable PA ecoregions. Human
footprint can either directly or indirectly affect biodiversity and eco-
systems by actions that induce land cover change and lead to ecosystem
degradation (Woolmer et al., 2008; Leroux et al., 2010). A precise de-
termination of the extent of the human footprint is essential for an
improvement of the management efficiency of biodiversity and eco-
systems in ecoregions (Woolmer et al., 2008; McShane et al., 2011).
The human footprint of vulnerable PA ecoregions in several biomes
(excluding montane grasslands and shrublands) was high in Europe,
North America, and in areas of Asia, Australia, New Zealand, and South
America (Sanderson et al., 2002; Woolmer et al., 2008). Numerous
studies have quantified species diversity across different ecoregions and
used biogeographic units at ecoregional scale to protect a full range of
representative areas (Olson et al., 2001; Woolmer et al., 2008;
Dinerstein et al., 2017). For example, Kier et al. (2005a, 2005b) de-
scribed the global plant diversity of ecoregions and guided conservation
efforts based on human influence. PAs cover and protect large areas of
ecoregions across different biomes; however, large overlaps may exist
between areas with high human footprint and vulnerable PA ecoregions
(Kier et al., 2005a, 2005b; Woolmer et al., 2008; Venter et al., 2016;

Dinerstein et al., 2017).

This study found that the human footprint was high in global tem-
perate broadleaf and mixed forests, which have rich forest resources,
and are threatened by human influences. Wade et al. (2003) demon-
strated that > 50% of temperate broadleaf and mixed forest biomes
have been fragmented or removed by humans, a result that is partially
consistent with the findings of our study. Although the role of PAs is to
prevent the human population from expanding into vulnerable ecor-
egions, inconsistent conservation management practices have never-
theless caused persistent human impact (McShane et al., 2011). For
example, visitors in or around PAs may exacerbate human pressures on
ecoregions (Buckley et al., 2017). Furthermore, several biome ecosys-
tems (e.g., tundra) are unstable, and both habitat fragmentation and
biological invasions caused by human activities increases the risk of
biodiversity loss and species extinction in PAs (Pauchard and Alaback,
2004; Foxcroft et al., 2007; Barros and Pickering, 2014; McConnachie
et al., 2015). Therefore, it is important to propose different PA man-
agement strategies for the conservation of vulnerable ecoregions across
a variety of biomes.

The IUCN developed protected area management categories for
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Table 2

Disappearing climate assessment of vulnerable PA ecoregions across 14 biomes.
Biome Low concentration High concentration Slope R? P-values

Mean SD Mean SD

1 7.928 20.655 10.177 20.837 0.998 0.978 < 0.001
2 4.772 9.180 6.210 9.146 0.983 0.973 < 0.001
3 4.979 19.610 6.151 19.494 0.992 0.997 < 0.001
4 6.003 10.802 7.171 10.946 1.000 0.974 < 0.001
5 3.089 5.082 3.771 5.353 1.027 0.951 < 0.001
6 5.246 11.206 6.722 11.606 1.022 0.974 < 0.001
7 2.962 5.472 4.003 6.128 1.085 0.939 < 0.001
8 2.153 4.660 2.739 5.013 1.057 0.966 < 0.001
9 2.618 5.753 3.633 5.752 0.987 0.975 < 0.001
10 1.323 1.393 1.850 1.830 1.214 0.855 < 0.001
11 5.471 9.332 7.107 9.159 0.978 0.992 < 0.001
12 2.109 4.306 2.919 4.302 0.986 0.973 < 0.001
13 1.659 4.921 2.311 5.030 1.005 0.967 < 0.001
14 7.078 14.900 8.645 14.760 0.982 0.983 < 0.001

The bold values represent high risk of disappearing climates based on biomes.
We tested (Slope, R? and P-values) the relationships between disappearing
climates in PA ecoregions in low and high concentration scenarios for each
biome. Codes for biomes: 1 - Tropical and Subtropical Moist Broadleaf Forests;
2 - Tropical and Subtropical Dry Broadleaf Forests; 3 - Tropical and Subtropical
Coniferous Forests; 4 - Temperate Broadleaf and Mixed Forests; 5 - Temperate
Conifer Forests; 6 - Boreal Forests/Taiga; 7 - Tropical and Subtropical
Grasslands, Savannas, and Shrublands; 8 - Temperate Grasslands, Savannas, and
Shrublands; 9 - Flooded Grasslands and Savannas; 10 - Montane Grasslands and
Shrublands; 11 - Tundra; 12 - Mediterranean Forests, Woodlands, and Scrub; 13
- Deserts and Xeric Shrublands; 14 - Mangroves.

global PAs, which have been globally accepted by national govern-
ments and international bodies (Leroux et al., 2010). However, dis-
crepancies may exist between observations and the present assignment
of PAs to IUCN categories, based on human activities and land use
(Dudley et al., 2010; Leroux et al., 2010). The IUCN proposed the fol-
lowing order of categories based on human footprint size: Ia = Ib <
I =1II < IV=VI < V (Dudley, 2008). The results of this study in-
dicate that that the human footprint was high across all IUCN categories
and the human footprint observed in vulnerable PA ecoregions was not
consistent with this ranking. This suggests that conservation manage-
ment needs to be adjusted based on the human footprint in PAs,
otherwise the conservation efficiency weakens. The human footprint of
the Strict Nature Reserve was significantly higher than that of the
Wilderness Area and the National Park (Locke and Dearden, 2005;
Dudley et al., 2010; Leroux et al., 2010). If human impact on Strict
Nature Reserve ecoregions are increasingly persistent in PAs, they could
be categorized as Habitat/Species Management Area or Protected
Landscape/Seascape (Leroux et al., 2010). For the current Strict Nature
Reserves, we need to reduce human population size and intensive land
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use inside or adjacent to PAs with relatively small human footprints.
Furthermore, the IUCN management categories for the Strict Nature
Reserve with extremely high human footprints (i.e., > 40) should be
changed, so that they are regarded as a Habitat/Species Management
Area and a Protected Landscape/Seascape.

Here, the ranges of vulnerable PA ecoregions were determined on a
global scale, and the we suggest to use Fig. 3 as a reference for con-
servation management. The intensity of human activities needs to be
controlled in vulnerable Natural Monuments or Feature, Habitat/Spe-
cies Management Area, and Protected Landscape/Seascape ecoregions.
The PAs that belong to these three IUCN categories require the pro-
tection of natural resources and of species diversity, as well as the
sustainable production and provision of ecosystem services (Leroux
et al.,, 2010). A high human footprint may break the balance between
conservation and sustainable production of natural resources (Berlik
et al., 2002; Gagné et al., 2015; Venter et al., 2016). For example,
global and regional urbanization can result in the loss of Natural
Monument or Feature, Habitat/Species Management Area, and Pro-
tected Landscape/Seascape ecoregions (Su et al., 2014; Doxa et al.,
2017; Wood et al., 2017). Thus, losing conservation functions is a high
risk for PAs.

4.2. Disappearing climates in vulnerable PA ecoregions

The presented results suggest that forest, tundra, and mangrove
biomes in eastern North America, Europe, south-eastern Asia, Australia,
New Zealand, and the Pacific islands are threatened by climate change.
These results are basically consistent with previous reports (Feeley and
Silman, 2010; Beaumont et al., 2011; Watson et al., 2013; Bellard et al.,
2014). Forests provide habitats for organisms, have a large carbon pool,
and a high net primary productivity (Dixon et al., 1994; Gower et al.,
2001; Pan et al., 2011). However, future changes in temperature and
precipitation potentially affect biodiversity and ecosystems in forest
ecoregions, as they can result in higher vapor pressure deficits and
evaporation, thus reducing the availability of water for plant growth
(Lindenmayer et al., 2006; Clark et al., 2011). Disappearing climates
can threaten temperate broadleaf and mixed forests by seasonal
changes involving periods of growth and dormancy (Gilliam, 2016). As
a result, the community composition would change, and the loss of
species diversity would potentially occur in temperate broadleaf and
mixed forest PAs (Barbier et al., 2008; Gilliam, 2016). Net ecosystem
production of temperate broadleaf and mixed forests may be vulnerable
due to disappearing climates in PAs (Ferndndez-Martinez et al., 2016;
Yuan et al., 2017). Furthermore, increasing temperatures can decrease
the habitable areas for forest ecoregions, particularly in tropical biomes
(Feeley and Silman, 2010; Clark et al., 2011; Wan et al., 2018). Al-
though PAs can support the global conservation of vulnerable ecor-
egions, the negative effects of climate change will still impact forest
ecoregions.
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Fig. 4. Risk of climate disappearance in vulnerable PA ecoregions in the low concentration scenario.
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Tundra ecoregions are primarily characterized by low temperatures;
thus, higher temperatures would change their ecosystem structure, po-
tentially making them more vulnerable to future climate change (Shaver
et al., 1992; Olson et al., 2001). Myers-Smith et al. (2015) have shown
that climate change explains shrub growth sensitivity across global
tundra biomes. Global mangrove deforestation is occurring at a rate of
1-2% per year and extreme changes in monthly temperatures will place
additional pressure on the resilience of mangroves in the future
(Beaumont et al., 2011). Furthermore, climate change may drive invasive
species into vulnerable ecoregions and PAs (Barros and Pickering, 2014;
McConnachie et al., 2015). Biological invasions would reduce the species
diversity in vulnerable PA ecoregions; therefore, considering climate
change in the conservation of the natural integrity of PA ecoregions is
urgent (Foxcroft et al., 2007; McConnachie et al., 2015).

Vulnerable PA ecoregions are rich in endemic species, have high
taxonomic uniqueness, unique ecological or evolutionary phenomena,
global rarity, and are representative for their biomes (Olson et al.,
2001). Biological conservationists have proposed a variety of strategies
for vulnerability assessment and conservation adaptation of vulnerable
ecoregions in response to climate change (Mawdsley et al., 2009;
Beaumont et al., 2011; Watson et al., 2013; Pacifici et al., 2015; Jones
et al., 2016). We propose that: 1) long-term monitoring needs to be
conducted for changes in temperature and precipitation in vulnerable
forest, tundra, and mangrove biome ecoregions; and 2) both human
footprint and climate change need to be integrated into PA conservation
adaptation strategies (Olson et al., 2001; Watson et al., 2013).

Although this study tried to minimize the inherent uncertainties
associated with an analysis on climate disappearance, not all possible
uncertainties were taken into consideration. Attention was focused on
the vulnerable ecoregions of PAs. Such an ecoregional vulnerability
assessment was based on the approaches of Olson and Dinerstein
(1998). Some ecoregions of PAs have become vulnerable in recent years
and should be considered in future extreme drought scenarios. For
example, climate disappearance may lead to loss of species from their
current ranges and may fundamentally change the community com-
position of arid ecoregions of African PAs (Speranza et al., 2010;
Thuiller et al., 2010). Furthermore, sufficient data needs to be obtained
to quantify the threshold of biodiversity and ecosystem function loss
due to disappearing climates. Finally, future studies need to focus more
on the assessment of climate vulnerability of PAs across different spatial
scales considering the interaction of human footprint and climate
change.

5. Conclusions

We assessed human footprints and disappearing climates for vul-
nerable PA ecoregions, and identified those under high risk. We con-
cluded that forest, tundra, and mangrove biome ecoregions (particu-
larly, temperate broadleaf & mixed forests), and ecoregions in south-
eastern Asia, Europe, Australia, and New Zealand are at risk owing to
high human footprints and high risk of climate disappearance. There
may be discrepancies between observations and the present assignment
of PAs to IUCN categories, based on the assessment of human footprints.
To improve management efficiency, we need to 1) change IUCN man-
agement categories for Strict Nature Reserve with extremely high
human footprints; 2) conduct long-term monitoring for climate change
in vulnerable forest, tundra, and mangrove PA ecoregions; and 3) in-
tegrate human footprints and climate change into conservation adap-
tation strategies for PA ecoregions.
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