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Highlights

•	 Effective protected area management requires 
up-to-date information about states and trends 
of biodiversity and threats, and efficient tools to 
monitor them.

•	 Here I review the importance of protected area 
effectiveness for global biodiversity conservation, 
and how the manuscripts of my PhD thesis 
advance protected area effectiveness from the 
local to global scale.

•	 I particularly provide information about species 
diversity within and between protected areas of a 
continental estate, and about multiple dimensions 
of climate change threat to protected areas 
worldwide.

•	 I offer new insights and tools on how to monitor 
species diversity efficiently in the field and by 
remote sensing, and support the conservation 
movement by open-access publications, open-
source software and open data.

•	 Perspectives are given on a global protected area 
management system and the next generation of 
conservation biogeographers.

Abstract

This study endorses the main findings of a PhD thesis 
(Hoffmann 2020) and the manuscripts included intend 
to advance the success of protected areas in biodiversity 
conservation mediated through effective and efficient 
protected area management. The manuscripts provide 
missing scientific evaluations that modern conservation 
planning over large geographical extents requires: the 
comprehensive quantification of species diversity within 
and between protected areas; the development and 
application of efficient and effective in-situ monitoring 
and remote sensing of species diversity; and the 
assessment of anthropogenic climate change threats 
to protected areas. Moreover, the manuscripts aim at 
spreading conservation-minded data and knowledge by 
means of publishing open-access papers, open-source 
software and open data. This thesis synopsis is to 
stimulate a growing scientific and public debate on the 
effectiveness of protected areas and nature conservation 
under anthropogenic threats, which is necessary to stop 
nature’s decline and thus guarantee a sustainable future 
for the welfare of generations to come.

Motivation
We are currently in the midst of the sixth mass 

extinction event in earth history (Ceballos et al. 2015). 
This crisis is outstanding as the causes are not natural, 
such as asteroid collisions or volcanism, but the human 
species. About 1 million species are threatened with 
extinction at present and extinction rates are increasing 
(Díaz et al. 2019). The main drivers of this unprecedented 
biodiversity loss are human land use, exploitation 
of natural resources and organisms, anthropogenic 
climate change, environmental pollution and invasive 
species. The decline of nature is likely to continue in 
the near future because the driving forces result from 

powerful capitalistic systems and the consumptive 
needs of a growing human population striving after 
an increasing standard of living in a globalised world 
(Pereira et al. 2010, Díaz et al. 2019).

A dilemma evolves as human well-being depends 
on the protection of nature’s integrity (Cardinale et al. 
2012). We benefit from ecosystem functioning, goods 
and services, which build on biodiversity (Tilman et al. 
2014). In addition, species have the right to exist 
independent of their benefits to humans (Wilson and 
Peter 1988). The use and existence values of nature 
are reasons for nature conservation and motivate me 
as a conservation biogeographer.

Keywords: nature reserves, species diversity, ecosystem functioning, ecosystem services, climate change, monitoring, 
remote sensing
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I refer to conservation biogeography as ‘the 
application of biogeographical principles, theories, and 
analyses, being those concerned with the distributional 
dynamics of taxa individually and collectively, to 
problems concerning the conservation of biodiversity’ 
(Whittaker et al. 2005). Conservation biogeography 
combines the research disciplines of conservation 
biology and biogeography. Conservation biogeography 
has evolved from conservation biology but is deeply 
rooted in biogeography, which emerged as a distinct 
discipline as early as in the 19th century (Whittaker 
and Ladle 2011). Alexander von Humboldt was the first 
biogeographer who raised concerns about the human 
impacts on nature (von Humboldt 1845).

Conservation biogeography puts biodiversity into 
large spatial contexts. The mapping and modelling 
of species diversity of conservation concern over 
large geographical extents and over time lie at the 
core of conservation biogeography (Lomolino and 
Heaney 2004). The original agenda of conservation 
biogeography is to generate knowledge on how to 
optimise the conservation of biodiversity in space 
and time. Nowadays conservation biogeographers are 
facing manifold roles to stop the accelerating loss of 
biodiversity: they do not only generate the knowledge 
about biodiversity conservation in a geographical 
context but also implement, manage, monitor and 
adapt conservation initiatives in close cooperation 
and communication with stakeholders, such as policy-
makers, managers, businesses, governmental and 
non-governmental organisations, local people and 
the general public.

Effective instruments for biodiversity conservation 
are protected areas (Watson et al. 2014). Protected 
areas are expected to be the only effective and efficient 
conservation tools in the future because a high degree 
of biodiversity will hardly be able to persist in the 
increasingly human-dominated landscapes of the 
Anthropocene (Watson et al. 2016). A proliferating 
number of conservationists propose setting aside half 
of terrestrial earth as protected areas, to compensate 
for the current loss of biodiversity and save our planet 
(Wilson 2016). The significance of protected areas for 
global biodiversity conservation is also reflected in the 
Aichi Biodiversity Targets, which is a set of 20 global 
targets under the Strategic Plan for Biodiversity 2011-
2020, adopted by the signatories of the Convention on 
Biological Diversity (CBD) in 2010. Aichi Biodiversity Target 
11 particularly focuses on protected areas stating that 
‘by 2020, at least 17% of terrestrial and inland water 
areas and 10% of coastal and marine areas, especially 
areas of particular importance for biodiversity and 
ecosystem services, are conserved through effectively 
and equitably managed, ecologically representative and 
well-connected systems of protected areas.’ Therefore, 
the effectiveness of protected areas should not only 
be measured by protected area coverage but also by 
connectivity, management success and the diversity 
of nature conserved.

Given the importance of protected areas to stop 
biodiversity loss, protected areas were taken as the 
central theme of this PhD thesis synopsis. Within this 

synopsis, a protected area is defined as a geographical 
space that is dedicated to conserve biotic and abiotic 
features that represent values of nature for people. I 
particularly focus on biodiversity conservation from 
the species to the biome level via terrestrial protected 
areas, which is increasingly challenged by human land 
use and anthropogenic climate change.

Successful biodiversity conservation through 
protected areas requires effective and efficient 
management of protected areas as emphasised in Aichi 
Biodiversity Target 11. The extent of protected area is 
not necessarily an indicator for effective and efficient 
conservation (Geldmann et al. 2019, Barnes et al. 2018, 
Visconti et al. 2019), because the global protected area 
coverage is growing, while biodiversity is increasingly 
lost (Watson et al. 2014). This discrepancy triggered 
the development of other measurements for protected 
area management effectiveness, which is the ratio 
between the actual management result and the 
conservation target, and management efficiency, 
which is the ratio between the management results 
and efforts to reach the results. Measurements to 
quantify management effectiveness and efficiency 
are manifold due to the diversity of protected area 
designations, their management and conservation 
targets (Leverington et al. 2010). For example, the IUCN 
World Commission for Protected Areas established a 
renowned approach in which management evaluation 
includes the definition of assessable conservation 
goals, the estimation of applied resources, the 
selection of target indicators, the measurement of 
those indicators, and the analysis, interpretation 
and communication of results (Hockings et al. 2006). 
Furthermore, the Global Database on Protected Area 
Management Effectiveness (GD-PAME) was established 
(Coad et al. 2015) and the management effectiveness 
tracking tool (METT) records the quality of protected 
area management over time (Mascia  et  al. 2014). 
Such tools and databases are beneficial to assess the 
effects of protected area management on biodiversity 
conservation inside protected areas (Geldmann et al. 
2018). The PAME metrics are, however, criticised 
for insufficiently considering biodiversity outcomes 
(Visconti et al. 2019).

The manuscripts here assessed provide missing 
scientific evaluations that are advantageous to 
effective and efficient conservation planning over 
large geographical extents: the comprehensive 
quantification of species diversity within and between 
protected areas; the development and application of 
efficient and effective in-situ monitoring and remote 
sensing of species diversity; and the assessment of 
anthropogenic climate change threats to protected 
areas. Moreover, the manuscripts aim at spreading 
conservation-minded data and knowledge by means of 
publishing open-access papers, open-source software 
and open data. Consequently, this thesis intends to 
advance the success of protected areas in biodiversity 
conservation. It is to stimulate a growing scientific 
and public debate on the effectiveness of protected 
areas and nature conservation under anthropogenic 
threats, which is necessary to stop nature’s decline and 
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thus guarantee a sustainable future for the welfare of 
generations to come.

Synthesis
In conservation biogeography, the multiple roles of 

protected areas are studied, which aim at preserving 
values and objectives of nature (Ladle and Whittaker 
2011a). The success that protected areas had during 
the 21st century (Watson et al. 2014, Bingham et al. 
2019, Lewis et al. 2019) is threatened, primarily by 
human land use (Schulze et al. 2018) and climate change 
(Hannah 2008, Peters and Darling 1985, Gross et al. 
2017, Thomas and Gillingham 2015, Araújo et al. 2011). 
Threats to biodiversity are occurring globally (Díaz et al. 
2019) and biodiversity is rapidly lost (Pimm  et  al. 
2014). Consequently, protected area planning and 
management has not only to become more effective 
and efficient, but also needs to consider local to global 
scales to ensure biodiversity conservation worldwide. 
In the following, I explain how each manuscript can 
advance effectiveness and efficiency of protected 
areas in preserving biodiversity at the local to global 
extent (Table 1).

Quantifying species diversity within and between 
protected areas of a continental estate

The scientific prerequisites of successful management 
are the research and monitoring of management 
effectiveness, i.e. the degree to which conservation 
targets are met by protected area management 
(Hockings et al. 2006). Species diversity is a reasonable 
indicator of protected area management effectiveness 
(Le Saout et al. 2013). However, species diversity is not 
entirely known inside many protected areas, because 
management resources are limited and thereby only 
priority species are considered in conservation measures. 
In Hoffmann et al. (2018), we accordingly analysed the 
current distributions of priority species within major 
protected areas in the EU. The study includes 1303 
species in ten taxa. These priority species are listed in 
the annexes of the Birds and Habitats directives, the 
two most important policies for species conservation 
in the EU. Member states are obliged to periodically 
report the occurrence of those focal species. We used 
these occurrence data and merged them with 285 
national parks and 147 UNESCO Man and Biosphere 
(MAB) reserves, which are two major protected area 

Table 1. Overview of the manuscripts included in this thesis and how they advance the scientific foundation of effective 
and efficient protected area management.
Scientific advances 
in management

Be informed about 
multiple measures of 
species diversity within 
protected areas to 
increase management 
effectiveness from the local 
to continental extent

Have knowledge of 
monitoring beta diversity 
efficiently using remote 
sensing

Be aware of how to 
increase the efficiency of 
biodiversity surveys under 
limited management 
resources

Openness Open access, open data Open access, open data, 
open source code

Open access, open data

Grain 10 km, individual protected 
areas

10 m 2 m

Extent EU Elevation gradient of 2,400 m Nine 400 m2-plots
Methods Geospatial analyses, 

species-area relationships, 
sensitivity analyses

Univariate and multivariate 
statistics, time series and 
sensitivity analyses

Modelling information 
entropy

Data sources Eionet, WDPA, Le 
Saout et al. (2013)

In-situ survey, Copernicus, 
Spanish National 
Geographic Institute, 
Irl et al. (2015)

In-situ survey

Conservation 
threats

Not specified Invasive species, human 
land use

Climate change

Conservation 
objectives

Diversity of the priority 
species listed in the 
EU Birds and Habitats 
directives

Perennial plant species 
diversity and communities

Plant species diversity of 
alpine grassland

Protected areas National parks, UNESCO 
MAB reserves

La Palma UNESCO MAB 
Reserve

Gran Paradiso National Park

Manuscript Hoffmann et al. (2018) Hoffmann et al. (2019b) Hoffmann et al. (2019c)
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designations focusing on species conservation. We then 
applied a novel, multifunctional approach to calculate 
different metrics of conservation value that represent 
different components of species diversity, involving 
inventory diversity, deviation from the species–area 
relationship, species rarity and differentiation diversity. 
We offer this approach to evaluate how much biodiversity 
is found inside protected areas (i.e. protected areas’ 
representativeness), which can be used to enhance 
protected area management effectiveness, e.g. by 
trying to preserve more or more diverse species. We 
show that individual protected areas significantly vary 
in their species diversity, which is often not associated 
with protected area size (Fig. 1). Protected areas at the 
margins of EU territory harbour only few species but 
are key to conserving rare species. This analysis allows 
a multi-facetted and more accurate estimation of the 
conservation value of European protected areas than 
global-extent approaches. While similar studies consider 
only single species diversity indices, Hoffmann et al. 
(2018) accounts for a multitude of species diversity 
metrics. It shows that more comprehensive conservation 
strategies can be delivered if inventory, differentiation 
and proportional diversity are integrated. This study 

highlights the present conservation value of renowned 
European protected areas in terms of species diversity. 
It informs protected area management from a local 
to continental perspective.

Using remote sensing for efficient monitoring of 
species diversity

In the face of the high rates of current biodiversity 
loss (Díaz et al. 2019, Ceballos et al. 2015, Barnosky et al. 
2011, Pimm et al. 2014), the monitoring of the biotic 
and abiotic environment needs to become time and 
cost-efficient. Remote sensing is a growing, time- and 
cost-efficient tool for conservation (Horning  et  al. 
2010, Turner et al. 2015, Rocchini et al. 2019). In the 
biodiversity conservation context, remote sensing 
techniques have been primarily used to estimate plant 
species richness and abundance (i.e. alpha diversity), 
whereas the assessment of differentiation diversity 
(i.e. beta diversity) has been neglected, even though 
beta diversity is crucial for conservation planning 
(Socolar  et  al. 2016). Therefore, one article of the 
synopsis contributed to the analysis of beta diversity 
using remote sensing techniques. In Hoffmann et al. 
(2019b), we investigated the capability of remote 

Scientific advances 
in management

Acquire open data on 
threatened species 
diversity

Be informed about the 
potential climate change 
impacts on protected areas 
to sustain management 
effectiveness from the local 
to global extent

Be informed about the 
potential climate change 
impacts on protected areas 
to sustain management 
effectiveness from the local 
to global extent

Openness Open access, open data Open access, open data Open access, open data
Grain 2 m ca. 1 km, individual 

protected areas
ca. 1 km, individual 
protected areas

Extent Nine 400 m2-plots Global Global
Methods In-situ survey Temporal modelling, 

geospatial and sensitivity 
analyses

Temporal modelling, 
geospatial and sensitivity 
analyses

Data sources In-situ survey WDPA, WorldClim, 
Amatulli et al. (2018), 
Le Saout et al. (2013), 
Olson et al. (2001), 
Venter et al. (2016)

WDPA, WorldClim, 
Amatulli et al. (2018), 
Le Saout et al. (2013), 
Olson et al. (2001), 
Venter et al. (2016)

Conservation 
threats

Climate change, land use 
change

Climate change, human 
land use, invasive species

Climate change, human 
land use, invasive species

Conservation 
objectives

Plant species diversity of 
alpine grassland

Biodiversity with focus on 
biomes and IUCN Red List 
species

Biodiversity with focus on 
countries, IUCN Red List 
species and ecosystem 
services

Protected areas Gran Paradiso National Park Terrestrial protected areas 
worldwide

Terrestrial protected areas 
worldwide

Manuscript Hoffmann et al. (2019d) Hoffmann et al. (2019a) Hoffmann and 
Beierkuhnlein (2020)

Table 1. Continued...
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Figure 1. Metrics of conservation value for national parks (NP) and UNESCO Man and Biosphere Reserves (MAB) in the 
European Union. a) Area-controlled surplus of reported species (Richness_SAR_%Surplus) accounts for the effect of area 
on reported species richness. It reveals the percentage deviation between observed Richness_RS and predicted Richness_
RS, as modelled by the species–area relationship considering observed reported species richness and protected area. 
b) Rarity-weighted richness (Richness_Rarity_weighted) integrates reported species richness and rarity. It is a measure of 
the protected area’s reported species richness, but weighted by the conservation weights of reported species. c) Average 
rarity (Rarity_Mean) is calculated by Richness_Rarity_weighted over Richness_RS. It represents the average rarity of 
reported species within the protected area. d) Total dissimilarity (Dissimilarity_Total) indicates beta diversity between 
protected areas regarding their species composition. e) Balanced dissimilarity (Dissimilarity_Balanced) and f) gradient 
dissimilarity (Dissimilarity_Gradient) are the additive components of total dissimilarity (Baselga 2013). For details see 
Hoffmann et al. (2018).



Hoffmann Advancing protected area effectiveness

Frontiers of Biogeography 2021, 13.2, e49679 © the authors, CC-BY 4.0 license  6

sensing signals to reflect plant communities in the La 
Palma UNESCO MAB Reserve. If open remote sensing 
data are able to accurately account for the dissimilarity 
between species assemblages, this would allow time 
and cost-efficient monitoring of differentiation diversity. 
We calculated structural remote sensing variables from 
airborne LiDAR data and a time series of multispectral 
Sentinel‐2 (S2) images. Additionally, we surveyed 
perennial vascular plant species abundances in three 
pre‐defined community types: succulent scrubland, 
Pinus canariensis forest and subalpine scrubland. We 
show that up to 85% of beta diversity is reflected by the 
remote sensing variables in the wet season (Fig. 2). The 
LiDAR variables explain less variation of beta diversity 
than the S2 variables. The explanatory power of S2 
variables decreases with increasing grain size, while 
the explanatory power of LiDAR variables increases. 
Accordingly, we demonstrate that open remote sensing 
data are able to accurately reflect plant communities. 
Such remote sensing approaches, however, need to be 
complemented by field surveys to reveal the complete 
variation in community composition.

Optimising field surveys for efficient monitoring of 
species diversity

In contrast to remote sensing, in-situ surveys are classic 
approaches to assess species diversity inside protected 
areas. In-situ sampling procedures can, however, still 
be improved (Rada et al. 2019, Serra‐Diaz and Franklin 
2019). This leads to Hoffmann et al. (2019c), where we 
developed a time and cost-efficient sampling design for 
field surveys. The ongoing mass extinction of species 
does not allow for inefficient surveys that require a 
lot of staff, time and funds. Surveys and monitoring 

schemes need to be optimised, that means the ratio 
between the amount of information collected and 
sampling effort has to be maximised (Vicente et al. 
2016). Hoffmann  et  al. (2019c) concentrates on 
endangered alpine grassland in Gran Paradiso National 
Park, Italy, but the approach we developed can be 
adapted to any other ecosystem. The methodological 
code is attached to this open-access publication. The 
sampling effort in grassland increases with the number 
and size of sampling units. To optimise sampling 
effort, we were searching for the size and number of 
sampling units (i.e. plots) that provide the maximal 
amount of information with minimal effort. Nine 
20 m × 20 m-plots were surveyed, each consisting of 
100 2 m × 2 m-subplots. Species richness and Shannon 
diversity (Shannon 1948) were calculated for different 
sizes and quantities of subplots. We simulated larger 
subplot sizes by unifying adjacent 2 m × 2 m-subplots. 
Shannon’s information entropy was then applied to 
measure the information content among richness and 
diversity values resulting from different subplot sizes 
and quantities. The optimal size and number of subplots 
is the lowest size and number of subplots returning 
maximal information. We found that the information 
content among richness values increases with subplot 
size which is not related to the number of subplots 
(Fig. 3). Subsequently, the largest subplot size available 
is the optimal size for information about richness. We 
also show that information content among diversity 
values increases with subplot size when 18 or less 
subplots have been considered, and decreases when 
at least 27 subplots have been surveyed. Therefore, 
the subplot quantity determines whether the smallest 
or largest subplot size available is the optimal size, and 
whether the optimal size can be generalised across 

Figure 2. Time series analysis of Sentinel‐2 (S2) images and sensitivity analysis concerning grain size. In a) the date‐specific 
correlation results between the S2 variables of 13 images (20‐m grain size) and the β‐diversity of plant communities are 
shown. Part b) shows the correlation results applying the multitemporal mean, range (|max‐min|) and SD of the time 
series of S2 variables. The S2 image from 14 Jan 2017 indicates the strongest correlation from the three statistical tests 
(MANOVA, Mantel test, variation partitioning). This S2 image was used for the sensitivity analysis in c). Here, we show the 
statistical results for coarser grain sizes (40 and 60 m) by aggregating the RS‐derived metrics (i.e. taking the mean value). 
“Ns” highlights non‐significant (p ≥ 0.05) correlation results. For details see Hoffmann et al. (2019b).
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both, species richness and diversity. Given a 2 m × 2 m 
size, we estimated an optimal quantity of 54. Given a 
size of 4 m × 4 m, we estimated an optimal number of 
36. The optimal number of plots can be generalised 
across both indices because it barely differed between 
the indices given a fixed subplot size. Effective and 
efficient in-situ sampling designs can be created with 
this approach.

Opening data, software and literature to advance 
biodiversity conservation

In Hoffmann et al. (2019d), we thoroughly describe 
and provide open data on the alpine grassland 
diversity, which was studied in Hoffmann  et  al. 
(2019c). Hoffmann et al. (2019d) is to share data on 
this threatened vegetation type, which will support 

research and conservation of this ecosystem in the 
future. Open-access literature, open-source software 
and open data are generally beneficial to timely 
conservation assessments. Hence, each manuscript 
of the thesis is open-access and code produced in the 
manuscripts is open as well, to ensure the spread of 
knowledge and to advance biodiversity conservation.

Assessing anthropogenic climate change threats to 
the global protected area estate

Threats to biodiversity must be identified inside 
protected areas in order to stop the loss of biodiversity 
from protected areas. Climate change is a major 
threat to biodiversity conservation (Ripple  et  al. 
2019, Hannah 2008), which acts on the local extent 
of protected areas worldwide. While protection status 

Figure 3. Information entropy versus plot size given a constant number of plots. In a) Shannon’s information entropy of 
species richness R was separately calculated for different quantities of subplots m (number inside grey boxes) that were 
randomly selected from each of the nine 10 × 10-plots. This random selection procedure was repeated 10,000 times, so 
that 10,000 entropy values were calculated per subplot size for a given constant number of subplots (see Hoffmann et al. 
(2019c) for details). In b) Shannon’s information entropy of the Shannon diversity H was calculated. 3. The letters above 
boxplots illustrate significant differences (p < 0.05) between entropy distributions using Mood’s median test. “All sig.” 
indicates that all entropy distributions are significantly different from each other. For the subplot size 1 × 1 and m = 100 
and for 5 × 5 and m = 4, repetitions of the random selection procedure were not reasonable because these configurations 
already incorporated all independent subplot-unions available within a 10 × 10-plot by one single selection run. They 
were excluded from Mood’s median test. For details see Hoffmann et al. (2019c).
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may prevent human-induced land use change and 
habitat degradation, the influence of anthropogenic 
climate change on protected areas cannot be stopped 
by protected area management. Previous literature 
accounting for climate change impacts on protected 
areas is biased towards small geographical extent 
or large grain size. The literature considers a limited 
geographical extent only, such as China (Zomer et al. 
2015), Brazil (Lapola et al. 2019), Amazonia (Feeley 
and Silman 2016), the tropics (Tabor  et  al. 2018), 
North America (Batllori et al. 2017, Carroll et al. 2017, 
Gonzalez  et  al. 2018) or Europe (Nila  et  al. 2019, 
Barredo et al. 2016, Araújo et al. 2011). A spatially 
high-resolution assessment of local climate change 
impacts inside protected areas worldwide is required 
to guide local protected area management towards 
global conservation goals (Felton et al. 2009). Loarie 
and colleagues provide such an assessment, but that 
is restricted to temperature change (Loarie  et  al. 
2009). A global assessment of the local climate change 
impacts on protected areas is missing but essential 
to guide local protected area management towards 
global conservation goals. Hoffmann  et  al. (2019a) 
and Hoffmann and Beierkuhnlein (2020) address this 
knowledge gap. In both manuscripts, we analysed 
several facets of climate change onto terrestrial 
protected areas worldwide by the year 2070 applying 
a moderate and severe emission scenario.

Hoffmann et al. (2019a) is about predicted climate 
shifts within protected areas, using a fine spatial grain 
of approximately 1 km. We incorporated 137,432 
individual protected areas, i.e. 99.9% of the world’s 
terrestrial protected areas. If species are forced to 
migrate from protected to unprotected areas to 
track suitable climate conditions that disappeared 
from the protected area, they may face degraded 
habitats in anthropogenic landscapes. Extinction 
threat consequently increases and protected areas lose 
biodiversity and associated values they were meant 
to provide (Hannah et al. 2007, Araújo et al. 2004, 
Velazco et al. 2019, Bagchi et al. 2013, Barredo et al. 
2016, Holsinger et al. 2019, Langdon and Lawler 2015, 
Regos et al. 2016). Species loss within protected areas 
is rarely compensated for by incoming taxa (Burns et al. 
2003, Coetzee et al. 2009, Araújo et al. 2011, Fuentes‐
Castillo et al. 2019). We found that protected areas 
in the temperate and northern high-latitude biomes 
experience especially high proportions of climate 
conditions that are predicted to be novel within 
the protected area network in a local, regional and 
global context by the year 2070 (Fig. 4). By relating 
characteristics of protected area design to the predicted 
climate shifts, we could estimate the future impacts 
of anthropogenic climate change on the performance 
of protected areas in biodiversity conservation. Small 
protected areas of temperate biomes in lowland regions 
with low environmental heterogeneity and high human 
pressure but low irreplaceability for threatened species 
will lose especially high proportions of their currently 
protected climates. This analysis directs adaptation 
measures towards protected areas that are strongly 
affected by climate change, of low adaptation capacity 
and of high conservation value.

Hoffmann and Beierkuhnlein (2020) complements 
Hoffmann et al. (2019a) by quantifying local climate 

change exposure of the world’s terrestrial protected 
areas, applying the same resolution as in Hoffmann et al. 
(2019a), i.e. ca. 1 km. In Hoffmann and Beierkuhnlein 
(2020), climate change was calculated by climate 
anomaly, i.e. the magnitude of climate change 
(Garcia et al. 2014). Here we show that local climate 
anomalies in the year 2070 are predicted to be highest 
inside protected areas of the (sub-)tropical and polar 
countries (Fig. 5). Moreover, we found that, globally, 
protected areas showing large climate anomalies tend 
to be at high elevation and highly irreplaceable for 
threatened species, indicating high climate change 
vulnerability. These protected areas are relatively 
large in area, of high environmental heterogeneity 
and less pressured by humans, reducing climate 
change vulnerability. Large areas, high environmental 
diversity and low human pressures generally favour 
nature conservation under climate change (Triantis 
and Bhagwat 2011, Ackerly et al. 2010, Lawler et al. 
2015, Heller et al. 2015, Scherrer and Körner 2011, 
Comer et al. 2015, Irl et al. 2015, Thomas and Gillingham 
2015). This study expands Hoffmann  et al. (2019a) 
by analysing a different dimension of climate change 
and focusing on countries instead of biomes. It can 
support climate-smart protected area management 
and policy from the local to global extent, particularly 
addressing national authorities. Both manuscripts 
address the need to investigate multiple dimensions 
of threat to the effectiveness of the global protected 
area estate (Bonebrake et al. 2019). Both manuscripts 
reveal different aspects of the climate change impacts 
on protected areas, which promote climate-smart 
planning and management of local protected areas 
worldwide. However, individual recommendations 
for climate-wise management cannot be given here, 
because the ideal management application depends 
on the local context of protected areas. Accordingly, 
many theories, frameworks and guidelines for climate-
smart conservation planning and management have 
been developed (e.g. Belote et al. 2018, Ando et al. 
2018, Reside et al. 2018).

Future perspectives

Towards a global protected area management 
system

Protected areas offer solutions to the sixth mass 
extinction event in earth history and are preferred 
conservation policies given climate change (Hagerman 
and Satterfield 2014). Aichi Biodiversity Target 11 
sets a terrestrial protected area coverage of 17% as a 
conservation target, but protected area extent does not 
indicate protected area effectiveness (Kati et al. 2015, 
Barr et al. 2011, Joppa and Pfaff 2009, Visconti et al. 
2019, Rodrigues et al. 2004). For that reason, a certain 
degree of management effectiveness of the global 
protected area estate should become a legally binding 
global conservation target as well.

The aim of this study is to stimulate coordinated 
biodiversity conservation through protected areas 
at the national and international level, by providing 
information about biodiversity and threats within 
individual protected areas of continental to global 
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networks. Each manuscript of this thesis contributes 
to biodiversity conservation in a specific way. However, 
a comprehensive analysis that reveals the complex 
relationships between nature’s various values, 
conservation objectives and threats inside the global 
protected area estate has not been realised yet. This 
is a main future, albeit ambitious, perspective in 

conservation biogeography. Such a comprehensive 
and global analysis should be conducted frequently 
to ensure the long-term preservation of nature by 
protected areas across the globe. It is consequently 
necessary to establish long-term monitoring of nature 
and threats within protected areas all over the world. 
Artificial intelligence and deep learning are promising 

Figure 4. Local-scale novel climate index of terrestrial protected areas worldwide, summarized by biomes. The mean of 
the local-scale novel climate index under a) RCP 4.5 and b) RCP 8.5. The standard deviation (sd) of the local-scale novel 
climate index under c) RCP 4.5 and d) RCP 8.5. Sd represents the variation of the local-scale novel climate index resulting 
from ten GCMs. Violins per biome are ordered by increasing mean. Black dots and attached lines within violins represent 
the mean ± standard deviation. Black numbers above violins indicate the number of PAs within the respective biome. For 
details see Hoffmann et al. (2019a).
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Figure 5. Principal components analysis of the PAs’ median climate anomalies (2070, RCP 8.5) and other PA characteristics 
grouped by countries. The PA characteristics ‘area’, ‘elevation’ and ‘terrain ruggedness’ indicate the PAs’ capacity to buffer 
the climate change impact; ‘irreplaceability’ represents the PAs’ importance for the conservation of globally threatened 
species. By relating the predicted climate anomalies to the PA characteristics at the country level, we provide additional 
information about the climate change vulnerability of national PA estates. PAs are assumed to be particularly vulnerable 
to climate change when the predicted climate anomalies, the human footprint and irreplaceability are high, while the 
area, elevation and terrain ruggedness are low. The alpha-3 country codes are given (i.e. ISO 3166). ‘Trans’ refers to 
transboundary PAs. For details see Hoffmann and Beierkuhnlein (2020).
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computational technologies for nature conservation 
since they enable an automated classification of big 
monitoring data (Lamba et al. 2019). Nevertheless, 
resources for monitoring are limited. Given that, only 
a selection of variables can be prioritised. Scientists 
have recently argued for sets of essential variables that 
reflect states and trends of nature. These essential 
variables relate to climate (Bojinski et al. 2014), oceans 
(Constable  et  al. 2016), biodiversity (Pereira  et  al. 
2013, Jetz  et  al. 2019), geodiversity (Schrodt  et  al. 
2019) and progress towards Sustainable Development 
Goals (SDG) (Reyers  et  al. 2017). The definition 
of essential variables has led to advances in data 
collection, storage, distribution and use (Kissling et al. 
2015) that are essential to big data analyses. Remote 
sensing (Pettorelli et al. 2016) and long-term ecological 
research stations (Haase et al. 2018) are sophisticated 
techniques to monitor essential variables.

Such big data analyses should form the basis of 
large-scale protected area management systems. 
There are many examples of management frameworks 
for conservation under rapid environmental changes 
(Westgate et al. 2013, Gillson et al. 2019, Rannow et al. 
2014, Shoo et al. 2013). Gillson and colleagues (2019) 
developed an advanced adaptive management cycle 
providing appropriate tools and approaches for integrating 
multiple forms of evidence to understand and manage 
complex dynamic systems. Such adaptive management 
concepts help to model future dynamics of nature with 
respect to social, political and economic criteria and 
developments. Such frameworks could be applied to 
the global extent and local grain of protected areas 
to support local conservation action which is globally 
coordinated. This could be the basis for a globally 
coordinated protected area management system.

The World Database on Protected Area (WDPA) 
(IUCN and UNEP-WCMC 2019, Bingham et al. 2019) 
and the Digital Observatory for Protected Areas (DOPA) 
could be a role model for such a global protected area 
management system. The European Commission’s 
Joint Research Centre (JRC 2019) developed DOPA 
as a web based information system on the world’s 
protected areas. The DOPA monitors the state of and 
threats to protected areas by using global data sets. 
From these data indicators are derived that measure 
progress towards Aichi Biodiversity Target 11, and SDG 
14 and 15. Therefore, the DOPA is already providing 
a scientific foundation for a globally coordinated 
management system for protected areas. I consider 
the development and application of such a global 
protected area management system as a crucial future 
task for conservation biogeographers, to reach the 
global biodiversity and sustainability goals.

Next generation conservation biogeography
Conservation biogeography is advancing the 

effectiveness of protected areas but faces many future 
challenges that are not related to protected areas. 
Filling biogeographical knowledge gaps and improving 
biodiversity forecasts are persistent scientific challenges. 
Turning theory into practice, educating, communicating 
and changing social values and lifestyles are common 

practical challenges. Accepting these challenges, 
conservation biogeographers need to focus on large 
geographical extents but small grain because threats to 
nature are occurring locally all over the world (Alagador 
2020). Global conservation problems beyond 2020 can 
only be solved by local conservation strategies that 
are globally coordinated via international collaboration 
(Mace et al. 2018).

Conservation research is restricted by the unavailability 
of data. Growing conservation knowledge evolves from 
an increasing quality and quantity of data (Wüest et al. 
2019). Conservation biogeographers work on the 
Linnean, Wallacean and extinction estimate shortfalls 
by collecting new data (Ladle and Whittaker 2011b). 
However, temporal and financial resources for collecting 
data and monitoring are limited. Hence, sampling and 
monitoring techniques need optimisation to become 
less time-consuming and costly. Open information 
systems, data repositories, databases and data sets play 
a central role to foster global conservation research by 
the coming generations of conservation biogeographers. 
Varying quality, bias, noise and uncertainty within data 
require meta-data in order to efficiently harvest and 
analyse the data (Wohner et al. 2019, Wüest et al. 
2019). Open-source software advances data analyses, 
their documentation, transparency and reproduction. 
Furthermore, citizen science is a promising tool to 
enhance data collection, monitoring and analysis by 
participating citizens. Citizen science brings the scientific 
community and the public together, which supports 
public education and nature conservation at the same 
time (Devictor  et  al. 2010, Danielsen  et  al. 2014, 
Sullivan et al. 2014, McKinley et al. 2017). However, 
the increasing availability of data should not prevent 
anyone collecting new, high-quality data, especially in 
time of rapid environmental changes. More scientists 
need to be trained to enhance the quality and quantity 
of available data and methods in the future.

Predictions are to some degree uncertain and 
uncertainty may prevent decision-makers from acting 
(Gray 2011, Michalak et al. 2017, Bagchi et al. 2013, 
Wang et al. 2012, Midgley et al. 2007, Millar et al. 2007, 
Pacifici et al. 2015, Conroy et al. 2011, Hallegatte 2009, 
Belote et al. 2018). There are, nevertheless, approaches 
to decision-making in the conservation context that 
account for model uncertainties (Polasky et al. 2011, 
Hoekstra 2012, Hayes  et  al. 2013, Yousefpour and 
Hanewinkel 2016). A future challenge is to minimise 
the uncertainties of model predictions, e.g. by 
probabilistic analyses (Billionnet 2015, Alagador et al. 
2016), considering past dynamics (Di Marco  et  al. 
2015), using sensitivity analysis and null-models 
(Feeley and Silman 2010), and incorporating as many 
relevant hypotheses, data and models as possible 
(Michalak et al. 2017, Conroy et al. 2011). Forecasts 
are improved by refined theories as well as by the 
consideration of scale-dependency, inadequacies of 
input data and sensitivity of projections to model 
structure and parameterisation (Whittaker  et  al. 
2005, Araújo and New 2007). However, in contrast to 
meteorologists, ecologists still miss a comprehensive 
theory to sufficiently predict complex ecosystem 
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assemblies (Higgins 2017), which would promote the 
human ability to safeguard nature.

In the view of the current rates of nature’s declines, 
another important task for conservation biogeographers 
is to work harder on improving the communication and 
collaboration between stakeholders, such as scientists, 
policy-makers, managers and people (Costello et al. 
2015). Publishing open-access is a substantial first 
step to communicate research efficiently. Nature 
conservation is a value-laden field, which can complicate 
communication. Studies have shown that effective 
conservation policy and management is based on 
well communicated, explained and contextualised 
research (Kalliola et al. 2008, Manfredo et al. 2016, 
Morrison 2016). Therefore, researchers need to 
translate their findings into a plain language that 
stakeholders understand. If stakeholders recognise 
that their well-being depends on nature conservation, 
they may be willing to support conservation. Using 
social media is an efficient way of communicating 
science, though not without pitfalls (Bombaci et al. 
2016). In contrast, academic media do not reach the 
majority of people (Knuth and Jacobson 2000) and 
traditional media tend to be prone to polarisation 
that threatens the credibility of research. Scientists 
can even apply marketing techniques to reach the 
majority of people (Wright et al. 2015, Redford et al. 
2015). Knowledge from social-psychological science 
helps to mainstream nature conservation (van Vugt 
2009). In these regards, conservation biogeographers 
should actively and adequately promote protected 
areas as a solution to various environmental problems 
(Dinerstein et al. 2019, MacKinnon et al. 2011) since 
protected areas safeguard biodiversity, ecosystem 
functioning and multiple ecosystem services, which 
strengthen human well-being and represent various 
values of nature.

Protected areas decrease habitat degradation 
(Geldmann  et  al. 2013, Joppa and Pfaff 2010) and 
maintain species and populations better than other 
conservation measures (Geldmann  et  al. 2013, 
Karanth et al. 2009, Taylor et al. 2011, Laurance et al. 
2012, Walston  et  al. 2010, Hilborn  et  al. 2006). 
Biodiversity is higher inside protected areas than in 
their surroundings (Coetzee et al. 2014, Gray et al. 
2016), while they cannot halt the loss completely 
(Rada et al. 2019, Dähler et al. 2019, Laurance et al. 
2012, Geldmann  et  al. 2019, Leberger  et  al. 2019, 
Heino  et  al. 2015). Protected areas are especially 
effective for global biodiversity conservation if they 
are actively managed, well-funded (Geldmann et al. 
2018, Coad et al. 2019) and located in biodiversity-
rich areas (Joppa et al. 2013). Protected areas remain 
effective in preserving species despite climate change 
(Beale et al. 2013, Virkkala et al. 2019, Lehikoinen et al. 
2019, Santangeli  et  al. 2017, Lawson  et  al. 2014). 
They provide ecosystem services, e.g. climate change 
mitigation and adaptation (MacKinnon  et  al. 2011, 
Soares-Filho  et al. 2010, Scharlemann et  al. 2010), 
natural catastrophe control and the provision of 
habitat and natural resources (Postel and Thompson 
2005, Palomo et al. 2013, Xu et al. 2017), tourism and 

recreation (Balmford et al. 2009) and poverty reduction 
(Andam et al. 2010). Moreover, the global protected 
area estate expands (Bingham et al. 2019).

If the global protected area extent grew to half 
of the terrestrial area on earth, new protected areas 
would have to be wisely planned to stop biodiversity 
loss (Pimm et al. 2018, Montesino Pouzols et al. 2014) 
and meet human demands simultaneously (Ellis and 
Mehrabi 2019). Protected area expansion is, however, 
challenging because land is increasingly modified and 
used for human purposes only (Sala 2000), which 
emphasises the need for nature conservation outside 
protected areas. A high degree of biodiversity can 
exist outside protected areas. Some species are even 
restricted to unprotected areas (Rodrigues et al. 2004), 
e.g. in Canada (Deguise and Kerr 2006) and in the 
Mediterranean biome (Cox and Underwood 2011). 
Species migrating between protected areas also depend 
on unprotected areas (Troupin and Carmel 2014). 
Furthermore, established protected areas are often 
taken as justification for environmental degradation 
in the protected area surroundings (McNeely et al. 
1990, Radeloff  et  al. 2010, Hellwig  et  al. 2019). If 
biodiversity is lost outside protected areas, this will 
have, in turn, consequences for the biodiversity 
inside (Laurance et al. 2012, Rada et al. 2019). The 
smaller a protected area is, the more it is affected 
by unprotected surroundings (Yamaura et al. 2008). 
Consequently, nature conservation outside protected 
areas is essential as well.

The sustainable use of unprotected land can 
complement protected areas in conserving biodiversity 
(Locke  et  al. 2019), e.g. by applying low-intensity 
agriculture and forestry (Kremen and Merenlender 
2018). Land sharing (i.e. sharing agricultural land with 
conservation efforts) and land sparing (i.e. temporally 
sparing agricultural land for conservation) are two 
strategies to merge agricultural practices and biodiversity 
conservation in cultural landscapes (Baudron and 
Giller 2014). Private land can also be dedicated to 
biodiversity conservation by voluntary conservation 
efforts, e.g. in private gardens (Farmer et al. 2017). Such 
efforts refer to other effective area-based conservation 
measures (OECMs), which are essential complements 
to protected areas for reaching global conservation 
targets (Dudley et al. 2018, Frascaroli et al. 2019).

There are numerous signs of general conservation 
success. Conservation efforts have, for instance, 
decreased the extinction risk of mammals and birds 
in 109 countries by 29% from 1996 to 2008 (IPBES 
2019); the average extinction risk of birds, mammals 
and amphibians would have been at least 20% higher 
without conservation initiatives; more than 107 
highly threatened birds, mammals and reptiles took 
profit from the conservation-minded eradication 
of invasive mammals on islands. Many endangered 
species are recovering (IUCN 2019). Moreover, many 
people do perceive nature conservation as a priority 
(Varma  et  al. 2015). Public media and institutions 
such as zoos, museums and botanical gardens, 
increasingly provide conservation-minded education 
programmes (Miller et al. 2004). Markets for green and 
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sustainable products have been growing enormously 
(Steinemann et al. 2017). The economic value of nature 
is more often incorporated into economics and policy, 
which supports nature conservation (Reyers  et  al. 
2013, Kubiszewski et al. 2013, Bateman et al. 2013, 
Waldron  et  al. 2017). Policy-makers increasingly 
discontinue perverse subsidies to environmentally 
harmful businesses (Merckx and Pereira 2015). The 
members of the European Parliament call for legally 
binding biodiversity targets, equivalent to the Paris 
agreement on climate change (European Parliament 
2019). Cornerstone for more sustainable future 
policies in nature conservation would be financial and 
economic systems refusing the contemporary paradigm 
of economic growth (Díaz et al. 2019). Nevertheless, 
current rates of global biodiversity loss are alarming 
(IPBES 2019). Consequently, large-scale conservation 
planning is still essential and should be prioritized in 
policy decisions.

The societal and political values that people assign to 
nature are eventually decisive for nature conservation. 
Informed by conservation biogeographers and other 
experts, the societal willingness can prompt stakeholders, 
policy-makers and governments to induce transformative 
changes required for global nature conservation and 
sustainable development. In the future people may 
perceive the first decades of the 21st century as the 
starting point for a very successful period of nature 
conservation (Sodhi et al. 2011), initiated by young 
people, such as those involved in the movements 
of Fridays for Future all over the world. However, 
societal trends are fickle. The task of conservation 
biogeographers continuously communicating their work 
to the people is accordingly all the more important 
to ensure an enduring public support for nature 
conservation. Conservation biogeographers are able 
to produce comprehensive and integrative knowledge 
about our relationship to nature. They will be more 
successful in converting this knowledge into policy and 
practice if they also try to communicate the values of 
nature persistently.

Acknowledgements

I am very grateful for the support of my supervisor 
Carl Beierkuhnlein, of all my co-authors, colleagues, 
reviewers, friends and family during my PhD period. 
I also acknowledge funding from the ECOPOTENTIAL 
project—EU Horizon 2020 research and innovation 
programme, grant agreement No. 641762, and the 
Open Access Fund of the University of Bayreuth.

References

Ackerly, D.D., Loarie, S.R., Cornwell, W.K., Weiss, S.B., 
Hamilton, H., Branciforte, R. & Kraft, N.J.B. 
(2010) The geography of climate change: 
implications for conservation biogeography. 
Diversity and Distributions, 16, 476–487.

Alagador, D. (2020) New Paradigms for Modern 
Biogeography Conservation. In: Life on 
land. Encyclopedia of the UN sustainable 
development goals (ed. by W. Leal Filho, A.M. 
Azul, L. Brandli, A. Lange Salvia and T. Wall), 
pp. 1-18, Springer, Cham.

Alagador, D., Cerdeira, J.O. & Araújo, M.B. (2016) 
Climate change, species range shifts and 
dispersal corridors: an evaluation of spatial 
conservation models. Methods in Ecology and 
Evolution, 7, 853–866.

Amatulli, G., Domisch, S., Tuanmu, M.-N., Parmentier, 
B., Ranipeta, A., Malczyk, J. & Jetz, W. (2018) 
A suite of global, cross-scale topographic 
variables for environmental and biodiversity 
modeling. Scientific Data, 5, 180040.

Andam, K.S., Ferraro, P.J., Sims, K.R.E., Healy, A. & 
Holland, M.B. (2010) Protected areas reduced 
poverty in Costa Rica and Thailand. Proceedings 
of the National Academy of Sciences USA, 107, 
9996–10001.

Ando, A.W., Fraterrigo, J., Guntenspergen, G., Howlader, 
A., Mallory, M., Olker, J.H. & Stickley, S. (2018) 
When portfolio theory can help environmental 
investment planning to reduce climate risk to 
future environmental outcomes—and when 
it cannot. Conservation Letters, 11, e12596.

Aplet, G.H. & McKinley, P.S. (2017) A portfolio 
approach to managing ecological risks of global 
change. Ecosystem Health and Sustainability, 
3, e01261.

Araújo, M.B., Alagador, D., Cabeza, M., Nogués-Bravo, D. 
& Thuiller, W. (2011) Climate change threatens 
European conservation areas. Ecology Letters, 
14, 484–492.

Araújo, M.B., Cabeza, M., Thuiller, W., Hannah, L. & 
Williams, P.H. (2004) Would climate change 
drive species out of reserves? An assessment 
of existing reserve-selection methods. Global 
Change Biology, 10, 1618–1626.

Araújo, M.B. & New, M. (2007) Ensemble forecasting 
of species distributions. Trends in Ecology 
and Evolution, 22, 42–47.

Bagchi, R., Crosby, M., Huntley, B., et al. (2013) 
Evaluating the effectiveness of conservation 
site networks under climate change: accounting 
for uncertainty. Global Change Biology, 19, 
1236–1248.

Balmford, A., Beresford, J., Green, J., Naidoo, R., 
Walpole, M. & Manica, A. (2009) A global 



Hoffmann Advancing protected area effectiveness

Frontiers of Biogeography 2021, 13.2, e49679 © the authors, CC-BY 4.0 license  14

perspective on trends in nature-based tourism. 
PLoS Biology, 7, e1000144.

Barnes, M.D., Glew, L., Wyborn, C. & Craigie, I.D. 
(2018) Prevent perverse outcomes from 
global protected area policy. Nature Ecology 
and Evolution, 2, 759–762.

Barnosky, A.D., Matzke, N., Tomiya, S., et al. (2011) 
Has the Earth’s sixth mass extinction already 
arrived? Nature, 471, 51–57.

Barr, L.M., Pressey, R.L., Fuller, R.A., Segan, D.B., 
McDonald-Madden, E. & Possingham, H.P. 
(2011) A new way to measure the world’s 
protected area coverage. PLoS ONE, 6, e24707.

Barredo, J.I., Caudullo, G. & Dosio, A. (2016) 
Mediterranean habitat loss under future 
climate conditions: assessing impacts on the 
Natura 2000 protected area network. Applied 
Geography, 75, 83–92.

Baselga, A. (2013) Multiple site dissimilarity quantifies 
compositional heterogeneity among several 
sites, while average pairwise dissimilarity 
may be misleading. Ecography, 36, 124–128.

Bateman, I.J., Harwood, A.R., Mace, G.M., et al. (2013) 
Bringing ecosystem services into economic 
decision-making: land use in the United 
Kingdom. Science, 341, 45–50.

Batllori, E., Parisien, M.-A., Parks, S.A., Moritz, M.A. 
& Miller, C. (2017) Potential relocation of 
climatic environments suggests high rates 
of climate displacement within the North 
American protection network. Global Change 
Biology, 23, 3219–3230.

Baudron, F. & Giller, K.E. (2014) Agriculture and nature: 
trouble and strife? Biological Conservation, 
170, 232–245.

Beale, C.M., Baker, N.E., Brewer, M.J. & Lennon, J.J. 
(2013) Protected area networks and savannah 
bird biodiversity in the face of climate change 
and land degradation. Ecology Letters, 16, 
1061–1068.

Belote, T.R., Carroll, C., Martinuzzi, S., Michalak, 
J., Williams, J.W., Williamson, M.A. & Aplet, 
G.H. (2018) Assessing agreement among 
alternative climate change projections to 
inform conservation recommendations in the 
contiguous United States. Scientific Reports, 
8, 9441.

Belote, T.R., Dietz, M.S., McKinley, P.S., Carlson, A.A., 
Carroll, C., Jenkins, C.N., Urban, D.L., Fullman, 
T.J., Leppi, J.C. & Aplet, G.H. (2017) Mapping 

conservation strategies under a changing 
climate. BioScience, 67, 494–497.

Billionnet, A. (2015) Designing robust nature 
reserves under uncertain survival probabilities. 
Environmental Modeling and Assessment, 
20, 383–397.

Bingham, H.C., Juffe Bignoli, D., Lewis, E., et al. (2019) 
Sixty years of tracking conservation progress 
using the World Database on Protected Areas. 
Nature Ecology and Evolution, 3, 737–743.

Bojinski, S., Verstraete, M., Peterson, T.C., Richter, C., 
Simmons, A. & Zemp, M. (2014) The concept 
of essential climate variables in support of 
climate research, applications, and policy. 
Bulletin of the American Meteorological 
Society, 95, 1431–1443.

Bombaci, S.P., Farr, C.M., Gallo, H.T., Mangan, A.M., 
Stinson, L.T., Kaushik, M. & Pejchar, L. (2016) 
Using Twitter to communicate conservation 
science from a professional conference. 
Conservation Biology, 30, 216–225.

Bonebrake, T.C., Guo, F., Dingle, C., Baker, D.M., 
Kitching, R.L. & Ashton, L.A. (2019) Integrating 
proximal and horizon threats to biodiversity 
for conservation. Trends in Ecology and 
Evolution, 34, 781–788.

Burns, C.E., Johnston, K.M. & Schmitz, O.J. (2003) 
Global climate change and mammalian species 
diversity in U.S. national parks. Proceedings of 
the National Academy of Sciences USA, 100, 
11474–11477.

Cardinale, B.J., Duffy, J.E., Gonzalez, A., et al. (2012) 
Biodiversity loss and its impact on humanity. 
Nature, 486, 59–67.

Carroll, C., Roberts, D.R., Michalak, J.L., Lawler, J.J., 
Nielsen, S.E., Stralberg, D., Hamann, A., Mcrae, 
B.H. & Wang, T. (2017) Scale-dependent 
complementarity of climatic velocity and 
environmental diversity for identifying priority 
areas for conservation under climate change. 
Global Change Biology, 23, 4508–4520.

Ceballos, G., Ehrlich, P.R., Barnosky, A.D., García, A., 
Pringle, R.M. & Palmer, T.M. (2015) Accelerated 
modern human–induced species losses: 
entering the sixth mass extinction. Science 
Advances, 1, e1400253.

Coad, L., Leverington, F., Knights, K., et al. (2015) 
Measuring impact of protected area management 
interventions: current and future use of the 
Global Database of Protected Area Management 



Hoffmann Advancing protected area effectiveness

Frontiers of Biogeography 2021, 13.2, e49679 © the authors, CC-BY 4.0 license  15

Effectiveness. Philosophical Transactions of 
the Royal Society B, 370, 20140281.

Coad, L., Watson, J.E., Geldmann, J., Burgess, N.D., 
Leverington, F., Hockings, M., Knights, K. & 
Di Marco, M. (2019) Widespread shortfalls in 
protected area resourcing undermine efforts 
to conserve biodiversity. Frontiers in Ecology 
and the Environment, 17, 259–264.

Coetzee, B.W.T., Gaston, K.J. & Chown, S.L. (2014) 
Local scale comparisons of biodiversity as 
a test for global protected area ecological 
performance: a meta-analysis. PLoS ONE, 9, 
e105824.

Coetzee, B.W.T., Robertson, M.P., Erasmus, B.F.N., van 
Rensburg, B.J. & Thuiller, W. (2009) Ensemble 
models predict Important Bird Areas in 
southern Africa will become less effective 
for conserving endemic birds under climate 
change. Global Ecology and Biogeography, 
18, 701–710.

Comer, P.J., Pressey, R.L., Hunter, M.L., Schloss, 
C.A., Buttrick, S.C., Heller, N.E., Tirpak, J.M., 
Faith, D.P., Cross, M.S. & Shaffer, M.L. (2015) 
Incorporating geodiversity into conservation 
decisions. Conservation Biology, 29, 692–701.

Conroy, M.J., Runge, M.C., Nichols, J.D., Stodola, K.W. & 
Cooper, R.J. (2011) Conservation in the face of 
climate change: the roles of alternative models, 
monitoring, and adaptation in confronting and 
reducing uncertainty. Biological Conservation, 
144, 1204–1213.

Constable, A.J., Costa, D.P., Schofield, O., et al. (2016) 
Developing priority variables (“ecosystem 
Essential Ocean Variables” — eEOVs) for 
observing dynamics and change in Southern 
Ocean ecosystems. Journal of Marine Systems, 
161, 26–41.

Costello, M.J., Vanhoorne, B. & Appeltans, W. 
(2015) Conservation of biodiversity through 
taxonomy, data publication, and collaborative 
infrastructures. Conservation Biology, 29, 
1094–1099.

Cox, R.L. & Underwood, E.C. (2011) The importance 
of conserving biodiversity outside of protected 
areas in Mediterranean ecosystems. PLoS 
ONE, 6, e14508.

Cross, M.S., Zavaleta, E.S., Bachelet, D., et al. (2012) 
The Adaptation for Conservation Targets (ACT) 
framework: a tool for incorporating climate 
change into natural resource management. 
Environmental Management, 50, 341–351.

Dähler, N.B., Holderegger, R., INFO FLORA & 
Bergamini, A. (2019) Effectiveness of Swiss 
protected areas in maintaining populations 
of rare vascular plants. Journal for Nature 
Conservation, 52, 125749.

Danielsen, F., Pirhofer-Walzl, K., Adrian, T.P., et al. 
(2014) Linking public participation in 
scientific research to the indicators and needs 
of international environmental agreements. 
Conservation Letters, 7, 12–24.

Dawson, T.P., Jackson, S.T., House, J.I., Prentice, I.C. 
& Mace, G.M. (2011) Beyond predictions: 
biodiversity conservation in a changing 
climate. Science, 332, 53–58.

Deguise, I.E. & Kerr, J.T. (2006) Protected areas and 
prospects for endangered species conservation 
in Canada. Conservation Biology, 20, 48–55.

Devictor, V., Whittaker, R.J. & Beltrame, C. (2010) 
Beyond scarcity: citizen science programmes 
as useful tools for conservation biogeography. 
Diversity and Distributions, 16, 354–362.

Díaz, S., Settele, J., Brondízio, E.S., et al. (2019) 
Pervasive human-driven decline of life on 
Earth points to the need for transformative 
change. Science, 366, eaax3100.

Dinerstein, E., Vynne, C., Sala, E., et al. (2019) A 
Global Deal For Nature: guiding principles, 
milestones, and targets. Science Advances, 
5, eaaw2869.

Dudley, N., Jonas, H., Nelson, F., Parrish, J., Pyhälä, 
A., Stolton, S. & Watson, J.E.M. (2018) The 
essential role of other effective area-based 
conservation measures in achieving big bold 
conservation targets. Global Ecology and 
Conservation, 15, e00424.

Ellis, E.C. & Mehrabi, Z. (2019) Half Earth: promises, 
pitfalls, and prospects of dedicating Half of 
Earth’s land to conservation. Current Opinion 
in Environmental Sustainability, 38, 22–30.

European Parliament (2019) Biodiversity: MEPs 
call for legally binding targets, as for climate 
change. Digital resource available at https://
www.europarl.europa.eu/news/en/press-
room/20191203IPR67906/biodiversitymeps-
call-for-legally-binding-targets-as-for-climate-
change

Farmer, J.R., Ma, Z., Drescher, M., Knackmuhs, E.G. 
& Dickinson, S.L. (2017) Private landowners, 
voluntary conservation programs, and 
implementation of conservation friendly 



Hoffmann Advancing protected area effectiveness

Frontiers of Biogeography 2021, 13.2, e49679 © the authors, CC-BY 4.0 license  16

land management practices. Conservation 
Letters, 10, 58–66.

Feeley, K.J. & Silman, M.R. (2016) Disappearing 
climates will limit the efficacy of Amazonian 
protected areas. Diversity and Distributions, 
22, 1081-1084.

Feeley, K.J. & Silman, M.R. (2010) Modelling the 
responses of Andean and Amazonian plant 
species to climate change: the effects of 
georeferencing errors and the importance 
of data filtering. Journal of Biogeography, 
37, 733–740.

Felton, A., Fischer, J., Lindenmayer, D.B., et al. (2009) 
Climate change, conservation and management: 
an assessment of the peer-reviewed scientific 
journal literature. Biodiversity and Conservation, 
18, 2243–2253.

Frascaroli, F., Zannini, P., Acosta, A.T.R., Chiarucci, 
A., d’Agostino, M. & Nascimbene, J. (2019) 
Sacred natural sites in Italy have landscape 
characteristics complementary to protected 
areas: implications for policy and planning. 
Applied Geography, 113, 102100.

Fuentes‐Castillo, T., Scherson, R.A., Marquet, P.A., 
Fajardo, J., Corcoran, D., Román, M.J. & Pliscoff, 
P. (2019) Modelling the current and future 
biodiversity distribution in the Chilean 
Mediterranean hotspot. The role of protected 
areas network in a warmer future. Diversity 
and Distributions, 25, 1897–1909.

Game, E.T., Lipsett-Moore, G., Saxon, E., Peterson, N. 
& Sheppard, S. (2011) Incorporating climate 
change adaptation into national conservation 
assessments. Global Change Biology, 17, 
3150–3160.

Garcia, R.A., Cabeza, M., Rahbek, C. & Araújo, M.B. 
(2014) Multiple dimensions of climate change 
and their implications for biodiversity. Science, 
344, 1247579–1247579.

Geldmann, J., Barnes, M., Coad, L., Craigie, I.D., Hockings, 
M. & Burgess, N.D. (2013) Effectiveness of 
terrestrial protected areas in reducing habitat 
loss and population declines. Biological 
Conservation, 161, 230–238.

Geldmann, J., Coad, L., Barnes, M.D., et al. (2018) A 
global analysis of management capacity and 
ecological outcomes in terrestrial protected 
areas. Conservation Letters, 11, e12434.

Geldmann, J., Manica, A., Burgess, N.D., Coad, L. & 
Balmford, A. (2019) A global-level assessment 
of the effectiveness of protected areas at 

resisting anthropogenic pressures. Proceedings 
of the National Academy of Sciences USA, 116, 
23209–23215.

Gillson, L., Biggs, H., Smit, I.P.J., Virah-Sawmy, M. & 
Rogers, K. (2019) Finding common ground 
between adaptive management and evidence-
based approaches to biodiversity conservation. 
Trends in Ecology and Evolution, 34, 31–44.

Gillson, L., Dawson, T.P., Jack, S. & McGeoch, M.A. 
(2013) Accommodating climate change 
contingencies in conservation strategy. Trends 
in Ecology and Evolution, 28, 135–142.

Gonzalez, P., Wang, F., Notaro, M., Vimont, D.J. & 
Williams, J.W. (2018) Disproportionate 
magnitude of climate change in United States 
national parks. Environmental Research 
Letters, 13, 104001.

Gray, C.L., Hill, S.L.L., Newbold, T., Hudson, L.N., 
Börger, L., Contu, S., Hoskins, A.J., Ferrier, S., 
Purvis, A. & Scharlemann, J.P.W. (2016) Local 
biodiversity is higher inside than outside 
terrestrial protected areas worldwide. Nature 
Communications, 7, 12306.

Gray, S.T. (2011) From uncertainty to action: climate 
change projections and the management of 
large natural areas. BioScience, 61, 504–505.

Gross, J.E., Woodley, S., Welling, L.A. & Watson, J.E.M. 
(2017) Adapting to Climate Change: guidance 
for protected area managers and planners. 
IUCN, Gland and Cambridge.

Groves, C.R., Game, E.T., Anderson, M.G., et al. (2012) 
Incorporating climate change into systematic 
conservation planning. Biodiversity and 
Conservation, 21, 1651–1671.

Haase, P., Tonkin, J.D., Stoll, S., et al. (2018) The next 
generation of site-based long-term ecological 
monitoring: linking essential biodiversity 
variables and ecosystem integrity. Science of 
The Total Environment, 613–614, 1376–1384.

Hagerman, S.M. & Satterfield, T. (2014) Agreed but 
not preferred: expert views on taboo options 
for biodiversity conservation, given climate 
change. Ecological Applications, 24, 548–559.

Hallegatte, S. (2009) Strategies to adapt to an uncertain 
climate change. Global Environmental Change, 
19, 240–247.

Hannah, L. (2008) Protected areas and climate 
change. Annals of the New York Academy of 
Sciences, 1134, 201–212.

Hannah, L., Midgley, G.F., Andelman, S., et al. (2007) 
Protected area needs in a changing climate. 



Hoffmann Advancing protected area effectiveness

Frontiers of Biogeography 2021, 13.2, e49679 © the authors, CC-BY 4.0 license  17

Frontiers in Ecology and the Environment, 
5, 131–138.

Hannah, L., Midgley, G.F. & Millar, D. (2002) Climate 
change-integrated conservation strategies. 
Global Ecology and Biogeography, 11, 485–495.

Hayes, K.R., Barry, S.C., Hosack, G.R. & Peters, G.W. 
(2013) Severe uncertainty and info-gap 
decision theory. Methods in Ecology and 
Evolution, 4, 601–611.

Heino, M., Kummu, M., Makkonen, M., Mulligan, M., 
Verburg, P.H., Jalava, M. & Räsänen, T.A. (2015) 
Forest loss in protected areas and intact forest 
landscapes: a global analysis. PLoS ONE, 10, 
e0138918.

Heller, N.E., Kreitler, J., Ackerly, D.D., Weiss, S.B., 
Recinos, A., Branciforte, R., Flint, L.E., Flint, 
A.L. & Micheli, E. (2015) Targeting climate 
diversity in conservation planning to build 
resilience to climate change. Ecosphere, 6, 
art65.

Heller, N.E. & Zavaleta, E.S. (2009) Biodiversity 
management in the face of climate change: 
a review of 22 years of recommendations. 
Biological Conservation, 142, 14–32.

Hellwig, N., Walz, A. & Markovic, D. (2019) Climatic 
and socioeconomic effects on land cover 
changes across Europe: does protected area 
designation matter? PLoS ONE, 14, e0219374.

Higgins, S.I. (2017) Ecosystem assembly: a mission for 
terrestrial earth system science. Ecosystems, 
20, 69–77.

Hilborn, R., Arcese, P., Borner, M., Hando, J., Hopcraft, 
G., Loibooki, M., Mduma, S. & Sinclair, A.R.E. 
(2006) Effective enforcement in a conservation 
area. Science, 314, 1266–1266.

Hobbs, R.J., Cole, D.N., Yung, L., et al. (2010) Guiding 
concepts for park and wilderness stewardship 
in an era of global environmental change. 
Frontiers in Ecology and the Environment, 
8, 483–490.

Hockings, M., Stolton, S., Leverington, F., Dudley, N. 
& Courrau, J. (2006) Evaluating effectiveness: 
a framework for assessing management 
effectiveness of protected areas, 2nd edition. 
IUCN, Gland and Cambridge.

Hodgson, J.A., Thomas, C.D., Wintle, B.A. & Moilanen, 
A. (2009) Climate change, connectivity and 
conservation decision making: back to basics. 
Journal of Applied Ecology, 46, 964–969.

Hoekstra, J. (2012) Improving biodiversity conservation 
through modern portfolio theory. Proceedings 

of the National Academy of Sciences USA, 
109, 6360–6361.

Hoffmann, S. (2020) Advances in conservation 
biogeography: towards protected area 
effectiveness under anthropogenic threats. 
University of Bayreuth. doi.org/10.15495/
EPub_UBT_00004852

Hoffmann, S. & Beierkuhnlein, C. (2020) Climate 
change exposure and vulnerability of the global 
protected area estate from an international 
perspective. Diversity and Distributions, 26, 
1496–1509.

Hoffmann, S., Beierkuhnlein, C., Field, R., Provenzale, 
A. & Chiarucci, A. (2018) Uniqueness of 
protected areas for conservation strategies 
in the European Union. Scientific Reports, 
8, 6445.

Hoffmann, S., Irl, S.D.H. & Beierkuhnlein, C. 
(2019a) Predicted climate shifts within 
terrestrial protected areas worldwide. Nature 
Communications, 10, 4787.

Hoffmann, S., Schmitt, T.M., Chiarucci, A., Irl, S.D.H., 
Rocchini, D., Vetaas, O.R., Tanase, M.A., Mermoz, 
S., Bouvet, A. & Beierkuhnlein, C. (2019b) 
Remote sensing of β-diversity: evidence from 
plant communities in a semi-natural system. 
Applied Vegetation Science, 22, 13–26.

Hoffmann, S., Steiner, L., Schweiger, A.H., Chiarucci, 
A. & Beierkuhnlein, C. (2019c) Optimizing 
sampling effort and information content of 
biodiversity surveys: a case study of alpine 
grassland. Ecological Informatics, 51, 112–120.

Hoffmann, S., Steiner, L., Schweiger, A.H., Chiarucci, 
A., Benner, J., Provenzale, A. & Beierkuhnlein, 
C. (2019d) Data on alpine grassland diversity 
in Gran Paradiso National Park, Italy. Data in 
Brief, 24, 103942.

Hole, D.G., Huntley, B., Arinaitwe, J., Butchart, S.H.M., 
Collingham, Y.C., Fishpool, L.D.C., Pain, D.J. & 
Willis, S.G. (2011) Toward a management 
framework for networks of protected areas 
in the face of climate change. Conservation 
Biology, 25, 305–315.

Holsinger, L., Parks, S.A., Parisien, M., Miller, C., 
Batllori, E. & Moritz, M.A. (2019) Climate 
change likely to reshape vegetation in North 
America’s largest protected areas. Conservation 
Science and Practice, 1, e50.

Horning, N., Robinson, J. a, Sterling, E.J., Turner, 
W. & Spector, S. (2010) Remote sensing for 



Hoffmann Advancing protected area effectiveness

Frontiers of Biogeography 2021, 13.2, e49679 © the authors, CC-BY 4.0 license  18

ecology and conservation. Oxford University 
Press, Oxford.

von Humboldt, A. (1845) Kosmos. Entwurf einer 
physischen Weltbeschreibung. Gotta’scher 
Verlag, Stuttgart.

IPBES (2019) Summary for policymakers of the 
global assessment report on biodiversity and 
ecosystem services of the Intergovernmental 
Science-Policy Platform on Biodiversity and 
Ecosystem Services. IPBES, Bonn.

Irl, S.D.H., Harter, D.E. V., Steinbauer, M.J., Gallego 
Puyol, D., Fernández-Palacios, J.M., Jentsch, 
A. & Beierkuhnlein, C. (2015) Climate vs. 
topography - spatial patterns of plant species 
diversity and endemism on a high-elevation 
island. Journal of Ecology, 103, 1621–1633.

IUCN (2019) Summary statistics: the IUCN Red 
List of Threatened Species. Digital resource 
available at https://www.iucnredlist.org/
resources/summary-statistics

IUCN & UNEP-WCMC (2019) The World Database 
on Protected Areas. Digital resource available 
at www.protectedplanet.net

Jetz, W., McGeoch, M.A., Guralnick, R., et al. (2019) 
Essential biodiversity variables for mapping 
and monitoring species populations. Nature 
Ecology and Evolution, 3, 539–551.

Joppa, L.N. & Pfaff, A. (2009) High and far: biases 
in the location of protected areas. PLoS ONE, 
4, e8273.

Joppa, L.N. & Pfaff, A. (2010) Reassessing the forest 
impacts of protection. Annals of the New York 
Academy of Sciences, 1185, 135–149.

Joppa, L.N., Visconti, P., Jenkins, C.N. & Pimm, S.L. 
(2013) Achieving the Convention on Biological 
Diversity’s goals for plant conservation. Science, 
341, 1100–1103.

JRC (2019) Digital Observatory For Protected Areas. 
Digital resource available at https://dopa-
explorer.jrc.ec.europa.eu/dopa_explorer

Kalliola, R., Toivonen, T., Miyakawa, V. & Mavila, M. 
(2008) Open access to information bridges 
science and development in Amazonia: lessons 
of the SIAMAZONIA service. Environmental 
Research Letters, 3, 034004.

Karanth, K.K., Nichols, J.D., Hines, J.E., Karanth, 
K.U. & Christensen, N.L. (2009) Patterns and 
determinants of mammal species occurrence 
in India. Journal of Applied Ecology, 46, 
1189–1200.

Kati, V., Hovardas, T., Dieterich, M., Ibisch, P.L., 
Mihok, B. & Selva, N. (2015) The challenge 
of implementing the European network of 
protected areas Natura 2000. Conservation 
Biology, 29, 260–270.

Kissling, W.D., Hardisty, A., García, E.A., et al. (2015) 
Towards global interoperability for supporting 
biodiversity research on essential biodiversity 
variables (EBVs). Biodiversity, 16, 99–107.

Knuth, B.A. & Jacobson, S.K. (2000) Communication 
skills for conservation professionals. The 
Journal of Wildlife Management, 64, 613.

Kremen, C. & Merenlender, A.M. (2018) Landscapes 
that work for biodiversity and people. Science, 
362, eaau6020.

Kubiszewski, I., Costanza, R., Franco, C., Lawn, P., 
Talberth, J., Jackson, T. & Aylmer, C. (2013) 
Beyond GDP: measuring and achieving global 
genuine progress. Ecological Economics, 93, 
57–68.

Ladle, R.J. & Whittaker, R.J. (2011a) Conservation 
biogeography. Wiley-Blackwell, Chichester.

Ladle, R.J. & Whittaker, R.J. (2011b) Prospects and 
challenges. In: Conservation biogeography 
(ed. by R.J. Ladle and R.J. Whittaker). Wiley-
Blackwell, Chichester.

Lamba, A., Cassey, P., Segaran, R.R. & Koh, L.P. (2019) 
Deep learning for environmental conservation. 
Current Biology, 29, R977–R982.

Langdon, J.G.R. & Lawler, J.J. (2015) Assessing 
the impacts of projected climate change on 
biodiversity in the protected areas of western 
North America. Ecosphere, 6, art87.

Lapola, D.M., Silva, J.M.C. da, Braga, D.R., Carpigiani, L., 
Ogawa, F., Torres, R.R., Barbosa, L.C.F., Ometto, 
J.P.H.B. & Joly, C.A. (2019) A climate‐change 
vulnerability and adaptation assessment for 
Brazil’s protected areas. Conservation Biology, 
34, 427-437.

Larson, A.J., Belote, R.T., Williamson, M.A. & Aplet, 
G.H. (2013) Making monitoring count: project 
design for active adaptive management. Journal 
of Forestry, 111, 348–356.

Laurance, W.F., Useche, D.C., Rendeiro, J., et al. (2012) 
Averting biodiversity collapse in tropical 
forest protected areas. Nature, 489, 290–294.

Lawler, J.J., Ackerly, D.D., Albano, C.M., Anderson, 
M.G., Dobrowski, S.Z., Gill, J.L., Heller, N.E., 
Pressey, R.L., Sanderson, E.W. & Weiss, S.B. 
(2015) The theory behind, and the challenges 



Hoffmann Advancing protected area effectiveness

Frontiers of Biogeography 2021, 13.2, e49679 © the authors, CC-BY 4.0 license  19

of, conserving nature’s stage in a time of rapid 
change. Conservation Biology, 29, 618–629.

Lawson, C.R., Bennie, J.J., Thomas, C.D., Hodgson, 
J.A. & Wilson, R.J. (2014) Active management 
of protected areas enhances metapopulation 
expansion under climate change. Conservation 
Letters, 7, 111–118.

Leberger, R., Rosa, I.M.D., Guerra, C.A., Wolf, F. & 
Pereira, H.M. (2019) Global patterns of forest 
loss across IUCN categories of protected areas. 
Biological Conservation, 241, 108299.

Lehikoinen, P., Santangeli, A., Jaatinen, K., Rajasärkkä, 
A. & Lehikoinen, A. (2019) Protected areas 
act as a buffer against detrimental effects of 
climate change—Evidence from large‐scale, 
long‐term abundance data. Global Change 
Biology, 25, 304–313.

Leverington, F., Costa, K.L., Pavese, H., Lisle, A. & 
Hockings, M. (2010) A global analysis of 
protected area management effectiveness. 
Environmental Management, 46, 685–698.

Lewis, E., MacSharry, B., Juffe‐Bignoli, D., Harris, 
N., Burrows, G., Kingston, N. & Burgess, N.D. 
(2019) Dynamics in the global protected‐area 
estate since 2004. Conservation Biology, 33, 
570–579.

Loarie, S.R., Duffy, P.B., Hamilton, H., Asner, G.P., 
Field, C.B. & Ackerly, D.D. (2009) The velocity 
of climate change. Nature, 462, 1052–1055.

Locke, H., Ellis, E.C., Venter, O., et al. (2019) Three 
global conditions for biodiversity conservation 
and sustainable use: an implementation 
framework. National Science Review, 6, 
1080–1082.

Lomolino, M. V. & Heaney, L.R. (2004) Frontiers of 
biogeography: new directions in the geography 
of nature. Oxford University Press, Oxford.

Mace, G.M., Barrett, M., Burgess, N.D., Cornell, S.E., 
Freeman, R., Grooten, M. & Purvis, A. (2018) 
Aiming higher to bend the curve of biodiversity 
loss. Nature Sustainability, 1, 448–451.

Macgregor, N.A. & van Dijk, N. (2014) Adaptation in 
practice: how managers of nature conservation 
areas in Eastern England are responding to 
climate change. Environmental Management, 
54, 700–719.

MacKinnon, K., Dudley, N. & Sandwith, T. (2011) 
Natural solutions: protected areas helping 
people to cope with climate change. Oryx, 
45, 461–462.

Magness, D.R., Morton, J.M., Huettmann, F., Chapin, 
F.S. & McGuire, A.D. (2011) A climate-change 
adaptation framework to reduce continental-
scale vulnerability across conservation reserves. 
Ecosphere, 2, art112.

Manfredo, M.J., Teel, T.L. & Dietsch, A.M. (2016) 
Implications of human value shift and 
persistence for biodiversity conservation. 
Conservation Biology, 30, 287–296.

Di Marco, M., Collen, B., Rondinini, C. & Mace, G.M. 
(2015) Historical drivers of extinction risk: 
using past evidence to direct future monitoring. 
Proceedings of the Royal Society B: Biological 
Sciences, 282, 20150928.

Mascia, M.B., Pailler, S., Thieme, M.L., Rowe, A., 
Bottrill, M.C., Danielsen, F., Geldmann, J., 
Naidoo, R., Pullin, A.S. & Burgess, N.D. (2014) 
Commonalities and complementarities among 
approaches to conservation monitoring and 
evaluation. Biological Conservation, 169, 
258–267.

McClanahan, T.R., Cinner, J.E., Maina, J., et al. (2008) 
Conservation action in a changing climate. 
Conservation Letters, 1, 53–59.

McKinley, D.C., Miller-Rushing, A.J., Ballard, H.L., et al. 
(2017) Citizen science can improve conservation 
science, natural resource management, 
and environmental protection. Biological 
Conservation, 208, 15–28.

McNeely, J.A., Miller, K., Mittermeier, R.A., Reid, 
W. V. & Werner, T.B. (1990) Conserving the 
world’s biological diversity. IUCN, Gland and 
Cambridge.

Merckx, T. & Pereira, H.M. (2015) Reshaping agri-
environmental subsidies: from marginal 
farming to large-scale rewilding. Basic and 
Applied Ecology, 16, 95–103.

Michalak, J.L., Withey, J.C., Lawler, J.J. & Case, M.J. 
(2017) Future climate vulnerability - evaluating 
multiple lines of evidence. Frontiers in Ecology 
and the Environment, 15, 367–376.

Midgley, G.F., Thuiller, W. & Higgins, S.I. (2007) Plant 
species migration as a key uncertainty in 
predicting future impacts of climate change 
on ecosystems: progress and challenges. In: 
Terrestrial ecosystems in a changing world (ed. 
by J.G. Canadell, D.E. Pataki and L.F. Pitelka), 
pp. 129-137. Springer, Berlin and Heidelberg.

Millar, C.I., Stephenson, N.L. & Stephens, S.L. (2007) 
Climate change and forests of the future: 



Hoffmann Advancing protected area effectiveness

Frontiers of Biogeography 2021, 13.2, e49679 © the authors, CC-BY 4.0 license  20

managing in the face of uncertainty. Ecological 
Applications, 17, 2145–2151.

Miller, B., Conway, W., Reading, R.P., Wemmer, C., 
Wildt, D., Kleiman, D., Monfort, S., Rabinowitz, 
A., Armstrong, B. & Hutchins, M. (2004) 
Evaluating the conservation mission of zoos, 
aquariums, botanical gardens, and natural 
history museums. Conservation Biology, 18, 
86–93.

Montesino Pouzols, F., Toivonen, T., Di Minin, E., 
Kukkala, A.S., Kullberg, P., Kuusterä, J., Lehtomäki, 
J., Tenkanen, H., Verburg, P.H. & Moilanen, 
A. (2014) Global protected area expansion 
is compromised by projected land-use and 
parochialism. Nature, 516, 383–386.

Morrison, S.A. (2016) Designing virtuous socio-
ecological cycles for biodiversity conservation. 
Biological Conservation, 195, 9–16.

Nila, M.U.S., Beierkuhnlein, C., Jaeschke, A., Hoffmann, 
S. & Hossain, M.L. (2019) Predicting the 
effectiveness of protected areas of Natura 
2000 under climate change. Ecological 
Processes, 8, 13.

Olson, D.M., Dinerstein, E., Wikramanayake, E.D., et al. 
(2001) Terrestrial ecoregions of the world: 
a new map of life on Earth. BioScience, 51, 
933–938.

Pacifici, M., Foden, W.B., Visconti, P., et al. (2015) 
Assessing species vulnerability to climate 
change. Nature Climate Change, 5, 215–224.

Palomo, I., Martín-López, B., Potschin, M., Haines-
Young, R. & Montes, C. (2013) National Parks, 
buffer zones and surrounding lands: mapping 
ecosystem service flows. Ecosystem Services, 
4, 104–116.

Pereira, H.M., Ferrier, S., Walters, M., et al. (2013) 
Essential Biodiversity Variables. Science, 
339, 277–278.

Pereira, H.M., Leadley, P.W., Proença, V., et al. (2010) 
Scenarios for global biodiversity in the 21st 
century. Science, 330, 1496–1501.

Peters, R.L. & Darling, J.D.S. (1985) The greenhouse 
effect and nature reserves. BioScience, 35, 
707–717.

Pettorelli, N., Wegmann, M., Skidmore, A., et al. (2016) 
Framing the concept of satellite remote sensing 
essential biodiversity variables: challenges and 
future directions. Remote Sensing in Ecology 
and Conservation, 2, 122–131.

Pimm, S.L., Jenkins, C.N., Abell, R., Brooks, T.M., 
Gittleman, J.L., Joppa, L.N., Raven, P.H., Roberts, 

C.M. & Sexton, J.O. (2014) The biodiversity 
of species and their rates of extinction, 
distribution, and protection. Science, 344, 
1246752–1246752.

Pimm, S.L., Jenkins, C.N. & Li, B. V. (2018) How to 
protect half of Earth to ensure it protects 
sufficient biodiversity. Science Advances, 4, 
eaat2616.

Polasky, S., Carpenter, S.R., Folke, C. & Keeler, B. (2011) 
Decision-making under great uncertainty: 
environmental management in an era of global 
change. Trends in Ecology and Evolution, 26, 
398–404.

Postel, S.L. & Thompson, B.H. (2005) Watershed 
protection: capturing the benefits of nature’s 
water supply services. Natural Resources 
Forum, 29, 98–108.

Rada, S., Schweiger, O., Harpke, A., Kühn, E., Kuras, 
T., Settele, J. & Musche, M. (2019) Protected 
areas do not mitigate biodiversity declines: 
a case study on butterflies. Diversity and 
Distributions, 25, 217–224.

Radeloff, V.C., Stewart, S.I., Hawbaker, T.J., Gimmi, U., 
Pidgeon, A.M., Flather, C.H., Hammer, R.B. & 
Helmers, D.P. (2010) Housing growth in and 
near United States protected areas limits their 
conservation value. Proceedings of the National 
Academy of Sciences USA, 107, 940–945.

Rannow, S., Macgregor, N.A., Albrecht, J., et al. (2014) 
Managing protected areas under climate change: 
challenges and priorities. Environmental 
Management, 54, 732–743.

Redford, K.H., Huntley, B.J., Roe, D., Hammond, T., 
Zimsky, M., Lovejoy, T.E., da Fonseca, G.A.B., 
Rodriguez, C.M. & Cowling, R.M. (2015) 
Mainstreaming biodiversity: conservation for 
the twenty-first century. Frontiers in Ecology 
and Evolution, 3, 137.

Regos, A., D’Amen, M., Titeux, N., Herrando, S., Guisan, 
A. & Brotons, L. (2016) Predicting the future 
effectiveness of protected areas for bird 
conservation in Mediterranean ecosystems 
under climate change and novel fire regime 
scenarios. Diversity and Distributions, 22, 
83–96.

Reside, A.E., Butt, N. & Adams, V.M. (2018) Adapting 
systematic conservation planning for climate 
change. Biodiversity and Conservation, 27, 
1–29.

Reyers, B., Biggs, R., Cumming, G.S., Elmqvist, T., 
Hejnowicz, A.P. & Polasky, S. (2013) Getting 



Hoffmann Advancing protected area effectiveness

Frontiers of Biogeography 2021, 13.2, e49679 © the authors, CC-BY 4.0 license  21

the measure of ecosystem services: a social–
ecological approach. Frontiers in Ecology and 
the Environment, 11, 268–273.

Reyers, B., Stafford-Smith, M., Erb, K.-H., Scholes, 
R.J. & Selomane, O. (2017) Essential Variables 
help to focus Sustainable Development Goals 
monitoring. Current Opinion in Environmental 
Sustainability, 26–27, 97–105.

Ripple, W.J., Wolf, C., Newsome, T.M., Barnard, P. & 
Moomaw, W.R. (2019) World scientists’ warning 
of a climate emergency. BioScience, 70, 8–12.

Rocchini, D., Marcantonio, M., Da Re, D., Chirici, G., 
Galluzzi, M., Lenoir, J., Ricotta, C., Torresani, M. 
& Ziv, G. (2019) Time-lapsing biodiversity: an 
open source method for measuring diversity 
changes by remote sensing. Remote Sensing 
of Environment, 231, 111192.

Rodrigues, A.S.L., Andelman, S.J., Bakarr, M.I., et al. 
(2004) Effectiveness of the global protected 
area network in representing species diversity. 
Nature, 428, 640–643.

Sala, O.E. (2000) Global biodiversity scenarios for 
the year 2100. Science, 287, 1770–1774.

Santangeli, A., Rajasärkkä, A. & Lehikoinen, A. (2017) 
Effects of high latitude protected areas on bird 
communities under rapid climate change. 
Global Change Biology, 23, 2241–2249.

Le Saout, S., Hoffmann, M., Shi, Y., et al. (2013) 
Protected areas and effective biodiversity 
conservation. Science, 342, 803–805.

Scharlemann, J.P.W., Kapos, V., Campbell, A., Lysenko, 
I., Burgess, N.D., Hansen, M.C., Gibbs, H.K., 
Dickson, B. & Miles, L. (2010) Securing tropical 
forest carbon: the contribution of protected 
areas to REDD. Oryx, 44, 352–357.

Scherrer, D. & Körner, C. (2011) Topographically 
controlled thermal-habitat differentiation 
buffers alpine plant diversity against climate 
warming. Journal of Biogeography, 38, 406–416.

Schrodt, F., Bailey, J.J., Kissling, W.D., et al. (2019) 
Opinion: to advance sustainable stewardship, 
we must document not only biodiversity but 
geodiversity. Proceedings of the National 
Academy of Sciences USA, 116, 16155–16158.

Schulze, K., Knights, K., Coad, L., Geldmann, J., 
Leverington, F., Eassom, A., Marr, M., Butchart, 
S.H.M., Hockings, M. & Burgess, N.D. (2018) An 
assessment of threats to terrestrial protected 
areas. Conservation Letters, 11, e12435.

Serra‐Diaz, J.M. & Franklin, J. (2019) What’s hot 
in conservation biogeography in a changing 

climate? Going beyond species range dynamics. 
Diversity and Distributions, 25, 492–498.

Shannon, C.E. (1948) A mathematical theory of 
communication. Bell System Technical Journal, 
27, 379–423.

Shoo, L.P., Hoffmann, A.A., Garnett, S., et al. (2013) 
Making decisions to conserve species under 
climate change. Climatic Change, 119, 239–246.

Soares-Filho, B., Moutinho, P., Nepstad, D., et al. (2010) 
Role of Brazilian Amazon protected areas in 
climate change mitigation. Proceedings of 
the National Academy of Sciences USA, 107, 
10821–10826.

Socolar, J.B., Gilroy, J.J., Kunin, W.E. & Edwards, D.P. 
(2016) How should beta-diversity inform 
biodiversity conservation? Trends in Ecology 
and Evolution, 31, 67–80.

Sodhi, N.S., Butler, R., Laurance, W.F. & Gibson, L. 
(2011) Conservation successes at micro-, 
meso- and macroscales. Trends in Ecology 
and Evolution 26, 585–594.

Stein, B.A., Staudt, A., Cross, M.S., et al. (2013) 
Preparing for and managing change: climate 
adaptation for biodiversity and ecosystems. 
Frontiers in Ecology and the Environment, 
11, 502–510.

Steinemann, M., Schwegler, R. & Spescha, R. (2017) 
Grüne Produkte in Deutschland 2017: 
Marktbeobachtungen für die Umweltpolitik. 
Umweltbundesamt, Dessau-Roßlau.

Sullivan, B.L., Aycrigg, J.L., Barry, J.H., et al. (2014) 
The eBird enterprise: an integrated approach 
to development and application of citizen 
science. Biological Conservation, 169, 31–40.

Tabor, K., Hewson, J., Tien, H., González-Roglich, M., 
Hole, D. & Williams, J. (2018) Tropical protected 
areas under increasing threats from climate 
change and deforestation, Land. 7, 90.

Taylor, M.F.J., Sattler, P.S., Evans, M., Fuller, R.A., 
Watson, J.E.M. & Possingham, H.P. (2011) What 
works for threatened species recovery? An 
empirical evaluation for Australia. Biodiversity 
and Conservation, 20, 767–777.

Thomas, C.D. & Gillingham, P.K. (2015) The performance 
of protected areas for biodiversity under 
climate change. Biological Journal of the 
Linnean Society, 115, 718–730.

Tilman, D., Isbell, F. & Cowles, J.M. (2014) Biodiversity 
and ecosystem functioning. Annual Review 
of Ecology, Evolution, and Systematics, 45, 
471–493.



Hoffmann Advancing protected area effectiveness

Frontiers of Biogeography 2021, 13.2, e49679 © the authors, CC-BY 4.0 license  22

Triantis, K.A. & Bhagwat, S.A. (2011) Applied island 
biogeography. In: Conservation biogeography 
(ed. by R.J. Ladle and R.J. Whittaker). Wiley-
Blackwell, Chichester.

Troupin, D. & Carmel, Y. (2014) Can agro-ecosystems 
efficiently complement protected area networks? 
Biological Conservation, 169, 158–166.

Turner, W., Rondinini, C., Pettorelli, N., et al. (2015) 
Free and open-access satellite data are key 
to biodiversity conservation. Biological 
Conservation, 182, 173–176.

Varma, V., Ratnam, J., Viswanathan, V., et al. (2015) 
Perceptions of priority issues in the conservation 
of biodiversity and ecosystems in India. 
Biological Conservation, 187, 201–211.

Velazco, S.J.E., Villalobos, F., Galvão, F. & De Marco 
Júnior, P. (2019) A dark scenario for Cerrado 
plant species: effects of future climate, land use 
and protected areas ineffectiveness. Diversity 
and Distributions, 25, 660–673.

Venter, O., Sanderson, E.W., Magrach, A., et al. (2016) 
Global terrestrial Human Footprint maps for 
1993 and 2009. Scientific Data, 3, 160067.

Vicente, J.R., Alagador, D., Guerra, C., Alonso, J.M., 
Kueffer, C., Vaz, A.S., Fernandes, R.F., Cabral, 
J.A., Araújo, M.B. & Honrado, J.P. (2016) Cost-
effective monitoring of biological invasions 
under global change: a model-based framework. 
Journal of Applied Ecology, 53, 1317–1329.

Virkkala, R., Heikkinen, R.K., Kuusela, S., Leikola, N. 
& Pöyry, J. (2019) Significance of protected 
area network in preserving biodiversity in 
a changing Northern European climate. In: 
Handbook of climate change and biodiversity 
(ed. by W. Leal Filho, J. Barbir and R. Preziosi). 
Springer, Cham.

Visconti, P., Butchart, S.H.M., Brooks, T.M., Langhammer, 
P.F., Marnewick, D., Vergara, S., Yanosky, A. & 
Watson, J.E.M. (2019) Protected area targets 
post-2020. Science, 364, eaav6886.

van Vugt, M. (2009) Averting the Tragedy of the 
Commons. Current Directions in Psychological 
Science, 18, 169–173.

Waldron, A., Miller, D.C., Redding, D., Mooers, A., Kuhn, 
T.S., Nibbelink, N., Roberts, J.T., Tobias, J.A. & 
Gittleman, J.L. (2017) Reductions in global 
biodiversity loss predicted from conservation 
spending. Nature, 551, 364–367.

Walston, J., Robinson, J.G., Bennett, E.L., et al. (2010) 
Bringing the tiger back from the brink — the 
six percent solution. PLoS Biology, 8, e1000485.

Wang, T., Campbell, E.M., O’Neill, G.A. & Aitken, S.N. 
(2012) Projecting future distributions of 
ecosystem climate niches: uncertainties and 
management applications. Forest Ecology and 
Management, 279, 128–140.

Watson, J.E.M., Darling, E.S., Venter, O., Maron, M., 
Walston, J., Possingham, H.P., Dudley, N., 
Hockings, M., Barnes, M. & Brooks, T.M. (2016) 
Bolder science needed now for protected 
areas. Conservation Biology, 30, 243–248.

Watson, J.E.M., Dudley, N., Segan, D.B. & Hockings, 
M. (2014) The performance and potential of 
protected areas. Nature, 515, 67–73.

Watson, J.E.M., Iwamura, T. & Butt, N. (2013) Mapping 
vulnerability and conservation adaptation 
strategies under climate change. Nature 
Climate Change, 3, 989–994.

Watson, J.E.M., Rao, M., Ai-Li, K. & Yan, X. (2012) 
Climate change adaptation planning for 
biodiversity conservation: a review. Advances 
in Climate Change Research, 3, 1–11.

Westgate, M.J., Likens, G.E. & Lindenmayer, D.B. 
(2013) Adaptive management of biological 
systems: a review. Biological Conservation, 
158, 128–139.

Whittaker, R.J., Araújo, M.B., Jepson, P., Ladle, R.J., 
Watson, J.E.M. & Willis, K.J. (2005) Conservation 
biogeography: assessment and prospect. 
Diversity and Distributions, 11, 3–23.

Whittaker, R.J. & Ladle, R.J. (2011) The roots of 
conservation biogeography. In: Conservation 
biogeography (ed. by R.J. Ladle and R.J. 
Whittaker). Wiley-Blackwell, Chichester.

Wilson, E.O. (2016) Half-Earth: our planet’s fight 
for life. Liveright, New York.

Wilson, E.O. & Peter, F.M. (1988) Biodiversity. National 
Academy Press, Washington.

Wintle, B.A., Bekessy, S.A., Keith, D.A., et al. (2011) 
Ecological–economic optimization of biodiversity 
conservation under climate change. Nature 
Climate Change, 1, 355–359.

Wohner, C., Peterseil, J., Poursanidis, D., Kliment, T., 
Wilson, M., Mirtl, M. & Chrysoulakis, N. (2019) 
DEIMS-SDR – A web portal to document 
research sites and their associated data. 
Ecological Informatics, 51, 15–24.

Wright, A.J., Veríssimo, D., Pilfold, K., Parsons, E.C.M., 
Ventre, K., Cousins, J., Jefferson, R., Koldewey, H., 
Llewellyn, F. & McKinley, E. (2015) Competitive 
outreach in the 21st century: why we need 



Hoffmann Advancing protected area effectiveness

Frontiers of Biogeography 2021, 13.2, e49679 © the authors, CC-BY 4.0 license  23

conservation marketing. Ocean & Coastal 
Management, 115, 41–48.

Wüest, R.O., Zimmermann, N.E., Zurell, D., et al. (2019) 
Macroecology in the age of Big Data – Where 
to go from here? Journal of Biogeography, 
47, 1–12.

Xu, W., Xiao, Yi, Zhang, J., et al. (2017) Strengthening 
protected areas for biodiversity and 
ecosystem services in China. Proceedings 
of the National Academy of Sciences USA, 
114, 1601–1606.

Yamaura, Y., Kawahara, T. & Ozaki, K. (2008) Relative 
importance of the area and shape of patches 
to the diversity of multiple taxa. Conservation 
Biology, 22, 1513–1522.

Yousefpour, R. & Hanewinkel, M. (2016) Climate 
change and decision-making under uncertainty. 
Current Forestry Reports, 2, 143–149.

Zomer, R.J., Xu, J., Wang, M., Trabucco, A. & Li, Z. 
(2015) Projected impact of climate change 
on the effectiveness of the existing protected 
area network for biodiversity conservation 
within Yunnan Province, China. Biological 
Conservation, 184, 335–345.

Submitted: 2 September 2020 
First decision: 22 October 2020 
Accepted: 13 November 2020

Edited by Janet Franklin




