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“The great challenge of the twenty-first century is to raise people everywhere to a decent
standard of living while preserving as much of the rest of life as possible.” 

― Edward O. Wilson 
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Summary

SUMMARY

In the era of the Anthropocene, humans are reshaping the world, impacting its ecosystems,

climate regime and biodiversity. To improve our understanding about  the new challenges that  the

Earth system is facing, macroscale analyses are now required. Macro-analyses allow us to identify

global patterns and trends, as well as to locate altered regions subjected to important or accelerating

deteriorations. The identification and monitoring of such regions is possible through the development

and use of global indicators. This thesis explores three dimensions of global indicators’ applications

by answering three fundamental questions, respectively: (1)  What to protect? This requires in the

studied case  learning about  the system,  (2)  How is  protection effective?  This  entails  auditing

management actions and (3)  How to improve monitoring? This is possible through site-specific

assessments which aim to provide results that raise policy makers’ awareness, emphasising needed

actions or efforts. I answer these questions through the study of forest and wetland ecosystems, highly

impacted by anthropogenic factors. I then conclude this work by examining each indicator within an

international  policy  context,  such  as  their  potential  use  within  an  Aichi  Biodiversity  Target

framework.

The first chapter contributes to the development of a global indicator that quantifies forest

habitat rarity levels. I used this indicator to test a hypothetical link with the occurrence of small range

species. Through this study, I addressed to the following questions: (1) Where are the rarest forest

habitats  within  each  biogeographical  realm?  (2)  Does  rare  forest  habitat  host  rare  species  (i.e.

restricted range-size) that would be adapted to it? (3) Is the relationship mainly explained by current

ecological variables such as Habitat Rarity or historical ones? Available global species range data are

still relatively coarse, which limits their relevance for conservation application. The identification of

an indicator  available  at  high resolution (i.e.  rare  forests  habitat)  to  locate  both  rare  species  and

habitats  would  be  an  interesting  asset  to  explore  for  prioritisation  of  areas  to  protect.  I  used

multivariate distances to build the Habitat Rarity index with a combination of climatic and forest

related variables.  Global  data of  forest  bird specialists  was used to compile a corrected weighted

endemism index (E) as a response variable. We tested this index (E) against ecological and historical

predictors (e.g. mean temperature, climate change velocity) across different biogeographical realms

and islands. The results shown that (1) the rarest forests habitat are mainly located in mountainous

areas, (2) rare forest habitat does not always explain the distribution of rare species (3) climate change

velocity  of  the  Quaternary  period  is  the  main  factor  explaining  rare  species  distribution.  The

developed Habitat Rarity index allows us to learn about the system by investigating the distribution

pattern of restricted range species for potential further application in conservation.
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The second chapter tests the ability of protected areas to prevent forest loss according to their

conservation requirements, using ‘forest loss extent’ as a global indicator to assess the percentage of

forest loss within protected areas. The initial hypothesis was that areas with high protection levels

should have less forest loss than areas where the sustainable use of resources is allowed, independently

of the location. I used the International Union for Conservation of Nature (IUCN) protected areas

categories  to  estimate  protected  areas’  conservation  objective.  I  considered  three  different  spatial

scales:  per  site,  per  IPBES  (Intergovernmental  Science-Policy  Platform  on  Biodiversity  and

Ecosystem Services) subregion, and global. I found that globally, the expected pattern of having less

loss in the highest protection level is confirmed. However, the IUCN categories that should benefit the

best  protection  presented  increasing  trends  of  loss.  Those  results  were  not  shared  at  the  IPBES

subregion level. The Caribbean, North-East Asia and West-Africa subregions presented issues in their

conservation  commitment,  as  their  highest  IUCN categories  had  more  forest  loss  than  the  lower

categories of protection. Finally, I highlighted the world regions where forest loss was higher outside

protected areas, which include Eastern Europe, the Caribbean, Mesoamerica and North-Africa. By

auditing protected areas’ commitment, I aimed through this study to orient protection effort towards

the sites that present difficulties in preserving their forests. IPBES subregions that present numerous

sites  defective  in  their  protection  abilities  should  reach  policy  consideration,  to  better  study  the

underlying causes of forest loss and develop solutions. Therefore, the percentage of forest loss index is

mainly framed in the context of both  auditing management actions and  raising decision makers’

awareness.

The third chapter assesses natural wetlands evolution within the Mediterranean basin and

their exposure to climatic and land-use change. This study provides a standardized and harmonised

site-specific method by selecting different sets of indicators accounting for the state and dynamic of

natural wetlands and related biodiversity. Those indicators were tested as potential wetlands Essential

Variables. The results showed that within the 15 years analysed, the area of natural wetland habitats

declined by 5% in the studied sites, mostly in the eastern part of the basin. Natural wetlands were

directly impacted by land-cover change, mainly replaced by agricultural areas and artificial wetlands.

Natural wetland loss was exacerbated in the less protected sites in the Near East where substantial

warming occurred combined with a decrease in precipitation regime. I also identified gaps in species

data coverage that  can jeopardize analysis of  the ability of protected areas to safeguard waterbird

communities.  Thus,  this  study aims to  raise  awareness  of decision makers about  Mediterranean

wetlands evolution, threats to global changes and needs for further monitoring.
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Introduction

INTRODUCTION

1. THE FOREST AND WETLAND SYSTEMS IN THE CONTEXT OF THE 
ECOLOGICAL CRISIS 

The increasing human domination of  nature is  causing global  biodiversity depletion at  an

unprecedented pace.  Overexploitation  of  biological  resources,  habitat  loss  and  fragmentation,

pollution, species invasions, poaching,  diseases and climate change have increased rates of global

species  extinctions  to  higher  levels  than  those  observed in  fossil  records  (Barnosky et  al.,  2011;

Ceballos et al., 2015; Pimm et al., 2014; Scheele et al., 2014). Global species decline is observable at

local scale through an overall decrease in species abundance (Young et al., 2016) and an increase in

species turnover, with local extinction of native species and replacement by competing ones (Dornelas

et al., 2014). Endemic species with narrow distribution are thus the most vulnerable, as their local

extinction may be irreversible (Purvis et al., 2000). Consequently, species decline leads to a spatial

homogenization  of  Earth’s  biota  (Haddad  et  al.,  2015)  combined  with  a  gradual  alteration  of

ecosystem services, affecting in the long run human well-being (Isbell et al., 2017).

The ecosystem that is the most affected by species loss on Earth is the freshwater ecosystem,

with one third of its species threatened with extinction (Young et al., 2016; Collen et al., 2014). Many

species are specialised or have a part of their life cycle that depends on freshwater ecosystems, which

make  those  species  especially  vulnerable  (Keddy  et  al.,  2009). Despite  their  small  global

representativeness  (<1%  of  terrestrial  cover,  Gleick,  1998),  freshwater  ecosystems,  especially

wetlands, provide particularly valuable services for people. These include water supply and quality,

hydrological  regulation,  erosion control,  food and recreation.  Thus,  wetlands are  one of  the  most

valuable  ecosystems  per  unit  area  (Costanza  et  al.,  2014).  But  wetlands  are  disappearing  at  a

significant rate, with 64 to 71% of the area present in 1900 estimated to have been lost during the 20th

century  (Davidson,  2014).  The  causes  of  their  decline  are  numerous  and  mostly  anthropogenic:

diversions and damming of river flows, contamination, global warming, invasions of exotics, and the

practices of filling and draining (Brinson and Malvárez, 2002). Given the significance of wetlands for

human health, water and food security, wetlands state has to be monitored, especially in politically

instable  areas  where  wetlands  threats  are  hefty  and  which  deterioration  can  imperil  the  local

population such as in the Mediterranean basin (Cramer et al., 2018). 

Unlike wetlands, forests cover one third of the world land surface (Keenan et al. 2015) with

highly diverse ecological and environmental properties. They play a key role in climate regulation,

CO2 sequestration,  protection from drought and erosion,  food supply and numerous other services

(Luyssaert  et  al.,  2008;  Malhi  et  al.,  2008;  Balmford  et  al.,  2002).  They  also  present  the  most

biodiverse terrestrial habitat on the planet (Jenkins, Pimm, and Joppa 2013), being essential for the

preservation of  many endangered and endemic species (Gibson et  al.,  2011;  Moura et  al.,  2013),
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especially in the tropics (Stevens, 1989). Primary forests are the most valuable, hosting specialised

species that support irreplaceable ecosystem functions (Gibson et al., 2011). But they are threatened

by increasing anthropogenic pressures that occurred over the last decades (Laurance et al.,  2014a;

Faria and Almeida, 2016; Schmitz et al., 2015), particularly within the tropical biome (Leblois et al.,

2017). Consequently, the loss of intact forests is increasing, with a reduction of 7.2% of their global

coverage between the years 2000 and 2013 (Potapov et al., 2017).

The fastest means to halt the pace of loss of natural habitats and their related biodiversity at

global  scale  is  to  extend their  protection  coverage  (Rodrigues  et  al.,  2004;  Bruner  et  al.,  2001).

However, effectively protecting global biodiversity presents substantial challenges, and requires global

knowledge and agreements, achievable through the coupling of science and policy. To improve our

understanding of the Earth system’s functioning and facilitate dialogue between scientists and policy

makers, the development of global indicators is necessary. 

2. GLOBAL INDICATORS DEVELOPMENT

The global ecological crisis requires global solutions, and therefore the development of global

tools to improve our understanding of the ecosystems and their dynamics. By definition, an indicator is

a metric that provides information about the condition and trajectory of a system (Bell and Morse,

2008).  As  defined  by  the  Convention  on  Biological  Diversity,  “biodiversity  indicators  are  a

fundamental part of any monitoring system providing the mechanism for determining whether policies

and actions are having the desired effect. They are also designed to communicate simple and clear

messages to decision makers.  Indicators use quantitative data to measure aspects of  biodiversity,

ecosystem condition, ecosystem services, and drivers of change, and aim to enhance understanding of

how biodiversity is changing over time and space” (Herkt et al., 2013). Biodiversity indicators are not

only  important  at  the  global  level,  but  also  at  the  national  and  sub-national  level

(https://www.bipindicators.net).  In  this  thesis,  global  indicators  refer  to  metrics  that  benefit  data

coverage going  beyond the national  level  and transferable  to  different  places  (e.g.  a  bioindicator

common to all studied sites to assess ecosystem health) and that can be interpolated at global level.

Indicators can thus be used for several purposes: to learn about the system, to raise policy-

maker and public awareness, to audit management actions, and to inform policy decisions (Joseph,

2008).  Different  indicators allow for collection of several  dimensions of information on the same

system. They can inform about the state of a system (e.g. nitrogen surplus), assess its pressures (e.g.

Human Footprint Index), state its response to disturbance (e.g. resilience indicators) or policy response

to its pressures (e.g. management effectiveness indicators), and inform about the benefits that people

gain from it (e.g. ecosystem services, economic indicators) (Jones et al. 2013). They can be used to

rank the importance of a system according to its function, services, species community, or rarity for

prioritisation  (e.g.  the  most  biodiverse  countries)  (Mittermeier  et  al.,  1997).  However,  there  is

considerable complexity to tackle when creating meaningful indicators. Indicators should be clearly

interpretable,  produced  with  affordable  human  and  financial  costs,  and  often  are  required  to  be

informative at multiple spatial and temporal resolutions (Jones et al. 2010).
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The  idea  to  develop  global  biodiversity  indicators  emerged  in  the  last  decades  and  was

emphasised by the international recognition of the need for halting biodiversity and natural habitat

loss. In this context, the Convention on Biological Diversity (CBD, 1992) set up 20 biodiversity Aichi

Targets to be achieved by 2020 (CBD, 2010). To date, a set of 147 indicators have been identified to

audit the progress made in achieving those targets assessing the global pressures, states, benefits and

policy  responses  applied  to  each  target  (https://www.bipindicators.net).  Their  number  rapidly

increased  in  the  last  years  revealing  a  significant  effort  to  cover  gaps  identified in  some studies

(Mcowen  et  al.,  2016;  Tittensor  et  al.,  2014).  Even  though  improvements  have  still  to  be  done

(Driscoll et al., 2018), the development of global indicators provides a baseline for other international

biodiversity conventions such as the Intergovernmental Science-Policy Platform on Biodiversity and

Ecosystem Services (IPBES) or the Sustainable Development Goals (SDGs). 

This thesis provides a contribution in the development and use of large scale indicators related

to conservation objectives addressing three roles of indicators: (1) to learn about the system, (2) to

audit protection actions and (3) to raise awareness of decision makers. In this regard, this thesis gives

some insights in answering the following questions: 

(1) What to protect? In Chapter 1, I tested the performance of a potential new indicator of

species rarity, focusing on rare forest habitat. Being able to locate areas where both rare habitats and

species occur could facilitate protection prioritisation. That requires however testing a hypothetical

link  of  spatial  relationship  between species  and habitat  rarity,  and  therefore,  to  learn about  the

system.

(2)  How is protection effective? In Chapter 2, I assessed the reliability of different level of

protection in preserving forest loss, using an indicator to audit protection actions. I also provided a

spatial representation of the results at the site and region levels, to raise decision makers’ awareness

regarding areas where protection should be reinforced. 

(3) How to improve global monitoring? In Chapter 3, I used multiple indicators to assess the

state and dynamic of different natural wetlands sites and related biodiversity under land-cover and

climate change. The produced results can be used to raise decision makers’ awareness to localise for

instance the wetland sites where actions to enforce climate change mitigation measures should be

considered

3. WHAT TO PROTECT? LEARNING ABOUT THE SYSTEM

Given the limitation of conservation resources, prioritization of areas to protect is of prime

importance  regarding  the  wide  human  pressure  on  nature.  The  knowledge  gathered  by  global

indicators can help in identifying areas to protect that harbour higher ecological values, optimizing the

conservation cost. Prioritization is challenging as it requires a good representation of biodiversity and

ecosystem  services,  including  an  understanding  of  gaps  in  protection  coverage,  of  connectivity

between protected areas (Rodrigues et al., 2004) and of sufficient protection extent (Ferrier, 2002). 
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Several  prioritisation  schemes  have  been  proposed based  on  global  biodiversity  hotspots,

endemic birds’  areas,  centres  of plant  diversity,  gap analysis,  among others (Brooks et  al.,  2006;

Rodrigues  et  al.,  2004),  as  well  as  ecosystem  services  (Naidoo  et  al.,  2008).  Nevertheless,  the

valuations of those areas are essentially species based and rely on expert knowledge that generates low

spatial  accuracy,  which  rapidly  limits  their  informative  usefulness  for  conservation  (Smith  et  al.,

2009). Many terrestrial eukaryotes are still  unknown, especially species with small range and low

abundance, being small-sized (e.g. invertebrates), or present in areas difficult to access (e.g. hearts of

tropical forests, underground, deep valleys, or ocean depths) (Costello et al., 2012). The estimated

number of undiscovered species varies greatly across studies (Scheffers et al., 2012), with around 25%

of terrestrial species according to Costello, Wilson, and Houlding (2012) and around 87% of terrestrial

animals, mainly invertebrates according to Mora et al. (2011). Moreover, the coarse grain of species

distribution data (recommended to be used at 100x100 km resolution, Hurlbert and Jetz, 2007) can be

detrimental to locate restricted range species for conservation. Even though small range species are

spatially aggregated worldwide (Pimm et al., 2014), their accurate spatial distribution is not assessed.

The development of an indicator based on biophysical conditions that would allow identification of

areas where small range species might occur at high resolution would be relevant for prioritisation

(Bunce  et  al.,  2013).  However,  species  distribution  does  not  solely  depend on  current  ecological

factors but on historical ones as well. 

In Chapter 1, I developed a Habitat Rarity (HR) index designed to account for forest habitat

rarity at high resolution. I tested the HR index as a predictor of species range-size across realms, that I

compared to other ecological or historical factors. Therefore, Chapter 1 contributes to improving our

understanding towards small species range-size distribution, for potential conservation use.

4. HOW IS PROTECTION EFFECTIVE? AUDITING PROTECTION ACTIONS

Auditing actions is needed to assess the progress made in achieving international objectives,

identifying the success rate of contracting parties and potential sources of failure. It should stimulate

the target achievement and also allow the adjustment of too ambitious goals (Butchart et al., 2016). 

In conservation, auditing protection management is usually used in the context of managed

sites  such  as  protected  areas.  Large  scale  assessments  can  be  achieved  using  indicators  from

monitoring via satellite imagery (e.g. Forest Loss, or the composite indicator Human Footprint, Allan

et al., 2017; Jones et al., 2018; Nagendra et al., 2013), or based on surveys of protected areas or project

staff (e.g. the Management Effectiveness Tracking Tool (Stolton et al., 2003), New South Wales State

of Our Parks (Growcock et al., 2009), or the Rapid Assessments and Prioritization of Protected Area

Management (Ervin, 2002)). 

The main challenge of large-scale protected areas effectiveness assessment lies in the large

diversity  of  management  goals  that  can  have  various  sub-national,  national  or  international
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overlapping denominations and objectives. A global harmonisation of protection goals is conducted by

the joint effort between the International Union for Conservation of Nature (IUCN) and the United

Nations Environment Programme World Conservation Monitoring Centre (UNEP-WCMC) to build

and update the World Database of Protected Areas (WDPA). 

The development of the protected areas IUCN management categories allows estimation of

protected areas commitments at an international scale (Dudley, 2013). By using the IUCN categories

as reference to test protected areas abilities in following their commitment, several studies provided

global  assessment,  raising  concerns  towards  their  protection  efficiency  or  increasing  exposure  to

anthropogenic pressures (Jones et al. 2018; Watson et al. 2014). 

The expansion of the protected area network is essential to halt biodiversity loss (Barnes et al.,

2016; Rodrigues et al., 2004). In this regards, the Aichi target 11 advocates 17% of terrestrial and 10%

marine protected areas coverage by 2020. The rush in meeting the Aichi target 11 is weighted with the

worry  of  establishing  protected  areas  without  appropriate  resources  allocated  to  meet  their

conservation objectives (Barnes et al., 2018; Rife et al., 2012). 

In this regards, Chapter 2 explores the abilities of IUCN management categories in preventing

forest loss.

5. HOW TO IMPROVE GLOBAL MONITORING? LARGE SCALE SITE-SPECIFIC 
MONITORING TO RAISE AWARENESS

To  tackle  the  ecological  crises  challenge,  there  is  a  need  to  detect  environmental  and

biodiversity changes at multiple spatial and temporal scales (Peters et al., 2014). Even though most

observation programmes emerged from local initiatives, impairing data comparison (e.g. university

research  programmes),  international  coordination  comes  forth  with  the  emergence  of  different

scientific communities and facilities (e.g. NEON, GEO BON, ILTER, Kissling et al., 2018). Among

them, the Group on Earth Observations and Biodiversity Observation Network (GEO BON) developed

the framework of Essential Biodiversity Variables (EBVs), inspired by the Essential Climate Variables

(ECVs). The EBVs framework aims to prioritize information needed for global monitoring and to

mobilize, standardize and harmonize biodiversity data to document biodiversity change across spatial

and temporal scales (Pereira et al., 2013). Pettorelli et al., 2016 defined EBVs as  “a variable or a

group of linked variables that allows quantification of the rate and direction of change in one aspect

of the state of biodiversity over time and across space. An EBV is critical for understanding and

predicting  changes in  the  most  integrated and established global  indicators  of  biodiversity”.  Six

classes of EBVs were identified: genetic composition, species population, species traits, community

composition, ecosystem structure and ecosystem functions (Pereira et al., 2013). Among those classes,

different EBVs were distinguished such as ‘habitat extent’ for the class ‘ecosystem structure’, that

regroups different variables or indicators such as ‘proportion of forest cover’ or ‘proportion of wetland
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cover’ (i.e.  ecosystem structure (EBV class) > Habitat Extent (EBV) > proportion of forest cover,

wetland cover, and other variables or indicators).

Through  the  increasing  number  of  international  summits  and  associated  reports,  the

production of global indicators was fostered during the last years as well as the number of policy

implementations (Bark and Crabot, 2016), tightening the link between global indicators and decision

making. However, global indicators designed to estimate current or future ecological status and audit

international biodiversity targets to orient policy (Pereira et al., 2010) still lack spatial plasticity. Their

recurrent  inability  in  being down-scalable  to  national  or  sub-national  levels -  which are  the  main

decision-making centres - make them hardly relevant in a practice setting. National or local policies

have  thus  to  rely  on  a  different  scale  of  knowledge  when  available.  Framing  local  or  national

ecological  issues  into  a  regional  or  global  context  would  allow  assessment  of  the  urgency  of  a

situation, facilitating justification to take imperative actions. Therefore, the development of large-scale

standardized site-specific studies can be seen as a means to introduce science as a guiding tool for

policy. With the rise of high resolution satellites’ remote-sensing data products (e.g. Hansen et al.,

2013;  Pekel  et  al.,  2016),  the  above mentioned “scientific  international  coordination”,  as  well  as

citizen science programmes, the feasibility of such studies is increasing and some even accounted for

thousands of delineated sites (Haase et al., 2018; Jones et al., 2018; Leroux et al., 2010).

Further,  global  indicators  play  a  non-negligible  role  in  the  general  public  awareness  and

concern  towards  conservation  issues  at  an  international  level  (Merry,  2011;  Miller  et  al.,  2017).

Numbers and trends can be easily communicated through the use of some indicators such as forest loss

(that can be extended to different forest types) or Human Footprint that are quite straightforward to

understand. They can foster public interest by involving citizens in monitoring programmes, which are

sometimes  promoted  via  widespread  media  coverage  (Nichols  and  Williams,  2006).  Their

international use can allow identification of sensitive areas and raise the issue in the political sphere

supported by the public. 

In  this  context,  I  conducted  a  site-specific  analysis  across  the  Mediterranean wetlands  in

Chapter 3. This study provides insights on areas where natural wetland loss occurred including their

current protection coverage across the Mediterranean, and put them in perspective under the climate

change threat.  In this chapter,  I  applied an EBV framework to test  the use of  potential  Essential

Variables for wetland monitoring. In addition, Chapter 2 aimed to inform decision makers regarding

the  identification  of  ineffective  IPBES subregions or  sites  in  protecting forests  under  the  highest

protection.

6. OBJECTIVE OF THE THESIS

The main aim of this thesis is to improve our global understanding and raise awareness about

the state and evolution of highly valuable natural areas through the use of global indicators. I explore
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their development and use, focusing on forests and natural wetland habitats. Each chapter is intended

for publication and is conducted through the comparison of different world regions.
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ABSTRACT

Aim: In view to improve prioritization in conservation strategies and help identify the most

unique habitats and associated species, we analysed the geographical variability in the relationship

between habitat  rarity  and forest  bird range-size in each biogeographical  realm and main islands.

Several determinants of species range-size were already identified in the literature such as climate

rarity  or  climate  change  velocity.  Therefore,  we  compared  the  habitat  rarity  to  other  predictors,

highlighting underlying processes in explaining rare species patterns. 

Location: Forest ecosystems at global scale.

Method: We developed two Habitat Rarity (HR) indices to study the relationship between HR

and forest bird range-size across realms and main islands. The HR indices computed the likelihood

that  any site  has  a  similar  environmental  combination  elsewhere in  a  realm,  accounting  for  both

ecological  and  climatic  variables  (HRAll),  for  climatic  variables  only  (HRClim).  Species  rarity  was

computed as the average of the inverse of the species ranges within each cell  (E).  We tested the

habitat-rarity-range-size  relationship  using  linear  regressions,  which  we compared  to  current  and

historical drivers of species rarity.

Results: We found that forests harbouring rare environmental features were globally mainly

located in mountainous areas. The HRAll index performed generally better to explain forest birds range

size than HRClim. However, the direction of the relationship was not consistent across realms. HRAll was

a good predictor of bird range-size in the rare forests of Africa, Palearctic and South-America, but

showed negative relationships in Indo-Pacific forests. No relationship was detected in North-America

and Australia. Other variables such as climate change velocity, maximum temperature of the warmest

month and precipitation seasonality  were very  good predictors  to  explain  the  distribution  of  rare

species.

Main conclusion: The  HR index can potentially  be  used  as  a  species  rarity  surrogate  in

Africa, Palearctic and South America, but more studies are needed to support the habitat-rarity-range-

size relationship across spatial scales.

Keywords:  climate rarity,  forest birds, global forests,  habitat rarity, Mahalanobis distance, species

range-size.
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Chapter 1

INTRODUCTION

The main ecological and historical processes explaining the distribution of species range size

remain an open question in ecological research (Li et al. 2016; Brown 2014; Pimm and Brown 2004).

Species range sizes are not distributed evenly globally, with narrow range species mainly present in

isolated places that favour speciation processes such as mountainous areas and islands (Steinbauer et

al., 2016a; Gillespie and Roderick, 2014a; Orme et al., 2006), as well as in low latitudes, especially in

the tropics (Stevens, 1989). This latitudinal gradient was mainly explained by climatic history, where

unstable areas that presented high climate change velocity in the past would have led small range

species to extinction because of their higher sensitivity of sudden changes (Harris et al. 2014). Stable

climatic areas such as mountain ranges or the tropics were then considered as refuges for small range

species, explaining their high diversity (Sandel et al. 2011). 

Although past  climatic  events  played an important  role  in  the  distribution of  small  range

species  (Araújo et  al.  2008; Jansson 2003), previous studies have reported that the distribution of

range-size can be also affected by current climate (Li et al. 2016; Sandel et al. 2011a; Ohlemüller et al.

2008; Pither 2003), land size (Morueta-Holme et al. 2013; Hawkins and Felizola Diniz-Filho 2006),

topography (Li et al. 2016), species traits, as well as species interactions (Brooker et al., 2007; Calosi

et  al.,  2008;  Laube  et  al.,  2013a).  Contemporary  factors  related  to  isolation  processes  such  as

environmental,  behavioural  or  physical  isolation (physical  barrier  or  distance) are shaping species

range,  fostering  small  range  patterns  emergence,  and  are  generally  combined  with  low  dispersal

abilities (Laube et al., 2013b). Indeed, isolation can narrow distribution widths and species ecological

niche, encouraging adaptation and specialisation to the conditions of the occupied area (Reif et al.

2016;  Slatyer,  Hirst,  and  Sexton  2013;  Devictor  et  al.  2010).  Thus,  a  habitat  having  particular

environmental conditions should host a specific species community adapted to it. Such a habitat would

be then described as rare, as presenting uncommon features in comparison with its average properties.

Habitat rarity can be quantified through the use of distance matrices to differentiate what is dissimilar

(rare) and the selection of relevant variables that portray the habitat characteristics.

By computing cells presenting analogous climatic conditions, Ohlemüller et al. (2008) tested

the  relationship  of  climatic  rarity  with  the  richness  of  species  range-size  in  South-America  and

Europe. They found high correlation with areas harbouring rare climates and the richness of small

range species among the two continents studied, giving some hints about locations where small range

species can be the most vulnerable to climate change. Since then, several studies used climatic rarity

as a variable to explain species range-size distribution (Sandel et al.  2011a; Morueta-Holme et al.

2013; Irl et al. 2015). Even though different responses of species range-size to climate rarity emerged

from those studies,  to our knowledge,  this  relationship has never been assessed between different
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locations  worldwide.  To  improve  our  understanding  on  the  influence  of  historical  and  current

environmental  condition on species  range-size  given the heterogeneity of  climate  and habitats  on

earth, it is important to study the responses of species communities to different variables across space.

Moreover,  climate  alone  does  not  capture  a  full  picture  of  the  abiotic  characteristics  influencing

species niche as land-cover,  for  instance,  is  also shaping current  species distribution (e.g.  Barbet-

Massin, Thuiller, and Jiguet 2012; Jetz, Wilcove, and Dobson 2007; Hansen et al. 2001). Thus, the use

of  environmental  parameters in  addition to  climate  might  strengthen the relationship with species

range.

Forests represent about one third of the world land surface (Keenan et al., 2015) covering a

wide  range  of  areas  with  diverse  ecological  and  environmental  properties  such  as  topography,

hydrology,  tree  coverage  and  phenology.  Forests  also  support  the  majority  of  terrestrial  species,

making them the most biodiverse habitat on the planet (Jenkins et al., 2013). The identification of rare

ecosystems as well  as a better  understanding of their  relationship with rare species can thus help

setting priorities for conservation. Indeed, as forests ecosystems are highly sensitive to change and are

affected by human disturbance (Holtmeier and Broll, 2005; Pan et al., 2013), the identification of areas

which have rare environmental  conditions should facilitate the identification of regions that might

harbour unique species assemblages which could be at risk (Stuart L. Pimm and Jenkins 2005; Purvis

et al. 2000).

Therefore, we explored whether the rarity of forest habitats can be used as a surrogate for

species range-size through the development of a Habitat Rarity (HR) index. We characterized forests

habitats  HR through climate,  topography,  soil  properties  and vegetation cover  (including  primary

production and phenology). We then assessed how different groups of variables contribute to explain

the average of rare birds species within birds’ communities by comparing a bird rarity index (E) with

two HR indices taking into account: climate rarity alone (HRClim), and including both climate and other

environmental variables (HRAll). We also investigated the contribution of each input variable used to

compute the HR indices spatially (e.g. rare forests habitat in southern Europe harbour unusual aridity)

and its potential weight in driving the relationship of species rarity.

To assess  the  relative  importance of  the  HR in explaining species  rarity,  we  added other

competing  variables  in  multi-predictor  models  such  as  climate  extremes  and  seasonality  (i.e.

precipitation of the driest month, precipitation of the wettest month, maximum temperature of the

warmest month, precipitation seasonality (Hijmans et al. 2005), climate change velocity of the late

quaternary as historical climatic predictor (Sandel et al. 2011a), and net primary production (NPP) to

account for productivity (Imhoff et al. 2004). It has been demonstrated that an increase of extreme

climate tolerance would generate broader species range-size as the climatic ecological niche is bigger

(Bozinovic, Calosi, and Spicer 2011). Similarly, an increase of precipitation seasonality, on which food

availability depends, can promote extinction risk of local populations (Bozinovic, Calosi, and Spicer
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2011; Pither 2003). Finally, areas with higher climate change velocity would select for larger range

size, and favour dispersal ability (Morueta-Holme et al. 2013), and an increase of NPP that reflects

forest  productivity  would  lead  to  an  increase  of  specialised  species  and  so  restricted  range-size

(Belmaker, Sekercioglu, and Jetz 2012).

Because birds are perhaps the class with the best  information on species distribution, and

because they have the highest dispersal abilities among vertebrates, they represent a good candidate to

test the impact of current habitat features on their distribution. Moreover, the composition of forest

bird communities can have a strong dependency on forest type and properties (Roll, Geffen, and Yom-

Tov 2015; Jankowski et al. 2013; Pomara et al. 2012; Lee and Rotenberry 2005).  

In this study,  we (1) provide a first  global  map of rare forests habitat  (HRAll) at  5×5 and

100×100 km2 resolution  and compute  a  climate  rarity  index  (HRClim)  to  (2)  test  the  hypothetical

relationship of forest habitat or climatic rarity with species range-size among different locations, such

as  biogeographical  realms  and  main  islands,  (3)  compare  the  relevance  of  the  relationship  with

alternative species rarity predictors, and (4) assess the weight of each input variable in the HRAll index

values and their  influence on the habitat-rarity-range-size  relationship.  The spatial  weight  of  each

input variable was tested to know what variable increases the HR score and where.

MATERIALS AND METHODS

STUDY AREA AND REFERENCE DATA

Forested areas were delineated from the European Spatial Agency Climate Change land cover

map Initiative  (Defourny et  al.  2016,  ESA CCI:  http://www.esa-landcover-cci.org/)  using  a  broad

definition of forests (areas with at least 15 percent of tree cover), covering a diverse set of forests

types: 1) broadleaved evergreen, 2) broadleaved deciduous, 3) needle-leaved evergreen, 4) needle-

leaved deciduous, 5) mixed leaf type, 6) flooded fresh water and 7) flooded saline water.

We considered six biogeographical realms based on the maps of  Cox (2001) and Olson et al.

(2001): Nearctic and Palearctic realms from Olson, and South American, African, Indo-Pacific and

Australian realms from Cox. However, we slightly reshaped the Indo-Pacific realm delineation around

the Himalayas as forests patches inflated the rarity index when associated with the Palearctic.  We

therefore joined a number of ecoregions defined by Olson originally attributed to the Palearctic realm

to the Indo-Pacific one in order to generate a continuous forest  cover (see Figure S1).  As spatial

isolation has a strong impact  on species range-size,  and because of the resolution considered,  we

excluded most of the islands from the analyses with the exception of Madagascar, Papua New Guinea

and Borneo that have a continuous land area (e.g. unlike New Zealand) and considered large enough to
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have sparse forests hosting different species communities (Vences et al.  2009). Each one of these

islands was analysed separately from the realms.

We selected the breeding range of forest bird specialist species using dataset differenciating birds

habitat use from Birdlife international (BirdLife International and NatureServe, 2015), resulting in a

total of 7,468 bird species available at 5×5 km resolution. To improve the accuracy of the 5×5 km data,

we estimated the potential Extent of Suitable Habitat (ESH) that reduced the commission error given

by the Extent of Occurrence (Beresford et al. 2010). The ESH of each forest-dependent species was

produced taking into account their altitudinal limits by clipping their range according to the forest

cover  and altitude (BirdLife  International  and NatureServe 2015).  Despite those corrections,  even

though fine-scale species range maps are relevant for conservation application, their accuracy is still

insufficient (Hurlbert and Jetz 2007). Therefore, we modified the species data resolution to a 100×100

km grain.

To quantify species rarity, we searched for a metric that is continuous (higher sensitivity) and

independent from species richness in a way that for the same amount of rare species, areas with higher

species richness would have the same score as areas with lower richness.  To discard most  of  the

relationship with range-size and species richness, we used the corrected weighted endemism index of

species within a grid cell (E; Crisp et al. 2001) at 100×100 km. This index was calculated as the

inverse of the sum of the range areas of each species Ai, divided by the number of species occurring in

each cell n as (equation 1):

(1)         E=
1
n
∑
i=1

n
1
Ai

Therefore, a cell with a high E value is considered as hosting a high proportion of rare species. A 

slight correlation of r2=-0.02 with species richness remained.

FOREST HABITAT DEFINITION AND CHARACTERIZATION

We characterized forest habitat by different variables portraying the vegetation structure and

topography (environmental variables), as well as climate types influencing forest composition. A set of

19 continuous variables was compiled from global datasets available at 1 km resolution (Table S1).

Even  though  the  analyses  we  performed  to  compute  the  Habitat  Rarity  index  took  into  account

correlation between variables, only the variables presenting pairwise correlations lower than 0.8 were

selected out of the 19 to avoid biased weight in the rarity indicator (Figure S2, S3). This led to a final

selection of 11 variables. Climatic conditions were characterised by five variables: (1) temperature

seasonality, (2) maximum temperature of the warmest month, (3) mean annual precipitation obtained

from interpolated maps from 1950 to 2000, (4) precipitation of the driest month (Hijmans et al. 2005),

and (5) an aridity index (Trabucco et al. 2008).  ‘Forest-related’ variables were characterized by six
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variables,  computed as  mean values  over  the  period 2001 to 2010 of:  the  (6)  Maximum and (7)

Minimum annual Normalized Difference Vegetation index (NDVI maximum and NDVI minimum,

Carroll et al. 2004), (8) tree height (Simard et al. 2011), (9) tree cover density (Crowther et al. 2015),

(10) soil pH (Hengl et al. 2014), and (11) slope (Farr et al. 2007). All the forest-related variables have

been previously used in the literature to explain species distribution patterns (Roll, Geffen, and Yom-

Tov 2015; John et al. 2007; Irl et al. 2015b). We aggregated each selected variable from 1km to 5km

resolution by averaging using a Mollweide projection. The 5 km spatial resolution was considered fine

enough to highlight forests habitat features, and coarse enough to reduce interpolation bias from input

variables and the effects of temporal changes since the data were collected across a long time period

(Table  S1).  For  the  forest  delineation,  we  used  the  ESA CCI  map available  originally  at  300 m

resolution that we lowered to 5km x 5km cell resolution to match the spatial scale of the variables.

Additionally, to reduce the forest edge effect bias affecting the rarity values, we selected only 5km x

5km cells presenting more than 50% tree cover.

HABITAT RARITY INDEX 

We computed the Habitat  Rarity  (HR) for  each cell  in  each realm at  5×5 km resolution.  By

comparing each forest cell to the entire realm, we aimed to reveal forests features that are not present

elsewhere within the realm, making these areas unique niches. The multivariate distance of each cell i

to all the other cells in the environmental hyperspace was computed using the Mahalanobis distance

(D) for each of the set of environmental and climate variables (De Maesschalck, Jouan-Rimbaud, and

Massart 2000; Mahalanobis 1936) following equation 2:

(2 )Di
2
=[ x||i− μ ]

T
[C ]

−1
[ x||i− μ ] 

where xi is the vector of the values of the environmental variables for each cell i, μ is the mean of the

environmental variables within a realm, and [C] is the covariance matrix of the eleven environmental

variables in the realm. As  D i
2 follows a Chi-squared distribution,  we used the probability density

function to convert the resulting distances into the probability of a cell P(x,y) of having similar values

to the mean of the ‘area of interest’ (here the biogeographical realms; Dubois et al. 2013). Habitat

Rarity  was  then  defined  as  HR(x,y)=1-P(x,y)  ranging  from  0  to  1,  representing  low  to  high

dissimilarity  respectively.  The  Mahalanobis  distance  has  many  advantages  such  as  being

computationally fast, producing better fits compared to other methods (Tsoar et al. 2007; Farber and

Kadmon 2003), and its consideration of the correlation between variables by diminishing the effect of

the highly correlated ones as well as being independent of scales or measurement units by the use of

the inverse covariance matrix. 

We calculated two Habitat  Rarity indices: 1)  using both the climate and the forest-related

variables described above (HRAll), and 2) the climate rarity index (HRClim) using climate variables only

(from 1 to 5 as previously labelled) (Figure 1). More details about the computation of the HR can be
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found in Dubois et al. (2013) and Skøien et al. (2013). The software implementation used Python 2.7

(Van Rossum and Drake 2016) and GRASS 7 (Neteler  et  al.  2012),  and the processing time was

optimized  using  parallel  processing  by  Martínez-López  (2014) (code  freely  available  at

https://github.com/RoxanneLeb/Habitat_Rarity).

To assess the importance of each of the variables in the HR index, we excluded each variable

once and computed HR using the other ten variables (HR10). We then calculated the absolute difference

between HRall and HR10 in order to obtain a map with the spatial importance of each variable in HR all

(Figure S4). A score of importance of variables, Ivar, was then computed as equation 3 with nxy the total

number of xy cells:

(3 ) I var=¿

Radar plots presenting the results of  I varwere then produced to highlight which variables were most

important in each realm (Figure 2.b). Finally, in order to compare the HR values to bird species data,

the 5×5 km resolution HR map (Figure S5, raster file available for downloading) was subsequently

lowered to 100×100 km, aggregated by the mean values.

STATISTICAL ANALYSES

To test the HRAll and HRClim indices as predictors of bird range-size, we used ordinary least

square (OLS) regression with forest bird range-size (E) as the response variable, log-transformed to

follow a Gaussian distribution. To test the relevance of the HR as a predictor variable, we added other

competing variables in the models to explain species range-size such as precipitation of the driest

month,  precipitation of  the  wettest  month,  precipitation  seasonality,  maximum temperature  of  the

warmest  month  (Hijmans  et  al.  2005),  climatic  velocity  (Sandel  et  al.  2011a),  and  net  primary

production  (NPP,  Imhoff  et  al.  2004) to  account  for  productivity  that  we  normalised  to  have

comparable slopes. 

To prevent collinearity issues among the predictors, we discarded the ones that presented a

Variance Inflation Factor (VIF) value above 5 (O’brien 2007): temperature seasonality, mean annual

precipitation, minimum temperature of the coldest month, and mean annual precipitation. To test if the

removal of any of the input variables influenced the relationship, we applied the OLS model separately

on  each  one  of  the  eleven  response  variables  HR10.  We  tested  for  the  presence  of  spatial

autocorrelation  in  the  residuals  of  each  OLS  model  using  Moran’s  I,  taking  the  eight  nearest

neighbouring cells.  As spatial  autocorrelation was significant  for  all  models,  we  applied a  spatial

autoregressive  error  (SARerr)  model  with  a  row-standardization  for  the  spatial  weights  matrix  (F.

Dormann et al. 2007; Kissling and Carl 2008). To assess the SARerr model fits to the data, we used the

Nagelkerke’s pseudo-r squared (Nagelkerke 1991) as correlation coefficient, calculated as the squared

Pearson correlation between predicted and observed data (Kissling and Carl 2008). We then focused
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on  the  results  from  the  SARerr  model  that  outperformed  the  OLS  model  by  diminishing

autocorrelation effect at a negligible level and providing a better fit to explain species rarity (Table

S2). All statistical analyses were performed using R (R Core Team 2015) and the package ‘spdep’ for

the SARerr model (Bivand, 2016).

RESULTS

HABITAT RARITY INDEX PER REALM

The rarest forest habitats of the Western-Hemisphere (North and South American realms) were

mainly located in mountainous areas (Andes and Rocky Mountains), in the southern part of South-

America, and the northern part of Mexico (Figure 1.a and S2). African forest habitats were highly

distinct around the west coast from Senegal to Gabon, with high HR values in central Congo where the

driest months presented unusual rainfall (see preD maps, Figure S4), as well as the South African

forest habitat and east Congo within the Virunga area. In the Palearctic, all the Mediterranean forest

habitats, the Norwegian and Korean forested area, and some parts in Eastern Russia were very rare in

comparison to the realm average. In the Indo-Pacific realm the most distinct forest habitats were in

northern China and central India. The rarest Australian forest habitats were mainly in the Cape York

Peninsula. Concerning the islands studied, the mountainous areas of Papua presented very different

environmental features from the rest of this island. 
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Figure 1. Habitat Rarity maps computed for each realm and islands at 100 km resolution with a) all variables
(HRall), b) climate variables (HRclim), c) corrected weighted endemism index (E) map of forest bird at 100 km
resolution, with high values in red revealing concentrations of restricted range species. 
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The highest importance score Ivar concerning the variable contribution to compute HRAll was

attributed to the soil pH reaching a maximum of 0.014 in Africa (Figure 2). The importance score

excluding the soil pH also showed high values in Palearctic (Ivar = 0.010) and in Nearctic (Ivar = 0.011)

close to the tree density  Ivar in this realm. However, the importance of soil pH was outperformed in

South-America by temperature seasonality, in Australia by the maximum NDVI and in Indo-Pacific,

where rare forest habitats were mainly influenced by the maximum temperature of the warmest month.

The precipitation of the driest month as well as the maximum temperature of the warmest month were

also quite important in Africa (Ivar = 0.010; Figure S4). The correlation between the HRAll and HRClim

indices was unsurprisingly strong among realms, ranging from 0.62 in Australia to 0.93 in Palearctic

(Table S3). 

Figure 2. a) Importance of variables (Ivar) for each realm (from 0 to 0.015) considering the climatic variables at
100 km resolution, b) importance of variables for each realm considering the variance of the absolute difference
between HRall and HR10 (from 0 to 0.015) considering the ecological variables at 100 km resolution. With arid =
aridity index, pre = annual mean precipitation, preD = precipitation of the driest month, tseas = temperature
seasonality,  tmax = maximum temperature  of  the warmest  month,  ndvimax = maximum NDVI,  ndvimin =
minimum NDVI, soilPH = soil pH, slope, treeH = tree height, treeD = tree density.

BIRD RANGE-SIZE AND HABITAT RARITY

The relationship between rare forest birds and habitat taking into account both environmental

and climatic variables (HRAll) was significantly positive in Africa, Palearctic and South America under

the single-predictor SARerr model (Table 1),  which suggests that in those realms, forests with rare

habitat  host  rarer  species  than  common forests.  In  contrary,  the  relationship  in  Indo-Pacific  was

significantly negative. Both HRAll and HRClim indices always shared the same sign across realms but

their significance can differ. For instance, HRAll was significantly positive in Africa, while there was

no relationship with HRClim (Table 1). Inversly, HRClim was significantly negative in Australia, while

HRAll showed no signal.
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When we incorporated the HR indices into multi-predictor models, the slopes stayed constant

when results were significant, unlike single-predictor models (Table 1). However, the significance of

the HR indices changed in some realms, like in Africa where HRAll was not significant anymore as

well as in Indo-Pacific concerning HRClim, or in Palearctic where HRClim became positively significant.

Multi-predictor models were always better to explain species rarity with the lowest AIC, accounting

for at best 93% of the variation in the North-American realm. Overall, the pseudo R 2 values were very

high with a minimum value for the single-predictor model in Indo-Pacific of 72% and 73% for HR All

and HRClim respectively.  Among  all,  the  best  predictors  in  explaining  species  rarity  were  climate

change  velocity  of  the  Quartenary  followed  by  maximum  temperature  of  the  warmest  month,

precipitation seasonality and NPP. All predictors had a constant pattern across realms when significant,

with the exception of NPP that became significantly negative in the South-American realm. Thus,

species  rarity  was usually  higher  in  stable  areas  with low historical  climate  change velocity,  low

temperature  extremes  and  precipitation  seasonality  and  high  productivity.  Climate  velocity  had  a

constant negative relationship with species range size across realms and island – with the exception of

Madagascar (p = 0.067, Table 2) where none of the predictors were significant. Regarding the two

other islands studied, a significant positive relationship appeared between rarity and bird range-size in

Papua. 

The removal of each one of the input variables from the HR index changed the nature or

significance of the relationship in some cases, demonstrating the importance of some variables to hold

the relationship (Table S4). For instance, in Africa, the removal of tree density from the HR index

reversed the relationship with birds range-size. In that  case,  places with uncommon levels of tree

density would host restricted range species. Inversely, the removal of the same variable reversed the

negative relationship in Australia and Indo-Pacific, meaning that areas with average tree density in

those realms would host restricted range species. In addition to tree density, temperature seasonality

also inverted the negative relationship in North-America where the relationship became positively

significant with the removal of the tree density variable. Tree density, maximum temperature of the

warmest month, and aridity were the variables that led to the positive relationship in Palearctic where

small range species occurred mostly around the Mediterranean.

DISCUSSION

Our study showed that  in  Africa,  Palearctic  and South America,  forests  with rare  habitat

(HRAll) host more rare species than common ones, and that species rarity increased in South America

with rare climate (HRClim). Nevertheless, both HR indices failed to predict the distribution of range-

size in North America, and predicted an inverse pattern than the expected one for the Indo-Pacific and,

for HRClim only,  the Australian forests.  The multiple predictor models help in understanding those

patterns highlighting the underlying drivers explaining species rarity. For instance, species rarity was
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strongly driven by a latitudinal gradient in North America as shown by an increasing productivity and

decreasing precipitation seasonality as well as climate change velocity, in line with previous studies

(Sandel et al. 2011a; Hawkins and Felizola Diniz-Filho 2006). 

In Australia,  productive forests with both low maximum extreme climate and precipitation

seasonality also hosted rarer species. Moreover, the Australian forests showed spatial discontinuity

between the  few forests  patches  that  are  localised  in  distinct  bioregions  (Bloomfield,  Knerr,  and

Encinas-Viso 2017). The size of species range can thus depend mostly on the forest area of each patch

rather than its habitat property. Other drivers that were not taken into account in this study such as

isolation by distance from the different forests patches could then improve the model in explaining

Australian forest bird range-size. In the Indo-Pacific realm, the rarest forests were present in some

parts of the Western China Himalayas, where a high level of small range birds has been observed (Lei

et al. 2003), and lowland central China. The lowland areas of central China identified as rare according

to the HRAll  index host a low proportion of small range birds.  The mountainous physical barriers in

Western China shaped by intense tectonic activities occurring in the late Pliocene (J.  Li and Fang

1999) caused species isolation over millions of years  (Päckert et al. 2012). This long term isolation

combined with an exceptional climatic – and thus habitat – stability led to an intense diversification

process within the south-western mountainous area (Qu et al. 2014). As Chinese forests are mostly

present in mountains, those having the highest and lowest elevations present rarer features compared

to  the middle  elevation forests  where most  rare  birds  species  occur  (Lei  et  al.  2003).  Therefore,

historical drivers of bird range-size in the Indo-Pacific are very strong (Lei et al. 2015) as testified by

the climate velocity values, while the Habitat Rarity metric predicts an inverse pattern with small

range species mostly present in common forest habitat. 

Most  of  the  forested mountain  range  habitat  appeared unsurprisingly rare  by their  highly

heterogeneous environmental condition and slope. Small range-size species in these areas are known

to be explained by complex contributions of both historical and contemporary factors (Morueta-Holme

et al. 2013; Fjeldså, Bowie, and Rahbek 2012). Therefore, adding predictor variables to the single

SARerr model allowed revealing a HR effect masked by other factors. For instance, adding multiple

predictors  revealed a  positive  effect  of  HR on species  range-size  in  Africa  that  might  have been

masked by significant negative correlates such as maximum temperature of the warmest month or

climatic velocity within the single predictor model. 

Our  results  concerning  both  HRAll and  HRClim were  consistent  with  previous  findings  by

Ohlemüller et al. (2008), although we used a different approach. Indeed, they used neighbouring cells

to compute climatic rarity at coarse resolution, and small range species richness as proxy for species

rarity. Nevertheless, by comparing each cell  to the realm’s forests, we found similar rare zones to

Ohlemüller et al. (2008), such as the Andes Mountains, the northern and western parts of the Iberian

Peninsula, the Alps and Norway. By revealing rare climatic areas and focusing their analyses on South
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America and Europe, Ohlemüller et al. (2008) suggested that climatic rarity constrained species range-

size within these two continents.  However,  we showed through this study that  this  pattern is  not

consistent through all realms and that the inclusion of variables characterizing habitat features can

improve the model performances, depending on the location. Our results strengthen the importance of

historical factors to explain species distribution patterns, with small range species occurring mostly in

low climate  velocity  areas  as  it  was  recently  widely  acknowledged (Morueta-Holme et  al.  2013;

Sandel et al. 2011). 

The HR indices depend on the choice of the input variables, and the removal of one of them

can induce changes in the nature of the relationship with bird range-size. For instance, the relationship

with restricted range species became positively significant in North America as initially expected with

the removal of the variable tree cover density within the Habitat Rarity computation. Despite the fact

that  tree  density  is  representative  of  certain  ecosystem types  (Crowther  et  al.  2015),  tree  density

displayed the rarest  pattern in  the  southern Canadian forests,  which was not  connected with rare

species patterns in the North American realm. 

The various results obtained using habitat or climate rarity within the islands did not enable us

to draw coherent conclusions about a relationship with species rarity. Moreover, Irl et al. (2015) found

a minor importance of climate rarity as a potential factor of range-size in the Canary Islands (Spain) to

explain birds range size. More studies are thus needed to assess a potential effect of rarity on range-

size in island ecosystems. 

We used a  100x100 km resolution matching that  of  the small  range species data,  but  the

relationship between HR and range-size can be affected by grain size. Indeed, it was shown that using

finer resolution fostered the emergence of very narrow-range species (Rahbek 2005) specialized to

their environment (Reif et al. 2016; Belmaker, Sekercioglu, and Jetz 2012). Moreover, the HR value

depends on the reference area of comparison and the variables used, relative to the research question.

Areas which are common at the realm level can be unique at a smaller spatial scale, revealing for

instance localized niches for species with limited dispersal abilities. Therefore, when applying this

metric  to  other  species,  even  though  global  range-size  patterns  are  correlated  among  vertebrates

(Lamoreux et al. 2006), the rare or distinct areas highlighted at a realm scale may be less relevant for

more dispersal limited species such as non-flying species. This suggests that future analyses with other

grain sizes  or  reference areas  may reveal  further  associations  of  habitat  rarity  and distribution of

range-size. Thus, it would be interesting to compute HR metrics using neighbouring cells – which

would better match species dispersal behaviour – using Mahalanobis distances. To do so, a moving

window approach could be implemented in further studies to test the predictive power of the model in

detecting small range species. 

The  absence  of  relationship  observed  in  some  realms  between bird  range-size  and forest

habitat rarity index can be attributed to different factors. First, we did not consider the different forests
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types  (e.g.  oak  or  beech  forests)  that  can  have  a  significant  effect  in  the  composition  of  birds’

communities (Fleishman and Mac Nally 2006; Lee and Rotenberry 2005). By developing this rarity

index, we aimed to allow the inclusion of other taxonomic groups (e.g. trees, amphibians or mammals)

in  further  research,  as  well  as  the  improvement  of  the  HR index  regarding  the  increasing  high

resolution data availability. A HRAll raster file from the 25km2 map is thus made freely available as

well as the computation code (Figure S5 available for downloading, and code url in method section).

Second, forests can be prone to recent human-induced changes modifying their properties that can

potentially affect their rarity captured by variables such as NDVI, tree height or density. For example,

forest  plantations within a primary forest  could appear rarer  due to smaller  and sparse trees with

different reflectance of the canopy. Reversely, former rare forest habitats can become more common

by  human  intervention  that  artificially  modify  disturbance  regimes  through  land  management  or

abandonment (e.g. fire regime modification, grazing, etc.). Even though the scale analysed at 100×100

km might barely capture such practices, it is important for the interpretation of the 5×5 km map or

future work to keep in mind that the HRAll index integrating environmental data should be interpreted

with care. 

The conservation importance of a habitat cannot be assessed without considering its species

community.  Therefore,  the  integration  of  species  –  plants  and  animals  –  is  essential  for  the

conservation value of a site (Eken et al. 2004). However, as uncertainty concerning the distribution of

restricted range species is still high (Pimm et al. 2014), habitat  rarity  can be an interesting proxy to

consider in the identification of important areas to protect at finer scale when they are congruent with

the presence of unique species assemblages. As highlighted by Asaad et al. (2017), the uniqueness of a

habitat  is  one  of  the  important  criteria  to  consider  in  the  identification  of  areas  for  biodiversity

conservation,  among  three  others:  fragile  and  sensitive  habitats,  areas  important  for  ecological

integrity and habitat representativeness that encompasses the habitat attributes. The integration of all

these criteria is thus needed to provide a complete and comprehensive assessment of places to protect.

Working at a habitat level such as forest allows taking into consideration its different ecosystems for

prioritisation. Nevertheless, it would be relevant to compare the rarest places within smaller connected

ecological  units  (e.g.  ecoregions or forests  types) to identify which location should be prioritized

within the entire ecological unit. 

We  demonstrated  through  this  study  that  the  habitat-rarity-range-size  relationship  is  not

congruent between realms and that the integration of both climatic and environmental variables can be

important  to  consider.  The  Habitat  Rarity  index  we  developed  allows  the  inclusion  of  as  many

continuous variables as desired and can be used to process fine grain data at high speed. It can be

therefore easily improved in the near future by the emergence of new global data with finer resolution,

that  captures  other  habitat  properties.  We suggest  that  the  use  of  the  Habitat  Rarity  metric  as  an

indicator of small range species could be applied in South America, Palearctic and Africa, especially

with  the  support  of  additional  studies  regarding  spatial  uncertainty,  metric  sensitivity  to  different
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species order, to different spatial scales and to different computing approaches (neighbouring cells

comparison).
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Chapter 1

TABLES

Table 1. Single and multi-predictor simultaneous autoregressive error (SARerr) models to study the relationship
of between small range birds and Habitat Rarity for each realm using eleven environmental variables (HR all) or
climatic variables only (HRclim). Multi-predictor models include net primary production (NPP), precipitation of
the driest month (Pdry), precipitation of the wettest month (Pwet), precipitation seasonality (Pseas), maximum
temperature of the warmest month (Tmax), and logarithm of climate change velocity (Velocity).  With SE =

standard-error, *p < 0.05, **p < 0.01, ***p < 0.001.

41

Mainland Predictor Slope SE R2 AIC   
ab

Predictor Slope SE R2 AIC

Africa Single  Single

HRAll  0.09 * 0.04 0.81  -411.27 HRClim  0.05 0.04 0.81  -408.04

Multi Multi

Intercept -6.22 *** 0.20

0.83 -501.49

Intercept -5.14 *** 0.17

0.83 -477.25

HRall  0.07 0.04 HRclim  0.06 0.04

NPP -0.05 0.11 NPP  0.00 0.11

Pdry  0.04 0.36 Pdry -0.13 0.37
Pwet  0.43 0.33 Pwet  0.44 0.34
Pseas -1.07 0.93 Pseas -0.69 0.96
Tmax -0.60 *** 0.17 Tmax -0.79 *** 0.16
Log(velocity) -0.25 *** 0.03 Log(velocity) -4.93 *** 0.75

Australia Single  Single
HRAll -0.08 0.05 0.86 -323.56 HRClim -0.16 *** 0.06 0.86 -327.29
Multi Multi

Intercept -4.87 *** 0.26

0.89 -361.71

Intercept -4.84 *** 0.21

0.89 -367.89

HRall -0.08 0.05 HRclim -0.17 ** 0.06

NPP  1.04 *** 0.13 NPP  0.97 *** 0.13

Pdry  0.37 0.65 Pdry  0.44 0.64
Pwet  0.26 0.45 Pwet  0.51 0.45
Pseas -2.16 ** 0.68 Pseas -2.06 ** 0.68
Tmax -0.86 ** 0.32 Tmax -0.71 * 0.31
Log(velocity)  0.00 0.03 Log(velocity) -0.75 0.66

Indo-Pacific Single  Single

HRall -0.32 *** 0.05 0.79 -310.83 HRclim -0.20 *** 0.05 0.78 -288.26

Multi Multi

Intercept -6.21 *** 0.18

0.84 -507.1

Intercept -5.41 *** 0.14

0.84 -502.92

HRall -0.16 ** 0.05 HRclim -0.04 0.05

NPP  0.60 *** 0.12 NPP  0.69 *** 0.12

Pdry  0.70 0.43 Pdry  0.63 0.44
Pwet -0.05 0.09 Pwet -0.04 0.09
Pseas -0.03 0.37 Pseas -0.03 0.37
Tmax -0.42 *** 0.10 Tmax -0.59 *** 0.09
Log(velocity) -0.13 *** 0.02 Log(velocity) -4.01 *** 0.53



North-America Single  Single

HRall  0.01 0.03 0.92 -1261.6 HRclim  0.06 0.04 0.92 -1264

Multi Multi

Intercept -6.46 *** 0.11

0.93 -1303.8

Intercept -6.11 *** 0.11

0.92 -1282.5

HRall -0.04 0.03 HRclim  0.01 0.04

NPP  0.33 ** 0.12 NPP  0.37 ** 0.12

Pdry  0.43 0.28 Pdry  0.46 0.28
Pwet  0.09 0.29 Pwet  0.02 0.29
Pseas -0.88 *** 0.18 Pseas -1.03 *** 0.18
Tmax  0.12 0.09 Tmax  0.00 0.09
Log(velocity) -0.07 *** 0.01 Log(velocity) -0.24 ** 0.01

Palearctic Single  Single

HRall  0.12 *** 0.02 0.82 -1733.6 HRclim  0.03 0.02 0.92 -2001.7

Multi Multi

Intercept -7.12 *** 0.08

0.83 -1830.6

Intercept -6.48 *** 0.07

0.93 -2042.8

HRall  0.11 *** 0.03 HRclim  0.07 ** 0.02

NPP  0.19 0.14 NPP  0.23 0.14

Pdry -1.03 *** 0.28 Pdry -0.20 0.27
Pwet  1.85 *** 0.36 Pwet  0.14 0.23
Pseas -0.30 *** 0.09 Pseas -0.39 *** 0.11
Tmax  0.07 0.08 Tmax -0.24 *** 0.07
Log(velocity) -0.09 *** 0.01 Log(velocity) -0.96 *** 0.01

South-America Single  Single

HRall  0.16 *** 0.04 0.90 -7.781 HRclim  0.26 *** 0.04 0.90 -27.28

Multi Multi

Intercept -5.92 *** 0.16

0.92 -417.5

Intercept -6.00 *** 0.12

0.92 -424.1

HRall  0.10 * 0.04 HRclim  0.14 ** 0.04

NPP -0.23 ** 0.08 NPP -0.28 *** 0.07

Pdry  0.30 * 0.12 Pdry  0.17 0.12
Pwet -0.20 0.27 Pwet -0.42 0.27
Pseas  0.29 0.65 Pseas -0.29 0.65
Tmax -0.56 *** 0.11 Tmax -0.80 *** 0.11
Log(velocity) -0.27 *** 0.02 Log(velocity) -8.27 *** 0.61
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Table 2. Single and multi-predictor simultaneous autoregressive error (SARerr) models to study the relationship
of between small range birds and Habitat Rarity for each island using eleven environmental variables (HR all) or
climatic variables only (HRclim). Multi-predictor models include net primary production (NPP), precipitation of
the driest month (Pdry), precipitation of the wettest month (Pwet), precipitation seasonality (Pseas), maximum
temperature of the warmest month (Tmax),  and logarithm of climate change velocity (Velocity). With SE =
standard-error. *p < 0.05, **p < 0.01, ***p < 0.001.
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SARerr SARerr

Island Predictor Slope SE R2 AIC Predictor Slope SE R2 AIC

Borneo

Single Single
HRall 0.05 0.18 0.59 -36.36 HRclim 0.05 0.18 0.59 -36.36
Multi Multi
Intercept -5.71 *** 0.63

0.82 -87.00

Intercept -4.83 *** 0.46

0.83 -85.02

HRall E  0.32 * 0.17 HRclim  0.38 * 0.17

NPP  0.26 * 0.12 NPP  0.23 0.12

Pdry  0.46 * 0.22 Pdry  0.57 ** 0.22

Pwet -0.32 0.46 Pwet -0.21 0.47

Pseas 35.04 *** 7.38 Pseas 32.91 *** 7.76

Tmax -1.18 0.69 Tmax -1.84 ** 0.58

Log(velocity) -0.18 *** 0.05 Log(velocity) -3.72 *** 1.25

Madagascar

Single Single

HRall -0.27 * 0.10 0.45 -61.65 HRclim -0.26 * 0.10 0.45 -61.65

Multi Multi

Intercept -4.02 *** 0.53

0.61 -59.90

Intercept -4.01 0.43

0.64 -59.64

HRall -0.16 0.12 HRclim -0.17 0.12

NPP  0.47 * 0.20 NPP  0.47 * 0.20
Pdry  0.64 0.38 Pdry  0.70 0.38

Pwet -1.31 0.79 Pwet -1.28 0.78

Pseas  1.32 2.60 Pseas  1.38 2.57
Tmax -0.20 0.39 Tmax -0.18 0.38
Log(velocity)  0.03 0.10 Log(velocity)  0.35 1.72

Papua

Single Single
HRall 0.90 *** 0.17 0.64 -26.74 HRclim 0.89 *** 0.17 0.64 -26.74
Multi Multi
Intercept -4.59 *** 0.37

0.79 -40.7

Intercept -4.05 *** 0.36

0.79 -60.25

HRall E  0.29 0.26 HRclim  0.45 * 0.23

NPP  0.21 0.14 NPP  0.17 0.12

Pdry  0.33 0.19 Pdry  0.17 0.17
Pwet -0.82 0.79 Pwet -0.51 0.71
Pseas  2.29 3.29 Pseas  6.71 * 3.08
Tmax -0.83 * 0.40 Tmax -0.75 * 0.36

Log(velocity) -0.21 *** 0.04 Log(velocity) -7.81 *** 1.06



SUPPLEMENTARY MATERIALS 

Table S1. Presentation of the 19 variables considered for Habitat rarity computation.

variables year references
BIO1 = Annual Mean Temperature

1950-2000

Hijmans, Robert J. et al. 2005. “Very High Resolution Interpolated Climate

Surfaces for Global Land Areas.” International Journal of Climatology

25 (15): 1965–78. doi:10.1002/joc.1276.

BIO4 = Temperature Seasonality

BIO5 = Max Temperature of 
Warmest Month
BIO6 = Min Temperature of Coldest
Month
BIO7 = Temperature Annual Range 
(BIO5-BIO6)
BIO10 = Mean Temperature of 
Warmest Quarter
BIO11 = Mean Temperature of 
Coldest Quarter
BIO12 = Annual Precipitation
BIO14 = Precipitation of Driest 
Month
BIO17 = Precipitation of Driest 
Quarter
Growing degree-days on 0 degree 
base
Potential evapotranspiration 
seasonality

1950-2000
Metzger, M. J. et al. 2013. A high‐resolution bioclimate map of the world: a
unifying framework for global biodiversity research and monitoring. Global

Ecology and Biogeography, 22(5), 630-638.

Aridity index 1950-2000

Trabucco, A. et al. 2008. “Climate Change Mitigation through Afforestation /

Reforestation: A Global Analysis of Hydrologic Impacts.” Agriculture,

Ecosystems and Environment 126.

http://www.cifor.org/library/2538/climate-change-mitigation-through-

afforestation-reforestation-a-global-analysis-of-hydrologic-impacts/.

NDVI min (annual mean)
2001-2010

Carroll, M. L. et al. “250 M MODIS Normalized Difference Vegetation Index.”
University of Maryland, College Park, Maryland. ISO 690.NDVI max (annual mean)

Slope -

Farr, Tom G. et al. 2007. “The Shuttle Radar Topography Mission.” Reviews

of Geophysics 45 (2): RG2004. doi:10.1029/2005RG000183.

Tree density (%) 2014
Crowther, T. W. et al. 2015. “Mapping Tree Density at a Global Scale.”

Nature 525 (7568): 201–5. doi:10.1038/nature14967.

Canopy height (m) 2005

Simard, M. 2011. “Mapping Forest Canopy Height Globally with Spaceborne

Lidar.” Journal of Geophysical Research: Biogeosciences 116 (G4):

G04021. doi:10.1029/2011JG001708.

Soil pH for the topsoil - 0 to 5 cm 2000-2011

Hengl, T. et al. 2014. “SoilGridA1km - Global Soil Information Based on

Automated Mapping.” PLOS ONE 9 (8): e105992.

doi:10.1371/journal.pone.0105992.
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Table S2. Multiple-predictor regressions that model the relationship between forests birds range-size of either
Habitat Rarity using all variables (HRall) or climatic variables only (HRclim) in realms and main islands using
ordinary least squared (OLS) and spatial autoregressive error (SARerr) models. The predictors are net primary
production  (NPP),  precipitation  of  the  driest  month  (Pdry),  precipitation  of  the  wettest  month  (Pwet),
precipitation seasonality (Pseas), maximum temperature of the warmest month (Tmax), and logarithm of climate
change velocity (Velocity). With SAm = South America, Ne = Nearctic, Pa = Palearctic, Af = Africa, IP = Indo-
Pacific, Au = Australia and p < 0.05*, p<0.01** p<0.001 ***.

OLS SARerr

Mainland Predictor Slope SE Moran’s I AIC Slope SE Moran’s IAIC

Intercept -5.21 *** 0.20

 0.22 855.89

-6.22 *** 0.20 0.04 -
501.49Africa HRall  0.15 ** 0.05  0.07 0.04

NPP -0.21 * 0.10 -0.05 0.11

Pdry  2.04 *** 0.29  0.04 0.36

Pwet  0.84 *** 0.17  0.43 0.33

Pseas -0.82 * 0.35 -1.07 0.93

Tmax -2.46 *** 0.17 -0.60 *** 0.17

Log(velocity
)

-0.33 *** 0.02 -0.25 *** 0.03

Intercept -4.49 *** 0.21  0.46 -68.364 -4.87 *** 0.26 0.03 -
361.71Australia HRall -0.02 0.05 -0.08 0.05

NPP  1.16 *** 0.17  1.04 *** 0.13

Pdry -2.52 ** 0.78  0.37 0.65

Pwet  2.24 *** 0.45  0.26 0.45
Pseas  0.49 0.64 -2.16 ** 0.68

Tmax -2.49 *** 0.31 -0.86 ** 0.32

Log(velocity
)

-0.11 *** 0.03  0.00 0.03

Intercept -5.32 *** 0.16  0.13 181.5 -6.21 *** 0.18 -0.00 -507.1

Indo-Pacific HRall  0.18 *** 0.05 -0.16 ** 0.05
NPP  0.17 0.11  0.60 *** 0.12
Pdry -0.17 0.23  0.70 0.43
Pwet  0.49 *** 0.10 -0.05 0.09
Pseas -0.75 *** 0.15 -0.03 0.37
Tmax -1.38 *** 0.10 -0.42 *** 0.10

Log(velocity
)

-0.18 *** 0.02 -0.13 *** 0.02

Intercept -6.05 *** 0.09  0.17 -11.3 -6.46 *** 0.11 0.00 -
1303.8North-

America
HRall -0.05 0.03 -0.04 0.03
NPP  0.12 0.09  0.33 ** 0.12

Pdry -2.68 *** 0.15  0.43 0.28

Pwet  1.20 *** 0.23  0.09 0.29
Pseas -2.42 *** 0.09 -0.88 *** 0.18
Tmax  1.43 *** 0.08  0.12 0.09

Log(velocity
)

-0.02 *** 0.01 -0.07 *** 0.01

Intercept -7.10 *** 0.07  0.24 501.9 -7.12 *** 0.08 -0.01 -
1830.6Palearctic HRall  0.22 *** 0.02  0.11 *** 0.03

NPP  0.70 *** 0.12  0.19 0.14
Pdry -4.73 *** 0.25 -1.03 *** 0.28
Pwet  4.99 *** 0.23  1.85 *** 0.36
Pseas -0.41 *** 0.05 -0.30 *** 0.09
Tmax -0.04 0.08  0.07 0.08
Log(velocity
)

-0.08 *** 0.01 -0.09 *** 0.01

Intercept -6.30 *** 0.14  0.21 1622.3 -5.92 *** 0.16 0.01 -417.5
South- HRall  0.31 *** 0.06  0.10 * 0.04

45



America NPP -0.86 *** 0.09 -0.23 ** 0.08

Pdry  0.71 *** 0.10  0.30 * 0.12

Pwet  0.64 ** 0.21 -0.20 0.27
Pseas  0.99 *** 0.28  0.29 0.65
Tmax -1.09 *** 0.13 -0.56 *** 0.11

Log(velocity
)

-0.57 *** 0.02  0.27 *** 0.02

Island Predictor Slope SE Moran’s I AIC Slope SE Moran’s I AIC

Borneo Intercept -3.96 *** 0.44 0.15 -74.7 -5.71 *** 0.63 -0.01 -87.0
HRall  0.59 ** 0.21  0.32 * 0.17
NPP  0.29 * 0.12  0.26 * 0.12
Pdry  0.57 ** 0.20  0.46 * 0.22
Pwet -0.23 0.38 -0.32 0.46
Pseas 38.49 

***
4.78 35.04 *** 7.38

Tmax -2.59 *** 0.67 -1.18 0.69
Log(velocity
)

-2.74 * 1.17 -0.18 *** 0.05

Madagascar Intercept -4.30 *** 0.49 0.23 -44.55 -4.02 *** 0.53 -0.10 -59.9
HRall -0.20 0.15 -0.16 0.12
NPP  0.66 ** 0.24  0.47 * 0.20
Pdry  1.23 ** 0.41  0.64 0.38
Pwet -1.27 0.77 -1.31 0.79
Pseas  1.31 2.15  1.32 2.60
Tmax -0.07 0.43 -0.20 0.39
Log(velocity
)

-2.22 2.10  0.03 0.10

Papua Intercept -3.40 *** 0.25 0.25 -35.7 -4.59 *** 0.37 0.18 -40.7
HRall  0.73 ** 0.24  0.29 0.26
NPP  0.16 0.12  0.21 0.14
Pdry  0.33 * 0.16  0.33 0.19
Pwet -0.51 0.68 -0.82 0.79
Pseas  6.26 * 2.48  2.29 3.29
Tmax -0.88 * 0.41 -0.83 * 0.40
Log(velocity
)

-6.87 *** 0.76 -0.21 *** 0.04

Table S3.  Correlation analyses between the different Habitat Rarity indices HRAll and HRClim in each realm.
Values higher than 0.7 are marked in bold.

HRAll x HRClim

Africa 0.67

Australia 0.82

Indo-Pacific 0.62

Nearctic 0.84

Palearctic 0.93

South-
America

0.86
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Table S4. Relationship between Habitat Rarity using ten factors HR10 and forests birds range-size using OLS
and  SARerr  models.  Models  are  taking  into  account  multiple  predictors  as  Table  1  (NDVI  maximum  and
minimum,  precipitation  of  the  driest  month,  precipitation  of  the  wettest  month,  precipitation  seasonality,
temperature maximum of the warmest month, and climate change velocity) but only results concerning the HR10

variable were displayed. With SAm = South America, Ne = Nearctic, Pa = Palearctic, Af = Africa, IP = Indo-
Pacific, Au = Australia. With p < 0.05*, p<0.01** and p<0.001 ***.

Mainlands OLS SARerr

Realm Variable Slope SE AIC Moran’s I Slope SE AIC Moran’s I
Af HR10,arid  0.39 *** 0.05 833.34 0.26  0.13 * 0.05 -471.96 0.05

HR10,pre  0.35 *** 0.05 845.73  0.09 * 0.05 -469.3
HR10,preD  0.50 *** 0.04 778.07  0.16 *** 0.05 -475.61

HR10,Tmax  0.39 *** 0.05 826.63  0.14 ** 0.05 -473.73

HR10,Tseas  0.38 *** 0.05 835.34  0.11 * 0.05 -470.38
HR10,NDVImin  0.40 *** 0.05 829.9  0.11 * 0.05 -470.64

HR10,NDVImax  0.41 *** 0.05 816.14  0.19 *** 0.05 -479.8
HR10,soilPH  0.51 *** 0.05 782.13  0.29 *** 0.05 -501.81
HR10,treeD -0.83*** 0.22 881.62 -0.35 * 0.16 -470.38
HR10,treeH  0.43 *** 0.05 821.24  0.13 ** 0.05 -472.6
HR10,slope  0.37 *** 0.05 840.24  0.16 ** 0.05 -475.59

Au HR10,arid  0.07 0.06 -76.35 0.41 -0.13 0.07 -305.82 0.03

HR10,pre  0.07 0.06 -76.37 -0.10 0.07 -304.60
HR10,preD  0.08 0.06 -76.71 -0.13 0.07 -305.88
HR10,Tmax  0.13 * 0.06 -79.93 -0.09 0.07 -304.15
HR10,Tseas  0.06 0.06 -75.94 -0.10 0.07 -304.63
HR10,NDVImin  0.06 0.06 -76.02 -0.17 * 0.08 -307.41
HR10,NDVImax  0.07 0.06 -76.16 -0.18 * 0.08 -308.49

HR10,soilPH -0.02 0.06 -75.00 -0.11 0.07 -304.86
HR10,treeD -0.42 * 0.20 -79.52  0.17 0.23 -303.26
HR10,treeH  0.10 0.06 -77.92 -0.15 * 0.07 -307.08
HR10,slope -0.04 0.06 -75.41 -0.13 0.07 -306.01

IP HR10,arid 0.27 *** 0.05 148.58 0.17 -0.09 0.06 -505.74 0.03
HR10,pre 0.27 *** 0.05 149.41 -0.10 0.06 -505.92

HR10,preD 0.26 *** 0.05 154.93 -0.07 0.06 -504.95

HR10,Tmax 0.30 *** 0.05 145.13 -0.03 0.05 -503.7
HR10,Tseas 0.28 *** 0.05 149.26 -0.19 0.06 -505.55
HR10,NDVImin 0.27 *** 0.05 145.16 -0.06 0.06 -504.61
HR10,NDVImax 0.37 *** 0.05 149.89 -0.07 0.06 -504.89
HR10,soilPH 0.38 *** 0.05 117.2  0.01 0.06 -503.47
HR10,treeD 0.10 0.22 179.34  0.01 0.18 -503.46
HR10,treeH 0.23 *** 0.05 155.9 -0.06 0.06 -504.43
HR10,slope 0.29 *** 0.05 142.61 -0.06 0.06 -504.41

NAm HR10,arid -0.02 0.04 -2.29 0.17 -0.02 0.04 -1227.5 0.01
HR10,pre -0.02 0.04 -2.06 -0.04 0.04 -1228.0
HR10,preD -0.05 0.03 -4.60 -0.02 0.04 -1227.5
HR10,Tmax -0.04 0.03 -3.12 -0.01 0.04 -1227.2
HR10,Tseas  0.03 0.03 -2.70  0.04 0.04 -1228.3
HR10,NDVImin -0.03 0.03 -2.82 -0.02 0.04 -1227.5
HR10,NDVImax -0.04 0.04 -3.01 -0.04 0.04 -1228.2
HR10,soilPH  0.07 0.04 -5.24 -0.01 0.04 -1227.1
HR10,treeD  0.26 ** 0.09 -10.89  0.22 * 0.09 -1233
HR10,treeH  0.00 0.03 -1.93 -0.02 0.04 -1227.5
HR10,slope  0.03 0.04 -2.80 -0.03 0.04 -1227.6

Pa HR10,arid  0.30 *** 0.03 532.19 0.23  0.10 *** 0.03 -1748.8 0.00

HR10,pre  0.30 *** 0.03 540.03  0.10 *** 0.03 -1748.7
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HR10,preD  0.21 *** 0.03 602.26   0.12 *** 0.03 -1754.3

HR10,Tmax  0.28 *** 0.03 558.97  0.07 * 0.03 -1743.4
HR10,Tseas  0.34 *** 0.03 503.39  0.15 *** 0.03 -1759.7

HR10,NDVImin  0.28 *** 0.03 543.06  0.12 *** 0.03 -1755
HR10,NDVImax  0.26 *** 0.03 566.86  0.07 * 0.03 -1743.5
HR10,soilPH  0.34 *** 0.03 499.05  0.17 *** 0.03 -1766.7
HR10,treeD  0.56 *** 0.09 620.91  0.09 0.08 -1739.2

HR10,treeH  0.26 *** 0.03 567.45 -0.02 0.03 -1748.3

HR10,slope  0.33 *** 0.03 499.16  0.14 *** 0.03 -1760.4

SAm HR10,arid  0.53 *** 0.06 1821.4 0.22  0.21 *** 0.06 -390.73 -0.01
HR10,pre  0.48 *** 0.07 1835.4  0.18 ** 0.06 -386.96
HR10,preD  0.54 *** 0.07 1822.5  0.22 *** 0.06 -390.78
HR10,Tmax  0.35 *** 0.07 1853.1  0.16 ** 0.05 -384.75

HR10,Tseas  0.46 *** 0.07 1833.7  0.13 * 0.05 -381.92
HR10,NDVImin  0.42 *** 0.07 1843.0  0.11* 0.05 -380.68
HR10,NDVImax  0.65 *** 0.07 1790.4  0.20 *** 0.05 -389.63
HR10,soilPH  0.63 *** 0.07 1796  0.36 *** 0.05 -418.95

HR10,treeD -1.45*** 0.30 1854 -0.84 *** 0.23 -389.25
HR10,treeH  0.73 *** 0.06 1763.7  0.14 * 0.06 -382.35
HR10,slope  0.24 *** 0.07 1865.8  0.23 *** 0.05 -395.15
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Figure S1. Indo-Pacific (IP) and Palearctic (Pa) redefined. Inclusion in IP of the following ecoregions defined 
by Olson et al., 2001 (and exclusion in Pa)

Inclusion in IP of the following ecoregions (and exclusion from Pa):
Eco code: PA0509: Hengduan Shan Conifer Forests
Eco code: PA0102: Yunnan Plateau subtropical evergreen forests
Eco code: PA0101: Guizhou Plateau broadleaf and mixed forests
Eco code: PA 0437: Sichuan Basin evergreen broadleaf forests
Eco code: PA0415: Changjang Plain evergreen forests
Eco code: PA0417: Daba Mountains evergreen forests
Eco code: PA0434: Qin Ling Mountains deciduous forests
Eco code: PA1017: Southest Tibet shrublands and meadows
Eco code: PA1003 Eastern Himalayan alpine shrub and meadows
Eco code: PA1307 Baluchistan xeric woodlands
Eco code: PA1018 Sulaiman Range alpine meadows
Eco code: PA0514 Northeastern Himalayan subalpine conifer forests
Eco code: PA0516 Nujiang Langcang Gorge alpine conifer and mixed forests

IP initial IP redefined

Pa initial Pa redifine
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Figure S2. Correlation among the 19 variables, with tmean = mean annual temperature,  tseas = temperature
seasonality, tsums = growing degree-days on 0°C from (Metzger et al. 2013), pre = precipitation, preD_Mt =
precipitation  of  the  driest  month,  arid  =aridity,  preD_Qt  =  precipitation  of  the  driest  quarter,  twarm_Qt  =
temperature  of  the  warmest  quarter,  tmin_cold_Mt  =  minimum  temperature  of  the  coldest  month,
tmax_warm_Mt  =  maximum temperature  of  the  warmest  month,  trange  =  temperature  annual  range  (max
temperature of the warmest month - min temperature of coldest month), preseason = precipitation seasonality,
petseason = potential evapotranspiration seasonality from (Metzger et al. 2013), ndvimin = minimum NDVI,
ndvimax = maximum NDVI, treeH = tree height, treeD = tree density, soilPH = soil pH.  

Figure  S3. Correlation  among  the  11  selected  variables,  with  tseas =  temperature  seasonality,  pre =
precipitation,  preD_Mt =  precipitation  of  the  driest  month,  arid =aridity,  tmax_warm_Mt =  maximum
temperature of the warmest month, ndvimin = minimum NDVI, ndvimax = maximum NDVI, treeH = tree height,
treeD = tree density, soilPH = soil pH.
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Figure S4. Maps of HR10 and of the absolute difference between HRall and HR10 computed for each input
variable removed from HRall at 100 km resolution.
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Figure S5. Habitat Rarity (HRall) map computed for each realm and island at 5km resolution.

Figure  S6.  a)  Habitat  Rarity  with  all  variables  in  Indo-Pacific  and  elevation  maps  at  5  km resolution,  b)
Elevation map in Indo-Pacific at 5 km resolution.
a) b)
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FOREST LOSS ACROSS IUCN CATEGORIES OF 
PROTECTED AREAS
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“Destroying rain forest for economic gain is like burning a Renaissance painting to cook a meal.”
— Edward O. Wilson
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ABSTRACT 

Global forests are under increasing pressure and the establishment of protected areas has long

been used as a conservation tool to preserve them. Seven categories of protected areas have been

implemented  by  the  International  Union  for  Conservation  of  Nature  (IUCN)  with  different

management objectives and protection levels, ranging from Ia, where human presence is restricted, to

VI allowing sustainable use of resources so that Ia = Ib > II = III > IV = VI > V. However, recent

studies brought doubts over the conservation efficiency in preventing ecosystem degradation of the

IUCN categories conceptual ranking. In this study, we analysed forest loss and trends between 2001

and 2014 within IUCN protected areas at global scale and per IPBES subregion. Our results showed

that  worldwide,  the  highest  protection categories  experienced less  forest  loss  than those allowing

human intervention (Ia-III < IV-VI), although this result  was reversed in three IPBES subregions.

Globally, the IUCN categories had the following ranking III < Ia = Ib = II < IV = V = VI, which

varied across IPBES subregions, with four subregions having more loss within protected areas than

outside.  Further,  we  found  significant  increasing  trends  of  forest  loss  in  high  protection  areas

compared to lower categories (Ia-III > IV-VI). Our findings suggest that although higher-protection

IUCN categories have been more efficient in preventing forest loss, this loss might be accelerating in

those sites. Therefore, subregions with poor protection performance should benefit from additional

support and the post-2020 discussion should go beyond simple general aerial targets. 

Keywords: Forest conservation, Forest loss, IUCN protected areas, IPBES subregion, protected areas

audit

INTRODUCTION

Forests  provide  diverse  ecosystem  services  and  play  a  key  role  for  the  preservation  of

endangered and endemic species (Gibson et al., 2011; Moura et al., 2013), covering one third of the

terrestrial areas (Keenan et al.,  2015), and are of prime importance for human well-being. Due to

increasing social demand for agricultural and forest products coupled by a significant urban sprawl

and infrastructure development (Faria and Almeida, 2016; Schmitz et al., 2015), forests worldwide

have experienced increasing pressures over the last decades (Laurance et al., 2014a). The impact of

forest  loss  can  be  substantial  when  affecting  intact  forests  hosting  irreplaceable  biodiversity  and

ecosystem services (Gibson et al., 2011; Foley et al., 2005). Forest loss has been shown to be strongly

linked to underlying drivers such as changes in population density, international trade and economic

development (Leblois et al., 2017; Faria and Almeida, 2016). Even though it is widely recognised that

active anthropogenic deforestation has a major impact on forest degradation (Margono et al., 2014),

natural environmental factors such as diseases (Kurz et al., 2008), wildfires (Potapov et al., 2008), or
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drought events (Peng et al., 2011; Phillips et al., 2009) are also responsible for a significant amount of

forest loss. The importance of these drivers, however, varies greatly across regions and so does the

extension of forest loss (Sloan and Sayer, 2015), with tropical rainforests experiencing twice as much

loss between 2000 and 2012 than temperate or boreal forests (Leblois et al., 2017). In this context,

developing countries are particularly vulnerable to increasing trends in forest loss due to agricultural

development,  expansion  of  road  infrastructures,  and  the  reliance  of  people  on  forest  resources

(Laurance et al., 2014b, 2014a). 

Table 1. Protected areas management categories definition from IUCN (https://www.iucn.org).

IUCN category Description

Ia
Strict Nature 

Reserve

‐ Strictly protected: human visitation, use and impacts are strictly controlled and 
limited to ensure protection of the conservation values

‐ Protect biodiversity and geological/geomorphical features
‐ Can serve as reference areas for scientific research and monitoring

Ib Wilderness Area

‐ Unmodified or slightly modified areas without permanent or significant human 
habitation

‐ Protected and managed so as to preserve their natural condition

II
National 

Park

‐ Large natural or near natural areas
‐ Protect large-scale ecological processes, along with the complement of species and 

ecosystems characteristic of the area
‐ Provide a foundation for environmentally and culturally compatible, spiritual, 

scientific, educational, recreational, and visitor opportunities

III
Natural

Monument or
Feature

‐ Protect a specific natural monument, which can be a landform, sea mount, 
submarine cavern, geological feature such as a cave or even a living feature such as 
an ancient grove

‐ Generally quite small protected areas and often have high visitor value

IV
Habitat Species

Management Area

‐ Protect particular species or habitats and management reflects this priority
‐ Can need regular, active interventions to address the requirements of particular 

species or to maintain habitats

V
Protected

Landscape /
Seascape

‐ Interaction of people and nature over time has produced an area of distinct 
character with significant, ecological, biological, cultural and scenic value

‐ Safeguarding the integrity of this interaction is vital to protecting and sustaining the
area and its associated nature conservation and other values

VI

Protected area
with sustainable

use of natural
resources

‐ Conserve ecosystems and habitats together with associated cultural values and 
traditional natural resource management systems

‐ Most of the area in a natural condition, where a proportion is under sustainable 
natural resource management and where low-level non-industrial use of natural 
resources compatible with nature conservation

Despite  the  persistent  decrease  of  intact  forest  area  during  the  2000-2013  period,  the

contribution of protected areas (PAs) to control this loss was significant (Potapov et al., 2017). The

establishment  of  PAs  is  indeed  one  of  the  most  common  conservation  actions  to  prevent  the

degradation of forests, with the international goal to extend them to cover at least 17% (Aichi Target

11)  of  terrestrial  and  inland  water  (https://www.cbd.int/sp/targets/).  To  account  for  different
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conservation strategies and use of resources within these areas, different protection categories were

defined. The six categories of PAs currently in use were described in the Guidelines for Protected Area

Management  Categories  (IUCN/WCMC,  1994),  and  are  related  to  their  conservation  goals,

management objectives, and protection levels (Table 1). They were defined with distinct protection

levels  from  category  I,  being  described  as  access  restricted  areas,  to  category  VI,  allowing  the

‘sustainable use of natural ecosystems’. Nevertheless, the outcomes of the conservation management

of some low-protection categories (e.g., IUCN categories IV to VI) has been a source of debate (e.g.,

Shafer, 2015; Locke and Dearden, 2005).

Although several studies have shown the important role of PAs in preventing forest loss in

different parts of the world (e.g.,  Soares-Filho et al., 2010; Andam et al.,  2008), there is growing

concern on their efficiency in preventing forest loss and other forms of ecosystem degradation (Jones

et al., 2018). Indeed, it has been shown that, in the field, the implementation of PAs does not always

guarantee an improvement in conservation management (Watson et al., 2014). For instance, in several

PAs located in Asia, vegetation loss within these areas was indistinguishable from unprotected lands

(Clark et al., 2013), and in Tanzania, some of these PAs had higher rates of forest loss than unprotected

lands (Rosa et al. in review). Similarly, oil and gas concessions can overlap park boundaries in the

Amazon and in sub-Saharan Africa, including International Union for Conservation of Nature (IUCN)

category I and II sites threatening indigenous lands (Lessmann et al., 2016; Osti et al., 2011; Finer and

Orta-Martínez, 2010; Finer et al., 2008). As a result of the increasing global demand for agricultural

and  forest  resources,  PAs  have  been  downgraded,  downsized  or  degazetted,  facilitating  the

exploitation of their resources (Mascia and Pailler, 2011; Pedlowski et al., 2005). 

Several studies have compared forest loss inside and outside these areas (e.g., Allan et al.,

2017; Laurance et al., 2012; Joppa and Pfaff, 2010). However, the incidence and persistence of forest

loss over time inside PAs of different IUCN categories has yet to be assessed. Monitoring the temporal

trend of loss is important to investigate which categories are under greater risk of future degradation.

With the major advances in the field of remote sensing over the last couple of years, we are now able

to monitor globally and at high-resolution tree cover change on an annual basis (Hansen et al., 2013)

and  inform  about  the  world  state  of  forests  (http://www.globalforestwatch.org/  )  .  Temporally  and

spatially explicit forest monitoring has the potential to contribute to a more sustainable management

and rapid assessment of governmental policy implementation. In this regard,  the Intergovernmental

Platform for Biodiversity and Ecosystem Services (IPBES) – that was set up to strengthen the link

between science and policy - implemented environmental, regional and subregional assessments to

investigate the status and trends of worldwide ecosystems. IPBES world regions and subregions were

thus defined to help move towards a homogenisation of regional studies to facilitate the dialogue

between  scientists  and  policy  makers,  contributing  to  improve  management  of  natural  resources

(Brooks et al., 2016). 

http://www.globalforestwatch.org/
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Using a 15-year time series of annual tree cover loss (Hansen et al. 2013), this study aims to

provide the first  global  assessment of incidence and persistence of forest  loss inside the different

IUCN categories across different spatial scales (individual PAs, IPBES subregions, globally). As the

degree of forest intactness (no loss) can be associated to naturalness, we hypothesised that forest loss

occurs mainly in the categories with lower protection status. Secondly, we assessed the significance of

the temporal trend in this loss (i.e., which categories are in a trajectory of increasing/decreasing loss).

In its essence, this study offers a framework to monitor forest loss inside PAs, tracking temporal and

spatial variation, thus highlighting regions of the world and individual PAs where current practices are

leading to forest destruction and new management strategies have to be implemented to mitigate and

minimize this loss.

METHODS

DATASETS

To analyse global forest loss, we used the data produced by Hansen et al. (2013) version 1.2,

available at 30 m resolution, and covering a 15-year period (from 2000 to 2014). In particular, we

downloaded the overall loss dataset which shows the accumulated loss between 2000-2014 (i.e., pixels

are classified as 1 where a forested area changed to non-forested and 0 where there was no change);

the loss year dataset, which shows the year in which the loss occurred (i.e., pixels are classified from 1

to 14, corresponding to 2001 through 2014, respectively), and the initial tree cover dataset for the year

2000 used as reference in all our analyses. To convert from tree cover to forest (i.e., binary map, 1 –

forest,  0  –  non-forest)  we  assumed  a  conservative  threshold  of  20%  tree  cover  based  on  the

methodology adopted by Heino et  al.  (2015)  covering more than 0.5 hectares (FAO definition of

forest, Kenneth, 2012). In this study, we focused on analysing gross forest loss only. Forest gain was

not included in the analyses as it was not available on an annual basis in this dataset (only gain over

the entire time period is provided), and its interpretation is more subjective; e.g., might result from

forest plantation (Tropek et al., 2014) as it is the case in many category V protected areas for instance

(Dudley, 2008), or the occurrence of natural regeneration. 

To investigate forest loss within PAs we downloaded the World Database on Protected Areas

(WDPA), which contains their location and associated information, such as IUCN category and year

of  implementation  (IUCN and  UNEP-WCMC,  2017).  The  IUCN categories  (Table  1)  provide  a

gradient  of  naturalness  ranging  from the  most  natural  (category  I)  to  the  least  natural  condition

(category V) with equivalent naturalness levels for the categories Ia and Ib, II and III as well as IV and

VI (Ia = Ib > II = III > IV = VI > V, Dudley, 2008). The WDPA database contains several PAs with

missing  information  (e.g.,  unreported  categories,  unverified  PAs),  therefore,  we  adopted  a

conservative approach when selecting the PAs to be included in the analysis. We only considered in
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our analysis terrestrial PAs larger than 1 km2 that contained forest area in 2000, were created before

the year 2000 (thus avoiding confusion between year of loss and eventual newly created areas within

our  period  of  analysis),  and  had  their  IUCN category  reported  and verified.  This  resulted  in  the

exclusion of a large proportion of the original number of PAs (initial n = 214,807, with 57% of PAs

smaller than 1 km2, 20% unreported, and 47% of areas more recent than the year 2000 or without year

of implementation), resulting in a dataset of 15,282 PAs (Figure 1, Table S1).

Figure 1. Forest area average (km2, with standard error bar, shaded), and the distribution of the percentage of
forest cover within the protected areas per IUCN category. The number of protected areas in each IUCN
category is provided by n.

To assess how our results vary across the globe we performed our analysis for each IPBES

subregion. Their delimitation was obtained from Brooks et al. (2016). Sixteen of the regions included

the selected PAs: 1) Caribbean, 2) Central Africa, 3) Central and Western Europe, 4) Central Asia, 5)

East  Africa  and adjacent  islands,  6)  Eastern  Europe,  7)  Mesoamerica,  8)  North  Africa,  9)  North

America, 10) North-East Asia, 11) Oceania, 12) South America, 13) South Asia, 14) South-East Asia,

15) Southern Africa, and 16) West Africa.

DETERMINING FOREST LOSS 

In our analysis, we used the percentage of forest loss per individual PA (%LossPA) as well as

the temporal trend of loss per protected area (TrendPA). The percentage of loss per individual PA was

calculated by dividing forest loss that occurred between 2001 and 2014 by its initial forest area in

2000. To investigate the significance of the temporal trends in percentage of loss, we calculated the

annual loss of forest in each PA relative to the initial forest area in 2000. Then, we mapped the slope

of a Generalized Least Squares (GLS) model using the nmle package fitted with the scaled annual

deforestation values as response variable, and the year as the only explanatory variable. The GLS

models accounted for temporal autocorrelation in the forest loss data considering the first lag between

residuals. 
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To assess for significant differences in the percentage of forest loss between IUCN categories,

we fitted a generalized linear model with logit link function under the binomial family accounting for

the weight (number of forest cells in 2000 in each PA). The trend of loss across IUCN categories was

assessed by implementing a linear model using the slopes of the trends produced by the GLS model

for each PA. In both cases, predictor variables included the IUCN level, and the forest cover in 2000

for each PA. This last variable was used to account for the effect of forest size that can affect the

proportion of forest loss per PA. Indeed, small forests would more likely have a higher proportion of

loss compared to large ones. We used category Ia as a reference, having theoretically the least forest

loss expected. We then performed the same analyses aggregating the categories Ia through III and IV

though VI to test whether ‘exploitation categories’ had higher loss that ‘conservation categories’ (i.e.,

Ia-III  < IV-VI),  and to  account  for  unbalanced PAs numbers  when considering individual  IUCN

categories within IPBES subregion levels. Finally, we performed these analyses separately for each

IPBES region. In addition, we calculated the ratio of forest loss inside PAs compared to the loss that

occurred outside PAs (sum of forest loss in all PAs divided by the sum of forest loss outside all PAs in

a subregion) globally and for each IPBES region.  All the analyses were performed in R using the

packages survey and nmle (R Core Team, 2016). All code and data (with information on specific

protected sites) is available at https://github.com/RoxanneLeb/Forest_Loss_IUCN. 

RESULTS

The 15,282 protected areas (PAs) that matched the selection criteria included 3,216,925 km2 of

forests  under  protection  in  2000  (Table  S2).  We  found  that  globally,  forest  cover  was  unevenly

distributed within the IUCN categories. For instance, category Ib had the smallest extent of forest

cover within its PAs boundaries (26% of forest cover as median), in comparison with categories Ia and

III where most of their PAs were covered by at least 80% of forest (Figure 1). Moreover, we found a

strong spatial pattern with most of category V located in either Western Europe or North America

(44% and 31% of category V PAs) (Figure 2). Similarly, category IV is mainly distributed across

Central and Western Europe, Eastern Europe and North-East Asia (36%, 27%, 21% respectively),

category Ia is mostly present in Central and Western Europe and Oceania (55%), and 50% of category

Ib is in North-America.

Globally, areas covered by PAs exhibit less forest loss than areas outside their boundaries (ratio =

0.63, Table 2). However, this pattern was not consistent across all IPBES subregions, with more loss

within  the  PAs  than  outside  in  Eastern  Europe,  the  Caribbean,  Mesoamerica  and  North  Africa.

Moreover,  the rate of loss in all  those subregions was higher than the global  average (median of

1.12%, 1.41%, 1.76% and 14.20% of forest loss respectively, compared to a global median of 0.72%,

Table 2).
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Figure 2.  a) Spatial distribution of the different protected areas included in our analysis, coloured by IUCN
category, b) Percentage of forest loss between 2000 and 2014 within individual protected areas (%LossPA) with
quantiles from green (low percentage of loss) to red (high percentage of loss, c) percentage of forest cover per
protected area from green highly forested to red poorly forested, d) Significant trend (increase or decrease) of
forest  loss between 2000 and 2014 within individual protected areas (TrendPA) coloured from yellow to red
according to the slope steepness (highest increase in red) and from green to dark blue according to the slope
steepness (highest decrease in blue).
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From 2000 through 2014, as expected, the forest loss occurring in the PAs belonging to categories

I through III was lower than in the categories IV to VI, globally and in most regions. Still, three IPBES

subregions presented a reversed pattern: Caribbean, North-East Asia and West Africa, although the

high percentage of loss might be inflated by the small forest fragments (Table 2).

Figure 3. a) Estimate of the proportion of forest loss per protected area (PA) for each IUCN category between
2000 and 2014 (middle cross).  We used  a generalized linear model with binomial family (weighted with
number of forest cells per PA in 2000) between IUCN management categories compared to Ia, taking into
account the number of forest cells per PA in 2000 normalized by its maximum values (estimate = F +), which
provides  the  ranking III  < Ia  = Ib = II  < IV = V = VI.  The opened dots  represent  the  estimate of  the
gerenalized linear model for the merged categories Ia-III and IV-VI, with the number of forest cells per PA in
2000 normalized by its  maximum values (estimate = Fo).  b)  Trend of forest  loss per PA for  each IUCN
category between 2000 and 2014 using linear model. Crosses represent the estimate of the linear model for
each IUCN category. The dots represent the estimate of the linear model for the merged categories Ia-III and
IV-VI. In both plots, the standard error is represented around each estimate. 

The ranking of percentage of forest loss per PA between IUCN categories at global scale, from the

least to the most impacted, was III < Ia = Ib = II < IV = V = VI (Figure 3a). However, this ranking was

not consistent at the IPBES subregions scale (Figure 4, Table S3). Moreover, East Africa and North

America did not present any differences with the forest loss that occurred in Ia. What suggest that

either all protected areas experienced few forest loss, or that an important amount of loss was recorded

in all PAs. East Africa presented a percentage of forest loss at least twice as high as North-America

within its PAs (1.94, 0.38 % of forest loss, Table 2),  which remains much higher than the global

average (0.72%, Table 2). Oceania had the smallest percentage of forest loss (0.24%) between 2000

and 2014, even though category Ia was one of the most impacted. Central and Western Europe as well

as Mesoamerica were the subregions that were the closest to the original IUCN category ranking, even

though category Ib had un important variance in Europe and was underrepresented in Mesoamerica.

Category Ib presented poor results in preventing forest loss in several subregions, with the highest rate
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of loss in North-America (169 PAs studied in this category, Figure 4), as well as in South-Asia (98

PAs), North-East Asia (14 PAs) and East-Africa (3 PAs).

Figure 4. Generalised linear  model  (GLM) values of percentage of  forest  loss within each IUCN category,
among the IPBES subregions. The value of each IUCN category corresponds to the model intercept (Ia) plus the
estimate of each category, and is represented by the middle cross surrounded by the standard error. The number
of protected areas is displayed above. The effect of forest size F as model parameter is indicated to the right with
its significance level (p < 0.05*, p<0.01** and p<0.001 ***).

Regarding the 14-year  global  trend in  forest  loss,  we  found that  PAs from the merged Ia-III

categories had higher trends of loss than the lower ones, what resulted in I-III > IV-VI (Figure 2b).

Forest loss was only significantly accelerating in most of the sites from IUCN categories II and III

during the 14-year period while decelerating in IV and VI (Table S4). However, within the IPBES

subregions, the trend of forest loss rarely differed significantly from Ia (Table S3). Still, South-East

Asia experienced a persistent acceleration of forest loss in categories II and Ia. Also, IUCN categories

II and III in East Africa presented a decrease in forest loss compared to category Ia, what might be

related with an increase of loss in Ia.
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Table 2.  Generalised linear model (GLM) values of percentage of forest loss for each IUCN merged category
(Ia-III and IV-VI). The values of the IUCN merged category Ia-III correspond to the model intercept, the values
of the IV-VI category correspond to the intercept summed with the estimate of this category, with the standard
error in parenthesis and n the number of protected areas. The forest size parameter estimate (Forest) is displayed
with significance level (p < 0.05*, p <0.01** and p <0.001 ***). At global scale and for each IPBES subregion,
the median of percentage of forest loss (Loss%) with quantiles in brackets is shown, as well as the ratio of the
percentage of forest loss inside divided by the percentage of unprotected forest loss relative to the forest area in
2000 (values > 1 mean more loss within protected areas than outside, values close to 0 mean less forest loss
within protected areas boundaries compared to outside).

IPBES sub Ia-III IV-VI Forest Loss (%) Ratio in/out

Global
-3.574

(0.176) n=4580

-2.980
(0.247) n=10702

-0.71 0.72
[0.12, 0.73] n=15282

0.63

Caribbean
-2.853 

(0.335) n= 30

- 4.381 
(0.339) n= 72

3.38 1.41
[0.26, 4.63] n=102

1.71

Central Africa
-4.185 

(0.870) n=9

-3.872 
(0.582) n=12

-15.91 0.31
[0.31, 3.14] n=21

0.10

Central and Western Europe
-3.975 

(0.208) n=564

-3.346 
(0.223) n=3935

-30.61 0.72
[0.08, 2.64] n=4499

0.35

Central Asia
-4.812 

(0.322) n=39

-4.489
(0.371) n=47

-65.29* 0.41
[0.10, 1.80]  n=86

0.41

East Africa
-4.197 

(0.211) n=83

-3.673 
(0.311) n=111

-1.66 1.94
[1.74, 5.10] n=194

0.30

Eastern Europe
-3.245

 (0.263) n=495

-3.085
(0.277) n=1841

2.31* 1.12
[0.23, 3.54] n=2335

1.17

Mesoamerica
-4.033 

(0.577) n=67

-2.715
(0.666) n=157

5.28 1.76
[0.45, 3.91] n=224

1.90

North Africa
-2.817

 (0.796) n=7

0.091 
(1.400) n=3

10.41 14.20
[5.38, 87.58] n=10

2.04

North America
-3.580

 (0.263) n=643

-3.324 
(0.281) n=1283

-107.95** 0.38
[0.01, 2.78] n=1926

0.21

North-East Asia
-3.191

 (0.621) n=58

-4.340 
(0.524) n=1863

-4.38 0.68
[0.15, 1.94] n=1921

0.57

Oceania
-4.822 

(0.290) n=1599

-4.571 
(0.571) n=231

-4.89 0.24
[0.05, 1.94] n=1830

0.15

South America
-4.247 

(0.197) n=377

-3.052
 (0.214) n=511

-3.17*** 1.13
[0.27, 3.77] n=888

0.24

South-Asia
-4.040 

(0.171) n=187

-3.931 
(0.210) n=242

-57.92*** 0.60
[0.16, 2.36] n=530

0.65

South-East Asia
-3.606 

(0.194) n=338

-2.341 
(0.289) n=207

-5.09*** 1.58
[0.59, 3.87] n=545

0.36

Southern Africa
-3.514 

(0.282) n=67

-3.556 
(0.281) n=57

-3.94*** 3.53
[1.13, 2.36] n=124

0.31

West Africa
0.481 

(0.769) n=17

-1.725 
(0.723) n=30

-313.86*** 95.72
[8.24, 100] n=47

0.29
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DISCUSSION

In order to respond to an emerging uncertainty regarding the forest conservation (Allan et al.,

2017), we analysed the status and trends of global forest loss within protected areas (PAs), considering

the difference between IUCN categories and IPBES subregions. Even though globally, forest loss was

less 

important  within PAs boundaries,  and higher  protection level  was more performant  in  preventing

forest loss compared to the lower ones, we showed that results can vary greatly among subregions.

Indeed, while the overall PAs incurred more loss within their boundaries than unprotected forests in

Eastern Europe, the Caribbean, Mesoamerica and North Africa subregions, higher forest loss occurred

within categories I-III compared to IV-VI in the Caribbean, North-East Asia and West Africa. 

Countries within those regions should investigate the reasons why such loss took place to

ensure the conservation of their forests, notably the ones under the highest protection level.  Several

studies already provided some insights. For instance, it has been reported that Eastern Europe PAs can

lack efficiency in preventing forest disturbances such as fires or illegal logging (Wendland et al., 2015;

Kuemmerle et al., 2009; Achard et al., 2006).  Similarly, there have been reports of important forest

loss in Jamaica (Caribbean), including in PAs of categories I and II (Chai and Tanner, 2010), due to the

rise of yam farming, roads network extension and population density (Newman et al., 2014, 2018).

Asia is known for its high rate of forest loss (Hansen et al., 2013) that also occurs within its PAs given

the little or absence of protection to forest loss (Spracklen et al., 2015). Further, it has been reported

that  in North-East  Asia,  Mongolia (as representative country of the studied PAs from this region,

Figure  2)  suffers  from inadequate  protection  (Tsogtbaatar,  2013;  Dorjsuren,  2008).  Finally,  while

forest loss remained quite low in Central Africa with rather efficient protection (Rudel,  2013), we

found convergent results with Bowker et al. (2017) regarding a higher forest loss inside than outside

PAs in West Africa. 

When analysing per IUCN category, we found convergent patterns to Leroux et al.  (2010)

based on human footprint, as well as common threads with the IUCN ranking standard. Indeed, as they

also  showed,  our  ranking  emphasised  the  performance  of  category  III  (‘Natural  monument  or

feature’),  mainly  present  in  Oceania,  such  as  III  <  Ia  =  Ib  =  II  <  IV =  V =  VI.  However,  the

performance of category Ib was worse than what they stated (Ib = III < Ia < II = VI < IV < V, Leroux

et al., 2010). Besides, the ranking we found was following the IUCN logic (i.e. Ia = Ib > II = III > IV =

VI  >  V),  with  highly  protected  areas  showing  less  loss  than  the  others.  However,  the  IPBES

subregions analysis showed high variation in forest loss among the different IUCN categories, with no

consistent  pattern.  This  result  strengthens  the  importance  of  multi-scale  analysis  to  locate  world

regions that would need conservation guidance, and no one-size-fits-all policy towards global forest

protection.  For instance,  in North America and East  Africa,  the percentage of forest  loss between
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IUCN categories was undistinguishable, questioning the efficiency of category characterisation at this

scale in those areas. 

Between  2000  and  2014,  the  trend  of  forest  loss  was  increasing  in  most  of  the  PAs  in

categories II and III at  a global scale that resulted in Ia-III > IV-VI ranking of trend of loss with

merged categories,  raising concerns on the future ability of these areas to sustain their status and

preserve their ecological value for which they were protected in the first place . Further, we found that

the PAs within category II and III reported increasing forest loss, questioning their ability to preserve

intact forests (Potapov et al., 2017). These results are not in accordance with Geldmann et al. (2014)

that found a decrease of human pressure in the categories Ib and III between 1990 and 2010. This can

be explained by an increase of loss in the 2010-2014 period observed in the category Ib for instance

(Figure S1). Our results bring, in any case, an increasing concern regarding the trend in the numerous

studied PAs Ia and II of South-East Asia. Although we did not explore the potential causes of forest

loss between the different IUCN categories, it has been shown that the efficiency of PAs to prevent

this loss is  related to  different  factors like  management planning,  spatial  isolation,  size,  seniority,

accounting for the distance to human activity and their accessibility (Joppa and Pfaff, 2009).

We  are  aware  that  our  analysis  does  not  differentiate  human-induced  forest  loss  from

environmentally-induced due to data limitations (Hansen et al., 2013), and the damage caused by pest

or fire for instance was not assessed. Therefore, our results should be taken with care and with special

consideration by practitioners. IUCN categories are established worldwide, but their implementation

within  the  countries  varies  quite  widely,  i.e.  while  Ia  and  Ib  are  established  to  have  no  human

interference, in practice that is not the case in many parts of the world. Thus, despite natural events

that might happen, we would expect a stable forest cover, as it is unlikely that such events would occur

persistently over time within a PA to explain the significant trend found in many of these areas. Also,

activities such as forest clearing can be needed to maintain the presence of open areas for conservation

management in other IUCN categories (Hansson and Fogelfors, 2000). We considered these events to

remain local,  occurring on a regular basis on targeted sites without being massively extended and

should, therefore, have a negligible impact on our results. 

Studying forest loss by comparing different IUCN categories is challenging, since the same

IUCN category (Dudley, 2008) can be managed differently between countries. By studying relatively

large and ancient protected sites, we would expect that they already fulfil their protection goals and

match the condition of their categorisation. Moreover, the IUCN categories do not reflect management

effectiveness, as they all have their own objectives. However, we would not expect all categories to

have the same level of forest loss, as they still reflect a relative importance of protection, related here

to the degree of naturalness (categories Ia and Ib being the most protected areas). Nonetheless, we

demonstrated that the highest levels of IUCN categories experienced a linear increase of forest loss

worldwide. 
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The fact that long term established PAs (pre-2000) with high protection levels experienced

forest  loss  can  be  explained  by  several  factors.  For  instance,  the  attribution  of  IUCN categories

became more selective with time, the exposure to pressures increased with human activities that get

closer to old protected sites, while newer PAs were implemented in more isolated places (Butchart et

al., 2012; Geldmann et al., 2014). The management of some of the studied sites should be rethought or

reinforced, in particular in the IPBES subregions that encountered noticeable loss in high categories

levels,  and  investigate  the  areas  where  no  distinction  in  forest  loss  occurred  between categories.

Overall, the sites that presented a forest loss increase should be considered with assiduity as they can

potentially require an improvement of their forest protection. We thus call for monitoring assessment

integrating all PAs to quantify their level of forest loss and changes, with results displayed on online

platforms such as web-services, which could be relevant for practitioners. We believe that this effort

can be done in the near future by projects already in place (e.g., Digital Observatory of Protected

Areas (Joint Research Centre of the European Commission, 2018), Global Forest Watch). Due to the

importance of safeguarding pristine forest ecosystems from increasing pressures they are subjected to,

we should ensure that the highest IUCN protected areas categories are efficient in their protection

commitment by focusing on the ones presenting deficiencies.
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SUPPLEMENTARY MATERIALS

Table S1. Representativeness of the study.

IUC

N
Nb of PAs studied

Total nb of forested PAs from WDPA

before 2000

% of forested PAs studied compared with

forested PAs from WDPA before 2000

Ia 1327 7050 19%
Ib 336 2036 17%
II 1053 3296 32%
III 1864 12701 15%
IV 6459 34451 19%
V 3435 32519 11%
VI 808 3008 27%

All 15282 95061 16%

Table S2. Forest cover in 2000 (km2) for each IUCN management category and per IPBES.

IPBES sub Ia Ib II III IV V VI All

Global 302742 15578 944350 59858 931970 246259 716167 3216925

Caribbean 84 - 3342 84 113 - 740 4363
Central Africa 530 7 18081 - 26680 - - 45298
Central and Western 
Europe

1528 600 2061 603 12043 12443 286 29559

Central Asia 4905 - 6423 - 15618 - - 26936
East Africa 1992 303 64615 3015 64002 977 46388 181293
Eastern Europe 174293 - 180705 10563 643772 4858 299220 1313412
Mesoamerica 398 13 9978 1960 6137 45 25842 44373
North Africa - - 1162 1 2 1 3 1169
North America 2212 4573 5614 558 1370 5238 1469 21034
North-East Asia 1635 766 25335 101 14883 24101 2092 68913
Oceania 181 390 3011 3176 121 1863 6 71920
South America 63037 - 388317 16994 23104 175456 281773 948680
South-Asia 688 2576 27834 - 43302 1024 7172 82696

South-East Asia 48431 32 99406 485 68225 8293 6682 231544

Southern Africa - 3473 81419 11 10199 409 43669 139180

West Africa - - 4501 3 1449 - 603 6555
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Table S3. For each IPBES subregion, model that considers the percentage of forest loss per protected area (PA)
using a generalized linear model with binomial distribution between IUCN management categories, and model
of the trend of loss per PA using linear model compared to Ia taking into account the amount of original forest.
To facilitate the lecture of the table, we just kept the intercept, the original forest and the significant values.

Percentage of loss per PA Trend of loss per PA

Parameter Estimate SE t p Estimate SE t p

Caribbean

Intercept category Ia -4.37 0.09 -47.23 2.91e-68 -0.05 0.04 -1.37 0.37

IUCN category II 1.51 0.39 3.92 1.67e-04 -

IUCN category III 2.37 0.51 4.60 1.29e-05 -

IUCN category IV - 0.10 0.05 2.21 0.03

Original forest 3.52 0.36 0.21 0.831 2.43 0.04 1.01 0.95

Central Africa

Intercept category Ia -7.85 0.14 -56.28 8.01e-20 0.13 0.10 1.43 0.36
IUCN category Ib 1.35 0.34 4.00 <0.001 -
IUCN category II 4.05 1.05 3.87 <0.001 -

IUCN category IV 4.05 0.89 4.54 3.37e-04 -

Original forest -17.65 2.99 -1.57 0.135 0.11 0.03 0.38 0.29

Central and 
Western EU

Intercept category Ia -4.41 0.17 -25.98 1.02e-138 -0.00 0.00 1.88 0.54

IUCN category III 0.68 0.24 2.84 <0.01 -
IUCN category IV 1.12 0.21 5.48 4.43e-08 -
IUCN category V 0.99 0.19 5.19 2.14e-07 -
IUCN category VI 1.13 0.54 2.08 0.04 -
Original forest -34.85 0.36 -0.54 0.59 -0.80 9.71 -0.08 <0.001

Central Asia
Intercept category Ia -4.55 0.33 -13.78 4.77e-23 -0.01 0.02 -0.32 0.71

IUCN category II -0.96 0.41 -2.34 0.02 -

Original forest -53.86 0.65 -1.68 0.09 -1.12 2.41 -0.46

East Africa

Intercept category Ia -3.65 0.70 -5.25 4.04e-07 0.15 0.05 3.33 <0.01
IUCN category II - -0.10 0.05 -2.14 0.03
IUCN category III - -0.12 0.06 -2.04 0.04
Original forest -1.32 0.59 -1.27 0.21 -0.09 0.16 -0.54 0.99

Eastern EU

Intercept category Ia -3.75 0.33 -11.42 2.05e-29 -0.02 0.01 -3.14 <0.01

IUCN category II 0.91 0.40 2.28 0.02 -
IUCN category IV 0.67 0.31 2.13 0.03 -
Original forest 2.30 0.51 2.35 0.22 0.16 0.06 5.29 <0.001

Mesoamerica

Intercept category Ia -5.92 0.41 -14.32 3.93e-33 0.02 0.04 0.54 0.76
IUCN category Ib 4.57 0.41 11.05 8.57e-23 -
IUCN category III 3.58 0.56 6.37 1.11e-09 -

IUCN category IV 2.69 0.52 5.23 4.01e-07 -
IUCN category V 3.54 0.63 5.62 5.82e-08 -
IUCN category VI 3.33 0.57 5.82 2.09e-08 -
Original forest 4.62 0.62 1.24 0.22 -0.04 0.33 1.66 0.76

North Africa

Intercept category II -2.82 0.80 -3.54 0.02 -0.04 0.06 -0.74 0.84

IUCN category III 16.02 1.28 12.53 2.33e-04 -
IUCN category IV 0.87 0.80 1.09 2.33e-04 -

IUCN category V 16.02 1.28 12.53 2.33e-04 -

Original forest 10.50 0.80 0.15 0.89 0.11 12.05 1.22 0.84

North America

Intercept category Ia -3.63 0.52 -6.99 3.82e-12 0.01 0.01 1.43 0.48

IUCN category Ib - -0.02 0.01 -2.11 0.03
IUCN category IV -0.03 0.01 - 2.28 0.02
IUCN category VI - -0.04 0.01 -2.78 0.01

Original forest -79.20 1.61 -2.05 0.04 -0.35 1.78 0.94 0.32

North-East Asia

Intercept category Ia -3.62 0.36 -10.07 2.74e-23 0.01 0.02 0.56 0.77

IUCN category Ib 1.32 0.41 3.25 <0.01 -
IUCN category IV -0.65 0.32 -2.03 0.04 -
IUCN category V -0.76 0.25 -3.09 <0.01 -

IUCN category VI -1.09 0.61 -1.99 0.04 -

Original forest -2.74 1.61 -0.07 0.95 -0.35 1.19 -0.30 0.33
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Oceania

Intercept category Ia -2.45 0.66 -3.70 2.26e-04 0.01 0.04 1.84 0.06

IUCN category Ib -3.01 0.69 -4.36 1.39e-05 -
IUCN category II -3.18 0.72 -4.44 9.57e-06 -

IUCN category III -2.90 0.71 -4.09 4.55e-05 0.03 0.01 5.02 0.46
IUCN category V -3.46 0.68 -5.10 3.81e-07 0.06 0.01 4.71 <0.001

Original forest 0.60 0.30 0.46 0.65 0.64 0.38 1.68 <0.001

South America

Intercept category Ia -4.44 0.45 -9.94 3.97e-22 0.03 0.01 3.68 0.01

IUCN category II - -0.03 0.01 -2.05 0.04
IUCN category III -0.05 0.02 -2.37 0.02
IUCN category V 1.89 0.48 4.02 6.32e-05 -0.04 0.01 -3.18 <0.01
IUCN category VI 0.95 0.67 2.00 0.04 -
Original forest -2.98 0.63 -4.72 2.81e-06 0.11 0.04 2.82 0.45

South Asia

Intercept category Ia -5.88 0.21 -28.16 6.86e-107 0.02 0.04 0.10 0.92

IUCN category Ib 2.37 0.25 9.36 2.29e-19 -
IUCN category II 1.59 0.29 5.52 5.32e-08 -
IUCN category IV 1.99 0.26 7.72 5.82e-14 -
IUCN category VI 1.13 0.25 4.45 1.05e-05 -
Original forest -47.47 0.44 -4.57 6.16e-06 0.84 0.81 1.82 0.07

South-East Asia

Intercept category Ia -3.97 0.16 -24.89 1.62e-91 0.01 0.01 1.74 <0.01

IUCN category Ib -1.90 0.18 -10.68 2.78e-24 -

IUCN category II 0.61 0.28 2.16 0.03 0.04 0.01 2.85 <0.01

IUCN category III 1.14 0.54 2.11 0.04 -0.00 0.03 -0.28 0.06

IUCN category IV 1.84 0.32 5.78 1.24e-08 -
IUCN category V 0.87 0.36 2.43 0.02 -

IUCN category VI 1.26 0.28 4.46 9.89e-06 -

Original forest -6.04 0.66 -3.11 1.96e-03 0.40 0.17 2.44 0.01

Southern Africa

Intercept category Ib -2.50 0.44 -5.65 1.12e-07 0.00 0.05 0.16 0.84

IUCN category III -1.00 0.44 -2.27 0.03 -

IUCN category VI -1.14 0.49 -2.33 0.02 -
Original forest -4.25 0.39 -2.99 <0.01 0.42 0.29 1.45 <0.001

West Africa Intercept category II 0.59 0.83 0.71 0.48      0.03 0.03 0.79 0.32

IUCN category III -4.40 0.83 -5.32 3.69e-06 -
IUCN category IV -2.43 1.12 -3.16 <0.01 -

Original forest -319.64 1.57 -5.50 2.07e-06 -0.31 4.27 -0.07 0.35

Figure S1. Total of forest loss (cell number) from 2001 to 2014 globally and per IUCN 
category.
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ABSTRACT 

Wetlands  are  known  to  support  diverse  and  unique  species  assemblages.  Globally,  but

particularly in the Mediterranean basin, they are threatened by climate change and natural habitat loss.

Despite  an  alarming  decline  of  wetlands  over  the  last  century,  standardized  and  systematic  site

assessments at large scale do not exist. In this context, the identification and use of essential variables

(EVs)  to  monitor  pressures  and  biodiversity  can  become  a  critical  asset  for  increasing  our

understanding and informing decision makers. Here, we identified EVs associated with wetlands to

assess the exposure of Mediterranean wetlands and biodiversity to climate and land cover change

under different protection covers. Wetlands sites in the southeast of the Mediterranean basin combined

low or no protection cover with the highest increases in temperature and losses in natural habitats.

Unprotected sites were less well covered by bird observation data. To allow for trend assessments,

biodiversity data coverage needs to be ensured across sites regardless of their protection level. Field

observations can be complemented with remote-sensing variables identified here as EVs, and should

be both regularly updated and extended to further wetland areas.

MAIN STUDY

Mediterranean wetlands are of major concern, experiencing an estimated 50% loss over the

last century1,2. At the same time, the Mediterranean basin is recognized as both a biodiversity and a

climate change hotspot3,4. Although currently still hosting a wide variety of endangered species, the

basin is expected to experience dramatic changes in the coming decades5–7. Climate change has already

increased mean temperatures by 1.3°C in the region since the preindustrial period5, and has also led to

a rise in the frequency of severe drought events8. In addition, the increase in land cover change and

land use intensity over the last 50 years is  further deteriorating wetlands 9,  with future projections

predicting a rise in population density and a further loss of natural areas10. These dynamics have severe

implications for wetlands, among which a significant decline in avian species as well as consequences

for human well-being at both local and regional scales11–13.

In  the  last  decades,  policymakers  have  reacted  by  implementing  policy  instruments  (e.g.,

National conservation strategies, European Directives, Bern or Ramsar conventions), and increasing

the extent of protected areas at national and international level. The evaluation and enforcement of

these  instruments  at  the  national  and,  particularly,  international  level  relies  on  large-scale

assessments14. Regular reporting on the state and trends of ecosystems, biodiversity, and their drivers

not only improves the understanding of the underlying processes but also facilitates informed decision

making15. 
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Protected  areas  are  one  of  the  main  sources  of  in  situ  biodiversity  and  ecosystem  function

information16. Like elsewhere in the world, in the Mediterranean data are mostly scattered and without

regional  coherence  across  borders15.  Although  Mediterranean  wetlands  assessment  is  done  at  a

regional  and national  scale2,  site-based approaches (e.g.  habitat  delineation or protected areas)  for

reporting wetlands states are lacking.  The recent  development of essential variables17 -  defined as

variables that allow quantification of the rate and direction of change over time and across space 18 -

allows for large scale assessments in different contexts such as informing about the ocean biodiversity

and ecosystem changes19, analysing policy objectives20, as well as reporting and developing species

monitoring programs21. Essential variables can also be used to identify large-scale indicators available

at  high  resolution  allowing  for  site-specific  assessment.  Their  identification  can  allow  the

harmonisation  of  monitoring  efforts  across  sites,  coordination  facilitation  and  data  collection

prioritisation, which in turn benefits decision making 22.

Here, we tested an essential variables approach to assess the effects of climate and land cover

change on waterbird species diversity and natural wetland habitats between 1990 and 2005 in the

Mediterranean basin. These variables were selected according to the availability of data for matching

periods.  We  selected  236  Mediterranean  wetland  sites  in  coastal  watersheds  that  drain  into  the

Mediterranean sea from the Mediterranean Wetlands Observatory database2 used for LULC (Land

Use/Land  Cover)  (Figure  1).  We  used  two  climatic  essential  variables,  i.e.,  temperature  and

precipitation, to represent climatic extremes and variability, including the mean, maximum, minimum,

and seasonality23 averaged from 1986 to 1995,  and from 2001 to 2010.  We tested the use of the

essential biodiversity variables “habitat extent” to assess the land cover change (i.e. agricultural land,

artificial wetlands, natural wetlands, urban and sea areas), and waterbird “species abundance” to assess

wetland related biodiversity.  From the  species  abundance  on each site,  we  calculated community

composition (alpha diversity) and temporal variation (beta diversity) averaged from 1991 to 1995 and

from 2006 to 2010 for 158 waterbird species24, representing the years 1990 and 2005 respectively. As

all 236 sites did not benefit from a regular monitoring of waterbirds, only a subset could be used in the

analyses  of  biodiversity  change  (n=111).  Most  of  the  sites  with  missing  biodiversity  information

(55%) correspond to non-protected wetlands (for further details  on site and variable selection see

Table S1 and Methods). 

We used a Partial Triadic Analysis25 to perform a site-specific assessment taking into account

changes  in  climate  and  land  cover.  This  multivariate  method  allows  the  temporal  and  spatial

characterization of the variation of different variables (e.g., mean temperature, habitat extent) as well

as the temporal change of each site. To account for changes, we extracted Euclidean distances between

1990 and 2005 to obtain a “vector of change” (VoC) for each variable and each site across the first

three axes of the dimensional space. Climate and land cover change were assessed with VoCs using
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either the eight climatic variables or the four land cover variables related to pressure, excluding the

extent of 

Figure 1. A) Proportion of natural wetland habitats change per site in 2005 compared with 1990 along the mean
temperature and mean precipitation change gradients. The bubble size represents the percentage of change (PoC)
of the natural wetland habitats within each wetland site. The outlines represent the direction of change of the
natural wetland habitats extent: bold outlines show a positive change (gain), light outlines a negative change
(loss), and the smallest bubbles with no outlines indicate no change, B) geographical layout of natural wetland
change,  C)  Beta-Sorensen  values  per  site  between  1990  and  2005  along  the  mean  temperature  and  mean
precipitation change gradients. The bubble size represents the beta-Sorensen values (from 0 to 1) within each
wetland site, D) geographical layout of the beta-Sorensen values. The colors represent the protection status of the
sites such as red = no protection status ([0] in barplot), yellow = low protection coverage (]0-50] in barplot), blue
= high  protection  coverage  (]50-100]  in  barplot),  and  grey  = sites  without  species  data  available,  and  the
associated number of sites on the barplots that are present within medians delimitations (dashed lines).

natural wetland habitats considered here as a dependent variable. We identified the factors that can

affect natural wetland habitats loss or water birds diversity by the use of generalised linear modelsand

beta-regression. We finally assessed if most of the changes occurred predominantly in unprotected or

protected sites using a Kruskal-Wallis test combined with Conover post-hoc test.

We classified each wetland site according to the protection coverage, relative to the surface

area of a site considered under a protection programme or convention such as Natura 2000, National
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Park or  Ramsar  (i.e.,  "high protection coverage" [>50% of  the total  surface area  of a site],  "low

protection coverage" [≤50%], and "no protection coverage" [0%]; for further details see Methods). Of

the 236 studied sites, 119 (50%) have a relatively high area with a protection status while for 78 (33%)

no protection of a surface area was reported. Most of the wetlands with high protection coverage are

located in Southern Europe, while sites in the Maghreb or Near East regions of the Mediterranean

predominantly have low or no protection coverage (Figure 1).

Within the 15 years  analysed,  the  area of  natural  wetland habitats  declined by 5% in the

studied sites (Figure 1B). Wetlands sites were directly impacted by the overall increase of land-cover

change  (VoC)  mainly  driven  by  agriculture  and  urbanisation  (Figure  2A),  while  natural  wetland

habitats were mostly replaced by agricultural areas (2.6%), artificial wetlands (2.1%) and urban areas

(0.3%) (Table S2). Wetland sites with high protection coverage were significantly less affected by

natural wetland habitats loss than sites with low or no protection coverage (Kruskal-Wallis, Χ²=11.76,

df=2, p < 0.01, Table S5). In a few sites, an increase in natural wetland habitats was detected mainly

due to restoration actions (e.g., Caracoles Estate in Doñana26). 

Figure 2. Partial Triadic Analysis to assess the change occurring among land cover variables in 1990 and 2005.

As  land  cover  variables,  we  considered  agricultural,  artificial  wetland  habitats,  urban  and  sea  areas.  The
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importance order of the vector of change (VoC, with high value for high land cover change) of each variable

between 1990 and 2005 is represented in (a). The other top panels represent each site along the land cover VoC

gradient with bubble size accounting for (b) natural wetland percentage of change (PoC) and (c) beta-Sorensen

metric. The lower panel d) shows the spatial distribution of wetland sites experiencing a greater or lesser degree

of land cover change as represented by the bubble size (climate VoC). The protection coverage is represented by

a color code.

When comparing patterns in changes in mean temperature and precipitation between 1990 and 2005

(Figure 1), our results showed that 50% of the studied wetlands experienced a temperature increase

above  0.6°C  reaching  a  maximum  of  1.1°C,  and  70.6%  of  the  sites  experienced  a  decrease  in

precipitation (Figure  1A).  Warming occurred mainly in the southeast  of  the Mediterranean where

simultaneously most of the unprotected sites are located (Figure 1 and S1). Our results also indicate a

decrease in precipitation in the southeast through the years (Figure 1) which is consistent with an

increase in drought events and reduction of water availability in this area, as detected by other studies 8.

Even  though  mean  temperature  and  precipitation  are  commonly  used  as  reference  variables  to

establish climate targets in policy conventions, these only cover part of the climatic complexity and

variance (e.g., variabilities in climatic extremes). However, small changes in some climate variables

can have significant impacts,  depending on the sensitivity of the ecosystem. For instance, a small

increase in the number of sea intrusions can severely alter the long-term salinity of coastal wetland

systems27.  Our analysis shows that  among a  larger  set  of  climate variables,  the overall  impact  of

climate change (VoC) on the selected wetlands was mostly determined by changes in the different

dimensions of temperature (i.e., minimum, maximum, and seasonality; Figure 3A).

Regarding  the  waterbirds  species,  neither  Sorensen  beta-diversity  nor  Simpson  diversity

showed a significant response to the climate or land-cover change at site level (Figure 3B, Table S4),

with  the  exception  of  a  significant  decrease  in  species  turnover  with  increasing  maximum

temperatures.  Even  though  the  spatial  pattern  of  species  diversity  and  turnover  was  relatively

homogeneous  (Figure  3D,  Figure  S2),  species  turn-over  was  higher  for  sites  benefitting  from

protection coverage (Kruskal-Wallis, χ2=10.88,  d.f.=2,  p=0.00, two-tailed, Table S5). This could be

linked to the recovery of depleted populations14  that could also mask the impact of climate and land-

cover change. The low number of significant impact can be partially explained by the fact that there is

a substantial geographical bias in the distribution of waterbird monitoring programmes towards areas

with higher protection coverage, with none of them located in the Near East where a signal for high

species turnover occurred (Figure 1D and S4). Furthermore, a reduction of natural wetland habitats

does not imply a reduction of available water surface, because the construction of dams and reservoirs

can result in an increase of artificial wetland habitats,  as was the case in the Mediterranean basin

between 1984 and 20152,27.  Artificial water bodies can partly replace natural water bodies in the total

available habitat  for  waterbirds,  dampening the noticeable impact  of  natural  habitat  loss  on these
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species. These data constraints limited our analysis in comparison with previous studies that found an

accelerating loss of the Eastern Mediterranean birds population11.

Figure 3. Partial Triadic Analysis to assess the change occurring among climate variables in 1990 and 2005. As
climate  variables,  we  considered  annual  temperature  and  precipitation  mean,  temperature  and  precipitation
seasonality,  maximum  temperature  of  the  warmest  month,  minimum  temperature  of  the  coldest  month,
precipitation of the driest and of the wettest month. A) The importance order of the vector of change (VoC, with
high value for high climate change) of each variable between 1990 and 2005. The other top panels represent each
site along the climate VoC gradient with bubble size accounting for (B) natural wetland percentage of change
(PoC)  and  (C)  beta-Sorensen  metric.  The  lower  panel  d)  shows  the  spatial  distribution  of  wetland  sites
experiencing a greater or lesser extent of climate change as represented by the bubble size (climate VoC). The
protection coverage is represented by a color code.

Waterbird counts  are  unevenly distributed in  the  basin and with regards  to  protected and

unprotected sites. Found results could be further improved by a better repartitioning of protected and

unprotected sites. The Mediterranean Waterbird Network, which assists in the implementation of the

Ramsar Convention and the African-Eurasian Waterbird Agreement in the Mediterranean region, has

already taken this to heart, and is currently strengthening waterbird monitoring in North Africa29. Also,

integrating  data  on  other  species  groups  (e.g.,  endemic  amphibians  and  fishes)  that  are  more

vulnerable to the degradation of wetland habitats than waterbirds, or use of distinct habitat features

(e.g. temporary ponds or water courses), would add relevant information on wetlands’ ecosystems

states9. Moreover, at a local level, wetlands depend on complex hydrological cycles that go beyond
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site boundaries, partly determined by underground water and stream networks. Therefore, a site-based

approach can reach limitations without the consideration of a buffer zone that integrates areas of major

importance for the studied system (e.g. watersheds). Some specific variables outside the wetland sites

should  be  monitored  for  their  potential  impact  on the  water  system (e.g.  distance  to  settlements,

number of dams, population density, agricultural areas...).

Here,  the  use  of  an  essential  variables  approach  in  a  regional  assessment  of  wetlands

demonstrated  the  mismatch  between  hotspots  of  climate  change,  land-use  change  and  habitat

protection  coverage  within  the  Mediterranean  basin.  This  approach,  coupled  with  multivariate

techniques, provides a framework for identifying biases in monitoring efforts and can inform strategic

decision-making. The use of the essential biodiversity variables “habitat extent” with specific surface

areas  as  indicators  and  climate  variables  “precipitation”  and  “temperature”  with  specific  related

variables (Table S6), allowed us to assess the exposure of sites to land cover and climate change. The

essential variables approach did not allow us to establish real causality of the changes perceived, as the

studied drivers are only part of a wide range of aspects of global change. Facilitating better decision-

making  for  the  conservation  of  wetlands  relies  on  evidence  of  exposure  to  pressure  as  well  as

understanding  the  associated  causality  links.  Therefore,  the  essential  variables  approach proves  a

valuable  tool  to  provide  the  first  parts  of  the  puzzle,  but  it  lacks  information  for  concrete

recommendations.  

Nevertheless, these variables do provide a starting point to put all sites into a regional context

that can inform local decision-makers on their state and trends, emphasising the sites where actions for

climate  change  mitigation29,30 or  potential  protection  are  required.  Wetland  sites  with  important

conservation values face a number of barriers that hamper their ability to achieve their conservation

goals, such as limited means, capacity and political priority31,32. The use of globally widely available

data such as remote sensing data, could be part of the solution to at least provide information of some

relevant variables at play for wetland conservation. 

METHODS

We considered 236 wetland sites located within a region defined by the limits of  coastal

watersheds  that  drain  into  the  Mediterranean  Sea.  The  wetland  sites  compilation  involved  the

collection of data through different channels, such as the Mediterranean Wetland Outlook (MWO) that

identified wetland sites from the north of the Mediterranean Sea, mainly based on national, European

and global databases on protected areas, as well as the national Ramsar authorities that referenced the

Maghreb and the Near-East  sites.  All  land-cover  and climate data  were clipped from those site’s

delimitation.
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Essential Variables definition and approach. An Essential Variable (EV) is a variable or a

group of linked variables that either (in the case of Essential Biodiversity Variable, EBV) (1) allows

quantification of the rate and direction of change in one aspect of the state of biodiversity17,33, or (for

Essential  Climatic Variable,  ECV) that  (2)  critically  contributes  to the  characterization of  Earth’s

climate  33.  EVs can be used to frame the variables in a  global  context,  setting global  monitoring

prioritisation, harmonisation and standardisation to avoid methodological dispersion34. 

Following an Essential Biodiversity Variable framework (EBV), Turak et al, (2017)22 identified 22

priority activities for freshwater biodiversity conservation to be tackled by 2020 to allow its global

mapping. In our study, we put those recommendations into practice by testing different variables as

potential essential variables for wetland monitoring. We used harmonised and standardised site-based

data (species, climatic and habitat-extent) at high spatial resolution across the Mediterranean. 

We identified 15 primary variables that describe climatic, land cover, and bird species patterns closely

related to wetlands ecosystem structure. Those variables were partitioned into four EV classes (i.e.

Population  abundance,  ecosystem structure,  temperature,  precipitation33,34,  Table  S7),  and  used  to

produce secondary variables (e.g. percentage of wetland change, or percentage of wetland converted in

another land-cover type). The primary variables were selected according to their availability and their

accordance with common criteria:  i)  cover  the  wetlands sites  uniformly,  ii)  overlap in  time – all

variables were representative of two periods (1990 and 2005), and iii) have high spatial resolution

capable of describing local processes. 

The climate variables were downloaded from CHELSA (Karger et al. 2017) such as monthly

mean, maximum and minimum temperature (°C) from which four variables were derived: 1) annual

temperature  mean  (Tmean),  2)  temperature  seasonality  (Tseas),  3)  maximum  temperature  of  the

warmest  month  (Tmax),  4)  minimum  temperature  of  the  coldest  month  (Tmin),  and  monthly

precipitation (mm) data from which another four variables were processed: 1) annual precipitation

(Pmean), 2) precipitation of the wettest month (Pwet), 3) precipitation of the driest month (Pdry), and

4) precipitation seasonality (Pseas). We computed yearly climatic variables using monthly data from

1986 to  1995 as  a  representation  of  1990’s  climate,  and  from 2001 to 2010 to represent  2005’s

climate. We also transformed each climatic and land cover variable to produce secondary variables

that account for changes. Concerning the climate variables, we performed a simple subtraction of their

values at 2005 and 1990 such as: variable diff = data2005 - data1990. We then obtained the difference

in mean temperature (Tmean diff) and precipitation (Pmean diff),  in temperature and precipitation

seasonality (Tseas diff and Pseas diff),  in maximum and minimum temperature of the hottest  and

coldest month (Tmax diff and Tmin diff) as well as in precipitation of the driest and wettest month

(Pdry diff and Pwet diff). 

In this study, we interpreted the Essential Biodiversity Variable (EBV) “habitat extent” as the

surface area of six different land cover types within each wetland site: natural  wetlands, artificial
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wetlands, urban areas, agricultural lands, natural wetlands and sea (Land-Use Land-Cover data LULC,

as defined by the Ramsar Convention, Table S1). We then transformed the initial km2 unit of the land

cover categories in percentage of cover per site (further used for the Partial Triadic Analysis), and in

percentage  of  change  (PoC)  per  site  via  the  following  equation:  variable  PoC  =  (data2005  -

data1990)/data1990. We considered the percentage of change of natural wetlands representative of the

wetland state. 

For the bird species data (wintering waterbirds only), two variables were produced for each

site:  Simpson  diversity  (alpha  diversity)  and  Sorensen  beta  diversity.  Both  fit  the  population

abundance EBV35. The population abundance was obtained from regular surveys occurring between

1991 and 2010. We represented the 1990 period by averaging the data from 1991 to 1995, and the

2005 period by averaging from 2006 to 2010. Each period (represented from 1990 and 2005) has a

slightly different number of sites surveyed (130 and 178 respectively). Therefore, we used only the

sites where both dates were sampled resulting in 111 sites. In this study, we presented the results from

beta-Sorensen to measure the change in community species composition (beta diversity) and Simpson

diversity to measure the change in populations (alpha diversity) to explain the species response to

changes. We assumed both climate and land cover changes increase beta diversity,  by inducing a

species turnover and favoured the incoming of new species, respectively. By evaluating the trend in

alpha diversity, we measured if the change in beta diversity is related to an increase or a decrease in

waterbird populations.

Data processing. The wetlands sites considered as ‘protected’ presented the following labels:

Biotope Protection Order, Forest Reserve, Hunting Reserve, Land acquired by a regional conservatory

of  natural  areas,  land  acquired  by  Natural  Seaside  and  Lakeside  Conservatory,  Marine  Protected

Areas, Natura 2000, National Park, Nature Monument, Nature Park, Nature Reserve, protected area of

Mediterranean Importance, Protected Landscape, Ramsar, Regional Park, Special Reserve, Waterfowl

Hunting Bloc, Wildlife Refuge, World Heritage Site. International labels like Important Birds Areas

(IBA) that are not part of a convention and do not impose any legal constraint were not considered as a

form of protection per se if no any other kind of protection overlapped. As labels often overlapped

within a site without any clear management objective defined, we considered the total percentage of

protection cover per site to implement a protection grade. We considered the percentage of protection

covered per site above and below 50 percent and without protection as three protection levels: highly

protected, low protection level and not protected. The protected areas were designated from 1934 to

2016. Not all protected areas had information about their year of designation (n= 103, 44% of sites).

For LULC derived variables, we used data from 236 wetlands sites monitored in 1990 and

2005 at 30 meters of spatial resolution and with a Minimum Mapping Unit (MMU) = 1ha (see the

“Essential Variables selection” section for more details). The used LULC database for the southern
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and  eastern  countries  of  the  Mediterranean  basin  was  developed  in  the  framework  of  the

GlobWetland-II project (GW-II 2010-2014, funded by the European Space Agency) and completed by

the Mediterranean Wetlands Observatory (Tour du Valat) for the northern shore. All LULC (for 1990

and 2005) were derived from Landsat time series (see 36 for methods). The LULC classes were defined

using a hybrid nomenclature that combines both CORINE Land Cover (CLC) and Ramsar definitions

(see S1). 

Out of the 305 sites covered by the GW-II/MWO database, 164 were also monitored for mid-

winter waterbird populations between 1991 and 2010 following a specific guideline 24. 

Concerning climate data, all following calculations were done following Karger et al., 2017

methodology23. To process the annual mean temperature (Tmean) we used the monthly average of the

mean temperature across the studied period (from 1986 to 1995, and from 2001 to 2010). We extracted

the monthly mean value of each cell using ArcGIS (spatial analyst tool, Cell Statistic by Mean). To get

the  maximum or  minimum temperature  of  the  warmest  or  coldest  month  (Tmax and Tmin),  we

processed the monthly average of the mean, maximum or minimum temperature across the studied

period (from 1986 to 1995, and from 2001 to 2010). Like previously, we used the Spatial Analyst tool

on ArcGIS (Cell Statistic by Maximum or Minimum) to extract the monthly maximum or minimum

value of each cell. Regarding the temperature seasonality (Tseas), we used monthly temperature mean

available  from  CHELSA  by  applying  the  standard  deviation:  sd(monthly  temperature)*100  (see

available code). The annual precipitation (Pmean) was obtained by calculating the sum of the monthly

averages of the precipitation across the studied period (from 1986 to 1995, and from 2001 to 2010)

using the Spatial Analyst tool on ArcGIS (Cell Statistic by Sum). The precipitation of the driest or

wettest  months  (Pdry  and  Pwet)  was  determined  using  the  monthly  average  of  the  minimum

precipitation across the studied period (from 1986 to 1995, and from 2001 to 2010). To extract the

monthly maximum (wettest month) or minimum (driest month) value of each cell, we used the Spatial

Analyst  tool  on  ArcGIS  (Cell  Statistic  by  Maximum  or  Minimum).  Finally,  the  precipitation

seasonality (Pseas) was obtained by computing the coefficient of variation [sd(monthly precipitation,

e.g.  from 1986 to 1995) /  (1  + mean(monthly precipitation,  e.g.  from 1986 to 1995))]  *100 (see

available code). 

Statistical  analysis.  To quantify the  importance of  changes for  the  studied  variables  and

wetland sites between 1990 and 2005, we used a Partial Triadic Analysis (PTA)25 considering the first

three axes. PTA is a multivariate technique similar to a Principal Component Analysis (PCA) that

integrates three dimensions such as variables, sites (as PCA), and time. It is thus possible to extract the

changes that occurred between 1990 and 2005 within each site using Euclidean distances to take into

account the simultaneous effects of several variables – what we define here as the ‘vector of change’

(VoC), but also to obtain the changes that occurred for each variable alone between these two dates.
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This last point allows us to assess which variables are changing the most within the Mediterranean

basin in comparison to the overall variables. We also made a site characterisation of the wetlands

using the compromise between 1990 and 2005 (Figure S2). We implemented the PTA analysis on the

climatic and the land-cover variables. We used the four temperature (Tmean, Tmax, Tmin, Tseas) and

the four precipitation variables (Pmean, Pdry, Pwet, Pseas) in 1990 and 2005 to assess the overall

climate  change,  as  well  as  the  four  land  cover  variables  that  can  affect  natural  wetlands  change

(percentage of agricultural land, artificial wetland, urban area, and sea covering each site in 1990 and

2005) to report the overall  land cover change. We also assessed the conversion of the land-cover

extent  between  the  two  years  by  using the  Remote  Sensing  Software  “GEOclassifier”  (see

https://www.swos-service.eu/documents_mapping-software/)  to produce a conversion matrix (Table

S2).

To account for the difference between the different protection coverage levels (no, low and

high coverage) among all climate variables change, land cover variables PoC, climate and land cover

VoC,  natural  wetland loss,  beta-Sorensen as well  as  Simpson diversity,  we performed a Kruskal-

Wallis test followed by a Conover post-hoc test37. Different models were used to report the effect of

every climate variable’s change (e.g. Tmean diff), land cover variables PoC (e.g. Tmean PoC), and

climate and land cover VoC on natural wetland loss, beta-Sorensen or Simpson diversity. Considering

natural wetland habitats loss only, we selected all negative values of the initial natural wetland habitats

percentage of change (discarding 36 sites out of the 236, among which 31 did not experience any

change) divided by minus a hundred to produce normalised values between 0 and 1.  We fitted a

generalised linear model with binomial distribution to the data. The residuals from the beta-Sorensen

metric followed a negative beta-distribution with ]0;1[ values that we fitted with a beta-regression

model (logit link), while the ones from the Simpson diversity metric followed a Gaussian distribution,

and were then fitted using a linear model.

Multivariate  and  statistical  analyses  were  performed  using  R38 with  ade4  and  betareg

packages. The developed methodology can be applied to any ecosystems to assess the overall changes

at  diverse  scales,  regions  and  cases  of  study.  In  this  regards  all  code  is  freely  available  at:

https://github.com/RoxanneLeb/Mediterranean_wetland .

Study  limitations. The  low number  of  unprotected  sites  within  the  Europeans  countries

compared to the southern Mediterranean is due to different data providers. Indeed, the MWO reports

mainly European protected sites while Ramsar authorities report many unprotected ones, including

well-known  wetlands  (the  number  of  protected  areas  is  relatively  low  in  many  of  the  southern

Mediterranean countries).  In addition, we did not distinguish between types of protection label since

we did not have sufficient information about the different management restrictions at the regional level

(Table  S7),  nor  enough human resources  available  to  make strong statements  about  management
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types. To provide a complete assessment on the effectiveness of management actions, the definition,

resources and goals of each protection status should be sharpened for future studies.

Concerning the use of EBVs at the Mediterranean scale, only wintering waterbirds data was

available in a standardized monitoring framework whereas other species, notably endemic amphibians

and fishes that might be even more impacted by climate and land cover changes in wetlands were not

assessed9. Nevertheless, birds are one of the most studied groups, often used as ecological indicators.

However,  despite  waterbirds  being  spread  across  a  wide  range  of  trophic  levels  and  habitat

characteristics,  they  are  mainly  migratory  species,  breeding  outside  the  Mediterranean.  Thus,  the

impact of climate and land use change can be relative as birds are not here all the year. Moreover,

waterbirds are probably not  reflecting all  the consequences of the environmental changes on fish,

reptiles or invertebrate species. For example, dam creation could increase deep water bird populations,

but could also collapse migratory fish and shallow water invertebrate populations.

Wetland areas are affected by a wide range of pressures and data requirements that go beyond

any  given  essential  variable  group  (e.g.  biodiversity,  climate,  ocean,  etc.).  Data  availability  or

resolution did not allow us to include data on specific pressures that go beyond the current study (i.e.

water availability, water use, water quality, infrastructure construction (dams), population density). In

this sense, much of the information mentioned by Turak et al, (2017)22 is still needed to achieve a most

comprehensive  assessment.  This  also  includes  information  not  only  about  the  wetland  sites

themselves, but about the upstream system that regulates many of the local ecological functions and

interactions. Their identification could be used to launch or orient systematic monitoring programs to

identify wetlands degradation and their conservation threats.

ACKNOWLEDGMENTS

CG and IG were funded by ECOPOTENTIAL, a project funded by the European Union’s

Horizon 2020 research and innovation programme, under grant agreement no. 641762. AG was funded

by the SWOS project Horizon 2020 research and innovation programme, under grant agreement no.

642088.  EG and TG were  funded by  Foundation  Tour  du  Valat,  Foundation  Prince  Albert  II  of

Monaco,  Foundation  Total,  the  French  Ministry  of  “Transition  écologique  et  solidaire”  and  EG

received additional funds from the MNHN 227 doctoral school". We would like to acknowledge the

work  of  the  thousands  of  volunteers  and  professionals  involved  in  waterbird  counts,  national

coordinators from the countries included in the study,  and the Mediterranean Waterbird Network:

Wetlands International,  Tour du Valat,  the French National  Office  for Hunting and Wildlife,  and

national  IWC  North  African  coordinators  GREPOM/BirdLife  Morocco,  Directrion  Générale  des

85



Forêts (Algeria), AAO/BirdLife Tunisia, Libyan Society for Birds and the Egyptian Environmental

Affairs agency, as well as Anne Mimet for her valuable advice for the statistical analysis.

REFERENCES

1. Perennou, C., Beltrame, C., Guelmami, A., Tomas Vives, P. & Caessteker, P. Existing areas and past
changes of wetland extent in the Mediterranean region: an overview. ecologia mediterranea 38, (2012).
2. Geijzendorffer, I. R. et al. Mediterranean Wetland Outlook 2: Solutions for sustainable Mediterranean
Wetlands. (2018).
3. Giorgi, F. Climate change hot-spots. Geophys. Res. Lett. 33, L08707 (2006).
4. Myers,  N.,  Mittermeier,  R.  A.,  Mittermeier,  C.  G.,  Fonseca,  G.  A.  B.  da  & Kent,  J.  Biodiversity
hotspots for conservation priorities. Nature 403, 853–858 (2000).
5. Guiot, J. & Cramer, W. Climate change: The 2015 Paris Agreement thresholds and Mediterranean basin
ecosystems. Science 354, 465–468 (2016).
6. García-Ruiz, J. M., López-Moreno, J. I., Vicente-Serrano, S. M., Lasanta–Martínez, T. & Beguería, S.
Mediterranean water resources in a global change scenario. Earth-Science Reviews 105, 121–139 (2011).
7. Klausmeyer, K. R. & Shaw, M. R. Climate Change, Habitat Loss, Protected Areas and the Climate
Adaptation Potential of Species in Mediterranean Ecosystems Worldwide. PLOS ONE 4, e6392 (2009).
8. Mariotti,  A.  et al. Mediterranean water  cycle changes:  transition to drier 21st century conditions in
observations and CMIP3 simulations. Environ. Res. Lett. 3, 044001 (2008).
9. Cuttelod, A., Garcia, N., Malak, D. A., Temple, H. J. & Katariya, V. The Mediterranean: a biodiversity
hotspot under threat. 89–101 (J.-C. Vié, C. Hilton-Taylor, S.N. Stuart (Eds.), Wildlife in a Changing World: An
Analysis of the 2008 IUCN Red List of Threatened Species, IUCN, 2009).
10. Bradshaw, C. J. A. & Brook, B. W. Human population reduction is not a quick fix for environmental
problems. PNAS 111, 16610–16615 (2014).
11. Galewski,  T.  et al. Long-term trends in the abundance of Mediterranean wetland vertebrates:  From
global recovery to localized declines. Biological Conservation 144, 1392–1399 (2011).
12. Amano,  T.  et  al. Successful  conservation  of  global  waterbird  populations  depends  on  effective
governance. Nature 553, 199–202 (2018).
13. Schröter, D.  et al. Ecosystem Service Supply and Vulnerability to Global Change in Europe.  Science
(2005). doi:10.1126/science.1115233
14. Gardner, R. C.  et al. State of the World’s Wetlands and Their Services to People: A Compilation of
Recent Analyses. (Social Science Research Network, 2015).
15. Kark,  S.,  Levin,  N.,  Grantham,  H.  S.  &  Possingham,  H.  P.  Between-country  collaboration  and
consideration of costs increase conservation planning efficiency in the Mediterranean Basin. PNAS 106, 15368–
15373 (2009).
16. Martin, L. J., Blossey, B. & Ellis, E. Mapping where ecologists work: biases in the global distribution
of terrestrial ecological observations. Frontiers in Ecology and the Environment 10, 195–201 (2012).
17. Pereira, H. M. et al. Essential Biodiversity Variables. Science 339, 277–278 (2013).
18. Bojinski,  S.  et  al. The  Concept  of  Essential  Climate  Variables  in  Support  of  Climate  Research,
Applications, and Policy. Bull. Amer. Meteor. Soc. 95, 1431–1443 (2014).
19. Miloslavich, P.  et al. Essential ocean variables for global sustained observations of biodiversity and
ecosystem changes. Global Change Biology 24, 2416–2433 (2018).
20. Geijzendorffer, I. R. et al. Bridging the gap between biodiversity data and policy reporting needs: An
Essential Biodiversity Variables perspective. Journal of Applied Ecology 53, 1341–1350 (2016).
21. Schmeller, D. S.  et al. Towards a global terrestrial species monitoring program.  Journal for Nature
Conservation 25, 51–57 (2015).
22. Turak, E. et al. Essential Biodiversity Variables for measuring change in global freshwater biodiversity.
Biological Conservation 213, 272–279 (2017).
23. Karger, D. N. et al. Climatologies at high resolution for the earth’s land surface areas. Scientific Data 4,
sdata2017122 (2017).
24. Delany, S. Guidelines for Participants in the International Waterbird Census (IWC). (2005).
25. Thioulouse, J., Simier, M. & Chessel, D. Simultaneous Analysis of a Sequence of Paired Ecological
Tables. Ecology 85, 272–283 (2004).
26. Santamaria,  L.  et  al. A new laboratory for science and wetland restoration. In Doñana,  Water  and
Biosphere.  ;  Confederación Hidrográfica del  Guadalquivir. Ministerio de Medio Ambiente:  Madrid, España
313–315 (2006).
27. Herbert, E. R. et al. A global perspective on wetland salinization: ecological consequences of a growing
threat to freshwater wetlands. Ecosphere 6, 1–43 (2015).

86



Chapter 3

28. Pekel, J.-F., Cottam, A.,  Gorelick,  N. & Belward,  A. S. High-resolution mapping of global surface
water and its long-term changes. Nature 540, 418–422 (2016).
29. Sayoud,  M.  S.  et  al. The  first  coordinated  trans-North  African  mid-winter  waterbird  census:  The
contribution  of  the  International  Waterbird  Census  to  the  conservation  of  waterbirds  and  wetlands  at  a
biogeographical level. Biological Conservation 206, 11–20 (2017).
30. Downard, R., Endter-Wada, J. & Kettenring, K. Adaptive wetland management in an uncertain and
changing arid environment. Ecology and Society 19, (2014).
31. Jones, H. P., Hole, D. G. & Zavaleta, E. S. Harnessing nature to help people adapt to climate change.
Nature Climate Change 2, 504–509 (2012).
32. Geijzendorffer , I.R., Beltrame, C., Chazee, L., Gaget, E., Galewski, T., Guelmami A., Perennou, C., Popoff,
N.,  Guerra,  C., Leberger,  R., Jalbert, J.,  Grillas, P.  Increasing the impact of the Ramsar convention on the
conservation of Mediterranean wetlands. Frontiers. Under review.
33. Gill, D. A. et al. Capacity shortfalls hinder the performance of marine protected areas globally. Nature
543, 665–669 (2017).
34. Pettorelli,  N.  et  al. Framing the concept  of satellite remote sensing essential  biodiversity variables:
challenges and future directions. Remote Sens Ecol Conserv 2, 122–131 (2016).
35. Kissling,  W.  D.  et  al. Building  essential  biodiversity  variables  (EBVs)  of  species  distribution  and
abundance at a global scale. Biol Rev 93, 600–625 (2018).
36. Perennou, C.  et al. Chapter Six - Mapping Mediterranean Wetlands With Remote Sensing: A Good-
Looking Map Is Not Always a Good Map. in Advances in Ecological Research (eds. Bohan, D. A., Dumbrell, A.
J., Woodward, G. & Jackson, M.) 58, 243–277 (Academic Press, 2018).
37. Conover,  W. J.  & Iman,  R.  L.  On multiple-comparison  procedures.  Technical  report,  Los Alamos
Scientific Laboratory (1979).
38. R Development Core Team. R: A Language and Environment for Statistical Computing. (Fondation for
Statistical Computing, 2016).

87



SUPPLEMENTARY MATERIALS

Table S1. Land-cover classes composition. 

Land-cover Class composition

Agricultural lands Arable land, permanent crops, pastures (except wet), heterogeneous agricultural areas.

Artificial wetlands

Mines, dump and construction sites (excavations : gravel, bricks, clay pits, borrow pits,

mining pools), coastal wetlands (salines), inland waters (canals and drainage channels),

inland water bodies (aquaculture ponds ; ponds: farm, stock ponds ; water storage areas:

barrage, dams, impoundments ; wastewater treatment areas: sewage farms, settling ponds,

oxidation basins).

Natural wetlands

Wet pastures, wet forests including riparian, shrub-dominated wetlands (shrub swamp,

shrub dominated freshwater marshes, shrub carr, alder thicket on inorganic soils), sand

(shingle or pebble shores island bars, spites and sandy ilsets, dune systems and humid

dune slacks),  inland wetlands,  coastal  wetlands (except salines),  inland waters (inland

delta, courses, rivers, etc), marine waters (lagoon, estuaries etc.).

Urban areas

Urban fabric, industrial commercial and transport unit, mine (mineral extraction), dump

and construction sites, artificial non-agricultural vegetated areas (green urban area, sport

and leisure facilities). 
Sea Sea 

Table S2. Transition matrix of the surface in km2 between 1990 and 2005 across land-cover classes taking into

account the 236 wetland sites. With urban = urban area, agri = agricultural area, nat_dry = natural dryland area,

nat_wet = natural wetland area, art_wet = artificial wetland area, sea = sea area, PoC (in %) = percentage of

change (variable2005-variable1990/variable1990)x100.

urban 1990 agri 1990 nat_dry 1990 nat_wet 1990 art_wet 1990 sea 1990 total PoC
urban 2005 539.73 276.30 164.13 41.62 6.23 1.32 1,029.34 42.23
agri 2005 0.37 8,342.55 1,069.77 311.04 85.58 0.04 9,809.35 -31.59
nat dry 2005 0.30 0.36 6,695.79 8.57 0.06 7.80 6,712.89 -14.53
nat wet 

2005

0.98 6.66 0.21 11,384.90 1.55 9.28 11,403.59 187.53

art wet 2005 0.49 126.48 43.55 255.45 1,497.67 0.16 1,923.79 6.73
sea 2005 0.03 0.00 22.34 6.71 0.00 1,091.08 1,120.17 348.69
total 541.90 8,752.36 7,995.79 12,008.28 1,591.10 1,109.69 1,029.34

Table S3. Values  from the Partial  Triadic Analysis on 3 axes  by order  of  importance given the ‘vector  of
change’  considering all  variables,  climate variables  only and land cover  variables  only.  With as  land-cover
variables agri=agricultural  area, art_wet=artificial wetland area, urb=urban area, sea=sea area,  and as climate
variables pdry=precipitation of the driest month, pmean=mean precipitation, pwet=precipitation of the wettest
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month,  tmax=  maximum  temperature  of  the  warmest  month,  tmean=mean  temperature,  tmin=  minimum
temperature of the coldest month, tseas=temperature seasonality.

All variables urb tmax tmin  agri tseas pwet pmean pseas  art_wet
tmea

n
pdry sea

Vector of 
change

14.7 11.8 11.8 10.4 8.8 7.0 5.9 4.6 4.2 3.7 2.0 1.9

Climatic 
variables

tmin tmax tseas pmean pseas
tmea

n
pdry - - - - -

Vector of 
change

17.0 11.6 10.8 8.8 5.04 4.1 2.8 - - - - -

Land-use 
variables

agri urb art_wet sea - - - - - - - -

Vector of 
change

10.2 5.1 3.3 0.2 - - - - - - - -

Table S4. Natural wetland loss, Sorensen beta-diversity and Simpson diversity according to the change in eight
climatic variables, four land-cover variables, as well as the climatic and land-cover vector of change (VoC). The
change in climate variables (diff) was accounted by the subtraction of the variable values between 2005 and
1990, while a percentage of change relative to 1990 (PoC = [data2005 - data1900]/ data1990) was used to assess the
land-cover change. A generalised linear model fitted with a quasibinomial distribution was applied to account for
the natural wetland loss, while a beta-regression was applied concerning Sorensen beta-diversity, and a linear
model was used for the Simpson diversity according to their respective distribution.

Response variable Explanatory variable Coefficient Standard error p-value QAIC

Natural wetland loss

Tmean diff  0.551 0.918 0.559 48.8

Pmean diff -0.003 0.002 0.142 48.4
Tmax diff -0.277 0.165 0.094 48.2
Tmin diff 0.043 0.093 0.642 49.1

Tseas diff -2.043 0.797 0.011 46.8

Pdry diff 0.011 0.052 0.834 49.1
Pwet diff -0.005 0.009 0.591 49.0

Pseas diff 0.004 0.018 0.810 49.1

Log(Agri PoC) -0.838 0.564 0.139 48.3  
Log(Artificial Wetland PoC) 0.929 0.174 2.67e-07 41.7 
Log(Urb PoC) 0.240 0.214 0.263 48.7
Log(Sea PoC) 0.543 0.740 0.464 49.0
Climate VoC -0.434 0.627 0.490 49.0

Land-cover VoC 0.857 0.324 0.008 42.5

PA decreasing cover 0.468 0.159 0.004 46.2
Response variable Explanatory variable Coefficient Standard error p-value Log-likelihood

Beta Sorensen

Tmean diff -0.41 0.34 0.22 10.78
Pmean diff -0.00 0.00 0.32 10.55
Tmax diff -0.34 0.11 <0.01 14.62
Tmin diff  0.03 0.06 0.60 10.18
Tseas diff  0.13 0.52 0.81 10.07
Pdry diff  0.01 0.03 0.67 10.14
Pwet diff -0.00 0.01 0.69 10.12
Pseas diff  0.02 0.01 0.17 10.98
Log(Agri PoC) -0.35 0.33 0.29 10.59
Log(Artificial wet PoC)  0.06 0.28 0.82 10.07
Log(Natural wet loss)  0.06 0.11 0.56 06.28
Log(Urb PoC) -0.00 0.14 0.95 10.05
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Log(Sea PoC) -0.59 0.68 0.39 10.43
Climate VoC  0.57 0.33 0.08 11.57

Land-cover VoC  0.00 0.19 0.99 10.04

PA decreasing cover -0.13 0.42 0.37 10.47
Response variable Explanatory variable Coefficient Standard error p-value AIC

Simpson diversity

Tmean diff  0.05 0.11 0.47 48.35
Pmean diff  0.00 0.00 0.41 47.87

Tmax diff  0.03 0.04 0.36 47.71
Tmin diff  0.02 0.02 0.39 47.83
Tseas diff -0.07 0.17 0.68 48.40
Pdry diff  0.00 0.01 0.88 48.55
Pwet diff  0.00 0.00 0.07 45.09
Pseas diff  0.00 0.00 0.29 47.44
Log(Agri PoC)  0.12 0.11 0.25 47.23
Log(Artificial Wetland PoC) -0.12 0.09 0.16 46.56
Log(Natural wet loss)  0.04 0.03 0.20 10.63
Log(Urb PoC) -0.03 0.05 0.56 48.23
Log(Sea PoC)  0.11 0.22 0.50 48.32
Climate VoC -0.09 0.11 0.43 47.94
Land-cover VoC -0.05 0.07 0.52 48.15
PA decreasing cover 0.004 0.047 0.925 48.57

As variables we used 1) mean temperature (Tmean diff), 2) mean precipitation change (Pmean diff) and their interaction, 3)

maximum temperature  of  the warmest  month (Tmax diff),  4) minimum temperature  of  the coldest month (Tmin diff),  5)

temperature seasonality (Tseas diff), 6) precipitation of the driest month (Pdry diff), 7) precipitation of the wettest month (Pwet

diff), 8) precipitation seasonality (Pseas diff), 9) agricultural lands (Agri PoC), 10) artificial wetlands (Artificial Wetland PoC),

11) urban areas (Urb PoC), 12) sea (Sea PoC), 13) vector of change regarding the climate variables (Climate VoC), 14) vector

of change regarding the land-cover variables (land-cover VoC), 15) protected area coverage classes from 100% to 0% cover

(PA decreasing cover). 
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Table S5.  Difference between the three classes of protected area (PA) coverage  (no, low, and high coverage)
(Kruskal-Wallis test, followed by a Conover post-hoc test when significant). The median of the variable value
(e.g. mean temperature change between 1990 and 2005 (Tmean diff)) was reported for each protected coverage
class only when the Kruskal-Wallis test was significant.
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Variable Test PA coverage X2 df p median

Tmean diff

Kruskal-Wallis All 51.18 2 <0.001 *** -

Conover

No - Low 0.08 0.70 – 0.96
No - High <0.001 *** 0.70 – 0.42

Low - High <0.001 *** 0.96 – 0.42

Tmax diff

Kruskal-Wallis All 15.96 2 <0.001 *** -

Conover

No - Low <0.05 * 0.26 – 0.90

No - High <0.001 *** 0.26 – 1.20

Low - High 0.44 0.90 – 1.20

Tmin diff

Kruskal-Wallis All 17.13 2 <0.001 *** -

Conover
No - Low <0.05 * 1.90 – 3.34
No - High <0.05 * 1.90 – 1.45

Low - High <0.001 *** 3.34 – 1.45

Tseas diff

Kruskal-Wallis All 46.84 2 <0.001 *** -

Conover

No - Low 0.60 -0.09 - -0.13

No - High <0.001 *** -0.09 – 0.15
Low - High <0.001 *** -0.13 – 0.15

Pmean diff

Kruskal-Wallis All 7.82 2 <0.05 * -

Conover
No - Low 0.65 0.65 – 0.95
No - High <0.01 ** 0.65 - -1.89

Low - High 0.10 0.95 - -1.89

Pdry diff

Kruskal-Wallis All 11.24 2 <0.001 *** -

Conover
No - Low <0.01 ** -0.07 - -0.35
No - High <0.01 ** -0.07 - -0.57

Low - High 0.47 -0.35 - -0.57

Pwet diff

Kruskal-Wallis All 8.48 2 <0.01 ** -

Conover
No - Low 0.39 -3.39 – -6.68
No - High <0.05 * -3.39 – 0.96

Low - High <0.001 *** -6.68 – 0.96

Pseas diff

Kruskal-Wallis All 7.82 2 <0.05 * -

Conover
No - Low 0.65 0.65 – 0.95
No - High <0.01 *** 0.65 – -1.89

Low - High 0.10 0.95 – -1.89

Agri PoC 

Kruskal-Wallis All 0.55 2 0.76 -

Conover
No - Low
No - High - -

Low - High

Art Wet PoC 

Kruskal-Wallis All 3.00 2 0.22 -

Conover
No - Low
No - High - -

Low - High

Urb PoC 

Kruskal-Wallis All 10.02 2 <0.01 ** -

Conover

No - Low <0.01 ** 0.44 – 1.07
No - High 0.91 0.44 – 0.35

Low - High <0.01 ** 1.07 - 0.35

Sea PoC 

Kruskal-Wallis All 1.42 2 0.49 -

Conover
No - Low
No - High - -

Low - High

Climate VoC

Kruskal-Wallis All 2.09 2 0.35 -

No - High

No - Low - -

Low - High

Land-cover VoC

Kruskal-Wallis All 2.01 2 0.37 -

No - High
No - Low - -

Low - High

Natural wetland loss

Kruskal-Wallis All 11.76 2 <0.01 ** -

Conover
No - High <0.05 * -0.02 - -0.01

No - Low 0.56 -0.02 - -0.02
Low - High <0.03 * -0.02 - -0.01

Beta Sorensen

Kruskal-Wallis All 10.88 2 <0.05 * -

Conover
No - High <0.05 * 0.19 – 0.47 
No - Low <0.01 ** 0.19 – 0.54

Low - High 0.32 0.54 – 0.47

Simpson diversity

Kruskal-Wallis All 1.90 2 0.39 -

Conover
No - High
No - Low - -

Low - High
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EV type EV Class EV Variable Unit per site Unit per time Reference

EBV

Population
abundance

Simpson diversity

total

1990 = mean (1991-1995) 
2005 = mean (2006 - 2010)

Regular surveys following the method of 
Delany (2005)

T1= mean (1991-1995) 
T2 = mean (1996 – 2000)
T3 =  mean (2001 - 2005)
T4 =  mean (2006 - 2010)

Beta(1990) = 
species turnover between T1 
and T2 

Beta(2005) = 
species turnover between T3 
and T4

Sorensen beta-diversity

Ecosystem structure
Habitat
Extent

Urban area

%
1990

2005

GW-II/MWO database derived from Landsat time
series (Perennou et al, 2018)

Agricultural land area
Sea area
Artificial wetland area
Natural wetland area

ECV

Temperature

Annual mean temperature

mean
1990 = mean (1986-1995) 

2005 = mean (2001-2010)
Krager et al. (2017)

Temperature seasonality

Maximum temperature of 
warmest month

Minimum temperature of the 
coldest month

Annual precipitation

Precipitation Precipitation of wettest month

Precipitation of driest month

Precipitation seasonality

Table  S6. Variables  studied  and  their  Essential  Variable  (EV)  attribution.  With  EBV =  Essential  Biodiversity  Variables,  ECV =  Essential  Climate  Variables,  GW-II  =

GlobWetland-II project 2010-2014 and MWO = Mediterranean Wetland Outlook. All variables with * relate to recommended use as indicator.
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Figure S1. Partial Triadic Analysis compromise between 1990 and 2005 concerning a) climatic variables, and b)
land cover  variables  with the sites  as  dots  such as  red  = no protection  coverage,  orange = low protection
coverage, blue = high protection coverage. With as land-cover variables agri=agricultural area, art_wet=artificial
wetland area,  urb=urban area,  sea=sea area,  and as climate variables pdry=precipitation of the driest month,
pmean=mean  precipitation,  pwet=precipitation  of  the  wettest  month,  tmax=  maximum  temperature  of  the
warmest month, tmean=mean temperature, tmin= minimum temperature of the coldest month, tseas=temperature
seasonality.
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Figure S2. a) Simpson diversity values per
site between 1990 and 2005 along the mean
temperature and mean precipitation change
gradients.  The  bubble  size  represents  the
Simpson  diversity  values  within  each
wetland  site,  b)  Simpson  diversity  values
along  the  vector  of  change  of  climate
variable gradient (VoC, with high value for
high climate change), c) Simpson diversity
values along the land-cover change gradient
(VoC, with high value for high land-cover
change). The colors represent the protection
status  of  the  sites  such  as  red  =  no
protection  status,  orange  =  low protection
coverage, green = high protection coverage,
and  grey  =  sites  without  species  data
available.  Bold  circle  =  diversity  gained,
thin circle = diversity lost.
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Figure  S4.  A) Percentage  of  natural
wetland  area  per  site  in  1990,  and  B)
Natural wetland area (km) in 1990. In red =
no  protection  status,  orange  =  low
protection  coverage,  green  =  high
protection coverage.
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Synthesis

SYNTHESIS

This  thesis  brings  a  contribution  to  the  use  of  global  indicators  to  support  international

conservation policy by focusing on two threatened ecosystems – forests and wetlands – essential to

biodiversity and human well-being. 

1. LEARN ABOUT THE SYSTEM

Assessing an indicator’s performance in capturing patterns or processes is needed as a first

step before its systematic use. A relevant indicator brings two dimensions of knowledge: it helps in

improving our understanding of the studied system as well as providing a simple way of representing

it. Analysing species distribution patterns allows us to test hypotheses about the mechanisms through

which species diversity evolves or is maintained in ecosystems. 

1.1. MAIN RESULTS

In Chapter 1, I assessed the relevance of the Habitat Rarity index as an indicator of species

rarity across locations. The found pattern was not consistent between realms, and other factors such as

climate change velocity from the late quaternary glacial-interglacial period, maximum temperature of

the warmest month or precipitation seasonality demonstrated quite strong signals in explaining birds’

rarity.  Indeed,  in  most  of  the  realms,  areas  that  harbour  high  maximum  temperatures,  high

precipitation variability during the year or historically instable climate favoured the establishment of

species  with  large  range-sizes  which  have  a  broader  ecological  niche  and  a  higher  tolerance  to

extremes (Bozinovic et al., 2011). Nevertheless, rare forest habitats were more prone to hosting small

range-size birds in Africa, Palearctic and South-America, as well as in Papua New-Guinea.

These results  are  in  line  with other  studies,  confirming the importance of  climate  change

velocity to explain species range-size  (Burrows et al., 2014; Li et al., 2016; Sandel et al., 2011). In

Chapter 1, I went further by comparing the contribution of several predictors in explaining species

range-size, assessing their heterogeneity across nine different spatial locations. Even though climate

change velocity was predominant in most realms to explain species rarity, precipitation seasonality in

North America and precipitation of the wettest month in Palearctic were the strongest predictors in

those realms. 

1.2.  LIMITATIONS AND STRENGTHS

This  study  presents  two  main  conceptual  limitations.  First,  a  quantification  of  the  links

97



between habitat rarity, climate change velocity, specialisation of species and species range-size would

improve this study by strengthening its conceptual dimension. Indeed, this study was based on the

assumption that narrow-range species should have a restricted ecological niche with a higher degree of

specialisation towards their  environment.  However,  the link between species niche and range-size

breadth is not systematic, as range-size is primarily linked to the commonness of species niche in the

environment (e.g. a forest bird specialist should have a broad range-size if the forest is abundant).

Thus, specialisation level is not clearly connected with species range-size, but rather with the degree

of  isolation  that  fosters  selection processes  that  are  taking place  over  an  evolutionary  time  scale

(Devictor et al., 2010). Thus, quantifying how part of the specialisation level or species range-size can

be  explained  by  either  current  or  historical  climate  would  add  relevant  information.  The  use  of

methods such as path-analysis could be considered (Grace and Pugesek, 1998). 

Second, it is possible that a Habitat Rarity index (HR) computed by comparing each cell to

neighbouring ones instead of an entire realm would give more conclusive results in explaining species

rarity.  Indeed,  this  approach  could  highlight  local  habitat  anomalies  allowing  for  more  sensitive

description of the distribution of bird communities, and particularly of other taxa with more limited

spatial dispersion abilities. Also, it would allow the comparison of the HR index between the different

realms. The neighbouring approach has already been explored by (Ohlemüller et al., 2008) but only at

coarse spatial resolution. The development of similar methods at fine spatial grain using multivariate

Mahalanobis distances would require more research,  but could be achieved by the use of moving

windows. 

The ability of the HR index in predicting birds’ rarity might rely on the choice of its input

variables.  Sensitivity  analysis  that  used  consecutive  removal  of  one  of  the  input  variables

demonstrated that changes can be inferred in the relationship. The habitat-species-rarity relationship

could be further tested with different variables to select the combination to which birds might be most

sensitive.

The link between habitat and species rarity was not as strong as expected, and the results

indicate that one should perhaps rather discard this variable as an effective indicator for predicting

species range. However, the above limitations prevent drawing any definitive conclusion on the ability

of a habitat rarity indicator to predict species range-size. Rather, they encourage further research to

reinforce the robustness of the results. 

The main strength of the developed method of quantifying HR is its plasticity in incorporating

different types of abiotic variables. Thus, it can be applied to different ecosystem types or properties

(e.g. mapping rarity of ecological functions) and remains open to several ecological questions (e.g. can

community turnover  vary along an environmental  rarity  gradient,  (Keil  et  al.,  2012).  It  can open

research areas that are still to explore, maybe leading to the emergence of new global indicators.
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2. INFORM POLICY DECISION AND RAISE AWARENESS 

In Chapters 2 and 3, I used variables derived from high resolution data for site-based assessment,

with the aim to provide meaningful information for conservation. Therefore, the indicators used in

those chapters can be applied as meaningful tools to raise decision makers’ awareness. 

2.1. FOREST AND WETLAND LOSS – MAIN RESULTS 

In Chapter 2, I explored the ability of protected areas status to preserve forests at different scales:

global, regional and per site. As previous studies framed their analysis in a global context (Allan et al.,

2017; Jones et al., 2018; Leroux et al., 2010), the results allow pointing out world subregions where

protection  should  be  reinforced.  For  instance,  the  main  policy-relevant  messages  this  study  can

provide  are  that  the  Eastern  European,  Caribbean  and  Mesoamerican  subregions  do  not  provide

efficient protection as more forest loss occurs within their protected areas than outside. In addition,

IUCN categories are not respected in the Caribbean, North East Asia and West Africa, where most of

the forest loss occurred within the highest levels of protection Ia-III compared to the lower ones IV-

VI. The main limitation of this study is that the number of protected areas analysed represents just

16% of all forested protected areas. Even though the study’s representativeness is quite low, it still

includes many areas that do not benefit from having enough resources to protect what they are aiming

for. 

Chapter 3 provides monitoring solutions for natural  wetlands around the Mediterranean basin,

demonstrating a decrease of natural wetland areas by 5% in the studied sites between 1990 and 2005. I

identified  15 variables  that  could  be  used  to  monitor  wetlands  habitat  and  biodiversity  state  and

threats. The sites that encountered the most loss, which were also largely unprotected, were located in

the Eastern Mediterranean where an unusually high level of warming occurred. Wetland restoration or

protection in this area should be considered in order to mitigate climate change effects and water

depletion, which were already the root of substantial social instabilities (Châtel, 2014). Variables used

to account for biodiversity change in this study did not provide any conclusive results regarding the

effect  of  climate  or  land-cover  change  on  waterbirds  species.  Even  though  a  turnover  within  a

community or diversity loss can be a signal of local extinction, other drivers might be responsible for

waterbirds community diversity change (Amano et al., 2018). Also, the spatial combination of species

data with protected sites allowed the identification of data coverage gaps.  Those gaps need to be

addressed to improve assessment quality. Indeed, the results concerning species response to pressures

are suspected to be biased, with data sampled mainly in protected wetlands.
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2.2. WAYS FORWARD

In the introduction, I pointed out that so far, even though efforts are being made to preserve a

certain level of downscaling (e.g. the Wetland Extent Index can be disaggregated from global scale to

six regions), global indicators generated by georeferenced data remain scarce (Tittensor et al., 2014).

One relevant exception is the Living Planet Index database that hold times-series species data over

1,736 protected areas around the world (Collen et al., 2009; Geldmann et al., 2014). At this stage of

technological  advance,  Georeferenced  Information  System  techniques  provide  sufficiently  high

resolution  data  to  support  the  production  of  efficient  global  indicators.  Those  indicators  should

encompass the following criteria: relevance, sensitivity to change, generalisability, scalability and data

collection feasibility (Schmeller et al., 2018). To avoid methodological dispersion, site-based studies

should follow a coherent framework within the global context (e.g. under essential variable labels,

(Haase et al., 2018). The monitoring of relevant site-based variables would allow the production of

cross-scale information: per site, country, region and global scale. The studied variable could be then

treated as a “scalable (site-based) global indicator”. 

Regarding Chapter 2, the use of forest data monitoring to quantify the ‘forest loss extent’

within each protected area should be systemised (using for instance the Hansen dataset, (Hansen et al.,

2013). In the context of assessing forest loss, the use of time series of a ‘forest loss extent’ indicator

instead  of  ‘forest  extent’  would  discard  all  re-grown  forests.  Indeed,  re-grown  forests  can  have

different  ecosystem  properties,  with  different  ecosystem  dynamics  and  functioning  (e.g.  forest

succession),  not  always  appropriate  for  the  remaining  long-term  established  species  community

(Gibson et al., 2011). Moreover, it gives a direct insight on the pressures exerted on the forest system.

The variable ‘forest loss extent’ could be then treated as a “scalable global indicator” and framed as an

EBV as part of the ‘habitat extent’ variables, under the ‘ecosystem structure’ EBV class (Table 1). To

mitigate the site sampling issue that will recurrently arise from site-based studies, the use of a Forest

Extent Trends index inspired by Dixon et al. (2016) could estimate broad trends from incomplete data.

Such an index could  be  extended to all  “scalable  site-based  global  indicators”  of  the  EBV class

‘habitat extent’ (Table 1).

In Chapter 3, I framed monitoring indicators into an essential variables context in accordance

with a global standard. To account for the effect of land-cover change, our results suggest to monitor

the variable ‘natural wetland extent’ for each wetland site. As wetland recovery is not as dynamic as

forest  recovery,  the use of ‘wetland extent’  and not  ‘extent  of  loss’  would allow for highlighting

highly beneficial ecosystem restoration. The variable ‘natural wetland extent’ could be then treated as

a “scalable (site-based) global indicator”, that can be used to feed the Wetland Extent Trends index

(Dixon et  al.,  2016) which is subdivisable   into six regions  (Tittensor  et  al.,  2014).  The variable

‘natural wetland extent’ can be framed as an EBV as part of the ‘habitat extent’ variables, under the
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‘ecosystem structure’ class (Table 1). Of course, the main challenge lies in the delimitation of wetland

sites, but this effort can be done following published procedures (Perennou et al., 2018). The use of

essential variables allowed us to assess natural wetland exposure to climate and land-use change. In

this regard, I would also propose the use of the studied variables as potential “scalable (site-based)

global indicators” (some examples in Table 1).

To increase information efficiency and accessibility towards decision makers, reported results

should  be  integrated  into  web-services  (e.g.  DOPA  explorer,  Living  Planet  Index).  This  would

facilitate  the  identification  of  studied  sites  (e.g.  zoom in-out),  emphasising  the  need  to  improve

management policies in ineffectively protected sites, or to assess the need to protect areas that harbour

valuable ecosystems threatened by global changes. The extension of such practices to other natural

land-cover classes (e.g. natural grassland) would be valuable. 

Table 1. Proposition of a “scalable site-based global indicator” classification of some of the studied variables.
With EBV = Essential Biodiversity Variable. The EBV categorisation follow the one as proposed by the GEO
BON community (https://geobon.org).

EBV class EBV Scalable site-based global indicator Extend Trends index

Ecosystem 

structure

Habitat extent Forest loss extent Forest Extent Trends index

Natural wetland extent Natural Wetland Extent Trends index 

(Dixon et al., 2016)

Artificial wetland extent Artificial Wetland Extent Trends index 

(Dixon et al., 2016)

Agriculture area Agriculture Extent Trends index

Species abundance Species population Waterbirds abundance Living Planet Index (Collen et al., 2009)

3. AUDIT MANAGEMENT ACTIONS

Even though we are  on the  way to  achieving the  Aichi  Target  11 by 2020 that  requires

protection coverage of 17 per cent of terrestrial and inland water areas and 10 per cent of coastal and

marine areas, many protected areas are under intense human pressure  (Jones et al. 2018). Reporting

only the extent of protected land without considering the effectiveness of the protection coverage in

reaching conservation goals might lead to incorrect expectations about the capabilities of protection

coverage in protecting biodiversity. In Chapter 2, the results roughly confirm the IUCN categorisation

ranking of protected areas,  making clear the separation between the IUCN categories that  require

protected areas to remain untouched and the ones allowing sustainable use of resources. Nonetheless,

the ability of high IUCN categories in preventing forest loss varies substantially among regions. 

101



Auditing management activities can be tricky as management is often guided by overlapping

international and national policies which brings a high level of complexity for auditing. Therefore, a

substantial effort in collecting, identifying and classifying different management plans and integrating

their current state and objectives within an open database for each protected site would foster auditing

performance as well as international policy implementation. 

Earth observation data are not enough to assess conservation effort. Although remote sensing

is  an  efficient  and  direct  way  to  measure  land-cover,  most  taxa  are  invisible  to  satellites  and

assessment of complex processes supporting ecosystem services through remote-sensed proxies can

have poor outcomes (Eigenbrod et al., 2010). It is then relevant to integrate other data-sources to take

into account a larger portion of biodiversity and ecosystem services connecting Earth observation to

biodiversity and ecosystems as suggested by (Bush et al., 2017). The coming implementation of such

approaches has significant potential to boost auditing capabilities and management efficiency.

4. THE STUDIED INDICATORS IN THE CONTEXT OF THE AICHI BIODIVERSITY 
TARGET

Since the Convention on Biological Diversity (CBD) parties committed in 2011 to reach the

20 Aichi Biodiversity Targets by 2020, the rate of global indicators development increased to improve

quantification of the fulfilment  (Tittensor et  al.,  2014). In the preparation of setting up post  2020

objectives, if future research is more conclusive, a Habitat Rarity index could be used to define and

prioritize uncommon habitats and associated biodiversity to help qualitatively assess the utility of the

protected areas expansion goal, going beyond a simple and criticised quantitative aerial target (Aichi

Target 11) (Jones et al. 2018; Butchart et al. 2012). This could lead for instance to the creation of a

“Habitat  Rarity  protection  extent  trend”  indicator  to  assess  the  proportion  of  rare  habitat  under

protection. To quantify the reduction of at least half of the rate of natural habitat loss including forests

and wetlands (Target 5), a ‘Wetland Extent Trends Index’ and a ‘forest area defined as a percentage of

total land area’ are currently used as global indicators (Dixon et al., 2016). As previously mentioned,

even  though  the  Wetland  Extent  Trends  index  is  necessary  to  assess  global  wetland  trends  and

evaluate  progress  in  international  conventions  (https://www.bipindicators.net/),  site-based

quantification  of  wetlands  extent  evolution  is  required  to  identify  regions  or  sites  that  encounter

anomalies, i.e. affected by climatic or anthropogenic pressures. Similarly, the percentage of forest loss

within protected areas can be integrated to pursue the  Aichi Target 11  in a  qualitative manner as a

protected areas well-being measurement that can also contribute in halting natural habitat loss within a

constraining legal context. This can be applied to diverse habitat types within protected areas. 
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Research  has  never  been  so  internationally  connected  and  engaged  with  policy  making.

Although the biggest challenges have still to be addressed (Driscoll et al., 2018), the emergence and

reinforcement of international will and agreements are shaping new pathways towards the increase of

ecosystem resilience, in preparation for forthcoming environmental changes.
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