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Protected areas are among the key elements of global biodiversity conservation strategies and aim to conserve native species, habitats and ecosystems. Globalisation has led to increased introductions of species outside their natural range. In their new environment, some of these nonnative species have the potential to affect ecosystems and compete with or threaten native species.

The environment in close proximity to protected areas is likely to be the stepping stone for nonnative species to become established in protected areas. However, little is known about the role that protected area surroundings play in the permeability of protected areas to non-native species.

In this thesis, I focused on protected areas and their surrounding belts to address the issue of permeability to non-native species. Examining protected areas in Norway, I showed that nonnative species surrounding protected areas have a qualitative impact on the community of nonnative species in protected areas. The proportion of invasive species was higher in protected areas (40 %) compared to their belts (12 %). Moreover, the number of non-native species in the surrounding areas also significantly determined the number of non-native species in protected areas. I have highlighted the dynamics of colonization from the belts to the protected areas by showing that non-native species were detected in the protected areas on average several years after they were recorded in the belts. In addition, I showed in four European countries that the type of land use and land cover in the proximity and within protected areas plays a central role in the establishment of non-native species in protected areas. Anthropogenic land use and land cover around protected areas promoted the establishment of non-native species inside protected areas, regardless of the land use and land cover present in them. Finally, I investigated the colonization dynamics of Acacia dealbata, an invasive tree species, in and around protected areas in central Portugal over the last twenty years. I showed that disturbances by fires and the loss of tree cover had a significant positive effect on the presence of the species. This thesis highlights the importance of the protected area surroundings for the colonization of non-native species. This is particularly relevant for future management strategies for non-native species in protected areas.

Resumé

Les aires protégées sont des éléments clés de la stratégie mondiale de conservation de la biodiversité, en visant à préserver les espèces, les habitats et les écosystèmes. La mondialisation a entraîné une augmentation des introductions d'espèces en dehors de leur aire de répartition naturelle. Dans leur nouvel environnement, certaines de ces espèces non indigènes ont le potentiel d'affecter les écosystèmes, de concurrencer ou de menacer les espèces locales. L'environnement à proximité des aires protégées est susceptible de servir de tremplin à ces espèces introduites avant qu'elles ne pénètrent dans les aires protégées. Cependant, on sait peu de choses sur le rôle que jouent les zones entourant les aires protégées dans cette dynamique de colonisation. Dans cette thèse, je me suis concentré sur les zones entourant les aires protégées pour aborder la question de la perméabilité des aires protégées aux espèces non indigènes. En étudiant les aires protégées en Norvège, j'ai montré que le pool d'espèces non indigènes présent autour des aires protégées a un impact qualitatif sur la communauté d'espèces non indigènes présentes dans les aires protégées, les espèces non indigènes envahissantes étant présentes dans une plus grande proportion dans les aires protégées (40 %) que dans leurs ceintures (12 %). Le nombre d'espèces non indigènes présentes autour des aires protégées détermine également le nombre d'espèces non indigènes présentes dans les aires protégées. J'ai aussi mis en évidence la dynamique de la colonisation de l'extérieur vers l'intérieur des aires protégées en montrant que les espèces non indigènes étaient détectées dans les aires protégées plusieurs années après avoir été détectées autour d'elles. En outre, j'ai montré dans quatre pays européens que le type d'occupation du sol à proximité et au sein des aires protégées joue un rôle central dans l'établissement des espèces non indigènes dans les aires protégées. Ainsi, les habitats fortement anthropisés autour des aires protégées favorisent la présence d'espèces non indigènes dans les aires protégées, quel que soit le type d'occupation du sol dans ces dernières. Enfin, j'ai étudié la dynamique de colonisation d'Acacia dealbata, une espèce d'arbre non indigène envahissante au centre du Portugal, autour et dans cinq aires protégées, au cours de ces vingt dernières années. J'ai montré que les perturbations par les incendies et la perte de couverture forestière favorisaient la présence de l'espèce. Cette thèse a mis en évidence l'importance des zones autour des aires protégées dans la colonisation de celles-ci par les espèces non indigènes. Ces résultats sont particulièrement pertinents pour les futures stratégies de gestion des espèces non indigènes dans les aires protégées.
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Inspire4Nature fellows science outreach projects

Science4wildlife website

I contributed two articles to the overarching theme of biodiversity conservation on the Inspire4natrue fellows' joint website https://www.science4wildlife.com/. The first article talks about how not to lose hope in times of dystopian predictions about our future on the planet (https://www.science4wildlife.com/index.php/2019/12/31/is-there-a-future-for-our-planet-orhow-not-to-lose-hope-in-a-world-with-dystopic-visions/). The second article looks at the importance of behaviour change in achieving conservation goals (https://www.science4wildlife.com/index.php/2021/03/01/the-necessity-of-behavior-change-toreach-goals-in-nature-conservation/).

Twitter event

Contribution to a digital science communication outreach project organized by the Inspire4Nature fellows. A Twitter was organized during the Sustainable Development Goals Week organized by the United Nations. During this period I contributed a video explaining my research to a nonscientific public. The video was posted on the Inspire4Nature twitter account on the 24 th September 2020. The video is also available on YouTube (https://www.youtube.com/watch?v=rgcvsos1n1g).

Inspire4Nature fellow's carbon offset project

During the three years of the PhD, the CO2-emissions caused by trainings, meetings and other project-related activities (e.g., conferences) had to be offset. To do so, we calculated the CO2emissions using the online CO2-calculator of www.myclimate.org. We have chosen the Envira Amazonia Tropical Forest Conservation Project (https://carbonfund.org/) to donate. The project is located in Acre Brazil within the Tabocais Key Biodiversity Area. To compensate the in total 71 tonnes of CO2-emissions from all participants, we have payed 710 USD.
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Holenstein K, Harvey E & Altermatt F. 2022. Patch size distribution affects species invasion dynamics in dendritic networks. Oikos 2022. doi: 10.1111/oik.08679.
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INTRODUCTION

A day in spring, walking through a hilly landscape in central Portugal, little yellow spots in the trees are shining bright: The blossoms of the acacia trees, or mimosas as they are popularly called.

This is one of the first blossom to appear in the year to brighten the landscape after the winter.

Already in the 19 th century the tree was known for its decorative beauty and it was then that acacias were introduced to Portugal from Australia for ornamental reasons, but also for stabilization of unstable slopes in mountain areas (Marchante et al., 2005). The idyll, however, is deceptive. Uncontrollable spread of the trees has ensued. Today, acacias are widespread in many parts of Portugal and the trees are considered one of the most invasive plant species in the country (Marchante et al., 2005). Acacias spread rapidly along transport corridors (roads, railways) but also along natural corridors, with rivers providing an important niche. In addition, these rapid colonizers also displace native plant species after fires by forming dense vegetation stands. Acacias are just one example of non-native species (NNS) that have gone out of control at the location of introduction. In fact, non-native species pose increasing challenges in our globalized world. The most recent example is the pandemic outbreak of Covid-19 in 2020 that can directly be linked with knowledge of invasion sciences [START_REF] Nuñez | Invasion Science and the Global Spread of SARS-CoV-2[END_REF]. It shows the implications of
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Non-native species

Definition By definition non-native species are those whose "presence is attributed to human activity that help them overcome biogeographical barriers" (Richardson et al., 2010). Non-native species can be classified on a continuum between naturalization and invasion as casual, naturalized or invasive [START_REF] Richardson | Naturalization and invasion of alien plants: concepts and definitions[END_REF]. Casual species are non-native species that do not form a self-replacing population in the new colonized region. Their persistence depends on repeated introductions. In contrast, naturalized species sustain self-replacing populations for several life cycles or given period without or despite human intervention (Richardson et al., 2010). From those, only a subset of species has an impact on the environment, economy or health. These are called invasive species (IUCN, 2000).

In invasion sciences, various terms have been used as synonyms for non-native species such as alien species, exotic species, and introduced species (Richardson et al., 2010). In this thesis, I will use the terminology non-native species in all the chapters, as it appears to me a non-judgmental and ethically acceptable term.

Introduction mechanisms

Human-induced introductions can be placed on a continuum from unintentional to intentional events [START_REF] Hulme | Grasping at the routes of biological invasions: a framework for integrating pathways into policy[END_REF]. Many species arrive as hitchhikers and thus are unintentionally introduced [START_REF] Toy | The accidental introduction of invasive animals as hitchhikers through inanimate pathways: a Newzealand perspective: -EN--FR-L'introduction accidentelle d'animaux envahissants "autostoppeurs via des vecteurs inanimés : le point de vue de la Nouvelle-Zélande -ES-Introducción accidental de animales invasores "autoestopistas" por rutas inanimadas: perspectiva neozelandesa[END_REF][START_REF] Patoka | Marine hitchhikers: a preliminary study on invertebrates unintentionally transported via the international pet trade[END_REF] such as by shipping [START_REF] Keller | Linking environmental conditions and ship movements to estimate invasive species transport across the global shipping network[END_REF].

One of those examples is the zebra mussel (Dreissena polymorpha) which has become a pest in many lakes and rivers [START_REF] Strayer | Transformation of Freshwater Ecosystems by Bivalves: A case study of zebra mussels in the Hudson River[END_REF][START_REF] Higgins | What a difference a species makes: a metaanalysis of dreissenid mussel impacts on freshwater ecosystems[END_REF]. On the other hand some species are intentionally introduced for recreational reasons such as flowers (Haeuser et al., 2018;[START_REF] Guo | Domestic gardens play a dominant role in selecting alien species with adaptive strategies that facilitate naturalization[END_REF] and pets (Nunes et al., 2015;[START_REF] Patoka | Marine hitchhikers: a preliminary study on invertebrates unintentionally transported via the international pet trade[END_REF] or economic purposes such as for forestry (Nunes et al., 2019) or aquaculture (Nunes et al., 2015). [START_REF] Hulme | Grasping at the routes of biological invasions: a framework for integrating pathways into policy[END_REF] identified six general pathways for non-native species introduction: 1) Unaided spread through natural dispersal from a neighbouring region already colonized by the species; 2) unintentional introduction by corridors via anthropogenic infrastructures that connect regions; 3) unintentional introduction by stowaway where species attach to a transport vector; 4) contaminant, an unintentional introduction by specific commodity; 5) escape, intentional introduction but unintentional escape and 6) intentional introduction by the release of species.

Global scale: how the world has been conquered by non-native species

The translocation of species is not a recent phenomenon. Humans have transported and traded plant and animal species for thousands of years (Seebens et al., 2017). The introduction of species has its roots back in the era when ornamental plants were introduced into Europe by explorers and settlers [START_REF] Fry | The Plant Hunters: The Adventures of the World's Greatest Botanical Explorers[END_REF]. Species dispersal as a consequence of trade dates back to the 1500s, when the first global trade networks were established between continents [START_REF] Di Castri | History of biological invasions with special emphasis on the Old World[END_REF]. This led to a first wave of introductions of non-native species, some of which, such as cats, rats and mice, are still common in the non-native region today (in Seebens, 2019). Increasing demand and technological advances have accelerated trade and expanded transportation routes resulting in an accumulation of non-native species translocations (Seebens et al., 2017;Seebens, 2019) (Figure 1). The phenomenon reached a new dimension when species introduction increased with globalization at the beginning of industrialization in the 19th and further with the acceleration of global trade in the 20th century (Seebens et al., 2017). Human activities and the human footprint in general remain the primary driver of non-native species introductions (Banks et al., 2015;[START_REF] Gallardo | The Importance of the Human Footprint in Shaping the Global Distribution of Terrestrial, Freshwater and Marine Invaders[END_REF]Nunes et al., 2015;Chapman et al., 2017;[START_REF] Bullock | Human-Mediated Dispersal and the Rewiring of Spatial Networks[END_REF][START_REF] Ward | Effects of terrestrial transport corridors and associated landscape context on invasion by forest plants[END_REF][START_REF] Cardador | Human-habitat associations in the native distributions of alien bird species[END_REF]. Today's hotspots of non-native species are therefore mostly associated with human population density and per capita income (Dawson et al., 2017;Polaina et al., 2020). Their introduction and spread therefore are highly linked to socio-economic activities (Chapman et al., 2017), transportation networks by land, rivers and overseas shipping (Nunes et al., 2015;[START_REF] Liu | Risks of Biological Invasion on the Belt and Road[END_REF]. As a result, not all geographic regions are equally affected by new introductions of nonnative species (Dawson et al., 2017;Polaina et al., 2020). Globally, hotspots of non-native species richness are predominantly identified in mainland coastal regions and islands (Dawson et al., 2017). (Seebens et al., 2017).

The different stages of the non-native colonization process have been summarized in a unified framework by Blackburn et al. (2011) (Figure 2): First, species have to overcome geographical barriers by transport vectors. In a second stage, they are intentionally introduced for reasons such as cultivation or captivity or unintentionally introduced by hitchhiking. In order to become established in the wild, they must survive and form self-sustaining populations. Only then is further dispersal and spread possible. In this final stage, non-native species have the potential to become invasive. (Blackburn et al., 2011).

Non-native species may, beside human mediated dispersal, also spread naturally in the region where they have been introduced. Some species are able to expand their range due to changing climatic conditions or changes in land use that create new suitable habitats and corridors [START_REF] Bellard | Will climate change promote future invasions?[END_REF][START_REF] Febbraro | Integrating climate and land-use change scenarios in modelling the future spread of invasive squirrels in Italy[END_REF]. In addition, natural events can also promote the colonization of new areas by non-native species. For example, fires are beneficial for invasive acacias on the Iberian Peninsula. Fires clear space, make new nutrients available and promote the germination of long-lived seed banks in the soil (Passos et al., 2017;Nunes et al., 2020). These factors promote their rapid spread and growth in a low-competitive environment. In other cases, non-native species use natural flooding events as a dispersal and colonization strategy. Some non-native plants, e.g.,

Impatiens glandulifera, prefer to establish along riverbanks. Flooding and currents thereby facilitate the rapid transportation of seeds, and also increase nutrient availability and create space for colonization by clearing native vegetation (Čuda et al., 2017).

As for long-distance translocation of non-native species, for which global trade networks and routes are a key factor, the regional and local spread of non-native species in the region they have been introduced is often associated with human-made corridors. Non-native species preferentially
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Local community and abiotic conditions

Among biotic factors, native species diversity and community composition at a site are crucial for the new arrivals. Previous studies using plant models have found an inverse relationship between native plant community diversity and invader performance, suggesting that diversity is a barrier to biological invasions [START_REF] Naeem | Plant diversity increases resistance to invasion in the absence of covarying extrinsic factors[END_REF][START_REF] Kennedy | Biodiversity as a barrier to ecological invasion[END_REF]. However, this relationship has been controversially discussed in the past, as covarying extrinsic factors such as abiotic factors (e.g., resource heterogeneity, disturbance or soil fertility) also have impact on the invasion success and were not always distinguished in previous studies [START_REF] Levine | Elton Revisited: A Review of Evidence Linking Diversity and Invasibility[END_REF][START_REF] Grace | Is biotic resistance enhanced by natural variation in diversity?[END_REF]. Abiotic conditions have been considered as the main predictors for colonization success in various previous studies [START_REF] Zenni | The elephant in the room: the role of failed invasions in understanding invasion biology[END_REF][START_REF] Lewis | Biotic and abiotic factors predicting the global distribution and population density of an invasive large mammal[END_REF]Gao et al., 2021).

Enemy escape

The enemy-release hypothesis is one of most tested to explain successful colonization of nonnative species. Here, it is assumed that the abundance and impact of non-native species is related to scarcity of natural enemies in the introduced area [START_REF] Keane | Exotic plant invasions and the enemy release hypothesis[END_REF]. However, this hypothesis does not provide a complete picture of successful colonization and is debated in the literature [START_REF] Keane | Exotic plant invasions and the enemy release hypothesis[END_REF][START_REF] Colautti | Is invasion success explained by the enemy release hypothesis?[END_REF][START_REF] Lau | When two invasion hypotheses are better than one[END_REF].

Landscape characteristics -Land use and land cover

The Earth's surface consists of different land covers and landscapes that can generally be characterized by geomorphometric parameters such as slope, curvature (Cao et al., 2020) and vegetation. While the terms land cover and land use are often used synonymously, their actual meanings are different. Land cover refers to the surface cover of the ground e.g., vegetation, urban infrastructure, water, bare soil or other. Land use refers to the socio-economical description and purpose the land serves, e.g., recreation, wildlife habitat or agriculture (https://www.nrcan.gc.ca/maps-tools-and-publications/satellite-imagery-and-air-photos/ tutorialfundamentals-remote-sensing/educational-resources-applications/land-cover-biomassmapping/land-cover-land-use/9373, accessed 7 February 2022) . The type of land use and land cover either facilitates or hinders species movement across landscapes and thus their establishment (Watts et al., 2010a;Jones et al., 2018b), giving rise to the term "landscape permeability".

Landscapes, however, are not always homogenized areas but often consist of patches of different habitat elements or environments [START_REF] Wiens | Ecological Flows Across Landscape Boundaries: A Conceptual Overview[END_REF]. In this context, the term "landscape connectivity"
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has been used, focussing on habitat corridors through which species can move between habitats with similar characteristics (Brudvig et al., 2009;Meiklejohn et al., 2010). Both terms connectivity and permeability have been established in the field of community ecology and invasion biology to investigate how individuals, populations and genes move spatially through landscapes (Brudvig et al., 2009;[START_REF] Minor | The role of landscape connectivity in assembling exotic plant communities: a network analysis[END_REF][START_REF] Glen | Connectivity and invasive species management: towards an integrated landscape approach[END_REF]Jones et al., 2018b). The term "connectivity" can be further divided into functional and structural connectivity (Kindlmann and Burel, 2008) but is broadly defined as "the ease with which species move within a landscape" (adapted from Jones et al., 2018b). In contrast, the term "permeability" considers how different land use types impede or facilitate species movements (Jones et al., 2018b). Landscape permeability is therefore referred as a measure of landscape structure that defines "the hardness of barriers or the degree to which a regional landscape, encompassing a variety of natural, semi-natural and development land cover types, sustain ecological processes and are conducive to the movement of many types of organisms" (adapted from Meiklejohn et al., 2010). More recent definitions compare landscapes with physical and biological membrane systems and flow dynamics (Jones et al., 2018b).

Landscape features, including land cover and land use, also play a key role in determining nonnative species colonization [START_REF] Pyšek | Contrasting patterns in the invasions of European terrestrial and freshwater habitats by alien plants, insects and vertebrates[END_REF]Decker et al., 2012;[START_REF] Pyšek | Habitat invasion research: where vegetation science and invasion ecology meet[END_REF]Moustakas et al., 2018;Sánchez-Ortiz et al., 2020). It is known that landscape type and its disturbance levels have an influence on dispersal patterns of non-native species (With, 2002(With, , 2004;;O'Reilly-Nugent et al., 2016). Increasing landscape disturbance thereby increases the probability of non-native species spread (With, 2004). Disturbed areas, such as urban areas and agricultural areas, tipically have higher numbers of non-native species, while undisturbed areas are associated with lower numbers (Moustakas et al., 2018;Sánchez-Ortiz et al., 2020).
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implications for future scenarios such as many of today's non-native species may not yet have developed the full potential of their impacts.

However, most introduced species never become established in the location they were inroduced, and only a small proportion of those that do become invasive. The "Tens rule" states that one in ten introduced species appear in the wild, one in ten of those that appear in the wild become established and one in ten of those established become a pest (Williamson and Fitter, 1996).

Consequently, only 1 % of all introduced non-native species cause harmful impacts. However, this thesis is nowadays questioned and is the subject of controversy (Jarić and Cvijanović, 2012;[START_REF] Jeschke | Tens rule[END_REF].

Biotic homogenization

Human mediated species exchange leads to homogenization of flora and fauna [START_REF] Winter | Plant extinctions and introductions lead to phylogenetic and taxonomic homogenization of the European flora[END_REF]. Non-native species can reduce the variability between communities over time (i.e., beta diversity) in a process known as biotic homogenization [START_REF] Petsch | Non-native species drive biotic homogenization, but it depends on the realm, beta diversity facet and study design: a meta-analytic systematic review[END_REF]. Previous research has shown that while non-native species contribute to an increase of local species richness (alpha diversity), this effect is offset by the homogenizing influence on beta species diversity (Kortz and Magurran, 2019). Biotic homogenization can lead to intra-and inter specific hybridization, the second of which is a hybridization between genetically distinct species that can threaten native taxa [START_REF] Olden | Biotic Homogenisation[END_REF].

Biodiversity decline

The subset of non-native species that become invasive and pose a threat to biodiversity represent one of the main causes of global biodiversity decline (Bellard et al., 2016;[START_REF] Doherty | Invasive predators and global biodiversity loss[END_REF][START_REF] Mollot | Chapter Two -The Effects of Invasive Species on the Decline in Species Richness: A Global Meta-Analysis[END_REF]Blackburn et al., 2019;[START_REF] Pyšek | Scientists' warning on invasive alien species[END_REF]. Their impact on the environment can, for example, be assessed based on data on species extinction or species extinction risk from the IUCN (International Union for the Conservation of Nature) Red List of threatened species (Bellard et al., 2016;[START_REF] Doherty | Invasive predators and global biodiversity loss[END_REF]Blackburn et al., 2019). To promote their own persistence, invasive plant species, for example, can alter ecosystems by suppressing the growth of native species, modifying soil nutrients and composition, or altering fire regimes [START_REF] Shackleton | Social-ecological drivers and impacts of invasion-related regime shifts: consequences for ecosystem services and human wellbeing[END_REF][START_REF] Shackleton | The role of invasive alien species in shaping local livelihoods and human well-being: A review[END_REF].

Impact classification

The impact of invasive species varies between regions, ecosystems and species [START_REF] Blackburn | A Unified Classification of Alien Species Based on the Magnitude of their Environmental Impacts[END_REF]. In Europe, the European List of Invasive Alien Species holds 66 non-native species of Union concern (36 plants and 30 animals) (List of Invasive Alien Species of Union concern -Environment -European Commission, accessed 25 January 2022).

The IUCN has provided an Environmental Impact Classification of Alien Taxa (EICAT) [START_REF] Blackburn | A Unified Classification of Alien Species Based on the Magnitude of their Environmental Impacts[END_REF]IUCN, 2020) (Figure 3). This scheme is a unified standard for classifying the impacts of non-native species on the environment and refers to thirteen impact mechanisms: competition, predation, hybridization, disease transmission, parasitism, poisoning/toxicity, biofouling, grazing/herbivory/browsing, rooting/digging, trampling, flammability, interaction with other invasive species or others.

Five impact categories of non-native species (EICAT) are identified by [START_REF] Blackburn | A Unified Classification of Alien Species Based on the Magnitude of their Environmental Impacts[END_REF] and applied by IUCN:

Minimal impact (ML): species that are unlikely to cause deleterious impact on native biota or abiotic environment, Minor (MI): species that cause reductions in the fitness of individuals in the native biota, but no declines in native population densities, Moderate (MO): species that cause declines in the population densities of native species but no changes in the structure of communities or the abiotic or biotic composition,
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Figure 3: Environmental Impact Classification of Alien Taxa (EICAT): different categories in the nonnative species impact scheme and relationship between them (adapted by IUCN, in Blackburn et al., 2014).
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Available databases and monitoring methods

Various databases on non-native species are available and accessible for numerous taxonomic groups at a global, regional and national levels, even though some taxa, such as microorganisms, are still information deficient [START_REF] Pyšek | Scientists' warning on invasive alien species[END_REF].

On a global scale, the two most comprehensive databases are those provided by IUCN and The Global Biodiversity Information Facility (GBIF). In order to create comprehensive databases of non-native species, it is of value to collect data over a long period. However, there is little targeted long-term monitoring of non-native species, as monitoring often only starts when a non-native species is already well established. Different approaches have been used to monitor and reconstruct the colonization of non-native species: one of the classic monitoring methods is field observations, which can be used to track species spread and further model long-term trends in the spread of non-native species such as Zebra Mussels in the Mississippi-Missouri river system [START_REF] Mari | Hydrologic controls and anthropogenic drivers of the zebra mussel invasion of the Mississippi-Missouri river system[END_REF]. When field data are not available, it is sometimes possible to reconstruct the dynamics of colonization, such as distribution reconstructions with museum data [START_REF] Newbold | Applications and limitations of museum data for conservation and ecology, with particular attention to species distribution models[END_REF][START_REF] Milko | Integrating Museum and GIS Data to Identify Changes in Species Distributions Driven by a Disturbance-Induced Invasion[END_REF][START_REF] Grace | Using historical and palaeoecological data to inform ambitious species recovery targets[END_REF] or satellite
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Protected areasa key tool for nature conservation

As the human footprint on the planet has grown, so has the pressure on pristine nature worldwide (Jones et al., 2018a). This has resulted in an ongoing biodiversity decline in the 21st century [START_REF] Sala | Global Biodiversity Scenarios for the Year 2100[END_REF][START_REF] Pereira | Scenarios for Global Biodiversity in the 21st Century[END_REF]Venter et al., 2016). Drivers of biodiversity decline such as climate warming, land-use change and invasive species are the consequences of socio-economic developments such as population growth, food demand and the overexploitation and use of fossil fuel [START_REF] Pereira | Scenarios for Global Biodiversity in the 21st Century[END_REF][START_REF] Sage | Global change biology: A primer[END_REF]. Protected areas are therefore more and more important elements in biodiversity conservation strategies at local, regional and global levels aiming to protect important habitats and species from the impacts of global change [START_REF] Gaston | The Ecological Performance of Protected Areas[END_REF][START_REF] Stolton | VALUES AND BENEFITS OF PROTECTED AREAS[END_REF].

In 1993, 150 governmental leaders responded to the increasing warning signals of biodiversity decline and signed the Convention on Biological Diversity (CBD) that calls for a halt to the loss of biodiversity and promotion of the sustainable use of biodiversity components (https://www.cbd.int). The CBD is an international treaty to which almost 200 countries belong.

In 2010, member states agreed on 20 core targets (Aichi-Targets) to halt biodiversity loss by 2020.

Among these targets, Aichi Target 11 describes the need for protected areas as a key element of global strategies to conserve biodiversity, habitats, and ecosystems (Dudley, 2008;[START_REF] Worboys | Protected area governance and management[END_REF]Gray e t al., 2016;[START_REF] Hoffmann | Uniqueness of Protected Areas for Conservation Strategies in the European Union[END_REF]. The purpose of protected areas is to conserve local and regional biodiversity and, in particular, to serve as refuge for threatened and endemic species and pristine ecosystems (Dudley, 2008;[START_REF] Stolton | VALUES AND BENEFITS OF PROTECTED AREAS[END_REF]Worboys, 2015). Protected areas moreover are essential for ecosystem functioning and thus contribute to the resources and the basis for a habitable planet [START_REF] Stolton | VALUES AND BENEFITS OF PROTECTED AREAS[END_REF]. To date more than 15% of land and more than 7 % of seas are protected (https://www.protectedplanet.net, accessed 4 th August 2021). Previous studies have shown that terrestrial protected areas are effective at reducing habitat loss and species population decline [START_REF] Geldmann | Effectiveness of terrestrial protected areas in reducing habitat loss and population declines[END_REF] and enhancing pro-environmental behaviour and nature connection of humans [START_REF] Cazalis | Are protected areas effective in conserving human connection with nature and enhancing pro-environmental behaviours?[END_REF]. Together with other conservation measures, they have prevented the extinction of many birds and mammals [START_REF] Bolam | How many bird and mammal extinctions has recent conservation action prevented?[END_REF].

Values of protected areas

The aim of protected areas is to protect biodiversity at the level of genes, species and ecosystem (Worboys, 2015). However, protection can also include the conservation of geographical heritage, cultural heritage, landscapes and scenery, soils and water. Protected areas often maintain a wider range of ecosystem services including supporting processes (e.g., nutrient cycling, providing breeding habitat, other life-cycle maintenance) or services to surrounding degraded ecosystems through direct transfer of soils, nutrients and intercepted solar energy [START_REF] Stolton | VALUES AND BENEFITS OF PROTECTED AREAS[END_REF].

Regulatory services provided by protected areas include functions relevant to human well-being and services directly related to the climate (e.g., storage and sequestration of carbon), hydrology (e.g., purification and detoxification of water), weather events (e.g., mitigation of natural hazards)

or agriculture (e.g., pollination). Furthermore, people also see cultural values in protected areas, such as recreation and tourism, spiritual or religious experience, cultural identity or peace.

Consequently, protected areas are also important for physical and psychological well-being of humans [START_REF] Stolton | VALUES AND BENEFITS OF PROTECTED AREAS[END_REF].

Classification of protected areas by IUCN

Before the International Union for the Conservation of Nature (IUCN) defined protected areas and thus set an international standard, protected areas were defined in different ways. The concept of conservation and protected areas in the modern sense was only developed in the late 19 th century, when concerns about the loss of wilderness, the desire to stop species extinctions and to preserve natural landscapes, were a reaction to the rapid changing nature of the territories in the former European colonies. As a result, protected areas were set up differently from country to country in the 20 th century, leading to different terms being used at national, regional and global levels However, the continent is not only a mosaic of landscapes shaped by natural conditions but also the result of intense human interventions over many centuries (Ellis et al., 2010). In the 19 th century, when industrialism and technical development altered the European economy, many preserved landscapes and structures underwent fundamental changes. Thus, protected areas, established in a large number of landscapes with the aim of protecting valuable habitats and species, are often embedded in highly anthropogenically modified landscapes. The various abiotic and biotic conditions such as nutrient flows, water directionality and flows of organisms surrounding protected areas consequently influence the ecosystems in the protected areas (DeFries et al., 2010;Foxcroft et al., 2011) To date, Europe has 159,605 registered protected areas in the World Database on Protected Areas (UNEP-WCMC, 2021). Europe's Natura 2000 network is the most extensive system of protected areas in the world. The network stretches across 27 European Union counties, covering 18% of Europe's land surface and more than 8% of its marine territory (The Natura 2000 protected areas network -European Environment Agency). Two European Council Directives were of great importance for the creation of the Natura 2000 protected area network. These are the Birds Directive and Habitats Directive -conservation of wild birds and natural habitats and wildlife. The Natura 2000 network focuses on the protection of biodiversity, the conservation of unique and endangered ecosystems, species, species gene pools and habitats that provide a wide range of ecosystem services and that are key breeding and resting sites of endangered and rare species (European Commission. Directorate General for the Environment, 2013). However, many of these sites do not exclude human activities such as economic, traditional, and recreational or hunting activities, making them also vulnerable to non-native species colonization [START_REF] Guerra | Is the nature 2000 network effective to prevent the biological invasions?[END_REF]. 
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Permeability of protected areas to non-native species

Previous studies have begun to investigate patterns of non-native species presence in protected areas, and the mechanisms that might explain them. In this section, we review the factors that have already been identified as potentially influencing the permeability of protected areas.

The protected areas environment

Protected areas are not independent systems, but rather, interconnected systems in contact with their immediate surrounding (DeFries et al., 2010). Therefore, the immediate environment of protected areas has a direct impact on the ecosystems and biodiversity in protected areas (Foxcroft et al., 2011;Spear et al., 2013). Nutrient flows, organism flows, flow directions of rivers, and types of surrounding land use, such as agriculture, all directly affect the species diversity and ecosystems in protected areas [START_REF] Hansen | Ecological Mechanisms Linking Protected Areas to Surrounding Lands[END_REF]DeFries et al., 2010;Foxcroft et al., 2011;[START_REF] Palomo | National Parks, buffer zones and surrounding lands: Mapping ecosystem service flows[END_REF]. Non-native species are part of this flow of organisms that can enter and potentially establish in protected areas, particularly those species with invasive characteristics [START_REF] Hulme | Protected land: Threat of invasive species[END_REF]Schulze et al., 2018;[START_REF] Perzanowska | Alien species as a potential threat for Natura 2000 habitats: a national survey[END_REF]Liu et al., 2020;[START_REF] Pyšek | Scientists' warning on invasive alien species[END_REF][START_REF] Shackleton | Assessing biological invasions in protected areas after 30 years: Revisiting nature reserves targeted by the 1980s SCOPE programme[END_REF].

Landscape characteristics are among the most influential factors potentially affecting the occurrence of non-native species (Pauchard and Alaback, 2004;Decker et al., 2012;O'Reilly-Nugent et al., 2016;Sánchez-Ortiz et al., 2020). Consequently, this also applies to protected areas and their surroundings. While the effects of land use and land cover in protected areas is underrepresented in studies (see Pauchard and Alaback, 2004 for a rare example), the effect of land use and land cover around protected areas has been more investigated. Highly disturbed areas such as agricultural land and urban areas surrounding protected areas can contribute to the number and diversity of non-native species in protected areas (Pauchard and Alaback, 2004;Foxcroft et al., 2011;[START_REF] Jarošík | Predicting Incursion of Plant Invaders into Kruger National Park, South Africa: The Interplay of General Drivers and Species-Specific Factors[END_REF]. For example, in South Africa, landscape characteristics inside and around the Kruger National Park were equally reliable indicators of the presence/absence of six invasive plant species, with charachteristis inside the park also reliable for identifying areas at high risk of future colonization [START_REF] Jarošík | Predicting Incursion of Plant Invaders into Kruger National Park, South Africa: The Interplay of General Drivers and Species-Specific Factors[END_REF].

Size of the protected areas

Many protected areas, including especially large ones, are located in landscapes with little anthropogenic intervention. These areas are available for protection because they have little value for other activities. Smaller protected areas, often located in more modified landscapes, are therefore exposed to greater anthropogenic pressure and may be at higher risk of colonization by non-native species [START_REF] Meiners | Plant invasion in protected landscapes: exception or expectation?[END_REF]. In contrast to this assumption, recent studies found that bigger protected areas are home to more non-native species (Gallardo et al., 2017;Liu et al., 2020) and thus are in line with the in general expectations of the species-area relationship [START_REF] Guo | Worldwide effects of nonnative species on species-area relationships[END_REF].

Human population density

Hotspots of non-native species in all taxonomic groups can be directly linked to human population density (Dawson et al., 2017). Concerning protected areas, Spear et al. (2013) showed that human population density around PAs was positively correlated with the number of non-native animals and plants in protected areas.

Remoteness

The accessibility of protected areas has been shown to be a predictor of non-native species richness [START_REF] Gallardo | The Importance of the Human Footprint in Shaping the Global Distribution of Terrestrial, Freshwater and Marine Invaders[END_REF]. To measure the accessibility of an area, Nelson (2008) developed a spatial global scale indicating travel time to the nearest town with more than 50,000 inhabitants. In the case of protected areas, in general, all tourism related activities potentially have negative impacts on the environment and furthermore, visitors are potential sources of introduction and vectors of spread of invasive species (Leung et al., 2018). The roads and trails outside and inside PAs are INTRODUCTION 34 stronger protection and restricted access, as shown in Gallardo et al., (2017). However, a previous study by Liu et al., (2020) showed high levels of non-native species in protected areas of IUCN Conservation Category II worldwide, despite the relatively small human footprints in these areas (Jones et al., 2018a) and the integration of invasive species management into IUCN protected area regulations (Dudley, 2008).

The threat posed by invasive species in protected areas is an issue of increasing concern to protected area managers [START_REF] Shackleton | Assessing biological invasions in protected areas after 30 years: Revisiting nature reserves targeted by the 1980s SCOPE programme[END_REF]. Managing non-native species, and in particular invasive species, is therefore becoming increasingly important and urgent [START_REF] Pyšek | Scientists' warning on invasive alien species[END_REF][START_REF] Shackleton | Assessing biological invasions in protected areas after 30 years: Revisiting nature reserves targeted by the 1980s SCOPE programme[END_REF]. However, currently not all protected areas have management plans for non-native species [START_REF] Braun | Distribution and management of invasive alien plant species in protected areas in Central Europe[END_REF] and there is variation in the management regulations between the IUCN protected area management categories [START_REF] Dudley | Guidelines for applying protected area management categories including IUCN WCPA best practice guidance on recognising protected areas and assigning management categories and governance types[END_REF]. In the management categories II and IV, it is explicitly stated that the level of non-native species is to be kept low, whereas this is not explicitly mentioned in the other management categories. The Natura 2000 network is especially vulnerable to non-native species introductions [START_REF] Baquero | Tackling biological invasions in Natura 2000 network in the light of the new EU Biodiversity Strategy for 2030[END_REF], because the network integrates human activity as a relevant part of ecosystem functioning. The Habitats Directive and Birds Directive, on which the Natura 2000 network is built, thus emphasize the regulation and prevention of non-natives species introductions (Monaco and Genovesi, 2014).

Further, Natura 2000 networks are part of the EU Biodiversity Strategy 2030, where regulations on invasive species will be implemented [START_REF] Baquero | Tackling biological invasions in Natura 2000 network in the light of the new EU Biodiversity Strategy for 2030[END_REF]. [START_REF] Genovesi | Guidelines for Addressing Invasive Species in Protected Areas[END_REF] developed European guidelines for the management of invasive species in European protected areas. They highlight several key management aspects: the integration of invasive species management programs in the protected area management strategies, site based preventions, development of staff capacities, the set-up of rapid detection and response frameworks, the implementation of surveillance monitoring and information exchange networks and the management of invasive species beyond protected area boundaries. Furthermore, successful management requires the increasing awareness of the threats posed by invasive species among the human population. Staff of protected areas play a key role in the diffusion of knowledge to visitors which can be directly involved in invasive species monitoring or control programs [START_REF] Genovesi | Guidelines for Addressing Invasive Species in Protected Areas[END_REF].

PhD project aims

The overall objective of this thesis is to evaluate the extent to which protected areas are permeable to non-native species. We defined the permeability of a protected area as a property determined by the degree of suitability for colonization by non-native species. In other words, the central question of this thesis is "Do protected areas act as barrier to non-native species colonization"? Our general assumption was that the majority of non-native species detected in protected areas originate from their immediate vicinity. Although long-distance dispersal may play an important role in the colonization dynamics of some species (e.g., [START_REF] Suarez | Patterns of spread in biological invasions dominated by long-distance jump dispersal: Insights from Argentine ants[END_REF][START_REF] Marco | Comparing short and long-distance dispersal: modelling and field case studies[END_REF][START_REF] Pergl | The role of long-distance seed dispersal in the local population dynamics of an invasive plant species: Quantifying long-distance dispersal[END_REF], we assumed that the majority of species disperse in a spatially continuous fashion. We considered the immediate proximity of protected areas (distances of a few kilometres) as the last step for species before they potentially colonize protected areas. Thus, the common thread throughout the thesis was to assess the permeability of protected areas by comparing the species present in and around them. We have considered a protected area as impermeable if the non-native species present in the surrounding area were not found within it.

Few studies have focussed on the effectiveness of protected areas by comparing the presence of non-native species in and around protected areas (Pauchard and Alaback, 2004;Foxcroft et al., 2011;Gallardo et al., 2017;Moustakas et al., 2018;Guimarães Silva et al., 2020;Liu et al., 2020). Indeed, the studies by Foxcroft et al. (2011) and Pauchard and Alaback (2004) are, until the beginning of this thesis, among the few studies that have investigated the presence of these species in the direct proximity of protected areas. Many aspects of the permeability of protected areas to non-native species from the surrounding area are therefore not well understood. For example, it is not known how non-native species in the proximity of protected areas affect the community of
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The first chapter of this thesis is devoted to the evaluation of our general assumption that considers the pool of species present in a protected area as a subset, of varying proportion, of the pool of species present around the protected area. The main objectives of this chapter were to: Compare these two non-natives species pools both qualitatively (species composition) and quantitatively (number of species) in order to determine to what extent the species community present around a protected area influences the species community of that protected area.

Date the first occurrence of non-native species around and within protected areas, to show whether there is directional colonization from the surroundings into the protected areas.

Investigate whether certain non-native species characteristics (e.g., taxonomic position, invasiveness) increase the probability of their presence in protected areas.

In the second chapter, we examined how the landscape in and around protected areas may influence their permeability to non-native species. The objective of this chapter was to assess the effect of key landscape characteristics on the non-native species richness in protected areas. For this purpose, we characterized the landscape of a protected area using three parameters based on land use and land cover (LULC): the dominant LULC, the diversity of LULCs, and the similarity of LULCs in and around the protected area. Our hypotheses were:

Human-altered LULCs (e.g., agricultural areas) increase the permeability of protected areas compared to more natural LULCs (e.g., forest and semi natural areas), as they are the site of frequent anthropogenic disturbances that enhance non-native species colonizations.

A high diversity of LULC types provides more suitable habitats for non-native species than a homogeneous landscape, thus enhancing the colonization by non-native species and increasing the permeability of protected areas to them.

The similarity of LULC between protected areas and their vicinity facilitates the spread of nonnative species from the surrounding area into protected areas and thus increases the permeability of protected areas.

The third chapter focuses on the influence of protected area management on their permeability.

We studied the long-term dynamics of an invasive tree species, Acacia dealbata, by reconstructing its colonization history in and around protected areas over the past 20 years (2001 to 2020) in central Portugal.

Our first objective was to examine the long-term effects of disturbances by fire and deforestation on the colonization dynamics of A. dealbata. Our hypothesis was that fire and disturbance promotes the spread of the species.

Our second objective was to study the permeability of protected areas. Our hypothesis was that protected areas were less permeable to A. dealbata than their surroundings due to active invasive species management programs and a reduction in disturbance from fires and deforestation.

Throughout this thesis, we focus on protected areas and their belt zones (zone of a few kilometres around the protected area) in Europe. With the aim of covering a wide geographical gradient from north to south and different climatic conditions, the spotlight is on the five European countries: Norway (Chapter 1, 2), United Kingdom (Chapter 2), Belgium (Chapter 2), Switzerland (Chapter 2) and Portugal (Chapter 3).

In the first and second chapters of the thesis, the central interest is on non-native species at the community level. For this, we used national databases of non-natives species, including terrestrial and freshwater non-native animals and non-native plants. The third chapter focuses on non-native species at the species level, in this case the tree species Acacia dealbata, which is native to Australia and invasive in Portugal. We use a time series of Landsat 7 satellite imagery to reconstruct the colonization dynamics over twenty years from 2001 to 2020.

The main results and conclusions of each chapter on protected area permeability are brought together in the general discussion. Here we include an overall statement on the contribution of this thesis to the field of conservation sciences in general and non-native species in protected areas in particular.

CHAPTER 1: Non-native species surrounding protected areas influence the community of non-native species within them CHAPTER 1 40 Protected areas (PAs) are a key element of global conservation strategies aiming to protect habitats and species from various threats such as non-natives species (NNS) with negative ecological impacts. Yet little is known about the mechanisms by which PAs are colonized by NNS, and more specifically the role of colonizing events from surrounding areas. Here, we compared terrestrial and freshwater non-native plants and animals recorded in Norwegian PAs and in 5-km belts around them, using the database of the Norwegian Biodiversity Information Centre Species Map Service. Our analysis included 1,602 NNS and 671 PAs. We found that NNS were recorded in only 23% of the PAs, despite the fact that 90% of the 5-km belts were colonized by at least one NNS. A Zero-inflated negative binomial regression model showed that the number of NNS in the 5-km belts was a strong explanatory variable of the NNS richness inside PAs. Other significant variables included the surface area of the PA, mean human population density in the PA, main type of habitat and accessibility of PAs. We also observed similarity in the species in and around the PAs, with, on average, two thirds of the NNS present in a specific PA also present in its 5-km belt. Furthermore, NNS were recorded in PAs on average 4.5 years after being recorded in the 0-5 km belts, suggesting a dynamic of rapid colonization from the belts to the PAs. Invasive NNS represented 12% of NNS in the belts but 40% in the PAs. This difference was related to the higher abundance of invasive NNS in the belts. Our results highlight the necessity of expanding the focus of NNS management in PAs beyond their boundaries, in particular to prevent incursions of NNS with high negative ecological impact.

INTRODUCTION

Protected areas (PAs) are key target elements of global biodiversity conservation strategies. In 2010, 150 governmental leaders committed, through the Aichi Target 11 in the Convention on Biological Diversity, to improve the status of biodiversity by setting 17% of the global terrestrial area under protection by 2020 (CBD, 2020). The main purposes of PAs are to maintain natural ecosystem functioning, prevent habitat degradation due to human activities [START_REF] Rodrigues | Global gap analysis: priority regions for expanding the global protected-area network[END_REF], conserve biodiversity (Worboys, 2015) and protect nature from various threats [START_REF] Mathur | Managing threats[END_REF] such as acting as natural filters against invasive nonnative species (Foxcroft et al., 2011). According to IUCN, a non-native species (NNS) is a species introduced outside its natural past or present distribution (IUCN, 2016). During the last two centuries the number of introduced NNS species has increased substantially worldwide with no sign of saturation (Seebens et al., 2017a). Their spread is a consequence of increased human mobility, and the expansion and globalization of trade between countries and continents (Nunes et al., 2015;Chapman et al., 2017;[START_REF] Seebens | Global rise in emerging alien species results from increased accessibility of new source pools[END_REF]Ward et al., 2020). Although the ecological impacts of most NNS are either negligible or unknown [START_REF] Jaric´ | The tens rule in invasion biology: measure of a true impact or our lack of knowledge and understanding?[END_REF][START_REF] Seebens | Global rise in emerging alien species results from increased accessibility of new source pools[END_REF]Blackburn et al., 2019), some non-natives are invasive, or potentially invasive: i.e., they have negative impacts on the recipient species and ecosystem (IUCN, 2016;Blackburn et al., 2019). Biological invasions are one of the leading causes of global biodiversity loss (Intergovernmental science-policy platform on biodiversity ecosystem services, 2019) and are one of the principal drivers of recent species extinctions [START_REF] Clavero | Invasive species are a leading cause of animal extinctions[END_REF]Bellard et al., 2016;Blackburn et al., 2019). Numerous guidelines and technical tools have been developed to assist in the management of invasive NNS in PAs (e.g., de Pooter et al., 2007;Monaco and Genovesi, 2014). These manuals generally advocate the early detection and eradication of all NNS, including those that have not been proven to be invasive, as an implementation of a precautionary approach that considers all NNS to be potentially invasive (McNeely et al., 2001;Monaco and Genovesi, 2014). Beyond the threat to biodiversity posed by invasive species, all NNS represent a human footprint on natural environments. NNS introduced by humans are considered undesirable in PAs, the purpose of which is to preserve nature in as pristine a state as possible [START_REF] Hettinger | Defining and evaluating exotic species: issues for yellowstone park policy[END_REF]. The presence of NNS also potentially contributes to increasing homogenization of native biological communities [START_REF] Mckinney | Biotic homogenization: a few winners replacing many losers in the next mass extinction[END_REF][START_REF] Lambdon | Do non-native species invasions lead to biotic homogenization at small scales? The similarity and functional diversity of habitats compared for alien and native components of Mediterranean floras[END_REF]Kortz and Magurran, 2019). Previous studies have shown that NNS richness patterns within PAs are linked to anthropogenic factors such as road networks and human population density inside PAs (Spear et al., 2013;[START_REF] Dimitrakopoulos | Factors shaping alien plant species richness spatial patterns across Natura 2000 special areas of conservation of Greece[END_REF]Gallardo et al., 2017;Moustakas et al., 2018). Other properties of the PAs, such as their surface area and protection status, also influence NNS richness (Gallardo et al., 2017;Liu et al., 2020). Furthermore, NNS presence in PAs is also driven by the properties of the surrounding areas, including human land use, human population density and road density (Foxcroft et al., 2011;Spear et al., 2013). These results suggest that, even if long-distance dispersal can be important for the expansion of NNS, especially in the early stages [START_REF] Ramakrishnan | Shifting dispersal modes at an expanding species' range margin[END_REF], short-distance dispersal represents a significant contribution to their colonization dynamics. One of the few documented examples was published recently by Liu et al. (2020), based on the global alien distributions of 894 animal species: they found that 89-99% of PAs had an established population of at least one of these species within 10-100 km of their boundaries, but the majority of PAs were not colonized by any of them. Nevertheless, little is known about the influence of the NNS pool present in close proximity to PAs on the NNS communities within them (but for an example see Meiners and Pickett, 2013). Here, we analyze the composition of terrestrial and freshwater nonnative plants and animals present in Norwegian PAs, and in belts of 0-5, 5-10, and 10-20 km around them, to assess the extent to which the community of NNS in areas immediately surrounding PAs relates to NNS within PAs. We selected Norway due to the availability of an extensive database on NNS from the Norwegian Biodiversity Information Centre (NBIC) and the Global Biodiversity Information Facility Norway (GBIF Norway). We hypothesized that the presence of NNS in PAs should mainly be a result of colonization from surrounding areas. NNS in close proximity to PAs should thus influence the community of NNS present in PAs qualitatively, quantitatively and temporally. We expected to find:

1. A high proportion of NNS present in a PA are also present in its surroundings (qualitative similarity). The NNS in a PA will have taxonomic and ecological similarities to the pool of NNS in its surroundings. However, since invasive NNS are expected to have a higher colonization potential than non-invasive NNS, invasives should be present in higher proportions inside PAs than outside in comparison to other NNS. 2. The total number of NNS present inside a PA is a positive function of the richness of NNS in its surroundings (quantitative influence). In addition, the most abundant species in the surroundings of PAs are more likely to be present within the PAs. 3. NNS are recorded in the areas surrounding PAs earlier than inside the PAs (temporal sequence).

METHODS

Data on Non-native Species

We downloaded NNS data from the NBIC Species Map Service (https://www.artskart.artsdatabanken.no, 10/04/2020. Data from: List supplementary material. Downloaded through the Species Map service). This database is provided by various contributors including research institutes, environmental agencies and NGOs. Biodiversity data from online databases are potentially biased, for example by accessibility of sites, lack of coverage of geographic and environmental variation that cover species distributions [START_REF] Hortal | Limitations of biodiversity databases: case study on seed-plant diversity in Tenerife, Canary Islands[END_REF], or by taxonomy, such as societal preferences in citizen science projects (Troudet et al., 2017). However, we consider the Norwegian database as one of the most robust that is available, as it contains an extensive collection and evaluation of NNS from a wide range of taxa and across the country [START_REF] Sandvik | Generic ecological impact assessment of alien species (GEIAA): the third generation of assessments in Norway[END_REF][START_REF] Tsiamis | EUR 29675 EN[END_REF]. We selected terrestrial and freshwater NNS records of the Kingdom "Animalia" and "Plantae" with an accuracy of <= 100 m. For this purpose, we retained only those species with the following habitat categories assigned by Norwegian Biodiversity Information Center (NBIC, https://www.biodiversity.no): terrestrial, limnic/terrestrial, limnic/marine habitats. We filtered for records from the year 1950 to the present. After selection, our NNS database included a total of 350,286 records of 1,602 species representing 21 different taxonomic classes. 14.9% of the NNS were animals and 85.1% were plants.

In order to consider potential ecological impacts caused by NNS, we used the ecological risk assessment conducted by the Norwegian Biodiversity Information Centre, in which each NNS is assigned to one of the following categories:

-"Severe impact" (SE): NNS with actual or potential ecologically harmful impact and the potential to become established across large areas; -"High impact" (HI): NNS with either a moderate ability to spread but which cause at least a medium ecological effect, or have a minor ecological effect but have a high invasion potential; -"Potentially high impact" (PH): NNS with either a high ecological effect and low invasion potential or high invasion potential without known ecological effect; -"Low impact" (LO): NNS with no substantial impact upon Norwegian nature -"Not known impact" (NK): NNS with no known impact; -"Not risk assessed" (NR): NNS not yet risk assessed. NNS belonging to "Severe impact" and "High impact" categories are included in the Norwegian Black List 2012 of Alien Species. In total, 60% of the NNS included in the analysis were risk assessed, while 40% were not.

Data on Protected Areas

We extracted the shape files and information on the designation year and surface area of Norwegian PAs from the World Data Base on Protected Areas (WDPA, UNEP-WCMC and IUCN, 2019). The WDPA contains 3,143 registered Norwegian PAs of which 2,178 PAs are terrestrial and cover 54,749 km² of the land area of Norway (http://protectedplanet.net, accessed March 2020). We selected for analysis PAs with status "designated" and categorized as "terrestrial," excluding "marine," and "coastal" PAs. There are also PAs that are not assigned to any management categories (i.e., category marked as not assigned, not reported, not applicable); these PAs were excluded. Protected areas of the WDPA are categorized in different International Union for Conservation of Nature (IUCN) categories, which range from category I (strictly protected or large, unmodified or slightly modified areas) to VI (protected areas with sustainable use of natural resources) whilst further PAs that are not assigned, not reported and not applicable (IUCN, https://www.iucn.org). For our study we selected PAs in category I, II (national parks) and IV (habitat/species management areas) with a surface area >= 1 km². Since our analysis investigated NNS in PAs and belt zones up to a distance of 20 km around the PAs (see below), we also excluded PAs whose belt zones crossed the political borders with Sweden, Finland and Russia. Applying these filters resulted in 671 PAs in our analysis: 623 PAs of IUCN category I (average surface area = 7.8 km²), 18 PAs of IUCN category II (average surface area = 1,064.9 km²) and 30 PAs of IUCN category IV (average surface area = 142.3 km²). All PAs were designated between 1959 and 2017 and had areas ranging between 1 and 3,444.8 km² (average 42.2 km²). They covered 28,314.9 km², which is 49.5% of the total terrestrial protected area of Norway.

Belt Zones Around Protected Areas

We mapped belt zones of 0-5, 5-10, and 10-20 km circumjacent to PAs using QGIS (http://qgis.osgeo.org, version 3.4.2-Madeira) (Figure 1). All PAs and belt zones were entirely within Norway.

Where the belt zone of a PA included part or all of another PA, the intersecting area was not excluded from the belt, such that belts should not be considered as indicators of the state of protection. Our analysis focused on the belt of 0-5 km (henceforth referred to as 5-km belt) to investigate whether the composition of NNS communities within PAs was influenced by NNS in the immediate vicinity of PAs. The surface area of this belt naturally varied with the size of the PA, with a range 99.1-2,218.2 km² (average 167.7 km²).

Statistical Analysis

All analyses were performed using the statistical analysis tool R [R Core Team (2019), https://www.R-project.org, version 4.2.0]. We extracted NNS records for all the PAs and their belts, deriving from this a list of NNS for each PA and its surrounding belt. To test qualitative similarity, we used tests across all PAs and belts (i.e., overall comparisons considering independently the records made in a PA and in 5-km belts). The temporal sequence analysis was based on data where the NNS was present in the PA and the associated belts using a pairwise comparison. To test for quantitative influence, we used a mixture of tests considering data in PAs and their associated belts as independent (tests on abundance) or as paired for the other analysis (NNS present in PAs and associated 5-km belts and modeling NNS richness).

Qualitative Similarity Taxonomy and Ecological Impact

We compared the proportions of taxonomic classes and ecological impact categories of NNS between the PAs and belts using Pearson's chi-squared tests.

Most Frequent NNS

To identify the most frequent NNS in the PAs, we selected NNS that were present in at least ten PAs. We compared them with the same number of NNS that were most frequent in the 5-km belts.

Quantitative Influence

NNS Abundance

We defined the abundance of a species in a PA or a belt as the number of records of this species. The mean abundance of a species is therefore the number of records divided by the number of PAs or belts where it was present. For NNS present in both the PAs and the 5-km belts, we tested if there was a correlation between their mean abundance in the PAs and the belt using a Spearman's rank correlation (rho). To test whether the NNS present in the PAs are among the most abundant in the 5-km belts, we compared the mean abundance of NNS present in both the PAs and the belts with the mean abundance of NNS present only in the belts using a Wilcoxon Rank Sum Test. To test whether NNS of the impact categories "Severe impact" and "High impact" (black listed NNS) were more abundant in the 5km belts than NNS of less severe impact categories (non-black listed NNS), we compared the mean abundance of these two groups of NNS in the 5-km belts using a Wilcoxon Rank Sum Test.

NNS Present in PAs and Associated 5-km Belts

To investigate the hypothesis that the presence of NNS in PAs is mainly a result of colonizing events from surrounding areas, we calculated, for each NNS present in the 5-km belts, the proportion of times it was present in both the belt and its associated PA, and the proportion of times it was present only in the 5-km belt but not in its associated PA. We then calculated the mean of these proportions for all the NNS present in the 5-km belts. We applied the same approach for the NNS present in the PAs. We calculated the proportion of time they were present in both the PA and its associated 5-km belt, and the proportion of time they were present only in the PA but not in its associated 5-km belt. We then calculated the mean of these proportions for all the NNS present in the PAs.

Modeling NNS Richness

We selected five explanatory variables to model NNS richness in PAs, comprising two biotic variables (the most abundant land cover in the PAs and NNS richness in the 5-km belts); two anthropogenic variables (mean human population density of the region in which the PA is located and their accessibility), and PA surface area. Land cover was obtained from Copernicus Land Monitoring Service using information Label 1 (CLC, 2018). Label 1 information consists of five categories: "Artificial surfaces", "Agricultural areas", "Forest" and semi natural areas", "Wetlands" and "Water bodies". We extracted the land cover of each PA in QGIS and calculated the percentage of the most abundant land cover category in each PA. NNS richness in each of the PAs and their associated 5-km belt zones was extracted from the NNS lists. The mean accessibility of PAs, calculated as the mean travel time from within PAs to the nearest city with a population >50,000 inhabitants, was extracted from Nelson (2008), a map integrating transportation networks and agglomeration index (a measure of urban concentration) and was downloaded from the European Commission (https://forobs. jrc.ec.europa.eu). Mean human population density was obtained from WorldPop (2018). The surface areas of the PAs were filtered from the World Database of Protected Areas (WDPA, https:// protectedplanet.net). We assessed the relationships between predictor variables using Spearman's Rank correlation. All predictors were retained for the analysis since they had little correlation among them (Supplementary Figure 1). We applied a Zero-inflated Negative Binomial regression model with Poisson distribution (ZINB, [START_REF] Lawal | Zero-inflated count regression models with applications to some examples[END_REF] to test if the NNS richness in PAs is a result of the NNS richness in the associated 5km belts, anthropogenic and PA properties. We assumed that if NNS have the opportunity to colonize PAs their richness inside is between 0 or higher and therefore is a count process (Gallardo et al., 2017). On the other hand, for PAs that were uncolonized by NNS, we assumed this was due to missing vectors, distance, or the PA not having suitable habitat (Gallardo et al., 2017). The only outcome in this case is zero. The ZINB model consists of two parts: The first part is the negative binomial regression model, which explains the relationship between conditional variance and conditional mean compared to the Poisson distribution model. The second part, the binary distribution model, captures the excess of zero values that exceed the predicted zeros by the negative binomial distribution. We used the package "pscl" to run the ZINB [START_REF] Achim | Regression models for count data in R[END_REF][START_REF] Jackman | pscl: Classes and Methods for R Developed in the Political Science Computational Laboratory[END_REF].

Temporal Sequence Year of First Record in PAs and Associated Belts

To test whether NNS were recorded earlier in the surrounding belt than inside PAs, we extracted the years of first record for each NNS in the PAs and the 0-5, 5-10, and 10-20 km belt zones. We selected only NNS present in PAs. For each NNS we looked at the PA and the associated belts. We compared the years of first record in PAs and their three associated belts using a Kruskal-Wallis and Dunn's test for pairwise comparison with the "fdr" adjustment method.

RESULTS

We analyzed 671 Norwegian PAs, of which only 22.8% were colonized by any NNS. In contrast, at least one NNS was present in 89.5% of the 5-km belts. The total number of NNS records was 8,641 in PAs, and 156,736 in the 5-km belts, which represents 2.4 and 44.7%, respectively, of all the Norwegian NNS records included in the analysis. The remaining records were in the 5-10 km belts and 10-20 km belts or outside of them. The number of NNS was between 0 and 53 in PAs (mean = 0.87, SD = 3.68) and 0 and 440 (mean = 23.3, SD = 50.62) in 5-km belts. Of the 1,602 NNS in our analysis, 196 were present in the PAs, and 1,123 in the 5-km belts. All bar one of the 196 NNS present in the PAs (99.5%) were among the NNS present in the 5-km belts, the exception being the plant, Leucanthemum maximum. The number of NNS present in PAs also varied between IUCN categories (category I: mean ± SD = 0.68 ± 2.85; category II: 1.27 ± 2.35; category IV: 4.53 ± 11.03).

Qualitative Similarity

Taxonomy More than 75% of the NNS in both the PAs and the 5-km belts were plants, although the proportion of plants was lower in PAs than in 5-km belts (Figure 2A). Five plant classes were present in the PAs vs. eight in the 5-km belts (Figure 2B). Eudicots (e.g., broadleaf trees Acer pseudoplatanus and Sambucus racemosa) represented the highest proportion in both the PAs and the 5 -km belts but the proportion was significantly lower in the PAs than in the 5-km belts (Figure 2B). The inverse relationship was observed for Pinopsida (e.g., coniferous trees Picea stichensis and Abies alba), with a higher proportion of Pinopsida present in PAs. Nonnative animal species represented 22% and 13% of the NNS in PAs and 5-km belts, respectively. Six animal classes were present in the PAs and 8 in the 5-km belts, of which Insecta (e.g., the beetles Acrotrichis insularis and Cartodere nodifer) showed the highest proportion in PAs and 5-km belts, followed by Aves (e.g., the Canada goose Branta canadensis and the Mandarin duck Aix galericulata), with a significant higher proportion of Aves in PAs (Figure 2B).

Ecological Impact

NNS listed in the 2012 Norwegian Black List comprised ∼ 40% of the NNS in PAs, with 28.5% classified as species with "Severe impact" (SE) and 11.3% with "High impact" (HI) (Figure 2C). In contrast, 12% in the 5-km belts were listed in the Norwegian Black List, with 6.7% "SE" and 5.3% "HI," this difference being significant (X² = 90, df = 1, p < 0.05). Fifty-seven percent of the NNS in the Black List that were present in the 5-km belt were also present in the PAs, compared to only around 12% of the non-listed NNS (X² = 165.19, df = 1, p < 0.001).

Most Frequent NNS

Nine NNS were present in at least 10 PAs. The most frequent being the Canada goose (Branta canadensis), which was present in 34/671 PAs (5%) (Figure 3). Of the top 9 NNS, six were plants and three were animals, one plant and one animal being aquatic. The three animals were chordates (B. canadensis, Neovison vison and Salvelius fontinalis). B. canadensis was also among the top 9 NNS present in the 5-km belts, but at a much higher proportion, colonizing 28% of them (Figure 3). In the 5-km belts, the most frequent NNS was the Garden lupin (Lupinus polyphyllus), which was present in 437/671 (65%) of the belts and was also among the top 9 NNS in PAs. Seven of the top 9 NNS present in PAs and seven of the top 9 NNS present in the 5-km belts were in the Norwegian Black List of Alien Species 2012.

Quantitative Influence

NNS Abundance

The mean abundance of NNS present in PAs was significantly positively correlated with that of the 5-km belts (Spearman's rank correlation rho: S = 598,446, p < 0.001, rho = 0.52). NNS present in both the 5-km belts and the PAs were significantly more abundant in the 5-km belts than the NNS present only in the 5-km belts (mean abundance in the belts: 8.51 and 2.13 records per NNS, respectively, Wilcoxon Rank Sum Test: W = 34,914, p < 0.001). In the 5-km belts, the abundance of black-listed NNS was significantly higher than the other NNS (mean abundance in belts: 9.48 and 2.38 records, respectively, Wilcoxon Rank Sum Test: W = 26,002, p < 0.001).

NNS Present in the PAs and Their Associated 5-Km Belts

Of the pool of NNS present in the associated 5-km belt of a PA, only 1% on average were also present inside the PA they surround. In contrast, on average 63% of NNS present in a PA were also present in its associated 5-km belt, while the remaining 37% of NNS present were only in the PAs and not in the associated 5-km belts.

Modeling NNS Richness

The results of the Zero-Inflated Negative Binomial regression show a significant positive relationship between NNS richness in PAs and richness in the associated 5-km belts (Table 1, Figure 4). NNS richness in the 5-km belts was also the only significant variable in the zero part of the model (i.e., modeling PAs free of NNS), being lower when surrounding PAs with no recorded NNS. The most abundant land cover in the majority of PAs was "Forest and semi natural areas" (525 PAs, 78.6%) followed by "Wetlands" (99 PAs, 14.8%) and "Waterbodies" (42 PAs, 6.3%) (Figure 4). Agricultural area was the most abundant land cover of only two PAs. The count part of the ZINB model shows that the number of NNS in PAs was highest where water bodies were the most abundant land cover (Table 1). The number of NNS in PAs also significantly increased with increasing mean human population density in the PAs and the surface area of PAs, and was negatively correlated with travel time to large cities (Table 1, Figure 4).

Temporal Sequence Year of First Records in PAs and Associated Belts

Overall, NNS were recorded later in PAs than in any of the three associated belts, with the difference on average being 4.5 years (0-5 km), 6 years (5-10 km), and 5.5 years (10-20 km) (Figure 5). The average years of first records in the three belts were not significantly different. Of the NNS present in both the PA and the associated 5-km belt, 59.4% were recorded earlier in the belt, 17.5% in the same year and 23.1% earlier in the PAs. This overall pattern of delayed records in the PAs was observed for 5 of the 11 taxonomic classes (Figure 6). Of the top 9 NNS in PAs, six were recorded significantly earlier in the PAs than in at least one of the belts (Kruskal-Wallis-Test: X² = 62.21, df = 3, p < 0.001) (Supplementary Figure 2).

DISCUSSION

Our study provides an extensive nationwide analysis of how the NNS community in the vicinity of PAs influences the NNS community inside PAs. Using data on 1,602 non-native terrestrial and freshwater animals and plants of Norway, we showed that 77% of the PAs included in our analysis were free from any of them. This result is in accordance with a previous study on a global scale, which found more than 90% of PAs free from any of 894 non-native animals (Liu et al., 2020). The absence of NNS in PAs is often attributed to their remoteness, which keeps them far from areas where many NNS are introduced: the introduction of NNS is often associated with trading and transport activities between cities and countries (Banks et al., 2015;Nunes et al., 2015;Seebens et al., 2017b;Seebens, 2019) and NNS further spread by vectors such as roads, streams or intended and unintended human transportation [START_REF] Leuven | The river Rhine: a global highway for dispersal of aquatic invasive species[END_REF]Nunes et al., 2015;[START_REF] Brancatelli | Vector analysis: a tool for preventing the introduction of invasive alien species into protected areas[END_REF]Ward et al., 2020). However, in our study, the low NNS richness in the 5km belts surrounding PAs was the only variable explaining variation in the presence or absence of NNS in PAs (i.e., the zero part of the ZINB regression). This suggests that low colonization and propagule pressure in close proximity seems to be a better explanatory factor for the absence of NNS in PAs than their accessibility. For PAs occupied by NNS, their NNS richness was again significantly related to NNS richness in the surrounding 5km belts, the accessibility of PAs having a lower effect (i.e., the count part of the ZINB regression). These results again support our hypothesis of a quantitative effect of the pool of NNS in areas close to PAs on the richness of NNS within the PAs. Nevertheless, three other factors also influenced the richness of NNS in PAs: their surface area, the human population density inside them and the main type of habitat they contain. PAs in which water bodies were the most abundant habitat had the highest NNS richness, highlighting lakes and rivers as corridors for the colonization of both limnic [START_REF] Leuven | The river Rhine: a global highway for dispersal of aquatic invasive species[END_REF] and terrestrial NNS (Malíková and Prach, 2010;Francis et al., 2019). The temporal analysis carried out in our study revealed that NNS were recorded earlier in the immediate surroundings of PAs than within them. On average, NNS were recorded in the PAs 4.5 years after being recorded in the 0-5 km belts. We also measured a delay in the first records of NNS in the PAs for five of the eleven taxonomic classes of NNS and six of the nine most frequent NNS found in PAs. This spatio-temporal sequence of occurrence confirms that PAs are not prime locations for the introduction of NNS and further suggests the important role of colonizing events from within a few kilometers of their boundaries in the processes involved in the spread of NNS in PAs. These results also suggest an invasion debt, i.e., the time lag between the introduction of a non-native species into a region and its potentially negative ecological consequences (Rouget et al., 2016). For example, ornamental plants already introduced for horticultural purposes, but not yet naturalized (i.e., not yet established as persistent wild populations outside of cultivation), represent a risk of invasion in the future that could be exacerbated by climate change (Haeuser et al., 2018). Once naturalized, the time it takes for an invasive species to reach remote PAs, potentially containing many threatened native species, may be another element of this debt. Garden lupin (L. polyphyllus), for example, considered a severely impacting NNS, which was most common in the 0-5 km belts, but much less common in PAs, should require special consideration in their management. This pattern is also supported by the qualitative similarity that we observed within and around PAs, with, on average, two thirds of the NNS present in a specific PA also present in its associated 5-km belt. Nonetheless, previous studies have shown that successful colonization of new environments by NNS varies from species to species depending on environmental conditions and species characteristics (Sakai, 2001;[START_REF] Gallien | The community ecology of invasive species: where are we and what's next?[END_REF]. Differences in environmental conditions inside and outside PAs, as already shown by Mas (2005), could explain differences in species frequency inside and around PAs. For instance, the Garden lupin (L. polyphyllus) the most frequent NNS in the 5-km belts, is an ornamental plant which is common in Norwegian gardens from where it escaped from cultivation [START_REF] Fermstad | NOBANIS-Invasive Alien Species Fact Sheet-Lupinus Polyphyllus[END_REF]. Another example of differences in environmental conditions are reflected by the fact that the proportions of NNS of two classes, Aves and Pinopsida, were higher inside PAs than in their surroundings. Ten of the 12 nonnative birds were Anseriformes (ducks, geese and swans), thus dependent on aquatic habitats, such as 
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the Canada goose (B. canadensis), which is the most frequent NNS in the PAs. The Canada goose utilizes open and grassy habitats and nearby lakes and other water bodies, feeding on aquatic plants and animals amongst other food [START_REF] Jansson | From: Online Database of the North European and Baltic Network on Invasive Alien Species -NOBANIS www[END_REF]. Concerning the conifers (class of Pinopsida), suitable habitats comprise forest and semi natural areas, which was the most abundant land cover type in the majority of the PAs in our study. Non-native waterfowl and conifers may thus find more suitable habitat in PAs than around them, as many PAs, unlike belts, have probably been delineated to include high conservation value habitats such as water bodies and forests. Our analyses show that invasive NNS (i.e., listed on the Norwegian, 2012 blacklist) are over-represented in Norwegian PAs compared to non-invasives. Invasive NNS accounted for 12% of the NNS in the 5-km belts but 40% in the PAs. Furthermore, 57% of invasive NNS present in 5-km belts are also present inside PAs. This high colonization success of invasive NNS in PAs may be explained by their high abundance outside PAs and by having characteristics that permit their fast colonization and spread. In the belt, an invasive NNS was, on average, four times as abundant as a non-invasive NNS (with species abundance measured as the number of records). Several studies have already demonstrated the crucial role of propagule pressure, and especially the number of new immigrants, on the colonization success of NNS (Cassey et al., 2018;Alzate et al., 2020). The higher abundance of invasive NNS in the belts could thus result in a higher propagule pressure inside PAs, and a subsequent higher probability of establishment of invasive NNS in PAs. Four NNS -R. rugosa, R. japonica, N. caerulescens and B. vulgariswere all among the top 9 NNS in 5-km belts but not among the top 9 NNS in PAs. These are clear candidates for future colonization of PAs. This information is of relevance for managers of PAs to remain vigilant to future non-native colonizers.

In conclusion, our study strongly emphasizes the role of colonizing events from the surroundings of PAs in shaping NNS communities inside PAs. Both the abundance and the composition of the NNS communities around PAs influence NNS within PAs. Moreover, our study also reveals differences which are highly relevant for the conservation of PAs, such as the overrepresentation of invasive NNS within PAs. For all these reasons, we strongly suggest expanding the focus of NNS management within PAs to beyond PA boundaries as recommended by Monaco and Genovesi (2014). Considering the significance of the impact of invasive NNS in PAs [START_REF] Hulme | Greater focus needed on alien plant impacts in protected areas[END_REF], efforts in monitoring and controlling invasive NNS are required from the PA management authorities, but also surrounding landowners. Similar advice has already been provided for PAs surrounded by high human population densities (Spear et al., 2013;Liu et al., 2020) -our study generalizes and reinforces it. The focus on NNS in the vicinity of PAs is of relevance for future conservation strategies, especially to prevent incursions of NNS with severe ecological impacts.

Introduction

Europe's landscape is characterized by a long history of human interventions that have shaped the mosaic of land covers of terrestrial areas (European Environment Agency., 2012; Ellis et al., 2021).

As early as 12,000 years ago, large parts of Earth's land surface were colonized by human societies that used transformative land-use practices (Ellis et al., 2021). The period of industrialization and globalization in the last two centuries has accelerated land use towards more intensive cultivated and homogeneous cultural landscapes, resulting in ecologically simplified habitats, biotic homogenization and species translocations around the world (Ellis et al., 2010(Ellis et al., , 2021)). Beyond historical landscape transformations, today's land cover, which provides habitat for living organisms, can be geomorphometrically characterized as a continuum from natural to semi-natural to highly human-influenced (Cao et al., 2020).

The type of land use and land cover (LULC) and its habitat characteristics not only provide various niches for native species, but also play a key role in the introduction and the spread of non-native species (NNS) (Vilà and Ibáñez, 2011;Nunes et al., 2015;O'Reilly-Nugent et al., 2016;Benedetti and Morelli, 2017;Sánchez-Ortiz et al., 2020). NNS are those species that spread outside their native ranges, with their presence attributed to human actions that allowed them to overcome fundamental natural bio-geographical barriers (Richardson et al., 2010). While the majority of introduced species do not survive in their new environment, a subset of them have the potential to colonize new sites (With, 2004), and a proportion of those then have the potential to become invasive (Jarić and Cvijanović, 2012). Invasive NNS are among the main drivers of global species extinction (Blackburn et al., 2019), but also impose immense economic costs (Diagne et al., 2021).

Although landscape permeability to species and connectivity has been studied in the past (Singleton et al., 2002;Kindlmann and Burel, 2008;[START_REF] Watts | Targeting and evaluating biodiversity conservation action within fragmented landscapes: an approach based on generic focal species and least-cost networks[END_REF]Anderson and Clark, 2012;Jones et al., 2018b), little research has been conducted on landscape permeability to NNS.

In a previous study, González-Moreno et al. (2013) showed that landscape characteristics surrounding forested areas influence plant invasions. Furthermore, Sánchez-Ortiz et al. (2020) emphasised that land-use change and the level of disturbance on islands and the surrounding islands have an impact on the NNS present there. Overall, several landscape characteristics have been identified in the past as important factors for NNS occurrence: CHAPTER 2 57 -Extent of disturbances: LULCs associated with high anthropogenic disturbance, such as urban areas and agricultural land, are associated with the presence of NNS (With, 2002(With, , 2004(With, , 2004;;Vilà and Ibáñez, 2011;O'Reilly-Nugent et al., 2016;Zhou et al., 2019;Sánchez-Ortiz et al., 2020;Häussler et al., 2021), while undisturbed, natural LULCs are less likely to be colonized by NNS (Zhou et al., 2019;Sánchez-Ortiz et al., 2020).

However, natural disturbances such as river floods (Čuda et al., 2017) or forest fires can also promote NNS colonizations, as for example the spread of invasive trees species in regenerating forest areas (Vítková et al., 2016;Langmaier and Lapin, 2020;Nunes et al., 2020).

-Types of land cover: 'landscape permeability' is a measure of how different LULC types facilitate or impede species movements (Kindlmann and Burel, 2008;[START_REF] Watts | Targeting and evaluating biodiversity conservation action within fragmented landscapes: an approach based on generic focal species and least-cost networks[END_REF]Jones et al., 2018b). Freshwater aquatic habitats are particularly vulnerable to NNS colonization, with the establishment and spread success of freshwater NNS often exceeding the value predicted by the "Tens rule" (Gherardi, 2007). The rule of ten states that one in ten introduced species occurs in the wild, one in ten introduced species becomes established, and one in ten of established species becomes a pest (Williamson and Fitter, 1996;Williamson and Griffiths, 1996). Aquatic ecosystems are disproportionally more vulnerable to NNS colonization than terrestrial ecosystems (Moorhouse and Macdonald, 2015;Reid et al., 2019).

-Connectivity: In order to measure the permeability of an area for species, the concept of 'landscape connectivity' has been used, focusing mainly on the effect of habitat corridors on species movements between areas (Gilbert et al., 1998;Lindenmayer and Fischer, 2006;Brudvig et al., 2009;Meiklejohn et al., 2010). Whether or not an area may be colonized by NNS thus depends not only on the landscape, but also on the geographical context in which this area is located (González-Moreno et al., 2013). Artificial structures such as road networks (Pauchard and Alaback, 2004;Benedetti and Morelli, 2017) and natural connectivity such as river networks (Malíková and Prach, 2010;Foxcroft et al., 2011;Nunes et al., 2015;Francis et al., 2019) facilitate the spread of NNS and enable them to encounter new sites. The colonization of areas by NNS moreover is positively correlated with presence and propagule pressure in the surrounding area (González-Moreno et al., 2013;Holenstein et al., 2021).

-Habitat heterogeneity is another factor known to determine the richness of native species living in an area (Young, 2001;Martins, 2011). Whether this also applies to NNS in general

is not yet clear, but previous studies have shown positive relationships between spatial heterogeneity of landscapes and non-native plant richness (Deutschewitz et al., 2003;Kumar et al., 2006;Nobis et al., 2016;Bjarnason et al., 2017).

Protected areas (PAs) have been designated in Europe since the last century (Dudley, 2008). They protect the natural environment from threats such as hunting, recreational activities (Schulze et al., 2018), habitat loss (Jones et al., 2018a) and offer refugee from NNS with invasive potential (Gallardo et al., 2017). To date, terrestrial protected areas cover 13.14% of Europe's land surface area (WDPA, accessed 2021/03/17). Despite the fact that PAs have clear boundaries, they are nevertheless part of Europe's anthropogenic landscape. Depending on their location, they may represent islands of natural habitats in human-dominated landscapes or be part of a natural environment with already high conservation value (European Environment Agency., 2012). In both cases, PAs are directly or indirectly affected by the surrounding LULC characteristics and their disturbances from human activities (Dudley, 2008;Foxcroft et al., 2011;Guimarães Silva et al., 2020). For example, rivers from outside a PAs may run through it, roads and urban areas nearby have a direct impact on the occurrence and distribution of non-native plants within PAs (Foxcroft et al., 2011;Guimarães Silva et al., 2020). Furthermore, we have shown that most of the NNS present in a PA belong to the pool of NNS present in its surrounding area (Holenstein et al., 2021).

We thus considered the surroundings of PAs and their LULCs to be of crucial importance in determining NNS richness in the PAs.

In this study, we evaluated the effect of LULCs both in and around PAs on NNS richness in PAs.

We considered three hypotheses about how LULCs may influence NNS richness in PAs:

1) A high diversity of LULC types potentially provides more suitable habitats for NNS than a homogeneous landscape. We thus expected a higher number of NNS in PAs with a high diversity of LULCs inside. 2) A high level of anthropogenic disturbance increases NNS colonizations. We thus expected a higher number of NNS in PAs with predominantly human-altered LULCs compared to PAs with more natural LULCs. We expected the same effect when PAs are surrounded by humanmodified LULC.

3) The similarity of LULC in and around PAs positively influences NNS richness in PAs in two ways: First, similarity of LULCs increases habitat connectivity between PAs and their surroundings, and therefore facilitates the spread of NNS from the surrounding areas into PAs.

Second, LULCs surrounding PAs act as a filter to select NNS adapted to them, which could then colonize PAs with this same LULC more easily than with a different one. We thus expected a higher number of NNS in PAs with the same LULC both in and around them.

We investigated PAs and 5-km wide belts around them in four European countries: Norway, Belgium, Switzerland and the United Kingdom. Data from non-native terrestrial and freshwater plants and animals allowed us to conduct a detailed analysis of NNS in PAs in relation to the LULCs in and around them.

Methods

Data

Protected areas (PAs):

We analysed PAs of Norway, United Kingdom, Switzerland and Belgium from three categories of the International Union of Conservation of Nature (IUCN) classification:

-PAs of IUCN category I (strict nature reserves and wilderness areas). These are strictly protected areas or large, unmodified or slightly modified areas.

-PAs of IUCN category II (national parks): Those areas are large natural or near natural areas with visitor facilities.

-PAs of IUCN category IV are habitat/species management areas whose objective is to protect specific species or habitats (Dudley, 2008).

We extracted the shape file information of these PAs from the World Data Base on Protected Areas (WDPA, UNEP-WCMC and IUCN, 2019). We filtered for PAs with a surface area of ≥ 1 km² and excluded marine protected areas. To compare LULCs of the PAs and of the 5-km belts, we only selected PAs where both the PA and the surrounding 5-km belt were fully within the political country boundary. The total area of the PAs was 38,392 Km².

Area surrounding Protected Areas (5-km belts):

We defined a 5-km wide belt zone around each PA of which we included only terrestrial areas by excluding marine areas. More specifically, we excluded marine parts of the 5-km belts of costal PAs. We also excluded PAs that encompassed an entire island and whose 5-km belt did not include terrestrial areas. We also excluded PAs whose 5-km belts were smaller than the PAs themselves.

With this, we standardized that PAs are smaller or equal in size to the belts surrounding them. The total area of the 5-km belts was 435,459 Km².

Our final database contained 2,801 PAs of which 59% were located in the United Kingdom, 26 % in Norway, 8 % in Belgium and 7% in Switzerland. The majority of PAs, 74 %, belonged to IUCN category IV, 25 % to IUCN category I and 1 % to IUCN category II (Table S1).

Non-native species (NNS):

Terrestrial and freshwater non-native animal and plant records were obtained for the four selected countries. We downloaded the United Kingdom NNS data from the National Biodiversity Network (NBN Atlas occurrence download at:, 2019). NNS data of Norway were downloaded from the Norwegian Biodiversity Information Centre (NBIC) database (artskart.artsdatabanken.no), NNS data from Switzerland were requested from the Swiss National Biodiversity data base (Info Species), NNS data from Belgium were based on the Global Register of Introduced and Invasive Species of Belgium, and were downloaded from the Global Biodiversity Information Facility GBIF (GBIF. org). To exclude historical records and cover years of PA designation, we selected NNS records for years between 1950 and 2019. However, some NNS data may fall in years prior to PA designation. All datasets were filtered for an accuracy of 100 m, except for Switzerland, where records were filtered to an accuracy of 1 km, as this was the highest resolution available.

Records that did not meet these criteria were excluded from the analysis.

Land use and land cover (LULC):

To analyze the land cover of PAs and 5-km belts, we used the Copernicus Corine Land Cover layer at level 1 (CLC: "© European Union, Copernicus Land Monitoring Service 2018, European Environment Agency (EEA)"). CLC Level 1 consists of five land cover categories: 1) "Artificial areas" includes urban fabric, industrial and commercial sites, transport units, dump and construction sites, as well as artificial non-agricultural vegetation areas such as urban green spaces.

2) "Agricultural areas" is allocated for land with arable land, permanent crop, pastures and heterogeneous agricultural areas.

3) "Forest and semi-natural areas" is the aggregation of areas with different forest types, shrubs, herbaceous vegetation associations and open space with little or no vegetation. 4) "Wetlands" consist of inland wetlands and coastal wetlands. 5) "Water bodies" allocated for waterbodies of natural origin (lakes, ponds) or man-made freshwater bodies including reservoirs and canals.

In order to study the effect of anthropogenic modifications of land cover on NNS richness, we chose to group the 5 LULC types into two categories according to their level of anthropogenic modification. We considered the "Forest and semi-natural areas" to be less affected by human activities than "agricultural areas" and "artificial areas", even though they include some anthropogenic forests such as managed forests or forest plantations (Cao et al., 2020). We also considered "water bodies" as natural areas or near natural, although they are actually a mixture of natural and artificial habitats. Artificial water reservoirs might have lower biodiversity than natural water bodies (Zamora-Marín et al., 2021). However, we expected more natural than artificial protected water bodies, even dough this may not apply to all countries. The two resulting categories were:

-'Anthropogenic LULC' : "Artificial areas" and "Agricultural areas" -'Natural LULC': "Forest and semi-natural areas", "Water bodies" and "Wetlands" 

Analysis

Dominant land use and land cover (Dominant LULC) in PAs

We defined the "dominant LULC" as the land cover category (CLC label 1) that covered the highest proportion of the surface area within each PA and 5-km belt respectively. Further, we created a matrix, which indicated if the dominant LULC in the 5-km belt was the "same" or "different" to the dominant LULC in the PA.

Top 10 ranked NNS within PAs of different dominant LULC

We extracted NNS records in the PAs and their associated 5-km belts and generated lists of NNS present in each area. We separated the PAs into five groups, based on the dominant LULC in each.

Then we ranked the 10 most frequent NNS for each group by counting the number of PAs they occupied.

Effect of diversity of LULC (Shannon Diversity of LULC) on NNS richness in PAs

Based on the NNS lists, we calculated the NNS richness in the PAs and the 5-km belts. We extracted the proportion of area covered by each LULC category (CLC label 1) in the PAs and the 5-km belts respectively. With this information, we calculated the Shannon diversity index of LULCs using the R-package vegan (Oksanen et al., 2019). We used Spearman rank correlation to analyse the relationship between diversity of LULCs in PAs and NNS richness in PAs.

Effect of habitat anthropogenization on NNS richness in PAs

To investigate whether there were significant differences in mean NNS richness between PAs covered by different dominant LULC in the PAs, we used an ANOVA followed by a post hoc Tukey's HSD (honestly significant difference) test.

As the NNS in PA data showed a non-normal distribution (Figure S1), we transformed the number of NNS in the PAs before performing the ANOVA and post hoc Tukey's HSD by adding the value 1 to the number of NNS in PAs, followed by a logarithmic transformation. This improved the normal distribution towards normality, but the data showed a slight left skew (value = 1.09, applying function skewness of the R-package "moments" by Komsta and Novomestky (2015). The Levene's Test for Homogeneity of Variance on log(X+1) transformed NNS richness in PAs and dominant LULC in PAs was significant: Df = 4, F-value 4.23, p=0.0018. (Figure S2). Despite the significance, we considered the ANOVA as an appropriate model to use on the log (X+1) transformed data, since ANOVAs show robustness towards the F-test under variety of conditions involving non-normal distribution (Blanca et al., 2017). The same log (X+1) transformation was used before an ANOVA to test whether the dominant LULC in the 5-km belts had a significant effect on NNS richness in the PAs (Levene's Test for Homogeneity of Variance on log (X+1) transformed NNS richness in PAs and dominant LULC in 5-km belts: Df = 4, F-value 53.22, p<2.2e-16).

Effect of the similarity between the dominant LULC in and around PAs on NNS richness

To determine whether the similarity of dominant LULC in a PA and its belt has an effect on NNS richness on PAs, we used untransformed NNS data. These data showed a zero-inflated distribution and thus did not meet assumptions of normal distribution (Figure S1). Therefore, we applied a non-parametric Wilcoxon signed-rank test across all PAs. Subsequently, a non-parametric Kruskal-Wallis test was applied to analyse differences in NNS richness within each group of dominant LULC in PAs and the 'same' or 'different' LULC in the 5-km belts. Within each category of dominant LULC in the PAs, a Wilcoxon signed-rank test was applied to analyse differences in NNS richness in the PAs in relation to dominant LULC in the 5-km belts.

We performed an ANOVA on NNS richness in PAs that included two predictor variables and their interaction: the dominant LULC in PAs, and the dominant LULC in 5-km belts. Before the ANOVA the data were log(X+1) transformed to approximate the normal distribution. Despite the transformation, again the residuals of the ANOVA did not meet the assumption of normal distribution (Levene's Test for Homogeneity of Variance on the ANOVA: Df= 21, F-value 13.49, p<2.2e-16), but as before we considered the ANOVA a robust enough method for the analysis (Blanca et al., 2017).

All spatial analysis were conducted in QGis (QGIS Development Team) and statistical analysis in R (R Core Team 2020).

Results

General overview on NNS and dominant LULC in PAs and 5-km belts

We analyzed in total 1,814,377 NNS records of 2,990 different NNS of which 1,134 NNS were present in PAs and 2,439 NNS in the 5-km belts respectively (Table 1). The majority of NNS in PAs were plants for all countries combined (79 %), while plants were also the majority in each country individually (Figure S3). 41.5% of the PAs were free from any NNS (Table 2). The country with the highest proportion of PAs free from NNS was Norway (78%), whereas in contrast, all Belgian PAs had at least one NNS present. Furthermore, the number of NNS in PAs was not equally distributed across countries with Belgium having the highest numbers (Figure S4).

In 83% of the cases where a NNS was recorded inside a PA, the same NNS was also recorded within the associated 5-km belt surrounding the PA. 

The dominant LULC in and around PAs

The smallest proportion of area assigned to a dominant LULC type was 26 % of the area in PAs and 31 % of the area in 5-km belts. 95 % of the assigned dominant LULC types covered ≥ 50 % of the area of a PA and 88 % of the 5-km belt. The proportion of dominant LULC type that could be assigned to two dominant LULC types was low (misclassification: equal proportions of two LULC types in one area when rounded to two decimal places: 5 PAs and 12 5-km belts). "Forests and semi natural areas" was the most frequent dominant LULC in both PAs and 5-km belts (Figure 1). The three natural LULC "Forests and semi natural areas", "Wetlands" and "Water bodies" were more frequent in PAs than in 5-km belts, whereas the two anthropogenic LULC "Agricultural areas" and "Artificial areas" were more frequent in 5-km belts than in PAs. However, the frequency of dominant LULC in PAs and 5-km belts surrounding PAs highly varied between the countries (Figure 1). The surface area of PAs varied depending the dominant LULC inside them (Figure S5). PAs with dominant LULC "Wetlands" had the largest mean surface area (19.6 km²), followed by "Forest and semi natural areas" (14.5 km²), "Water bodies" (6.9 km²) and "Agricultural areas" (5.4 km²).

PAs with dominant LULC "Artificial areas" had the smallest mean surface area (3 km²).

Across the four countries, half of the PAs had the same type of LULC in and around them (Number of PAs same = 1426, Number of PAs different = 1375). PAs covered by "Forests and semi natural areas" and "Agricultural areas" were more frequent surrounded by the same LUCL (59% and 82% respectively, Table 3). Conversely, the majority of PAs covered by "Water bodies", Wetlands"

and "Artificial areas" were more frequently surrounded by a different LULC. This pattern however varied between the countries (Table S2). 

Top 10 ranked NNS in PAs

The European rabbit (Oryctolagus cuniculus) was the most frequent NNS in PAs dominated by agricultural areas, wetlands and forest and semi-natural areas, and the second most frequent in PAs dominated by artificial areas (Table S3). In PAs dominated by "Water bodies" the top ranked NNS was the mute swan (Cycnus olor). In terrestrial PAs (i.e., dominated by agricultural areas, forest and semi-natural areas, and artificial areas) the top 10 ranked NNS not only included terrestrial NNS, but also aquatic NNS (e.g., the New Zealand mud snail Potamopyrgus antipodarum). Similarly, terrestrial NNS (e.g., the Japanese knotweed, Fallopia japonica, and the common pheasant, Phasanius colchicus) were also present among the top 10 ranked NNS in PAs dominated by aquatic or semi-aquatic LULC (i.e., water bodies and wetlands).

Effect of LULC diversity on the NNS richness in PAs

The diversity of LULC in PAs and in the 5-km belts were positively correlated (Spearman's correlation of the Shannon diversity index in PAs and in 5-km belts = 0.33, p<<0.001), meaning that in general a similar level of landscape diversity can be observed in and around PAs. NNS richness in PAs was positively correlated with the diversity of LULC inside the PAs (Spearman's correlation = 0.34, p<<0.001) (Figure 2). This correlation was higher in the two countries with an overall high mean NNS richness in the PAs (i.e., Belgium and Switzerland), than in Norway and United Kingdom where the mean NNS richness in PAs was low (Figure 2). Effect of the degree of habitat anthropogenization on NNS richness in PAs.

Both the dominant LULC in the 5-km belts, the dominant LULC in the PAs, and their interaction had a significant effect on NNS richness in the PAs (Table 4). The dominant LULC in the 5-km belts was the most influential factor to explain NNS richness in the PAs (Table 4). 

a) Effect of anthropogenization level of the dominant LULC in PAs on the NNS richness in

PAs

The mean NNS richness in PAs depended on the degree of anthropogenization of the dominant LULC in them. NNS richness in the PAs dominated by the two natural LULC "Forest and seminatural areas" and "Wetlands" was significantly lower than in PAs dominated by the two anthropogenic LULC "agricultural areas" and "artificial areas"(ANOVA: df = 4, F value = 51.22, p < 2e-16, Figure 3). However, there was one exception: PAs dominated by "Water bodies", a natural LULC, had an equally high mean NNS richness as PAs dominated by "Artificial areas". 

b) Effect of anthropogenization level of dominant LULC around PAs on the NNS richness in

PAs

The type of dominant LULC in the 5-km belts surrounding PAs had a significant effect on NNS richness in PAs (ANOVA : df = 4, F value = 184.5 , p < 2e-16, Figure 3). NNS richness followed the gradient of anthropogenization, with PAs surrounded by "artificial areas" being significantly richer than PAs surrounded by "agriculture areas", "forest and semi-natural areas", and "wetlands". However, as observed for LULCs in PAs, PAs surrounded by "Water bodies" showed a mean NNS richness as high as PAs surrounded by "Artificial areas".

Effect of the interaction between the dominant LULC around and in PAs on NSS richness Overall, PAs surrounded by a dominant LULC different from the one in them had a higher NNS richness than PAs surrounded by the same dominant LULC as in them (Figure 4). This pattern was significant for three types of dominant LULC in the PAs: "Agricultural areas", "Forest and seminatural areas" and "Wetlands". However, this pattern was reversed, but not significantly so, for

PAs with dominant LULC "Artificial areas" and "Water bodies" (Figure 4). For these latter two dominant LULCs, the sample sizes of the different combinations of LULCs inside and outside PAs were unbalanced and often small, and therefore the results were difficult to interpret. The general pattern that we observed was an increase of the NNS richness in PAs when PAs were surrounded by a type of LULC richer in NNS that their own LULC. For example, PAs covered by generally poor (for NNS) natural LULCs, such as wetlands or Forests, but surrounded by generally rich (for NNS) anthropogenic LULCs, such as agriculture or artificial areas, had a higher NNS richness than PAs also surrounded by the same poor natural LULC (Figure 5, Table S4). 

Discussion

In our study, we analyzed the effect of land use and land cover in and around PAs on NNS richness within PAs. Our results strongly suggest that land use and land cover around PAs play a key role in determining the permeability of PAs to NNS.

We showed that NNS were present in more than half of the PAs, which is a higher proportion than in two previous studies (a quarter of terrestrial European PAs colonized by invasive species; and less than 10% of the world's PAs colonized by non-native animals, Liu et al., 2020). The number of colonized PAs and number of NNS in PAs differed between the four countries, suggesting a general difference in NNS colonization of regions in Europe. This is consistent with findings of variation in the overall distribution of NNS in Europe (Dawson et al., 2017;Ronk et al., 2017;Polaina et al., 2020). Ronk et al. (2017) Nevertheless, our result might also reflect differences in the availability of NNS data.

We found more natural landscapes within PAs than surrounding them, indicating that PAs fulfil their purpose of protecting natural ecosystems, even if they are located in the middle of landscapes with human influence. On the other hand, our results also show that many PAs are not surrounded by natural landscapes, supporting findings from a global analysis of PA networks by Ward et al. (2020), which showed that only ten per cent of the terrestrial PAs are connected by intact land.

Land use around PAs is essential for maintaining organism and nutrient fluxes and is therefore considered important for achieving conservation goals (DeFries et al., 2010). However, the observed pattern varied between the countries in our study. In Norway and Switzerland, PAs were most often surrounded by natural LULC, while in the UK and Belgium it was mainly anthropogenic LULC that surrounded PAs. Venter et al. (2016) showed that central and western

European countries have a high human footprint and areas of high conservation value in particular are under strong anthropogenic pressure (Jones et al., 2018a), including PAs in Belgium and the United Kingdom.

The lists of the top 10 NNS occurring in the PAs showed that aquatic species were among the most abundant NNS even in PAs with predominantly terrestrial land cover. One example was the New Zealand mud snail, which was surprisingly common in these areas. The fact that these areas were dominated by a terrestrial LULC does not mean that they were completely terrestrial. They can also include aquatic habitats such as ponds, lakes, small rivers or irrigation canals. The same pattern was found for PAs with aquatic or semi-aquatic dominant land cover, where terrestrial NNS were also listed in the top 10. Again, PAs did not have to be completely covered by water to be classified as aquatic, but could also contain terrestrial areas. Furthermore, some terrestrial NNS (e.g., non-native plants like Impatiens glandulifera) preferentially spread along rivers and lakeshores (Pyšek and Prach, 1994;Malíková and Prach, 2010;Francis et al., 2019) and can thus contribute to the high number of NNS in PAs with predominantly aquatic areas.

An important requirement for the diversity of species in a site is the diversity of niches available at that site. Previous studies have shown positive effects of heterogeneous landscapes on native species richness (Deutschewitz et al., 2003;Katayama et al., 2014;Nobis et al., 2016;Foster et al., 2019) and NNS plant richness (Deutschewitz et al., 2003;Kumar et al., 2006;Nobis et al., 2016;Bjarnason et al., 2017). We assumed, in our first hypothesis, that this pattern applies to NNS in general. We found that diversity of LULC in PAs was correlated with NNS richness in PAs, and thus supported this hypothesis. A higher diversity of land covers in PAs, thus a greater diversity of suitable habitats, provides a greater variety of suitable habitats for NNS colonization than a monotonous landscape within PAs. Nevertheless, our land cover categories were very broad, and each category in itself may have many individual niches.

PAs with predominantly anthropogenic LULC were colonized by more NNS than more natural PAs, a result that thus validated our second hypothesis that high anthropogenic disturbance increase the colonization of PAs by NNS. This result is also consistent with previous studies

showing that anthropogenically modified LULC are generally critical for the introduction and spread of NNS (With, 2002(With, , 2004;;Decker et al., 2012;González-Moreno et al., 2013;O'Reilly-Nugent et al., 2016;Moustakas et al., 2018;Guimarães Silva et al., 2020;Sánchez-Ortiz et al., 2020). This pattern could be explained by a low dispersal cost for NNS in areas that are highly disturbed by human activities and, on the other hand, a high dispersal cost in natural and undisturbed area where no human activities facilitate the introduction and spread of NNS. Water bodies, that we considered as natural habitats, were an exception and had an average NNS richness almost as high as artificial areas. Aquatic habitats are disproportionately vulnerable to colonization by NNS compared to terrestrial areas (Moorhouse and Macdonald, 2015;Reid et al., 2019). Once introduced, the spread of aquatic NNS is often facilitated by the lack of barriers in freshwater ecosystems and their eradication remains almost impossible (Lodge et al., 1998). In addition, although water bodies have been classified as natural habitats, man-made structures such as reservoirs and canals also fall into this category. Artificial water reservoirs and their connectivity tend to be more susceptible to non-native species and facilitate their dispersal across landscapes (Havel et al., 2005(Havel et al., , 2015)).

In a previous study, we showed that the pool of NNS surrounding PAs influences the community of NNS inside PAs, without having further analyzed the surrounding landscape (Holenstein et al., 2021). Here, we showed that NNS richness in PAs was even more influenced by the predominant LULC in the surroundings than by the predominant LULC within the PAs. For example, NNS richness in PAs was even higher when anthropogenic LULCs and waterbodies were located around rather than within PAs. This suggests that colonization of PAs by NNS is mainly related to the propagule pressure from the surroundings, which is at least partially determined by the type of habitats surrounding the PAs. The fact that LULC surrounding PAs plays a role for non-native plant presence inside them has been shown in previous studies by Pauchard and Alaback (2004), by Foxcroft et al. (2011) and Moustakas et al (2018). Our results support these findings for both non-native plants and non-native animals.

Contrary to our third hypothesis, PAs with a different dominant LULC around versus in them were colonized by more NNS than PAs surrounded by the same dominant LULC as in them. Our previous results showed that the more anthropogenic the LULC around PAs, the higher the number of NNS in PAs. Thus, propagule availability around PAs appears to play a more important role in PA permeability than habitat continuity from outside to inside PAs. The exception to this rule appears to be those waterbodies for which the highest richness was achieved when waterbodies were predominantly inside and outside of PAs. Water generally does not present much resistance to species movement due to its fluid characteristics. Aquatic NNS already present in an unprotected portion of a water body can therefore move freely and without resistance from unprotected to protected portions. However, this pattern would need to be confirmed on a larger sample size than available in our study.

In summary, our results suggest that the permeability of PAs to NNS is strongly influenced by the type of LULC surrounding PAs. Not only did anthropogenic LULC in PAs have a positive effect on the presence of NNS, but anthropogenic LULC around PAs had an even greater effect. Natural LULC around PAs, regardless of the LULC in the PAs, had an overall negative and thus buffering effect in terms of NNS present in the PAs. However, the diversity of LULC within PAs had also a positive effect on the presence of NNS. In conclusion, we emphasize the importance of integrating aspects of LULC around PAs successfully to achieve conservation objectives when managing NNS in PAs. This carries even more weight when the area around a PA is highly anthropogenized.
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Introduction

Worldwide, the number of non-native species is increasing at an accelerating rate (Seebens et al., 2017). Non-native species are species that have been intentionally or unintentionally introduced into areas beyond their historical range (Richardson et al., 2010;Blackburn et al., 2011). A small proportion of non-native species have the potential to establish and spread in the introduced location and have impacts on the environment such as ecosystems, economy and human health (Richardson et al., 2010;IUCN 2020;Diagne et al., 2021) . These species are so-called invasive species.

Invasive species are the focus of numerous conservation programmes (IUCN; CABI; European Commission; INVALIS) because they threaten native species, ecosystems and ecosystem functioning. These programmes aim to limit the introduction of invasive species, control or eradicate them (McNeely et al., 2001;Monaco and Genovesi, 2014). To be effective, these management programmes require a good knowledge of the pathways of introduction and the ecological processes that determine their colonization dynamics (McNeely et al., 2001) and of the impact of these species (Carboneras et al., 2018). Of these mechanisms underlying the colonization process, disturbances are known to favour the spread of a large number of invasive plants (Lázaro-Lobo et al., 2020;Lázaro-Lobo and Ervin, 2021). They can be anthropogenic e.g., forest clearing, soil disturbance and agricultural activity (Brown and Gurevitch, 2004;Pauchard and Alaback, 2004;Marchante et al., 2008b;Gao et al., 2021), or natural disturbances such as floods and fires (Čuda et al., 2017;Nunes et al., 2020Nunes et al., , 2021)). Disturbances generate empty niches for invaders by reducing competition with native species, in which they quickly establish themselves by using unused resources (Mack et al., 2000;Lázaro-Lobo and Ervin, 2021).

The remoteness of protected areas (PAs) and their low level of anthropogenic disturbance make most of them free of invasive species (Gallardo et al., 2017;Liu et al., 2020;Holenstein et al., 2021), even if invasive species are already established in some of them (De Pooter et al., 2007;Foxcroft et al., 2013;Slodowicz et al., 2018;Holenstein et al., 2021). Developing invasive species management programmes in PAs to prevent or control invasive species is particularly necessary, as PAs contain large numbers of native species and habitats that could be threatened by these species. It is therefore fundamental to understand the mechanisms that promote or, on the contrary, prevent the colonization of PAs by invasive species. However, the lack of long-term monitoring of these species limits our knowledge of their colonization patterns and underlying mechanisms (Blossey, 1999).

In this study, we focussed on colonization patterns of Acacia dealbata in Portugal. A. dealbata presents a special feature: its spring flowering is visibly striking and can be detected and analysed using satellite imagery. Several previous studies have used this feature to study the colonization of A. dealbata by using satellite images (Viana and Aranha, 2010;Martins et al., 2016;de Sá et al., 2018;Sutomo et al., 2019a). The availability of satellite imagery over a long period makes it possible to compensate for the lack of ground data on this species and reconstruct its colonization history over decades, providing a rare opportunity to study the long-term dynamics of an invasive species. Among the satellites, Landsat ETM+ is one of the most commonly applied sensors in the field of vegetation mapping with remote sensing methods (Xie et al., 2008). Remotely sensed objects, including vegetation, have unique spectral properties (reflectance or emission regions) and can therefore be identified in these images (Turner et al., 2003;Xie et al., 2008).

A. dealbata was introduced in Portugal in the 19 th century for ornamental purposes and slope stability (Marchante et al., 2005). After its introduction, it has spread in mountainous areas and along roads and riverbanks (Marchante et al., 2005). However, the species was considered for a long time as tree of economic and botanical value (Nunes et al., 2019). It was not until 1937 when the first legislation was introduced with the aim of controlling the planting of A. dealbata after its invasive behaviour was observed (Marchante et al., 2005;Nunes et al., 2019), and not until 1992 when A. dealbata was legally given invasive status (Marchante et al., 2005). Today, A. dealbata is considered as one of the most aggressive invasive tree species in Portugal, spreading uncontrollably, displacing native vegetation in large areas and continuing to spread in areas of high conservation interest (Marchante et al., 2005;Vicente et al., 2013). Its control is challenging because its reproductive characteristics, such as high propagule dispersal, resprouting and persistent long-lived seed banks (Vieites-Blanco and González-Prieto, 2020). The most common techniques to control the spread of invasive acacia species are physical control through cutting and Fires play a central role in the colonization of A. dealbata in Portugal by having two positive effects on its spread dynamics. Firstly, A. dealbata benefits from the removal of vegetation by fires, allowing seeds that have been in the ground for a long time to capitalize on direct sunlight (Nunes et al., 2020(Nunes et al., , 2021)), and from its high growth rate to other trees. Due to its allelopathy, it can additionally prevent or hinder the development of other plant species (Nunes et al., 2021). In addition, high temperatures caused by fires can break the seed dormancy of A. dealbata and thereby promoting its germination (Lorenzo et al., 2010;Correia, 2012a;Passos et al., 2017;Nunes et al., 2021). In Portugal, fires in rural areas such as forests, bushes or agricultural lands are mainly caused by human activities such as extensive burning of pasture management or waste material from forestry and agriculture (Nunes et al., 2021). Natural causes of fires, such as by lightning strikes, account for a minority of forest fires (<1 %) (Nunes et al., 2019;Meira Castro et al., 2020).

Vegetation-and forest clearing also seem to favour the establishment of A. dealbata (Lorenzo et al., 2010; Vieites-Blanco and González-Prieto, 2020). Open areas not only provide empty niches with less competition with other plant species and more resource availability (Mack et al., 2000;Lorenzo et al., 2010), but cutting itself favours the growth of A. dealbata which is known for its high resprouting ability (Spooner, 2005;Lorenzo et al., 2010) and helophyte character (Aguilera et al., 2015). Nevertheless, A. dealbata also shows shade tolerance under the canopy of both native and non-native forests (Aguilera et al., 2015), but with decreasing density in the forest interior where only a small percentage of individuals of A. dealbata exceeds the height of 2 m under the canopy (Aguilera et al., 2015).

Considering that PAs aim to protect natural habitats by reducing anthropogenic disturbances, we can expect fewer deforestation and fire events in PAs than in non-PAs. In Portugal, as in other European countries, the implementation of several national and international programmes on PAs aims to make them safer from deforestation (Branco et al., 2014) and to control fires (https://www.portugal.gov.pt, Article: Prevenção estrutural de fogos nas áreas protegidas com apoios de 26 milhões de euros, accessed 19 January 2022; Pereira et al., 2012;Beighley and Hyde, 2018;Skulska et al., 2020). In addition, European PAs are supposed to implement invasive species control programmes (Monaco and Genovesi, 2014). Consequently, we expected the overall colonization of A. dealbata to be lower in PAs than in their surrounding areas.

In this study, we aimed to investigate the spread of the invasive A. dealbata in and around five PAs in central Portugal over the last two decades (2001)(2002)(2003)(2004)(2005)(2006)(2007)(2008)(2009)(2010)(2011)(2012)(2013)(2014)(2015)(2016)(2017)(2018)(2019)(2020). Using time series of Landsat 7

ETM+ satellite imagery, we looked for evidence that PAs have acted as barriers to the spread of A. dealbata. To do so, we investigated the effects of deforestation and fire on the spread of A.

dealbata in the study area. We also sent a questionnaire to the management entity of the PAs to learn about the control programmes of A. dealbata in these PAs.

We hypothesised the following:

a) The colonization of A. dealbata in the study area was favoured by fires and deforestation. b) A. dealbata invasion has been slowed in PAs because they have experienced less deforestation and reduced fire risk than surrounding areas and have benefited from programmes to control A.

dealbata.

In addition, this study tested the efficacy of employing remote sensing to map and monitor an invasive tree species in a dynamic Mediterranean mixed forest system, to inform future monitoring and management efforts to manage invasive tree species in such environments.

Methods

Study species

A. dealbata is a fast-growing, yellow flowering woody plant species belonging to the Acacia genus of the Fabaceae family (Mimosaceae) (Figure 1). There are almost 1380 Acacia species worldwide, of which about 1000 are native to Australia (Lorenzo et al., 2010). Of three Acacia species widely distributed in Europe (A. dealbata, A. melanoxylon and A. longifolia), A. dealbata is probably the most widespread and naturalized species in Europe (Sheppard et al., 2006;Lorenzo et al., 2010).

In Portugal, A. dealbata is common in areas of intensive agricultural use, along watercourses, roads and mountainous areas, particularly on southern and western slopes, where it forms dense stands (Marchante et al., 2005;Lorenzo et al., 2010). The trees grow up to 15 m high and flower for up CHAPTER 3 98 to 22 days from late winter to mid-spring (Marchante et al., 2008a;Lorenzo et al., 2010;Correia, 2012a;Invasoras). Due to its adaptability to changing conditions and its phytotoxic effect on other plant species, the range of A. dealbata is expanding (Lorenzo et al., 2010). Its ability to colonize is related to its rapid vegetative reproduction and investment in flower production (Lorenzo et al., 2010). It colonizes areas affected by disturbance such as fires (Marchante et al., 2008a;Lorenzo et al., 2010;Gordon et al., 2017;Nunes et al., 2021) and areas where tree cover is reduced by timber harvesting (Fuentes-Ramírez et al., 2011). In addition, A. dealbata has a high resistance to mechanical intervention such as cutting due to vigorous resprouting behaviour (Lorenzo et al., 2010). 

Study area

The study area was delimited in central Portugal (39.91° N and 40.73° N; 8.42° W and 7.17° W) (Figure 2A), a region where A. dealbata is widespread (Viana and Aranha, 2010;Nunes et al., 2021;Pereira and Ferreira, 2021;Raposo et al., 2021). We focussed on five PAs of the Natura 2000 network and the 10-km belt surrounding them (Figure 2B). The PAs selected were: Serra da 

Spatial data acquisition

Field data

We collected data on A. dealbata presence in the study area. Fieldwork was conducted in the first two weeks of March 2020, the time within A. dealbata is supposed to be in blossom (Lorenzo et al., 2010;Viana and Aranha, 2010; 

Landsat 7 images and pre-processing

For the preparation, processing and classification of the images we used the Google Earth Engine (GEE) Code Editor (Gorelick et al., 2017). We used the processed data of Landsat 7 ETM+ surface reflectance images (Tier 1) from the U.S. Geological Survey (USGS) platform and available within the GEE code editor. Landsat 7 is the seventh generation of Landsat satellites in the NASA and USGS programme and is one of the longest running satellites. It was launched in 1999 and is

Equipped with the Enhanced Thematic Mapper Plus (ETM+) sensor which provides imagery with atmospherically corrected surface reflectance. The satellite images are acquired in the visible and near-infrared (VNIR) and shortwave infrared (SWIR) bands with a resolution of 30 m and in the panchromatic band with a resolution of 15 m (https://www.usgs.gov).

We created twenty image collections, one for each of the years 2001 to 2020 with images dated between 1 st January and 30 st April, which encompass the typical flowering period of A. dealbata (www.invasoras.pt, accessed 15 August 2021; Lorenzo et al., 2010). We filtered for images with cloud cover ≤ 15%. The number of satellite images under this condition varied between two and CHAPTER 3 101 eight images per year (Table S1 Appendix). To cover the entire possible blooming period, we aimed for multiple images for the location and year. When the period selected did not result in more than one image and the images did not cover the whole study area, we extended the selection date to the 5 th May of the same year (this was the case in the year 2005) or to 15 th December of the previous year (this was the case in the year 2006). In order to obtain a single image per year representing the A. dealbata distribution of the year, we reduced the image collections of each year by taking the median pixel value of each image collection per year (Google Earth Engine Developers) which removes outlying surface reflectance values, e.g., from sow cover or especially wet conditions. Since June 2003, an error of the Scan Line Corrector (SLC) of the Landsat 7 sensor has resulted in gaps in the imagery. To fill image gaps, we applied a neighbourhood similar pixel interpolator (focal analysis) [START_REF] Chen | A simple and effective method for filling gaps in Landsat ETM+ SLC-off images[END_REF]Luffy, 2019). Neighbourhood operations create an output in which each pixel at a cell position is a function of the input value of the neighbouring pixels of the cell position. The assumption herby is that same class neighbouring pixels around an un-scanned pixel have similar spectral characteristics [START_REF] Chen | A simple and effective method for filling gaps in Landsat ETM+ SLC-off images[END_REF]. We applied the focal analysis by taking the median pixel value of the neighbouring pixels of an empty pixel (Luffy, 2019). We repeated this step until all gaps were filled.

Forest cover 2018

From the COS2018 dataset (see section field data), we extracted the proportion of the area covered by forest in PAs and in the belt, and the proportion of the area covered by forest in 2018 in each of the 400 random plots (see section random plots below).

Tree cover loss (TCL)

We created maps of tree cover loss (TCL) in the study area using the Hansen Global Forest Change dataset (Version 1.8) at 30 m resolution (Hansen et al., 2013) and annual time steps. In this dataset the tree cover loss is defined as the standard-replacement disturbance from a forest to non-forest state or in other words, the change from "forest to non-forest state" in a full year. We created annual maps of TCL in the study area for each year between 2001 and 2019 using Google Earth Engine Code Editor (Gorelick et al., 2017). Since we measured A. dealbata at the beginning of each year, we assumed that if an effect of TCL on A. dealbata cover is measurable, it would be from previous years, but can never be from the same year as the assessment of the cover of A.

dealbata.

Producer's accuracy (error of exclusion) and Consumer's accuracy (error of inclusion) of the image classification (Jensen, 2005). In a further step, we applied this classifier retrospectively to the 18 images (2001)(2002)(2003)(2004)(2005)(2006)(2007)(2008)(2009)(2010)(2011)(2012)(2013)(2014)(2015)(2016)(2017)(2018) and the year 2020, resulting in 20 classified images from 2001-2020.

Random plots

We created 400 random plots of radius 250 m and with a minimum distance of 500 m between plots using QGIS. Through our stratified approach, 200 random plots were in the PAs and 200 in the 10-km belt surrounding them (Figure 2B). The surface area of each plot was 0.193 Km², the entire surface area of the 400 plots 77.253 Km². In order not to miss edge areas, such as along rivers, that are potentially target areas to detect the spread of A. dealbata, we included plots that overlapped the masked area (i.e., water bodies, rivers, artificial area) but we excluded plots that were completely located in the masked area. In ~90 % of the random plots, the classified area (nonmasked area) covered > 80 % of the total area of the plot (Figure S1 Appendix).

Acacia dealbata in the study area and in the 400 random plots

We created twenty distribution maps of A. dealbata in the study area from 2001 to 2020 using Google Earth Engine. For each year, we calculated the proportion of the surface area covered by A. dealbata in the PAs and in the 10-km belt. In addition, we compared the annual proportion of plots with A. dealbata in the PAs and in the surrounding 10 km belt, regardless of the proportion of A. dealbata in a plot, using paired Wilcoxon Rank Sum Tests. To do that, we considered plots as a plot with A. dealbata as soon as the cover of A. dealbata in the plot had a value above zero.

Forest cover in 2018 in the 400 random plots

Using a Wilcoxon rank sum test, we compared the proportion of forest cover in 2018 in the 200 plots of the PAs and in the 200 plots of the 10-km belt.

Burnt area (BA) and tree cover loss (TCL) in the study area and in the 400 random plots

We calculated the proportion of BA in the PAs, in the belt and in the 400 random plots each year from 2001 to 2019. As the spatial resolution of BA (~250 m) did not match the spatial resolution of A. dealbata (30 m), we considered plots as burnt if BA was present, regardless of the proportion of BA in them. To determine if the PAs was less affected by fires than the belt, a paired Wilcoxon rank sum test was used to compare the annual proportion of BA in the PAs and in the belt over 20 years. In addition, the annual proportion of plots burnt in the PAs and in the belt were compared CHAPTER 3 104 over 20 years, also using a paired Wilcoxon rank sum test. For TCL we applied the same method as for BA.

Co-occurrence of BA and TCL

The Hansen Global Forest Change database, which we used to map tree cover loss, does not specify the reason for the change from a forested to a non-forested state. In our study area, we assumed that this might be attributed to deforestation, e.g., for commercial purposes, but also to fire of high intensity. In the case of severe fire, we expected that forest would be completely burned and thus the area would be classified as "tree cover loss" in the Hansen Global Forest Change Database (i.e., BA and TCL co-occurrence case). On the Other hand, the canopy may be unaffected by a less severe fire, and thus in this case the area will be classified as BA, but not as a loss of tree cover (i.e., a non-co-occurrence case). In case of co-occurrence, i.e., plots with BA also identified as plots with TCL, the number of plots with both BA and TCL should be higher than expected by chance. To investigate the co-occurrence of BA and TCL in plots, we performed two analyses:

First, for each year, we counted the number of plots with only BA, only TCL, both, or with neither.

In order to know the total number of plots with BA and TCL (i.e., BAtot), we summed the plots with BA and both and the plots with TCL and both (TCLtot). We calculated the expected number of plots with co-occurrence (both BA and TCL) if BA and TCL were randomly distributed among the plots by applying the formula n1n2/N (Forbes, 1909;Arita, 2016), where n1 is the total number of plots with BA (BAtot), n2 is the total number of plots TCL (TCLtot) and N is the total number of plots. We compared the observed number of plots with co-occurrence with the expected number of plots with co-occurrence using a Fisher's exact Test. Second, to measure the correlation between the proportion of plot area covered by BA and TCL during the period of 2001-2019, we used the Pearson's correlation index.

Effect of BA and TCL on the cover of A. dealbata

We investigated at the plot level the effects of fire and tree cover loss on the cover of A. dealbata in years following the disturbance. For this purpose, we first determined the annual proportion of area covered by A. dealbata in each of the 400 randomly selected plots between 2010 and 2020.

Then we created two variables: the time in years since the last BA event, and the time in years since the last TCL, up to five preceding years from each year of A. dealbata cover (i.e., BA and CHAPTER 3 105 TCL events between 2005-2019, see Figure S2 Appendix). We analysed the impact of BA and TCL on the cover of A. dealbata in the plots using a Kruskal-Wallis test followed by a Dunne test.

Model

We used a generalized linear model (GLM) to model the cover of A. dealbata of the year 2019 in the 400 random plots. GLMs are used in ecological studies because they are robust to handle nonlinear relationships of species distribution data (Schwarz and Zimmermann, 2005). We modelled the proportion of A. dealbata in a plot as a function of: a) Time in years since the last fire (BA) event in a plot in the previous ten years (i.e., 2008-2018; value 1-10, numeric). We assigned the value 11 if the fire event occurred more than ten years ago or had not occurred since 2001; b) Time in years since the last event of loss of tree cover (TCL) in the previous ten years (2008-2018; 1-10, numeric). We also assigned the value 11 under the same conditions as for BA;

c) The interaction between variables a) and b); d) Whether a plot was inside PAs or in the 10-km belt zone (factor).

Distribution maps of A. dealbata, BA and TCL were created in Google Earth Engine Code Editor (Gorelick et al., 2017) and imported to R Version 4.0.2 (R Core Team, 2020) for visual display.

All spatial and statistical analysis were conducted in R and QGIS Version 3.4.2 Madeira (QGIS Development Team).

Questionnaire to the protected areas management unit

We developed a questionnaire composed of qualitative and quantitative questions on the management activities of A. dealbata in the five protected areas (Appendix). All the protected areas were managed by the national nature conservation agency: Instituto da Conservação da Natureza e das Florestas (ICNF, Institute for the Conservation of Nature and Forests; https://www.icnf.pt/). We sent the questionnaire to the official contact listed on the website (email: icnf@icnf.pt) who responded to our questionnaire for all five PAs. This questionnaire CHAPTER 3 106 allowed us to establish if and how A. dealbata was controlled inside and around the PAs, and helped us to interpret the results on the distribution maps of A. dealbata.

Results

Classification accuracy

With the image classification, we achieved an overall classification accuracy of 66.92 % for the 2019 satellite image (Table 1). The consumer's accuracy (error of commission) for A. dealbata was 62.5% and the producer's accuracy 79.37 % (error of emission). The error of commission and of emission were mostly due to confusion with other forest categories (26.25 % and 19.05 %, Table S2 Appendix). 

A. dealbata distribution from 2001 to 2020

A. dealbata was already present in 2001 in all PAs and their surrounding 10-km wide belt (Figure 3). In the following 19 years, A. dealbata remained present in the five PAs and the belt, with a generally higher presence in the south-west of the study area compared to the north-east of the study area. The area occupied by A. dealbata showed high inter-annual variation both in the PAs and in the belt (Figure 4A). In years of low abundance, such as 2005, it occupied about 5% of the total area in both the PAs and their belt. At the opposite, such as 2017, this proportion increased to almost 20% in both PAs and belt. Despite these inter-annual fluctuations, there was no general trend, such as an increase or decrease, in the cover of the species over the 20 years, neither in the PAs nor in their belt. However, throughout the first ten years (2001)(2002)(2003)(2004)(2005)(2006)(2007)(2008)(2009)(2010), the proportion of the area covered by A. dealbata was always higher in the belt than in the PAs, with the exception of 2009, while this trend reversed over the next ten years (2011-2020), with eight years in which the proportion of the area covered by A. dealbata was higher in PAs than in their belt (Figure 4A).

At the level of the 400 randomly selected plots in the study area only 7 of them remained completely free of A. dealbata, while all others were colonized at least one year in 20 years. Each year, an average of 153 out of 400 plots were colonized by A. dealbata (min = 112 plots, max = 185 plots). The annual proportion of plots occupied by A. dealbata varied from year to year between 56 % and 92.5 % (Figure 4B), and was slightly higher in the belt than in the PAs (Paired Wilcoxon-rank sum test, W = 35, p = 0.009). The proportion of the area colonized by A. dealbata in each plot was on average less than 20% of the plot, but sometimes also reached 100% of the area of a plot (Figure S3 Appendix). 

Burnt area (BA)

There has not been a single year without fire in the study area between 2001 and 2019 (Figure 5).

The study area was particularly affected by fires in 2017 (72 % of the study area burnt) and, to a lesser but severe extent, in 2001 (25.6 % of the study area burnt) and 2005 (39.3 % of the study area burnt). Conversely, 2014 and 2018 had the fewest areas burnt (< 1%). Despite the high frequency of fires on the study area, each year on average 352 (88%) of the randomly selected plots were free of BA (minimum and maximum number of plots free of BA: 214 and 399 respectively). In total 78 plots (19.5 %) remained completely unaffected by any fire between 2001 and 2019.

PAs were significantly more affected by fire than the 10-km belt over the 19 years (Paired Wilcoxon Rank Sum Test: V = 178, p = 0.0009, Figure 6A). This also applied to the 400 random plots, as the proportion of plots burnt each year was significantly higher in PAs than in their belt (Paired Wilcoxon Rank Sum Test: V = 169.5, p-value = 0.0003, Figure 6B). Forest cover in 2018 and tree cover loss (TCL)

In 2018, around half of the study area was covered with forest (47.3 % of the area in PAs and 52.5 % of the belt zone). Most of the 400 random plots had forest inside (82 % of the plots in PAs and 93 % of the plots in the belt). The average proportion of forest cover per plot was 0.50 for plots in the PAs and 0.55 for plots in the belt, which were not significantly different (Wilcoxon rank sum test, W = 21532, p = 0.1849). These results show that the study area was a region with high forest cover.

Loss of tree cover occurred in the study area each year between 2001 and 2019 (Figure 7), with a particularly severe loss in 2017, followed by the year 2018 (11.3 % and 3.6 % of the study area respectively) (Figure 8A). Tree cover loss was slightly significantly higher in the 10-km belt than in the PAs (Paired Wilcoxon rank sum test: V = 43, p-value = 0.038). In the same way, at the scale of 400 random plots, the number of plots with TCL was also significantly higher in the 10-km belt than in PAs (Paired Wilcoxon Rank Sum Test: V = 7, p = 0.0004, Figure 8B), with in average, 351 of them (i.e., 87.8 %) remaining unaffected by TCL each year. Co-occurrence of fire and tree cover loss On average, between 2001 and 2019, each year, three quarters of the 400 plots were affected by neither BA nor TCL (average= 309, min = 175, max = 354, Figure 9), with 25 plots (6.25%) never affected throughout the period. The observed number of plots with both BA and TCL was slightly but significantly higher than expected if BA and TCL were randomly distributed over plots (Fisher's exact test: p < 0.001, Figure 9). This spatial correlation was particularly high in 2017, the year of the most severe fire in the last 20 years. The partial co-occurrence of BA and TCL was also quantified by the low, but significant correlation between the proportion of plot area covered by BA and by TCL throughout the period (Figure S4 Appendix, Pearson's correlation = 0.36, df=0.598, p < 0.001). The dynamics of A. dealbata after fire and tree cover loss

In the first five years after a fire, A. dealbata cover gradually increased from a median of 2 % (mean = 10 %) cover per plot in the first year to 8 % (mean = 17 %) in the fifth year, then stabilized in subsequent years (Kruskal-Wallis Test: Chi-square = 135.86, df = 5, p < 0.001, Dunne test in Figure 10A). In contrast, the response of A. dealbata cover to TCL was a slightly hump-shaped curve (Kruskal-Wallis Test: Chi-Squared = 45.654, df = 5, p < 0.001, Figure 10B). The highest proportion of A. dealbata cover in a plot occurred three years after the TCL (median = 11%, mean = 15 %) and was significantly higher than the cover proportion measured the first year after the TCL (median = 5 %, mean = 12 %) and measured after more than 5 years (median = 7 %, mean = 13 %) (Figure 10B). 

Model

The results of the generalized linear model showed that both the number of years since the last fire (BA) and the number of years since the last loss of tree cover (TCL) had a significant positive effect on the proportion of A. dealbata cover in a plot, while the interaction of these two variables had a significant negative effect (Table 2). In contrast, whether a plot was located in PAs or in the 10-km belt zone, did not significantly influence the proportion of A. dealbata cover in it.
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116 Table 2: GLM on A. dealbata in the year 2019 in 400 random plots as a function of the number of years since last loss of tree cover in a plot (TCL) and the number of years since last fire in a plot (BA), their interaction and if a plot was in a PA or in the 10-km belt. 

Coefficients

Questionnaire

The management of A. dealbata in PAs was considered important by the respondent, who was in charge of the management of the five selected PAs. Prevention, detection and control measures for A. dealbata have only begun to be implemented in the last five years in the five PAs. However, more preventative measures are planned for the future. The PAs are composed of public and private lands. Public lands have been managed by ICNF, but private lands are not accessible to the public management. Therefore, no management of A. dealbata has been carried out in many parts of the PAs. According to the respondent, there has been no management of A. dealbata in the 10-km belt around the PAs.

Although no specific budget has been allocated for the management of A. dealbata in the PAs (i.e., prevention, detection, eradication and control) so far, the measures have been carried out by external subcontractors. Measures to prevent and detect the spread of A. dealbata have also been carried out ad hoc by the staff of the PAs. In addition, ICNF approved measures and projects submitted by other institutions.

The methods primarily used to control and eradicate A. dealbata in PAs are felling/cutting, chemical treatments (herbicides) and debarking, but also other unspecified methods. These management measures have been carried out regularly (i.e., more than once a year) or whenever ICNF considered it appropriate, based on the assessments.

b) Flower intensity and inter-annual fluctuation of A. dealbata

We observed inter-annual fluctuations in the cover of A. dealbata, that cannot represent actual changes in the distribution of this species. For example, the large increase in cover observed between 2016 and 2017 cannot be attributed to the establishment of this woody species in new areas in only one year. We suspect that these inter-annual variations in the cover of A. dealbata, fires can be partly attributed to a drought that started as early as the winter of 2016-17 (Turco et al., 2019, https://www.ipma.pt, https://rea.apambiente.pt, accessed 31st December 2021). This drought may have affected A. dealbata and the vegetation surrounding the species (e.g., drought causing less lush vegetation cover), resulting in either better detection of A. dealbata flowering or greater confusion with other species of the Acacia family such as A. melanoxylon, which flowers from February to June. The peaks in cover observed in some years cannot therefore be reliably interpreted as an increase in occupied area, as they could equally well be due to better spectral recognition of the species by its flowering.

in
2) Occurrence of A. dealbata in the study area

We could not find evidence of an increase in A. dealbata cover over time, but our study reliably showed that this species was already present in 2001 and has remained throughout the study area for 20 years. Historically, A. dealbata was first introduced in the 19th century, probably in the Porto region (Nunes et al., 2019), and has since spread uncontrollably throughout the country, with the problem of its invasiveness only being recognised decades later (Nunes et al., 2019).

Management of the species has since remained a battle against the tree's high colonization potential and its resistance to control measures (Wilson et al., 2011;Nunes et al., 2019). Our results suggested that the species had already reached its maximum likely area of colonization in the study area as early as 2001.

CHAPTER 3 120

3) Effect of disturbance

The study area is a region highly affected by fire and deforestation. In the last twenty years, not a year has passed without fire and tree cover loss having left their mark on the region. For example the tree cover in Portugal has decreased by 47% between 2001 and 2020 (https://www.globalforestwatch.org, accessed 19 January 2022), and the two regions, Coimbra and Viseu, where a large part of our study area falls, are among the five regions with the highest loss of tree cover in the country.

We showed that after a fire event, the cover of A. dealbata progressively increased. This can be explained by long-lived seedbanks of this fast-growing and early-maturing species that persist in the soil and germinate after being exposed to high temperatures associated with fire (Passos et al., 2017). Our results are also strengthened by previous studies that showed that fire promotes the spread of A. dealbata, firstly because fire clears the way for the heliotropic plant and secondly because fire acts as a promoter for the seed germination (Nunes et al., 2020(Nunes et al., , 2021)).

The response of A. dealbata to a loss of tree cover is different from that observed after a fire.

Instead of a gradual increase in the cover of this species, we observe a hump-shaped curve with a maximum three years after tee cover loss. Although A. dealbata is very competitive, it seems to lose the battle against some other fast growing species. In eucalyptus plantations, for example, A.

dealbata occupies a limited temporal niche during young stand development before being outcompeted by eucalyptus for light, until the next deforestation cycle (Hunt et al., 2006). A. dealbata is also known to persist mainly along forest edges and declines in the forest interior (Aguilera et al., 2015). Along roadsides, many species from the Acacia family seem to recover quickly after disturbance such as road works (Spooner, 2005).

Our model showed that both fire and loss of forest cover had a positive effect on the presence of A. dealbata over the following 10 years. However, the interaction between these two variables was negative. This means that the plots classified both as both "burnt area" and with "tree cover loss", i.e., co-occurrence of the two variables, corresponded to areas heavily affected by fire, as was the case e.g., during the extreme fire event of 2017. In this case, A. dealbata required more years to recolonize the area than after a less severe fire or after deforestation only. The recovery dynamics of the vegetation in the burnt areas after the severe fires in Portugal in 2017, was studied by CHAPTER 3 121 Meneses (2021). He found that the recovery of vegetation depended on different environmental variables such as temperature, soil condition or precipitation, but also on which species were present before a fire, as well as on the size of vegetation at the site (e.g., trees, shrub, herbs). For example, he found that eucalyptus regenerated quicker than coniferous, oak, or invasive forest species (Meneses, 2021).

4) Protected area effect -Permeability

Our results did not validate our hypothesis that PAs were less permeable to A. dealbata than their surroundings: Neither the time-series maps of A. dealbata distribution over twenty years nor our model-based on A. dealbata cover on 400 random plots indicated an effect of PAs on the cover of A. dealbata. The proportion of area covered by A. dealbata even tended to become higher in the PAs than in the belt during the last 10 years of our study. Among the 400 plots randomly positioned in the PAs and their belt, the proportion of plots occupied by A. dealbata was slightly higher in the belt than in the PAs in 2001, and this trend was generally maintained throughout the study period until 2020.

Concerning the disturbances by fire through the 2001-2019 period, the annual proportion of burnt area was significantly higher inside PAs than in the belt. Fire regime naturally depends on different land cover types (Pereira et al., 2012). Shrubs and forest, which were the dominant land covers in our study area, are among the land cover types that burn more selectively in small fires than other land cover types, such as agricultural area (Nunes et al., 2005). Our results showed that the Natura 2000 status of the 5 PAs did not spare them from frequent fires. In Portugal, more than 99 % of the fires are the results of human activities (Nunes et al., 2019;Meira Castro et al., 2020).

In contrast to burnt areas, tree cover loss was significantly higher in the 10-km belt than in the PAs, as we expected. In Portugal, the forestry sector plays an important role in the national economy and an important contributor to the external commerce for products such as cork, paper or furniture (Branco et al., 2014). One of the direct drivers of forest destruction is thus the change of land use to a profitable alternative use e.g., commercial forest plantations (Branco et al., 2014).

Natural forests in Natura 2000 PAs are supposed to be safer from land use pressure, such as intense forestry, than unprotected areas (Branco et al., 2014). This could explain the lower tree cover loss in the PAs than in their surrounding belt. However, tree cover loss in the five PAs remained at a

CHAPTER 3 122 significant level throughout the study period and thus could still facilitate the spread of the heliotrope A. dealbata in the PAs.

The questionnaire revealed that management of A. dealbata in the PAs, although regular, has only been taking place for a short period of time (approximately since 2015) and without a dedicated budget. Furthermore, management has likely only been carried out in areas that are not privately owned, which means that A. dealbata was likely to spread uncontrolled from private land into publicly managed areas. About 93% of Portuguese forests are owned by the private sector (Feliciano et al., 2015) with an average area of 5.7 ha (Branco et al., 2014). Small-scale private forest areas are often not managed (Feliciano et al., 2015), which likely leads to uncontrolled growth and spread of invasive plant species. Furthermore, a recent study highlighted that the Portuguese population lack of knowledge about Natura 2000 protected areas (Oliveira et al., 2020).

This suggests that some private landowners in Natura 2000 PAs were insufficiently informed about management requirements and recommendations implemented in the Birds Directive and the Habitat Directives established in the Natura 2000 network (e.g., "to ensure that the deliberate introduction into the wild of any species which is not native to their territory is regulated" (Monaco and Genovesi, 2014, page 19)). Given the biological and ecological characteristics of A. dealbata (i.e., fast-growing, early-maturing, spread enhanced by disturbances, seed germination promoted by fire), a successful management would require a proactive rather than reactive management (Wilson et al., 2011). This management however is particularly challenging in Portugal as A.

dealbata is already widespread throughout many parts of the country (Lorenzo et al., 2010; Vieites-Blanco and González-Prieto, 2020).

We conclude that the colonization of the invasive A. dealbata in central Portugal is an increasing challenge for its management. Protected areas have not hindered the spread of the species in recent decades. Both fire and tree cover loss were enhancing agents for the species expansion and were not reduced inside protected areas compared to their periphery. The recent implementation of a program to manage the species in protected areas has not yet led to a significant reduction in the species' cover.
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Supplementary Material

Questionnaire and answers in Portuguese (sent to the protected area management unit in spring 2021): Answers are highlighted in grey, non-valid answers with strikethrough. Sim, a Divisão de Áreas Classificadas do Centro tem como atribuição "promover a aprovação dos planos de ação locais de controlo, contenção e erradicação de espécies exóticas invasoras". Além disso emite pareceres e autorizaçãoes a projetos e ações que possam estar relacionados com a gestão das espécies exóticas ou que possam abranger locais ocupados por aquelas espécies.

Perguntas

Ocorrência de acácia em áreas protegidas e arredores:

e) Existem espécies de Acacia (por exemplo, Acacia dealbata, Acacia melanoxylon, Acacia longifolia) presentes dentro da área protegida?  sim, disseminadas através de partes ou da totalidade da AP  sim, apenas pequena presença localizada  não (ir para a pergunta f) )  não sei (ir para a pergunta f) )

Sim, a espécie Acacia dealbata (mimosa) ocorre em todas as Áreas Classificadas. A espécie Acacia melanoxylon ocorre em PTCON0014, PTCON0027, PTCON0060. existe pelo menos uma Se respondeu com "sim", liste aqui a espécie pelo nome: f) Se a resposta à alínea d) for "não" ou "não sabe", a Acacia está presente fora da área protegida num raio de 10-km a partir do limite?  sim  não  não sei Se respondeu com "sim", liste aqui as espécies: 

Opcional:

 Quero ser informado sobre os resultados da investigação.

A informação sobre o projecto e os resultados do projecto será fornecida neste link: https://www.inspire4nature.eu/ Obrigado por responder ao questionário! Por favor, enviem-no de volta por e-mail para: kathrin.holenstein@cefe.cnrs.fr ------------------------------------------------------------------------------------------------------------------------------------------CHAPTER 3

129 Of all the non-native species present around protected areas, our results showed that the invasive ones are the most likely to colonize protected areas: Invasive non-native species accounted for 12 % of non-native species in the 5-km belts but 40 % of non-native species in the protected areas (Chapter 1). This result is of concern from a conservation perspective, as invasive species are those most likely to cause damage to ecosystems and native species in protected areas. It also shows that invasion debt (i.e., the additional amount of invasion that could take place in the future, because of the time-lag from introduction to when the invasive species cause impacts (Rouget et al., 2016) is still difficult to estimate as many protected areas have not yet been reached by invasive species.

We were able to produce these results on the spatio-temporal dynamics of protected areas colonization thanks to a methodological approach we maintained throughout the thesis: we analysed the pool of non-native species present in protected areas in comparison to the non-native species present in their immediate surroundings, as we considered these latter species as those that could potentially colonize the protected areas. This general assumption was largely confirmed by our results (Chapter 1 and Chapter 2). For example, in Chapter 1, we showed that on average 63 % of non-native species present in a protected area were also present in the associated surrounding 5-km belt. The remaining 37 % may include species present but not detected in the belt or species genuinely absent in the belt and capable of long-distance colonization (e.g., Branta canadensis).

From a qualitative point of view, we found comparable proportions of the different taxonomic groups in both the protected areas and the belts. For example, eudicotyledons represented the highest proportion of non-native species in both the protected areas and the belts (Chapter 1). From a quantitative point of view, we showed that the number of non-native species in the 5-km belts is a strong explanatory variable for the richness of non-native species inside protected areas (Chapter 1). We were thus able to show that the species pool in the proximity of protected areas determines the non-native species pool inside protected areas both qualitatively and quantitatively.

Our results not only confirm our initial assumption, but also have significant implications for the management of non-native species in protected areas. It is important to know which non-native species, especially invasive species, are present around a protected area and could thus potentially colonize it. In this way, preventive measures (e.g., prospections for early detection of targeted species) can be planned and implemented as part of management strategies to prevent the colonization of protected areas by non-native species. Preventive measures are in general less costly than control measures [START_REF] Cuthbert | Biological invasion costs reveal insufficient proactive management worldwide[END_REF] and can be particularly effective with the cooperation of landowners and local authorities in the region.

Factors influencing the permeability of protected areas to non-native species

The major objective of this thesis was to contribute to the identification of factors that influence the permeability of protected areas. We confirmed the role of several parameters already identified in previous studies: the surface area of protected areas, the human population density in protected areas, the accessibility of protected areas and the main type of land cover (Chapter 1). The size of the protected area and human population density showed a positive correlation with the number of non-native species present in them, whilst less accessible protected areas had fewer non-native species present. Further, the type of land cover in a protected area had a significant influence on non-native species present inside them. For example, the number of non-native species was significantly lower in forest and semi-natural areas than in agricultural areas.

Beyond these factors, our methodological approach of analysing the immediate surroundings of protected areas revealed another determining element: the landscape composition in which protected areas are nested. One of the main results we obtained is that the type of landscape surrounding a protected area is a better predictor of the number of non-native species in that protected area than the type of landscape within the protected area (Chapter 2). This result shows once again the crucial role of the species pool around the protected areas, which plays a more important role than the intrinsic permeability of the landscape present in the protected areas (e.g., forest and semi-natural areas compared with agricultural areas). For example, if a protected area is surrounded by urban areas, i.e., a landscape that is highly anthropogenic and potentially rich in non-native species, it will be colonized by a high number of non-native species, regardless of the type of landscape present in the protected area. This result also shows that most non-native species are generalists or opportunists and do not specialize in a particular habitat type.

Two other factors that can influence the permeability of protected areas to non-native species are management and the degree of disturbance. These were investigated in relation to the colonization dynamics of A. dealbata in five protected areas of the Natura 2000 network in central Portugal (Chapter 3). Here, we found that management was relatively recent and therefore ineffective in a landscape where this invasive tree had become established and widespread at least a decade earlier.

Disturbance by fire and loss of tree cover, on the other hand, promoted the establishment of A. dealbata. Our results showed that, in this Mediterranean region, where disturbances by fire and deforestation are very common, these protected areas do not allow to reduce the occurrence of these disturbance agents and slow down the spread of this species in the protected areas.

Limitations

In this thesis, we used various databases and methods to investigate the permeability of protected areas to non-native species. Despite careful evaluation and engagement with the data and methods, there are inevitable limitations to our approach, which we discuss below.

Comparison between protected areas and surrounding belts

In all chapters of this thesis, the presence of non-native species in protected areas was compared with the presence of non-native species in the belts immediately surrounding the protected areas.

The comparison can be done in different ways, depending on how one defines "the immediate surroundings". One approach is to delineate a belt for each protected area that has the same surface area as the protected area. In this case, however, the belts vary considerably in width from one protected area to another with obvious effects on the non-native species pool considered to be "around protected areas". The other approach, which is the one we have chosen, is to have belts of equal width. In this case, the surface area of the protected areas and their belts may be very different, making it difficult to directly compare the number of non-native species between them.

To circumvent this limitation, we used qualitative comparisons and comparisons of proportions in Chapter 1 and 2. In the third chapter, we additionally drew a random sample of 200 plots in the protected areas and 200 plots in the 10-km belt to model the impacts in the protected areas and the belt based on the same surface area.

Another criticism of comparing protected areas and their belts is that environmental conditions such as elevation, slope or soil conditions in these two areas are often significantly different (Mas, 2005;[START_REF] Joppa | Global protected area impacts[END_REF]. Therefore, this approach is not always suitable for making statements about the effectiveness of protected areas (Mas, 2005). However, we largely took into account these different environmental conditions by using land use and land cover as explanatory variables. Another relevant difference between protected areas and their belts is their accessibility.

While protected areas aim to protect nature from human impacts, e.g., through low accessibility (few roads and paths), belt zones are likely to be more accessible through road networks and settlements. However, more accessible areas are also sampled more frequently and therefore have more recorded biodiversity data [START_REF] Hughes | Sampling biases shape our view of the natural world[END_REF]. This bias towards belt zones could have influenced the results by underestimating detections of non-native species in protected areas.

Non-native species database

The availability of species data has major implications for research outcomes. Biodiversity data are often biased with respect to taxonomy (e.g., overrepresentation of taxa) (Troudet et al., 2017), level of activity and interest in different research fields [START_REF] Isaac | Bias and information in biological records[END_REF], but also to spatial conditions such as already mentioned (e.g., accessibility of areas and frequency of sampling) [START_REF] Johnston | Estimating species distributions from spatially biased citizen science data[END_REF][START_REF] Hughes | Sampling biases shape our view of the natural world[END_REF], and temporal conditions (e.g., representing a specific sampling period) [START_REF] Boakes | Distorted Views of Biodiversity: Spatial and Temporal Bias in Species Occurrence Data[END_REF]. In this thesis, we used national databases composed of data collected by research institutions and citizen science projects (see Chapter 1 and 2). We assumed that these data are potentially biased by specific research questions or interests, by the focus of citizen science projects and by the accessibility of places. To reduce these biases, we reduced the records to species presence data only (Chapter 1 and Chapter 2). This potentially reduces, at least partially, the bias from overrepresentation of specific taxonomies or species.

Europea geographical bias

The focus of this thesis was on European countries, where many data on non-native species are collected and made available in public databases. However, spatial and temporal biases in data collected in large databases distort our view on biodiversity [START_REF] Boakes | Distorted Views of Biodiversity: Spatial and Temporal Bias in Species Occurrence Data[END_REF]. For example, species records can be spatially and temporally biased by its source (e.g., literature data, museum data), or the conservation status of species [START_REF] Boakes | Distorted Views of Biodiversity: Spatial and Temporal Bias in Species Occurrence Data[END_REF]. A recent study by [START_REF] Hughes | Sampling biases shape our view of the natural world[END_REF] underlined the geographical bias of biodiversity databases and showed that most biodiversity data in the GBIF database was collected on < 7% of the Earth's surface. In addition, they showed a global bias of the data to only a few countries including the USA. Spatial patterns of species records also appliy to non-native species, as shown for non-native plants by [START_REF] Guo | Worldwide effects of nonnative species on species-area relationships[END_REF]. They found that the richness of non-native plants decreases with increasing latitude, with highest non-native plant richness in both hemispheres around the 40th degree. They discuss, among other factors that these results could be due to sampling bias and/or incomplete availability of data. There is little documentation of terrestrial non-native species colonization in tropical regions compared to temperate regions [START_REF] Pyšek | Geographical and taxonomic biases in invasion ecology[END_REF][START_REF] Chong | Are Terrestrial Biological Invasions Different in the Tropics?[END_REF]. Therefore, we assume that our findings are limited to the geographical region of Europe and our results should only be generalized with caution on a global scale.

Perspectives

Surroundings of protected areasan area of importance to reduce the permeability of protected areas to non-native species This thesis did not consider protected areas as independent entities but as systems connected to their immediate surroundings through the exchange of species, nutrient flows or resources. Our results showed that non-native species that are present around protected areas are also likely to colonize the protected areas (see Chapter 1 and Chapter 2). The European Guidelines for Management of Invasive Species in Protected Areas (Monaco and Genovesi, 2014) emphasize that strategies such as promoting less intrusive land use and cooperating with landowners outside protected areas could prevent the colonization by non-native species in protected areas. These conclusions were also made in other previous studies (e.g., Foxcroft et al., 2011;Spear et al., 2013;Liu et al., 2020). However, none of these studies implemented these proposals, for example to examine the impact of cooperation with land owners around protected areas on the presence of non-native species in protected areas. Thus, it remains to explore in future research what effect this cooperation potentially has on the colonization of protected areas by non-native species. The challenge here could be to gain the cooperation of all parties and authorities who own the land around a protected area. The area around a protected area, depending on the definition, may be larger than the protected area itself and projects thus might be time consuming and expensive. In addition, effects would possibly only become evident through long-term studies, as preventive measures are likely to have a delayed effect, as it is the case with colonization of protected areas by non-native species.

Effects of management strategies and land ownership in protected areas on invasive species spread

In this thesis, we have directly examined the topic of invasive non-native species management in protected areas in the third chapter, with the case study of A. dealbata. Unfortunately, our case study did not allow us to draw any clear conclusion about the effect of management on this species.

The question of how the management of invasive species in protected areas affects their permeability remains to be further explored. Climate change, range expansion, and non-native species impacts

Changing climatic conditions lead to a shift in the range of species worldwide (Chen et al., 2011a;[START_REF] Williams | Range shifts in response to past and future climate change: Can climate velocities and species' dispersal capabilities explain variation in mammalian range shifts[END_REF]. Non-native species are not exempt from this phenomenon. Some nonnative species may expand their range to higher elevations [START_REF] Rödder | Climate change drives mountain butterflies towards the summits[END_REF][START_REF] Couet | Short-lived species move uphill faster under climate change[END_REF], while others benefit from increasing disturbances such as fires (Lorenzo et al., 2010;[START_REF] Correia | Reproductive Biology of Australian acacias in Portugal, FACULDADE DE CIÊNCIAS E TECNOLOGIA UNIVERSIDADE DE COIMBRA[END_REF]Nunes et al., 2021), which are exacerbated by climate extremes such as summer droughts [START_REF] Turco | On the key role of droughts in the dynamics of summer fires in Mediterranean Europe[END_REF]. In addition, niche shifts in non-native species are thought to occur faster than climate change itself [START_REF] Wiens | Rapid niche shifts in introduced species can be a million times faster than changes among native species and ten times faster than climate change[END_REF]. Such rapid niche shifts may happen because introduced species can tolerate non-biotic conditions that are not present in their native range, and the absence of certain biotic conditions, such as predation and competition in the introduced range [START_REF] Wiens | Rapid niche shifts in introduced species can be a million times faster than changes among native species and ten times faster than climate change[END_REF]. This may explain why the realized niche in the native range does not match the fundamental niche [START_REF] Wiens | Rapid niche shifts in introduced species can be a million times faster than changes among native species and ten times faster than climate change[END_REF]. The consequences of climate change for non-native species concern the mechanisms of their introduction, distribution, their impacts and their management [START_REF] Hellmann | Five Potential Consequences of Climate Change for Invasive Species[END_REF][START_REF] Beaury | Incorporating climate change into invasive species management: insights from managers[END_REF].

In this context, the questions to be explored could be: which invasive non-native species will be able to expand their range (e.g., to higher elevations, other biotic-and non-biotic conditions) and thus pose a threat to protected areas in the future? Mechanisms of niche shifts of species (e.g., by evolution, traits, filling a greater niche than the fundamental niche) under changing conditions are far from understood and may be addressed in future research [START_REF] Bates | Climatic niche shifts in introduced species[END_REF].

Another important capability requiring further research is predicting which species, among those that have not yet shown invasive characteristics, will have a negative environmental impact in the future due to climate change.

Personal reflection

Permeability of protected areas to non-native species Did I answer the question of permeability of protected areas to non-native species in my thesis?

After three years of research, I would like to say that this work has contributed to a better understanding of the importance that the surrounding environment of protected areas plays in their colonization of those areas by non-native species. However, the question of the factors relevant to permeability has not been conclusively answered and future research will find further complementary answers.

Ethical questions

When I started researching the topic of non-native species in studies and in the literature, I was surprised by the controversy around non-native species is in the context of biological invasions. I realised that there are different views among ecologists and conservationists on whether the spread of non-native species is a problem or whether their spread is part of a natural process and that should be handled [START_REF] Brown | An Essay on Some Topics Concerning Invasive Species[END_REF][START_REF] Davis | Don't judge species on their origins[END_REF][START_REF] Guiaşu | Logical fallacies and invasion biology[END_REF][START_REF] Schlaepfer | Do non-native species contribute to biodiversity?[END_REF][START_REF] Halley | Doubting Thomas and the Love of Invasive Species[END_REF][START_REF] Gbedomon | Diverse views among scientists on non-native species[END_REF].

Some scientists argue that each species has its place in the world and is part of a holistic nature.

They consider non-native species colonization not a problem but as an integrative processes (e.g., species range expansion and natural colonization) of a globalized world [START_REF] Hoffmann | Biological invasions and natural colonisations: are they that different?[END_REF]. Other opinions refer to the negative consequences for biodiversity of introducing non-native species, their negative impact on biodiversity when a species becomes invasive [START_REF] Wilson | Biological invasions and natural colonisations are differentthe need for invasion science[END_REF]. Furthermore, there is also the fundamental question of where humans stand in this process. Do we have the right to judge other living beings in this way? Are we humans not the most invasive species in the world? Two views have emerged on this: humans are considered to be part of nature in a holistic system. In this case, humans play a central role as an invasive species. On the other hand, human beings distinguish themselves from the natural system as a superior species above other living beings. In this case, humans do not have the role of the most invasive species.

To this day, I am undecided on how to deal with biological introductions. I clearly see the limitations of an integrative approach (non-native species introductions are part of the natural process), especially when it comes to severe threats to native species. I also see introduced species critically when they bring diseases or cause massive crop loss and damage in areas already suffering from poverty and livelihood difficulties. Despite these scenarios, I think it is important to consider ethical aspects related to non-native species introductions. Every species is a living being that enjoys life in its way. Some species are capable of emotions and feelings. Especially in programmes to eradicate invasive species, aspects of the right to life, avoidance of harm and avoidance or pain must be brought to the fore and taken into account. Then it is a matter of weighing up the benefits, harms and ethical issues.
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Introduction

Espèces non indigènes

Définition

Par définition, les espèces non indigènes sont celles dont "la présence est attribuée à l'activité humaine qui les aide à passer les barrières biogéographiques" (Richardson et al., 2010). Les espèces non indigènes peuvent être classées sur un continuum entre la naturalisation et l'invasion comme occasionnelles, naturalisées ou envahissantes [START_REF] Richardson | Naturalization and invasion of alien plants: concepts and definitions[END_REF]. Les espèces occasionnelles sont des espèces non indigènes qui ne forment pas une population viable dans la nouvelle région colonisée. Leur persistance dépend d'introductions répétées. En revanche, les espèces naturalisées ont des populations viables pendant plusieurs cycles de vie ou une période donnée sans ou malgré l'intervention humaine (Richardson et al., 2010). Parmi celles-ci, seul un sous-ensemble d'espèces a un impact sur l'environnement, l'économie ou la santé. Celles-ci sont appelées espèces envahissantes (UICN, 2000).

Mécanismes d'introduction

Les introductions d'espèces induites par l'homme peuvent être placées sur un continuum allant d'événements non intentionnels à intentionnels [START_REF] Hulme | Grasping at the routes of biological invasions: a framework for integrating pathways into policy[END_REF]. De nombreuses espèces arrivent en tant qu' « auto-stoppeuses » et sont donc introduites de manière non intentionnelle [START_REF] Toy | The accidental introduction of invasive animals as hitchhikers through inanimate pathways: a Newzealand perspective: -EN--FR-L'introduction accidentelle d'animaux envahissants "autostoppeurs via des vecteurs inanimés : le point de vue de la Nouvelle-Zélande -ES-Introducción accidental de animales invasores "autoestopistas" por rutas inanimadas: perspectiva neozelandesa[END_REF][START_REF] Patoka | Marine hitchhikers: a preliminary study on invertebrates unintentionally transported via the international pet trade[END_REF], par exemple par voie maritime [START_REF] Keller | Linking environmental conditions and ship movements to estimate invasive species transport across the global shipping network[END_REF]. Un de ces exemples est la moule zébrée (Dreissena polymorpha) qui est devenue envahissante dans de nombreux lacs et rivières [START_REF] Strayer | Transformation of Freshwater Ecosystems by Bivalves: A case study of zebra mussels in the Hudson River[END_REF][START_REF] Higgins | What a difference a species makes: a metaanalysis of dreissenid mussel impacts on freshwater ecosystems[END_REF]. D'autres espèces sont introduites intentionnellement pour des raisons récréatives comme les fleurs (Haeuser et al., 2018 ;[START_REF] Guo | Domestic gardens play a dominant role in selecting alien species with adaptive strategies that facilitate naturalization[END_REF] et les animaux de compagnie (Nunes et al., 2015 ;[START_REF] Patoka | Marine hitchhikers: a preliminary study on invertebrates unintentionally transported via the international pet trade[END_REF] ou à des fins économiques pour la foresterie (Nunes et al., 2019) ou l'aquaculture (Nunes et al., 2015).

L'échelle mondiale : Comment le monde a été colonisé par les espèces non indigènes.

La translocation d'espèces n'est pas un phénomène récent. L'homme transporte et échange des espèces végétales et animales depuis des milliers d'années (Seebens et al., 2017). L'introduction d'espèces trouve ses racines à l'époque où des plantes ont été introduites en Europe par les explorateurs et les colons [START_REF] Fry | The Plant Hunters: The Adventures of the World's Greatest Botanical Explorers[END_REF] (Banks et al., 2015 ;Benedetti et Morelli, 2017 ;Chapman et al., 2017), les chemins de fer (Benedetti et Morelli, 2017) mais aussi les corridors naturels tels que les rivières (Malíková et Prach, 2010 ;Nunes et al., 2015). Si les réseaux de commerce et de transport restent les principales voies d'introduction des espèces et les principaux vecteurs de colonisation, le succès de l'établissement des espèces non indigènes est attribué aux conditions biotiques et abiotiques locales (Sakai, 2001).

Impact des espèces non indigènes sur l'environnement

Les espèces introduites peuvent être déjà présentes pendant une longue période avant d'être détectées ou d'avoir des impacts négatifs [START_REF] Essl | Socioeconomic legacy yields an invasion debt[END_REF]Rouget et al., 2016 ;[START_REF] Spear | The Invasion Ecology of Sleeper Populations: Prevalence, Persistence, and Abrupt Shifts[END_REF].

Cependant la plupart des espèces introduites ne s'établissent jamais durablement dans le lieu colonisé, et seule une petite proportion de celles qui le font deviennent envahissantes. L'UICN a fourni une classification des taxons non-indigènes en fonction de leur impact sur l'environnement (EICAT) [START_REF] Blackburn | A Unified Classification of Alien Species Based on the Magnitude of their Environmental Impacts[END_REF] ; UICN, 2020) (Figure 3). Ce schéma fait référence à treize mécanismes d'impact : la compétition, la prédation, l'hybridation, la transmission de maladies, le parasitisme, l'empoisonnement/la toxicité, l'encrassement biologique, le pâturage/l'herbivorie, l'enracinement/le creusement, le piétinement, l'inflammabilité, l'interaction avec d'autres espèces envahissantes ou autres.

Les aires protégées

Définition

Une aire protégée est "un espace géographique clairement défini, reconnu, dédié et géré, par des moyens légaux ou d'autres moyens efficaces, pour réaliser la conservation à long terme de la nature avec les services écosystémiques et les valeurs culturelles associés" (définition de l'UICN dans (Dudley, 2008).

Les aires protégées sont des éléments importants des stratégies de conservation de la biodiversité au niveau local, régional et mondial visant à protéger les habitats et les espèces des impacts du changement global [START_REF] Gaston | The Ecological Performance of Protected Areas[END_REF][START_REF] Stolton | VALUES AND BENEFITS OF PROTECTED AREAS[END_REF]. L'objectif des aires protégées est de protéger la biodiversité au niveau des gènes, des espèces et des écosystèmes (Worboys, 2015).

Cependant, la protection peut également inclure la conservation du patrimoine géographique, du patrimoine culturel, des paysages et des décors, des sols et de l'eau dans une zone. Les aires protégées maintiennent souvent un éventail plus large de services écosystémiques tels que les processus de soutien (par exemple le cycle des nutriments), le maintien du cycle de vie (par exemple, la fourniture d'un habitat de reproduction) ou les services aux écosystèmes dégradés environnants par le transfert direct de sols, de nutriments et d'énergie solaire interceptée [START_REF] Stolton | VALUES AND BENEFITS OF PROTECTED AREAS[END_REF]. Les services de régulation fournis par les aires protégées comprennent donc également des fonctions pertinentes pour le bien-être humain et des services directement liés au climat (par exemple, le stockage et la séquestration du carbone), à l'hydrologie (par exemple, la purification et la détoxification de l'eau), aux événements météorologiques (atténuation des risques naturels) ou à l'agriculture (par exemple, la pollinisation). L'Union internationale pour la conservation de la nature (UICN) a défini six catégories d'aires protégées qui sont considérées comme la norme pour la planification, la création et la gestion des aires protégées (Dudley, 2008).

Perméabilité des aires protégées aux espèces non indigènes

Les aires protégées ne sont pas des systèmes indépendants, mais plutôt des systèmes interconnectés en contact avec leur environnement immédiat (DeFries et al., 2010). Par conséquent, l'environnement immédiat des aires protégées a un impact direct sur les écosystèmes et la biodiversité des aires protégées (Foxcroft et al., 2011 ;Spear et al., 2013). Les flux de nutriments, les flux d'organismes, les directions d'écoulement des rivières, les types d'utilisation des terres autour des aires protégées, comme les terres agricoles, affectent directement la diversité des espèces et les écosystèmes des aires protégées [START_REF] Hansen | Ecological Mechanisms Linking Protected Areas to Surrounding Lands[END_REF]DeFries et al., 2010 ;Foxcroft et al., 2011 ;[START_REF] Palomo | National Parks, buffer zones and surrounding lands: Mapping ecosystem service flows[END_REF]. Les espèces non indigènes font partie de ce flux d'organismes qui peuvent entrer et potentiellement s'établir dans les aires protégées, en particulier les espèces non indigènes envahissantes [START_REF] Hulme | Protected land: Threat of invasive species[END_REF]Schulze et al., 2018 ;[START_REF] Perzanowska | Alien species as a potential threat for Natura 2000 habitats: a national survey[END_REF]Liu et al., 2020 ;[START_REF] Pyšek | Scientists' warning on invasive alien species[END_REF][START_REF] Shackleton | Assessing biological invasions in protected areas after 30 years: Revisiting nature reserves targeted by the 1980s SCOPE programme[END_REF].

Plusieurs facteurs ont déjà été identifiés comme pouvant influencer la perméabilité des aires protégées :

De façon générale, les caractéristiques du paysage font partie des facteurs pouvant affecter l'apparition d'espèces non indigènes (Pauchard et Alaback, 2004 ;Decker et al., 2012 ;O'Reilly-Nugent et al., 2016 ;Sánchez-Ortiz et al., 2020). Cela s'applique également aux aires protégées et à leurs environs. Les petites aires protégées, souvent situées dans des paysages plus anthropisés, sont ainsi exposées à une plus grande pression anthropique et peuvent présenter un risque plus élevé de colonisation par des espèces non indigènes [START_REF] Meiners | Plant invasion in protected landscapes: exception or expectation?[END_REF]). On peut s'attendre également à ce que les aires moins strictement protégées accueillent davantage d'espèces non indigènes que les aires bénéficiant d'une protection plus forte et d'un accès restreint (Gallardo et al., 2017). De plus, les points chauds d'espèces non indigènes, dans tous les groupes taxonomiques, sont directement liés à la densité de population humaine (Dawson et al., 2017). L'accessibilité des aires protégées s'est avérée être un facteur prédictif de la richesse en espèces non indigènes [START_REF] Gallardo | The Importance of the Human Footprint in Shaping the Global Distribution of Terrestrial, Freshwater and Marine Invaders[END_REF]. (Spear et al., 2013 ;[START_REF] Dimitrakopoulos | Factors shaping alien plant species richness spatial patterns across Natura 2000 special areas of conservation of Greece[END_REF]Gallardo et al., 2017 ;Moustakas et al., 2018). D'autres propriétés des aires protégées, telles que leur superficie et leur statut de protection, influencent également la richesse en espèces non indigènes (Gallardo et al., 2017 ;Liu et al., 2020). En outre, la présence d'espèces non indigènes dans les aires protégées est également déterminée par les zones environnantes, notamment l'utilisation des terres par l'homme, la densité de la population humaine et la densité des routes (Foxcroft et al., 2011 ;Spear et al., 2013). Ces résultats suggèrent que, même si la dispersion à longue distance peut être importante pour la colonisation des espèces non indigènes, notamment dans les premiers stades [START_REF] Ramakrishnan | Shifting dispersal modes at an expanding species' range margin[END_REF], la dispersion à courte distance représente une contribution significative à leur dynamique de colonisation.

Objectifs du projet de thèse

Dans ce chapitre, nous avons émis les hypothèses suivantes :

- -Le nombre total d'espèces non indigènes présentes à l'intérieur d'une aire protégée est positivement influencé par la richesse en espèces non indigènes dans les environs de cette aire protégée (influence quantitative). En outre, les espèces les plus abondantes dans les environs des aires protégées ont plus de chances d'être présentes à l'intérieur de ces aires.

-Les espèces non indigènes apparaissent plus tôt dans les zones entourant les aires protégées que dans celles-ci (séquence temporelle). déplaçant les forêts indigènes (Marchante et al., 2005 ;Nunes et al., 2019). La perturbation par le feu et la perte de la couverture arborée, qui stimulent la germination des banques de graines du sol et fournissent un espace ouvert, ont été identifiées comme des facteurs importants dans ce processus (Lorenzo et al., 2010 ;Nunes et al., 2020Nunes et al., , 2021)).

Méthodes

Dans cette étude, nous avons voulu étudier la propagation de l'espèce envahissante A. dealbata 

Méthodes

La zone d'étude a été délimitée dans le centre du Portugal (39,91° N et 40,73° N ; 8,42° W et 7,17°

W), une région où A. dealbata est répandu (Viana et Aranha, 2010 ;Nunes et al., 2021 ;Pereira et Ferreira, 2021 ;Raposo et al., 2021). Nous nous sommes concentrés sur cinq aires protégées du réseau Natura 2000 et sur la ceinture de 10 km qui les entoure. Nous avons extrait les couches spatiales géospatiales de toutes les aires protégées de la base de données mondiale des aires protégées (WDPA, UNEP-WCMC et UICN 2019).

Nous avons collecté des données sur la présence d'A. dealbata dans la zone d'étude. Le travail sur le terrain a été effectué au cours des deux premières semaines de mars 2020, période pendant laquelle A. dealbata est censé être en fleur (Lorenzo et al., 2010 ;Viana et Aranha, 2010). Au total, notre ensemble de données était composé de 274 entrées de données de présence d'A. dealbata.

Pour la préparation, le traitement et la classification des images, nous avons utilisé l'éditeur de code de Google Earth Engine (GEE) (Gorelick et al., 2017). Nous avons créé vingt collections dealbata en utilisant l'éditeur de code du moteur Google Earth. Nous avons appliqué l'algorithme de classification par maximum de vraisemblance qui a donné des résultats satisfaisants dans des études antérieures (Viana et Aranha, 2010 ;Martins et al., 2016 ;Sutomo et al., 2019a). (Seebens et al., 2017), et du temps nécessaire aux espèces non indigènes pour coloniser de nouvelles zones [START_REF] Nehrbass | A simulation model of plant invasion: long-distance dispersal determines the pattern of spread[END_REF][START_REF] Marco | Comparing short and long-distance dispersal: modelling and field case studies[END_REF][START_REF] Pergl | The role of long-distance seed dispersal in the local population dynamics of an invasive plant species: Quantifying long-distance dispersal[END_REF], il serait plus juste d'affirmer que dans les quatre pays étudiés, 40 % des aires protégées sont vides " jusqu'à présent ".

Nous avons pu mesurer les dernières étapes de la dynamique de colonisation vers les aires Une autre limite à la comparaison des aires protégées et de leurs ceintures est que les conditions environnementales telles que l'élévation, la pente ou les conditions du sol dans ces deux zones sont souvent très différentes (Mas, 2005 ;[START_REF] Joppa | Global protected area impacts[END_REF]. Une autre différence pertinente entre ces zones est leur accessibilité. Alors que les aires protégées visent à protéger la nature des impacts humains, par exemple par une faible accessibilité (peu de routes et de chemins), les zones de ceinture sont susceptibles d'être plus accessibles grâce aux réseaux routiers et aux habitations. Or, les zones plus accessibles sont également plus échantillonnées et disposent donc de plus de données sur la biodiversité [START_REF] Hughes | Sampling biases shape our view of the natural world[END_REF]. Par conséquent, comparer ce qui est observé dans et autour des aires protégées est une méthode parfois sujette à caution pour évaluer l'efficacité des aires protégées (Mas, 2005). Ce biais de la pression d'observation en faveur des zones entourant les aires protégées pourrait avoir influencé nos résultats en sous-estimant le nombre d'espèces non indigènes dans les aires protégées.

La disponibilité des données sur les espèces a des répercussions importantes sur les résultats de la recherche scientifique. Les données sur la biodiversité sont souvent biaisées par la taxonomie (ex.

surreprésentation des taxons) (Troudet et al., 2017), les projets de recherche scientifique et l'intérêt des populations [START_REF] Isaac | Bias and information in biological records[END_REF], mais aussi par les conditions spatiales déjà mentionnées (ex. accessibilité des zones et fréquence d'échantillonnage) [START_REF] Johnston | Estimating species distributions from spatially biased citizen science data[END_REF][START_REF] Hughes | Sampling biases shape our view of the natural world[END_REF], et les conditions temporelles (ex. représentation d'une période d'échantillonnage spécifique) [START_REF] Boakes | Distorted Views of Biodiversity: Spatial and Temporal Bias in Species Occurrence Data[END_REF]. Dans cette thèse, nous avons utilisé des bases de données nationales collectées par des institutions de recherche et des projets de science citoyenne (voir chapitre I et II). Nous pouvons supposer que ces données sont donc potentiellement biaisées par des questions de recherche spécifiques, ou par l'objectif des projets de science citoyenne et par l'accessibilité des lieux.

Cette thèse s'est concentrée sur les pays européens, où de nombreuses données sur les espèces non indigènes sont collectées et mises à disposition dans des bases de données publiques. Cependant, les biais spatiaux et temporels des données collectées dans les grandes bases de données déforment notre vision de la biodiversité [START_REF] Boakes | Distorted Views of Biodiversity: Spatial and Temporal Bias in Species Occurrence Data[END_REF]. Par conséquent, nous supposons que nos conclusions sont limitées à la région géographique de l'Europe et que nos résultats doivent être généralisés avec prudence à l'échelle mondiale. Enfin, l'évolution des conditions climatiques entraîne un déplacement de l'aire de répartition des espèces dans le monde entier (Chen et al., 2011a ;[START_REF] Williams | Range shifts in response to past and future climate change: Can climate velocities and species' dispersal capabilities explain variation in mammalian range shifts[END_REF]. Les espèces non indigènes n'échappent pas à ce phénomène. Certaines espèces non indigènes peuvent étendre leur aire de répartition à des altitudes plus élevées [START_REF] Rödder | Climate change drives mountain butterflies towards the summits[END_REF][START_REF] Couet | Short-lived species move uphill faster under climate change[END_REF], tandis que d'autres bénéficient de l'augmentation des perturbations telles que les incendies (Lorenzo et al., 2010 ;[START_REF] Correia | Reproductive Biology of Australian acacias in Portugal, FACULDADE DE CIÊNCIAS E TECNOLOGIA UNIVERSIDADE DE COIMBRA[END_REF]Nunes et al., 2021), qui sont exacerbées par les extrêmes climatiques tels que les sécheresses [START_REF] Turco | On the key role of droughts in the dynamics of summer fires in Mediterranean Europe[END_REF]. Les conséquences du changement climatique sur les espèces non indigènes concernent leur mécanisme d'introduction, leur distribution, leurs impacts et leur gestion [START_REF] Hellmann | Five Potential Consequences of Climate Change for Invasive Species[END_REF][START_REF] Beaury | Incorporating climate change into invasive species management: insights from managers[END_REF]. Dans ce contexte, les questions à explorer sont : Quelles espèces non indigènes envahissantes seront en mesure d'étendre leur aire de répartition (par exemple à des altitudes plus élevées, à d'autres conditions biotiques et abiotiques) et constitueront ainsi une menace pour les aires protégées à l'avenir ? Les mécanismes de changement de niche des espèces (par exemple, par l'évolution des traits, l'occupation d'une plus grande niche que la niche fondamentale) dans des conditions changeantes sont loin d'être compris et pourraient être abordés dans des recherches futures [START_REF] Bates | Climatic niche shifts in introduced species[END_REF]. Une autre question importante serait de pouvoir anticiper quelles espèces, parmi celles qui n'ont pas encore montré de caractéristiques envahissantes, auront un impact environnemental négatif à l'avenir en raison du changement climatique.

Perspectives

WorkshopI

  participated at the InvaCost workshop that took place in November 2019 in Paris, France and was held in the context of the finalization of InvaCost database, the first global, comprehensive database on published economic costs of biological invasions (https://invacost.fr). This workshop was organized by Franck Courchamp and his research group from CNRS, University of Paris Sud. I participated as a workshop assistant and co-author to a paper on the costs of invasive species in urban areas. Gustavo Heringer, Romina Fernandez, Alok Bang, Ana Novoa, Bernd, Cesar Capinha , Christophe Diagne, David Renault, David Roiz, Desika Moodley, Elena Tricarico, Kathrin Holenstein, Marion Cordonnier, Melina Kourantidou, Natalia Kirichenko, José Ricardo Pires Adelino, Romina Dimarco, Thomas W. Bodey, Yuya Watari, Franck Courchamp. Economic Costs of Invasive Alien Species in Urban Areas: a Severely Underexplored Financial Drain (in preparation, 2022).

Figure 1 :

 1 Figure 1: Global temporal trends of first records of non-native species (black dots)(Seebens et al., 2017).

Figure 2 :

 2 Figure 2: Unified framework of biological invasions(Blackburn et al., 2011). 

FIGURE 1 |

 1 FIGURE 1 | Left: Map of Norway with protected areas (PAs) and belt zones, with an example of part of the network (detail shown in inset). Right: An example (Møysalen National Park) showing the area of the PA, the three belts of 0-5, 5-10, and 10-20 km distance from the PA boundary, and the locations of records of non-native animal and plant species.

FIGURE 2 |

 2 FIGURE 2 | Proportions of non-native species in protected areas and 5-km belts represented by (A) Kingdom, (B) Taxonomic classes, (C) Ecological Impact. The ecological impact was assessed by the Norwegian Biodiversity Information Center (NBIC, https://www.biodiversity.no) (SE, Severe impact; HI, High impact; PH, Potentially high impact; LO, Low impact; NK, not known impact; NR, Not risk assessed). Significance of the Pearson X²-test: *p < 0.05; **p < 0.01; ***p < 0.001.

FIGURE 3 |

 3 FIGURE 3 | The nine most frequent NNS in PAs (left) and 5-km belts (right). Ecological impact classification assessed by the Norwegian Biodiversity Information Centre (NBIC, https://www.biodiversity.no) shown inside the bar: SE, "Severe Impact;" PH, "Potentially High Impact;" and LO, "Low Impact;" on ecology. (Credit pictures: B. canadensis & N. vison: T.M. Blackburn; A. pseudoplatanus: Willow, CC BY-SA 2.5; S. racemosa: Opioła Jerzy, CC BY 2.5; P. stichensis: Rosser1954, CC BY-SA 4.0; S. fontinalis: marrabbio2, CC BY-SA 3.0; E. canadensis: Christian Fischer, CC BY-SA 3.0; L. sauveolens: AfroBrazilian, CC BY-SA 3.0; L. polyphyllus: Andreas Eichler, CC BY-SA 4.0; R. rugosa: Vihljun, public domain; R. japonica: Andrea Moro, CC BY-SA 4.0; B. vulagris: Stefan.lefnaer, CC BY-SA 4.0; N. caerulescens: Konrad Lackerbeck, CC BY-SA 2.5).

FIGURE 4 |

 4 FIGURE 4 | Response of Non-native species (NNS) richness in protected areas (PAs) to: (A) NNS richness in 5 km-belts, (B) Mean human population density in the PAs, (C) Mean accessibility of PAs, (D) Most abundant land cover in the PA (AG, Agricultural areas; FSNA, Forest and semi natural areas; WB, Water bodies; WL, Wetlands) and (E) Surface area of the PA. Solid blue line and shaded area represent the mean and standard error of NNS richness, fitted by GAM.

FIGURE 5 |

 5 FIGURE 5 | Year of first records in protected areas and their associated belts 0-5, 5-10, and 10-20 km for the 196 non-native species recorded within protected areas. We selected only non-native species present in protected areas. For each non-native species, we compared protected areas and their associated belts. The numbers above the boxes represent the numbers of first records of the non-native species included in the analysis. Small letters (a, b) indicate elements that are significantly different from each other according to a Dunn's test for pairwise comparison following a significant Kruskal-Wallis Test (KW).

FIGURE 6 |

 6 FIGURE 6 | Boxplot NNS species taxonomic classes present in PAs: The year of first record in PAs and within a distance of 0-5, 5-10, and 10-20 km from the PA (associated belts). The numbers above the boxes represent the numbers of first records of the non-native species. Small letters (a, b, c) indicate elements that are significantly different from each other according to Dunn's test with "fdr" adjustment, following a significant Kruskal-Wallis Test (KW).

Figure 1 :

 1 Figure 1: Proportion of dominant LULC in PAs and 5-km belts over all countries (A). Proportion of dominant LULC in PAs and 5-km belts by country (B).

Figure 2 :

 2 Figure 2: Spearman's correlation between NNS richness in PAs and Shannon diversity index of LULCs in PAs across the four countries (A). Spearman's correlation between NNS richness in PAs and Shannon diversity index of LULCs in each of the four countries (B),Belgium, Norway, Switzerland, United Kingdom. 

Figure 3 :

 3 Figure 3: Mean NNS richness in PAs for each type of dominant land use and land cover (LULC) in them (ANOVA: df=4, F=51.22 p <2e-16) (A); and in the 5-km belt surrounding them (ANOVA: df =4, F = 184.5, p <2e-16) (B). Different letters on bars indicate significant differences in mean NNS richness using aTukey's HSD test.

Figure 4 :

 4 Figure 4: NNS richness in PAs surrounded by a 'different' or the 'same' dominant LULC in the 5-km belts (Wilcoxon signed-rank test: W= 1274297, p<2.2e-16) (A). . NNS richness in PAs for each type of dominant LULC in PAs surrounded by a 'different' or the 'same" dominant LULC in the 5-km belts (B). Number on top of boxplot show number of PAs within the category. Stars on top of boxplot indicate significance level of the Wilcoxon signed-rank test (*≤0.05, **≤0.01, *** ≤0.001, **** ≤0.0001). Outliers are hidden.

Figure 5 :

 5 Figure 5: NNS richness in the PAs depending on the five dominant LULCs in and around PAs. Numbers in center show the mean NNS richness, numbers top left show the median NNS richness, letters in the top right of the squares indicate whether there is a significant difference in NNS richness following a Wilcoxon signed-rank test (Read down the column). Numbers in brackets show the sample size.

  linked differences in non-native plant species distributions in Europe mainly to differences in human population density and agricultural land-use. Further, a study byPolaina et al. (2020) predicted European suitable areas for invasive terrestrial vertebrates and mapped Belgium, the United Kingdom among hotspots but not Norway (cold spot) and Switzerland (uncertain hotspot). The hotspots were also associated with high human population density and human disturbance. Moreover, a global analysis of hotspots of NNS highlighted the relationship between NNS presence and human population density, as well as the per capita income in countries(Dawson et al., 2017). The three countries Switzerland, Belgium and the United Kingdom were among the upper 50 % hotspot areas for NNS, but not Norway.Our results showed the expected NNS distribution when the number of NNS in the PAs and disturbance in the surrounding area are considered. Belgium and the United Kingdom had the highest proportion of anthropogenic LULC surrounding PAs and more than a quarter of the PAs in Switzerland were surrounded by agricultural areas. Those countries also had high proportions of PAs with NNS present and high numbers of NNS in PAs. On the other hand, Norway had the highest proportion of PAs surrounded by forest and semi-natural areas and most PAs without NNS.

Figure S1 : 2 82Figure S2 :

 S12S2 Figure S1: Distribution of NNS richness in PAs (A) and zoom in small window. Theoretical quantiles of NNS distribution data are non-normal distributed (B).

Figure S3 : 2 84Figure S4 :

 S32S4 Figure S3: Number of NNS present in PAs by Kingdom and country.

  chemical treatment through the application of herbicides (Invasoras: https://invasoras.pt/, accessed May 4 2021; Vieites-Blanco and González-Prieto, 2020).

Figure 1 :

 1 Figure 1: A) The yellow flowers of A. dealbata, B) A. dealbata trees in bloom, C) Dens stands of new A. dealbata shoots. (Photos by the author).

  Lousã (151.1 km², designated in 2008);Carregal do Sal (95.8 km², designated in 2008); Serra doAçor (3.7 km², designated in 1982, also in IUCN management category V and part of the Complexo do Açor); Serra de Estrela (891.4 km², designated in 1976, also in IUCN management category V); and Serra da Gardunha (105 km², designated in 2015, also in IUCN management category IV). The total area covered was 5178.14 Km². We extracted the geospatial spatial layers of all PAs from the World Data base on Protected Areas (WDPA, UNEP-WCMC and IUCN 2019).

Figure 2 :

 2 Figure 2: A) Location of the study area in Portugal. B) Inset of the study area with five protected areas and the 10-km belt around them. 400 random plots (shown as black dots) were created of which 200 were in PAs and 200 in the 10-km belt.

Figure 3 :Figure 4 :

 34 Figure 3: A. dealbata distribution (in blue) in the study area over 20 years from 2001 to 2020. Each year since 2001, A. dealbata was present in both the PAs and the 10-km belt with fluctuations between the years.

Figure 5 :Figure 6 :

 56 Figure 5: Burnt area (red color) in the PAs and the 10-km belt, between 2001 and 2019.

Figure 7 :

 7 Figure 7: Tree cover loss (dark green color) between 2001 and 2019 in the study area between 2001 and 2019, in PAs and the 10-km belt. Tree cover loss here is defined according to Hansen et al. (2013), as the change of state from a forested to deforested area.

Figure 8 :

 8 Figure 8: A) Annual proportion of tree cover loss in the five PAs and the 10-km belt between 2001 and 2019 (Paired Wilcoxon rank sum test: V = 43, p = 0.03822). B) Annual proportion of plots affected by tree cover loss in PAs and the 10-km belt between 2001 and 2019 (Paired Wilcoxon rank sum test: V = 7, p = 0.000429).

Figure 9 :

 9 Figure 9: Number of plots affected by burnt area (BA), tree cover loss (TCL), both or neither in the year 2001 to 2019.Total number of plots per year is 400. Expected value for the number of plots affected by both if BA and TCL were randomly distributed over plots in brackets (comparison between observed and expected number of plots affected by both BA and TCL: Fisher's exact test: p < 0.001).

Figure 10 :

 10 Figure 10: A) Proportion of A. dealbata cover per plot between 2010 and 2020 in relation to the number of years after a fire (Kruskal-Wallis Test: Chi-square = 135.86, df = 5, p < 0.001). B) Proportion of A. dealbata cover per plot between 2010 and 2020 in relation to the number of years after tree cover loss (Kruskal-Wallis Test: Chi-Squared = 45.654, df = 5, p < 0.001). Letters on the boxplot indicate if there is a significant difference between the years by applying a Dunne Test following a significant Kruskal-Wallis Test. Number on boxplot indicate the number of data points per category.

  addition to the quality of satellite images, are partly due to variations in the flowering intensity and phenology, resulting in more or less strong spectral signals in different years. Climatic variations between years, such as precipitation and drought, may have influenced the growth of the species (Souza-Alonso et al., 2017) and thus the phenology of the flowering (e.g., a flowering of exceptional intensity, synchronised flowering). The year 2017 for example was a year of exceptional climatic conditions in Portugal, with fires in June of unprecedented intensity. These

  é o nome da área protegida onde trabalha? nome: Trabalho em PTCON0014 -Serra da Estrela, PTCON0027 -Carregal do Sal, PTCON0028 -Serra da Gardunha, PTCON0051 -Complexo do Açor e PTCON0060 -Serra da Lousã b) Quando foi designada a área protegida (ou partes da área protegida) pela primeira vez? ano: a Área de Paisagem Protegida da Serra do Açor, que foi criada em 1982 PTCON0060 -Serra da Lousã 2000 c) Qual é a sua posição na sua organização (título de emprego)? Sou Técnico Superior d) É responsável pela gestão de espécies não nativas na área protegida?  sim  não
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 S1S2S3S4 Figure S1: Number of plots (Frequency) and proportion classified (unmasked) area in the plot in relation to the total area in a plot. Total number of plots is 400.

  First, a question to specifically address is the success of different management methods (e.g., prevention techniques, control techniques). For example, long-term studies could be carried out in cooperation with the managers of protected areas to investigate these aspects. Second, whether the type of ownership (public versus private) affects the success of controlling invasive non-native species remains an open question. Participatory studies with private landowners in protected areas would be of interest. In workshops with land owners and protected area managers, objectives and interventions could be developed, and evaluated at a later stage.

  Une forte proportion des espèces non indigènes présentes dans une aire protégée sont également présentes dans ses environs. Ainsi, les espèces non indigènes d'une aire protégée présentent des similitudes taxonomiques et écologiques avec le pool espèces non indigènes de ses environs (similarité qualitative). Cependant, étant donné que les espèces non indigènes envahissantes sont censées avoir un potentiel de colonisation plus élevé que les espèces non indigènes non envahissantes, les espèces non indigènes envahissantes devraient être présentes dans des proportions plus élevées à l'intérieur des aires protégées qu'à l'extérieur.

  Des relevés d'animaux et de plantes non indigènes terrestres et d'eau douce ont été obtenus pour les quatre pays sélectionnés. Nous avons téléchargé les données espèces non indigènes du Royaume-Uni à partir du National Biodiversity Network (NBN Atlas occurrence download at :, 2019). Les données espèces non indigènes de la Norvège ont été téléchargées à partir de la base de données du Centre norvégien d'information sur la biodiversité (NBIC) (artskart.artsdatabanken.no), les données espèces non indigènes de la Suisse ont été demandées à la base de données de la Biodiversité nationale suisse (Info Species), les données espèces non indigènes de la Belgique étaient basées sur le Registre mondial des espèces introduites et envahissantes de Belgique, et ont été téléchargées à partir du Global Biodiversity Information Facility GBIF (GBIF.org). Pour analyser la couverture terrestre des aires protégées et des ceintures de 5 km, nous avons utilisé la couche Copernicus Corine Land Cover au niveau 1 (CLC: "© European Union, Copernicus Land Monitoring Service 2018, European Environment Agency (EEA)"). Résultats Nous avons montré que le nombre d'espèces non indigènes dans les aires protégées était positivement corrélé à la diversité de LULC dans les aires protégées. De plus, la présence de LULC anthropiques dans les aires protégées, et encore plus dans les environs des aires protégées, avait un effet positif sur la perméabilité des aires protégées aux espèces non indigènes. Le mode d'occupation du sol prédominant à l'intérieur des aires protégées et aux alentours expliquait tous les deux significativement l'abondance des espèces non indigènes dans les aires protégées. Ces résultats montrent l'importance de prendre en compte l'occupation des sols autour des aires protégées dans la gestion des aires protégées afin de prévenir la colonisation par des espèces non indigènes. Conclusion Nous concluons que les espèces non indigènes sont des colonisateurs opportunistes pour s'installer dans un nouvel habitat. Les résultats suggèrent que l'emplacement d'une aire protégée est central pour déterminer si elle est perméable ou non aux incursions d'espèces non indigènes. Les aires protégées situées dans des zones modifiées par l'homme, où les perturbations sont déjà potentiellement importantes et où le nombre d'espèces non indigènes présentes est élevé, sont plus susceptibles d'être perméables à leur incursion. Chapitre 3 : Effets des perturbations par le feu et la déforestation sur la perméabilité des aires protégées aux espèces forestières envahissantes : Le cas d'Acacia dealbata au Portugal Les invasions biologiques menacent les écosystèmes du monde entier en déplaçant les espèces indigènes et en provoquant une perte globale de biodiversité. Au Portugal, les espèces forestières envahissantes telles qu' Acacia dealbata se sont répandues massivement au cours du siècle dernier,

  dans et autour cinq aires protégées du centre du Portugal au cours des deux dernières décennies (2001-2020). En utilisant des séries chronologiques d'images satellites Landsat 7 ETM+, nous avons cherché savoir si les aires protégées ont agi comme des barrières à la propagation d'A. dealbata. En outre, cette étude a testé l'efficacité de l'utilisation de la télédétection pour cartographier et surveiller une espèce d'arbre envahissante dans un système dynamique de forêt mixte méditerranéenne, afin d'informer les futurs efforts de surveillance et de gestion des espèces d'arbres envahissantes dans de tels environnements.

  d'images, une pour chacune des années 2001 à 2020. Nous avons créé des cartes de la perte de couverture arborée (en anglais Tree Cover Loss, TCL) dans la zone d'étude en utilisant le jeu de données Hansen Global Forest Change (Version 1.8) (Hansen et al., 2013) à des pas de temps annuels. De plus, nous avons utilisé les données du produit MODIS Fire_cci version 5.1 pixel de la zone brûlée (en anglais Burnt Area BA) (Chuvieco et al., 2018) qui est basé sur les données des instruments MODIS à bord du satellite TERRA. Nous avons créé des cartes annuelles de TCL et de BA dans la zone d'étude entre 2001 et 2019. Nous avons effectué la classification d'entraînement et de validation sur la collection d'images du satellite Landsat 7 de l'année 2019 en utilisant les bandes B1-B5 et B7. Nous avons effectué la classification des images sur trois couvertures terrestres, à savoir la forêt, les pâturages et A.

  En outre, nous avons créé 400 parcelles aléatoires de 250 m de rayon et avec une distance minimale de 500 m entre les parcelles en utilisant QGIS ; 200 parcelles dans les aires protégées et 200 dans la ceinture de 10 km qui les entoure. Nous avons utilisé un modèle linéaire généralisé (GLM) pour modéliser la couverture d'A. dealbata pour l'année 2019 dans les 400 parcelles aléatoires.Nous avons aussi envoyé un questionnaire à l'organisme gestionnaire des cinq aires protégées pour connaître les programmes de contrôle d'A. dealbata dans ces aires protégées.RésultatsAvec la classification des images, nous avons obtenu une précision de classification globale de 66,92 % pour l'image satellite de 2019. La précision du consommateur (erreur de commission) pour A. dealbata était de 62,5 % et celle du producteur de 79,37 % (erreur d'émission). Les erreurs de commission et d'émission étaient principalement dues à une confusion avec d'autres catégories de forêts (26,25 % et 19,05 %). Nous avons créé vingt cartes de distribution d'A. dealbata dans la zone d'étude de 2001 à 2020. Nos résultats indiquent qu'A. dealbata était déjà répandu dans et autour des aires protégées en 2001. Sa distribution a fluctué au cours des vingt années suivantes, l'espèce restant toutefois toujours présente. Les aires protégées ont été significativement plus touchées par les incendies que la ceinture de 10 km au cours des 19 années, tandis que la perte de couverture arborée était légèrement plus élevée dans la ceinture de 10 km que dans les aires protégées. Nous avons montré que le recouvrement d'A. dealbata augmentait progressivement au cours des cinq premières années après un incendie, tandis qu'il atteignait un pic trois ans après la perte de la couverture arborée. En utilisant un modèle linéaire généralisé, nous avons montré que le nombre d'années écoulées depuis le dernier incendie et le nombre d'années écoulées depuis la dernière perte de couverture forestière avaient un effet significatif sur l'occurrence d'A. dealbata. Le statut de protection de la zone n'avait, quant à lui, aucun effet significatif sur l'occurrence d'A. dealbata. Malgré une gestion active récente des espèces d'arbres envahissantes dans les aires protégées, l'absence de budget dédié et l'inaccessibilité des propriétés privées dans les aires protégées ont sans doute limité l'efficacité de la gestion d'A. dealbata.ConclusionNous avons conclu que les cinq aires protégées étudiées étaient largement perméables aux espèces forestières envahissantes telles que A. dealbata. Les effets des incendies et la perte du couvert forestier ont entraîné une dynamique de propagation complexe de l'espèce, difficile à contrôler.DiscussionCette thèse se concentre sur l'étude des espèces non indigènes colonisant les aires protégées. La première constatation importante est qu'en moyenne, dans les quatre pays européens que nous avons étudiés (Norvège, Royaume-Uni, Belgique et Suisse), plus de 40 % des aires protégées sont actuellement exemptes d'espèces non indigènes (chapitre 2). Ce chiffre peut être considéré comme un verre à moitié plein ou à moitié vide. D'un côté, le fait que 40 % des aires protégées ne soient pas colonisées par des espèces non indigènes peut être considéré comme un rôle de refuge contre ces dernières. Cela a été proposé dans des études précédentes au niveau européen et mondial(Gallardo et al., 2017 ; Liu et al., 2020). D'un autre côté, il faut faire attention à ne pas interpréter l'absence d'espèces non indigènes comme une imperméabilité des aires protégées à ces espèces. En effet, le chiffre de 40 % d'aires protégées vides en moyenne cache de grandes différences entre les pays : En Norvège, le plus faiblement peuplé des quatre pays, ce chiffre s'élève à ~78 %, alors qu'en Belgique, le pays le plus peuplé, ce chiffre tombe à 0 %. La colonisation ou non des aires protégées par des espèces non indigènes dépend donc avant tout fortement du contexte anthropique dans lequel elles se trouvent ; les aires protégées exemptes d'espèces non indigènes étant situées dans des zones faiblement peuplées, loin des principales sources d'introduction d'espèces non indigènes. Compte tenu du nombre croissant d'espèces introduites dans le monde

  protégées en datant la première apparition d'espèces non indigènes dans et autour des aires protégées et en montrant qu'en moyenne, les espèces non indigènes apparaissent plus tard dans les aires protégées que dans leur environnement immédiat (chapitre 1). Les espèces non indigènes envahissantes représentaient 12 % des espèces non indigènes dans les ceintures de 5 km, mais 40 % dans les aires protégées (chapitre 1). Ce résultat est préoccupant du point de vue de la conservation, car les espèces envahissantes sont celles qui sont le plus susceptibles de causer des dommages aux écosystèmes et aux espèces indigènes dans les aires protégées. D'un point de vue quantitatif, nous avons montré que le nombre d'espèces non indigènes dans les ceintures de 5 km est une variable explicative forte de la richesse en espèces non indigènes à l'intérieur des aires protégées. Nos résultats ont des implications fortes pour la gestion des espèces non indigènes dans les aires protégées. Il est important de savoir quelles espèces non indigènes, en particulier les espèces envahissantes, sont présentes autour d'une aire protégée et pourraient donc potentiellement la coloniser.Facteurs influençant la perméabilité des aires protégées aux espèces non-indigènesL'objectif majeur de cette thèse était de contribuer à l'identification des facteurs qui influencent la perméabilité des aires protégées. Nous avons confirmé le rôle de plusieurs paramètres déjà identifiés dans des études précédentes: la superficie des aires protégées, la densité de population humaine dans les aires protégées, l'accessibilité des aires protégées et le principal type d'occupation du sol (chapitre 1 et chapitre 2). Au-delà de ces facteurs, notre approche méthodologique consistant à analyser l'environnement immédiat des aires protégées a révélé un autre élément déterminant : le type de paysage dans lequel elles sont imbriquées (chapitre 2). L'un des résultats forts que nous avons obtenus est que le type de paysage entourant une aire protégée est un meilleur prédicteur du nombre d'espèces non indigènes dans cette aire protégée que le type de paysage à l'intérieur de l'aire protégée (chapitre 2). Ce résultat montre une fois de plus le rôle crucial du pool d'espèces autour des aires protégées, qui joue un rôle plus important que la perméabilité intrinsèque du paysage présent dans les aires protégées (par exemple, les forêts et les zones semi-naturelles par rapport aux zones agricoles).Nous avons également essayé d'étudier l'impact de la gestion des espèces non indigènes dans les aires protégées sur leur perméabilité en étudiant la dynamique de colonisation d'A. dealbata dans cinq aires protégées du réseau Natura 2000 au centre du Portugal (chapitre 3). Cependant, le contrôle d'A. dealbata dans les cinq aires protégées était très récent (moins de cinq ans) et dans une zone où A. dealbata est présent dans et autour des aires protégées depuis au moins 20 ans.Nous n'avons donc pas pu mesurer un éventuel effet des programmes de contrôle de cette espèce dans les aires protégées. Cette étude nous a cependant permis de mettre en évidence le rôle facilitateur des perturbations par le feu et la déforestation sur la colonisation par A. dealbata.LimitesDans tous les chapitres de cette thèse, les espèces non indigènes dans les aires protégées ont été comparées aux espèces non indigènes dans les ceintures entourant ces aires protégées. Cette comparaison peut être effectuée de différentes manières, selon comment on définit "l'environnement immédiat". L'une des approches consiste à délimiter une ceinture pour chaque aire protégée qui a la même superficie que l'aire protégée. Dans ce cas cependant, les ceintures varient considérablement en largeur d'une aire protégée à l'autre, ce qui signifie que nous devons inclure dans ce que nous considérons comme "le pool d'espèces présentes autour des aires protégées", des espèces qui se trouvent à des distances très différentes de la limite des aires protégées. L'autre approche, qui est celle que nous avons choisie, consiste à avoir des ceintures de même largeur pour toutes les aires protégées. Dans ce cas, la surface des aires protégées et de leurs ceintures peut être très différente, ce qui rend difficile la comparaison directe du nombre d'espèces non indigènes entre elles.

  Cette thèse n'a pas considéré les aires protégées comme des entités indépendantes mais comme des systèmes connectés à leur environnement immédiat par l'échange d'espèces, de flux de nutriments ou de ressources. Nos résultats ont montré que les espèces non indigènes qui sont présentes autour des aires protégées sont également fortement susceptibles de coloniser ces dernières (voir chapitre 1 et chapitre 2).Monaco et Genovesi (2014) soulignent que des stratégies de gestion des espèces envahissantes dans les aires protégées telles que la promotion d'une utilisation des terres moins intrusive et la coopération avec les propriétaires fonciers en dehors des aires protégées pourraient empêcher la colonisation des aires protégées par les espèces non indigènes (Monaco et Genovesi, 2014). Il reste à explorer dans de futures recherches quel effet réel une coopération avec les propriétaires fonciers autour des aires protégées aurait sur la colonisation de celles-ci par des espèces non indigènes. Le défi ici pourrait être d'obtenir la coopération de toutes les parties et autorités qui possèdent des terres autour d'une aire protégée. De plus, la zone entourant une aire protégée peut être plus grande que l'aire protégée elle-même, et ces projets pourraient donc être une entreprise coûteuse en temps et en argent. En outre, il est possible que les effets ne se manifestent qu'au travers d'études à long terme, car les mesures préventives sont susceptibles d'avoir un effet différé. Dans cette thèse, nous ne nous sommes intéressés à la gestion des espèces non indigènes envahissantes dans les aires protégées que dans le troisième chapitre, avec l'étude d'A. dealbata au Portugal. Malheureusement, notre cas d'étude ne nous a pas permis de tirer une conclusion claire sur l'effet de la gestion sur la réduction de l'espèce. La question de savoir comment la gestion des espèces envahissantes à l'intérieur des aires protégées affecte leur perméabilité reste donc à approfondir.
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  The Global Invasive Species Database from the IUCN SSC Invasive Species Specialist Group is an open access database and provides information about invasive alien species of all ecosystems on earth, covering animals, plants and microorganisms (https://www.iucngisd.org). GBIF is an international network and data

infrastructure that provides open access data about all types of species on Earth (https://www.gbif.org). The database contains, along with native species data, various regional and national data on non-native species with geographical coordinates. Data is contributed by scientific research institutions and citizen science projects.

Other databases, contain data at national level as for example the National Biodiversity Network atlas (NBN, https://nbnatlas.org/) of the United Kingdom, the Swiss Information Centre for Species for Switzerland (InfoSpecies, https://www.infospecies.ch), or the National Inventory of Nature Heritage (INPN, https://inpn.mnhn.fr) for France. One of the most comprehensive species occurrence databases in Europe is that available for Norway, provided by the Norwegian Biodiversity Information Centre (NBCI, https://www.biodiversity.no/) and Global Biodiversity Information Centre Norway.
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 291 IUCN categories I-VI[START_REF] Dudley | Guidelines for applying protected area management categories including IUCN WCPA best practice guidance on recognising protected areas and assigning management categories and governance types[END_REF] Strictly protected areas, set aside to protect biodiversity and also possibly geological/geomorphological features.  Human visitation, use and impacts are strictly controlled and limited to ensure protection of the conservation values.

	Category Ia: Strict nature reserve	  Can serve as indispensable reference areas for scientific research and
		monitoring.
	Category Ib:	 Usually large unmodified or slightly modified areas, retaining their natural
	Wilderness area	character and influence.
		 Without permanent or significant human habitation.
		 Protected and managed to preserve natural condition.
	Category II:	 Large natural or near natural areas set aside to protect large-scale ecological
	National park	processes, along with the complement of species and ecosystems characteristic
		of the area.
		 Provide a foundation for environmentally and culturally compatible spiritual,
		scientific, educational, and recreational and visitor opportunities.
	Category III:	
	Natural monument of	
	feature	



  Protection of specific natural monuments, 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, high visitor value.Protected areas in Europe: The Natura 2000 NetworkEurope is characterized by a diversity of biogeographical regions providing different specific climatic and geological conditions (European Environment Agency., 2012). Climatic conditions vary from Arctic and Alpine regions to Continental, Atlantic, Mediterranean and steppe regions.

		INTRODUCTION
	Category IV:	 Protection of particular species or habitats with management that reflects this
	Habitat/species	priority.
	management area	 Many category IV protected areas need regular, active interventions to address
		the requirements of particular species or to maintain habitats, but this is not a
		requirement of the category.
	Category V:	 Protected areas where the interaction of people and nature over time has
	Protected	produced an area of distinct character with significant ecological, biological,
	landscape/seascape	cultural and scenic value.
		 The safeguarding the integrity of this interaction is vital to protecting and
		sustaining the area and its associated nature conservation and other values.
	Category VI:	
	Protected area with	
	sustainable use of	
	natural resources	
		30

Table 1 :

 1 Number of NNS present in the four countries, United Kingdom, Norway, Belgium and Switzerland; in the 5-km belts surrounding PAs; and in the PAs. Surface area of country extracted from the WDPA (WDPA,UNEP-WCMC and IUCN, 2019).

		United	Norway	Belgium	Switzerland	Total
		Kingdom				
	Number of NNS in	606	1562	1420	926	2990
	country					
	Number of NNS in	538	1093	1255	733	2439
	5-km belts					
	Number of NNS in	300	196	667	377	1134
	PAs					
	Surface area land	245,248	325,288	30,683	41,355	_
	country (Km²)					

Table 2 :

 2 Number of PAs with at least one NNS present inside, and with no NNS present, in each of the four countries, UnitedKingdom, Norway, Belgium and Switzerland. 

	Number of PAs United	Norway	Belgium	Switzerland	Total
		Kingdom				
	With NNS	1127 (68%)	177 (22%)	209 (100%)	144 (71 %)	1637
						(58.5%)
	Without NNS	538 (32 %)	568 (78%)	0	58 (29%)	1164
						(41.5%)

Table 3 :

 3 Number and percentage of PAs occupied by each dominant land use and land cover (LULC), and with the same or a different LULC in the surrounding 5-km belt.

	Dominant LULC in the PA	Dominant LULC in the	Number of PAs	%
		5-km belt		
	Agricultural areas	different	52	18
	Agricultural areas	same	243	82
	Artificial surfaces	different	43	64
	Artificial surfaces	same	24	36
	Forest and semi natural areas	different	720	41
	Forest and semi natural areas	same	1042	59
	Water bodies	different	175	99
	Water bodies	same	2	1
	Wetlands	different	385	77
	Wetlands	same	115	23

Table 4 :

 4 ANOVA of NNS richness in PAs with land use and land cover (LULC) in the PAs, LULC in the 5km belts and their interaction used as explanatory variables.

		Df	Sum Sq	Mean Sq	F value	P(>F)
	LULC PA	4	269.7	67.41	62.860	<2e-16
	LULC 5-km belt	4	626.6	156.66	146.078	<2e-16
	LULC PA:LULC 5-km belt	13	73.1	5.62	5.242	2.35e-09
	Residuals	2779	2980.3	1.07		

Table S1 :

 S1 Number of PAs by IUCN management category and country, and mean surface area in km² by IUCN category.

	IUCN	United	Norway	Belgium	Switzerland	Total	Mean
	category	Kingdom				number	surface
							area km²
	Cat I	2 (<1%)	685 (94.5 %) 0	3 (1.5 %)	690 (25%)	8.1
	Cat II	16 (1 %)	10 (1.4 %)	0	0	26 (1 %)	238.4
	Cat IV	1647 (98.9 %) 30 (4.1 %)	209 (100 %) 199 (98.5 %)	2085 (74 %) 12.8
	Total	1665 (59 %)	725 (26%)	209 (8 %)	202 (7 %)	2801	-

Table S2 :

 S2 Number and percentage of PAs occupied by each dominant land use and land cover (LULC), and with the same or a different dominant LULC in the surrounding 5-km belt. Shown by country.

	Dominant LULC in the PA Agricultural areas Agricultural areas Artificial areas Artificial areas Forest and semi natural areas Forest and semi natural areas Water bodies Water bodies Wetlands Wetlands Agricultural areas Agricultural areas Artificial areas Artificial areas Forest and semi natural areas Forest and semi natural areas Water bodies Water bodies Wetlands Wetlands Agricultural areas Agricultural areas Artificial areas Artificial areas Forest and semi natural areas Water bodies Water bodies Wetlands Wetlands Agricultural areas Agricultural areas Artificial areas Artificial areas Forest and semi natural areas Forest and semi natural areas Water bodies Water bodies Wetlands Switzerland Forest and semi natural areas Dominant LULC in the 5-km belt Country different Belgium same Belgium different Belgium same Belgium different Belgium same Belgium different Belgium same Belgium different Belgium same Belgium different Norway same Norway different Norway same Norway different Norway same Norway different Norway same Norway different Norway same Norway different Switzerland same Switzerland different Switzerland same Switzerland different same Switzerland different Switzerland same Switzerland different Switzerland same Switzerland different UK same UK different UK same UK different UK same UK different UK same UK different UK Wetlands same UK	Number of PAs 16 31 0 3 109 45 3 0 2 0 0 2 0 0 11 553 42 1 111 5 10 8 2 0 109 11 1 23 0 26 202 41 21 562 335 119 0 249 110	%

Table S3 :

 S3 Top 10 ranked NNS present in PAs depending on the dominant LULC, with percentage of PAs where the NNS is present. Grey cells indicate that the NNS was also among the top 10 ranked NNS in the 5-km belts with the same dominant LULC.

			CHAPTER 2 CHAPTER 2
	Sciurus carolinensis	Forest and semi natural areas	7
	Potamopyrgus antipodarum	Forest and semi natural areas	6.9
	Impatiens glandulifera	Forest and semi natural areas	6.9
	Top 10 ranked NNS in PAs Picea abies Phasianus colchicus Oryctolagus cuniculus Acer pseudoplatanus Harmonia axyridis Heracleum mantegazzianum	Dominant LULC in PAs Forest and semi natural areas Forest and semi natural areas Agricultural areas Forest and semi natural areas Agricultural areas Forest and semi natural areas	6.7 Number (in %) of PAs with 6.1 corresponding LULC 6 33 29.8 5.8
	Potamopyrgus antipodarum Cygnus olor	Agricultural areas Water bodies	26.4 29.9
	Crangonyx pseudogracilis Potamopyrgus antipodarum	Agricultural areas Water bodies	21.7 20.9
	Cygnus olor Crangonyx pseudogracilis	Agricultural areas Water bodies	20.3 19.8
	Fallopia japonica Phasianus colchicus	Agricultural areas Water bodies	20.3 19.8
	Branta canadensis Aix galericulata	Agricultural areas Water bodies	16.9 18.1
	Aix galericulata Anas strepera	Agricultural areas Water bodies	16.3 17.5
	Heracleum mantegazzianum Branta canadensis	Agricultural areas Water bodies	16.3 15.8
	Matricaria discoidea Oryctolagus cuniculus	Agricultural areas Water bodies	16.3 14.1
	Alopochen aegyptica Sciurus carolinensis	Agricultural areas Water bodies	15.3 14.1
	Cyprinus corpio Oxyura jamaicensis	Agricultural areas Water bodies	13.2 11.9
	Phasanius colchicus Anser brachyrhynchus	Agricultural areas Water bodies	13.2 11.3
	Sirius carolinensis Cornu aspersum	Agricultural areas Water bodies	13.2 11.3
	Anser indicus Fallopia japonica	Agricultural areas Water bodies	13.2 11.3
	Prunus serotina Anser indicus	Agricultural areas Water bodies	12.2 10.7
	Harmonia axyridis Oryctolagus cuniculus	Artificial areas Wetlands	41.8 15.8
	Oryctolagus cuniculus Phasianus colchicus	Artificial areas Wetlands	28.4 14
	Cornu aspersum Cygnus olor	Artificial areas Wetlands	26.9 13.8
	Sciurus carolinensis Potamopyrgus antipodarum	Artificial areas Wetlands	25.4 13.4
	Cygnus olor Anas strepera	Artificial areas Wetlands	17.9 10
	Acer pseudoplatanus Harmonia axyridis	Artificial areas Wetlands	16.4 10
	Potamopyrgus antipodarum Branta bernicla	Artificial areas Wetlands	16.4 7.8
	Castanea sativa Cornu aspersum	Artificial areas Wetlands	14.9 6.8
	Netta rufina Columba livia	Artificial areas Wetlands	14.9 6.6
	Anas strepera Alectoris rufa	Artificial areas Wetlands	13.4 5.8
	Aix galericulata Crangonyx pseudogracialis	Artificial areas Wetlands	11.9 5.6
	Fallopia japonica Juncus tenuis	Artificial areas Wetlands	11.9 5.6
	Matricia discoidea	Artificial areas	11.9
	Phasanius colchicus	Artificial areas	11.9
	Salix viminalis	Artificial areas	11.9
	Alopochen aegypticus	Artificial areas	10.4
	Crangonyx pseudogracilis	Artificial areas	10.4
	Deroceras invadens	Artificial areas	10.4
	Epilobium ciliatum	Artificial areas	10.4
	Muntiacus reevesi	Artificial areas	10.4
	Oryctolagus cuniculus	Forest and semi natural areas	14.4
	Harmonia axyridis	Forest and semi natural areas	13.2
	Fallopia japonica	Forest and semi natural areas	8.9
	Branta canadensis	Forest and semi natural areas	7.6
		79 80	

Table S4 :

 S4 Mean and median NNS richness in the PAs depending if the dominant LULC in PAs and in the surrounding 5-km belts are the same or are different.

	LULC	Dominant LULC in the PA	Dominant LULC in the belt	Mean	Median
	change				
	same	Agricultural areas	Agricultural areas	14.8	4
	different Agricultural areas	Artificial areas	39.5	23.5
	different Agricultural areas	Forest and semi natural areas	12.7	4
	different Agricultural areas	Wetlands	3.6	3
	different Artificial areas	Agricultural areas	6.8	2
	same	Artificial areas	Artificial areas	11.9	5
	different Artificial areas	Forest and semi natural areas	11	11
		Forest and semi natural			
	different	areas	Agricultural areas	10	2
		Forest and semi natural			
	different	areas	Artificial areas	24.4	5.5
		Forest and semi natural			
	same	areas	Forest and semi natural areas	1.9	0
		Forest and semi natural			
	different	areas	Water bodies	7.4	1
		Forest and semi natural			
	different	areas	Wetlands	1	0
	different Water bodies	Agricultural areas	11.3	6
	different Water bodies	Artificial areas	13.5	7.5
	different Water bodies	Forest and semi natural areas	5.6	1
	same	Water bodies	Water bodies	41	41
	different Water bodies	Wetlands	0.7	1
	different Wetlands	Agricultural areas	5.5	3
	different Wetlands	Artificial areas	12.6	7
	different Wetlands	Forest and semi natural areas	1.4	0
	different Wetlands	Water bodies	25.9	23
	same	Wetlands	Wetlands	1.4	0

  //five.epicollect.net/). In order to obtain a clear signal in the classification and considering the scale of Landsat 7 images (spatial resolution of 30 m), we geolocated plots where A. dealbata covered ≥ 80% of an area of minimum 30x30 m. Due to the outbreak of the Covid-19 pandemic, we had to stop the fieldwork after seven working days when we had collected only 75 data points under these conditions, which was not even half of the target. We supplemented our fieldwork data with pseudo-present plots by a visual investigation of the study area using open source street maps (e.g.,Viana et al., 2019), such as Google Maps. We overlaid existing GBIF point data of A. dealbata and the COS2018 category of forest of invasive species (e.g., A. dealbata, Ailanthus altissima) with the study area using QGIS. Further, we used Google Earth Pro and Google Maps Street View to visually investigate and confirm the locations with A. dealbata present. We determined the presence of A. dealbata only when the image in Google Earth Pro or Google Street View was not older than one year earlier than the date of the fieldwork and A. dealbata covered a

	CHAPTER 3
	(https:
	https://invasoras.pt/pt/planta-invasora/acacia-dealbata,
	accessed November 2021). To cover different land cover types (i.e., agricultural area, forest, open
	space), we applied a stratified random sampling using land cover data of COS2018, a land cover
	map produced by the Portuguese General Directorate for Territorial Development (DGT) and
	freely available from their website (Cartografia de Uso de Ocupação do Solo,
	100

http://mapas.dgterritorio.pt/). Within the constraints of accessibility, we collected ground data on the presence of A. dealbata using the geolocation application Epicollect5 minimum area of approximately 30x30 m. With this method, we collected 199 additional data points with A. dealbata present (i.e., with the cover of >= 80 % of the plot). In total, our dataset consisted of 274 A. dealbata presence data entries of which 75 were fieldwork data and 199 data points were from supplementary creation of A. dealbata present data.

Table 1 :

 1 Confusion matrix for the Acacia species mapping on the validation dataset in the study area applying the Maximum Likelihood Classifier. The overall accuracy (OA) is shown in the right bottom of the table.

			Ground Truth			
	Classification	Forest	Pasture	A. dealbata	Total User's accuracy
	Forest	49	29	12	90	54.44 %
	Pasture	14	75	1	90	83.33 %
	A. dealbata	21	9	50	80	62.50 %
	Total	84	113	63	260	
	Producer's					
	accuracy	58.33 %	66.37 %	79.37 %		OA = 66.92 %

  Quais são os recursos humanos (número de pessoas empregadas a tempo inteiro ou parcial) e o esforço total estimado (como pessoa/dia/ano) investido na gestão das espécies de Acacia (prevenção/detecção/eradicação/controlo)? Número total de pessoas directamente envolvidas:.....................................

	CHAPTER 3 CHAPTER 3 CHAPTER 3
	…………………………………………………………………………..  Faz parte do trabalho do pessoal da área protegida  Não importante
	………………………………………………………………………….. Se a pergunta foi respondida com "sim", qual é a estimativa do orçamento anual disponível  Grupos comunitários ou outros voluntários  Não sei
	…………………………………………………………………………. para a gestão (prevenção/ detecção/erradicação /controlo) das espécies de Acacia?  ONG(s)
	 < 10'000 euros/ano  outros (especificar): (o ICNF nas áreas sob gestão pública e os proprietários nas propriedades u) Em que fontes de informação se baseia para informar a sua gestão de Acacia na área
	Gestão:  entre 10'000-100'000 euros/ano privadas) protegida?
	Área Classificada PTCON0014  > 100'000 euros/ano) Acacia dealbata Nome (se conhecido) (mimosa) Acacia melanoxylon  não é conduzida qualquer gestão (condição verificada em muitos locais situados nas Áreas Primeiro detectado dentro de PA (Ano estimado) Também ocorre fora da área protegida (a uma distância de 10km?) (respostas possíveis: Sim/Não/ Não sei) (Anterior a 1950) Sim (1995)? Peritos internos g) A gestão (centrada na prevenção, detecção, erradicação ou controlo) foi levada a cabo no  outro montante:............ Classificadas)  Aconselhamento científico externo passado contra espécies de Acacia na área protegida?  Trabalho em rede dentro e entre organizações  sim (especificar: prevenção, detecção, erradicação, controlo)  não  não sei Se respondeu "sim", especificar quando (seleccionar todas as que se aplicam):  nos últimos 1-5 anos l) Se tivesse mais recursos financeiros, investiria mais na gestão das espécies de Acacia (seleccione todas as que se aplicam)?  Sim, para a prevenção  Sim, para detecção  Sim, para a erradicação  Internet  Outros: (conhecimentos dos Técnicos do ICNF)  não p) Número total de dias por ano: (informação não disponível) Comentários  últimos 6-10 anos  últimos 11-20 anos  Sim, para controlo  nenhum ……………………………………………………………………………………………………………………………………………………  Não, não é necessário …………………………………………………………………………………………………………………………………………………… q) Com que frequência acontece a gestão das espécies de Acacia? (incluindo todas: …………………………………………………………………………………………………………………………………………………… prevenção/detecção/controlo) ……………………………………………………………………………………………………………………………………………………  Uma vez por ano ……………………………………………………………………………………………………………………………………………………  Regularmente, mais de uma vez por ano (pelo menos sempre que o ICNF emite pareceres e ………………………………………………………………… autorizações)  não  não sei i) Existe uma gestão planeada/futura (prevenção, detecção, erradicação ou controlo) contra biodiversity4all.org) ou relatórios  Irregularmente, por exemplo, sempre que são detectadas invasões de Acacia Toda a informação é tratada confidencialmente!  Limitado à duração de um projecto específico Todas as respostas e informações pessoais serão mantidas confidenciais. Todas as informações  nunca serão analisadas de forma confidencial. Os dados serão armazenados num computador seguro. Sim PTCON0027 Acacia dealbata (mimosa) espécies de Acacia na área protegida?  sim (especificar: prevenção, detecção, erradicação, controlo) públicos  outro: (condicionantes estabelecidas nas autorizações emitidas pelo ICNF às ações e projetos Cada participante tem o direito de corrigir ou apagar os seus dados. No final do projecto, Eficácia, importância e fontes de informação anonimizaremos os dados recolhidos, apagando dados pessoais que permitam a identificação Sim  não apresentados por outras entidades) r) Qual é o objectivo da gestão das espécies invasivas de Acacia? da pessoa específica que respondeu ao questionário.
	PTCON0028  não sei  não  ter zero Acacia na área protegida Acacia dealbata (mimosa) PTCON0051  manter a Acacia a baixa densidade Acacia dealbata j) Existe alguma gestão de Acacia em torno das áreas protegidas (num raio de 10 km da Sim Sim n) Quais dos seguintes métodos são aplicados para erradicar/controlar as espécies de Acacia  manter livres algumas partes das áreas protegidas de acácia Necessário (mimosa) PTCON0060  Descascamento  não melanoxylon ? Sim  não sei  Tratamento químico (herbicida)  sim Acacia  não  Escavação s) Acha que a gestão global das espécies de Acacia na área protegida é eficaz? (mimosa) (Anterior a 1950) Sim  sim (especificar: prevenção, detecção, erradicação, controlo)  Abate/corte Acacia dealbata fronteira da área protegida)? (seleccione todos os que se aplicam)?  outro: (prevenir a dispersão de propágulos para novos locais)  Confirmo que fui informado sobre o objectivo da entrevista e como serão tratadas.
	Orçamento  Tratamento biótico (insectos e larvas de insectos)  outro: (sem informação)
	 Outros: (processos aplicados por outras entidades em ações e projetos avaliados pelo ICNF) k) Existe um orçamento específico disponível para a gestão (detecção, prevenção e controlo)  nenhum t) Qual é a prioridade da gestão das espécies de Acacia na área protegida? das espécies de Acacia na área protegida?  Muito importante  sim (especificar: prevenção, detecção, erradicação, controlo)  Importante mas não primeira prioridade  não  não sei  De baixa relevância
	125 126 128

 outro:................ h) Existe uma gestão actual/presente (centrada na prevenção, detecção, erradicação ou controlo) contra espécies de Acacia na área protegida?  sim (especificar: prevenção, detecção, erradicação, controlo) Métodos m) Quais dos seguintes métodos são aplicados para detectar/prevenir a introdução e propagação de espécies de Acacia na área protegida (seleccionar todos os que se aplicam)?  Levantamento regular levado a cabo por peritos para Acacia (ou plantas não nativas em geral)  Relatórios ad hoc de staff da area protegida  Dados obtidos de plataformas de citizen science (ex. o) Quem está envolvido na prevenção/ detecção/erradicação/controlo das espécies de Acacia?  Inquérito externo (subempreiteiros)

Table S1 :

 S1 Landsat 7 satellite image collection from the year 2001 to 2020 used for the image classification of A. dealbata in the study area. Image collections of each year were reduced to one image per year using the median pixel value, which resulted in 20 images(2001)(2002)(2003)(2004)(2005)(2006)(2007)(2008)(2009)(2010)(2011)(2012)(2013)(2014)(2015)(2016)(2017)(2018)(2019)(2020). The date in bold indicate the date of the picture is acquired outside the range from January to April.

					Total
			Cloud		images
	Year	Date	cover		per
	acquired	acquired	(%)	Image id	year
	2001				

Table S2 :

 S2 Consumer and Producer accuracy of the image classification using Google Earth Engine applying the Maximum Likelihood Classifier on A. dealbata, other forest and pasture.

				CHAPTER 3
	Producer's accuracy (%) (read down column)		
	Forest	Pasture		Acacia
	Forest	58.33	25.66	19.05
	Pastures	16.67	66.37	1.59
	Acacia	25.00	7.96	79.37
	Consumer's accuracy (%) (read across rows)		
	Forest	Pastures	Acacia
	Forest	54.44	32.22	13.33
	Pastures	15.56	83.33	1.11
	Acacia	26.25	11.25	62.50
			132	

  . Le phénomène d'introduction d'espèces non indigènes a atteint une nouvelle dimension lorsqu'il s'est accru au début de l'industrialisation au 19e siècle, puis avec l'accélération du commerce mondial au 20e siècle (Seebens et al., 2017). Les différentes étapes du processus de colonisation non indigène ont été résumées dans un cadre unifié par Blackburn et al. (2011): Dans un premier temps, les espèces doivent franchir des barrières géographiques grâce à des vecteurs de transport. Dans un deuxième temps, elles sont introduites intentionnellement pour des raisons telles que la culture ou la captivité, ou involontairement. Pour s'établir dans la nature, elles doivent survivre et former des populations viables. Ce n'est qu'alors que la dispersion et la propagation sont possibles. À ce stade final, les espèces non indigènes ont le potentiel de devenir envahissantes.

Comme pour la translocation à longue distance d'espèces non indigènes, pour laquelle les réseaux et itinéraires commerciaux mondiaux constituent un facteur clé, la propagation régionale et locale des espèces non indigènes dans la région où elles ont été introduites est souvent associée à des corridors créés par l'homme. Les espèces non indigènes se propagent préférentiellement le long des réseaux de transport tels que les routes

  Les espèces non indigènes présentes à proximité des aires protégées influencent la communauté d'espèces non indigènes qui s'y trouve. Les aires protégées sont des éléments clé des stratégies mondiales de conservation visant à protéger les habitats et les espèces contre diverses menaces, parmi lesquelles les espèces non indigènes ayant des impacts écologiques négatifs. Pourtant, on sait encore peu de choses sur les mécanismes de colonisation des aires protégées par les espèces non indigènes, et plus particulièrement sur l'importance des événements colonisateurs ayant lieu depuis les zones situées directement autour des aires protégées. Des études antérieures ont montré que la richesse en espèces non indigènes des aires protégées est liée à des facteurs anthropiques tels que les réseaux routiers et la densité de population humaine à l'intérieur des aires protégées

	Chapitre 1 :
	L'objectif global de cette thèse est d'évaluer dans quelle mesure les aires protégées sont perméables
	aux espèces non indigènes. Nous avons défini la perméabilité d'une aire protégée comme une
	propriété, mesurée par son aptitude à être colonisée par des espèces non indigènes. En d'autres
	termes, la question centrale de cette thèse est "Les aires protégées agissent-elles comme une
	barrière aux colonisations d'espèces non indigènes" ?

  Nous avons comparé les plantes et les animaux non indigènes terrestres et d'eau douce détectés dans les aires protégées norvégiennes et autour d'elles, dans des ceintures de 5 kms de large, en utilisant la base de données du service de cartographie des espèces du Centre norvégien d'information sur la biodiversité. Nous avons extrait les informations sur l'année de désignation et la superficie des aires protégées norvégiennes de la base de données mondiale sur les aires protégées (WDPA, PNUE-WCMC et UICN, 2019). Notre analyse a porté sur 1 602 ENI et 671 aires protégées. Premièrement, la similarité des LULC augmente la connectivité des habitats entre les aires protégées et leurs environs, et facilite donc la propagation des espèces non indigènes des zones environnantes vers les aires protégées. Deuxièmement, les LULC entourant les aires protégées agissent comme un filtre pour sélectionner les espèces non indigènes qui y sont adaptées. Ces espèces peuvent alors colonizer plus facilement les aires protégées ayant ce même type de LULC. Nous nous attendions donc à ce qu'il y ait un nombre plus élevé d'espèces non indigènes dans les aires protégées ayant le même LULC à l'intérieur et autour d'elles.Nous avons étudié les aires protégées, et les ceintures de 5 km de large qui les entourent, dans quatre pays européens: Norvège, Belgique, Suisse et Royaume-Uni. Notre jeu de données contenait 2 801 aires protégées de la base de données mondiale sur les aires protégées (WDPA), dont 59 % étaient situées au Royaume-Uni, 26 % en Norvège, 8 % en Belgique et 7 % en Suisse.

	abondance de espèces non indigènes envahissantes dans les ceintures, comparé aux autres espèces Chapitre 2 : L'effet de l'occupation du sol sur la perméabilité des aires protégées
	non indigènes. aux espèces non indigènes
	Conclusion Le type de l'occupation du sol joue un rôle clé dans l'introduction et la propagation des espèces
	Nos résultats soulignent la nécessité d'étendre l'objectif de la gestion des espèces non indigènes non indigènes. En effet, les paysages fournissent des habitats plus ou moins adaptés aux
	dans les aires protégées au-delà de leurs limites, en particulier pour prévenir les incursions des déplacements, à la survie et à la reproduction des espèces non indigènes, ce qui influence leur
	espèces non indigènes ayant un impact écologique négatif. propagation (O'Reilly-Nugent et al., 2016). Ainsi le paysage influence la propagation des espèces
	à tous les stades de la colonisation (With, 2002). L'augmentation des perturbations, telle que la fragmentation des paysages, augmente la probabilité de propagation des espèces non indigènes Méthodes
	envahissantes (With, 2002). De même, les modes d'utilisation des terres par l'homme influencent
	directement l'a fréquence des espèces non indigènes, les zones urbaines et agricoles étant associées
	à un nombre et une abondance plus élevés d'espèces non indigènes (Decker et al., 2012 ; Sánchez-
	Ortiz et al., 2020).
	Résultats
	Nous avons constaté que les espèces non indigènes étaient détectées dans seulement 23% des aires
	protégées, malgré le fait que 90% des ceintures de 5 km étaient colonisées par au moins une espèce
	non indigène. Un modèle de régression binomial négatif gonflé à zéro a montré que le nombre
	d'espèces non indigènes dans les ceintures de 5 km était une variable explicative forte de la
	richesse en espèces non indigènes des aires protégées. Les autres variables significatives
	comprenaient la superficie des aires protégées, la densité moyenne de population humaine dans -Un niveau élevé de perturbations anthropiques augmente la colonisation des espèces non
	les aires protégées, le principal type d'habitat et l'accessibilité des aires protégées. Nous avons indigènes. Nous nous attendions donc à ce que le nombre d' espèces non indigènes soit
	également observé une similarité des espèces dans et autour des aires protégées, avec, en moyenne, plus élevé dans les aires protégées dont les LULC sont principalement modifiés par
	deux tiers des espèces non indigènes présentes dans une aire protégée spécifique également l'homme que dans celles dont les LULC sont plus naturels. Nous nous attendions au même
	présentes dans sa ceinture de 5 km. En outre, les espèces non indigènes ont été enregistrées dans effet lorsque les aires protégées sont entourées de LULC modifiés par l'homme.
	les aires protégées en moyenne 4,5 ans après avoir été enregistrées dans les ceintures de 5 km, ce -La similarité des LULC à l'intérieur et autour des aires protégées influence positivement
	qui suggère une dynamique de colonisation rapide des ceintures vers les aires protégées. Les leur richesse en espèces non indigènes. Deux mécanismes peuvent expliquer cela :
	espèces non indigènes envahissantes représentaient 12% des espèces non indigènes dans les
	ceintures mais 40% dans les aires protégées. Cette différence semblait liée à une plus grande

Dans cette étude, nous avons évalué l'effet des types de l'occupation du sol (en anglais : Land Use Land Cover, LULC) à l'intérieur et autour des aires protégées sur la richesse en espèces non indigènes des aires protégées. Nous avons envisagé trois hypothèses sur la manière dont les LULC peuvent influencer la richesse en espèces non indigènes des aires protégées :

-Une grande diversité de types de LULC fournit potentiellement plus d'habitats pour les espèces non indigènes qu'un paysage homogène. Nous nous attendions donc à un nombre plus élevé d'espèces non indigènes dans les aires protégées présentant une grande diversité de LULC.

La majorité des aires protégées, 74 %, appartenaient à la catégorie IV de l'UICN, 25 % à la catégorie I de l'UICN et 1 % à la catégorie II de l'UICN.
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Supplementary Figure 1. Spearman rank correlation index of non-native species (NNS) richness in protected areas (PAs) and the four continuous explanatory variables: Mean accessibility of PAs, surface area of PAs, NNS richness in 5-km belts and mean human population density in PAs. 

Burned area (BA)

We used data from the MODIS Fire_cci version 5.1 pixel product of burnt area (BA) (Chuvieco et al., 2018) which is based upon data from the MODIS instruments on board of the TERRA satellite. The data is available at a spatial resolution of ~250m and based on the surface reflectance in MODIS near infrared band and active fire information from the same sensor. Using Google earth Engine Code Editor (Gorelick et al., 2017), we created annual maps of BA in the study area between 2001 to 2019. Since most severe fires occur mainly in the hot periods, i.e., summer and autumn, we assumed that fires recorded in any year do not significantly affect the cover of A.

dealbata measured at the beginning of that same year.

Spatial data analysis

Image classification

We masked the study area (masked area) by excluding the areas where we did not expect A. dealbata present or detectable. These were areas covered by COS2018 category 1 (artificial territory), category 7 (areas of minimal vegetation cover, which included natural areas with bare rocks and sparse vegetation where the scrub and herbaceous vegetation occupies a surface area of less than 25%) and category 9 (water surfaces). We carried out the image classification on three land covers, namely forest, pasture and A. dealbata using the Google Earth Engine Code Editor. Classification based on these three similar categories has been conducted in the past and with a satisfactory classification result (e.g., Viana and Aranha, 2010). Our final dataset consisted of 274 A. dealbata data points and 300 randomly selected centroids from polygons of each of the two COS2018 categories: category 5 (forest), excluding the subcategory 5.1.1.6 forest of invasive species (e.g., A. dealbata, Ailanthus altissima) and category 3 (pasture).

We split the dataset into a training and a validation dataset with a ratio of 70:30 (de Sá et al., 2018).

We performed the training and validation classification on the Landsat 7 satellite image collection of the year 2019. We used the bands B1-B5 and B7 (Viana and Aranha, 2010), but not the panchromatic band, as it did not add value to the classification accuracy. We applied the Maximum Likelihood Classification Algorithm which performed with satisfactory results in past studies (Viana and Aranha, 2010;Martins et al., 2016;Sutomo et al., 2019a). We evaluated the classification accuracy using the classification matrix. Based on the matrix we evaluated the

Discussion

Our study area was in central Portugal, a region where A. dealbata distribution has been studied in the past, by using remote sensing methods and species distribution models to predict the future distribution of Acacia species (Viana and Aranha, 2010;Vicente et al., 2013;Martins et al., 2016).

We hypothesized that the five PAs were less permeable to A. dealbata than their surroundings. As part of our hypothesis, we assumed that there were fewer fires in PAs due to fire control and prevention protocols, and less deforestation due to their protection status. In addition, we assumed that A. dealbata was actively controlled in PAs. Our study differs from previous studies in that we reconstructed the distribution of A. dealbata over a twenty-year period, from 2001-2020 back in time.

1) Methodological issues a) Accuracy of satellite image classification

We mapped the distribution of A. dealbata in and around PAs in central Portugal over a twentyyear period using Landsat-7 satellite imagery. The achieved classification accuracy of 66.92 % leaves room for improvement. We identified several reasons why this percentage value for A. dealbata distribution in the twenty maps is not higher: First, we used the median pixel values of a collection of satellite images over a four-month period (January to April) for each year from 2001 to 2020. In this way, we aimed to capture the entire period during which A. dealbata flowers throughout the study area. However, this relatively long period carries the risk that the exact flowering period is not captured by all the images in the collection and/or that some images dates either preceded or post-dated the flowering time. This could lead to spectral inaccuracy and blurring. In our study, A. dealbata was most confounded with the spectral contrast of other forest types. However, improving spectral contrast between classification categories is a common challenge in the field of remote sensing (Chavez Jr. and Kwarteng, 1989).

Second, the retrospective classification of the entire period (2001-2020) was based on the classification of the 2019-averaged image. To standardise the method, we applied the 2019 protocol to the entire image time series from 2001 to 2020 (e.g., cloud cover max 15%, period January to April). This resulted in the number of satellite images used for classification varying from year to year, ranging from two to eight images per year (see Table S1 Appendix).

Consequently, some image collections compensated for the gaps caused by the Landsat line errors with the number of images, while other image collections still had gaps that were corrected by interpolating of the averaged image. However, as A. dealbata sometimes occurs at small, limited sites, such interpolations may lead to over-distribution and overestimation in the classification of the species in the area.

Third, we reduced the collection of satellite images to images with low cloud cover (maximum 15 % cloud cover on land), thus excluding cloud-covered images from the analysis. However, this may have led to the main flowering period being missed in certain years.

Fourth, another reason for inaccuracy in classification could be mixed forest stands that are mainly dominated by another tree species (e.g., see Rodríguez et al., 2017), but where A. dealbata is present (de Sá et al., 2017). This was evident in the confusion in classification between A. dealbata and other forests.

Finally, the sample size of our fieldwork data was small due to the disruption caused by the Covid 19 outbreak in 2020, just as the fieldwork started. Supplementary data points increased the size of the dataset used, but the training and validation datasets were rather small (but see Van Niel et al., 2005), which may affect classification accuracy.

Despite the potential for improvement in accuracies, the classification accuracy, producer's and user's accuracies achieved in our study are acceptable and within the range of accuracies achieved and published in previous studies (e.g., Landsat ETM+ using a Maximum Distance to Means Classifier: Overall accuracy = 63.53 %, Landsat ETM+ using a Maximum Likelihood Classifier = 89.42 %, in Viana and Aranha (2010); and Landsat ETM+ on Acacia longifolia using the combined Maximum Likelihood Classifier and Rule -Based Classification: overall Accuracy = 78.5 %, Users Accuracy = 42 %, Producer Accuracy = 45 % in de Sá et al. (2017).

GENERAL DISCUSSION

Non-native species in protected areas originate primarily from the immediate surroundings of the protected areas

This thesis focuses on the study of non-native species colonizing protected areas. The first significant finding is that, for the four studied European countries, the proportion of protected areas free of colonization by non-native species varies significantly. In Norway, the most sparsely populated of the four countries, ~78 % of the protected areas were free from colonization by nonnative species, whilst in Belgium, the most populated country, none of the protected areas were free (Chapter 2). Whether or not protected areas are colonized by non-native species is therefore primarily strongly dependent on the anthropogenic context in which they are located; protected areas free of non-native species being located in sparsely populated countries, far from the main source of non-native species introduction (e.g., urban areas). On average, in all four European countries we studied (Norway, UK, Belgium and Switzerland), more than 40 % of protected areas are currently free of non-native species (Chapter 2), demonstrating their role as refuge from these species. This has been confirmed in previous studies at the European and global level (Gallardo et al., 2017;Liu et al., 2020). However, considering the increasing number of introduced species worldwide (Seebens et al., 2017), and the time it takes for non-native species to colonize new areas [START_REF] Nehrbass | A simulation model of plant invasion: long-distance dispersal determines the pattern of spread[END_REF][START_REF] Marco | Comparing short and long-distance dispersal: modelling and field case studies[END_REF][START_REF] Pergl | The role of long-distance seed dispersal in the local population dynamics of an invasive plant species: Quantifying long-distance dispersal[END_REF], it would be more accurate to state that in the four countries studied, 40 % of protected areas have not been affected "so far".

In this study, we were able to measure the later stages of the spatial and temporal dynamics of protected area colonization by dating the first occurrence of non-native species in and around protected areas and by showing that, on average, non-native species occur later in protected areas than in their immediate surroundings (Chapter 1). Thus, many non-native species first colonize the immediate environment of protected areas before entering them. Others, however, fail to colonize protected areas because they remain restricted to highly anthropogenic environments in their vicinity. Still others enter protected areas through long-distance colonization events [START_REF] Nehrbass | A simulation model of plant invasion: long-distance dispersal determines the pattern of spread[END_REF][START_REF] Pergl | The role of long-distance seed dispersal in the local population dynamics of an invasive plant species: Quantifying long-distance dispersal[END_REF] without colonizing their near environment.

Notre hypothèse générale était que la majorité des espèces non indigènes détectées dans les aires protégées proviennent du voisinage immédiat de celles-ci. Bien que la dispersion sur de longues distances puisse jouer un rôle important dans la dynamique de colonisation de certaines espèces (par exemple, [START_REF] Suarez | Patterns of spread in biological invasions dominated by long-distance jump dispersal: Insights from Argentine ants[END_REF][START_REF] Marco | Comparing short and long-distance dispersal: modelling and field case studies[END_REF][START_REF] Pergl | The role of long-distance seed dispersal in the local population dynamics of an invasive plant species: Quantifying long-distance dispersal[END_REF], nous avons supposé que la majorité des espèces se dispersent de manière continue dans l'espace. Nous avons considéré la proximité immédiate des aires protégées (distances de l'ordre de quelques kilomètres) comme la dernière étape pour les espèces avant leur colonisation potentielle des aires protégées. Ainsi, le fil conducteur de la thèse, pour évaluer la perméabilité des aires protégées, est de comparer les espèces présentes dans et autour de celles-ci. Nous avons considéré qu'une aire protégée était imperméable si les espèces non indigènes présentes dans les environs ne s'y retrouvaient pas.

Le premier chapitre de cette thèse est consacré à l'évaluation de notre hypothèse générale qui considère le pool d'espèces présentes dans une aire protégée comme un sous-ensemble, plus ou moins grand, du pool d'espèces présentes autour de cette aire protégée. Tout au long de cette thèse, nous nous concentrons sur les aires protégées en Europe, avec l'objectif de couvrir un large gradient géographique nord-sud et de conditions climatiques, en choisissant cinq pays européens : Norvège (chapitre 1, 2), Royaume-Uni (chapitre 3), Belgique (chapitre 2), Suisse (chapitre 2) et Portugal (chapitre 3).