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Abstract 

   

Habitat fragmentation, climate change and other anthropogenic stressors are 

leading the world to its 6th mass extinction event. Species range and connectivity 

between populations plays a key role to mitigate climatic change impacts on species. 

To tackle biodiversity loss, European Union created a protected areas network based 

on ecological coherence while covering the unique habitats and ecological values of 

the European space.  Among the several taxa under legal protection status, bats are 

one of Europe’s most endangered mammal group while also possessing a high 

taxonomic and ecological diversity. One of the most widespread tool of conservation 

management has been the creation and maintenance of protected areas (PA) for 

biodiversity. Nevertheless, continental wide evaluation of PA´s effectiveness protecting 

chiroptera diversity and connectivity is missing. In this study the main aims were to 

determine the spatial patterns of European bat diversity and evaluate the coverage of 

PAs over diversity hotspots. In parallel, a connectivity analyses will be carried to 

identify which European regions are most relevant for the maintenance of connectivity 

and also evaluate the PA coverage of those areas. To access species and connectivity 

diversity in Europe, species distribution models (SDM) and connectivity analyses were 

performed. In addition, gap analyses were performed to evaluate PA´s effectiveness in 

covering bat diversity and relevant areas for connectivity maintenance.  

  From all European bat species, 26 species have been selected because they 

were considered suitable for analyses. Bat presence data was obtained through online 

databases and collaborators.  SDM´s have been used to assess each bat species 

potential distribution over Europe, calculated in MaxEnt software. For that purpose, it 

was selected a set of climatic variables acknowledged to influence bat distribution. In 

parallel, connectivity analyses were performed in Conefor software to spatially 

determine which European regions are contributing most to the maintenance of bat’s 

ecological connectivity. Conefor measures the total connectivity through three metrics: 

intra, flux and connector. Intra (patch) connectivity is a measure of intrinsic patch 

connectivity, thus identifying which patches possess larger suitability for each species. 

Flux connectivity relies on patch intrinsic importance translated into number of links to 

other patches – the importance increases with the number of links. Finally, connector 

connectivity is a measure of patch importance considering the maintenance of overall 

connectivity and depends on the number of patches that become isolated with each 
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other. Patch importance is measured through the removal of that patch from analysis 

and measuring the change on overall connectivity prior to removal.  To represent 

potential pathways of connectivity it was calculated a connectivity surface over which 

all Conefor calculations were made. A number of linear features, like rivers/streams or 

mountain summits together with the amount of available suitable habitat are 

acknowledged to promote the movement of bats. Therefore, distance to river/stream 

and distance to high slope were calculated for the European space and integrated into 

the connectivity surface. 

  SDM results identified high species diversity areas in north of Iberian Peninsula, 

southern part of central Europe and central part of Italian peninsula. On the other hand, 

low diversity areas were identified in northern Europe and in northern Italy.  Intra 

connectivity main hotspots were found in the north of the Iberian Peninsula and central 

Europe. Intra diversity in central Italian peninsula and United Kingdom were also 

relevant.  Flux connectivity showed higher diversity in northern Iberian Peninsula and 

central Europe. On other hand, lower diversity flux areas occur mainly in northern and 

eastern Europe as well as in smaller islands. Only two areas have shown high diversity 

in connector connectivity. These areas are the central northern part of Iberian 

Peninsula and the Alps area in southern central Europe.  Gap analyses results 

suggests low effectiveness on species diversity protection. Furthermore, gap results 

showed an increase on the coverage of PAs on all connectivity metrics, though overall 

percentage cover is still low.  

The outcomes emphasize the importance of current PA´s range expansion to 

protect high species and connectivity diversity areas. Bat diversity hotspots were 

identified on the southern European peninsulas which is in line with current knowledge. 

Yet, gap analyses indicated that PA coverage was low over Europe and on those areas 

in particular. Regarding the ecological connectivity of European bat populations, PA 

coverage of most relevant areas for connectivity maintenance was lower than the 

coverage of bats’ hotspots. Results also indicated that the central northern part of 

Iberian Peninsula and the Alps were the most relevant areas for the maintenance of 

ecological connectivity – a likely consequence of the overlap between bat diversity 

hotspots and areas of fragmented distribution. Overall, this study has identified flaws 

on PA coverage of bat populations while also drawing attention to the need of also 

considering the connectivity of those areas to the PA design. Through the employment 

of new technological and methodological tools it may be possible to identify areas for 

conservation action while also considering its sustainability for the whole species 

range. 
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Resumo 

 

 A fragmentação de habitats, as alterações climáticas e outros fatores 

antropogénicos estão a levar o mundo a 6ª extinção em massa. A área de distribuição 

duma espécie bem como a conectividade entre as populações desta, têm um papel 

fundamental na mitigação do impacto das alterações climáticas. Para fazer face a 

redução da biodiversidade, foi criada pela união europeia uma rede de áreas 

protegidas suportadas em coerência ecológica, cobrindo valores e habitats únicos do 

espaço europeu. Entre os diversos taxa sob estatuto de proteção legal, os morcegos 

são dos mamíferos mais ameaçados na Europa, apesar de possuírem elevada 

diversidade ecológica e taxonómica. Uma das ferramentas mais difundidas para a 

proteção da biodiversidade é a criação e gestão de áreas protegidas (AP´s). No 

entanto, está em falta uma avaliação continental da eficácia das AP´s na protecção da 

diversidade e conectividade de chiropteros. Entre os principiais alvos deste estudo 

encontra-se a determinação dos padrões espaciais da diversidade de quirópteros, bem 

como a avaliação da cobertura, pelas AP´s, das zonas de elevada diversidade. Em 

paralelo, foram realizadas análises de conectividade, de modo a identificar as áreas 

mais relevantes para a manutenção da conectividade, bem como avaliar a cobertura 

destas áreas pelas AP´s. Para a determinação da diversidade e conectividade na 

Europa, foram realizados modelos de distribuição de espécies (MDE) bem como 

análises de conectividade. Além disso, análises de sobreposição foram feitas, de 

modo a determinar a eficácia das AP´s na cobertura das áreas mais relevantes na 

diversidade e manutenção de conectividade. 

Entre todas as espécies europeias, foram selecionadas 26 espécies que eram 

passiveis de análise. Os dados de presença de morcegos foram obtidos a partir de 

bases de dados online bem como a partir de colaboradores. MDE´s foram usados de 

modo a encontrar a distribuição potencial na Europa de cada espécie de morcego. 

Estes modelos foram calculados no programa MaxEnt. Para isso, selecionei um grupo 

de variáveis climáticas conhecidas por influenciar a distribuição de morcegos. Ao 

mesmo tempo, foram realizadas análises de conectividade no programa Conefor, de 

forma a determinar as regiões europeias que mais contribuem para a manutenção da 

conectividade ecológica dos morcegos. O Conefor mede a conectividade total através 

de três métricas: Intra, Flux e Connector. A conectividade Intra (patch) é uma medida 
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da conectividade intrínseca do fragmento, identificando que fragmentos possuem 

maior adequabilidade para cada espécie. A conectividade flux provem da 

conectividade intrínseca traduzida no numero de ligações com outros fragmentos ou 

seja a importância aumenta com o número de ligações. Por fim, a conectividade 

connector é uma medida da importância do fragmento para a manutenção da 

conectividade geral, e provêm da quantidade de fragmentos que ficam isolados entre 

si. A importância do fragmento em análise é obtida através da remoção do fragmento e 

da determinação da alteração da conectividade geral, em relação à conectividade 

antes da remoção deste. Para representar os possíveis corredores de conectividade, 

calculei uma superfície de conectividade, sob a qual todas as análises do Conefor 

foram realizadas. Algumas estruturas lineares, tais como rios/cursos de agua ou 

cumes montanhosos, em conjunto com a quantidade de habitat adequado disponível 

são conhecidas por promoverem a movimentação de morcegos. Assim sendo, as 

distâncias aos rios/cursos de água e áreas de declive acentuado foram calculadas 

para o espaço europeu, e integradas na superfície de conectividade.  

Os resultados dos MDE´s identificaram áreas de elevada diversidade no Norte 

da Península Ibérica, parte Sul da Europa Central e na parte Central da Península 

itálica. Por outro lado, áreas de baixa diversidade foram identificadas no Norte da 

Europa e Norte de Itália. As zonas de elevada conectividade intra foram encontrados 

no Norte da Península Ibérica e na Europa Central. A diversidade da conectividade 

Intra é também alta na área Central da Península Itálica e no Reino Unido. A 

conectividade flux é mais elevada no Norte da Península Ibérica bem como na Europa 

Central. Por outro lado, zonas de baixa diversidade de flux ocorrem principalmente no 

Norte da Europa e na Europa Oriental, bem como em pequenas ilhas. Apenas duas 

áreas demonstram elevada conectividade connector. Essas áreas foram a parte 

Central do Norte da Península Ibérica bem como a região dos Alpes, no Sul da Europa 

Central. As análises de cobertura sugerem uma baixa eficácia das áreas protegidas na 

proteção da diversidade de espécies. Por outro lado, as análises de cobertura 

mostram um incremento na cobertura de AP´s em todas as métricas de conectividade, 

apesar de a percentagem de cobertura total continuar a ser baixo. 

 Os resultados enfatizam a importância da expansão da cobertura das AP´s de 

forma a proteger áreas de elevada diversidade de espécie e de conectividade. Zonas 

de alta de diversidade de morcegos foram identificados nas penínsulas do Sul da 

Europa, o que está de acordo com o conhecimento atual. No entanto, as análises de 

sobreposição indicam baixa cobertura das AP´s na Europa em geral, e nessas áreas 

em particular. Em relação a conectividade ecológica das populações europeias de 
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morcegos, a cobertura destas pelas AP´s foi maior que a cobertura da alta diversidade 

de espécies, no entanto os valores de cobertura continuam baixos. Os resultados 

também indicaram que a parte Central do Norte da Península Ibérica e os Alpes eram 

as zonas mais relevantes para a manutenção da conectividade – uma provável 

consequência da sobreposição de áreas de elevada diversidade com áreas de 

distribuição fragmentada. No geral, este estudo identificou falhas na cobertura das 

populações de morcegos pelas AP´s, enquanto também chamou a atenção para a 

necessidade de ser considerada a conectividade dessas áreas para o desenho das 

AP´s. Através do uso de novas ferramentas tecnológicas e metodológicas, talvez 

possa ser possível a identificação de áreas para ações de conservação, em que seja 

considerado também a sua sustentabilidade para toda a distribuição da espécie.  
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Introduction 

A brief glimpse on the chiroptera world 

 

   First records of chiroptera species dates about 50 Million years ago (Simmons 

et al. 2008).  Among all Mammalia class almost one quarter of the species belongs to 

chiroptera order (Jones et al. 2002). Bats can be further divided in two suborders 

Megachiroptera and Microchiroptera (Agnarsson et al. 2011).  Microchiroptera are 

mostly insectivorous, with some exceptions, and use a tonal echolocation system to 

hunt (Freeman 2000, Denzinger and Schnitzler 2013). On the other hand, 

Megachiroptera are exclusively phytophagous (Almeida et al. 2011). Chiroptera 

species are present in all continents but Antarctica (Ruedi et al. 2013). In Europe only 

species of the subclass Microchiroptera are present (Mickleburgh et al. 1992). On 

Europe during the 20th century bat populations have severely declined (Walsh and 

Harris 1996). However, recent data suggests a possible increase on European bat 

populations though the rate is still very shallow to compensate decades of loss (Van 

der Meij et al. 2015, Barlow et al. 2015).  

  Microchiroptera species are small, with body mass usually under 10 grams 

(Barclay and Brigham 1991). The small size of bats strongly constrains the rate of 

respiration, wingbeat and the echolocation characteristics. Echolocation energy 

efficiency is a result of wingbeat cycle in which exhalated air is used to produce the 

sound pulse (Jones 1994). Nonetheless, due to body/mass relationship bats’ flight 

have a high energy demand. Thus, chiroptera flight efficiency is lower than of birds. 

However, bats have a greater aerobatic ability (Hunter 2007).  Bats flight ability evolved 

independently from other animals that fly (Shen et al. 2010). To cope with their energy 

requirements, bats need to have a high intake of preys. A single colony of 150 bats can 

consume almost a 1 million of arthropod per year (Whitaker 1995).  Yet, bats are 

vulnerable to heat loss, due to their high surface area-volume ratio, and have low 

capacity to regulate body temperature (Hock 1951).  Chiroptera activity is limited by 

temperature, insect availability and wind speed (Salvarina et al. 2018). Chiroptera can 

enter in a torpor state daily or seasonally in order to manage energy input shortages 

(Heldmaier et al. 2004). During the winter in temperate regions bats go into hibernation 

(Zubaid et al. 2006). In northern Europe the period of hibernation is longer than in 

southern latitudes due to colder temperatures deploying earlier and ending later 

(Rodrigues et al. 2003). Yet, a recent study showed that Natterer's bats (Myotis 
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nattereri) hibernation in Europe is irregular with frequent arousals for feeding during 

winter, challenging the prevalent idea that hibernation is continuous (Hope et al. 2014).  

  Bat sexual maturity may be influenced by individual fitness. Spermiogenesis in 

bats peaks on the period of lower torpor time and leads to a decrease on individual 

body mass. In addition, spermiogenesis is delayed in unfitted adult males (Entwistle et 

al. 1998). Reproductive period usually began in autumn and ends on spring. However, 

in winter reproductive cycle is on hold, with two main patterns occurring in hibernating 

bats.  In the first one, after the copulation sperm is stored in female reproductive tract 

and the cycle holds until spring. The second one, reproduction holds in a advanced 

stage, after the initial embryogenesis the process stops and hold until spring (Oxberry 

1979). Usually bats are monotocous, and produces low number of descents per year 

(Crichton and Krutzsch 2000). 

  Chiroptera provide a useful ecosystem service of pest suppression 

(Stahlschmidt and Brühl 2012).  Ecosystem services can give a contribution to 

overcome agricultural loses.  Kalka (2008) has shown that bats have higher impact 

than birds in insects’ populations suppression and therefore contribute to limit insect 

herbivory. In addition, Kunz (2011) stated that bats are effective controlling insect 

populations, among them agricultural pests. In corn plantations bats were shown to 

provide effective insect herbivory suppression while also promoting indirect fungal and 

mycotoxin control (Maine and Boyles 2015). Therefore, pest suppression effects may 

not only concern on direct prey consumption but also by prey avoidance and can cause 

an underestimation on bats economic value (Russo et al. 2018).  Agricultural pest 

suppression services are estimated over billions of dollars (Boyles et al. 2011, Puig-

Montserrat et al. 2015, Taylor et al. 2018). 

Notwithstanding, many species of bats are endangered. Urban expansion and 

agricultural intensification can threat bats, mainly because roost and foraging areas 

destruction (Park 2015, Russo and Ancillotto 2015). In addition, recent expansion of 

wind farms increased bat mortality (Rydell et al. 2010) while also, pesticide applications 

can increase bat mortality asynchronous from pesticide applications. Kunz (1977) 

published a study where mortality only peaked two years after the pesticide application.  

In parallel, the white-nose syndrome epidemics merged in 2006. This disease is a 

fungal infection provoking mass death in North American bat colonies (Turner et al. 

2011). However, although the fungus is present in European colonies, European 

chiroptera seem to show resistance to the fungus (Puechmaille et al. 2011).   

  Chiroptera may also be used has bioindicators, since they are taxonomic stable, 

have a wide distribution and their populations trends can be easily monitored. Because 
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insectivorous bats are also top predators, they are expected to show a fast response to 

changes in prey abundance and pesticide or toxin accumulation (Jones et al. 2009). 

Moreover, a wide range of stressors affects bats, among them extreme climatic events 

(e.g., severe droughts and heat waves) and anthropogenic induced stressors such as 

intensification of agriculture, forest fragmentation and destruction, wind turbines 

fatalities, bushmeat and abusive pesticide use (Jones et al. 2009). Possible usefulness 

of bats as bioindicators of riverine ecosystem quality and of agricultural changes has 

already been proposed (Wickramasinghe et al. 2003, De Conno et al. 2018).   

Nonetheless, lack of studies at wider scales and deficit on information regarding 

chiroptera response to environmental changes and relationship with other taxas 

response are needed (Park 2015).   

 

 

Biodiversity crisis, Protected areas, Diversity and 

Connectivity 

 

Nowadays planet Earth is facing a biodiversity crisis, associated to an ongoing 

mass extinction event (Barnosky et al. 2011, Ceballos et al. 2015). Extinction rate is 

higher than expected taking into account previous mass extinctions events (Barnosky 

et al. 2011). Nowadays we are now what is considered by many as the 6th mass 

extinction event in planetary history. What is striking is that such events may occur in a 

small time scales considering what has happened in the other mass extinction events 

(Singh 2002, Barnosky et al. 2011, Toukhsati 2018).   Yet, it is expected that by 2050 

at least 18% of species may become extinct due to anthropogenic causes, though this 

value can increase even if climatic warming exceeds predictions of the minimal 

warming scenario, reaching up to 35% of losses (Cahill et al. 2012). In some regions, 

extinction rates may even exceed 50% (Thomas et al. 2004). In fact, some currently 

not threatened taxa may alter its conservation status due to predicted extremely high 

rate of population loss (Ceballos et al. 2017).  Extinctions can occur by both natural or 

anthropogenic drivers, or an interaction of both (Milberg and Tyrberg 1993, Fox 2013, 

Harper et al. 2014). Despite human induced climatic change, other anthropogenic 

induced factors contributes to strongly contribute to increase the extinction threat of 

species: habitat loss and fragmentation, overexploitation of biological resources, 

pollution and alien species invasion (Cahill et al. 2012, Toukhsati 2018, Yuan et al. 

2018). Biodiversity loss has an impact over mankind wellbeing (Díaz et al. 2006) 
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through direct welfare loses, for example, by destruction of natural resources or indirect 

impacts by loss of ecosystem services(Yuan et al. 2018). 

  Since 19th century, international community has been taken measures, to 

manage environmental problems and challenges (Schofer and Hironaka 2005, Holder 

and Lee 2007).Early agreements have been primarily focused in the protection of 

shared living resources, such as birds or fishes (Iriye and Saunier 2016). Some of the 

earlier ecological approaches were developed in the 1930s, with measures to protect 

Africa wild fauna and flora and the establishment of the first reserves to protect animals 

and plants in the western hemisphere. In recent years, several political measures to 

decrease biodiversity loss and preserve natural resources have been proposed. The 

bases for these agreements have emerged in the Stockholm conference of 1972 

(Weiss 2011). Despite adopted measures as a result of the Stockholm conference, 

environmental degradation has not stopped or diminished. A more holistic, in global 

level, approach begins to be adopted in Rio conference in 1992. “As result of Rio 

conference, a convention on biological diversity was adopted in order to preserve 

biological diversity, (Kiss and Shelton 2007). Additionally, to the international treaties, 

several regional agreements to preserve local biodiversity, have been taken. Examples 

of those agreements are the birds directive, habitats directive or the regulation on 

invasive species promoted by the European union (Holder and Lee 2007). Examples  

of regional agreements include national or local legislation to promote biological 

preservation, species action plans and local protected areas (Queirós 2001, 

Papageorgiou and Vogiatzakis 2006). In summary, legal instruments that aim natural 

protection can emanate from a variety of sources from global agreements to national or 

local legislation.  

Among the most successful tools, created by legal means, to tackle biodiversity 

losses are the protected areas. This success is achieved due to the management of 

areas for biodiversity conservation assisted by the surveillance provided by legal 

authorities and supported by a legal framework (Leverington et al. 2010).  Historically, 

many protected areas have not been designed aiming specific biodiversity 

conservation objectives, but instead to cultural or scenic motives like holiday 

destinations or hunting reserves. In terms of nature management, a number of those 

areas are designed towards a few flagship and umbrella species, not necessarily 

guarantying the conservation of regional biota (Andelman and Fagan 2000). In turn, 

these areas prioritized mainly the protection of extreme habitats (eg. High mountains, 

rocky infertile soils) (Possingham et al. 2000). On the other hand, flat fertile soils are 

rarely conserved. To ensure biodiversity protection, European Union emanated a 
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directive aiming the protection of habitats and wild fauna (European Council 1992). 

That directive created a legal instrument targeting the creation of a coherent ecological 

network of special conservation areas, designed as NATURA 2000. The selection of 

sites to include in Natura 2000 network have been based in several principles: degree 

of isolation, habitat quality, representativeness of protected species and habitats as 

also as their density and size (Dimitrakopoulos et al. 2004). 

  Yet, a number of relevant ecological functions essential for populations 

sustainability remain disregarded like the lack of protection of populations’ connectivity 

between protected areas (Gurrutxaga et al. 2011, Saura et al. 2018, Schoville et al. 

2018).  Ecological connectivity (or functional connectivity) is defined, by Taylor (1993) 

has “the degree to which landscapes actually facilitate or impede the movement of 

organisms and processes”. Connectivity plays a key role in species viability, wherein 

highly connected landscapes have greater populations size and genetic variability 

(Bender et al. 1998, Leffler et al. 2012). Low genetic diversity, provoked by endogamy 

as result of small population size, causes inbreeding depression that can lead to local 

species extinction (Frankham et al. 2014). . Connectivity also allows movement of the 

species in response to environmental disturbances or climatic changes (McRae et al. 

2012). Frey-Ehrenbold (2013) has shown that several bat species have their activity 

increased in well-connected landscapes. Furthermore, fragmentation can lead up to 

75% reduction in biodiversity, with losses higher in smaller and most isolated patches, 

which highlight the importance of connectivity to maintain species diversity(Haddad et 

al. 2015).  To tackle biodiversity loss two main strategies were proposed: expand PA´s 

and increase connectivity between them (Heller and Zavaleta 2009). 

  Connectivity can be measured by a wide range of methods that may be based 

on direct/individual, genetic or biogeochemical observations (Moilanen and Nieminen 

2002, Luque et al. 2012). The direct approaches to measure connectivity include 

morphological analyses, individual marking or biologging (Jacobson and Peres-Neto 

2010, McKinnon and Love 2018). The genetic methods require population specific 

genetic markers to identify which populations are connected as assessed by the 

measurement of gene flow levels between populations (Razgour et al. 2013). 

Alternatively, biogeochemical methods rely their analyses in the geographical variance 

of natural stable isotopes (Webster et al. 2002). Connectivity can also be accessed by 

simple ecological analyses of the spatial patterns of habitat or resources requirements 

of targeted species (Moilanen and Nieminen 2002).  

In this study I aimed to evaluate the coverage of European protected areas (PA) 

for bat populations. During the 20th century several European bat species had their 
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distribution and population size contracted (Walsh and Harris 1996). Climate has a 

major impact in bat ecology by influencing biogeography, access to food and water 

resources, hibernation, development and reproduction, rate of energy expenditure and 

duration and frequency of the torpor. The most affected Chiroptera species are 

associated to small range size, restricted to regions that may become water stressed, 

and species with limited dispersal (Sherwin et al. 2013). Ecosystem equilibrium rest on 

prey-predator balanced interactions and changes in this balance can lead to 

ecosystemic degradation with negative consequences to the environment and human 

activities, such as agriculture. Bats can also be used has bioindicators, since they are 

taxonomic stable, have a wide distribution and their populations trends can be easily 

monitored. Because insectivorous bats are also top predators, they are expected to 

show a fast response to changes in prey abundance and pesticide or toxin 

accumulation (Jones et al. 2009). Moreover, a wide range of stressors affect bats, 

among them extreme climatic events (e.g., severe droughts and heat waves) and 

anthropogenic induced stressors such as intensification of agriculture, forest 

fragmentation and destruction, wind turbines fatalities, bushmeat and abusive pesticide 

use (Jones et al. 2009). These threat factors can be further exacerbated when 

interacting with each other, resulting in population decreases, contractions and 

eventually population isolation from the species’ core distribution. 

Bats are among the most threatened mammals of Europe and consequently all 

of their species suffer from some level of legal protection (Battersby 2010). In parallel, 

a number of European PAs include bats as one their conservation priorities (e.g., 

Parque Natural da Serra d’Aire e Candeeiros). The effectiveness of PAs for bat 

conservation has seldom been discussed but some studies report that Natura 2000 

network may be providing insufficient coverage to protect bat populations (Lisón et al. 

2013).  Yet, connectivity is rarely considered in the analyses of PAs coverage, 

especially at larger scales. In here, I propose to determine the spatial patterns of 

European bat diversity and evaluate the coverage of PAs over the diversity hotspots. In 

parallel, a connectivity analyses will be carried to identify which European regions are 

most relevant for the maintenance of connectivity and also evaluate the PA coverage of 

those areas.  Specifically, I aim to tackle the following objectives: 

1) Are European protected areas covering areas with high bat species richness? 

2) Which European areas are most relevant for the connectivity of bat populations? 

3) What areas are in need of protection to cover connectivity areas for bats? 
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Material and methods 

 

Study area 

 

  Study area comprised mainland of Western and Central European countries. 

These included the following countries: Portugal, Spain, France, Andorra, Monaco, 

Switzerland, Italy, Luxemburg, Belgium, Germany, Netherlands and United Kingdom 

(2,478,238 km2). Latitudes higher than 60ºN, due the lack of bat fauna, as also as 

digital elevation model data limitation, are not included (Rabus et al. 2003). Due to the 

lack of spatial coverage of bat occurrence data in the free online databases, I opted to 

exclude all countries east of Germany and Austria in the distribution models. The 

inclusion of these countries would likely produce severe model’s underpredictions, 

especially for eastern Europe (Vale et al. 2014). 

 

Species data 

 

To obtain the European chiroptera species list, a query in International Union for 

Conservation of Nature (IUCN) website (https://www.iucn.org) was performed. As a 

result, 46 species were found. Then species were selected following two criteria: their 

distribution had to be mostly European (this excludes species with marginal distribution 

in Europe), endemic species with small distribution range are not included (this 

excludes island endemic species). Endemic species are associated to narrow and 

restricted distributions, therefore large-scale connectivity analyses would produce non-

significant results (Stockwell and Peterson 2002). 

  Criteria application excluded 19 species, resulting in a total of 26 study species. 

The species included in this study were: Barbatella barbastellus, Eptesicus isabellinus, 

Eptesicus nilssonii, Eptesicus serotinus, Hypsugo savii, Miniopterus schreibersii, 

Myotis bechsteinii, Myotis brandtii, Myotis capaccinii, Myotis dasycneme, Myotis 

daubentonii, Myotis emarginatus, Myotis myotis, Myotis mystacinus, Nyctalus leisleri, 

Nyctalus noctula, Pipistrellus kuhlii, Pipistrellus nathusii, Pipistrellus pipistrellus, 

Plecotus austriacus, Rhinolophus Euryale, Rhinolophus ferrumequinum, Rhinolophus 

hipposideros, Rhinolophus mehelyi, Tadarida teniotis and Vespertilio murinus. 

Presence data for all species were obtained from Global Biodiversity Information 
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Facility (https://www.gbif.org)database, personal data and from collaborators. Species 

occurrence was checked for errors, taxonomic inconsistencies and unreliable data 

(data distant from real known distribution) was deleted.   

 In order to remove environmental biased occurrence data, spatial 

autocorrelation (SAC) was analysed prior to spatial analyses by SDMtoolbox 2.0 

(Brown 2017). Spatial biased data filtering improves model quality in uneven sampled 

data (Kramer-Schadt et al. 2013). This tool removes presence points within a certain 

Euclidian distance from each other’s. This distance depends on climatic heterogeneity 

matrix that is calculated considering the local environmental variables (e.g., climatic 

variables) rate of change.  

 

Environmental data 

 

  To represent predictors related to bat occurrence three classes of 

ecogeographical variables were used. Bioclimatic variables were associated with 

species physiology and energy demands, as also as water availability (Racey et al. 

1987, Webb et al. 1995, Adams and Hayes 2008, Frick et al. 2010). Land use and 

distance to habitat classes were related to potential foraging areas and roosts for tree-

dwelling bats (Russo and Jones 2003, Russo et al. 2005). Finally, topographic 

variables are linked with the presence of roosts to crevice and cave-dwelling bats 

(Jaberg and Guisan 2001, Georgiakakis et al. 2010, Rainho and Palmeirim 2011). 

Bioclimatic variables were obtained in Worldclim website 

(http://www.worldclim.org ; Fick and Hijmans 2017) with a 30 arcseconds resolution. 

Treecover has been downloaded from Copernicus website ( http://www.copernicus.eu ; 

Copernicus Land Monitoring service 2015) with a 20 meters resolution. Land use were 

downloaded from United States Geographical Survey website (https://www.usgs.gov) 

with 1 kilometer resolution, and then reclassified, following criteria presented in table 1. 

Digital elevation model (DEM) were obtained from Shuttle Radar Topography Mission 

(https://www.usgs.gov) with 1 arcsecond resolution. Northness, eastness slope, 

broadleaf distance, coniferous distance, crops distance, shrubs distance and urban 

distance were calculated in ArcGis 10.2.2 (Environmental Systems Research Institute 

2011). The final layers and data have been resampled to five kilometers resolution. 

 Enviromental variables were checked for covariance and multicollinearity in R 

3.4.3 (R Core Team 2013) by  packages raster (Hijmans and van Etten 2014) and 

usdm (Naimi 2015). The selection of variables within a group of correlated variables 
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was done considering their ecological relevance for bats and their distribution (Ulrich et 

al. 2007). As a result, the following ecogeographical variables (EGV´s) have been used 

as model variables: Bio1, Bio3, Bio5, Bio7, Bio12, Bio15, northness, eastness, slope, 

broadleaf distance, coniferous distance, crops distance, shrubs distance and urban 

distance, DEM, land use and tree cover (see table 2). 
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Table 1- Land Use Reclassification 

Original 
classification 

New 
classification 

Evergreen 
Needleleaf Forest 

Coniferous 

Evergreen 
Broadleaf Forest 

Broadleaf 

Deciduous 
Needleleaf Forest 

Coniferous 

Deciduous 
Broadleaf Forest 

Broadleaf 

Mixed Forest Broadleaf 

Closed 
Shrublands 

Shrubland 

Open Shrublands Shrubland 

Woody Savannas Broadleaf 

Savannas Broadleaf 

Grasslands Shrubland 

Permanent 
Wetlands 

Wetlands 

Croplands Croplands 

Urban and Built-
Up 

Urban 

Cropland/Natural 
Vegetation 

Mosaic 

Broadleaf 

Snow and Ice Bareground 

Barren or 
Sparsely 

Vegetated 

Bareground 

Water Bodies Water 
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Table 2- Description of EGV´s and their acronyms 

Code Type Description 

Bio1 Climatic Annual Mean Temperature 

Bio3 Climatic Isothermality 

Bio5 Climatic Max Temperature of Warmest Month 

Bio7 Climatic Temperature Annual Range 

Bio12 Climatic Annual Precipitation 

Bio15 Climatic Precipitation Seasonality 

Northness Topographical Orientation declination relative to North 

Eastness Topographical Orientation declination relative to East 

DEM Topographical Surface elevation 

Slope Topographical Surface inclination 

Broadleaf distance Habitat Distance to broadleaf trees habitats 

Coniferous 

distance 

Habitat Distance to coniferous trees habitats 

Crops distance Habitat Distance to crops habitats 

Shrubs distance Habitat Distance to shrubs habitats 

Urban distance Habitat Distance to urban habitats 

Land use Habitat Habitat type 

Treecover Habitat Percentage of treecover 
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Protected areas data 

 

  Natura 2000 areas shapefiles were obtained in European Environment Agency 

website (https://www.eea.europa.eu/ ; European Environment Agency 2017 ) of which 

marine PA´s were excluded. Natura 2000 areas of special conservation interest were 

then selected and used for gap analyses to assess their coverage over bat diversity 

and connectivity hotspots. These areas have a total of 12126 sites and cover about 

9,20% of total study area (225,302 km2).  

 

Species distribution model 

 

Species distribution models were performed with MaxEnt modeling software 

(Phillips et al. 2017). Maxent returns habitat suitability index indicating which areas 

have higher carrying capacity for a species (Elith et al. 2010). Also, MaxEnt achieved a 

good predictive performance when compared with other algorithms (Elith et al. 2006, 

Wisz et al. 2008). Bats have low detection probability due to their nocturnal  and 

elusive behavior, together with  several biases in species identification through 

ultrasounds detection (Ahlén and Baagoe 1999, Tillon et al. 2018).  As a result of their 

low detectability, false absences are likely to occur in bat occurrence datasets. 

Therefore,  presence-only algorithms like MaxEnt are the most adequate to avoid the 

inclusion of false absences in the models (Elith et al. 2010). 

 To evaluate model fitness, MaxEnt models were performed with regularization 

multipliers of 1,2, 4 and 6, and then best models were selected by small sample size 

corrected Akaike information criterion (AICc). AICc have been calculated in  ENMTools 

1.4.4 (Warren et al. 2010 ; http://enmtools.blogspot.com/). Regularization multipliers 

used for each species were selected according to AICc results (Akaike 1998, Murtaugh 

2009). After, 20 cross-validated replicates were used to calculate the predictive 

performance of the final models. The cross-validation approach allows to use all data in 

turns to validate models. Cross-validation method splits the dataset into random equal 

sized subdatasets and use them to calculate replicates (Phillips 2008). Final model’s 

fitness was measured according to Area Under Curve (AUC) of receiving operating 

characteristics (ROC).  Overprediction correction have been performed restraining 

model predictions to 100km buffer of minimum convex polygon from presence data. 
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Binary presence/absence maps were calculated using the Maximum training 

sensitivity plus specificity threshold, as recommend by Liu (2016). Afterwards, binary 

results were stacked to produce bat diversity hotspot maps.  

 

Connectivity analyses 

 

 Resistance rasters were calculated using distances to slope higher than 5% and 

large rivers with a basin above 5000km2 (Navarra and Tubiana 2013, Santos et al. 

2014, Skoulikidis et al. 2018). Resistance describes the degree of impedance to 

species movement exerted by landscape. High slope areas and rivers facilitates 

dispersal movement of bats (Russo and Jones 2003, Parmesan 2006, Roscioni et al. 

2014). Consequently, the degree of resistance to the movement increase with the 

distance to this habitat features. 

  Distances to habitat features that facilitate dispersal have been normalized to 

integer values between 1 and 101. Habitat patches were obtained by binary presence 

raster polygonalisation. Intrinsic habitat value has been calculated by multiplying 

habitat area and average MaxEnt coglog value for the patch. Coglog value can be used 

as indicator of habitat suitability which is related to population size while patch size is 

related to number of individuals as also as migration probability (Elith et al. 2011, 

Mortelliti et al. 2014, Unglaub et al. 2018) – the product of both should be proportional 

to population size. Cost-weighted distances calculation where performed in ArcGis 

10.2.2 using Linkagemapper 1.1.0 toolbox (McRae and Kavanagh 2011). Least-cost 

path showed better performance than distances because the former had a strongest 

correlation with true connectivity (Simpkins et al. 2018). The production of resistance 

distance layers requires a high computational power, making it non-viable for large 

study areas (Pelletier et al. 2014). Calabrese (2004) have suggested that graph based 

metrics have the best effort ratio to large landscape connectivity. 

  Connectivity analyses were performed in Conefor Sensinode 2.6 software 

(Saura and Torne 2009). This software bases their calculations in graph theory and 

returns individual patch importance to overall connectivity. To access connectivity 

between patches a probabilistic metric has been used. The distance to a 0.5 probability 

of connection depends on bat dispersal ecology (see table 3 for further details; Hutterer 

2005). Overall connectivity can be divided into 3 metrics reflecting on different ways 

that a patch can be contribute to landscape connectivity. Intrapach connectivity is a 

measure of connectivity within the patch. It is calculated as the product of patch area 
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and mean suitability as calculated by MaxEnt. This result should be a proxy of 

population size and indicates which patches contribute more to overall population size. 

Flux connectivity is the number of connections from analyzed patch to the other 

patches. This metric simply identifies which patches are more connected to others 

while weighing this results by the patch area. Finally, connector connectivity is the 

contribution of analyzed patch to maintain the other patches connectivity. This metric 

identifies which patch or patches are stopping the isolation of another patches. In other 

words, this metric evaluates if the removal of a specific patch implies that other patches 

are no longer connected to the overall connectivity network. 

 Finally, the last set of analyses aimed to evaluate the coverage of the PAas 

over bat diversity and relevant connectivity metrics. For the gap analyses, all 

connectivity polygons with a positive connectivity value were considered. Nonetheless, 

a more conservative approach has been considered for the geographical analyses 

where all polygons considered had to at least contribute 1% for each metric of 

connectivity. If this later threshold was not employed the distribution and connectivity 

over Europe Was almost continuous. Rather than representing reality, this approach is 

a probable results of a large pixel size (5 km) that does not represent the fragmented 

distribution within the pixel.  
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Table 3- Migration distances used in connectivity analyses 

Species Distance 

Barbatella barbastellus 5km 

Eptesicus isabellinus 10km 

Eptesicus nilssonii 15km 

Eptesicus serotinus 40km 

Hypsugo savii 50km 

Miniopterus schreibersii 50km 

Myotis bechsteinii 20km 

Myotis brandtii 25km 

Myotis capaccinii 45km 

Myotis dasycneme 150km 

Myotis daubentonii 5km 

Myotis emarginatus 40km 

Myotis myotis 30km 

Myotis mystacinus 5km 

Nyctalus leisleri 200km 

Nyctalus noctula 500km 

Pipistrellus kuhlii 5km 

Pipistrellus nathusii 1300km 

Pipistrellus pipistrellus 15km 

Plecotus austriacus 10km 

Rhinolophus euryale 10km 

Rhinolophus 
ferrumequinum 

15km 

Rhinolophus hipposideros 10km 

Rhinolophus mehelyi 20km 

Tadarida teniotis- 100km 

Vespertilio murinus  400km 
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Gap analysis  

 

To access PA´s protection effectiveness on species diversity a gap analyses 

were performed by overlapping the polygons of bat species richness and protected 

areas location. The amount of PA overlapping bat diversity hotspots will provide the 

measure of Natura 2000 effectiveness for bat protection. Similarly, to access PA´s 

effectiveness on conservation of connectivity areas, gap analyses have been 

performed by overlapping the extent of the layers representing connectivity diversity 

and protected areas. This approach was used for each connectivity metric (intra, flux 

and connector). 
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Results 

Species diversity 

 

In Figure 1 it is represented the spatial distribution of bat species richness in 

Europe. The three identified main areas of diversity were, the north of the Iberian 

Peninsula, southern France and central part of Italian peninsula. On other hand, low 

diversity areas were identified in northern Europe and in the Po Valley, northern Italy.    

 

 

Figure 1- Representation of bat species richness where warmer colours indicate the presence of a higher number of 
species. 
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  The following figures (Fig. 2-3) clearly show that vast majority of the high 

diversity areas remains unprotected. Most notably, the northern Iberian Peninsula and 

the Alps seem to harbour the highest levels of unprotected high species richness 

areas.  

 

 

 

 

Figure 2- Bat species richness present in European protected areas network 
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Figure 3- Map of the protected areas coverage over the hotspots of bat diversity 
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  Low diversity areas (0-5) covered more than 20% of study area and in turn 

these areas had 6% of low diversity were covered by protected areas (Fig. 4). Medium 

diversity areas (6-11) composed more than 40% of study area and nearly 8% of 

medium diversity areas were covered by protected areas. Medium-high diversity areas 

(12-17) covered almost 30% of study area. For those 11% were covered by protected 

areas. High diversity areas (18-23) represented less than 5% of study area but despite 

its smaller area less than 30% of high diversity areas were covered by protected areas. 

In summary, gap between diversity groups and protected area shows a clear lack of 

coverage of the protected areas 

 

Figure 4-Percentage of cover of bat species richness and GAP analyses of the protected areas 
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Intra diversity 

  The main hotspots of intra connectivity in Europe (Fig. 5) were located in the 

north Iberian Peninsula and central Europe. Diversity in central Italian Peninsula and 

United Kingdom also showed some relevance. on the other hand, low diversity intra 

connectivity occurs mainly in distribution edges and also in small islands 

 

 

 

 

 

 

 

Figure 5- Map representing the richness of intra patches with relevance higher than 1%. Warmer colours indicates 

the number of bat species with high Intra value for a specific pixel. 
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Similarly to the results obtained for the distribution of bat species richness, the 

majority of high intra connectivity areas were not covered by protected areas (Fig. 6-7) 

with major gaps identified in northern Iberia and central Europe. 

 

 

 

 

 

 

Figure 6- Bat intra richness present in European protected areas network 
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Figure 7- Map of the protected areas coverage over the hotspots of bat intra diversity 
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Low diversity intrapatch connectivity (0-5) covered about 25% of study area (Fig. 8). 

From those 25% about 7% were protected by protected areas. Medium diversity 

intrapatch connectivity areas (6-11) composed about 41% of study area. Protected 

areas covered almost 8% of medium diversity areas. Medium-high intrapatch 

connectivity diversity (12-17) areas represented almost 30% of study area of which 

about 11% were covered by protected areas. Finally, high diversity intrapatch 

connectivity (18-23) areas represented almost 4% of study area. More than 15% of 

High intrapatch connectivity areas were covered by protected areas. In summary, gap 

increases when intrapatch connectivity increases, although gap values remain low. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8- Percentage of cover of bat intra richness and GAP analyses of the protected areas 
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Flux diversity 

 

  Flux connectivity showed higher diversity in northern Iberian Peninsula and 

central Europe (Fig. 9). On other hand, lower diversity flux areas occur principally in 

northern as eastern Europe as also as in smaller islands. 

 

 

 

 

 

Figure 9- Map representing the richness of flux patches with relevance higher than 1%. Warmer colours indicates the 
number of bat species with high Intra value for a specific pixel 
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Similarly to the previous GAP results, the majority of high flux connectivity areas 

were not covered by protected areas (Fig. 10-11), especially in northern Iberia and 

central Europe.   

 

 

 

 

 

 

Figure 10- Bat flux richness present in European protected areas network 
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Figure 11- Map of the protected areas coverage over the hotspots of bat flux 
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Low diversity flux connectivity (0-5) covered about 25% of study area (Fig. 12). 

From those 25% about 7% were covered by protected areas. Medium diversity flux 

connectivity areas (6-11) composed about 41% of study area with protected areas 

covering almost 8% of medium diversity areas. Medium-high flux connectivity diversity 

(12-17) areas represent almost 30% of study area with about 11% covered by 

protected areas. Finally, high diversity flux connectivity (18-23) areas represented 

almost 4% of study area and more than 15% of high flux connectivity areas were 

covered by protected areas. In summary, gap increases when flux connectivity 

increases, although gap values remain always low. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12- Percentage of cover of bat flux richness and GAP analyses of the protected areas 
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Connector diversity 

 

  Regarding which areas are relevant to hamper population isolation, only two 

areas have shown high diversity in connector connectivity (Fig. 13). These areas are 

the central northern part of Iberian Peninsula and the alps area in southern central 

Europe.  Peripheral areas of study areas have lower connector diversity.  The gradient 

between high diversity connector areas and low diversity areas were high, which 

means that the diversity decreases rapidly nearby high diversity areas. To sum up, two 

small areas comprise the majority of connector diversity.  

 

 

 

Figure 13- Map representing the richness of Connector patches with relevance higher than 1%. Warmer colours 
indicates the number of bat species with high Intra value for a specific pixel 
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  Regarding PA coverage of relevant connectivity areas for bats (Fig. 14-15), the 

majority of high connector connectivity areas were not covered by protected areas.   

 

 

 

 

 

 

 

Figure 14- Bat connector richness present in European protected areas network 
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Figure 15- Map of the protected areas coverage over the hotspots of Connector diversity 
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Regarding gap analyses of bat connectivity (Fig. 16), low diversity connector 

connectivity (0-5) covered about 27% of study area. From those 27% about 7% were 

protected by protected areas, Medium diversity connector connectivity areas (6-11) 

composed about 41% of study area. Protected areas covered about 8% of medium 

diversity areas. Medium-high connector connectivity diversity (12-17) areas represent 

almost 28% of study area. From medium-high diversity areas about 11% were 

protected by protected areas. Finally, high diversity connector connectivity (18-23) 

areas represented about 3% of study area. More than 15% of High connector 

connectivity areas were covered by protected areas. In summary, gap increases when 

connector connectivity increases, although gap values remain low 

 

                    

 

 

 

 

 

 

 

 

 

 

            Figure 16- Percentage of cover of bat connector richness and GAP analyses of the protected areas 

. 
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Discussion 

My findings revealed a low effectiveness of PA to cover the diversity of 

European chiroptera species. This low coverage was also observed regarding the PA 

coverage on high connectivity areas. Bats are legally protected by a series of 

agreements and measures. Yet, one of the most effective tools for conservation has 

been the establishment of PAs. This study highlights that for European bat fauna this 

conservation tool is clearly insufficient to cover most relevant areas. This is in line with 

previous regional studies evaluating Natura 2000 effectiveness for conservation (Lisón 

et al. 2013). Besides this flaw, I also detected a poor coverage for bat connectivity, 

further stressing the inadequacy of the design of Natura 2000 for bat conservation.   

 

Caveats and limitations 

 

  My results need to be critically analyzed considering some caveats. First, the 

available species distribution modeling techniques have some limitations and can 

induce errors in the results. These errors may be a result of model limitations or biased 

data. Maxent assumes that effort samples are unbiased, however this was not 

observed in my data (Merow et al. 2013).  Spatial biased data falsely inflates model 

performance (Veloz 2009). To minimize errors related to uneven sampling, spatial 

rarefication of occurrence data have been performed (Boria et al. 2014, Brown 2014). 

To overcome model´s overpredictions, the minimum convex polygon technique have 

been applied to restrict the predictive area to the regions where observations area 

present. This technique is the standard method recommended by IUCN (Standards 

and Petitions Working Group 2006). Nevertheless, maximum entropy model technique 

has a good performance to overcome these limitations (Graham et al. 2008).  EGV´s 

may also lack some ecologically significant variables, with possible effect in the  final 

results (Velez–Liendo et al. 2013, Porfirio et al. 2014). However, this should not be a 

limitation of my study considering that several studies used similar sets of EGV´s to 

model chiroptera species. Chosen variables are acknowledged to exert a strong 

influence on chiroptera physiology, ecology, and behavior (Rebelo and Jones 2010, 

Santos et al. 2014, Razgour et al. 2016).  
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 In addition, errors and limitations related to connectivity analysis are 

conceivable. The inaccuracy of mean dispersal distance, together with some level of 

subjectivity of chosen landscape elements for dispersal, may be the main error sources 

in this work. (Beier et al. 2008). Nevertheless, most dispersal distances used in this 

study were supported by previous studies (Hutterer 2005). When several distinct 

dispersal distances where available for the same species, a conservative approach 

was performed. The use of linear landscape features as connecting elements for bats 

in the landscape is arguable. Yet, several studies have shown the importance of these 

landscape elements by demonstrating that several bat species use these linear 

features as fly routes, either to commute between roost and foraging or for migration 

(Limpens and Kapteyn 1991, Serra-Cobo et al. 2000, Lentini et al. 2012).  

 

On the chiroptera diversity 

 

  The spatial patterns of bat diversity in Europe can be explained by a wide-range 

of factors. At a global level, species diversity peaks in equator and decreases along 

latitudinal gradient (Willig and Presley 2013). This gradient is explained due to lower 

energy input and increased climatic instability at higher latitudes (Gaston 2000, 

Charbonnier et al. 2016). The richness in European species of chiroptera peaks in 

Mediterranean countries and decreases towards northern Europe, probably as a result 

of the latitudinal gradient. Notwithstanding, southern Europe species’ richness is also 

greater due to the last glaciation effects (Provan and Bennett 2008, Salicini et al. 

2013). The Mediterranean region was a glacial refugia where large areas remained 

suitable for a vast array of wildlife (Clark and Mix 2002, Araújo et al. 2007). Although, 

bats have some particular distribution in the palearctic region, where chiroptera 

diversity peaks between 40 to 50Nº (Horáček et al. 2000, Ulrich et al. 2007). These 

previous studies support my results, where bat species richness is higher in the 

Mediterranean region. Nevertheless, diversity was uneven distributed across this 

region. The diversity hotspots were found particularly in mountainous regions. Climatic 

heterogeneity of topographical diverse regions and  their high temperature range can 

explain this results (Moreno-Rueda and Pizarro 2007, Ulrich et al. 2007, Ford et al. 

2013, López-González et al. 2015). Climatic heterogeneity leads to a wider range of 

habitats, which supports higher species diversity (Kerr and Packer 1997, López-

González et al. 2015, Kim et al. 2018). Furthermore, Ulrich (2007) found that wide 

temperature range increases species richness. In addition, due to anthropogenic 
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activities occurring at plains and valleys, such as agriculture and pastorage, the highest 

altitudes and slopes of southern Europe mountains still harbour large extents of 

autochthonous forests and habitats (Chauchard et al. 2007, Benayas and Bullock 

2015). My results can also be supported by previous studies that showed high diversity 

in the Alps, Apennines and Iberian Peninsula (Maiorano et al. 2006; Ulrich et al. 2007; 

Rebelo et al. 2010; Lisón et al. 2013).  

On the connectivity diversity 

 

  Intrapatch connectivity relies on patch area together with the habitat suitability 

within (Saura and Rubio 2010). Intra diversity have two main hotspots located in 

Northern Iberian Peninsula and central Europe in the Alps region. Nevertheless, intra 

diversity is also high in British islands and central Italian peninsula. Areas of high intra 

diversity were located on areas where several species have a large continuous 

distribution, thus coinciding with the larger suitable areas along the species distribution. 

Flux diversity results were similar to the species diversity results. Flux results 

can be explained by the number of links to other patches on the region (Saura and 

Rubio 2010). Flux (and connector metric below) high connectivity areas were mainly 

located in mountainous areas where species’ distribution is marginal or becomes more 

fragmented. Connectivity is therefore an issue under fragmentation scenarios, as 

opposite to areas where distribution of a species is continuous (Saura & Rubio 

2010).For the majority of bat species, there was a considerably more fragmented 

distribution at the edge of the distribution rather that at its core in central Europe  

 Connector diversity results from whether the removal of a patch isolates other 

patches. Those areas act like stepping stones connecting patches that in other way 

were unconnected (Rubio and Saura 2012). High connector diversity areas may result 

from central location in patches on species distribution ranges. If connectivity in central 

areas disappear, peripheral species distribution sites may become unconnected 

leading to higher number of patches becoming unconnected. Therefore, the most 

relevant identified connector areas were located in the northern mountains of the 

Iberian Peninsula and in central Europe. 
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The (un)protection of diversity 

 

  The coverage of PA over bat species diversity was low, although increased in 

areas with higher diversity. To justify this, several factors need to be taken in account. 

First of all, protected areas design results of several ad-hoc and political factors that 

can be not favorable to protect chiroptera species (Araújo et al. 2007). Several 

protected areas have been created considering flagship or umbrella species (Cabeza 

and Moilanen 2001). In fact, umbrella species where usually large-bodied wide-range 

Mammalia which excludes bats (Caro et al. 2004). Protected area design based in 

umbrella species can under protect bat suitable habitats (Johnson et al. 2017). 

Furthermore, bat species usually have a wide-range distribution, thus with 

requirements over large geographical areas covering several countries which further 

hampers the establishment of international protection for bats (Razgour et al. 2016). 

Furthermore, anthropogenic occupation and disturbance in many landscapes leads to 

protected areas size restriction and fragmentation (Mcdonald et al. 2009, Angulo et al. 

2016). Maiorano (2006) has shown that diversity inside and outside protected areas 

where similar, thus raising the challenge of developing large scale measures for bat 

conservation.  

 

Should protected areas range be expanded? 

 

  Despite the issues related to the creation of wide-range protected areas, I 

recommend the expansion of current protected sites in order to archive better 

chiroptera diversity protection. Wider-range protected areas could preserve important 

ecossystemic linkages and processes not present in small ones (Hansen and DeFries 

2007). Furthermore, larger protected areas can protect a higher number of species and 

habitats (Honkanen et al. 2010, Storch 2016). Some species occupy a heterogenous 

range of habitats that can be not totally covered in small protected areas. This is 

particularly true in bats that occupy a wide-range of habitats (Wermundsen and 

Siivonen 2008). In addition, climatic conditions are dynamic, hence species range can 

change along time. This change can be seasonal or permanent. Climatic change 

induced range changes can lead to species future habitat become unprotected (Araújo 

et al. 2004, Monzón et al. 2011). As such, larger protected areas can reduce these 

effects due to a wide coverage of various climatic conditions. That said, small protected 

areas are also useful to nature protection. As an example, larger reserve size does not 
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inevitably mean better habitat quality, population size or higher species diversity 

(Schwartz 1999, Thomas et al. 2012, Häkkilä et al. 2018). Furthermore, increases in 

protected area size could lead to minor enforcement efficiency (Kuempel et al. 2018).  

Additionally, there are some cases where protected area size is limited by spatial 

limiting factors (e.g. Islands). 

On the connectivity protection  

  The results concerning connectivity diversity protection on protected areas must 

be analyzed with some caution. Coarse pixel analyses can influence the results by 

overlooking relevant ecological features. Minimum area to represent all species 

increases with the increase of pixel size (Schwartz 1999). This can lead to a bias due 

to underrepresentation of smaller protected areas. Those factors can be special 

exacerbated due to the high number of small protected areas in Europe (Oldfield et al. 

2004, Maiorano et al. 2006).  

  The overlap between protected areas and connectivity diversity increases with 

the increase of diversity, although is lower than the species diversity protection. This 

can be explained by several factors. First of all, Natura 2000 network was as targeted 

to achieve an ecological coherent network. Additionally, protected areas habitat quality 

is usually higher and land-use changes have a lower rate (Nagendra 2008, Sallustio et 

al. 2017). Habitat quality can be used as an proxy to population size (Stephens et al. 

2015). Higher population size increases connectivity probability (Roland et al. 2000, 

Franzén and Nilsson 2010, Robles and Ciudad 2012) due to a higher production of 

dispersal individuals. Nevertheless, bat high mobility may lead to overlooking 

connectivity issues, which can explain the difference between species diversity and 

connectivity diversity protection. Mazaris (2013) stated that the number of graph 

components in protected areas decreases as species dispersal distances increases. 

Nonetheless, a species with long distance dispersal abilities can reach distant patches 

and eventually overcome topographical barriers like mountains.  My results can 

highlight the protection areas where effort should be directed to protect connectivity. 

However, the coverage of PA over important connectivity areas was low. Due to 

analyses limitations’, my outcomes need to be careful accounted. The ad-hoc choice of 

dispersal variables can lead to a bias on dispersal routes. Furthermore, ocean and 

seas have been defined as infinite resistance barriers to dispersal, however there are 

cases of dispersal from continental Europe to islands (Debrot et al. 2014). Moreover, 

oceanic dispersal barriers have different effects on bats species. There are cases 

where genetic differentiation is relevant and others where population genetic structure 

is similar between mainland and islands (Atterby et al. 2010, Razgour et al. 2014).  
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   Moreover, due to graph method limitations important dispersal routes may be 

ignored. The Fenno-scandinavian peninsula connectivity routes can be underestimated 

due to lack of eastern Europe route analyses. Additionally, coarse pixel size may lead 

to an underestimation of the importance of small protected areas. However, my results 

are useful to get a general picture of European chiroptera connectivity and to identify 

areas in need of protection to connectivity conservation.  

 

 

What to do next? 

  Future studies should increase study area to overcome errors related to 

unaccounted migration routes. Furthermore, species distribution is changing due to 

climatic alterations. Future climate SDM and connectivity analyses should be 

performed o get an accurate picture of protected areas effectiveness on maintaining 

future connectivity. In addition, circuit theory-based connectivity analyses could reveal 

several new connection pathways. Only through preemptive measures can we 

safeguard tomorrow biodiversity and at much lower costs. 
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Barbatella barbastellus 

 

Figure 17- Barbatella barbastellus results regarding species distribution and patches with connectivity importance higher 
or equal to 1% 

          Distribution                  Intra 
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Eptesicus isabellinus 

 

 

Figure 18- Eptesicus isabellinus results regarding species distribution and patches with connectivity importance higher 
or equal to 1% 
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Eptesicus nilssonii 

 

 

Figure 19- Eptesicus nilssonii results regarding species distribution and patches with connectivity importance higher or 
equal to 1% 
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Eptesicus serotinus 

 

 

Figure 20- Eptesicus serotinus results regarding species distribution and patches with connectivity importance higher or 
equal to 1% 
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Hypsugo savii 

 

Figure 21- Hypsugo savii results regarding species distribution and patches with connectivity importance higher or equal 
to 1% 
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Miniopterus schreibersii 

 

 

Figure 22- Miniopterus schreibersii results regarding species distribution and patches with connectivity importance 
higher or equal to 1% 
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Myotis bechsteinii 

 

 

Figure 23 - Myotis bechsteinii results regarding species distribution and patches with connectivity importance higher or 
equal to 1% 
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Myotis brandtii 

 

Figure 24 - Myotis brandtii results regarding species distribution and patches with connectivity importance higher or 
equal to 1% 
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Myotis capaccinii 

 

Figure 25- Myotis capaccinii results regarding species distribution and patches with connectivity importance higher or 
equal to 1% 
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Myotis dasycneme 

 

Figure 26- Myotis dasycneme results regarding species distribution and patches with connectivity importance higher or 
equal to 1% 

          Distribution                  Intra 

                Flux              Connector 



FCUP 
Evaluating the effectiveness of European protected areas on preserving the diversity and connectivity of 

bat populations 

83 

 

 

Myotis daubentonii 

 

Figure 27- Myotis daubentonii results regarding species distribution and patches with connectivity importance higher or 
equal to 1% 
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Myotis emarginatus 

 

Figure 28- Myotis emarginatus results regarding species distribution and patches with connectivity importance higher or 
equal to 1% 
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Myotis myotis 

 

Figure 29- Myotis myotis results regarding species distribution and patches with connectivity importance higher or equal 
to 1% 
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Myotis mystacinus 

 

Figure 30- Myotis mystacinus results regarding species distribution and patches with connectivity importance higher or 
equal to 1% 
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Nyctalus leisleri 

 

Figure 31- Nyctalus leisleri results regarding species distribution and patches with connectivity importance higher or 
equal to 1% 
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Nyctalus noctula 

 

Figure 32- Nyctalus noctula results regarding species distribution and patches with connectivity importance higher or 
equal to 1% 
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Pipistrellus kuhlii 

 

Figure 33- Pipistrellus kuhlii results regarding species distribution and patches with connectivity importance higher or 
equal to 1% 
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Pipistrellus nathusii 

 

Figure 34- Pipistrellus nathusii results regarding species distribution and patches with connectivity importance higher or 
equal to 1% 
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Pipistrellus pipistrellus 

 

Figure 35- Pipistrellus pipistrellus results regarding species distribution and patches with connectivity importance higher 
or equal to 1% 
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Plecotus austriacus 

 

Figure 36- Plecotus austriacus results regarding species distribution and patches with connectivity importance higher or 
equal to 1% 

          Distribution                  Intra 

                Flux              Connector 



FCUP 
Evaluating the effectiveness of European protected areas on preserving the diversity and connectivity of 

bat populations 

93 

 

Rhinolophus euryale 

 

 

Figure 37- Rhinolophus euryale results regarding species distribution and patches with connectivity importance higher 
or equal to 1% 
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Rhinolophus ferrumequinum 

 

Figure 38- Rhinolophus ferrumequinum results regarding species distribution and patches with connectivity importance 
higher or equal to 1% 
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Rhinolophus hipposideros 

 

Figure 39- Rhinolophus hipposideros results regarding species distribution and patches with connectivity importance 
higher or equal to 1% 
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Rhinolophus mehelyi 

 

Figure 40- Rhinolophus mehelyi results regarding species distribution and patches with connectivity importance higher 
or equal to 1% 
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Tadarida teniotis 

 

Figure 41- Tadarida teniotis results regarding species distribution and patches with connectivity importance higher or 
equal to 1% 
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Vespertilio murinus 

 

Figure 42- Vespertilio murinus results regarding species distribution and patches with connectivity importance higher or 
equal to 1% 
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