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Abstract (ENG) 

Although considered globally important areas for birds and biodiversity in general, mountain regions remain 

poorly studied despite their renowned susceptibility to climatic alterations. Basic knowledge of bird species 

inhabiting these regions is scarce, and even a univocal definition of mountain regions lacks, as interpretations 

vary across countries and institutions. These ambiguities may prevent the definition of effective large-scale 

conservation strategies, and it is urgent to define “mountain birds” and investigate the potential impact of 

climate change on such species.  

In this thesis, we reviewed evidence for impacts of climate change on Holarctic mountain bird populations in 

terms of physiology, phenology, trophic interactions, demography and observed and projected distribution 

shifts, including effects of other factors that interact with climate change. We introduced for the first time an 

objective classification of mountain bird specialists and generalists, presented the results of a systematic review 

and meta-analysis of the effects of climate change on Holarctic mountain and upland birds, quantifying the 

general responses to climate change including altitudinal shifts, changes in life history traits and assessment 

of mitigation actions. Using Italy as a case-study, we demonstrated a relationship between climate and changes 

in bird distribution in the last 30-years, by comparing net range variation in cold-adapted and closely related 

control species. In addition, using the white-winged snowfinch Montifringilla nivalis (a mountain indicator 

species sensitive to climate change) as a model species, we aimed at improving the knowledge on biology, 

ecology and demographic aspects of this species to better elucidate the mechanisms driving declines of 

mountain birds. Finally, we developed adaptation frameworks for climate change at both large and small scale. 

For the first case, we established a novel approach for selecting conservation priorities, resistant units and 

resilient areas in the Italian Alps according to structural connectivity and future distribution for a range of 

mountain bird species to identify strategies that maximize the chances of species persistence in a changing 

climate. At a finer scale, we evaluated the role of microhabitats as refugia for climate-threatened species, and 

developed a theoretical approach based on human-mediated actions (i.e. grazing, mowing) to contain the 

detrimental effects of climate change on our study species, the white winged-snowfinch. 

We identified 2316 bird species breeding in the Holarctic realm, 818 (35.3%) of which were defined as either 

high-elevation mountain specialists (n = 324 species) or mountain generalists (n = 494 species). We found 

evidence of biological and ecological responses of mountain birds to climate and environmental change, but 

little is known about underlying mechanisms or synergistic effects. Meta-analyses did not find a consistent 

direction in elevation change to track suitable climate but suggested that in the future mountain birds will be 

significantly more impacted than non-mountain species. In Italy, we found a strong positive correlation 

between change in range size and species thermal index (STI: average temperature of a species’ European 

range), confirming that recent climatic warming has favoured species of warmer climates and adversely 

affected species occupying colder areas. A model including STI and birds’ associated habitats was not so 

strongly supported but further suggested that forest species performed better than alpine open habitat and 

agricultural ones. Regarding our indicator/model species, we found that the white-winged snowfinch selected 

specific and climate sensitive microhabitat during the nestling rearing period: cool sites with short grass cover, 



2 
 

melting snow margins adjacent to grassland and snow patches. These microhabitats harboured high quality 

and quantities of invertebrates and snowfinches were able to efficiently tune their microhabitat selection in 

relation to prey abundance and type, suggesting a high adaptability to resource variation in specie and time, a 

typical characteristic of high elevation sites. When hindcasting (1976) and forecasting (2066) the suitability of 

such microhabitats in relation to the observed changes associated to climate change, we found higher suitability 

in the past and a predicted decline in the future. Grazing activities, which can keep the sward height suitable 

for snowfinches, could improve the suitability in the present and in the future, but only for population that can 

have access to extensive grassland areas. For populations confined to more rocky habitats (i.e. subnival and 

nival), where grassland cover is generally low or even absent, this mitigation may not be applicable and 

snowfinches living in these habitats could be more at risk from climate change, as they largely rely on snow 

patches. Measures for adaptation to climate change mostly relied on broad-scale management and extension 

of protected areas for species already present and for future colonizers from lower elevations. We suggested 

the development of management/restoration plans in mountain areas that consider threats and opportunities 

resulting from interactions of climate and land-use changes and encompass different spatial scales, from 

landscape to microhabitats. 
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Riassunto (ITA) 

Le regioni montane, sebbene considerate aree globalmente importanti per gli uccelli e la biodiversità in 

generale, rimangono scarsamente studiate, nonostante la loro ben nota suscettibilità alle alterazioni climatiche. 

La conoscenza di base delle specie di uccelli che popolano queste regioni è scarsa, e manca persino una 

definizione condivisa di “regioni montane”, in quanto le interpretazioni variano in base a paesi e istituzioni. 

Queste ambiguità possono potenzialmente precludere la delineazione di efficaci strategie di conservazione su 

larga scala, ed è quindi urgente dare una definizione univoca di “avifauna di montagna” per poter indagare il 

potenziale impatto dei cambiamenti climatici su queste comunità di specie.  

In questa tesi abbiamo esaminato le evidenze degli impatti dei cambiamenti climatici sulle popolazioni di 

avifauna di montagna su scala olartica, riguardo a fisiologia, fenologia, interazioni trofiche, demografia e 

spostamenti di distribuzione osservati e previsti, considerando anche gli effetti di ulteriori fattori che 

interagiscono con i cambiamenti climatici, esacerbandone o attenuandone gli effetti. Per la prima volta 

abbiamo formulato una classificazione oggettiva dell’avifauna di montagna “specialista” e “generalista” e 

presentato i risultati di una revisione sistematica e di una meta-analisi riguardanti gli effetti dei cambiamenti 

climatici sugli uccelli montani, quantificando le conseguenze di tali alterazioni, come gli spostamenti 

altitudinali o i cambiamenti nei tratti biologici, e la valutazione di potenziali azioni mitigatrici e di 

compensazione degli impatti dovuti alle variazioni nel clima. Utilizzando l'Italia come caso-studio, abbiamo 

dimostrato l’esistenza di una relazione tra il clima e i cambiamenti nella distribuzione degli uccelli negli ultimi 

30 anni, confrontando gli andamenti di occupazione ed abbandono di aree riproduttive da parte di specie legate 

ad ambienti freddi e di specie-controllo tassonomicamente vicine ma presenti in climi più miti. Inoltre, 

abbiamo utilizzato il fringuello alpino Montifringilla nivalis come specie modello (in quanto particolarmente 

sensibile ai cambiamenti climatici), al fine di migliorare le attuali conoscenze su biologia, ecologia e aspetti 

demografici delle specie d’alta quota, e chiarire meglio così i meccanismi che determinano il declino 

dell’avifauna di montagna. Infine, abbiamo sviluppato degli approcci conservazionistici innovativi per far 

fronte agli impatti del cambiamento climatico, su larga scala e poi su piccola scala. Nel primo caso, per 

identificare strategie che massimizzino le possibilità di persistenza delle specie in un clima che cambia, 

abbiamo stabilito nuove metodologie che hanno consentito di identificare nelle Alpi italiane le specie e le aree 

prioritarie per la conservazione (unità geografiche resistenti e resilienti ai mutamenti climatici), basandoci su 

connettività strutturale e previsioni di distribuzione futura di varie specie di avifauna di montagna. A scala più 

piccola invece abbiamo valutato il ruolo dei microhabitat come siti di rifugio per le specie minacciate dal 

clima, e sviluppato un approccio teorico basato sulla capacità di alcune attività umane (attività di pascolo e 

sfalcio) di contenere gli effetti dannosi del cambiamento climatico, con particolare riferimento alla nostra 

specie studio, il fringuello alpino, e alla struttura del suo habitat di foraggiamento. 

Abbiamo identificato 2316 specie avifaunistiche che si riproducono nell’Olartico, 818 (35,3%) delle quali sono 

state divise secondo le nostre definizioni in specialiste d’alta quota (n = 324 specie) o generaliste di montagna 

(n = 494 specie). Abbiamo poi riscontrato evidenze di reazioni biologiche ed ecologiche degli uccelli di 

montagna al cambiamento climatico ed ambientale, ma l’influenza di meccanismi ed effetti sinergici di altre 
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variabili sono ancora poco conosciuti. Una meta-analisi svolta per valutare gli spostamenti altitudinali degli 

uccelli di montagna in risposta alle anomalie termali, non ha trovato una direttrice costante nel cambiamento 

di quota, ma una seconda meta-analisi riguardante le previsioni future ha suggerito che proprio le specie 

montane saranno significativamente più impattate dai cambiamenti climatici rispetto a specie non-montane. In 

Italia, abbiamo trovato una forte correlazione positiva tra variazione delle dimensioni degli areali riproduttivi 

e l’indice termale delle specie (STI: temperatura media di presenza di una specie a scala europea), a conferma 

del fatto che il recente riscaldamento climatico ha favorito specie di climi più caldi e sfavorito quelle legate ad 

ambienti più freddi. Un modello che includeva STI e habitat associati agli uccelli è risultato poco supportato, 

ma ha anche suggerito che le specie forestali hanno avuto variazioni più positive rispetto a specie legate agli 

habitat aperti alpini o agricoli. Per quanto riguarda la nostra specie modello, abbiamo scoperto che il fringuello 

alpino durante il periodo riproduttivo, seleziona per il foraggiamento luoghi freddi, caratterizzati da copertura 

erbosa bassa, margini di neve in scioglimento adiacenti al prato e macchie di neve: microhabitat sensibili al 

cambiamento climatico e che ospitano un’alta qualità e quantità di invertebrati. I fringuelli alpini sono in grado 

di selezionare con grande efficienza questi microhabitat in relazione all'abbondanza e al tipo di prede, 

dimostrando un'alta adattabilità alla variabilità delle risorse trofiche nello spazio e nel tempo, caratteristica 

tipica delle specie proprie di ambienti d’alta quota. Modellizzando l’idoneità di foraggiamento di questi 

microhabitat rispetto ai cambiamenti climatici osservati rispetto al passato (1976) e previsti per il futuro (2066), 

abbiamo riscontrato un’idoneità maggiore di tali siti nel passato e un previsto calo della stessa per il futuro. Le 

attività di pascolo, in grado di mantenere il manto erboso ad un’altezza adatta ai fringuelli alpini, potrebbero 

migliorare l'idoneità strutturale attuale e futura di tali microhabitat di foraggiamento, almeno per le popolazioni 

presenti in habitat adiacenti a prati alpini adibiti a pascolo. Per le popolazioni confinate invece in habitat 

rocciosi (ad esempio sub-nivali e nivali), dove la copertura erbosa è generalmente bassa o addirittura assente, 

questa mitigazione non potrà essere applicata, ed i fringuelli alpini di questi habitat, dipendendo principalmente 

dalla presenza di macchie di neve, potrebbero essere più colpiti/minacciati dai cambiamenti climatici. Le 

misure per mitigare e compensare gli effetti dei cambiamenti climatici si basano principalmente su una gestione 

a vasta scala che dovrebbe estendere le attuali aree protette per favorire le specie già presenti ed anche quelle 

future colonizzatrici provenienti da quote più basse. Abbiamo dunque suggerito lo sviluppo di piani di gestione 

delle aree montuose che considerino le minacce e le opportunità derivanti dalle interazioni fra cambiamenti 

climatici, uso del suolo a diverse scale spaziali e conservazione di ambienti chiave dal macro al micro habitat. 
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SECTION I 

- General Introduction -  

 

 

 

 

 

 

 

 

 

 

Glacier in the Ortler Apls (Stelvio National Park), between Tuckett Mountain (3.464 m) and Punta degli Spiriti 

(3.467m). Photo: D. Scridel 
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I.a The problem of anthropogenic climate change 

“You can deny environmental calamity until you check the facts” George Monbiot 

 

Anthropogenic climate change is one of the greatest pressures to biodiversity of recent times (Thomas et al. 

2004), and it is increasingly threatening ecosystems and species worldwide (Bellard et al. 2012). During the 

history and evolution of life on Earth the climate has always changed with both warmer and cooler phases than 

those we are currently experiencing (Petit et al. 1999). Such variations were natural (e.g. non-anthropogenic) 

in origin and mostly caused by orbital wobbles, volcanic activity, rock weathering, solar activity (IPCC 2007). 

Ecosystems and species have moved to track such changes and have evolved within this climatic history 

(Atkinson et al. 1987, Blois et al. 2013). However, these prehistoric changes differ substantially from what we 

are currently experiencing, as the current changes involve a new natural forcing defined as greenhouse 

emission by anthropogenic activity. The greenhouse effect was firstly described by Tyndall and Arrhenius at 

the end of the XIX Century as the process by which radiation, from a planet's atmosphere, warms the globe's 

surface to a temperature above what it would be without its atmosphere (IPCC 2007). The denser the 

atmosphere the more energy it can trap thanks to the higher concentration of energy-holding molecules such 

as water vapour and carbon dioxide. Without this natural greenhouse effect (as opposed to anthropogenic), life 

on earth would be vastly different, or even non-existent as conditions will be similar to our moon (given its 

similar distance to the sun as the earth is). However, since the Industrial Revolution, the burning of fossil fuels 

has grown at unprecedented rates, further increasing the concentration of various greenhouse gases in the 

atmosphere most notably carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O; Figure 1 & 2). 

According to the results of IPCC (2014), the level of greenhouse gases has surpassed the highest levels of 

concentrations on earth over the last 800,000 years. If considering atmospheric CO2 alone, human activities 

alongside natural forces have driven at its highest level over 15 million years (Tripati & Darmi 2018). Like 

climate, also CO2 has fluctuated over time. During pre-industrial revolution, natural forces caused fluctuations 

of CO2 between 180-280 parts per million (ppm). It took 5.000 to 20.000 years to increase by 100ppm, but 

since the industrial revolution it took only 120 years to increase 100ppm due to human activity. The changes 

in atmospheric composition, alongside changes in land use cover, has led to an increase in radiative forcing, a 

metric that indicates changes in global radiation balance. 
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Figure 1 Total annual anthropogenic greenhouse gas (GHG) emissions (gigatonne of CO2-equivalent per year, GtCO2-

eq/yr) for the period 1970 to 2010 by gases: CO2 from fossil fuel combustion and industrial processes; CO2 from Forestry 

and Other Land Use (FOLU); methane (CH4); nitrous oxide (N2O); fluorinated gases covered under the Kyoto Protocol 

(F-gases). Adapted from (IPCC 2014 available at: http://www.ipcc.ch/report/ar5/syr/) 

 

Figure 2 Contribution to observed surface temperature change over the period 1951-2010. Adapted from (IPCC 2014, 

available at: http://www.ipcc.ch/report/ar5/syr/). 
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A primary consequence of this is that global mean surface temperature increased by 0.7–0.9 °C per century 

(calculated from 1901), but the rate of warming has nearly doubled since 1975 to 1.5–1.8 °C per century, with 

the 10th warmest years on record occurred since 1998 (Sánchez-Lugo et al. 2017). Apart the warming effect 

per se, what really concerns scientists is the rapidity of such changes. A recent study by Gaffney & Steffen 

(2017) estimated that humans are causing climate to change 170 times faster than natural forces alone. The 

rate of change can vary in space and time due to different factors. The land is warming faster than the oceans, 

with Northern Hemisphere land surface temperatures increasing at around 0.3 °C per decade between 1979 

and 2005, compared to increases of around 0.2 °C per decade for ocean temperatures over the same period 

(IPCC 2007). Additionally, climatic changes have influenced the global atmospheric circulation and 

precipitation patterns, but in a less predictable manner, with some areas experiencing drier conditions and 

others wetter, whilst both heavy rainfall and drought frequency have increased (Trenberth et al. 2007). Rapid 

changes in temperature have been accompanied by an increase in the frequency, intensity and duration of 

unpredictable weather events such as floods, hurricanes, heatwaves or droughts (IPCC 2001, EEA 2004). 

Diffenbaugh (2017) found that historical global warming has increased the severity and probability of the 

hottest monthly and daily events at more than 80% of the observed area and has increased the probability of 

the driest and wettest events at approximately half of the observed area. These changes are already affecting 

physical, biological and human systems (Rosenzweig et al. 2007), and even if we stopped all emissions 

tomorrow, climate change will continue in the foreseeable future due to gasses already emitted (Raftery et al. 

2017).  

Understanding and predicting climate change impacts is therefore an important and necessary aspect 

of climate change research. In this regard, Global Climate Models (also known as General Circulation models 

both abbreviate as GCMs) aim to describe climate behaviour by integrating a variety of atmospheric, oceanic, 

cryospheric and land surface processes and represent the most advanced tool currently available for simulating 

the response of the global climate system to increasing emission or radiation scenarios (IPCC 2007). Emission 

scenarios are built upon estimates of the development of the world economy, population growth, globalisation, 

increasing use of green technology, etc. In the past IPCC assessments, the most widely used scenarios were 

SRES (Special Report on Emission Scenarios (Nakićenović et al. 2000)). More recently, IPCC has applied a 

new set of scenarios, named Representative Concentration Pathways (RCPs) which differentiate from SRES 

as they account for potential climate change mitigation policies to limit emissions and are expressed in 

approximate radiative forcing relative to the pre-industrial period achieved either in the year 2100, or at 

stabilization after 2100 (Moss et al. 2010; Figure 3). Over the past ten years, observed emissions have been 

close to the most carbon intensive of the SRES scenarios—A1FI emphasizing how complex is to stabilize 

carbon emissions for our society and that extreme scenarios are unlikely to be unrealistic (Figure 3).  
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Figure 3 Change in average surface temperature (a) and precipitation (b) based on multi-model mean projections for 

2081–2100 relative to 1986–2005 under the RCP2.6 (left) and RCP8.5 (right) scenarios. Available from Climate Change 

2014 Synthesis Report Summary for Policymakers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 Coloured lines represent different scenarios of estimated historical and projected increase in carbon dioxide 

emissions according to various scenarios (SRES, RCPs). Graph available from Peters et al. (2013).  
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I.b Mountain biodiversity and ecosystem services 

“Here not palaces, neither theatre nor loggia, but in their place a fir, a beech, a pine, between the green 

grass and the beautiful mountain nearby. They lift from Earth to Heaven our mind” Francesco Petrarca 

 

Although considered globally important areas for biodiversity, mountain and upland regions remain amongst 

the most poorly studied systems to the point that we lack even a univocal definition for mountain regions, 

which are subject to different interpretations vary across countries and institutions. According to Kapos et al. 

(2000), 25% of the Earth’s surface is covered by mountains which support ¼ of terrestrial biodiversity and 

contain about 50% of the world’s biodiversity hotspots (Myers et al. 2000, Körner & Ohsawa 2006). In Europe, 

mountains are important biodiversity hotspot for plants holding 20% vascular plants of the continent (Väre et 

al. 2003) and host many endemic species (Dirnböck et al. 2011). The reasons for the high biological diversity 

can be explained by the interaction of unique ecological characteristics typical of mountain areas (Table 1 & 

Figure 4).  

 
Table 1 Some of the peculiar features influencing biodiversity in mountain systems (adapted and further implemented 

from Spehn et al. 2012). 

Climate 

Antonelli et al. (2018), found that temperature and total annual precipitation are the two most 

important predictors of tetrapod species richness in mountains regions and their contribution 

vary greatly depending on the regions considered.  

Compressed 

climatic zones 

Create a variety of habitats and species otherwise only seen over several thousands of kilometres 

of latitudinal distance. Climbing a 100 meters mountain can offer a climatic variety equal to 

travelling 100 km across a flat terrain. For this reason, the alpine life zone is richer in species 

than might be expected from the size of its area (Körner 2004). 

Geology 

Plant communities on calcareous soils have higher plant richness than on siliceous substrates 

(Wohlgemuth 2002). Similar patterns are likely to be found for invertebrate and vertebrate 

communities. Antonelli et al. (2018) found that species richness in mountain regions correlated 

with erosion rates and heterogeneity of soil types, with a varying response across continents. 

Exposure, slope 

and relief 

Forms a variety of microclimatic situations which, combined with various substrates and 

associated water and nutrient regimes, create a heterogeneity of microhabitats, often occupied 

by endemic organisms. 

Altitudinal 

isolation 
Imposes isolation of species which has led over time to speciation events (allopatric speciation). 

Migratory 

corridors 

Allow intra and interspecies immigration and emigration therefore maintaining genetic diversity. 

Common examples are the east-west forest connection of the Alps and along the southern slopes 

of the Himalayas. 

Disturbances 
Such as landslides, avalanches, grazing by large herbivores and/or wildfires creating further 

habitat heterogeneity 

Anthropogenic 

activity 

Livestock grazing, forest management, leisure activities influence significantly biodiversity in 

many alpine regions. For instance, human activity in the Alps and Pyrenees has been recorded 

since Neolithic times. Despite anthropogenic presence in mountain systems, its intensity is 

generally low, allowing to retain higher levels of wilderness compared to other systems (Catalan 

et al. 2017). 



11 
 

Figure 4 Visual representation of some ecological characteristic driving richness and diversity patterns in mountain 

systems. Foto D. Scridel – Parco Naturale Paneveggio-Pale di San Martino. 

 

Mountains are also extremely important systems for humankind, providing a vast array of natural goods (e.g. 

timber, food and fibre) and services (e.g. pollination, carbon sequestration, watershed protection) to both 

people living within mountains and outside them (e.g. MA 2005, Figure 5 & 6). Freshwater supply is perhaps 

the most crucial resource with more than 50% of human population being dependent on mountains as the 

world’s “water towers” (Viviroli et al. 2007, Vanham & Rauch 2009). Mountains are also important regulating 

system for climate, air quality, water flow and erosion. Much less is known on their influence in providing 

biological services such as pollination, seed dispersal, and the regulation of pests and diseases, but their 

contribution is believed to be fundamental worldwide (Egan & Price 2016). The preservation of mountain 

regions has also important socio-cultural implications. About 12% of the world’s population lives in mountain 

regions and represent an important legacy of human adaptability, as living in these challenging environments 

has occurred over many centuries or even millennia (Huddleston et al. 2003). The remoteness and 

inaccessibility of these landscapes have allowed the conservation of unique populations, making mountain 

regions a true hotspot for cultural and ethno-linguistic diversity. For example, in the Hindu Kush Himalaya 

region, over 1000 different languages and dialects are spoken (Turin 2005). In spite of their small size, also 

the European mountains are the home of various ethnic minorities, with specific cultures, languages or dialects, 

and traditions which have been diluted in many areas by external influences and the loss of indigenous people, 
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especially from younger generations (Schuler et al. 2004). In the European Alps, for example, the attractive 

“cultural landscapes” (World Heritage Committee), the high-quality food and the diverse recreational 

opportunities has led to an increase in the number of people visiting these otherwise remote areas (Debarbieux 

et al. 2014) to the point that tourism and recreation activities are recognized as fundamental drivers of local 

economies in Europe’s mountains and around the world. It is estimated that mountain tourism accounts for 15-

20% of the world’s tourism industry, amounting up to an estimated USD 70 to 90 billion per year (FAO 2012).  

 Despite their importance, various authors have raised concerns on the vulnerability of mountain 

ecosystem services to changes in land use and climate (e.g. Palomo 2017, Tang et al. 2018). Global warming 

is influencing freshwater and biodiversity patterns, while changes in land use (especially in the form of urban 

development) has been shown to negatively impact biodiversity and to deteriorate these attractive cultural 

landscapes (Egan & Price 2016). The abandonment of pastoral practices in the Alps has also been associated 

with a loss of biodiversity, forage material and landscape aesthetics (MacDonald et al. 2000, Krauβ & Olwig 

2018). On the other hand, climate change and the abandonments of pastoral activities have led to an increase 

in forest coverage, with beneficial effects on services such as carbon storage, timber production and soil 

erosion (Palomo 2017). True evaluations of cost and benefits of climate change and land use on ecosystem 

services remain still poorly understood and more work should be targeted to assess the sensitivity of mountain 

ecosystem services to the rapid global development (Körner 2000, Schröter et al. 2005).  
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Figure 5 Mountains systems (highlighted by the bouldering line) provide the most numerous ecosystem services 

worldwide. Available from Egan & Price (2016) available at: http://unesdoc.unesco.org. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6 Visual representation of some of the goods and services present at Passo Gavia, Stelvio National Park (Italy). 

Photo: D. Scridel  
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I.c Climate and land use change in mountain regions 

“All mountain landscapes hold stories: the ones we read, the ones we dream and the ones we create” George 

M. S. Kennedy 

 

Mountain regions offer a unique opportunity to detect climatic alterations and to evaluate their impacts on 

biodiversity and ecosystem services. Apart from the peculiar features already highlighted in Table 1, a further 

reason for such uniqueness is the rate of warming that mountain are experiencing, faster than the global average 

and parallel to the rates experienced by the Arctic. For example, the European Alps have warmed about 2°C 

in the past 100 years, with the biggest jump in the last three decades (Böhm et al. 2001, Auer et al. 2007, 

Brunetti et al. 2009). Despite this, knowledge of the rate of warming in mountain regions requires further 

investigation. As Pepin et al. (2015) pointed out, out of the 7.297 meteorological stations available present in 

the GHCNv3 database, only 3% are located above 2000m and 0.7% above, 3.000m and long-term data is non-

existent above 5.000m. Notwithstanding these limitations, an elevation-dependent warming relationship 

(EDW) has been shown for most studies (but see Rangwala & Miller 2012 and Pepin et al. 2015), with warming 

being more rapid at higher elevation. Reasons why mountains are subjected to faster warming are still under 

debate and include complex interacting feedback mechanisms ranging from snow-albedo effects to air 

pollution (Table 2, Figure 7). 

 

Table 2 Description of the most studied mechanisms that strongly influence EDW in a mountain area. Such mechanisms 

may act independently or in combination depending on the sites considered. 

Snow-albedo 

feedback mechanisms 

In response to increasing surface air temperature, snow cover shrinks revealing land surface 

that is much less reflective of solar radiation. According to Pepin & Lundquist (2008) 20th 

century temperature trends are most rapid near the annual 0°C isotherm due to snow-ice 

feedback. For example, in the Swiss Alps, the daily mean temperature of a spring day 

without snow cover is 0.4 °C higher than one with snow cover (mean value for 1961–2012). 

Cloud cover Changes in cloud cover and cloud properties can influence condensation as well as 

shortwave and longwave radiation (Liu et al. 2009, Pepin et al. 2015) 

Moisture levels Water vapour can influence downward longwave radiation resulting in greater warming 

(Pepin et al. 2015). 

Air pollution 
Little is known about the effects of pollutants at high elevations (Pepin et al. 2015). Aerosols 

dusts deposited on snow decreases surface albedo leading to more warming (Lau et al. 2010, 

Gautman et al. 2013)  

Topography 
Topographic features (slope, aspect and exposure) typical of mountain systems can cause 

extreme variations in local climate. Stronger warming has been observed for flat and incised 

valley sites (Pepin et al. 2008). 

Urbanisation According to Pepin et al. (2008) some urban mountain locations showed enhanced warming 

rates than average. 

  

Apart from changes in climate, mountain regions are also subjected to changes in land-use with effects that 

can act synergically or in contrast with climate change and vary in intensity and frequency, depending on the 

region considered (Lenoir et al. 2010, Bhatta et al. 2018, Bani et al. 2019 Figure 7). This is particularly true in 

the European Alps where milder temperatures are pushing the treeline towards higher elevations (Leonelli et 

al. 2011, Körner 2012). At the same time, shrub and tree encroachment of formerly open grasslands is also 
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occurring as consequence of pastoral abandonment (Ameztegui et al. 2016, Braunisch et al. 2016; Figure 7). 

At lower elevations, climatic alterations are influencing patterns of tree composition and growth in forested 

zones (Rebetez & Dobbertin 2004). However, forests have been historically managed influencing cover, 

composition and natural stand dynamics (Bebi et al. 2017). The European mountains are also important sites 

for leisure activities including skiing, snowboarding, rock climbing, hiking, paragliding and hunting which in 

turn offer opportunities for tourism development and urbanisation. There is growing evidence that increases 

in such activities can negatively alter biodiversity (Laiolo & Rolando 2005, Arlettaz et al. 2007). Indeed, whilst 

the Alps are experiencing a loss in settled rural population and abandonment of traditional farmlands believed 

beneficial to biodiversity (Figure 8), changes in land use with the development of new artificial areas (ski 

pistes, dams, new roads, etc.) is occurring at a fast rate, with strong impacts on biodiversity (Figure 9; Alpine 

Convention 2018). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7 A generalisation of the observed changes in the European Alps across altitudinal zones. The symbol “-” indicates 

a reduction in size, whilst “+” expansions. Starting from the top, nival zones once covered by perennial snow and glaciers 

are now retreating because of increased temperatures revealing rock and screes expanding the sub-nival zone. Alpine 

grasslands are experiencing a reduction in size as shrubs colonize milder climates and abandoned by pastoral lands. 

Subalpine, upper montane and lower montane zones are undergoing an increase in forest cover mostly due to changes in 

land management. Here climatic effects and forest practices are influencing patterns of tree composition.    
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Figure 8 Changes in the number of farms from 1980 to 2010. Important to notice that strong declines have occurred 

mostly in Italy and it concerns mostly small farms with less than 10 hectares, while the number of farms with more than 

20 hectares has increased (Alpine Convention 2018). Available from:  

http://www.alpconv.org/en/publications/alpine/default.html 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9 Tourism intensity map based on the ratio between data on overnight stays and population (Alpine convention 

2018). Available from:  http://www.alpconv.org/en/publications/alpine/default.html 
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I.d Mountain birds and climate change 

“When a flock of snowfinch visits your doorstep, bad weather is on its way” Local proverb heard in various 

mountain refuges during this PhD. 

 

Mountains are considered areas of high species richness for a variety of taxon including birds (Myers et al. 

2000, Körner & Ohsawa 2006) and according to Orme et al. (2005), 89% of bird’s biodiversity hotspots occur 

on the mountains of mainland continents. Despite this, even in the most developed countries, knowledge on 

birds inhabiting these topographically complex areas is vague, with little information on species’ distribution 

and poor insights into their biological and ecological requirements (Chamberlain et al. 2012, Sato et al. 2013, 

Scridel 2014). Given the higher level of wilderness that mountains hold compared to other systems, these 

regions are unlikely to be important exclusively from mountain breeding birds. For example, it has been 

estimated that 35% of all North America species use mountain habitats during their life cycle and ¼ of these 

species are also listed as species of conservation concern (Boyle & Martin 2015). In Europe, mountains are 

also important refuge areas for many open habitat species which have lost their former habitats in the lowland 

areas due to agricultural intensification and urbanisation and are sheltering at higher elevation (Laiolo et al. 

2004, Archaux 2007, Calledine & Bray 2012, Assandri et al. 2019). Indeed, birds are good indicators of 

changes in habitat quality, but they have been also investigated for their worrying response to anthropogenic 

climatic change (Walther et al. 2002, Crick et al. 2004, Pacifici et al. 2015). In this regard, mountain birds are 

considered to be particularly threatened as they exhibit a high degree of evolutionary adaptations that could 

become counterproductive in a changing climate (Table 3 & Figure 10) and the few evidence available suggests 

that species are suffering and shifting their distribution to track suitable climate (Tingley et al. 2009, Maggini 

et al. 2011, Auer & King 2014, Lehikoinen et al. 2014, Pernollet et al. 2015). According to climate envelope 

theories, species may be able to respond to climatic alterations by shifting their distribution latitudinally (i.e. 

polewards) or towards higher elevations (Grinnell 1917, Guisan & Zimmerman 2000, Morin & Lechowicz 

2008). However, species tracking climate uphill are considered particularly at risk because typically less areas 

is available at higher elevation, leading to a loss of habitable land and to an increased isolation between 

populations (Colwell et al. 2008). This is particularly evident in studies modelling the future distribution of 

mountain birds in response to increases in temperatures where species are projected to disappear or to decline, 

resisting only at higher elevation or in topographically cool and complex sites (e.g. small nival valleys) where 

local temperature is colder than the average surrounding climate (Nagy et al. 2003, Avalos & Hernadez 2015, 

White & Bennet 2015, Brambilla et al. 2016). In addition to climate change effects, land use conversion is also 

a strong influencer of biodiversity, which may act in concert with climate potentially posing even more severe 

constraints on the persistence of mountain birds to current and future climate conditions. For example, while 

in Europe the abandonment of traditional farming practices has changed favouring forest species at the expense 

of open habitat ones (Laiolo et al. 2004, Brambilla et al. 2007, Rippa et al. 2011), milder temperatures are also 

pushing the treeline at higher elevation hence expanding forested habitats and reducing suitable land for open 

habitat species (Lamprecht et al. 2018). Overall assessment of the combined and independents effects of 

climate change and land use in mountain regions is complex, but according to Maggini et al. (2014) which 
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combined climatic with land use scenarios, birds inhabiting coniferous woodlands, alpine habitats and 

wetlands are predicted to be significantly more vulnerable than species in other habitats. Other confounding 

factors might be linked to species-specific biological and ecological traits (Reif & Flousek 2012, Auer & King 

2014, Lehikoinen & Virkkala 2016, Pacifici et al. 2017), the mountain range and the time frame considered 

(Rocchia et al. 2018). For all these reasons, it is in my hope with this thesis to advance our current 

understanding in identifying drivers of change for birds living in mountain regions. 

 

 

Table 3 Summary of the main challenges and relative adaptations (morphological and physiological) that mountain birds 

face by living at high-elevations according to Martin & Weibe (2004) and Scott (2011).  

 

 

 

CHALLEGE DESCRIPTION ADAPTATION 

Hypothermia 

Reduced body 

temperature occurring 

when a body dissipates 

more heat than it absorbs.  

Morphological and physiological  

• Larger body size to retain heat. 

• Plumage (special insulation to trap warm air and coloration to retain/ attract 

heath). 

• Counter-current blood exchange keeping heat loss at minimum. 

• Facultative torpor. 

Behavioural 

• Migration. 

• Shivering. 

• Heat retention on an individual in a crowd situation. 

• Increased feeding “penguin effect”. 

• Build snow burrows for shelter and warmth. 

Hypobaric 

hypoxia  

Decrease in barometric 

pressure and a 

consequential reduction in 

the partial pressure of 

oxygen (PO2). 

Morphological and physiological  

• Specially designed lungs with superior capacity for gas exchange. 

• Larger hearth and cardiac stoke volumes. 

• Muscle ultrastructure (muscle capillary per fibre higher for birds at high 

elevations). 

• Longer flight feathers (wings and tail) to cope with strong winds reduce 

metabolic costs. 

• Haemoglobin with a higher O2 affinity. 

Behavioural 

• Increases in ventilation (breathing). 

• Variable wingbeat frequency to adjust metabolic rate and conserve energy.  

Extreme weather 

and seasonality 

Extreme weather events 

and short seasonality 

(short food availability 

and breeding window) are 

typical challenges of birds 

living in mountain 

environments. 

Morphological and physiological 

• Longer flight feathers (wings and tail) to cope with strong winds. 

• Stress hormone levels to allow breeding in conditions that would cause nest 

abandonment in low elevation birds. 

Behavioural 

• Life history variations and strategies (opting out breeding, 

delaying/anticipating breeding, maintain fecundity but sacrifice body 

condition, reduce number/quality of eggs, adjust migration phenology etc.). 
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Figure 10 Generalisation of intra and inter specific patters of life history traits in mountain birds. Various scientific works 

(Sandercock et al. 2005, Bears et al. 2009, Martin et al. 2009; Wilson & Martin 2010, Camfield et al. 2010, Laiolo et al. 

2015, 2017, Bastianelli et al. 2017) have shown that birds breeding at high-elevations have a higher-survival and low 

annual fecundity compared to conspecifics living at lower elevation. This pattern is most likely explained due to an 

increase in investment in self-maintenance by living in cold sites with a short breeding season. Image from (Martin, K. 

The conservation value of mountain habitats for birds and predicted impacts of climate change, International 

Ornithological Conference 2018, Vancouver, Canada). 
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I.e General aim of this thesis 

The aforementioned research has left many unanswered and unexplored questions regarding the effects of 

climate change on mountain bird communities. A systematic review of the literature available on this topic is 

lacking and it may be a good starting point for understanding general patterns of change, identify current 

research gaps and set future objectives. A primary aim of this thesis is to elucidate if there is any evidence of 

change in distribution for mountain birds in response to climate change both at local, national and global scale. 

Indeed, impacts of climate change effects on mountain birds are rare or show mixed responses depending on 

the species and the mountain range considered. To tackle the various gaps in knowledge research activities 

should focus on comprehending how mountain birds may biologically and ecologically respond to such 

change. Therefore, an under-laying aim of this thesis is also to provide further insights on the ecology and 

biology of species breeding at high elevations. Via the identification of a candidate species sensitive to climate 

change (i.e. white-winged snowfinch Montifringilla nivalis), I intend to investigate biological, ecological and 

population dynamics aspects of such species as well as attempting to set a long-term study for this species. A 

further target of this thesis is to better evaluate the use and the value of microhabitats (Nelli et al. 2013, Visinoni 

et al. 2016, Jähnig et al. 2018) as they are considered fundamental refugia sites for many species threatened 

by climate change which would be worth identifying and protecting them. Future projections are also a 

fundamental tool when evaluating climate change impacts and part of this thesis is dedicated at modelling 

habitat suitability at various spatial scales according to future climatic scenarios (Figure 11).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11 Diagram summarising general (grey bars) and specific aims (bubbles) of my PhD. This thesis attempts to 

describe and comprehend how climate change impacts on mountain birds in order to develop sensate human-mediated 

actions via a series of specific research projects. 
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I.f Thesis structure 

Chapter I: By conducting a systemic literature survey, we reviewed evidences for impacts of climate change 

on Holarctic mountain bird populations in terms of physiology, phenology, trophic interactions, demography 

and observed and projected distribution shifts, including effects of other factors that interact with climate 

change. This was carried out by developing an objective classification of high-elevation mountain specialist 

and generalist species, defined by proportion of their breeding range occurring in mountain regions. 

Chapter II: Evidences of the effects of climate change in Italy remain poorly demonstrated particularly for 

vertebrates. In this study, we related 30 years change in range size to species thermal index (average 

temperature at occurrence sites) and to other factors (birds’ associated habitats, body mass, hunting status) 

potentially affecting bird populations/range size. We analysed trends of breeding bird range in Italy for a suite 

of poorly studied cold-adapted animals potentially sensitive to global warming, and for a related group of 

control species taxonomically similar and with comparable mass but mainly occurring at lower/warmer sites. 

Chapter III: Key components of population persistence in face of climate change can be attributed to 

resistance (the capacity to remain unaffected) or resilience (capacity to absorb and recover) to climate change. 

In situ climatic refugia can act as resistant distribution units, and ex situ climatic refugia and the corridors to 

reach them may enhance resilience. Here, for a set of mountain species conservation priorities, we identified 

resistant units and resilient areas according to structural connectivity and future distribution, to formulate 

strategies that maximize the chances of species persistence in a changing climate. 

Chapter IV: This chapter focuses on a model species highly threatened by climate change (white-winged 

snowfinch Montifringilla nivalis) and investigates microhabitat selection by that species in the most critical 

phase of its life cycle. We assessed the potential impact of climate change on habitat suitability for the model 

species and explored the potential benefits of a targeted (micro)habitat management considering the 

mechanistic responses to fine-grained, climate-induced modifications of habitat suitability. 

Chapter V: Habitat characteristics may modulate extinction risk posed by climate change to animal species, 

by determining different degrees of reliance on climate-dependent resources, with important implications for 

conservation. We tested this hypothesis evaluating whether landscape composition may affect the use of 

microhabitats by snowfinches more or less subject to climate impacts: populations/individuals mostly relying 

on snow could be at higher risk (spring snow-cover is decreasing in the Alps), but the reliance on snow could 

be mediated by the presence of alternative habitats in the surrounding landscape. 

Chapter VI: Dynamic microhabitat selection, adjusted to better match variations in prey availability in space 

and time, could be crucial for species living in harsh or extreme environments, where resources are limited 

and affected by climate change. We aimed at understanding drivers and adjustments of foraging microhabitat 

selection in snowfinches Montifringilla nivalis, a high-altitude species vulnerable to climatic changes, by 

analysing the availability of invertebrate preys across microhabitats exploited by the species. 

Chapter VII: The mechanisms how global warming affects species population dynamics are largely unknown 

for mountain species. Using a 15 years mark-recapture data on snowfinches in the Apennines, we estimated 

apparent survival for adults (males and females) and juveniles and relate this to climatic data and weather 

variables (temperature and precipitation).   
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ABSTRACT 

Microhabitat selection is a key driver of species ecology and their conservation, but it has been little 

investigated and mostly considered a static process where different microhabitats are preferred over others. 

Dynamic microhabitat selection, adjusted to better match spatio-temporal variations in prey availability, could 

be crucial for species living in harsh or extreme environments, where resources are limited and highly affected 

by climate change. We aimed at understanding drivers and adjustments of foraging microhabitat selection in 

snowfinches Montifringilla nivalis, a high-altitude species vulnerable to climatic changes, by analysing the 

availability of invertebrate preys across microhabitats exploited by the species during the breeding period. We 

assessed this by calculating the proportional use of each microhabitat and relating this to various measures of 

invertebrate abundance and diversity at the same spatio-temporal scale. We found that snowfinches selected 

in order of importance, alpine grassland, margin snow-grassland, margin snow-bare substrate, snow and bare 

substrate microhabitats. In addition, they were able to adjust the proportional use of different microhabitats in 

relation to local and temporal insect availability (positive effect). We also found a weak negative effect of 

arachnids, with snowfinches selecting areas with lower availability of spiders, mites and harvestmen. 

Arachnids are common predators in high-elevation mountain systems and may potentially act as indirect 

competitors of snowfinches. Our study provides a first demonstration of dynamic microhabitat selection in 

extreme terrestrial environments; further works should investigate how species can cope at the microhabitat 

scale with variation in resources also in other systems and in relation to ongoing environmental changes. 

 

Keywords: snow, mountain, Montifringilla nivalis, climate change, birds 
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1. INTRODUCTION 

Central to the study of animal ecology is the understanding of processes underpinning species distribution and 

the use that species make of the environment (Cody 1985, Levin 1992). This implies investigating what factors 

drive the use of certain habitats instead of others, according to a process generally referred to as habitat 

selection, which should allow a species to choose habitats where it can meet its ecological needs (Johnson 

1980, Hutto 1985). Habitat selection has been investigated over very different spatial and temporal scales (e.g. 

foraging, nesting, migration), and studies suggested that for many species habitat selection is a hierarchical 

process encompassing different ecological scales and stimuli (Wiens 1989, Boyce et al. 2003, Jedlikowski et 

al. 2016, Schwemmer et al. 2016). For instance, habitat selection has been shown to govern macroecological 

patterns (e.g. species’ geographical limits; Peterson 2003, Elith and Leathwick 2009), home range composition 

(Dickson and Beier 2002, Santangeli et al. 2012), migratory routes (Rettie and Messier 2000, Boone et al. 

2006) and small-scale selections choices like nest location sites or sites holding key prey items (Martin 1996, 

Clark and Shutler 1999, Johnson and Sherry 2001). 

A crucial aspect of habitat selection in animal species is to elucidate the use of microhabitats in spatio-

temporally discrete areas that offer fundamental resources for life history functions (Barbosa et al. 2010). 

Indeed, the selection of the correct microhabitat is regarded as critically important for many animal species as 

it influences fitness (Partridge 1978), for example by improving foraging efficiency (Biscardi et al. 2007), 

reducing costs of thermoregulation (Du Plessis et al. 2012), providing shelter from predators (Skelhorn and 

Ruxton 2013) and it has even effects on species’ survival and reproductive success (Wilson 1998, Jedlikowski 

and Brambilla 2017). Furthermore, studies investigating microhabitat selection are becoming increasingly 

important in the context of climate change, as small-scale habitats can maximise the resilience and resistance 

of populations (i.e. refugia sites; Barbosa et al. 2010, Suggit et al. 2011, Keppel et al. 2012, Frey et al. 2016, 

Betts et al. 2017, Brambilla et al. 2017). This may be pivotal in terms of biodiversity conservation, for example 

when the preservation of a species’ entire geographic range in unfeasible, but the conservation of its habitats 

and microhabitats may be achievable. 

In birds, microhabitat selection has been largely investigated as a function of habitat characteristics 

(Davis 2005, Watanuki et al. 2008, Visinoni et al. 2015, Winiarski et al. 2017, Swaisgood et al. 2018) and/or 

of prey availability and accessibility (Colwell and Landrum 1993, Whelan 2001). When both the effects of 

these two main drivers have been assessed, they have been often evaluated over different spatial or temporal 

extents (Guillemette et al. 1992, Johnson and Sherry 2001, Barbaro et al. 2008). Moreover, these have often 

been modelled separately leading to a potential spatial, temporal and conceptual mismatch between the 

observation of predators and environmental data such as prey-predator distribution. Modelling their combined 

effects at the same spatio-temporal scale is rare in the literature (but see Schwemmer et al. 2016), even if this 

could lead to a more precise inference of whether a species is able to adjust its microhabitat selection according 

to the presence of its prey items. 

Although it is generally assumed that a forager distribution will occur at the highest prey densities to 

maximize their rate intake (Holling 1959a,b, Stephens and Krebs 1986, Zwarts and Wanink 1993, Wallace et 
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al. 2015), there is some evidence that match between species presence and their food may be imperfect (Wiens 

1976, 1977, 1989, Rotenberry and Wiens 1980, Martinez et al. 2010), because of different constraints including 

habitat complexity, presence of predators, density-dependent effects (Brown 1988, Heithaus et al. 2002, 

Piersma 2012). In birds, the relationship between predator-prey distribution at microhabitat level is still little 

studied. Theoretically, bird species target their foraging habitat according to a hierarchy of spatial and temporal 

scales, for example by selecting foraging microhabitats within their mesohabitat (Winiarski et al. 2017, 

Swainsgood et al. 2018,) and at landscape level (Schlacher et al. 2014). In addition, the search for prey-rich 

sites could correspond to well-defined habitat characteristics or to sites where preys are predictably found at 

accessible locations (Boyd et al. 2015). However, other factors can affect habitat selection, such as predation 

risk (Lindstrom 1990), density-dependent effects and distance to roost site (Gadenne et al. 2014) or scale- 

and/or time-dependent resource quantity and/or quality (Beerens et al. 2011). Interestingly, within the same 

area, foraging habitat selection may be predicted by food abundance for species exploiting easily assessable 

resources (i.e. fruits), and by proximate cues, such as vegetation structure, in species relying on less assessable 

resources like insects (Martin 1998, Wolfe et al. 2014), but drivers may be species-specific (Blendinger et al. 

2012) and even individual-specific (i.e. conspecific attraction, site familiarity, age, sex; Piper 2011, Spiegel et 

al. 2017). Conversely, local variations on a common pattern of microhabitat selection could be expected if the 

environment they exploit is unpredictable, as for species living in dynamic (i.e. aquatic, costal) or extreme 

environments (i.e. high elevation/latitude systems, deserts), which should have developed strategies to cope 

with resource scarcity and highly variable in space and time (Beerens et al. 2015, Couribin et al. 2018 ); as an 

example, in desert mice, foraging microhabitat choice seasonally mirrors the pattern of resource availability 

(Vonshak et al. 2009), but similar variations could be expected also across space. Birds living in high-mountain 

systems (above the tree-line) are also similarly subjected to dynamic trophic changes in space and time. In 

these habitats, where local primary production is generally low, inputs from dispersing wind-borne arthropod 

fallout is a fundamental (yet unpredictable) resource for various breeding birds who collect invertebrates 

directly from snow patches (Antor 1994, Brambilla et al. 2017, Brambilla et al. 2018, Brambilla et al. 2019). 

Similarly, snow-melting margins and alpine grasslands are fundamental microhabitats to capture key 

invertebrates (i.e Coleoptera, Diptera, Lepidoptera), but their availability, accessibility and distribution may 

change on a daily basis as strictly dependent on the rate of snowmelt (Muscio et al. 2005, Gobbi et al. 2006, 

2011, Brambilla et al. 2019). 

With this study, we explicitly evaluate the potential adjustment of microhabitat selection during crucial 

phase of the nestling rearing period on the white-winged snowfinch Montifringilla nivalis (hereafter 

snowfinch) a high-elevation mountain species. By living in this highly-dynamic environment where resources 

change daily particularly in relation to abiotic factors (i.e. wind, temperature) we hypothesis that this species 

is highly adapted to track food availability in space and time. We assess whether birds may perform a dynamic 

habitat selection according to local prey availability across different types of microhabitats, which means 

modulating at a local scale the more general pattern of microhabitat use, in relation to the food resources 

available to individuals at a given site. We hypothesized that foraging individuals may increase or decrease 

(i.e. tuning) the use they make of a specific microhabitat, in relation to the prey availability offered by that 
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microhabitat in a given site, therefore showing a dynamic microhabitat selection, which could be expected in 

species living in extreme environments where resources vary in space and time in an unpredictable manner. 

 

2. MATERIAL AND METHODS 

2.1 Model species 

Our model species was white-winged snowfinch Montifringilla nivalis (L.), hereafter “snowfinch”, a high-

elevation Passeridae breeding across the Palearctic mountain ranges, from Iberia to the Tibetan 

plateau (del Hoyo et al. 2016). In Europe, the subspecies Montifringilla nivalis nivalis is confined to alpine 

nival and sub-nival habitats across the Cantabrian, Pyrenees, Corsica, Alps, Apennines and Balkans mountain 

ranges. This species lays one or, more rarely, two clutches per season, in a nest build with dry grass, moss and 

lined with feathers, located in either natural or artificial cavities such as rock crevices, ski-pilons, crags in 

building (i.e. mountain huts, ski resorts) and nestboxes (Cramp and Perrins 1994). Females lay between 4-5 

eggs which are incubated for 12-14 days. Nestling fledge at 18-22 days and are fed by both parents for 12-15 

days after leaving the nest (del Hoyo et al. 2016). During the nestling-rearing period, the adults feed their 

youngsters with a variety of food items, mostly arthropods collected for from the ground. According to the few 

references available, snowfinches diet during the nestling-rearing period is likely to vary depending on site but 

also according to snow availability. Invertebrates most commonly associated with snow patches are Diptera 

(particularly Tupilidae), Lepidoptera, Hymenoptera, Hemiptera, whilst in snow-free conditions diet seems to 

be primarily composed by Arachnida, Coleoptera, Orthoptera, but also Lumbricidae and Dermaptera (Cramp 

and Perrins 1994, Glutz von Blotzheim and Bauer 1997). 

   

2.2 Study area 

Pairs of snowfinches were studied in the Central and Eastern Italian Alps in the provinces of Sondrio, Brescia, 

Trento and Bolzano. Study sites were located between 2.200 and 3.020m asl, hence encompassing typical 

breeding snowfinch habitat above the treeline. Study areas were six in total and located around ski-pistes (Passo 

Sella, Passo Pordoi), mountain passes (Passo Stelvio, Passo Umbrail, Passo Gavia) and nival plateaux (Pale di 

San Martino), hence including a wide range of habitats from ‘anthropized’ mountain environments to alpine 

grasslands and rocky plateaux. 

2.3 Foraging habitat selection 

We monitored a total of 15 breeding pairs of snowfinches from the beginning of June to the end of July 2017. 

Breeding pairs were followed for one day during their provision from the foraging microhabitat to the nest, 

until reaching an ideal number of 20 consecutive foraging events per pair. However, due to the complexity in 

working in such extreme environments (adverse weather and terrain), we were not always able to achieve this 

objective. Indeed, the mean number of daily observations per pair was 17.7 (SE 0.9). For 9 out of 15 pairs we 

were also able to perform a second round of visits, 3-4 days after the first one. For each foraging event, we 

collected data on its exact geographical location and attributed it to a microhabitat type using a 1x1m quadrat 
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according to 5 pre-identified categories, which represent the most important foraging habitats for the species 

(see e.g. Brambilla et al. 2017): i) snow patch (snow cover ≥90%); ii) grassland (grass cover ≥90%); iii) bare 

substrate (cover of bare ground, sand, rock, scree and/or boulders ≥90%); iv) margin snow-grassland; v) 

margin snow-bare substrate. Study sites contained all classes of microhabitats but at different proportions 

within 300m radius from the nest and all observations of foraging snowfinches occurred within the pre-defined 

microhabitats. 

2.4 Invertebrate sampling 

We collected data on invertebrate abundance, diversity and body size for each breeding pair and for each type 

of microhabitat to investigate if selection of foraging microhabitats by snowfinch can be adjusted according to 

local prey availability. To avoid the potential effect of predation by snowfinches on invertebrate availability, 

we specifically selected arthropod sampling sites just beyond the area most exploited by snowfinches for prey 

collection during the nestling rearing period. As snowfinches during this life stage mostly forage within 300m 

from the nest (Strinella et al. 2007, Brambilla et al. 2017), we sampled invertebrates at a slightly higher distance 

from each nest (mean distance of sampling sites from nest = 423.15, SE=46.4). In order to obtain a balanced 

sample of invertebrate measures across all microhabitats, for each nest and visit we randomly identified five 

transects that included a transition of all types of snowfinch foraging microhabitats (snow patch, margin snow 

patch-grassland, margin snow patch-bare substrate, bare substrate and/or grassland; Fig.1). Once transects 

were identified, we performed visual counts of 2 minutes long, stratified by microhabitat type. During this 

time, all arthropods present (dead or alive) within a 1x1m quadrat were broadly identified as either insects or 

arachnids and estimated for their body size (mm) as follow: arachnids from base of chelicera to the posterior 

end of opisthosoma; insects from the head to the last tergum; insect larvae from the head to the last urite. The 

appendages and legs were not taken into consideration. We established to base invertebrate assessment on 

visual counts, because we aimed at measuring invertebrate availability, which is the combined result of 

invertebrate abundance and detectability. Given that snowfinches perform a visual search of their preys, such 

counts should approximate well the availability of preys as perceived by our study species. Visual counts are 

a commonly used method in the literature, particularly for estimating abundances of butterflies (e.g. Pollard 

and Yates 1993), grasshoppers (e.g. Wettstein and Schmid 1999), Hymenoptera (e.g. Gunnarsson and Federsel 

2014), spiders (e.g. Costello and Daane 1997). Other commonly used methods such as pitfall traps, sweep nets, 

sticky boards, suction sampler may screen invertebrates in a manner that can be considered unrepresentative 

of birds foraging behavior (Hutto 1990). This is particularly true for snowfinch which forages by picking 

conspicuous ground-dwelling invertebrates which stand out particularly well on typical high-elevation 

substrates such as snow, boulders, scree, short grass and bare ground (Brambilla et al. 2017, 2018). In order to 

minimize factors known to influence invertebrate variability (time of the day, temperature, cloud cover, wind), 

all surveys of foraging snowfinches and invertebrate sampling occurred either simultaneously or almost 

simultaneously (30 minutes after the foraging events) and in fine weather conditions (no rain, max. 5.5 m/s). 
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2.5 Statistical analysis 

To test for a relationship between microhabitat selection and the relative invertebrate availability at the same 

spatial and temporal scale, we calculated the “proportional use” of each microhabitat as the proportion of 

foraging events occurred within a given microhabitat for each nest and visit. The proportional use was fitted 

as a response variable in Generalised Linear Mixed Models GLMM in R (“lmer” package; Bates et al. 2015) 

with a binomial conditional distribution of the response, weighted by number of foraging observations per nest 

and visit (Zuur et al. 2009). GLMM were choose in order to account for the non-independence of data points 

(foraging observations) across nest and visit by fitting a grouping variable named “nest ID” as a random factor. 

We applied multivariate descriptive statistics to understand which predictors (fixed effect) best explained the 

proportional use of microhabitats excluding models with combination of highly correlated predictors (r>0.5). 

Fixed effects included a categorical variable identifying each type of microhabitat and various measures of 

invertebrate availability, relative to each nest and visit: abundance (mean number of invertebrates summed up 

by quadrat and microhabitat), diversity (mean number of insects and spiders summed up by quadrat and 

microhabitat per each breeding pair) and body size (mean length of all invertebrates, insects and spiders 

summed up by quadrat and microhabitat). To account for overdispersion, an observation-level random effect 

was also included in all models (Bolker et al. 2009, Harrison 2014). We ranked all models according to second-

order Akaike’s information criterion (AICc; Burnham and Anderson 2002). We considered all models with 

ΔAICc < 2 to have received substantial support (Burnham and Anderson 2002). In addition to model 

comparison, we also calculated R2 values to estimate the variance explained by fixed factors only (marginal 

R2: R2m) or by both fixed factors and random factors together (conditional R2: R2c) (Nakagawa and 

Schielzeth 2013). 

 

3. RESULTS 

We obtained a total of 452 foraging observations of breeding snowinch, 267 (15 pairs) on the first visit and 

185 (9 pairs) on the second visit. The most frequent foraging microhabitat selected by snowfinch was grassland 

(n=151; mean per session = 7.2, SE=1.4), followed by margin snow patch-grassland (n=132; mean per session 

= 6.3, SE=1.4, range), margin snow patch-bare substrate (n=58; mean per session=3.2, SE=0.6), snow (n=55; 

mean per session=2.4, SE 0.7), bare substrate (n= 15; mean per session = 1.3, SE=0.2). A total of 449 quadrats 

(grassland=145, snow=114, margin snow patch-grassland = 85, margin snow patch-bare substrate =61, bare 

substrate= 44) were used to sample the invertebrate community and resulted in total of 2891 arthropods 

recorded across all sites and microhabitats. The mean number of all invertebrates detected per quadrat varied 

greatly, but they were most commonly found on snow (mean=3.5, SE=0.5, n=114), margin snow patch-bare 

substrate (mean=2.8, SE=0.4, n=61), grassland (mean=2.5, SE 0.1, n=145), margin snow patch-grassland 

(mean=2.2, SE= 0.3, n=85), bare substrate (mean = 0.8, SE 0.1, n=61). 

The model selection procedure, based on the AICc scores of GLMM models, identified two most supported 

models (Table 1). Predictors of the proportional use of microhabitats included in both models habitat type 
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(with use of grassland, margin snow-grassland, margin snow-bare substrate, snow, bare substrate, in order of 

importance) and the insect abundance (with a positive effect). The most supported model (AICc=439.07; table 

1) also included arachnid abundance (with a negative effect) and explained an appreciable proportion of the 

variance (R2m=0.20, R2c=0.20). The model therefore suggested a greater probability of microhabitat use by 

snowfinches with higher levels of insects across all habitats and also highlighted a negative (yet weaker) 

relationship with higher frequencies of arachnids across various habitats (Fig.1, table 2). The other partially 

supported model (ΔAICc < 2), which did not include arachnid abundance, explained a slightly lower proportion 

of model deviance (R2m=0.17, R2c=0.17; AICc= 440.92). 

4. DISCUSSION 

Dynamic habitat selection in animal species is essential to cope with varying resource distribution, especially 

in extreme habitats where resources vary in space and time. The main finding of our work is that, even if 

snowfinches select foraging microhabitats according to a well-established general pattern, they modify the 

proportional use of different microhabitats according to prey availability. Coherently with previous findings, 

breeding snowfinches forage mostly on grassland and retreating snowmargins, but they are able to spatially 

and temporally tune their foraging microhabitat selection to match greater availability of insects, and, more 

weakly, to lower densities of arachnids. 

To our knowledge, this is the first study that models the combined effects of microhabitat selection with local 

prey availability at the same spatial and temporal scale for a high-elevation species. Dynamic habitat selection 

allowing to vary the relative frequencies of use of different microhabitats can be expected in species inhabiting 

harsh environments like high elevation systems. It is thus possible that other species, especially those living in 

environments with scarce and variable resources, could fine-tune microhabitat use in a similar way, to better 

cope with variation in food or other key resources. This knowledge could be very valuable also to evaluate and 

predict the impacts of climate change on those species. 

4.1 Drivers of adaptive microhabitat selection in snowfinches 

Our study confirms previous patterns on general foraging habitat selection by breeding snowfinches, which 

prefer microhabitats as grassland, snow margins and snow patches (Antor 1995, Strinella et al. 2007, Brambilla 

et al. 2017, 2018). The selection for these microhabitats is likely to be influenced by two important factors: 

prey abundance and accessibility. Previous studies carried out at broader scales highlighted how snowfinches 

make particular use of grassland and of the interface between grassland and snow; grassland is used almost 

exclusively when sward height is low, a condition which most likely improves prey detectability (Brambilla 

et al. 2017) and that is crucial for habitat suitability also in relation to climate change (Brambilla et al. 2018). 

Our invertebrate sampling revealed that invertebrate abundance was highest in snow patches (most likely due 

to a greater change of detecting prey; Antor 1995), still high on grassland and on snow-margins microhabitats, 

but low on bare substrates with no snow where prey detectability may be considered particularly high. Alpine 

grassland, which are recognized as biodiversity hotspots for phyto- and entomodiversity (Nagy and Grabherr 

2009, Collins and Thomas 1991), can harbour some of the highest densities of arthropods, but prey detectability 
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may be much lower than in snow habitats (Antor 1995); nevertheless, grassland was the most exploited 

microhabitat by snowfinches, followed by snow-grassland margins and by snow-bare margins and snow 

patches, the latter two being used with similar frequency. Bare substrate was the least exploited habitat, 

coherently with the lowest invertebrate availability. Therefore, snowfinches are likely to select foraging sites 

according to both prey abundance and detectability. In addition, also prey quality may be a key factor driving 

microhabitat selection: if considering the ranking of microhabitat based on prey abundance, snow patches 

should be the most profitable microhabitat to visit, but this was actually less exploited by snowfinches than 

grassland and snow-grassland margins. Snow patches harboured the highest availability of invertebrates, with 

most of them being fallout brought by upper air currents. For instance, one of the most common invertebrates 

found was the greater black spruce aphid Cinaria piceae, whose host is Norway spruce Picea abies, a tree 

species common at lower elevations, and lowland species such as the Colorado potato beetle Leptinotarsa 

decemlineata, a major pest of potato crops grown in the lowlands was also found. This dynamic pattern of 

wind-blown invertebrate influxes from the lowlands has been long known in the literature for its importance 

in sustaining life at high elevation and can found across mountain tops all over the world (Mani 1968, Antor 

1994, Rosvold 2016). In our study areas, fallout found on snow patches was mostly composed by light and 

small insects, such as aphids (Hemiptera: Aphididae), flies (Diptera), midges (Diptera: Culicoides), ants 

(Hymenoptera), which might be not as suitable for snowfinch nestlings as the larvae present in grassland and 

melting snow margins. Retreating snow margins held accessible prey items as the weight of the snowpack kept 

previous year’s vegetation low, whilst new growth had still to emerge. Snow cover has fundamental insulating 

properties, influencing survival rates of many slow-growing high-elevation plants, insects and mammals 

(Hågvar 2010, Wipf and Rixen 2010, Berteaux et al. 2016). In addition, as the snow melts, it reveals moist 

microhabitats particularly suitable for hygrophiles and hygrobions invertebrates (i.e. Diptera, Coleoptera), 

typical insects of these high-elevation mountain environments (Mani 1968). Snowmargins appear to be 

particularly suitable for pupating craneflies (Diptera: Tupilidae), a keystone invertebrate prey for many 

mountain and upland birds across various latitudes including snowfinch (Cramp and Perrins 1994, Glutz von 

Blotzheim and Bauer 1997), Lapland longspurs Calcarius lapponicus (Tyron and Mclean 1980), Eurasian 

dotterel Charadrius morinellus (Galbraith et al. 1993), golden plover Pluvialis apicaria (Pearce-Higgins and 

Yalden 2004), ring ouzel Turudus torquatus (Cramp and Perrins 1994) and red grouse Lagopus lagopus (Park 

et al. 2001). 

Rather surprisingly, we found a weak but negative effect of arachnid estimates on microhabitat use, with 

snowfinches selecting areas with lower availability of spiders, mites and harvestmen. Spiders have been 

acknowledged among snowfinch preys (Cramp and Perrins 1994, Glutz von Blotzheim and Bauer 1997), but 

on the other side they are among the most common high-elevation predators (Gobbi et al. 2011), feeding on a 

variety of invertebrates, including Diptera (Mani 1968). We can therefore suppose that arachnids may be 

indirect competitors of snowfinches, by preying upon the same insects, however more studies are required to 

better assess this possible effect.   

4.2 Dynamic habitat selection: tuning responses to changing conditions 
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Species living in harsh and dynamic environments (i.e. where resources change at a relatively fast rate) may 

be expected to be able to track resources along their temporally and spatially variation. In such cases, species 

occurrence is potentially disconnected to static measures of habitat quality (Van Horne 1983). As far as we 

know, such behavioural adjustment has been only limitedly observed in animals in general and in birds in 

particular, with examples reporting waders feeding in accordance to changing water levels and prey availability 

(Beerens et al. 2011, 2015a,b, Schwemmer et al. 2016). Snowfinches and other high-elevation mountain birds 

must as well adjust to food resources that change quickly in relation to changes in snow cover and to 

unpredictable influxes of invertebrate fallout. Snowfinches showed good tuning in response to availability of 

their insect preys, particularly for grassland and snow-grassland microhabitats, the ones which were most 

exploited foraging microhabitats. Indeed, mountain regions and species are generally poorly studied (Scridel 

et al. 2018) but are valuable and novel model systems to investigate how species have adapted to live in extreme 

environments and to their changes, including by performing dynamic habitat selection allowing them to tune 

the use of foraging microhabitats to prey availability. 
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Table 1 Summary of all generalised mixed effects models performed to assess a relationship between the 

probability of microhabitat use with various measures of invertebrate frequency, diversity and size. Models 

are ranked according to Akaike’s Information Criterion (AICc) and their difference between models (ΔAICc). 

k indicates the number of parameters estimated in each model. 

 

 

 

 

 

 

 

 

 

 

  

Model k AICc ΔAICc 

Mean number of insects + mean number of arachnids + habitat 8 439.07 - 

Mean number of insects + habitat 7 440.92 1.85 

Mean number of all invertebrates + habitat 7 442.56 3.49 

Mean length insects + habitat 7 447.74 8.67 

Mean length all invertebrates + habitat 7 447.80 8.73 

Mean number of arachnids + habitat 7 448.02 8.95 

Habitat 6 448.56 9.49 

Mean length insects + arachnids + habitat 8 449.18 10.11 

Mean length arachnids + habitat 7 449.98 10.91 

Null model 5 454.97 15.90 
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Table 2 Model output from the most supported GLMM model showing coefficients and relative standard 

errors for fixed effects. In experimental design models, the intercept coefficient includes bare substrate. 

 

 

 
Estimate Std. error z value Pr(>|z|) 

(Intercept) -3.685 0.731 -5.04 <0.001 

Arachnida -1.962 1.002 -1.96 0.050 

Insects 0.474 0.144 3.28 0.001 

Habitat (grassland) 2.391 0.886 2.70 0.007 

Habitat (margin snow-bare 

substrate) 
-0.050 0.950 -0.05 0.958 

Habitat (margin snow-grassland) 1.641 0.865 1.90 0.058 

Habitat (snow) -0.841 0.970 -0.87 0.386 
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Figure 1 Fitted probabilities (±CI) of microhabitat use according to mean number of insects and arachnids. 

across each class of microhabitat. 
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Abstract 

Mountain ecosystems are recognized as world’s biodiversity hotspots, hosting highly specialized and endemic 

species which are particularly susceptible to climatic changes. Though, the mechanisms how climate change 

affects species population dynamics are still largely unknown, particularly so for mountain birds. We 

investigate how weather variables correlate with survival of the White-winged Snowfinch Montifringilla 

nivalis a high-elevation species confined to the alpine and nival zone. We analyzed a 15 year (2003-2007) 

mark-recapture dataset of 671 individuals from the Apennines (Italy) using mark-recapture models. We 

estimated annual apparent survival to be similar between males and females (average  = 0.46), but varied 

greatly (0.17-0.81) between years and sexes. Monthly apparent survival was lower in winter compared to 

summer. Female annual apparent survival was negatively correlated with warm and dry summers and with 

cold, snow-rich winters, whereas these weather variables had the opposite or no effect on male apparent 

survival.  

Remarkably, the average apparent survival measured in this study was lower than in the Eastern European 

Alps 1973-1990. Recent survival of Snowfinches in the Apennines may be lower than they naturally have been 

because of changes in their environment that have been caused by global warming. Indeed, our results indicate 

that weather strongly influences the demography of the Snowfinch affecting differently male and female 

survival. Possible, non-exclusive mechanisms may include sex-dependent physiological limits to higher 

temperatures, weather-dependent food availability, and weather-dependent trade-off between reproduction and 

self-maintenance. This results not only contribute to the understanding of the mechanisms driving Snowfinch 

population dynamics but improve our current and limited understanding of the decline of mountain birds in 

general. Further high-quality data on all aspects of demography of different high-elevation species and 

populations are urgently needed in order to fully comprehend and counteract negative effects of climate change 

on the population trends of cold-adapted species.  
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Introduction 

Mountain ecosystems are recognised as world’s biodiversity hotspots, hosting highly specialized and endemic 

species (Körner & Ohsawa 2006; Myers et al. 2000; Dirnböck, Essl & Rabitsch 2011;) which are threatened 

by human-induced causes including climate change (Böhm et al. 2001; Auer et al. 2007; Brunetti et al. 2009; 

Pepin et al. 2015; Scridel et al. 2018). Mountain regions are particularly susceptible to climatic alterations and 

are experiencing a faster rate of warming compared to global average. Indeed, the European Alps have warmed 

about 2°C in the past 100 years, with the biggest increase being in the last three decades (Böhm et al. 2001; 

Auer et al. 2007; Brunetti et al. 2009). In parallel to changes in temperature, the frequency of extreme weather 

events is also increasing (Dieffenbaugh et al. 2017) and effects of this increase have so far been poorly 

investigated (Chapin and Körner 1994).  

Organisms living in the most extreme mountain environments, such as the alpine and nival belts, may 

be vulnerable to changes in their environment and climate because of several reasons. Firstly, they may already 

live at the edge of their physiological niche, and even small shifts in one environmental or climatic factor may 

render an area unsuitable (Tingley, Monahan, Beissinger & Moritz 2009). Secondly, extreme environments 

are often inhabited by highly specialized species that are adapted to local conditions and, therefore, they may 

not be flexible enough to adapt their behavior, ecology or life-history traits rapidly enough to cope with 

changes in the environment and climate (Martin & Wiebe 2004; Cheviron & Brumfield 2012; Barve, Dhondt, 

Mathur & Cheviron 2016), but see below. Thirdly, many alpine species have a limited distributional range, or 

are even endemic: the loss of a few populations increases extinction risk of the species and consequently 

represents a threat to global biodiversity (La Sorte & Jetz 2010). On the other hand, high-elevation 

environments are highly variable in space and time due to unpredictable weather conditions. As solar radiation 

increases with increasing elevation (Blumthaler et al. 1999), species at high elevations can experience under 

direct sunlight extremely warm temperatures (>25° C in the European Alps) which can be unpredictably 

followed by opposite weather patterns with cold temperature and even snow storms. Inhabitants of these 

variable environments must show a high physiological and behavioral flexibility to cope with sudden abiotic 

changes within short periods of time.  

In birds, the adaptations for living in alpine zones may be as manifold as there are species (Potapov 

2004). Nevertheless, meta-analyses showed that populations at higher elevations have lower fecundity (number 

of breeding attempts and clutch size) but slightly heavier nestlings and higher juveniles survival compared to 

their conspecifics at low elevations  (Badyaev & Ghalambor 2001; Boyle, Sandercock & Martin 2016). With 

regard to adult survival, we would expect that alpine species, compensate the risk of unpredictable conditions 

during the reproductive season with a longer life span (Tavecchia et al. 2002; Martin & White 2009). This 

seems to be the case in some alpine bird species (e.g. White-tailed Ptarmigan Lagopus leucurus in the alpine 

zone of the Rocky mountains compared to populations in the sub-alpine zone and Arctic, Sandercock, Martin 

& Hannon 2005a; an alpine subspecies of Horned Lark Eremophila alpestris compared to a lowland 

subspecies, Camfield, Pearson & Martin 2010). However, this does not seem to be universal  Badyaev & 
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Ghalambor 2001; Sandercock, Martin & Hannon 2005b; Hille & Cooper 2015) and various calls have been 

made to improve basic knowledge on demographic parameters for the mountain bird community (Hille & 

Cooper 2015).  This would be a crucial step for understanding how life-history traits of mountain birds are 

shaped by their extreme environment, and consequently understand the needs and vulnerability of their 

populations.   

We studied the survival of a high-elevation bird species, the European subspecies of the White-winged 

Snowfinch Montifringilla nivalis nivalis (hereafter Snowfinch). It breeds exclusively above the treeline in 

southern European mountains. In the Alps, the species has lost part of its former distribution and population 

density decreased during the last decades (Willi & Kilzer 2011; Issa & Muller 2015; Kilzer, Nardelli et al. 

2015; Knaus et al. 2018). There is evidence that global warming may be an important cause of this population 

decline: a comparison across species showed a correlation between thermal niche and changes in distribution 

ranges in Italy. The distribution of cold-adapted species, mostly restricted to the Alps, like the Snowfinch, 

generally shrunk during the last 30 year, whereas species of warm habitats expanded their distribution (Scridel 

et al. 2017). Further, both distribution models (Brambilla, Pedrini, Rolando & Chamberlain 2016; Brambilla 

et al. 2017) and fine-scaled habitat selection studies (Brambilla et al. 2017b; Brambilla et al. 2018) suggested 

that the Snowfinch is highly dependent on climate sensitive habitats (i.e. snow patches and short alpine 

grassland) and therefore it is potentially threatened by global warming.  

The specific aims of this study are threefold. Firstly, we estimate annual survival for adult males, adult females 

and juveniles in order to fill in the knowledge gap in the life-history of this high-elevation specialist. Secondly, 

we describe how survival changes over the annual cycle in order to identify periods with higher mortality, a 

key information to better understand the factors driving annual survival. Thirdly, we assess the role of summer 

and winter temperatures as well as precipitation on males’ and females’ annual survival.  The findings of this 

study will improve our current understanding of mechanisms underlying demographic trends and life history 

traits for a poorly studied group of species adapted to extreme and dynamic environment and potentially 

threatened by climate change and will also help predicting future population developments under climate 

change. 

Methods 

Study site and the capture-recapture data set 

From June 2003 to June 2017, 671 Snowfinches were caught with mist nets and net traps in the Italian 

Apennine mountains within Gran Sasso National Park, specifically in the areas of Campo Imperatore and 

Monti della Laga” (42°27 N, 13°34 E, altitude 2000m, see Strinella, Cantoni, Faveri & Artese 2011). Captures 

took place all year round but more intensively during the summer (Table 1).  
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Table 1. Seasonal distribution of the captures (total 671 individuals) and recaptures. 

month 1 2 3 4 5 6 7 8 9 10 11 12 

first 

captures 

21 13 14 14 67 165 141 184 24 18 7 10 

recaptures 15 12 11 15 14 61 35 34 6 4 0 4 

 

The Snowfinches were marked with individual metal rings and, if possible, their age and sex were identified 

according to (Strinella, Catoni, Faveri & Artese 2013). Of the 671 individuals, 101 were marked as nestlings 

and 570 as fully grown. Almost a quarter of the individuals, 157, were identified as males, 104 as females and 

for 410 individuals sex could not be identified. Of the 671 marked individuals, 138 were later recaptured 

between 1 and 6 times.   

Weather data 

We obtained data on daily minimum/ maximum temperatures (°C), precipitation (mm per day) from two local 

weather stations Assergi and Castel del Monte (Ufficio Idrografico e Mareografico Regione Abruzzo) for the 

year 2003 to 2017. Daily minimum and maximum were highly correlated (Pearson’s correlation r=0.93). We 

used the average between the minimum and maximum temperature of both stations in order to measure average 

daily temperature. Precipitation was summed over the two stations for obtaining a measure of precipitation in 

the study area. We then averaged temperature and precipitation over the summer months (June to September) 

and over the winter months (November to March) for each year. These four weather variables were used to 

predict annual apparent survival (from summer to summer of the following year). 

Survival models 

General model structure 

We used mark-recapture models (Lebreton, Burnham, Clobert & Anderson 1992; Cormack 1964; Jolly 1965; 

Seber 1965) that we applied to two different temporal aggregations of the mark-recapture data set. The first 

analysis aimed at assessing correlations between weather variables and annual apparent survival. In the second 

analysis, we described seasonal patterns of monthly apparent survival probabilities. The general model 

structures in both analyses were equal but they differed in the length of the time periods (years vs. months) 

and the predictors for survival (see below). For the first analysis, we aggregated the data in annual time 

intervals (1st January – 31st December; mean capture date within this interval is 30th June), and for the second 

in monthly time intervals. For the annual data, time period t was one year (of 15 years in total), and for the 

monthly data, time period t was one month (of 169 months in total).   

The observations yit, an indicator of whether individual i was recaptured during time period t, were modelled 

conditional on the latent true state of the individual birds zit (0 = dead or permanently emigrated, 1 = alive and 

at the study site) as a Bernoulli variable. The probability P(yit = 1) is the product of the probability that an alive 
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individual is recaptured, pit, and the state of the bird zit (alive = 1, dead = 0). Thus, a dead bird cannot be 

recaptured, whereas for a bird alive during time period t, the recapture probability equals pit: 

yit ~ Bernoulli(zitpit) 

The latent state variable zit is a Markovian variable with the state at time t being dependent on the state at time 

t-1 and the apparent survival probability Φit: 

zit ~ Bernoulli(zit-1Φit) 

We use the term “apparent survival” in order to indicate that the parameter Φ   is a product of site fidelity and 

survival. Thus, individuals that permanently emigrated from the study area cannot be distinguished from dead 

individuals. 

In both models, the parameters Φ and p were modelled as sex-specific. However, for 61% of the individuals, 

sex could not be identified, i.e. sex was missing. Ignoring these missing values would most likely lead to a 

bias because they were not missing at random. The probability that sex can be identified is increasing with age 

and most likely differs between sexes. Therefore, we included a mixture model for the sex: 

Sexi ~ Categorical(q) 

where q is a vector of length 2, containing the probability of being a male and a female, respectively. In this 

way, the sex of the non-identified individuals was assumed to be male or female with probability q[1] and 

q[2]=1-q[1], respectively. This model corresponds to the finite mixture model introduced by Pledger et al. 

(2003) in order to account for unknown classes of birds (heterogeneity).  However, in our case, for parts of the 

individuals the class (sex) was known. 

Annual survival models 

We used two different models for annual apparent survival. In the first model, we estimated independent annual 

survival for each year, age and sex class (3 levels: juveniles, adult males and adult females): 

Model 1: Φit = a t,age.sex[it] 

In the second model, we constrained annual apparent survival to linearly depend on average summer and 

average winter temperature (summertemp, wintertemp) and precipitation (summerprec, winterprec), and on 

age and sex class. We estimated different effects of temperature and precipitation on apparent survival for 

juveniles, adult males and adult females: 

Model 2: logit(Φit )= a0 age.sex[it] + a1 age.sex[it] summertemp [t] + a2 age.sex[it] wintertemp [t] + a3 age.sex[it] summerprec 

[t] + a4 age.sex[it] winterprec [t] 

Annual recapture probability was modelled for each year and age and sex class independently: 

 pit = b0t,age.sex[it] 
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Uniform prior distributions were used for all parameters with a parameter space limited to values between 0 

and 1 (probabilities), and a normal distribution with a mean of 0 and a standard deviation of 1.5 for the intercept 

a0, whereas for a1, a2, a3, and a4 a standard deviation of 5 was used. 

Monthly survival model 

We assumed that monthly survival differed between age and sex classes (first year, adult male, adult female), 

and seasons (Nov-March, April – June, July – Oct), Φit = asex.age[i],season[t]. Independent, and slightly informative 

prior distributions asex.age[i],season[t] ~ Beta(2,0.35) were used. This prior gives 95% of the mass to values between 

0.3 and 1 and has a median of 0.938. An average monthly survival of 0.938 corresponds to an annual survival 

of 0.46. By choosing a prior distribution with a mean corresponding to the overall mean of the data we make 

sure that estimates for specific months deviating from the overall mean show information that is inherent to 

the data. Using a uniform prior, Beta(1,1), with a mean of 0.5 would result in estimates close to 0.5 for those 

months with a small sample size, i.e. during winter. This would bias the conclusion on seasonal differences in 

monthly survival. 

Recapture probability was assumed to be different between each month and sex, leading to 36 independent 

estimates for recapture probability: 

pit = b0month[t],sex[i] 

Independent uniform prior distributions were specified for each of the recapture probability parameters. 

b0 month[t],sex[i] ~Beta(1,1)   

We used Hamiltonian Monte Carlo as implemented in Stan (Carpenter et al. 2017; mc-stan.org) to fit the 

monthly survival model to the data. We simulated 4 Markov chains of length 2000 and used the second half 

of each chain for the description of the posterior distributions of the model parameters. 

Convergence, stationary and mixing of the Markov chains were assessed by the metrics and diagnostic plots 

provided by the rstan and shinystan packages (Stan Development Team 2017), i.e. no divergent transition, 

number of effective samples above 1000, Monte Carlo errors below 10%, and R-hat value below 1.01. 

 

Results 

Annual recapture probability and apparent survival 

Both models (1: independent survival for each year, 2: survival constrained to linearly depend on summer and 

winter temperature and precipitation) gave similar estimates for the probability of recapturing an individual 

during one year (Figure S1). The estimates varied between 0.05 and 0.81 dependent on year and sex. Average 

recapture probability of the males was 0.31 and for females 0.35. 

When estimating survival independent for each year (model 1), uncertainty of the estimated apparent survival 

probabilities were very high (Figure 1). Nevertheless, a large between-year variance was also evident. Adult 
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apparent annual survival varied from 0.17 to 0.81 between the years and sexes. No temporal trend was visible 

(Figure 1). The posterior distributions for juvenile apparent survival stretched between 0 and 1 in most years, 

indicating that there is virtually no information on juvenile survival in the data (Figure S2).   

 

Figure 1. Annual apparent survival estimates for adult males (blue) and adult females (orange) estimated from the model 

with independent survival estimates for each year, age and sex class. Circles are means of posterior distributions, vertical 

bars are 95% credible intervals. 
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When constraining the annual survival to be linearly dependent on summer and winter temperature and rain, 

summer temperature was negatively (posterior probability, hereafter pp, = 0.92) and summer precipitation 

positively (pp = 0.90) correlated with adult female survival, whereas no correlations could be seen in males 

(Figure 2; pp of the hypothesis that female apparent survival correlated more strongly negative with summer 

temperature than male apparent survival: 0.87).  Winter temperature and precipitation had the opposite effects 

compared to summer temperature and rain. In warmer winters, adult females survived better compared to 

colder winters (pp = 0.75), and winter precipitation were negatively correlated with female survival (pp = 

0.78). Correlations between weather and survival were less clear for males, but they seem to survive slightly 

better in cold and snow-rich winters (Figure 2). Apparent survival estimates for juveniles were so uncertain 

(broad credible intervals, Figure 2) that we refrain from interpreting any correlations with weather variables. 

Figure 2. Annual apparent survival estimates for adult males (blue) and adult females (orange) against a) mean summer 

temperature (months June to September), b) mean summer precipitation, c) mean winter temperature, c) mean winter 

precipitation. Shaded areas = 95% uncertainty intervals. Dotted regression line with 95% uncertainty interval = juveniles. 
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Averaged over all years, apparent survival of female and males were very similar. Estimates varied between 

0.36 and 0.46 depending on the model assumptions (Table 1). 

 

Table 1. Annual apparent survival estimates for adult males, adult females and juveniles estimated from the two models. 

Model 1: independent survival between years; Model 2: survival constrained to be linearly dependent on summer and 

winter temperature and rain. In model 2, survival estimates are calculated for average temperature and precipitation 

values. 

 Model 1: unconstrained survival Model 2: weather dependent 

survival 

 Males Females Males Females 

Juveniles 0.38 (0.25 – 0.51) 0.16 (0.11 – 0.39) 

Adults 0.46 (0.38 – 0.54) 0.46 (0.38 – 0.55) 0.36 (0.28 – 0.44) 0.41 (0.11 – 0.72) 

 

Monthly recapture probability and monthly apparent survival 

Monthly recapture probability of juveniles could be estimated only with very large uncertainty (grey bars in 

Figure 3). Adult recapture probability varied between 0.01 and 0.15 (Figure 3). Highest recapture probabilities 

were in autumn, lowest in winter. There is no clear difference in recapture probability between the sexes.   

 

Figure 3. Posterior distributions of the recapture probability per month and sex. Blue = males, red= females, white/grey 

= juveniles. Filled circles = mean of posterior distribution, vertical bars = 95% uncertainty interval. 
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Apparent monthly survival during the winter months (November – March) was clearly lower compared to 

during the summer months (July – October; Figure 4) in both sexes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Monthly apparent survival of adult males and females. Circles = mean of the posterior distribution, vertical bars 

= 95% uncertainty intervals. Monthly survival estimates assumed to be equal are connected by horizontal lines. Grey 

horizontal line indicates the median of the prior distribution Beta (2, 0.35). Deviations of the estimates from this median 

is due to information in the data. 

 

Juvenile monthly survival estimates showed high uncertainty: November – March: 0.75 (0.55-0.97), April-

June 0.96 (0.83 – 0.99), and July- October 0.63 (0.45 – 0.99). 

Discussion 

Absolute annual survival estimates 

The average annual adult apparent survival estimated in this study for Snowfinches based on mark-recapture 

data from 671 individuals in the central Apennines was around 0.46, a value similar for males and females. 

This estimate seems to be lower compared to earlier survival measures for Snowfinches in the Eastern Alps. 

Lindner (2002) reported that, out of 24 breeding birds, 14 returned at the next breeding season. This gives an 

apparent survival of 0.58 (95% uncertainty interval: 0.39-0.76). From 482 birds ringed in the Austrian Alps 

during the years 1973-1995 by Prof. A. Aichhorn, 52 were recaptured later (Markl 1995). The median age of 

these recaptured birds was 4 years (oldest bird was 14 years). These data indicate that annual survival must 

have been around 0.7 or even higher for those birds that survived their first year and stayed in the study area. 
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Thus, our estimate for annual adult apparent survival of 0.46 is substantially lower than the one obtained with 

a comparable method in the Austrian Alps 30 years earlier. 

Adult annual apparent survival of the phylogenetically closely related House sparrow Passer domesticus in 

Norway was between 0.6 and 0.7 (Holand et al. 2014). Because body mass of Snowfinch is 1.5 times larger 

than the one of the House sparrow, according to allometric relationships we would expect that the Snowfinch 

has a higher survival compared to its smaller relative (Blueweiss et al. 1978).  

Our estimate of 0.46 may be lower than expected or measured elsewhere because of several reasons. First, we 

might not have accounted for all capture heterogeneity in our analysis. Not accounting for capture 

heterogeneity in a mark-recapture model can lead to an underestimation of survival (Fletcher et al. 2012). 

Second, our sample of individuals may contain a high proportion of dispersing and transient birds. Third, the 

life span of Snowfinches in the Central Apennines during the years 2003 to 2017 may indeed have been shorter 

than expected due to unfavorable environmental conditions, or local adaptations of life-history characteristics. 

Our models accounted for differences in capture probability and survival between three age and sex classes, 

juveniles, adult males and adult females, and between years and months respectively. We did not account for 

potential differences between different age classes among adults, because exact age was only known for a few 

individuals ringed as nestlings. However, bias in survival estimates caused by unaccounted heterogeneity in 

capture probability, normally is small and, therefore, we do not think that the difference between our estimate 

of apparent annual adult survival (0.46) and the one expected (around 0.6 or higher) can be explained by 

unaccounted heterogeneity in capture probability alone. 

A predictive model checking revealed that our data contained slightly more individuals never recaptured after 

marking than the model would predict (598 observed vs. 548-599 predicted), whereas the number of 

individuals recaptured exactly once was slightly lower in our data compared to the model prediction (55 

observed vs. 62-104 predicted). The number of individuals recaptured more than once matched the model 

predictions well (18 observed vs 6-27 predicted). This very slight lack of fit suggests that a small proportion 

of the individuals in our sample may have been so-called transients (Pradel, Hines, Lebreton & Nichols 1997). 

For the Alpine population, there is evidence that Snowfinches disperse also over larger distances, i.e. between 

the Alps and the Pyrenees, but the proportion of dispersers among the population is unknown (Resano-Mayor 

et al. 2017). Therefore, further investigations are needed to quantify dispersal which then would allow 

obtaining more reliable information on survival. Because in birds dispersal is generally higher in females 

compared to males (Schaub & Hirschheydt 2009; Forero, Donázar, Blas & Hiraldo 1999), we would expect a 

lower apparent female survival compared to male survival, if dispersal markedly affected our apparent survival 

estimate. However, we found similar apparent survival estimates for males and females. Further, the higher 

survival estimates from the Eastern Alps (Markl 1995) is potentially affected in a similar way by dispersal 

because this estimate was also based on mark-recapture data. Therefore, we believe that the unexpectedly low 

survival of Apennines Snowfinches estimated in this study is unlikely caused by dispersal.  
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Therefore, we infer that survival of Snowfinches in the Apennines is indeed lower than expected. This could 

be due to local adaptations of the life-history traits in Snowfinch populations of the Apennines (e.g., Bears, H., 

Martin & White 2009), or due to currently unfavorable environmental factors. Disentangling the two causes is 

topic of ongoing research. For the moment, we have more indications that unfavorable environmental factors 

caused the low survival: we found clear correlations of weather variables with survival estimates. Further, 

climatic factors have changed remarkably during the last 50 years in the Alps, and even more pronounced on 

the Apennines (Rogora et al. 2018), and it has been shown several times that many populations of mountain 

birds decreased due to climate change (Tingley et al. 2012; Lehikoinen et al. 2014; Scridel et al. 2018). The 

low adult survival found in this study from recent years may indicate that, for Snowfinches, climate-induced 

population declines may act via survival of adults.     

 

Between-year and between month variance and weather influence 

The strong between-year variance in apparent survival suggests that the latter is strongly dependent on weather. 

Indeed, both temperature and precipitation had a strong effect on female apparent survival, but less so on male 

apparent survival. We further showed that apparent survival is lower during the winter months compared to 

the summer months. This indicates that weather conditions that influence annual apparent survival may act 

during winter. Warm and dry summers and cold and wet winters were associated with low female apparent 

survival. In contrast, male apparent survival seemed rather independent of temperature and precipitation or 

might even be affected in the opposite directions than female survival. 

We can think of three non-exclusive potential mechanisms by which weather conditions could affect adult 

survival in Snowfinches: 1) weather affects the physiology of the birds, 2) weather affects food availability 

and accessibility, and 3) weather conditions affect the trade-off between reproduction and self-maintenance. 

Physiology is affected by cold and wet weather through an increase in energy demand. If the expended energy 

cannot be replaced, e.g. because food is scarce or not accessible (see below), mortality can increase. On the 

other extreme, hot and dry weather conditions can cause physiological problems due to dehydration or 

hyperthermia. Mountain birds seem to be particularly at risk to hyperthermia because of the intensive solar 

radiation at higher elevations.  In ptarmigans (Lagopus muta and L. leucurus), body temperature and 

evaporative water loss increased at temperatures above 30°C (Johnson 1968; West 1972). However, in direct 

sunlight ptarmigans actively seek shelter from sun already at much lower temperatures (i.e., above 21°C, 

Visinoni et al. 2015). These observations indicate that birds at high elevations have to actively reduce the solar 

heat gain through radiation through hiding in the shadow. Thus, high temperatures can cause direct mortality 

through hyperthermia and dehydration or reduce the time for foraging and maintenance because of the need 

for seeking shelter and therefore indirectly increase mortality. Though, Snowfinch males are slightly larger 

than females (1% in body mass, 5% in wing length, Strinella, Catoni, Faveri & Artese 2013) it is little probable 

that physiological difference may explain the different correlations of weather and survival between the sexes 

found in this study.  
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The main food of adult Snowfinches are wildflower seeds, particularly in winter (Wehrle 1989; Heiniger 1991). 

During warm and dry summers the seed production of wild flowers can be lower compared to cool and wet 

summers (e.g. Campanula thyrsoides;  Scheepens & Stöcklin 2013). Therefore, summer conditions may affect 

survival during the winter months via an effect on the abundance of food resources. During the winter, 

Snowfinches usually forage in flocks; when food is scarce, this may result in competition for food between 

individuals within the flock. In case of competition, males may dominate over females because of their slightly 

larger body size, and therefore food shortage may affect females more severely than males.  A larger body size 

may similarly advantage males when access to food is more difficult because of the snow layer preventing or 

impeding access to seeds. Therefore, dry summers and harsh winters (and the combination of both) may impact 

more on female survival rather than on males’ one. The null or slightly positive effect of cold and snowy 

winters on male survival might be due to better foraging conditions later in spring: more snow and colder 

temperature mean more snow patches and snow margins in spring-early summer, and probably also a shorter 

grassland sward, thus providing highly suitable conditions for foraging adults (Brambilla et al., 2017, 2018). 

The advantage provided in terms of foraging habitats may be offset for females by the more difficult access to 

food items in harsh winters. 

At last, warm summers may allow for second broods. The number of broods in one season strongly depends 

on how early the snow is melting. When spring is late, Snowfinches can skip breeding (Heiniger 1988). During 

years with medium to early springs, a largely unknown proportion of the breeding pairs do a second clutch 

(Grangé 2008; Aichhorn 1966; Strinella, Vianale, Pirrello & Artese 2011). Early springs may allow for more 

breeding pairs raising two broods and, therefore, during warm summers Snowfinches may spend more energy 

in reproduction at the cost of allocating energy to self-maintenance (Stearns 1992; Ardia 2005). This may 

affect females more pronouncedly than males, because the energy invested in the brood may be higher for 

females compared to males, and/or because the proportion of non-breeders may be higher among males 

compared to females. To summarize, our results indicate that weather affects survival of males and females 

differently which may be either via food resources or via the balance of energy allocation to reproduction and 

self-maintenance.   

 

Conclusion 

Based on a 15-years (2003 – 2917) long mark-recapture data set from Abruzzo, we found evidence that the 

Snowfinch population inhabiting the central Apennines has a lower annual apparent adult survival than 

expected from its body size and phylogenetic relation, and from survival measures from the Austrian Alps 

(500 km to the north of the central Apennines we considered in this study) 30 years earlier. Thus, we showed 

that different Snowfinch populations may have different demographic characteristics that may be due to 

evolution under different environmental conditions or due to recent changes in environmental conditions 

caused by global warming. During the last 42 years, the thermophilic and nutrient-demanding plants species 

became more abundant, whereas cold tolerant plant species declined in the Apennines (Evangelista et al. 2016). 

Consequently, quantity and quality of the Snowfinch winter food has presumably changed during the last 
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decades. This may be a potential reason why apparent survival of Snowfinches in the Apennines measured in 

this study is lower than that of Snowfinches in the Alps in the 70 and 80ies. However, this is speculation and 

further investigations are needed in order to identify causes of mortality in Snowfinches in different areas and 

periods. 

We further showed that hot and dry summers are associated with low female apparent survival, whereas male 

apparent survival was substantially unaffected by summer weather. The mechanisms producing this pattern 

are not clear yet. However, because of global warming, it is expected that we will get more hot and dry 

summers. Therefore, we have to expect a decrease in female survival of the Snowfinch in future. This decrease 

in survival might be perhaps compensated by a higher reproductive output when breeding seasons become 

longer (due to global warming), allowing more pairs to raise two broods. However, it remains uncertain 

whether reproductive output can be increased to the level needed for a stable population and, even more 

important, conditions for rearing young change substantially after the completion of snow melt (Resano et al. 

in prep.), thus a longer breeding season may not necessarily result in a higher breeding success. Further, 

extreme weather events are predicted to become more frequently due to climatic change (Dieffenbaugh et al. 

2017), and therefore, the risk of losing a brood may also increase.   

If the expected decrease in female survival cannot be compensated by reproduction, the future of the species 

looks critically as already suggested based on species distribution models (Brambilla, Pedrini, Rolando & 

Chamberlain 2016) and its foraging habitat use (Brambilla et al. 2018). There is general evidence that negative 

population trends of cold adapted species is caused by global warming (Beniston 2003; Maggini et al. 2011). 

The different response in survival to climatic variables between the sexes shown in our results (and the 

differences with previous findings for the same species) indicates that a generalization to other high-elevation 

species of the mechanisms by which climate change impacts on species demography may be limited.  High 

quality data on demographic parameters from different populations of different species living at high elevations 

are urgently needed in order to take effective measures for counteracting the expected negative population 

trends (Scridel et al. 2018; Chamberlain et al. 2016). 
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Supplementary material 

 

Figure S1. Recapture probability estimates for each year depicted for the sexes (blue=male, red=female) from the model 

with independent survival estimates per year (dark colours) and from the model with survival constrained to be 

dependent on summer and winter temperature and rain (light colours).  Filled circles = median of the posterior 

distribution, vertical bars = 95% uncertainty interval. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S2. Annual apparent survival estimates for juvenile from the model with independent survival estimates for each 

year, age and sex class. Circles are medians of posterior distributions, vertical bars are 95% uncertainty intervals.  
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SECTION III 

- Conclusions and Perspectives –  

 

 

 

 

 

 

 

 

 

 

 

 

Rock ptarmigan, Cairn Gorm, Scotland. 
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III.a General conclusions 

The findings of this thesis improved current knowledge on the ecology and biology of mountain birds and 

provided novel evidences of the impacts of climate change for this bird community, known to be difficult to 

study. Further to this, we identified climate-proof areas for conservation, based on the resilience and resistance 

of mountain birds’ population in a changing climate, and developed human-mediated adaptation actions 

beneficial for climate-sensitive species and for the wider biodiversity related to mountain environments. 

 According to our systematic research of literature available, Chapter I demonstrated responses of 

mountain bird populations to both climate (i.e. changes in temperature and precipitations, extreme weather 

events) and environmental (i.e. land conversion) changes and highlighted how they remain a poorly studied 

group of species even in the most developed countries. In Italy, where evidences on climate change effects on 

mountain birds were lacking, we found a strong positive correlation between changes in range size and species 

thermal index (STI) for the last 30 years, inferring that recent climatic warming has favoured species of milder 

climates and adversely affected species occupying colder areas (Chapter II). Interestingly, we found STI to be 

the most important predictor of change in range size variation, more than other variables such as species’ 

associated habitat, body mass or hunting status. Despite this does not fully disentangle the effects of climate 

change from land use, our findings support more the importance of the former in the 30-year variation at the 

broad spatial scale we considered. The importance of climatic variables is particularly evident for species 

confined to the highest elevations. In Chapter III we modelled the distribution under current and future 

scenarios for six high-elevation birds in the Alps to estimate future changes in distribution and identify areas 

of resilience and resistance. Climatic variables predicted particularly well the current distribution, giving 

credibility to future projections too, and model suggested a marked loss of suitable area and population 

connectivity for most species in the next-decades - many species will likely persist only at higher elevation 

and in topographically complex sites. These results are in line with our findings in the meta-analysis (Chapter 

I) which confirmed that in the future mountain birds are likely to be strongly impacted by climate changes, 

even more negatively than non-mountain species. However, most of these studies examining future projections 

in topographically complex areas are likely to overestimate the rapidity of climate change due to the coarse 

scale used, which does not always account for the fundamental value of microhabitats/microclimates as refugia 

areas for climate sensitive species (Loarie et al. 2009, Keppel et al. 2012, Mackey et al. 2012, Frey et al. 2016, 

Pincebourde et al. 2016). We selected the snowfinch as an indicator species of climate change due to its 

peculiar distribution confined to highest elevation sites in Europe and away from the confounding effects of 

land conversion and dedicated three chapters to investigate the role of microhabitats for this species. Chapter 

IV highlighted that snowfinches select specific and peculiar microhabitats during the chick rearing period: cool 

sites with short grass cover, melting snow margins with grassland and pure snow patches, whilst avoiding 

anthropized areas (i.e. roads, building). Such microhabitats harboured high quality and quantities of 

invertebrates and snowfinches seemed to efficiently tune their microhabitat selection in relation to prey 

abundance and type, suggesting a high adaptability to resource variability in specie and time, a typical 

characteristic of high elevation sites (Antor 1995; Chapter VI). When hindcasting and forecasting the 

suitability of such microhabitats to observed changes associated with climate change (i.e. earlier snowmelt and 
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increased sward height) their suitability was better in the past and projected to decline in the future (Chapter 

IV). For sites composed by extensive alpine grasslands, their suitability may be improved in the present and in 

the future by grazing (or even mowing, where feasible) activities which keep the grass sward at a suitable 

height for snowfinches. However, for populations confined to more rocky habitats (i.e. subnival and nival), 

where grassland cover is generally low or even absent, this mitigation may not be applicable and snowfinches 

confined to these habitats could be more at risk from climate change (Chapter V). Indeed, climate change is 

unlikely to impact mountain species and population homogeneously and habitat characteristics may modulate 

its impacts. This has important implications for setting conservation priorities in the landscape, for example in 

identifying sites for the creation of new protected areas. A further problem highlighted in Chapter I, is the lack 

of long-term studies assessing reproductive success or survival of mountain birds in relation to climate change 

which could provide further insights on the mechanisms driving species and population declines. Whilst I 

attempted to bring this gap during my PhD by installing approximately 50 snowfinch nest boxes across 

mountain passes of the Central Italian Alps, I was also able to collaborate on an analysis based on a 14-years 

long mark-recapture dataset from the Italian Apennines. For this population, we found lower annual apparent 

adult survival than expected from its body size and phylogenetic relation and compared to survival measures 

of snowfinches from the Austrian Alps 30 years earlier. We also understood that this species might be 

particularly sensitive to extremes weather events (i.e. high/low precipitations and to cold/warm temperatures) 

with responses that vary depending on the season and the sex considered. In particular, hot and dry summers 

were associated with low female survival. Given that mountain regions are predicted to get warmer and drier 

with increasing extreme weather events as a result of climate change (Gobiet et al. 2014), snowfinches and 

wider mountain bird community are considered particularly at risk (La Sorte & Jetz 2010, Brambilla et al. 

2017).  

 Despite being one of the classic concepts in applied conservation, the finding that protected areas and 

their management offers hopes in buffering the effects climate change effects, is one the most important 

messaged gathered by this this thesis and one that we should not underestimate or consider unfeasible. Climate 

change effects are usually perceived as an abstract topic, where direct adaptational responses are difficult to 

identify and deliver. Give the urgency to act against climatic alteration (IPCC 2018) and the evidences 

collected so far on this topic, scientist and policy-makers should already engage in influencing current 

legislations to manage and extend current protected areas for the benefit not only of mountain birds, but for 

biodiversity in general. Indeed, there are strong associations between preserving biodiversity and preventing 

climate change, and actions to achieve one are very likely to support the other (IPCC 2002, Dawson et al. 

2011, Gaüzère et al. 2016). However, we should also avoid potential conflicts between climate change 

adaptation and biodiversity conservation. For example, allowing the treeline to expand at higher elevation 

could increase carbon absorption from the atmosphere, but at the cost of losing suitable habitat for unique flora 

and fauna assemblages present in the alpine grasslands that exists thanks to a low-input human-landscape 

relationship that has evolved over millennia. In this case the implementation of human-mediated management 

actions (i.e. grazing activities, see Chapter IV) might be desirable within protected areas and to the wider 

landscape via agri-environmental schemes that favour, for example, microclimate/microhabitat 
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conservation/formation and the reduction of sward height and shrub cover, should be implemented in the 

European Common Agricultural Policy (CAP) schemes. Indeed, current agri-environmental schemes partially 

support sustainable habitat management for climate sensitive resources and habitats, but lack a joint approach 

specifically supporting actions for species sensitive to climate change. Despite not being a specific target of 

this thesis, the expansion of leisure activities and related land conversion (i.e. development of urban areas, 

roads and increased public access to otherwise remote areas) requires to be carefully regulated to avoid further 

deterioration of mountain habitats. 

 

III.b Future perspectives 

As for every scientific study, while this thesis has helped bridging some knowledge gaps, new questions have 

arisen that require careful investigation. The management of the mountain environment and its species, 

especially in Europe, will be a major challenge over the coming decades and here below I highlight some 

future research directions: 

➢ Ecology and biology: Although both high-elevation mountain specialists and mountain generalists (sensu 

Chapter I) are well represented in the literature in terms of large-scale distribution studies (e.g. species 

distribution models based on atlas data), they remain very poorly represented when considering finer-

scale, usually more intensive studies which address ecological mechanisms. In this thesis, we investigated 

in detail the biology and ecology of the snowfinch, but there are other high-elevation specialist and 

generalist (i.e. alpine cough Pyrrhocorax graculus wallcreeper Tichodroma muraria, rock ptarmigan 

Lagopus muta, alpine accentor Prunella collaris, water pipit Anthus spinoletta, red-billed cough 

Pyrrhocorax pyrrhocorax, wheatear Oenanthe oenanthe, tree pipit Anthus trivialis, rock thrush Monticola 

saxatilis etc.) which life history traits are almost unknown in mountain systems. At the same time, 

generalist species also common at lower elevation (i.e. white wagtail Motacilla alba, black redstart 

Phoenicurus ochruros) seem to be coping well also at these elevations (pers. obs). Studies comparing 

demographic parameters and life history traits between these two groups of species may be desirable to 

unveil mechanisms beyond these opposite trends, whilst offering novel information on their ecological 

requirements and relative dependence to climate sensitive resources (i.e. snow, alpine tundra).  

 

➢ Physiology: Our understanding of physiological mechanisms underpinning bird responses to climate 

change is still very limited and could be particularly important also in terms of developing conservation 

strategies. If a species responds directly to climate through a physiological effect, then there might be 

limited conservation actions that could be implemented beyond the need to reduce our dependence on 

non-renewable fossil energy sources, whilst there might be more potential for developing conservation 

actions for species that are affected indirectly by climate change. We therefore emphasize the need for 

more basic studies of both physiological tolerance of mountain birds for example by relating various 

measure of fitness to measures of bird’s thermal preferences (as per du Plessis et al. 2012). 
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➢ Altitudinal shifts: Given the limited number of studies attempting to assess if mountain birds are tracking 

suitable climate at higher elevation, we encourage to elucidate better this pattern by analysing data that 

might be already available with more recent surveys (as per Freeman et al. 2018) and setting new long-

term monitoring schemes across elevation gradients. 

 

➢ Climate change vs land use: Many studies acknowledge that a valuable understanding of climate impacts 

can only be achieved if key interacting factors are considered including changes in land use. This thesis 

is mostly focused on high-elevation species where land conversion has been historically quite limited. 

However, for lower elevation species land use conversion should be implemented in the models, for 

example via the comparison of changes in habitat type via old and more recent aerial photographs.  

 

➢ Climate change effects on population dynamics: During this PhD we investigated the population 

dynamics of a high-elevation bird in relation to weather variables, whilst setting up our own study scheme 

with next boxes in the Central Italian Alps in collaboration with the European Snowfinch Group. More 

research should be carried out on this topic to clarify mechanisms behind observed changes in population 

trends in relation to climate change (as per Pearce-Higgins et al. 2010). 

 

➢ Conservation - habitat management: Specific frameworks for habitat management adaptation for climate 

sensitive species are almost non-existent in the literature. To our knowledge, some adaptation actions 

have been developed in the British uplands for golden plover Pluvialis apricaria and red grouse Lagopus 

lagopus scotica (Pearce-Higgins et al. 2010, Fletcher et al. 2013) and they have been successfully 

implemented in various protected areas as management actions. In this thesis, we proposed mitigation 

actions to halt detrimental effects of climate change on snowfinches foraging habitats via grazing 

activities (Chapter IV). However, we lack definitive trail tests on the ground to check the effectiveness of 

this approach. We hope to test in the future this approach on snowfinches and on other alpine species. 

 

➢ Conservation – policy support and application: This thesis highlighted that mountain birds are not only 

biologically and ecologically poorly investigated, but they are also poorly considered in terms of 

conservation policies. For example, some climate sensitive species are still hunted even in the lack of 

knowledge about basic demographic parameters such as population size and trends. Our classification of 

high-elevation mountain specialists and mountain generalists (Chapter I) offers initial steps for a joint 

common mountain bird index which so far has only been developed for some regions in the world and 

might be fundamental to raise the attention of policy-makers and governments (but see Leikohinen et al. 

2019). In this regard, future works should thus further develop this mountain bird index as an important 

tool for delivering conservation actions (as it works for the Farmland Bird Index). Finally, in this thesis 

we provided a spatially explicit definition of areas of conservation priority for mountain species, therefore 

offering clear directions to policy-makers to deliver conservation actions on ground. However, scientific 

information on climate change and biodiversity rarely become applicative for intellectual, financial, or 
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social impediments. A future policy-based research project could evaluate the relative importance of those 

obstacles, specifically focusing on mountain bird species threatened by climate change. 
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Female snowfinch ringed at Furkapass in January 2018 (F. Korner-Nievergelt, J. Resano-Mayor), breeding in one of our 

nestboxes at Passo Gavia (obs. D. Scridel). 


