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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,
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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.



Riassunto (ITA)

Le regioni montane, sebbene considerate aree globalmente importanti per gli uccelli e la biodiversita in
generale, rimangono scarsamente studiate, nonostante la loro ben nota suscettibilita alle alterazioni climatiche.
La conoscenza di base delle specie di uccelli che popolano queste regioni € scarsa, € manca persino una
definizione condivisa di “regioni montane”, in quanto le interpretazioni variano in base a paesi e istituzioni.
Queste ambiguita possono potenzialmente precludere la delineazione di efficaci strategie di conservazione su
larga scala, ed ¢ quindi urgente dare una definizione univoca di “avifauna di montagna” per poter indagare il

potenziale impatto dei cambiamenti climatici su queste comunita 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 I'ltalia come caso-studio, abbiamo
dimostrato ’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 piu 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 cosi 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 possibilita 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 (unita geografiche resistenti e resilienti ai mutamenti climatici), basandoci su
connettivita strutturale e previsioni di distribuzione futura di varie specie di avifauna di montagna. A scala piu
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 capacita di alcune attivita umane (attivita 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) o0 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 I’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 piu 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 I’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 piu caldi e sfavorito quelle legate ad
ambienti pit freddi. Un modello che includeva STI e habitat associati agli uccelli ¢ risultato poco supportato,
ma ha anche suggerito che le specie forestali hanno avuto variazioni pitl 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 qualita e quantita 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 adattabilita alla variabilita delle risorse trofiche nello spazio e nel tempo, caratteristica
tipica delle specie proprie di ambienti d’alta quota. Modellizzando I’idoneita di foraggiamento di questi
microhabitat rispetto ai cambiamenti climatici osservati rispetto al passato (1976) e previsti per il futuro (2066),
abbiamo riscontrato un’idoneita maggiore di tali siti nel passato e un previsto calo della stessa per il futuro. Le
attivita di pascolo, in grado di mantenere il manto erboso ad un’altezza adatta ai fringuelli alpini, potrebbero
migliorare I'idoneita 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 & generalmente bassa o addirittura assente,
questa mitigazione non potra essere applicata, ed i fringuelli alpini di questi habitat, dipendendo principalmente
dalla presenza di macchie di neve, potrebbero essere piu 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 gia presenti ed anche quelle
future colonizzatrici provenienti da quote piu basse. Abbiamo dunque suggerito lo sviluppo di piani di gestione
delle aree montuose che considerino le minacce e le opportunita derivanti dalle interazioni fra cambiamenti

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



SECTION |
- 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



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 X1X 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 (CO_), methane (CH4) and nitrous oxide (N:O; 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 CO- alone, human activities
alongside natural forces have driven at its highest level over 15 million years (Tripati & Darmi 2018). Like
climate, also CO- has fluctuated over time. During pre-industrial revolution, natural forces caused fluctuations
of CO; 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 (N20); fluorinated gases covered under the Kyoto Protocol
(F-gases). Adapted from (IPCC 2014 available at: http://www.ipcc.ch/report/ar5/syr/)
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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/).



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 10" warmest years on record occurred since 1998 (Sanchez-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 (Naki¢enovi¢ 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—AZ1FI 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 19862005 under the RCP2.6 (left) and RCP8.5 (right) scenarios. Available from Climate Change

2014 Synthesis Report Summary for Policymakers.
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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).



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 ¥ of terrestrial biodiversity and
contain about 50% of the world’s biodiversity hotspots (Myers et al. 2000, Kdrner & Ohsawa 2006). In Europe,
mountains are important biodiversity hotspot for plants holding 20% vascular plants of the continent (Vare et
al. 2003) and host many endemic species (Dirnbock 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).

Antonelli et al. (2018), found that temperature and total annual precipitation are the two most
Climate important predictors of tetrapod species richness in mountains regions and their contribution
vary greatly depending on the regions considered.

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

Compressed of latitudinal distance. Climbing a 100 meters mountain can offer a climatic variety equal to
climatic zones 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 (Kdrner 2004).

Plant communities on calcareous soils have higher plant richness than on siliceous substrates
Geology (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 | Forms a variety of microclimatic situations which, combined with various substrates and
associated water and nutrient regimes, create a heterogeneity of microhabitats, often occupied

and relief . .
by endemic organisms.
A_Itituc!inal Imposes isolation of species which has led over time to speciation events (allopatric speciation).
isolation
. Allow intra and interspecies immigration and emigration therefore maintaining genetic diversity.
Migratory .
corridors Common examples are the east-west forest connection of the Alps and along the southern slopes

of the Himalayas.

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

DREIPEEmES e heterogeneity

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
etal. 2017).

Anthropogenic
activity
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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, Krauf & 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 (Kdrner 2000, Schroter 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.
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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 (Bdhm 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.

In response to increasing surface air temperature, snow cover shrinks revealing land surface
Snow-albedo that is much less reflective of solar radiation. According to Pepin & Lundquist (2008) 20t
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).

feedback mechanisms

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).

. ) Little is known about the effects of pollutants at high elevations (Pepin et al. 2015). Aerosols
Air pollution dusts deposited on snow decreases surface albedo leading to more warming (Lau et al. 2010,
Gautman et al. 2013)

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

Topography 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, Kérner 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).

PRESENT » FUTURE

UPPER MONTANE

UPPER MONTANE

LOWER MONTANE LOWER MONTANE

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
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hectares has increased (Alpine Convention 2018). Available
http://www.alpconv.org/en/publications/alpine/default.html
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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, Korner & 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 % 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).

Hypothermia

when a body dissipates
more heat than it absorbs.

CHALLEGE DESCRIPTION ADAPTATION
Morphological and physiological
e Larger body size to retain heat.
e Plumage (special insulation to trap warm air and coloration to retain/ attract
heath).
retlEsd quy e Counter-current blood exchange keeping heat loss at minimum.
temperature occurring

o Facultative torpor.

Behavioural

o Migration.

o Shivering.

e Heat retention on an individual in a crowd situation.
o 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

o Specially designed lungs with superior capacity for gas exchange.

o Larger hearth and cardiac stoke volumes.

e Muscle ultrastructure (muscle capillary per fibre higher for birds at high
elevations).

o Longer flight feathers (wings and tail) to cope with strong winds reduce
metabolic costs.

o Haemoglobin with a higher O2 affinity.

Behavioural

o Increases in ventilation (breathing).
o 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

o Longer flight feathers (wings and tail) to cope with strong winds.
o Stress hormone levels to allow breeding in conditions that would cause nest
abandonment in low elevation birds.

Behavioural

e 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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l.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, Jahnig 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).

Describe climate change impacts on mountain birds
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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 Il: 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 111: 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 1V: 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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Mountain regions are globally important areas for biodiversity but are subject to multi-
ple human-induced threats, including climate change, which has been more severe at
higher elevations. 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 developed an objective classification of
high-elevation, mountain specialist and generalist species, based on the proportion
of their breeding range occurring in mountain regions. QOur review found evidence of
responses of mountain bird populations to climate (extreme weather events, tempera-
ture, rainfall and snow) and environmental (i.e. land use) change, but we know little
about either the underlying mechanisms or the synergistic effects of climate and land
use. Long-term studies assessing reproductive success or survival of mountain birds in
relation to climate change were rare, Few studies have considered shifts in elevational
distribution over time and a meta-analysis did not find a consistent direction in eleva-
tion change. A meta-analysis carried out on future projections of distribution shifts sug-
gested that birds whose breeding distributions are largely restricted to mountains are
likely to be more negatively impacted than other species, Adaptation responses to cli-
mate change rely mostly on managing and extending current protected areas for both

*Corresponding author
Email: davide scridel0)@universitadipavia.it
Twitter: @DavideScridel

© 2018 Brilish Omithologists’ Union

29



2 D. Scndel et al,

species already present, and for expected colonizing species that are losing habitat and
climate space at lower elevation. However, developing effective management actions
requires an improvement in the current knowledge of mountain species ecology, in the
quality of climate data and in understanding the role of interacting factors, Further-
more, the evidence was mostly based on widespread species rather than mountain spe-
cialists. Scientists should provide valuable tools to assess the status of mountain birds,
for example through the development of 8 mountain bird population index, and pol-
icy-makers should influence legislation to develop efficient agri-environment schemes
and forestry practices for mountain birds, as well as to regulate leisure activities at

higher elevations.

Keywords: avian physiology, biotic interactions, conservation, elevation shift, global warming,
high-clevation species, interspecific competition, phenology, population dynamics, projections,

snow, trophic mismatch.

Climate change has been recognized, alongside
modifications in land use, as o key driver of global
change in biological diversity (e.g. IPCC 2007,
Ameztegui ef al. 2016), and there is now a large
body of evidence that animals and plants are
responding to climate change through shifts in dis-
tribution (e.g. Chen et al. 2011), changes in popu-
lation size (e.g. Stephens et al. 2016) and changes
in phenology leading to inter-linked effects at dif-
ferent trophic levels (e.g. Both et al. 2006, Thack-
eray et al. 2016), Such effects vary geographically,
and biodiversity in temperate, boreal and Arctic
regions is considered particularly vulnerable, with
greater warming at higher latitudes (e.g. Mechl
et al. 2007). Furthermore, rates of warming and
frequency of extreme cold events are more pro-
nounced at higher elevations (Beniston & Rebetez
1996, Liu & Chen 2000, Pepin et al, 2015). As a
result, high-elevation areas are particularly threat-
ened, as they are more susceptible to changes in
climate (Diaz et al 2003, Bohning-Gaese &
Lemoine 2004, La Sorte & Jetz 2010).

Mountain and  high-latitude upland  regions
(henceforth ‘mountains’) cover around 25% of the
Earth's surface (Kapos et al. 2000), They support
one-quarter of terrestrial biodiversity (Kémer &
Ohsawa 2006) and contain nearly half the world's
biodiversity hotspots (Myers et al. 2000). These
are complex ecosystems of high conservation
value, as they encapsulate a high diversity of
small-scale habitats dictated by different topocli-
mates within narrow clevation gradients (Kémer &
Ohsawa 2006). As a result, mountains accommo-
date high levels of species diversity with heteroge-
neous  communities  adapted to  specific
environmental conditions that change along the

© 2018 Bresh Omithologsts’ Union

elevation gradient, including climate and other
abiotic factors such as slope, exposure, solar radia-
tion, wind direction and substrate (Kémer &
Spehn 2002, Nagy & Grabherr 2009, Viterhi et al.
2013, Boyle & Martin 2015). For example, marked
changes occur over short distances, with tempera-
ture varying in temperate regions on average by
0.6 °C every 100 m elevation (Dillon et al. 2006).
Aspect can also influence temperature, with
greater solar radiation on southern than northern
slopes in the Northern Hemisphere (Nagy & Grab-
herr 2009). Global warming is causing changes to
these environments, with documented responses
including the upward advance of the treeline and
a general increase in dominance of woody decidu-
ous shrubs at high elevations (Gehrig-Fasel et al.
2007, Myers-Smith et al. 2011).

Many unique ecological features of temperate
mountain systems also arise from the strong sea-
sonality in temperatures which result in a very
short growing and reproductive season, typically
less than 3 months in alpine-arctic and boreal
habitats (Nagy & Grabherr 2009). Strong inter-
annual variations in temperature, precipitation and
snow cover regimes are also observed in these sys-
tems (IPCC 2013, Klein et al. 2016) with changes
in the timing, quantity and duration of precipita-
tion likely to influence mountain habitats and bio-
diversity (Beniston et al, 2003, IPCC 2013, Martin
et al. 2017). Snow cover has insulating properties,
protecting plants and invertebrates from frost dur-
ing the coldest months of the year and thereby
influencing survival rates of many slow-growing
high-elevation plants, insects and mammals
(Hagvar 2010, Wipf & Rixen 2010, Berteaux et al.
2017). Snow cover in the Northern Hemisphere
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has declined since the 1920s, particularly in spring
and summer (IPCC 2007).

Although often perceived as true wildlands,
mountain ecosystems typically have a long history
of human activity, especially in Europe and Asia
(FAO 2015). Twenty per cent of the global
human population inhabits mountain regions, with
about 8% living above 2500 m (Korner & Ohsawa
2006). However, mountains provide essential
ecosystem services, including nearly half of the
human population’s water supply, carbon storage
and sequestration (forests and peatlands) and natu-
ral resources (timber, productive soils and medici-
nal plants; Korner & Ohsawa 2006). Mountains
are also very important in terms of leisure and
tourism activities (skiing, snowboarding, hiking,
biking, wildlife watching and hunting). Mountain
systems are thus continuously subject to landscape
changes due to human activities, which might
have even more severe consequences than climate
change itself (Jetz eral. 2007) or which could
potentially exacerbate climate effects (Mantyka-
Pringle & Rhodes 2012).

Among birds, changes in climate have been
reported to influence migration timing (Hiippop &
Hiippop 2003, Knudsen eral 2011), breeding
output (Crick et al, 1997, Laaksonen er al. 2006),
population size (Sather er al 2000, Townsend
et al. 2016) and changes in elevational (Reif &
Flousek 2012) and latitudinal (Hickling et al.
2006, Zuckerberg eral 2009) distributions.
Because the severity of climate change varies over
the Earth’s surface (e.g. Meehl er al. 2007), avian
responses may also vary in intensity depending on
their geographical distribution. Birds may exhibit
rapid distributional responses to climate fluctua-
tions, for example tracking changes in surface tem-
perature latitudinally (Hickling eral 2006,
Zuckerberg et al, 2009). However, there is also
evidence that range shifts in birds are lagging
behind climate change (Devictor et al. 2008, Ral-
ston et al. 2017), potentially due to asynchronous
phenology of birds and their prev (c.g. Mayor
et al. 2017). Species inhabiting high-elevation
mountain systems often exhibit a high degree of
habitat specialization and unigque ecological traits
within narrow thermal ranges (Reif & Flousek
2012, Reif er al 2015, Mahon et al. 2016, Pacihci
et al. 2017, Scridel eral. 2017a), Adapting to
rapid climate change may be particularly chal-
lenging along the elevation gradients of many
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mountains, where temperatures and area decrease
monotonically with elevation (Elsen & Tingley
2015). As a result, species tracking rising tempera-
tures in these systems are predicted to decline
according to the species-area relationship (Preston
1962) as populations become isolated and thus
increasingly vulnerable to stochastic events (Lande
1993, Bech et al, 2009, Fieldsa ef al. 2012). A suc-
cessful shift into a new area by a species is possible
only when abiotic as well biotic requirements are
fulfilled (Martin 2001s, Heikkinen et al. 2007,
Wilson & Martin 2012), Given the fast rate of
warming, species might have to track temperatures
in areas where their associated habitat and
resources require longer to establish (e.g. mature
trees, alpine and sub-nival plants; Engler et al
2011, Reif & Flousck 2012, Brambilla & Gobbi
2014) or where suitable habitat formation cannot
occur due to constraints of other factors such as
soil processes or rock substrate (Freppaz et al
2010) or by direct human activities (e.g. deforesta-
tion; Nogués-Bravo et al. 2008, Patthey et al
2008, Kohler et al. 2014, disturbance via outdoor
recreation; Arlettaz et al. 2007, 2015). Finally, cli-
mate effects coupled with negative synergistic
changes in land use might pose even more severe
constraints on adaptation of mountain birds to
future climate conditions.

Due to the documented general responses of
birds and the more extreme climate changes
observed in mountains, it seems reasonable to
expect that mountain birds may be particularly
threatened by climate change. In this review, we
assess the existing evidence for direct and indirect
effects of climate change on mountain birds in the
Holarctic region (Heilprin 1887) and we evaluate
their future conservation prospects. We address six
specific objectives: (1) to define mountain general-
ist and high-elevation specialist birds for the
Holarctic region; (2) to review the impacts of cli-
mate change on mountain birds through a sum-
mary of the literature, and a quantification of
general  responses  throughout the Holarctic,
including a meta-analysis; (3) to review and quan-
tify projected impacts from future climate change
scenarios using a meta-analysis; (4) to assess stres-
sors that are likely to interact with climate change
in affecting birds living at high elevations; (5) to
review proposed conservation actions; and (6) to
identify current gaps and future priorities for
research.

© 2018 British Omathologists’ Union
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METHODS

Defining mountain birds

Mountsin systems and species inhabiting them are
difficult to describe geographically and ecologi-
cally, and definitions may not apply consistently
across the globe (Strahler 1946, Gerrard 1990,
Korner 2012, Scridel 2014). To assess the status of
mountain birds, it was first necessary to define
mountain areas and habitats, Using elevation
thresholds to define these regions would immedi-
ately exclude older and lower mountain systems,
such as the Urals, Scottish Highlands and
Appalachians, and include areas with little topo-
graphic relief and few environmental gradients
(e.g. large, high-elevation plateaux). Using slope as
a criterion on its own or in combination with ele-
vation may resolve the latter problem, but not the
former. For these reasons, we adopted the defini-
tion of Kapos et al. (2000), who classified moun-
tain systems in seven classes on the basis of
elevation, slope and local elevation range (Fig. 1).
The last criterion is particularly useful as it identi-
fies lower elevation mountain  ranges (300-
1499 m) by defining a radius of interest (5 km)
around each grid cell (30 arc-second) and measur-
ing the maximum and minimum elevation within
a particular neighbourhood and their difference.
This allows the identification of areas that occur in
regions with significant relief, even though eleva-
tions may not be especially high (Kapos et al.
2000). This is a broad definition which includes

high-latitude ‘upland’ habitats at relatively lower
elevations, as well as mountain forest, the alpine
belt (the treeless region between the natural cli-
matic forest limit and the snow line) and the nival
helt (the terrain above the snowline). The last is
defined as the lowest elevation where snow is
commonly present all year round (Kapos et al
2000, Korner & Ohsawa 2006). Hereafter, we
refer to ‘mountain regions’ as those as defined by
Kapos et al. (2000).

We developed a broad definition of Holarctic
mountain birds based on the proportion of their
Holarctic breeding range that was within the
defined mountain regions in order to assess the
evidence base for impacts of climate change on
birds largely restricted to mountains as a breeding
habitat. We stress that we are interested in all bird
species occurring in Holarctic mountain regions,
including species that also occur in a range of habi-
tats, rather than only focusing on high-elevation
specialist species. We used a geographical informa-
tion system (GIS) software (Grass, GRASS Devel-
opment Team 2015; qois, Quantum GIS
Development Team 2015) to restrict the map of
Kapos et al, (2000) to the Holarctic realm and
imposed over it the breeding range of global bird
species (n = 10 280 species; BirdLife International
& NatureServe 2015). We defined as ‘high-eleva-
tion mountain specialist’ a species for which at
least S0% of its range was in the higher elevation
classes 1-4 of Kapos et al. (2000). We further
defined a ‘mountain generalist’ as a species for
which at least S0% of its entire breeding range was

B CL1: Blev > 4500 m B CL 3: Elev 2500-34%9 m B CL 6: Elev 1000~1499 m & slope > 5° or LER >300 m
R (L 2: Blev 3500-4499 m B QL 4: Elev 1500-2999 m & slope 2 2¢ B (1 7: Elev 300-999m & LER >300m
B CL5: Elev 1000-1499 m & siope 2 5°

Figure 1. Mountain systems classfied by Kapos af al (2000) and adapted fo the Holarctic region (above the Tropic ol Cancer - grey
line). The upper three classes ('CL') are defimited purely by elevation (> 2500 m). Areas below 2500 m were classified additionally in

terms of slope, terrain roughness and local elevation range (LER).
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within the defined Holarctic mountain region (i.e.
classes 1-7 of Kapos et al. 2000) and which was
not classed as a high-elevation mountain specialist.
These definitions therefore identify which species
are particularly associated with mountains over the
whole Holarctic region. There are many species
(e.g. Western Capercaillie Tetrao urogallis, Eura-
sian Pygmy Owl Glaucidium passerinum, Rock
Ptarmigan Lagopus muta), termed boreo-alpine
taxa, that occur in mountains at low latitudes (e.z.
European Alps) but are also present at higher lati-
tudes but lower elevations (e.g. northern Europe).
The dehnition adopted here secks to identify spe-
cies linked more closely with mountains per se (for
example due to topography or particular habitat
types) across a broad region. We use the terms
‘high-elevation mountain specialist’ and ‘mountain
generalist’ when specifically referring to our classi-
fication. We use the term 'mountain bird’ to refer
to any species occurring in our defined Holarctic
mountain region, which also includes species that
breed in other habitats and at a range of elevations
across their geographical range.

Literature survey

We conducted the literature search using ISI Web
of Knowledge (www.webofknowledge.com). To
abtain relevant studies we used the following key-
words: (bird* OR avian*) AND (mountain* OR
montane* OR upland* OR alpine* OR moorland*
OR arctic* OR polar* OR altitude* OR cleva-
tion*) AND (climate change* OR global warm-
ing*) NOT wopic*. The search period was from
1950 until 31 December 2016. Papers identified
from this search were subsequently included if
they concerned research wholly or partly carried
out within the defined mountain regions or if the
study species was/were defined as a high-elevation
mountain specialist or mountain generalist (see
Tables S1 and S4). The latter group of studies
included some broad-scale analyses that were not
focused specifically on mountains but which con-
sidered some high-elevation mountain specialists
(typically analyses covering large regions, for
example based on national atlases). In total, 764
studies were initially identiied. We read the
abstracts of each of these papers to determine
whether it was relevant for the purposes of this
review and eliminated 591 studies at this stage.
We also checked the remaining 173 papers for
other relevant references missed in the first search,
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This identified a further 61 relevant papers, giving
a total of 234, We assigned these to eight broad
topics: (1) climate change, physiological con-
straints and life history strategies; (2) links
between climate and population dynamics; (3)
changes in phenology, (4) trophic linkages; (3)
observed evidence of elevation shift; (6) projected
elevation shifts; (7) interactions between climate
change and other drivers (agriculture, grazing and
forestry, leisure and other threats, interspecific
interactions); and (8) conservation and policy
papers. We used the standardized literature search
to summarize the main trends in the resulting
database with respect to location and topic, and
with respect to analysis of elevation shifts
and future projections of species' geographical
range and population size. We conducted two
meta-analyses: one testing whether mountain birds
have shifted in elevation to track suitable climate
and a second to test whether climate changes will
have greater effects on mountain than on non-
mountain birds according to projected distribution
range and population size. We also used the
selected papers, in conjunction with the wider lit-
erature, as the basis of a qualitative review to high-
light the key issues and findings.

Current and future elevation shifts in
bird populations

We considered for meta-analyses papers that pre-
sented estimates for shifts in species distributions
over time in relation to elevation if they focused,
either wholly or mostly, on the defined mountain
regions. Given that conditions may change rapidly
over small distances in mountains due to the steep
topography, smaller-scale studies are more appro-
priate than larger-scale atlas studies in tracking
species distributions (Chamberlain er al. 2012).
Thus we focused on studies with a maximum sam-
pling unit area of 1 km®. We collated additional
data for each study on the period considered (in
years), the elevation range (in metres) and the esti-
mated mean annual rate of temperature change
(°Clyear) over the period considered. Similarly,
we considered papers that predicted future effects
of climate change on mountain birds if they were
largely restricted to mountain areas, if they esti-
mated a proportional change in geographical distri-
bution or population size over time and if the
sample size of the underlying dataset on which
models were based was presented, We also
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recorded the period over which projections were
made and the climate change scenarios considered,
which were classed as either ‘severe’ (scenarios A2
and A1F1 or RCP8.5) or ‘moderate’ (all other sce-
narios and RCPs; IPCC 2007, 2013).

Statistical analysis

For elevation shifts, we included papers in the
meta-analysis only if sample sizes and test statistics
were presented or if parameter estimates (includ-
ing mean shift) and standard errors, standard devi-
ations or confidence limits were reported. In cases
where only estimates of change in elevation and
errors were presented (i.e. without any test statis-
tics), we derived z-scores, testing against a hypoth-
esis of zero change. In common with standard
meta-analytical approaches (e.g. Koricheva et al.
2013), the goal was to estimate standardized
responses of elevation shifts in bird distributions
over time from studies that used a diversity of
measurement methods. In most cases, the shift
was measured as the change, in metres, of the dis-
tribution of a given species (sometimes a group of
species) between two time periods. However,
some papers also tested the effect of the interac-
tion between elevation and time period on the
probability of species presence, a significant inter-
action indicating a significant shift over time (e.g.
Reif & Flousek 2012, Mizel et al. 2016),

Shifts in species distributions had been tested
using a variety of methods in the above papers.
The different test statistics (e.g. F, 1, z°) presented
in these papers were converted to Pearson's r using
standard conversion formulae (Lajeunesse 2013)
so that cffect sizes (i.e, change in elevational distri-
bution over time) could be compared across stud-
ies (further details are given in Table S2; meta-
analysis methods). Positive values indicate an
upslope shift in elevation over time, Pearson’s
r-values were not normally distributed, so prior to
analysis, we transformed standardized Pearson’s
r-values from each study using Fisher's Z transfor-
mation to derive both normalized estimates and
their variance (as per Musitelli er al. 2016).

We derived parameter estimates of standardized
clevation shifts by analysing Z-transformed Pear-
son's r-values (henceforth ‘standardized effects’)
and 95% confidence intervals based on linear
mixed cffects models using the nlme package in »
(Pinheiro et al. 2017). The analytical unit was the
estimate for a given species or group of species
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(some papers estimated shifts for the whole com-
munity). We therefore included 'study’ as a ran-
dom effect to account for multiple estimates
derived from the same paper and 'family’ as a ran-
dom effect to account for the potential phyloge-
netic dependence of closely related species (or
multiple observations from the same species), We
weighted models according to the inverse of the
variance of standardized effects and considered an
effect as significant if conhdence intervals on the
parameter estimate did not overlap zero. To derive
a single overall estimate of shift, no fixed effect
was included (i.e. an intercept-only model). A sig-
nificant effect of the intercept in this case would
indicate a consistent standardized effect in terms
of elevation shift across studies and species. We
then tested study duration and rate of temperature
change by including each as a fixed effect in the
model.

Papers that made future projections of species
distributions or abundances did not typically pre-
sent significance tests, so we could not estimate
standardized effect sizes. Instead, we analysed the
mean percentage change in the response variable
(either range size or a measure of population size).
The response variable was approximately normally
distributed, The model structure was similar to
that for observed elevation shifts in that initially
we specified an intercept-only model with ‘study’
and 'family’ as random effects and then tested fur-
ther fixed effects (high-elevation specialist or gen-
eralist species, period over which projections were
made, climate change scenario), We specified the
sample size of the initial input data as a weight in
the model statement, the assumption being that
models based on a larger sample size are likely to
be more reliable than those based on small sample
size, Confidence intervals of estimates that did not
overlap zero were taken as evidence of consistent
effects of future projections of elevation shifts.

RESULTS

The literature review considered 234 articles rele-
vant to climate change across various mountain
regions of the Holarctic (Table 1). In Europe,
most studies occurred in the Alps and Pyrences
(n = 45), followed by Fennoscandia (n = 25) and
the uplands of Britain and Ireland (n = 24), Many
studies were also carried out in North America
(n=75), partcularly in the Rocky (n= 14) and
Appalachian (n = 10) Mountains, whereas only
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Table 1. Frequency of studies of Holarclic mountain birds and
climate change resulting from the systematic literature search
across various regions and countries of the world. Reviews/
commentaries and meta-analyses (n ~ 25) were excluded,

Geographical region Frequency
Eastern European countries (Poland, Czech 6
Republic, Russia)
Western European countries (France, 6
Germany)
Spain 8
UK/reland uplands 24
Nordic countries (Denmark, Finland, Iceland, 27
Norway, Sweden & Iceland)
Alps & Pyrenees (Switzerland, France, ltaly, 44
Spain, Germany, Austria, Slovenia)
Pan-European 12
Total European studies 127
Greenland 4
Pacific North West Ceastal Mountains (Alaska, 18
Yukon, British Columbia Coast Mountains,
Hudson Bay Mountains, Cascades)
South-West Coastal ranges (California, Sierra 7
Nevada, New Mexico)
Continental ranges (Rocky Mountains, 23
Colorado, Arizona, Montana, Dakota,
Wyoming)
Appatachian Mountains (including NY State) 1"
North America wide region (Canada, USA also 12
In combination)
Total North America studies 75
China 5
Asia 2
Total Asian studies 7
Global or nearty global 26
All studies 209

seven studies were carried out in Holarctic Asia.
There were 26 papers included that investigated
climate change impacts on bird communities at a
global scale. The number of published studies
according to our search criteria increased consider-
ably over time, from one study in 1991 to 48 stud-
ies published in 2016 (Fig. 2).

The most commonly investigated climate
change-related topic was the general ecology and
physiology of mountain bird species (n = 61,
Fig. 3), followed by papers that tested for effects
of climate change on changes in population trends,
elevation or latitude shifts or changes in commu-
nity composition (n = 57). Papers investigating
future prospects of species according to various cli-
mate scenarios were also frequent (n = 47). The
least studied category involved studies that investi-
gated interspecific or synergistic interactions
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Figure 2. Frequency of relevant published papers and
reviews over time resulting from the systematic literature
search,

between climate changes and other environmental
or ecological factors (n = 4).

Mountain birds of the Holarctic region

We identified 2316 bird species breeding in the
Holarctic realm, 818 (35.3%) of which were
defined as either high-elevation mountain special-
ists (= 324 species) or mountain  generalists
(n = 494 species). The most frequent Order of
birds in both groups was Passeriformes (generalist
n = 333 species; high-elevation specialist n = 256
species), followed by Piciformes for generalists
(n=29) and Galliformes for high-elevation spe-
cialists (n = 27; a complete list of the 2316 species
is provided in Table S4). A great proportion of the
high-elevation specialists breed almost exclusively
on the Tibetan plateaux (i.c. Tibetan Babax Gar-
rulax koslowi, Tibetan Rosetinch Carpodacus robor-
owskii) or have a large proportion of their
breeding range confined to this region (i.e. Bearded
Vulture Gypaetus barbatus, Wallcreeper  Ticho-
droma muraria, Twite Carduelis flavirostris).
Examples of non-Tibetan high-elevation specialists
were few and generally displayed a restricted
breeding distribution confined to the lowest class
that defines high-elevation specialists (class 4;
Fig. 1) and at the southern-most range of the
Holarctic realm (i.c. Maroon-fronted Parrot Rhyn-
chopsitta terrisi, White-naped Swift Streptoprocne
semicollaris, Black Rose Finch Leucosticte atrata).
Generalist mountain birds occur across various
Holarctic mountain ranges, from the Tibetan Pla-
teau and European Alps to the Pacific Mountain
System in North America.
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Interaction with other drivers of change: interspecific interaction

-

Figure 3. Frequency of climate-change reiated siudies on Holarctic mountain birds (mulually inclusive) resulling from the systematic

literature search, classified according to general subjects addressed,

Comparing the list of mountain birds across
232 relevant articles from the literature search (no
information was available for two articles) revealed
that almost all generalist (97%; n = 453/464) and
high-elevation specialist species (96%; n =311/
324) have been investigated in the literature. The
three generalist species most frequently studied are
Black Redstart Phoenicurus ochruros (n = 32 stud-
ies), Water Pipit Anthus spinoletta and Ring Ouzel
Turdus torquatus (n = 31 each). For high-elevation
specialists, the most frequently studied species
were White-winged Snowfinch Montifringilla niva-
lis (n = 22), Alpine Chough Pyrrhocorax graculus
(n=20) and Wallcreeper (n = 13). However,
when excluding studies based solely on distribu-
tional data (eg. species distribution models),
meta-analysis and reviews, only 2% (n = 7/324) of
high-clevation mountain specialists and only 14%
(n = 67/494) of mountain gencralist species had
been investigated. This suggests that fine-scale
studies on species ecology are scarce for these
species.

Climate change, physiological
constraints and life history strategies

Birds breeding in mountain systems have evolved
complex  physiological,  bebavioural  and
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morphological adaptations (Dragon et al. 1999,
Cheviron & Brumfield 2012). Adaptations to pre-
vent heat loss rely particularly on insulation, for
example by producing a denser coat of feathers
(Broggi et al 2011) and by exhibiting a greater
body mass than lower-elevation conspecifics (Berg-
mann's rule; Ashton 2002). Physiological con-
straints are likely to be major determinants of how
species respond to climate change. For example,
Root et al. (2003) found that more than 80% of
the species from various taxa and habitats that
showed changes linked to global warming shifted
geographically in the direction expected from
known physiological constraints. Birds with physio-
logical responses that are tightly coupled to speci-
fic environmental conditions (such as mountain
species) are believed to be particularly sensitive to
changes in climate, but little has heen done to test
whether these adaptations (especially morphologi-
cal) are counterproductive in a warming climate,
Anecdotal evidence and the limited literature
available suggest there may be costs to higher tem-
peratures for species such as Rock Ptarmigan, Ring
Quzel and White-winged Snowfinch, which have
been observed panting and bathing in water or
snow during hot sunny days in the Swiss Alps and
Scottish Highlands (Glutz von Blotzheim et al,
1973, D. Scridel pers. obs.). Johnson (1968) found
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that White-tailed Ptarmigan Lagopus leucurus
began panting at 21 °C. The above studies did not
establish whether these behavioural changes were
sufficient to prevent reduced survival or reproduc-
tion in warming conditions.

A species’ life history strategy may be crucial in
responding to climate alterations. Patterns along
elevation gradients have highlighted that popula-
tions of the same species confined to higher eleva-
tions have slower life-history strategies (fewer
nesting attempts, lower clutch size) compared
with populations at lower elevation (Boyle et al.
2016). Higher nest survival has been found for
higher elevation populations, which may partially
compensate for the reduction in potential fecun-
dity. Boyle et al. (2016) did not record a pattern
of significant differences in body mass, egg or nest-
ling size, or survival between paired populations of
bird species breeding at high and low elevation.
Tingley et al. (2012), however, found that species
were more likely to shift their elevation range in
the Sierra Nevada (USA) if they had smaller
clutches, defended all-purpose territories and were
residents or short-distance migrants, although these
involved both upslope and downslope shifts. So it
is possible that higher-elevation species may be
maore threatened by climate change than lower-ele-
vation species due both to their morphological
adaptations to cooler systems (e.g. insulation) and
their life history strategies. However, future work
is required to elucidate these ideas.

Links between climate and population
dynamics

Although not specifically addressing climate
change, several studies have indicated that fluctua-
tions in climate influence demographic rates in
mountain birds, thus implying potential climate
change effects. In several cases, increasing temper-
atures may increase reproductive output, Sather
et al. (2000) demonstrated that increases in winter
temperature (together with population density)
positively affected White-throated Dipper Cinclus
cinclus dynamics in the upland regions of southern
Norway. Cold winters caused low recruitment and
a decrease in population size associated with the
amount of ice cover, which impaired foraging
opportunities. Novoa et al. (2008) demonstrated
that weather variables during both pre-laying and
post-laying influenced reproductive success in
Rock Ptarmigan in the French Pyrenees.
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Reproductive success was positively associated
with early snow-free patches, but rainfall had neg-
ative effects, particularly after hatching. Novoa
et al. (2016) also found positive effects of snow-
melt on Rock Ptarmigan, but the intensity of the
effect varied with respect to the geographical
region considered (i.e. Alps vs. Pyrenees). Drier
and cooler weather favoured nest survival of
Mountain Plovers Charadrius montanus over a 7-
year period (Dreitz et al. 2012).

There is also evidence for negative effects of
climate on demographic parameters. Barnagaud
et al. (2011) showed that winter and summer
NAO (North Atlantic Oscillation) affects several
indicators of breeding success of Black Grouse Tet-
rao tetrix in the French Alps, particularly during
vears of extreme weather, Interestingly, birds
showed some acclimatization, being able to opti-
mize their reproductive output in relation to the
NAQ index, but they performed particularly
badly when extreme weather events occurred.
Twenty-five years of prolonged spring warming
was also associated with low breeding success in a
Scottish population of Western Capercaillic (Moss
et al, 2001),

In mountain systems, bird response to tempera-
ture may vary at both small and large scales. For
example, Water Pipits select nest-sites with the
particular species characteristics based on their
accessibility to predators, snowfall and microcli-
mate, with the latter two influencing nestling rear-
ing periods and survival (Rauter eral 2002).
Because snowfall and predation pressure vary over
time and space, it is possible that large-scale fac-
tors also influence species choices. The relative
importance of small- and large-scale weather
effects is still unclear, as these seem to wvary
between species, populations, seasons and time
periods considered. Ptarmigan exemplify such
complex responses: even though they have been
considered indicators of temperature-induced
effects on mountain biodiversity (Novoa et al.
2008, Wilson & Martin 2010, Imperio et al
2013), some studies have shown little effect of cli-
mate change on their demography (Sandercock
et al. 2005, Novoa et al. 2016). In onc study by
Wang et al. (2002), local minimum winter tem-
peratures had a stronger effect on White-tailed
Ptarmigan population dynamics than large-scale
indices like NAO. On the other hand, Wann et al.
(2014) found that the same species in the same
study area responded to climate effects over a
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longer period when a 2-year lag time was consid-
ered. This nuanced evidence highlights the impor-
tance of testing both small- and large-scale
weather predictors, and in particular focusing more
studies on lagged effects of NAO on demographic
parameters of mountain species.

Changes in phenology

Among birds, climate change has affected the phe-
nology of many species, leading to changed timing
of breeding and migration (e.g. Crick et al. 1997,
Rubolini et al. 2007), which in some cases has led
to population declines when phenological trends
arc mismatched with those of their key food
resources (e.g. Both et al. 2006). Such mismatches
are hypothesized to underpin the declines in many
long-distance migrant species in the western
Palacarctic (c.g. Moller et al, 2008), However, in
the Fennoscandian mountains, Lehikoinen et al.
(2014) found that long-distance migrants on aver-
age declined less than residents and short-distance
migrants, suggesting the latter were more sensitive
to climate change impacts.

Few studies have shown changes in mountain
bird phenology explicitly linked to climate change.
Timing of breeding in Mexican Jays Aphelocoma
wollweberi has advanced in line with climate
changes in the Chiricahua Mountains of Arizona
(Brown et al. 1999). Inouye et al. (2000) found
that American Robins Turdus migratorius in the
Colorado Rocky Mountains arrived 14 days earlier
over a 19-year period. However, local conditions
(e.g. the average date of snowmelt) did not change
at the study site, resulting in a 65-day gap between
date of the first Robin sighting and date of snow-
melt and suggesting that American Robins may
have to cope with an extended pre-breeding per-
iod at higher elevation. Indeed, the extent, dura-
tion and timing of snow cover are likely to be
important factors acting on the phenology of
mountain birds in general, For hirds in the Euro-
pean Alps and North American mountains, pat-
terns in breeding season phenology are typically
tied to the snowmelt (e.g. Novoa et al 2008,
Imperio et al. 2013, Garcia-Gonzilez er al. 2016).
There is evidence that responses to changes in
snowmelt phenology vary between species and
populations, Martin and Wiebe (2004) compared
White-tailed Ptarmigan and Willow Ptarmigan
Lagopus lagopus breeding in alpine and Arctic envi-
ronments, respectively, and found that extreme
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weather events greatly reduced breeding success in
both species. In average years, breeding parameters
of White-tailed Ptarmigan were not correlated
with snowmelt phenology, suggesting a constraint
in adjusting their reproductive phenology to a
changing environment. Willow Ptarmigan, how-
ever, tracked local conditions, breeding earlier in
years of early snow melt (Hannon et al 1988,
Martin & Wiebe 2004). Similarly Novoa et al.
(2016) found that the median hatching date for
Rock Ptarmigan was significantly correlated with
the date of snowmelt in the French Alps but not
in the Pyrenees. None of the above studies found
trends over time linked to climate change, but it
can be inferred that climate change acting on snow
melt phenology could affect these species in the
future, especially given that snow melt has
occurred progressively earlier, and snow cover has

declined in extent in the northern hemisphere
(IPCC 2007).

Trophic linkages

Global warming may influence the distribution
and abundance of invertebrate communities
directly (Grigaltchik et al. 2012) or indirectly via
the moadification of suitable habitat conditions
(e.g. soil desiccation, changes in vegetation com-
munities; Carroll et al. 2015). However, little
investigation of the links between such changes
and bird populations has been done, Most of the
evidence comes from the British uplands. Pearce-
Higgins et al. (2010) demonstrated how abun-
dance of adult craneflies (Diptera: Tipulidae), a
keystone group in many mountain systems, was
negatively correlated with August temperatures in
the previous year and how, in turn, changes in
the European Golden Plover Phaialis apricaria
populations were negatively correlated  with
August temperatures 2 years earlier. Fletcher
et al. (2013) also concluded that low tempera-
tures in May (a surrogate for late cranefly emer-
gence; Pearce-Higgins et al.  2003) positively
influenced Red Grouse L. lagopus scotica chick
survival. These findings suggest that continued
warming would have negative effects on these
species.

We found only one study considering the role
of climate change on plant food sources for moun-
tain birds. Santisteban et al (2012) correlated
declines in adult survival of Cassia Crossbill Loxia
sinesciuris with increasing temperatures in South
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Hills and Albion Mountains ([JSA). The most sup-
ported explanation was that Lodgepole Pine Pinus
contorta seed availability varied with temperature,
where with increasing temperatures, trees prema-
turely shed their seeds, reducing the carrying
capacity for Cassia Crossbill breeding later in the
year, The warmer springs and increased precipita-
tion in Europe will also influence food availability
and the future geographical distribution for Euro-
pean Crossbill species (Common Crosshill Loxia
curvirostra, Parrot Crosshill Loxia pytvopsittacus,
Scottish Crossbill Loxia scotica) (Mezquida et al.
2017).

Snow patches can represent an important forag-
ing habitat, providing both arthropod fallout and
suitable sites at their margins for the collection of
soil invertebrates, particularly during the nesting
and rearing period of many mountain birds. These
include White-winged Snowfinch, Snow Bunting
Plectrophenax nivalis, Hormed Lark Eremophila
alpestris and Alpine Accentor Prunella collaris
{Antor 1995, Camfield er al. 2010, Brambilla er al.
2016, 2017b, Rosvold 2016). In some extreme
cases, birds may cven choose to nest directly in
glaciers (White-winged Diuca Finch Diuca speculif-
era; Hardy & Hardy 2008) or in very close prox-
imity  (Grey-crowned Rosy  Finch  Lencosticte
tephracotis, Johnson 1965, Rosvold 2016, Brandt's
Rosefinch Leucosticte brandti, Potatov 2004) to
capitalize on abundant supplies of insects. Changes
in amount and duration of snow may therefore
affect these species via food resources.

Where trees and shrubs have expanded their
distribution upslope in response 1o increasing tem-
peratures (Harsch er al. 2009, Myers-Smith er al.
2011), changes in invertebrate communities arce
expected. Ground- and canopy-dwelling arthropod
communities have been assessed in the Arctic foot-
hills of Alaska in relation to the presence of two
passerine predators, Gambel's White-Crowned
Sparrow Zonotrichia lewcophrys gambelii and Lap-
land Longspur Calcarius lapponicus. Predicted
changes in shrub dominance are likely to favour
White-crowned Sparrow nesting habitat and food
(canopy-dwelling arthropods), whereas declines of
Lapland Longspurs have been projected as a con-
sequence of shrub encroachment and consequent
reduced availahility of ground-dwelling arthropods
(Boelman et al. 2015).

Climate change may also affect more complex
linkages across different trophic levels. Martin and
Maron (2012) conducted an experiment showing
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that climate change in the form of reduced snow-
fall in mountains and allowing increased ungulate
herbivory in winter can negatively affect diverse
species interactions, They experimentally tested
the hypothesis that declining snowfall, which
enables greater over-winter herbivory by Elk Cer-
vus canadensis, indirectly influences plants and
associated bird populations in montane forests.
When they excluded Elk from one of two paired
snowmelt drainages and replicated this paired
experiment across three distant canyons over a
6-year period, there was a reversal in the multi-
decadal declines in plant and bird populations,
These experimental results suggest that climate
impacts can interact with other drivers of habitat
change and strongly influence plant-animal and
other ecological interactions,

Observed evidence of elevation shifts

Evidence exists, typically from broad-scale atlases
of species distributions, that some species are shift-
ing their geographical distributions to higher eleva-
tions in response to climate change, presumably
tracking more suitable climate conditions (e.g.
Auer & King 2014, Roth et al. 2014), although
such effects are not universal (e.g. Zuckerberg
et al. 2009, Tingley et al. 2012, Massimino et al.
2015). Furthermore, apparent elevation shifts may
occur due to habitat deterioration or destruction at
lower elevations (Archaux 2004, Bodin et al
2013).

Few studies have considered elevation shifts in
the distributions of Holarctic mountain birds, We
found 10 relevant studies in our literature search
that specifically considered clevation shifts in bird
species distributions, partly or wholly in mountains
(Table 2). Including papers that considered more
than one study site (n = 13 sites from 10 papers),
the mean period considered was 38 years + 2.5 se
(range 9-102) and the mean length of elevation
gradients was 1970 m + 76 se  (range = 500~
3400 m). There was little evidence of consistent
patterns across the studies and a wide variation
among species. In some cases, there were fairly
consistent upward shifts in most species (e.g. Reif
& Flousek 2012, Rocchia 2016) but other studies
found that different species exhibited upward and
downward shifts (Tingley et al. 2012, DeLuca &
King 2017) or found shifts in only a small propor-
tion of the species considered (Archaux 2004),
Additionally, there was sometimes marked

© 2018 Braish Omithologests” Union

39



12 D. Scridel et al,

‘(8EpOId puE BEPIYD0| ‘EEPIOWN|O] ‘SBPIUBISEY 'SBPUCYdOILOPO) SaY|WE) JBYI0 SAy pur
ssuugssed, ‘sexmessdws) Buuds ase sisyio - aimjeiadws) [Enuuy,, (0002) e J@ sodey Ag snourEluNOW SE PASSE(D S PUBNSZIMS jO Bale By jo Auolew ay) se pepnjaul,

suofeas|s Jaybiy puUEd
AansseiBoud 1@ palseu SHIOIS BMYM A 00600% 800 £002 +461 UOIBIO] ISON OIS JRYM ‘surgiunoyy e (S002) 18 jo psmouell)
sIaAup Juepodur 8q o}
Ay vogendoaid pue asnesadwal
yioq :suoifias Buowe pue semads vsn
umum snoauaBosojey B:em SYNS N 95EE€ 19 YN 60/8002 82/L161 1UNoD Uity SV ‘epeASN BLAIS (2102) 12 12 Asbul)
uonepeA euo(Bas
‘wonoesas abues seads puessest
uoneaaja-1ayby 'vorsuedxs abues

Moys 0} papual sapads puelpoop, N 000% 009 VN chog 286l UNod U0 w sdyy ueyey (9102) eluocoy
$0129ds 1S8I0) UL DI0W PaYIYS
rEey-uado ‘suoias|s Jaybiy sjgnday yoez)
0] Syjus uedW |eiano Juedipubis A 2001-00% 2’0 86/9661 88/986) 1UNod U0g I 'sugunopy 1uelD  (2102) %2snol4 pue Jay

sapads ENPIPU) 0
25U0dSa) Y} LY LORELIEA BDIM YIS

Ayunuauoa spremdn (210 ,.MM; A 9962085 800  SO/E00Z P6/266L RIS ] sdyy ueley (0102) y& jo Adog
50|
t J0 € w1 spremdn payys soussaud
uebiuwely jo uoeasia uesyy A 001E 0041 1o ZL0z 86l A uefiurey sdly s8mg (5102) & 18 @jowed
sajoads 15010)
Ul sus premdn JO S0USPING JBYEAM
‘sepads Bunsau-ipunyqruys eysey Wed
W paBOSse SIYs spiemdn A 0021008 v00 EL0Z-S661 unod julng  sauuessEd [euoneN |euaq (aL02) 1e 18 Pz
SPIBMUMOD PayIys g2 ‘spremdn
poyws seweds g sepeds 56 N 0LLZ 012 4600  £0/v002 20026661 IS 11 SUERBZIMG (1102) 1% 12 wibbey
SPIEMUMOP Payiys saads
uoneas|e-ubiy |1 jo & spremdn VSN “SWERUNow
PayIys seoads UOUBASIS-MO| 9L JO6 A OLpI OpL 400 6002 €664 UNo9 Juod Iy ueyoereddy  (£102) Suny pue eamag
slys spsendn Jweoyubis v 'syus
spreMuMOp Jueaybis pamoys
9 'suosuedwod sepeds/als Ly A 660E 0SE 500 2002 €461 N0 UI0G w sdjy uouasy (¥002) xneyay
sfupuy Asy v (w) abums  (mafD,) pouad wun Bugdwes  seads LONES07 loyiny
uopeas|3 abueyo
ainjesadws |

‘(N) 10U 30 (A) sssAeue-glaw 8y) u) PapPNU|
sem Apmis uanB B JayiBym S8iROPUI YW (0002 77 18 sodey sad sB) suoibe: snouRiunow ur Aued Jo Agoym aiam YoM (un-L Wnlwixew) saeas (ews Algaeies 1e ino pay
-iBD BIED UO PASEG auam AUl ji Pepnou asam siaded ‘el JAA0 SUIBIUNOW Ul SuoynQuisip saineds puig o uoneasie ays ul siiys Buuapsuoo siaded jo Aewwns v 2 oqeL

© 2018 Britich Omithologists’ Union

40



variation in species’ responses between geo-
graphical locations within the same study (Tingley
et al. 2012, Pernollet et al. 2015),

Qur meta-analysis supports the lack of consis-
tent trends apparent in Table 2. There were 203
estimates of elevation shift from seven published
studies analysed, five from Europe and two from
North America. Pooling all estimates across the
studies, there was no strong support for a general
shift towards higher elevations (parameter esti-
mate + se = 0,083 + 0.052, 95% CL -0.018 to
0.184). Shifts towards higher elevations were more
positive when rates of temperature change were
higher (estimate = se = 0.543 + 0.152, 95% CL
0.245-0.841). Duration of study had an unex-
pected negative effect on shifts, studies over longer
time spans resulting in more downward shifts (esti-
mate + se = —0.026 £ 0.004, 95% CL —0.034 to
—0.018). The above findings were robust to differ-
ent model structures and different subgroups of
species (Table S3).

Most studies in Table 2 also considered tempera-
ture variations over the same period, either mod-
elling them in relation to bird distributions
(Archaux 2004, Popy et al. 2010, Reif & Flousek
2012, Tingley et al. 2012, Pernollet et al. 2015,
Rocchia 2016) or considering climate trends over
the same periods (Maggini et al, 2011, Mizel et al.
2016). In most cases, trends in elevation shifts
matched temperature trends over the same period,
with a few exceptions (Pernollet et al. 2015, Mizel
et al. 2016). Tingley et al. (2012) found a broad
range of responses of bird species along elevation
gradients in the Sierra Nevada, due in part to differ-
ential responses to increasing temperature (exerting
a general positive upwards shift) and increasing pre-
cipitation (exerting a general downslope shift).
However, few other studies considered potential
effects of precipitation (only Archaux 2004, Popy
et al. 2010, Pemmollet et al. 2015).

Changes in bird population trends along eleva-
tion gradients over time are similarly inconsistent
across studies. Some find positive changes in
lower-elevation species and negative changes in
higher-elevation species that are consistent with
clevation shifts, as lower-elevation species colonize
mountains and higher-elevation species lose suit-
able habitat (Flousek et al. 2015). However, others
have reported opposite (Archaux 2007) or incon-
sistent patterns (Zamora & Barca-Azcon 2015,
Furrer et al. 2016). Tingley and Beissinger (2013)
found a decrease in total species richness and in
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species richness of high-elevation species over time
in the Sierra Nevada, despite heterogeneous shifts
in individual species in the same area (Tingley
et al. 2012). At wider scales, there is evidence that
hird communities are shifting towards warm-dwell-
ing species (Switzerland, Roth et al. 2014), but
also that communities at higher elevations have
lower ‘climate debt' (the spatio-temporal diver-
gence between temperature changes and commu-
nity changes) as elevation increases (France;
Galizere et al. 2016),

Projected elevation shifts

Extinction risks are expected to increase following
climate-induced elevation range shifts in the future
(Sekercioglu et al. 2008, La Sorte & Jetz 2010).
Shifting vegetation zones in mountains, in particu-
lar an advance of the trecline towards higher eleva-
tions, have heen observed in many studies (e.g.
Lenoir et al. 2008, Harsch et al. 2009). As a con-
sequence, high-elevation specialists, in particular
those of open, treeless habitats, are expected to be
most threatened due to habitat loss or fragmenta-
tion (e.g. Chamberlain et al. 2013, Goodenough &
Hart 2013, Siegel et al 2014, Brambilla e al
2016, 2017a). Nevertheless, some studies have
also projected overall range loss in higher-elevation
forest specialists (Braunisch et al. 2014, Brambilla
et al. 2015). There were 95 estimates derived from
12 studies that satisfied the criteria to be included
in the analysis (Table S2). There was a net predic-
tion of negative impacts on species populations or
distributions, although there was a degree of vari-
ability and confidence limits overlapped zero (esti-
mate + se = -289 + 17.0%, 95% CL -624 to
4.6). High-elevation mountain specialists and gen-
eralists were projected to be more negatively
impacted than other species (mountain specialists
and  generalists = —76.1 + 27.1%, 95% CL
~129.2 to ~23.0; other = 298 + 25.7%, 95% CL
~20.6 to 80.2). There was a tendency for greater
negative impacts in severe than moderate scenarios
(moderate = —26.6 + 17.1%, 95% CL —60.1 to
6.9; severe = —33.6 + 17.5%, 95% CL —67.9 to
0.7). There was no evidence of an effect of the
number of years over which projections were
made (—0.01 £ 0.79, 95% CL -1.53 to 1.55).
Re-running the models without weighting for sam-
ple size showed the same patterns, although
results were less conservative (i.e. it was less likely
that confidence intervals overlapped zero).
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Interactions of climate change effects
with other drivers of change

Land use

Disentangling the relative importance of climate
effects and other drivers of environmental change
that influence the persistence and maintenance of
biodiversity has been a key issue across mountain
regions (Mantyka-Pringle & Rhodes 2012, Cum-
ming et al. 2014, Maggini et al. 2014, Elmhagen
er al. 2015). It is also central to producing effi-
cient, adaptive conservation frameworks for threat-
ened species (Gehrig-Fasel er al 2007, Gienapp
et al. 2007, Eglington & Pearce-Higgins 2012,
Titeux et al. 2016). For example, climate change
and land use often interact in ways that influence
biodiversity (Parmesan & Yohe 2003) and these
interactions may amplify or reduce the magnitude
of potential effects (Clavero & Brotons, 2010,
Dreitz et al. 2012, Chamberlain et al. 2013, Oliver
et al. 2017). Lehikoinen and Virkkala (2016)
acknowledged a land use and species trait effect
due to the high level of unexplained variation in
models predicting the change in density of birds in
relation to temperature change, Jewz er al. (2007)
attempted to assess the relative importance of cli-
mate and land use changes using future scenarios.
In that study, we identiied 617 high-elevation
mountain specialist or mountain generalist species.
For these species, the predicted average percentage
loss in geographical range due to land use change
was 24.8 and 28.6% by the years 2050 and 2100,
respectively. In comparison, the predicted loss due
to climate change alone was 7.3 and 11.5%,
respectively.

The interaction between climate and land use is
particularly relevant to mountain habitats because
they are experiencing a faster rate of climate
change than the global average (Diaz et al. 2003,
Nogués-Bravo et al. 2007) and are subjected to
other  landscape-scale  anthropogenic  changes
(Arlettaz et al. 2007, 2015, Gellrich & Zimmer-
mann 2007, Nogués-Bravo et al. 2008, Patthey
et al. 2008, Braunisch er al. 2011, 2013, 2016,
Douglas et al. 2015). However, land use change
has only been rarely incorporated in analyses of
distribution shifts; Reif and Flousek (2012) and
Rocchia (2016) found that elevation shifts more
closely matched temperature than habitat changes,
Tryjanowski et al. (2003) found significant effects
of both, whereas Popy er al. (2010) could not sep-
arate the effects of the two.

S 2018 Bntish Omithologists' Union

Agro-forestry and pastoral practices have shaped
the landscape of Holarctic mountains in Europe
and Asia, influencing the species compeosition and
abundance of mountain birds (e.g. Gehrig-Fasel
et al. 2007, Caprio et al. 2011, Douglas & Pearce-
Higgins 2014, Wilson et al. 2014, Mollet et al.
2018), Over time, forest management has changed
in intensity (e.g. clear-felling vs. single-tree selec-
tion), composition (planting of exotic conifers) and
age dynamics (establishment of even-aged mono-
cultures; Kirby & Watkins 2015). At the same
time, climate change may be affecting forest bird
assemblages either directly or indirectly by influ-
encing cover, productivity and composition of for-
est systems. However, it is generally unclear which
of these two pressures (climate change or forestry
practices) is the most important driver in changes
in bird distribution, Changes in forest composition
could cause opposite shifts (i.e. downhill) to those
forecast due to effects of climate warming (uphill).
For example, Archaux (2004) suggested that
changes in forest management that favoured conif-
erous at the expense of broadleaved trees might
have caused forest birds to have shifted their mean
elevation downwards. In other cases, there is evi-
dence from boreal forests (including some moun-
tain areas) that climate, in addition to vegetation
type and management, is a crucial driver for deter-
mining passerine species distribution (Cumming
et al. 2014, Frey et al 2016). Virkkala (2016)
found that forest management favoured passerine
species benefitting from climate change, so that
direct habitat alteration was connected to the indi-
rect effects of climate change,

Climate variables can also be important for
non-passerine  species. Brambilla et al.  (2015)
found in the Italian Alps an important effect of cli-
mate in addition to habitat composition at the
landscape scale in dictating the distribution of the
cold-adapted Eurasian Pygmy Owl and Boreal Owl
Aegolius funereus. Both of these forest species were
predicted to undergo range contraction in the Alps
as a consequence of climate change. Braunisch
et al. (2014) evaluated the importance of climate,
landscape and vegetation variables on the occur-
rence of indicator species (i.e. Western Capercail-
lie, Hazel Grouse Tetrastes bonasia, Three-toed
Woodpecker Picoides  tridactylus and  Eurasian
Pygmy Owl) in central European mountain forests
and assessed future changes in habitat suitability of
these species according to climate projections.
Although climate variables were the most
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important factors for most species, the models pre-
dicted that in sifu management actions could par-
tally mitigate the detrimental impact of climate
events and sustain bird populations. These
included increasing the number of forest gaps (for
Western  Capercaillie), increasing bilberry  Vac-
cinium spp. cover (for Hazel Grouse) and increas-
ing the number of snags and/or the proportion of
high (> 15 m) canopy forest (for Three-toed
Woodpecker). However, such interventions may
have to work against the natural forest dynamics
and could be expensive,

Historically, agricultural expansion and changes
in livestock management have had major impacts
on mountain birds (Lundmark 2007, Elmhagen
et al. 2015). In many mountain areas, traditional
grazing practices are characterized by low stocking
densities or transhumant pastoralism, the seasonal
movement of livestock between high-elevation
summer pastures and lowland winter pastures
(Amold & Greenheld 2006). These traditional
grazing practices have been largely abandoned in
some areas due to social and economic factors,
especially in the European Alps. For example, in
Italy, the number of farms has decreased drasti-
cally and many have changed to indoor production
systems (Battaglini et al, 2014), which has led to
substantial changes in mountain vegetation zones
through encroachment of formerly open grasslands
by trees and shrubs and a loss of structural hetero-
geneity (Braunisch et al. 2016). Elevation shifts in
vegetation may therefore be due to both climate
change and land abandonment (Gehrig-Fasel er al.
2007).

The reintroduction of grazing is an often recom-
mended management solution to counteract tree
and shrub encroachment in open areas (Gehrig-
Fasel et al. 2007) and it has the potential to
increase plant structural diversity and composition
(Hoiss et al. 2013, Peringer et al. 2013), which is
key to preserving emblematic hirds of semi-open
habitat (Patthey et al. 2012). However, the effects
of grazing on mountain hird populations are still
not well understood. Long-term grazing at high
stocking densities is known to have negative
impacts on soil fertility and consequently on the
productivity of the whole system (McVean &
Lockie 1969), although effects on mountain birds
are not consistent and vary substantially among
geographical regions, livestock types and stocking
levels. Several studies have reported that grazing
increases richness or densities of mountain
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grassland birds (Laiolo ef al. 2004, Evans et al
2006, Bazzi et al. 2015). Evans et al. (2006) found
that mixed sheep and cattle grazing, at low inten-
sity, improved the breeding abundance of Meadow
Pipit Anthus pratensis compared with sites stocked
with sheep only (at high or low density) or
unstocked sites in the Scottish uplands, and Loe
et al. (2007) reported the highest bird density on
pastures with high sheep density in Norway.
Other studies have shown no differences in bird
abundance or species richness between grazed and
ungrazed sites (Moser & Witmer 2000) or a nega-
tive influence of grazing animals on nesting success
(Pavel 2004, Warren et al. 2008).

Climate change can also have direct impacts on
grazing management, although this is less well
studied. In Nepal, where transhumance is a com-
mon practice, herders perceived the impact of cli-
mate change through personal experience. In
several studies where herders have been inter-
viewed, they described a rise in temperature, a
decline of rain- and snowfall, a scarcity of water
resources (Aryal et al. 2014, Wu er al. 2015) and
the presence of invasive weeds, which are replac-
ing the valuable grasses on farmlands (Gentle &
Thwaites 2016), These perceptions accorded with
temperature and rainfall trends in the same region.
As a result, herders sought to adjust their transhu-
mance patterns to the changed conditions by alter-
ing the timing of seasonal livestock movements.
The consequences of such management responses
for mountain bird populations, however, remain
unknown. Given the varied different effects of
grazing on mountain birds and the lack of research
on likely responses of grazing management prac-
tices to future climate change, further investiga-
tions are needed to examine potential effects of
grazing regimes on mountain bird populations
before we can apply them as potential conserva-
tion tools.

Leisure and other potential threats

Mountains arc important ecosystems for biodiver-
sity but are also multi-functional sites for various
human activities, including leisure. People seck
mountain landscapes to practise a range of differ-
ent sports and hobbics such as skiing, snowboard-
ing, hiking, biking, birdwatching, rock-climbing,
paragliding and hunting. Local communities bene-
fit economically from tourism. The leisure industry
in mountain arcas is growing (Dcbarbicux et al
2014) and the potential effects of these activities
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on avian communities have received increasing
attention from conservationists (e.g. Patthey et al.
2008, Arlettaz et al. 2013, DeLuca & King 2014).
The impact of snowsports on biodiversity is a
major topic studied in the European Alps, where
there are ¢, 40 000 km of ski-runs served by
c. 14 000 ski-lifts capable of transporting c. 1.5
million skiers per hour (Weed & Bull 2004). As a
consequence of this and other activities, the Alps
receive nearly 100 million visitors per year, spend-
ing $60 billion annually (Giuliano 1994). In con-
trast, snowsport activities, including skiing
operations in North America and the Eastern
Holarctic, remain at a relatively low density, prob-
ably with only local effects on biodiversity (Martin
2001b),

There are several lines of evidence showing that
ski-pistes have deleterious effects on both grassland
and forest birds via loss and degradation of habitat
and a decrease in food availability (Laiolo &
Rolando 2003, Rolando et al. 2007, Caprio et al.
2011, Rixen & Rolando 2013). In addition, there
is evidence that hormonal stress in birds generated
by intensive human activitics can negatively
impact already vulnerable populations of Western
Capercaillie (Thiel et al. 2011) and Black Grouse
(Arlettaz et al. 2007, 2013). Anthropogenic distur-
bance also entails extra energetic costs that may
negatively affect population dynamics (Arlettaz
et al. 2015). Effects may also operate through
infrastructure associated with skiing, for example
increased mortality due to collision with ski cables
(Baines & Andrew 2003, Watson & Moss 2004),
and reduced reproductive success of ground-nest-
ing birds associated with development of tourist
resorts (Watson & Moss 2004, Patthey et al, 2008,
Tolvanen & Kangas 2016), although negative
effects are not universal (Rimmer et al, 2004).

Interactive effects of climate change and out-
door sports could increase the above negative
impacts on bird populations in the future, Global
warming is having important economic conse-
quences for the skiing industry due to reduced
snow cover and persistence. Compensatory mecha-
nisms are targeted at prolonging the ski season by
direct spraying of artificial snow or by creating
new ski-pistes at higher elevations where snow
conditions are more reliable, Brambilla et al.
(2016) modelled ski-pistes and mountain  hird
presence according to future climate scenarios.
Strong overlaps between areas climatically and
topographically suitable for the development of
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ski-pistes and areas suitable for breeding alpine
birds were predicted to occur, suggesting that the
conservation of mountain bird communities will
require careful planning to reduce potential
increased future conflicts between outdoor winter
sports and birds. Global warming is also causing
the abandonment of ski-runs at lower elevations.
Natural grassland re-vegetation at some abandoned
sites resulted in a partial recovery of important
alpine birds, although never back to the state of
the 'original’ alpine grasslands (Caprio er al. 2016).

Noval interspecific interactions
Species may respond to climate change by shifting
their distribution to track local climates (Tingley
et al. 2009, Jackson et al. 2015), which may result
in novel interactions as species colonize new areas.
Including such interactions has improved model
predictions at different scales (Aravjo & Luoto
2007). Heikkinen et al. (2007) and Brambilla et al.
(2013) suggested that including the presence of
woodpeckers that produce the cavities used by
secondary cavity-nesting raptors improved model
performance in predicting cavity-nesting forest owl
distributions, We found only one relevant example
that tested the importance of biotic interactions
among birds along elevation gradients. Freeman
and Montgomery (2015) assessed potential compe-
tition between Swainson's Thrush Catharus ustula-
tus, which generally inhabits lower elevations but
which has shifted its distributions towards higher
elevations, and the conspecific Bicknell's Thrush
Catharus bicknelli, which is largely confined to
mountaintops, Using playback techniques, the
authors found that, where the species co-occurred,
Swainson's Thrush responded aggressively to Bick-
nell’'s Thrush, but not vice versa.

Conservation and policy

Our literature review has clearly highlighted the
need for more detailed studies of mountain birds,
with several papers stating that a valuable conser-
vation framework can be achieved only if such
knowledge gaps are bridged (see Research gaps
and conclusion; Fig. 4). Despite this, we found
that most studies on this topic identified adapta-
tion strategies for mountain and upland species
threatened by climate change. Most of these stud-
ies (n = 21; Fig. 4) focused on the quality, quan-
tity and geographical location of protected areas.
Existing protected areas may have already
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Figure 4. Number ol conservalion (mutually inclusive) actions suggested across all papers classified as ‘conservation & polcy’

(n - 26} in the systematic literature search.

functioned as important compensatory systems,
increasing species' resilience to climate change
(Virkkala et al, 2014, Gatizere et al. 2016, Santan-
geli et al. 2016) and in future scenarios of green-
house gas emission, greater biodiversity losses have
been predicted in unprotected than in protected
areas (Virkkala er ol 2013). In Europe, nationally
designed protected areas are likely to retain cli-
mate suitability better than unprotected areas in
the future, as they tend to occur at high elevations
and hence act as climatic refuges for species,
although this was not found to be the case for the
European Union-wide Natura 2000 network (Ara-
Gjo er al. 2011). The same authors also predicted
that 97.2% of alpine species and sub-species of
vertebrates and plants of European concern will
lose suitable habitat due to their small ranges,
although that study did not consider species
dispersal.

Some habitats may also be more prone to cli-
mate change than others, Montane forest species
are predicted to be less impacted by climate
change due to the stronger self-regulation of the
forest microclimate compared with open habitats
(Reif & Flousek 2012) and to native forest expan-
sion that has already occurred and which is pre-
dicted to continue in many areas (European Alps;
British uplands; Chamberlain er al. 2013, Scridel
et al. 2017b). However, they could be prone to
other climate change-related threats such as pests,
disease and wild fires (Dale et al. 2001, Sturrock
er al. 2011, Lesk er al. 2017). Furthermore, natural
grasslands in the Alpine region may face serious

challenges to elevation shift because they are being
progressively colonized by trees at lower elevations
following land abandonment or release of grazing
pressure, while facing constraints at higher eleva-
tions, for example due to slow rates of soil forma-
tion (Freppaz eral. 2010, Chamberlain et al.
2013, Jackson et al, 2015).

Targeted habitat management should be consid-
ered as an adaptive conservation tool for various
species threatened by climate change (Fig. 4).
Improving habitat structure and offering greater
prey availability has been reported to incresse
mountain species’ resilience and resistance for for-
est, semi-open and open-habitat species (Carroll
et al. 2011, Braunisch er al. 2014, Scridel et al,
2017b). This might be achieved by targeted graz-
ing to maintain open habitats and enhance inverte-
brate populations (Signorell et al. 2010, Patthey
et al. 2012, Braunisch et al. 2016). Such intensive
actions can be very costly and in conflict with
many economic goals, so management should pro-
jected over large areas to support viable wildlife
populations. Increasing the quantity and quality of
protected areas is important not just for mountain
species per se but also because these areas are
likely to become stopover refuges for many
migrant species tracking climate change (Loarie
et al. 2009, Boyle & Martin 2015) and manage-
ment action should also accommodate these spe-
cies' requirements. When intensive management
in situ does not compensate for climate effects,
then captive programmes (n = 2; Fig, 4), translo-
cation of species to new suitable areas (n = 2;
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Bech et al. 2009) or creation of corridors to favour
dispersal and colonization of new areas (Huntley
et al. 2008, Conroy et al, 2011, Lu et al 2012,
Virkkala et al 2013) could be considered.

These adaptation responses for mountain spe-
cies threatened by climate change can work only if
scientists and policy-makers collaborate to influ-
ence current legislation. Qur classification of
high-elevation mountain specialists and mountain
generalists indicates initial steps for a joint com-
mon Holarctic mountain bird index, which so far
has only been developed for some regions in the
world (Fennoscandia; Lehikoinen eral 2014,
North America and British Columbia, Canada;
Boyle & Martin 2015). Such an index could be an
essential element for scientists and policy-makers
to measure progress in the conservation of moun-
tain birds, especially if this index includes full life
cycle avian use of mountain habitats, While in the
long-term global measures to contain and reverse
anthropogenic emissions are important (n = 3;
Fig. 4), most authors admit that the persistence of
mountain species also depends on  immediate
short-term national and local conservation actions
and legislation (n = 9; Fig. 4),

DISCUSSION

Our literature review has shown that there is a
growing body of evidence that climate change is
affecting the reproduction, survival population
trends and distribution of mountain birds. These
changes may have been mediated by direct effects
of climate on physiology, indirect effects of
changes in habitat or via interactions with other
biotic and abiotic changes. However, patterns are
often highly variable (e.g. both increases and
decreases in population size, range changes
towards both higher and lower clevations)
between species and between different study areas
for the same species.

Defining a ‘mountain bird' across a large region
such as the Holarctic is difficult because many spe-
cies that are mountain birds in warmer climates
are lowland species in colder climates. Our goal
was to derive an objective definition that could be
applied over a large geographical area and which
identified species associated with mountains per se,
rather than occurring in mountains due to interac-
tive effects of climate, elevation, latitude and land
use, This is important when considering species
distributions over large scales and in particular
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when projecting future distributions. For example,
the Water Pipit was identiied as a generalist
mountain breeding bird across various mountain
slopes, even in the northern, colder parts of its
geographical range. Predictions based on climate
alone may therefore be inaccurate for such species
(e.g. Huntley et al. 2008). In general, the species
identified as high-elevation specialists or mountain
birds (Table S4) accorded with the authors' expec-
tations, although there were some surprising
results, For example, Rock Ptarmigan is considered
an archetypal mountain bird in many parts of its
range (the European Alps, the Pyrenees, British
Columbia and Alberta) but not according to our
dehnition, This may have been partly due to the
coarse scale of the defined breeding range but also
reflects the widespread populations of this species
inhabiting lowland Arctic tundra. Because conser-
vation policy is typically applied at national or
regional level, a regional definition of mountain
birds would also be useful, and could be achieved
readily using our methods. Although this first clas-
sification of Holarctic high-clevation mountain spe-
cialist and generalist birds was not the primary aim
of this review, we consider this exercise of consid-
crable value for future work on this group of
poorly studied species (e.g. baseline monitoring,
development of a joint mountain bird index, and
ecological and conservation research).

According to our meta-analysis, there was no
evidence for consistent elevation shifts in mountain
bird species. Although we failed to detect any
direct and conclusive evidence that climate change
has caused widespread distribution shifts in
Holarctic mountain birds, it is likely that we lack
sufficient data to generate robust conclusions. The
meta-analysis included a range of species encom-
passing a great variation in life history strategies,
demographic paramecters and geographical regions.
All of these factors are likely to influence potential
responses to climate change and hence cause a
wide variation in patterns of elevation shift among
mountain birds across the mountain ccosystems
and avian taxa considered (Martin & Wiebe 2004,
Wilson & Martin 2010, Tingley er al. 2012, Novoa
et al. 2016).

The consistency in climate projections across
studies was somewhat at odds with the hetero-
geneity of responses of observed elevation shifts.
This may in part have been due to more mountain
high-elevation specialists being included in the
projection papers. However, in many cases, there

46



was a focus on climate (usually temperature and
precipitation) as a driving factor and only half of
the studies considered alternative scenarios of cli-
mate change in tandem with land use change or
other anthropogenic pressures, In general, species
distribution models only rarely include scenarios of
changes in land use and human disturbance along-
side those of climate change (Sirami et al. 2017).
It is clear that many factors influence range shifts
in mountain birds, including temperature, but also
precipitation, habitat and topography, and that
species may vary widely in their response. Assess-
ments of elevation range shifts and predictions of
future shifts in mountain birds should consider all
these factors.

Adaptation responses for mountain species
threatened by climate change rely on enhancing
the quality and quantity of suitable habitat, in par-
ticular via protected areas, but also the conserva-
tion of suitable ecological conditions at regional
and wider levels, including improving landscape
connectivity. We have shown that human activities
can be beneficial for climate-sensitive species (i.e.
some pastoral activities) and yet mechanization,
leisure and urbanization may impede potential
benefits. Major changes can occur if scientists and
legislators  work closely together, for example
through the development of efficient agri-environ-
mental schemes, forestry practices, regulation of
leisure activities and sustainable urban planning in
mountain areas, with explicit recognition of the
general ecological requisites for wildlife persistence
such as connectivity across their full life cycle.

Research gaps and conclusions

From our literature review, it was evident that
mountain species are little-studied relative to spe-
cies in lowland habitats of the Holarctic such as
farmland, forest and wetlands. For many common
species in mountains even basic biological and eco-
logical knowledge is lacking (e.g. Alpine Accentor,
White-winged Snowhnch, Twite, Wallcreeper,
North American Rosy Finches Leucosticte spp.).
Although both high-elevation mountain specialists
and mountain generalists are well represented in
the literature in terms of large-scale distribution
studies (e.g. species distribution models based on
atlas data), they are very poorly represented when
considering finer-scale, usually more intensive
studies which address ecological mechanisms. In
particular, there were very few studies of the
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ecology of high-elevation mountain specialists, yet
these are the species that are most likely to be
affected by climate change. Aside from broad-scale
species distribution, the evidence base therefore
largely concerns species that occur across a range
of habitats and elevations, rather than species
whose geographical range, at least in the Holarctic,
is largely restricted to mountain areas.

Our understanding of physiological mechanisms
underpinning bird responses to climate change is
still limited, despite recent studies emphasizing the
importance of specifying ecological traits, notably
physiological tolerance, when predicting responses
to climate change (Keamey & Porter 2009, Reif &
Flousek 2012, Auer & King 2014, Pacifici et al.
2017). This is particularly important in terms of
developing conservation strategies. If a species
responds directly to climate through a physiologi-
cal effect, then there might be limited conserva-
tion actions that could implemented beyond the
need to reduce our dependence on non-renewable
fossil energy sources. There is more potential for
developing conservation actions for species that
are affected indirectly by climate change, although
for mountain birds, we still lack information about
species’ basic ecological requirements, such as key
trophic resources for reproduction, that are
required to develop management strategies. We
therefore emphasize the need for more basic stud-
ies of both physiological tolerance and ecological
requirements of mountain birds, and in particular
high-elevation mountain spedialists, as well as for
all those lower-elevation species that are predicted
to colonize mountain regions in the near future
(Loarie er al. 2009),

The importance of considering cross-ecosystem
linkages such as trophic structure when identifying
climate change effects has been shown to be cru-
cial for a clear understanding of the underlying
mechanisms  affecting species and  populations
(Pearce-Higgins er al. 2010, Santisteban et al
2012, Fletcher et al. 2013). Furthermore, a better
understanding of energetic values in food sources
(prey) and how these influence demographics in
species is particularly important for future climate-
related adaptation responses. Relatively few studies
had considered long-term trends over several years
that could encompass a full range of climate varia-
tion and hence assess climate trends (rather than
year-to-year changes in weather over shorter peri-
ods), In particular, the low number of studies
assessing elevation shifts suggests that monitoring
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in high mountains is inadequate, probably due to a
combination of complex terrain and lack of field
surveyors available in these sparsely populated
arcas. Targeted monitoring in mountain areas, wi

a focus on high-elevation mountain specialists, is
therefore essential if we are to improve our assess-
ments of current and future climate effects on bird
distributions.

Monitoring reproductive success and survival of
mountain birds would be similarly useful. The
demographic mechanisms that underpin species
distributions and population changes are not well
understood for mountain birds, There have been
some short-term effects of climate demonstrated in
several species, but longer-term studies are rare.
More intensive, long-term studies would enhance
understanding of the key factors that determine
population trends and distributions and would
therefore facilitate the predictions of future cli-
mate change impacts by elucidating more complex
mechanisms, such as phenological effects, Many
studies acknowledge that a valuable understanding
of climate impacts can only be achieved if key
interacting factors are considered, such as land use
changes and biotic interactions, including inter-
specific competition. Given that projections of dis-
tributions of future mountain bird species may be
quite sensitive to assumptions about how land use
will change in the future (e.g. Chamberlain et al.
2013), we urge a greater consideration of land use
change in species distribution modelling in moun-
tain environments. Finally, we invite scientists and
policy-makers further to develop studies and
related frameworks efficiently to develop habitat
restoration plans in mountain areas, particularly
where climate change and changes in land use are
likely to offer such opportunities in the near future
(i.e. encroaching pastures after grazing/abandon-
ment of ski-pistes, afforestation of native woodland
on moorlands). Indeed, conservation and restora-
tion frameworks have already been developed for
various birds species inhabiting mountain regions
considered susceptible to changes in climate and
land use (e.g. Signorell eral. 2010, Carroll et al,
2011, Patthey et al. 2012, Braunisch et al. 2016,
Caprio et al, 2016, Scridel et al. 2017b).
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ABSTRACT: Species’ distributions are strongly affected by climate, and climate change is affect-
ing species and populations, Thermal niches are widely used as proxies for estimating thermal
sensitivity of species, and have been frequently related to community composition, population
trends and latitudinal/elevational shifts in distribution. To our knowledge, no work has yet
explored the relationship between thermal niche and change in range size (changes in the num-
ber of occupied spatial units over time) in birds. In this study, we related a 30 yr change in range
size to species thermal index (STI: average temperature at occurrence sites) and to other factors
(i.e. 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. We
found a strong positive correlation between change in range size and STI, confirming that recent
climatic warming has favoured species of warmer climates and adversely affected species occupy-
ing colder areas. A model including STI and birds’ associated habitats was nol so strongly
supported, with forest species performing better than alpine open habitat and agricultural ones. In
line with previous works highlighting effects of recent climate change on community composition,
species’ population trends and poleward/upward distributional shifts, we found STI to be the most
important predictor of change in range size variation in breeding birds,

KEY WORDS: Climate change - Mountain + Cold-dwelling -+ Warm-dwelling - Alps

Resale or republication not permitted withou! written consen! of the publisher

1. INTRODUCTION

Climate is a major factor determining a species’'
distribution as this largely depends on species-
specific physiological tolerance to temperature
(Woodward 1987, Hoffman & Parsons 1897, Krey-
ling et al. 2015) and precipitation (Tingley et al,
2009, Toledo et al, 2012, [llan et al. 2014), and on
chimate-driven habitat characteristics (Deutsch et
al. 2015). Recent changes in climate have induced
range shifts of animal species towards higher lati-

*Corresponding author: dovide scridel( 1 @universitadipavia.it

tudes and elevations (Thomas & Lennon 1999, Par-
mesan & Yohe 2003, Zuckerberg et al. 2009, Gill-
ings et al. 2015), altered species' phenology [Roy &
Sparks 2000, Fitter & Fitter 2002) and affected
population dynamics (Thompson & Ollason 2001,
Stephens et al. 2016). Direct and indirect effects of
climate change are expected to aggravate the con-
servation status of many organisms in the current
century, with numerous species predicted to be-
come endangered (Parmesan et al. 1999, Thomas
et al. 2004, Cahill et al. 2013).

© Inter-Research 2017 - www.inl-res.com
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Many studies investigating climate change effects
on animal populations focus on bird species as they
are considered good indicators due to their ability to
respond rapidly to environmental changes and spa-
tially track suilable climatic conditions (Chen et al.
2011, Maggini et al. 2011). Studies investigating
wide-scale effects of chimate change on bird popula-
tions commonly use the species thermal index (STI;
i.e. the average temperature across a given species'
distribution) as a proxy for estimating the thermal
sensitivity of a species (e.g. Gauzére et al. 2015).
These kinds of study typically model population
trends (changes in population size over lime) as a
function of climate change (e.g. Jiguet et al, 2010).
Other studies evaluate changes in the community
thermal index (CTI; i.e. the average temperature for a
community of species) over time (e.g. Gauzére et al.
2015, Tayleur et al. 2016). Generally, those studies re-
port that population trend varies according to species'
STI, and that CTI increases coherently with increas-
ing temperature (Tingley et al. 2009), displaying con-
sistent latitudinal vanaltion (Devictor et al. 2008).
However, to the best of our knowledge, until now no
study has considered the net change in species’ range
size in a given geographical area over time as a func-
tion of the mean temperature experienced by the spe-
cies across their distibutional range. Changes in
range size (changes in the number of occupied spa-
tial units over time in a geographical region) related
to the climatic sensitivity of the species would signal
a very important effect of climate, different from the
reported change in population growth (e.g, Jiguet et
al, 2010) and community structure (e.g. Gauzere et
al, 2015) in a given area, and even different from a
range shift that does not affect range size. This is
particularly relevant for cold-dwelling species like
mountain birds, which are predicted to be affected
by global warming more than warm-dwelling spe-
cies (Aradjo el al, 2011, Pearce-Higgins et al, 2015,
Tayleur et al. 2016}, Compared to birds in other
habitats, mountain birds are relatively poorly stud-
ied, largely due to the logistical problems of survey-
ing in such challenging climatic and topographic en-
vironments (Chamberlain et al. 2012, Scridel 2014),
but are particularly at risk because of global warm-
ing, as species are often confined to discrete habitat
isolates, and cannot track suitable climate latitudi-
nally |Fjeldsa et al. 2012, Bech et al. 2009).

Here we investigate the relationship between
change i range size and ST for a set of cold-dwelling
birds and for their closest (non cold-dwelling) relatives
breeding in Italy, whilst accounting for other impor-
tant factors known to potentially affect bird trends

such as species’ broad habitat association (e.qg, Cham-
berlain et al. 2013), hunting status (e.g. Sandercock et
al. 2011) and body mass (e.g. Brommer 2008). More-
over, various studies show that population trends
{Thomas 2008) and exlinction risks (Purvis 2008) are
not randomly distnbuted with respect to phylogeny:
species that share a long evolutionary history are
more likely to exhibit similar responses than evolu-
tionary distant ones. Therefore, to provide an unbi-
ased assessment of climate change effects, we used a
phylogenelic comparative approach, which accounts
for evolutionary relatedness between species.

2. MATERIALS AND METHODS
2.1. Model system

We worked with the reported change in range size
in the last 30 years for breeding bird species in Italy.
Italy represents a good study model to investigate
the relationship between birds' climatic niche and
the variation of their range size trends because (1)
it encompasses a wide latitudinal and elevational
gradient, (2) it comprises different biogeographical
regions with different assemblages of species (ie.
from Mediterranean islands to high mountains) and
(3) it includes one-third of the Alps, a mountain chain
for which strong impacts of climate change have
been already observed (Sergio 2003, Maggini et al.
2011, Pernollet et al. 2015) and may act synergically
with changes in land use (e.g. Laiolo et al. 2004),
Europe has recently expenenced a linear increase mn
average lemperatures from the 1980s onwards by
over 0.9°C (KNMI, 2007 Climate research unit,
hitp://climexp.knmi.nl), but in the Alps the rate of
warming has been double the global average
(Brunetti et al. 2009), and rising temperatures, higher
snow lines and lower snowlfalls are predicted to con-
tinue (EEA 2010). Adverse effecls are therefore ex-
pected for these regions hosting many geographi-
cally isolated species, often being glacial relicts
occurring at the edge of their ecological and climatic
niche (e.g. boreo-alpine species and other species
found only in high mountains), and often predicted to
undergo range contractions and/or population de-
cline as a response to climate change (Maggini et al.
2011, Chamberlain et al. 2013, Viterbi et al. 2013,
Braunisch et al, 2014, Brambilla et al. 2015, 2016,
2017a, Pernollet et al. 2015), To understand whether
changes in range size differ according to different
STI, we investigated changes in range for breeding
bird species by considering a set of species compris-
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ing closely related taxa with largely different STI, in
order to get an indirect measure of the species’ sensi-
tivity to climate change. Firstly, we chose bird spe-
cies displaying in Italy a breeding distribution strictly
related to the main mountains (i.e. Alps and Apen-
nines; Nardelli et al. 2015), We included boreo-alpine
species (rock ptarmigan Lagopus muta, pygmy owl
Glaucidium passerinum, boreal owl Aegolius fune-
reus), species occurring in southern European moun-
tains (alpine accentor Prunella collaris, yellow-billed
chough Pyrrhocorax graculus, white-winged snow-
finch Meontifringilla nivalis) and other species that in
southern Europe and in the Alps occur only or pre-
dominantly on mountains or in relatively cold areas:
hazel grouse Bonasa bonasia, black grouse Lyrurus
tetrix, capercaillie Tetrao urogallus, nutcracker Nuci-
fraga caryocalactes, water pipit Anthus spinoletla,
citnl finch Carduelis citrinella, common redpoll
Carduelis flammea, ring ouzel Turdus torquatus,
wallcreeper Tichodroma muraria, three-toed wood-
pecker Picoides tridactylus, black woodpecker Dryo-
copus martius, grey-headed woodpecker Picus canus
and willow tit Parus montanus (although the latter 3
species occur broadly in lowland habitats in central-
northern Europe, in the Alps and in southern Europe
they are mostly associated with relatively cold areas).
Secondly, for each of the above-mentioned taxa (n =
19), whenever possible a control species was chosen
(n = 19), taking the aone most closely related accord-
ing to Roquet et al, (2014) and generally associated
with lower elevation in order to have a balanced
sample (Table 1), With such ad hoc selection. we
ensured a phylogenetically balanced sample of spe-
cies, the inclusion of cold-dwelling taxa and of others
not specialized for cold environments, the focus on
species with similar movement strategies (all species
apart from tree pipit Anthus trivialis being resident
or short-distance migrants), and the exclusion of spe-
cies for which change in range size may be due
mostly to improved knowledge or reintroduction/
restocking projects carnied out between the 2 refer-
ence periods (as actually occurred for some species;
Nardelli et al. 2015).

2.2. STI and distribution trends

To quantify STI for each species, we gathered
breeding distribution data available from the Euro-
pean Environment [nformation and Observation
Network (EIONET) portal (www.eionet.europa.eu/),
which provided presence/absence data at a 10 x
10 km resolution for 23 European countries (UK,

France, ltaly, Slovenia, Spain, Portugal, Austria, Den-
mark, Sweden, Finland, Greece, Belgium, Gibraltar,
Slovakia, Malta, Lithuania, Latvia, Ireland, Hungary,
Germany, Estonia, Romania and the Czech Re-
publicl. For each species, we merged all available
data to create a large-scale breeding distribution
map using geographic information system (GIS) soft-
ware (QGIS, Quantum GIS Development Team 20165;
GRASS, GRASS Development Team 2015), We then
coupled the above-mentioned species' digitized
breeding distribution with 30 arcsec resolution data
describing the mean annual temperature (down-
loaded from Worldchm database version 1.4; www.
worldclim.org/; Hijmans et al. 2005}, STls were con-
sequently calculated by averaging mean, median,
minimum and maximum temperature (in °C) experi-
enced by each species during the breeding season
across its distribution range, To date, many studies
have used a variety of thermal indexes to evaluate
potential responses of bird communities to climate
change, such as thermal maximum and minimum
(mean of hottest/coldest 5% cells; o.g. Jiguet et al,
2010}, thermal range (difference between thermal
maximum and minimum; e.q. Jiguet et al. 2010), sea-
sonal thermal average (mean temperatures during
breeding period; e.g. Devictor et al. 2008), coldest
month mean temperature (e.q. Green et al. 2008),
and annual temperature sum above 5°C (e.g. Green
et al. 2008). To minimize collinearity, we used var-
ance inflation factors {VIFs) on our 4 temperature
predictors, and highly collinear variables (VIF > 5)
were omitted following Zuur et al, (2009), There were
high levels of collineanty between these vanables,
and only mean annual temperature was used, as it
was considered to be the most representative esti-
mate for the thermal niche of the study species, due
to the largely non-migratory status of our target
species {most species are resident, and only tree pipit
A. trivialis is a long-distance migrant).

To estimate change in range size, we used long-term
bird distribution trends from Nardelli et al, (2015),
which compared occupied vs. unoccupied cells of
breeding species in Italy between the 1980s (1983 to
1986, according to data available for each species) and
2012, therefore calculating a net change of range size
(Table 1). Species ranges were estimated by collating
all available data, such as regional and local atlases,
published reports, papers, and monitoring schemes
(Nardelli et al, 2015), Given that most of the sources
used to define species’ range were genetal and not
species-specific, the potental effect of confounding
factors such as an increase in knowledge should
affect all the species in the same way, thus it is un-
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likely to produce any bias in our analyses. The only
partial exception to this pattern is represented by an
increased effort at high elevation in the common bird
monitoring scheme (MITO 2000 project Pan-Euro-
pean Common Bird Monitoring Scheme, Fornasari et
al. 2014). We stress that species’ net changes in range
size reported in Nardelli et al. (2015) are unlikely to
be biased in respect of elevation as these are in line
with various national (Fornasari et al. 2004, Gustin et
al. 2010, Rete Rurale Nazionale & LIPU 2014) and in-
ternational studies on population trends (i.e. Zbinden
et al. 2005), which generally highlight a wide-scale
decline for mountain birds, particularly marked for
open habitat species.

2.3. Statistical analysis

To test the hypothesis that ST is associated with
changes in range size (and thus that cold-adapted
species have contracted their range size more than
warm-dwelling species), we fitted phylogenetic gen-
eralized least squares (PGLS) models implemented in
the package ‘Caper' (Orme et al. 2013; ver.0.5.2) in
the statistical environment R version 3.2.3 (R Core
Team 2015). The response variable was the long-
term ftrend (as percentage variation reported in
Nardelli et al. 2015) in the national breeding range of
the selected bird species. Explanatory vanables were
the STI of each species and the following 3 other fac-
tors potentially driving variation: (1) the broad habi-
tats with which the species is mostly associated in
Italy (forest [n = 16 species|, alpine open [n = 12] and
agricultural habitats [n = 10}; Cramp et al. 1977~
1994); (2) a categorical variable defining the preva-
lent hunting status in [taly (i.e. hunted/non-hunted;
Article 2, Law 157/92); and (3) the average body
mass of each species as a proxy for demographic
traits (Cramp et al. 1977-1994, Julbard et al. 2004,
Brommer 2008), An interaction term between spe-
cies' associated habitat and STI was also included to
test the hypothesis that the relationship between STI
and changes in range size differs across habitats.
PGLS models were chosen to incorporate the covari-
ance between related birds and therefore account for
the non-independence of data points due to common
ancestry (Paradis 2014, Firstly, we buill a phyloge-
netic tree for our selected species, based on the
supertree from Jetz et al. (2012), and trimmed it using
the related website www.birdtree.org. A covariance
matrix was then produced calculating the branch
lengths of the phylogenetic tree and fitted in the
PGLS model to estimate maximum likelihood of the

parameter A and for phylogenetic signal in the model
residuals (Pagel's &). A value of A=0 represents no
phylogenetic signal, whilst 4 =1 means a high phylo-
genetic signal and therefore consistency with a
Brownian motion model of trait evolution (Pagel
1999). Model selection for fixed terms was then per-
formed by comparing Akaike's information criterion
corrected for small sample size (AIC.; Burmham &
Anderson 2002) using the dredge function in the R
package 'MuMIn' (Barton 2015), which allows gener-
ation of mathematical models (PGLS in our case)
using all combinations of vanables.

3. RESULTS

Our sample of 38 species covered a wide range of
thermal positions (STl = 7.6 + 0.4°C |mean * SE|,
range = 3.1 to 13°C), with the ‘coldest’ species being
rock ptarmigan Lagopus muta and the 'warmest'
being rock sparrow Petronia petronia, STI values
were cooler for species of alpine open habitat (5.6 =
0.4°C) than for species of forest (7.1 £ 0.6°C) and agri-
cultural habitat (10.7 + 0.4°C), Changes in range size
were negative for alpine open habitat species (%
trend = 4.4 £ 2.3), and positive for agricultural (12,9
+ 6.4) and, especially, forest species (142 + 51),
Based on AIC,, the most supported model explaining
change in range size only included STI as a fixed
variable (Table 2} and explained a good proportion of
the variance (adjusted R* = 0.36). All other models
with similar support (AAIC, < 2) included the most
supported as a nested meodel, thus all the other
parameters may be considered uninformative. For
the most supported model, Pagel's A = 0.48,

We thus found a positive correlation between long-
term changes in range size of ltalian breeding birds
and the respective thermal niche (STI) of a species
(Fig. 1): species that expenenced losses in their
distribution were mostly associated with cold STI
values, A poorly supported effect (uninformative
parameters) was found for habitat and for the habitat
x STI interaction, generally suggesting a more
favourable change in range size for forest species
than for those dwelling in open habitats and, espe-
cially, agricultural ones.

4. DISCUSSION

This work highlights for the first time the impor-
tance of thermal niche {(described as the average
temperature experienced by a species across its
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Table 2. Most supported (AAIC, < 2} PGLS models for net range variation of selected breeding bird species in ltaly, ranked according to the
AIC, value, Hunting status and habitat were factorial variables with the intercept representing ‘agncultural habitat' and 'no hunting status’,
respectively, Bota coelficients (£SE) for each level are also shown

Intercept Habitat Hunting status STI Body mass Habitat x STI logLik  AIC, Delta Weight
-1938+£ 111 184 +08 -1555 3153 0 0.228
-103.9 £ 318  Open: 8242 + 34,2 1125229 Open: STE-7.48 = 4.1 -150.56 3158 048 0.179

Forest: 86.35 + 31.9 Forest: STI: -7.05 = 3.1
-40.84 £ 157 Open: 10.34 £ 9.1 527413 -153.38 316 0863 0.166
Forest: 165279
~17.67 £ 11.4 Yes: 681285 391208 ~155.16 317 167 0.099
~2001 + 11.6 387 £ 08 00013 £ 0.006 15548 3177 231 0072
~1241+383 Open:958+372 VYes: 94187 12,68 Open: STL -B.15=42 ~150 3177 239 0,069
Forest: 102.4 £ 36.3 Forest: ST1: ~8.17 £ 3.3
9.145 « 8.4 -164.53 3312 1582 0
breeding range) as a predictor for the change in Thermal niche is frequently reported as the most

breeding range size for a suite of European birds important component of the climatic niche of birds,
with different thermal niches and habitats, Our work and it is known to be a reliable tool to evaluate cli-
analysed changes in range size in Italy, which repre- mate change effects on speces’ dynamics (Jiguet et
sents an optimal context for such an assessment, al, 2007, Barnagaud et al. 2012, Howard et al, 2014,
given its location at the southern boundary of Europe Stephens et al. 2016). Our findings are consistent
and the presence of wide latitudinal and elevational with previous studies reporting the importance of
gradients, thermal niche in predicting bird population trends

Middie-spotted woodpeker

g &

-
o
r

Change in range (%)

- T T

1 3 5 7 9 1 1 15
Species thermal index (°C)

Fig. 1. Fitted line of the relationship between species distribution trends over the period 1983/1986 to 2012 and STL Predic-
tions are derived [rom the most supported PGLS model. Circular and triangular symbols: species associated with cold and
warm environments, respectively
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(Jiguet et al. 2010, Thaxter et al, 2010, Pearce-
Higgins et al. 2015) and complement them by high-
lighting the relationship between thermal niche and
range dynamics, in addition to the already reported
link between thermal niche and population trends,

The overwhelming importance of STI in predicting
changes in range size variation for breeding bird spe-
cies in the last 30 yr provides additional support for
the strong effect of climate change on the change in
the size of their breeding range, even over a rela-
tively shorl limeframe, Thousands of cases of species
changing their distribution in relation to climate
change are already reported (Bellard et al. 2012),
mostly in the form of latitudinal and elevational
shifts, which seem particularly frequent in species
displaying good dispersal abilities (Parmesan 2006).
Range contractions are indeed reported for species of
polar and high-mountain regions (Forero-Medina
2011). Consistently, our results further confirmed
how cold-adapted species inhabiting mountain re-
gions are at particular high risk, as their range has
already contracted most likely because of climate
change effects. Indeed, it is likely easier for lowland
species to track suitable climates by performing
latitudinal shifts, whereas for mountain species, con-
fined to discrete habitat isolates, tracking suitable chi-
mates almost invariably means contracting the rela-
tive range (Fjeldsa et al. 2012, Bech et al, 2009). In
fact, species showing no or positive changes i range
size might also have shifted their range, but only in
the case of cold-adapted species did range shifts
result in definite range contraction.

The positive correlation between changes in range
size bird distribution trends and STI supported our
initial expectation, suggesting thdat recent climatic
warming has favoured species adapted to warm
areas while adversely affecting species occupying
cool sites. Tayleur el al. (2016) found that changes in
CTI were driven by warm-dwelling species coloniz-
ing new sites, whereas cold-dwelling species con-
tracted, Pearce-Higgins et al. (2015) {ound that cold-
adapted species experienced more negative effects
of higher temperatures than species associaled with
warmer temperatures.

In addition to thermal niche, a minor effect of ha-
bitat (an 'uninformative parameter’ according to
Amold [2010]) partly emerged from models, basically
highlighting a positive change in size for forest spe-
cies (as shown by position of e.g. woodpecker species
in Fig. 1), coherent with the better conservation sta-
tus shown by woodland birds at the national level,
determined by an increase in both woodland cover
and quality (see Brambilla et al. 2013 and references

therain). The only cold-dwelling species showing a
positive change in range size was three-toed wood-
pecker, and in general woodpeckers, tits and other
typical forest-dwelling species showed positive vari-
alion of range size, Some forest species experienced
more positive variation in range size than some farm-
land species with a higher STI (Fig. 1). However, con-
sistent with the prominent effect of STI, even the for-
est species with the lowest STI values, such as boreal
and pygmy owl, have expenenced negative changes
in their breeding distribution; these are species
showing a cold STI (4.9 and 5.1°C, respectively) and
they might be particularly sensitive to climate warm-
ing. This interpretation is in line with other studies,
which predict boreal and pygmy owl distribution to
contract furthest according o future global warming
scenarios (Brambilla et al. 2015, 2017a). In contrast,
the respective control species in the same habitat (1.e,
tawny owl Strix aluco) has experienced a positive
trend in the last 30 yr whilst having a higher STI
(9.6°C). Tawny owl distribution is known to be lim-
ited by climate (Vrezec & Tome 2004), and recent
increases in distribution and breeding success in
Finnish populations are attributed to climate warm-
ing (Mikkola 1983, Solonen 2005).

Except for tree pipit, all other alpine open habitat
species were associated with long-term losses in
range and low STI. For some of those species (e.g.
ptarmigan), strong contractions have also been ob-
served in other alpine regions (Revermann et al
2012, Pemnollet et al. 2015), with global warming
effects likely to influence not just the habitat but also
the breeding mechanisms of species (Martin & Wiebe
2004). Furthermore, our results also agree with other
studies, which forecast future losses in distribution of
open habitat species (i.e, water pipit) due to climate
and to the disappearance of alpine grassland as it
becomes slowly colonized by shrub and trees (Cham-
berlain et al. 2013). Even if we cannot rule out the
potential impact of land use change, and in particular
of land abandonment (see e.g. Brambilla et al. 2010,
2017b), modelling results suggest an overwhelming
importance of STI, and thus a major impact of climate
change.

In conclusion, our work provided evidence for a
direct link between species’ thermal niche and the
change in range size in the last 30 yr. Coherent with
previous works highlighting an effect of recent chi-
mate change on community composition, species'
population trend and poleward or upward distribu-
tional shift, we found climate warming to be the most
likely factor explamning the change in range for
breeding birds in Italy.
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Abstract

Aim: Human-induced climate change requires conservation strategies incorporating
its potential effects on species and communities. Key components of population per-
sistence can be attributed to resistance (the capacity to remain unaffected) or resil-
ience (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, We develop a novel approach selecting conservation
priorities, resistant units and resilient areas according to structural connectivity and
future distribution, to identify strategies that maximize the chances of species persis-
tence in a changing climate.

Location: italian Alps.

Methods: Conservation priorities were defined across species according to the re-
gional conservation status and the level of threat from climate change, and across sites
according to their suitability for target species and their related potential for popula-
tion persistence (in situ climatic refugia, 1., resistant units) or redistribution {ex situ
climatic refugia and main corridors according to current and future connectivity, Le.,
resilient units),

Results: Models suggested a marked loss of suitable area for all species by 2050 {rang-
ing from ~50% for pygmy owl and water pipit, to 84% for snowfinch in the worst
scenario), and a general Joss of connectivity, which was particularly marked for pygmy
owl and snowfinch. The approach applied to Alpine birds of different habitats led to a
spatially explicit definition of conservation priorities.

Main conclusions: The spatial definition of conservation priorities according to species
(regional importance and level of threat), resistance and resilience refines the defini-
tion of management/conservation priorities (including protected area definition), com-
plementing the existing approaches to address climate change-induced threats in
planning conservation and ecological networks.
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1 | INTRODUCTION

Human-induced climate change is one of the main threats to species
and ecosystems (IPCC, 2013). Several species have shifted their dis-
tribution as a consequence (Chen, Hill, Ohlemiller, Roy, & Thomas,
20117), especially towards upper elevations and/or higher latitudes
(Walther et al, 2002}, Models that relate species distributions and cli-
mate to predict the future geographical range of species in response
to forecast climate change {Bellard, Bertelsmeier, Leadley, Thuiller, &
Courchamp, 2012) have shown that species fiving at high altitudes are
expected to be particularly threatened (Brambilla, Pedrini, Rolando,
& Chamberfain, 2016; Chambertain, Negro, Caprio, & Rolando, 2013;
Dimbiick, Essl, & Rabltsch, 2011 Sekercloghu, Schoelder, Fay, & Loarle,
2008; Viterbl et al., 2013). This situation requires conservation strate-
gies that incarporate the potential effects of climate change on species
and communities; hence, conservation planning that takes into ac-
count cimate change impacts is a priority (Groves et al,, 2012; Hannah
et al,, 2007). A key point is clearly whether the losses determined by
climate change could be compensated by the species' colonization of
the so-called new climate space (Pearson, Dawson, Berry, & Harrison,
2002}, which will be conditioned by both species and landscape char-
acteristics (Vos et al., 2008), Only species with good dispersal abilitles
and relying on widespread habitats are expected to react to climate
change by expanding their range (Warren et al,, 2001), and habitat
avallability and fragmentation may affect the specles’ response to cli-
mate warming (Hill, Hughes, Dytham, & Searle, 2006; Hill, Thamas, &
Huntley, 1999, Opdam & Wascher, 2004). In this context, the main-
tenance of ecological connectivity has a crucial role for biodiversity
conservation {Hannah, 2011) and for species persistence (Alagador,
Cerdeira, & Aratjo. 2016). and thus, it is particularly important to in-
tegrate connectivity and ecological network concepts In studles con-
sidering the potentlal effects of climate change (Mazaris et al, 2013,
Verboom et o, 2010; Vos &t al,, 2008),

A common objective of strategies of adaptation to climate change
is resilience (Morecroft, Crick, Duffield, & Macgregor, 2012), defined
as “the ability of a social or ecological systom to absorb disturbances
while retaining the same basic structure and ways of functioning, the
capacity for self-organization, and the capacity to adapt to stress and
change” (IPCC, 2007). In ecology, resifient systems are those able
to absorb disturbance and recover from its effects, by rearganizing
50 as to retain essentlally the same characteristics (Walker, Halling,
Carpenter, & Kinzig, 2004), and resilient populations are those able
to recover when favourable conditions are re-established (Harrison,
1979). Resistant systems are those that can remain essentially un-
changed despite disturbance {Grimm & Wissel, 1997). a definition
which implies rather imited responses promoting the stability of an
ecological system when facing a severe disturbance [e.g., Sternberg
et al, 2015). Ideally, we can also apply the concepts of resistance and
resilience to populations in relation to their regional distribution and
use them for conservation planning, aiming to maximize their per-
sistence in an era of climate change.

Identitying the sites that are and will remaln suitable in future
for & ghven species {resistant distribution units) would allow the most

important areas for the conservation of a species Lo be identified. In
those areas, the species populations could remain largely unchanged
in spite of the influence of climate change, at least from a distributionat
point of view (Ficetola et al,, 2016),

Modelling potential connections among suitable habitat patches
in current and future climatic conditions is of plvotal importance for
|dentifying key corridors and connections which will promote the resil-
lence of species to dimate change (Hannah, 2011). Favouring colonl-
zation, dispersal and exchange of individuals across populations would
promote the potential for species (and communities) to re-establish
themselves under future conditions, especially by tracking suitable
climates {Vos et al., 2008). Sites potentially suitable in future and con-
nected with those currently occupied could be considered as resilient
distribution units,

Several approaches have been proposed that link current and fu-
ture distribution and potential connectivity to develop conservation
planning considering the effects of climate change. Such studies are
generally based on specles-specific assessments, consider connectivity
maostly in terms of dispersal distance (e.g., Mazaris et al, 2013) or rely
on climate alone as a predictor of species distribution and connectivity
(e.8.. Alagador et al, 2016), Here, we use line-scaled (see Seo, Thome,
Hannah, & Thuiller, 2009) species distribution models in conjunction
with spatially explicit connectivity mapping (e.g., Philfips, Williams,
Midgley, & Archer, 2008), considering the effect of both climate traits
and habitat features (Virkkala, Heikkinen, Fronzek, Kujala, & Lelkola,
2013). Our approach thus integrates distribution and connectivity
models to identify spatial conservation priorities {considering both pop-
ulation resistance and resilience) among species potentially affected by
climate change, We considered a set of species occupying differunt
habitats to assign conservation and management priority to esach spa-
tial unit, and evaluated species distribution and connectivity among
populations on the basis of both climate and land cover. To the best of
our knowledge, this is the first time that future climate-induced vari-
ations in distribution and structural connectivity (based on landscape
characteristics) have been considered together for conservation of a
set of species dwelling in different habitats and hence requiring poten-
tially different management options. To define conservation pricrities
among taxa In the face of climate change, we attributed a priority level
to each target species, considering both the reglonal responsibility for
the conservation of a given species, and the level of threat to which the
species is subject due to climate change. We also assigned a priority
valse to areas according to their suitability for the target species and
their related potential role for population persistence or connectivity.

We used Alpine bird species as biological models to Hlustrate
our approach (see also Figure 1). We predicted the impact of climate
change on the potential distribution and ecological connectivity for
Alpine species inhabiting different habitats, ldentifying areas where
species can occur in current and future conditions can be used to
dofine key sites to maximize resistance, whereas mapping land con-
sorving) key areas for connectivity among populations (both in current
and in future conditions) is needed for the preservation of areas and
habitats that will facilitate movement across sites, thus promoting re-
silience to climate change.
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FIGURE 1 Flow chart summarizing
our approach to the definition of spatial

priorities for species conservation under
a changing climate. [Colour figure can be

distribution model ~f= Future distribution model LongJasting focal areas Resistant units
Ruure suiable shes
c»mmmt-{-mmmm Long-fasting copnections

viewed at wileyonlinefibrary.com|

Conservation planning that incorporates effects Induced by cll-
mate change (e.g, Wilkams et al, 2005) i particularly relevant in
mountain regions such as the Alps {Brambiila &1 al, 2016; Walzer et al,
2013). The higher recent and projected increase in global tempera-
ture (Bohm et al, 2001), the impact of human activities {Chamberfain,
Pedrini, Brambilla, Rolando, & Girardello, 2016) on species and eco-
systems and the synergic interaction of human impacts and climate
change (Mantyka-Pringle, Martin, & Rhodes, 2012) are posing severe
threats to biodiversity in this and other mountain areas. and develop-
Ing the most effective conservation strategies coherent with regional
priorities |s therefore an urgent task for the Alpine region.

2 | METHODS

2.1 | Study area and fieldwork

The study area encompassed a large portion of the Alps (c
44,000 km?), located in northem Italy (Figure 2). Within this area, bird
occurrence data were collected between 2000 and 2015 (Supporting
Information), mostly by means of point count surveys of 10-min
duration (1,194 points throughout the area. distributed across the
three main sectors, e, Piemonte and Valle d'Aosta, Lombardla,
Trento Province, broadly in proportion to their relative extent) per-
formed during the breeding season (Bibby, Burgess. Hill. & Mustoe,
2000). Ow!l data were collected using nocturnal and crepuscular play-
back techniques (broadcast male song) during the breeding season

FIGURE 2 Study area and mountain
rellef. The inset shows its location within
Italy

(Brambillla, Bergero, Bassl, & Falco, 2015). Full details of these data-
sets are given in the relevant references (Chamberlain et al., 2013;
Chambertain, Brambilla, Caprio, Pedrinl, & Rolande, 2016; Brambilla
etal, 2015; Brambilla et al, 2016) and in Appendix $1. The major-
ity of survey points were carried out in locations selected so as to
be broadly representative of at least one (e.g., Brambilla et al., 2015)
or both (e.g., Brambilla & Pedrini, 2014: Chamberlain, Brambilla et al.
2016) montane and Alpine and vegetation belts {sensu Komer, 2003),
and there was no focus on, for example. protected areas or habitats
subject to specific environmental pressures {e.g., skilng activities, ur-
banization. changes in livestock management). Further points were
carried out in all parts of the study area at lower elevations, both in
forest and in open habitats. In summary, considering diurnal surveys.
in the western {and largest) part of the study area (Piemonte and Valle
d'Aosta), 570 points were carried out, within the framework of dif-
ferent projects, sampling all main habitats along a wide altitudinal
range {c. 100-2,900 m asl); in Lombardy {the central part of the study
area). 248 point counts were surveyed within four different projects/
areas (c 220-2,800 m asl); In the Trento Province {the eastern part
of the study area), 207 point counts were surveyed along altitudinal
transects (¢. 1,350-2.750 m asl) representative of the main mountaln
systems of the province, whereas 142 points were made in six areas
at lower elevations (c. 350-1,400 m aslt, Assandri, Boglani, Pedrini, &
Brambilla, 2016); a further 29 points were surveyed between ¢ 1000
and 1900 m asl within another project. The dataset so obtained was
then integrated with further occurrence records collected by means
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of other surveys (e.g., ptarmigan- or grouse-specific counts) and oc-
casional observations of target species.

2.2 | Selecting model species

We chose species representative of the main types of landscapes at
medium-high elevation in the Alps: (1) subalpine coniferous forest,
(2) high-altitude open habitats (l.e.. alpine grassland and rocky habi-
tats), and (3) transitional belt habitats, which connect the former two.
Model species were chosen from those which show a distribution
potentially affected by climatic variables (northerly distributed spe-
cies that in the Alps are close to their lower latitudinal range limits,
and/or are high-altitude specialists strictly tied to mountain habitats).
For (subalpine) forest habitats, we chose pygmy owl {Glaucidium pas-
serinum) and boreal owl (Aegollus funereus), two noctural raptars
known to be affected by climate, for which the Alps represent a refict
portion of their former range in a colder past (Brambilla et al,, 2015).
For open habitats, we selected rock ptarmigan [Lagopus muta), water
plpit {Anthus spinoletta) and white-winged snowfinch {henceforth
snowfinch; Montifringitla nivalis), all species likely to be impacted by
climate change (Brambilla et al, 2016; Beambilla, Cortes| et al, 2017;
Chamberiain et al., 2013; Pernollet, Korner-Nievergelt. & lenni, 2015;
Revermann, Schmid, Zbinden, Spaar, & Schréder, 2012) and occupy-
Ing high-elevation habitats. For transitional habitats {around the tree
line, where forest and grasslnd intergrade), black grouse (Tetrao
tetrix] was chosen according to its preference for edge habitats and
cold climates {Braunisch, Patthoy, & Arlettaz, 2016; Loneux & Lindsey,
2003; Ludwag et al, 2006; Spidse, Hjeljord, & Dokk, 1997). All those
species are largely resident species. with the exception of water pipit,
which is mostly a short-range migrant, commonly wintering In lowland
sites within the study area. Sample sizes are reported in Table 1.

2.3 | Modelling species distributions

We used MaanT (release 3.3.3k; Phillips, Anderson, & Schapire, 2006)
to model species distributions (Braunisch et al,, 2013), which s rou-
tinely adopted for distribution modelling with data colected under
different field protocols (Efith et al, 2011: Engler, Ridder, Stiels, &
Forschler, 2014), We used bird occurrence data with a spatial resolu-
tion <100 m for Passeriformes and <1 km for other species to build
models at a relatively fine spatial scale {1 km). As environmental

variables, we considered land cover, topographical and biociimatic
factors.

All variables were calculated for 1 km » 1 km cells, within which we
measured the total cover of 11 land cover types derived from CORINE
Land Cover (CLC2006; EEA, 2007); arable land, pastures, broadleaved
torest, coniferous forest, mixed forest. natural grassland, transitional
woodland~shrub, bare rocks, sparsely vegetated areas, lakes, built-up
areas (urban and productive areas, large infrastroctures; several dif-
ferent categories summed together, Supporting Information). Average
slope for each cell was derlved from a 20-m resolution Digital Terrain
Moded, but was considered for non-Passeriformes onfy (see Supporting
Information). For the same 1 km x 1 km cells, we calculated six climate
variables (downloaded from WorldClim v.1.4; Hijmans, Cameron,
Parra, Jones, & Jarvis, 2005; bhttp fwww.worldclim.org, resolution;
30 arc-seconds) that we a priori believed could be important deter-
minants of species distributions: annual average temperature {(BIO 1),
maximum temperature of the warmest month (BIO3), mean tempera-
ture of warmest quarter (BIO10), annual precipitation (BIO12), precip-
itation of the warmest quarter (BIO18) and precipitation of the coldest
quarter (BIO19). However, varlance inflation factors (VIFs) calculated
for these variables showed a high degree of collinearity and, in pas-
ticular, a strong correlation with annual temperature. Given the de-
gree of collinearity, and that average annual temperature has a major
importance in dictating the distribution of our modei species in the
Alps (Brambilla et al,, 2015; Brambilla et al., 2016) and is likely to be
particularly important for our largely resident species, it was decided
to use annual termperature as the only cimatic variable in the model,
Annual temperature therefore acted as a surrogate for general climatic
conditions In order to reduce the risk of averfitting the effects of cli-
mate change on specles distribution,

To turther minimize the risk of overfitting species-habitat or spe-
cies-climate relationships, we fitted all distribution models by means
of linear and quadratic terms only. The continuous output of Maxswt
models was transformed into a presence/absence value, selecting the
mest appropriate threshold for each single specles by comparing the
output of the reclassification with the current distribution of the spe-
cles in Italy (Nardelll et al, 2015). To produce as general and robust
models as possible, we applied a masked geographically structured
evaluation of models for most species (Radosavijevic & Anderson,
2014). We partitioned the study area into four different longitudinal
belts (Brambitla et al, 2016}, and bullt models using records and 10,000

TABLE 1 Basic statistics of distribution models for the target species. N: sample size {number of presence points comprising 1,196 points
surveyed and additional records); AUC: area under the curve. Training values refer to data used to build the models and to their performances,
testing values to data used to test the models (and to their relative performance on the independent dataset used for validation). For owl
speches, AUC and standard errors were calculated using cross-validation, due to the relatively small sample sizes

N training 132 179
N tosting 53 577
AUC tralning 0.95 0.96 097
AUC testing 0.94 096 097

0.94 £ 000
091+008

091:001
0.89 £ 004
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hackground points from two belts. We then evaluated models using
the occurrence records from the other two belts as test data, Values of
the area under the curve (AUC) of the receiver-operator plot were very
similar between training and test data for all species, thus suggesting
maode! stability (Tabte 1). Given the reduced sample size, we preferred
not to divide the sample Into training and test sets for the owl spe-
cles. Instead, we carried out a 10-fold cross-replication of models, and
calculated test and training AUC over the different subsets produced
far each replicate, As for the other models, the close valses between
testing and training subsets suggested model stability (Table 1).

Although we used mean temperature as the sole predictor of
distribution, due to the high leve! of collinearity among the climatic
variables, this is an infrequent practice in species distribution mod-
elling. Furthermore, there is a risk of overestimating the effect of
climate change on a glven specles when Its whole range Is not con-
sidered (Barbet-Massin, Thulller, & Jiguet, 2010). Therefore, we tested
whether mean temperature produced good distribution models at a
broader scale, We followed a previously adopted approach (Brambilla,
2015; Brambilia et al, 2016), where we assessed the reliability of the
modelled climatic niche {specifically, thermal niche) for a species by
modelling distribution as a function of annual temperature across a
large part of Europe, and validating it with the known species range
at larger national and European scales derived from independent data
sources (BirdLife International, 2015; Nardelli et al, 2015; Brambilla
et al, 2016; see Supporting Information). We obtained a reliable pre-
diction of species distribution in relation to temperature for all species
{Supporting Information), thus confirming that the use of a single mea-
sure representing thermal niche fLe., annual temperature) provides a
good general surrogate of climatic niche that can be used to predict
species distributions.

We re-projected distribution models over future conditions, by
varying mean annual temperature according to two different sce-
narios characterized by increasing values of representative concen-
tration pathways (RCPs; Moss et al, 2010; van Vuuren et al, 2011;
Diffenbaugh & Fiedd, 2013). Following previous work (Brambilla et al,,
2015; McQuillan & Rice, 2015), we chose the two RCP values of +4.5
and +8.5 W/m®, respectively. representing a rather optimistic and pes-
simistic future (Meinshausen. 2011). The two scenarios correspond
to an average increase of +1.4 and 2.0°C in global temperature by c.
2050 (IPCC, 2013), respectively, We obtained the annual temperature
values for 2050, according to the Hadley Global Enviconment Mode!
2 (HadGEM2-ES), at the finest available resolution {30 arc-seconds),
In developing the method, we treated land cover as constant over the
time period considered (up to 2050; see Supporting Information). Qur
approach is therefore fairly conseryative in that potential habitat losses
that may occur as a result of climate change (especially of open habitats;
Chamberiain et al.. 2013) are not Incorporated (but see Discussion).

2.4 | Modelling connectivity

For each species, we modelled connectivity as a function of habitat
sultability and of the spatial arrangement of habitat patches with dif-
ferent levels of suitability, We used our target species as exemplars

EECE—] \V £y

for particular macrohabitat types in order to evaluate {structural) land-
scape connectivity, and thus to have wider relevance for other spe-
cies inhabiting the same habitats, We modelled structural connectivity
for the selected species using Crcumscare {ver. 4,0.5: httpo//www,
clrauitscapeorg; Aradjo & Townsend Peterson, 2008; McRae, Shah,
& Mohapatra, 2013). Crourtscass adopts an approach that combines
circuit and graph theotles and fits connections following a random
walk and evaluates the contributions of multiple dispersal pathways
{Araijo & Townsend Peterson, 2008; see Supporting Information for
details). This approach needs a map of conductance (or its opposite,
resistance) of the study landscape, and a set of focal areas, which are
habitat patches where the current is injected or is tied to ground,
representing source areas or areas where individuals may settle after
dispersing {Araujo & Townsend Peterson, 2008). The procedure con-
siders all focal areas and uses the conductance/resistance map to es-
timate the current flow among patches, and sums up all the obtained
current maps to produce a final map, representing the total current in
vach cell of the landscape (Aragjo & Townsend Peterson, 2008). This
final value can be taken as the probabifity of a random walker pass-
ing through an individual cell (Doyle & Snell, 2000, and is thus used
to weight the importance of individual cells and of pathways in con-
nectivity models (Aratjo & Townsend Peterson, 2008). it therefore
provides a suitable measure of the structural landscape connectivity
we aimed to evaluate, As conductance maps, we used the continuous
vatue of environmental suitability calculated by the output of Maxest
models (Ridder, Nekum, Cord, & Engler, 2016).

Focal arcas are suitable habitat patches from which animals can
start or finish a dispersal event. In our approach, they are equivalent
to "key patches” (Verboom. Foppen, Chardon, Opdam, & Luttikhuizen,
2001), which are relatively large areas with a preeminent role in habi-
tat networks, We defined focal areas as continuous blocks (consider-
ing patches as contiguous according to a rook connection scheme) of
potentially sultable habitats with a minimum extent of 500 ha (large
enough to permit regular occurrence and breeding for all the model spe-
cies). Patches smaller than this extent were excluded from focal areas,
but they still contributed to connectivity estimation within models,

Cinostscape was run under the pairwise mode, which iterates
across all pairs of focal areas, using the four-neighbour-connection
scheme (Engler, Balkenhol, Filz, Habel & Rbdder, 2014).

For all species, connectivity models were built for current and fu-
ture (RCP +8.5) conditions. To identify areas potentially suitable for
species-specific connectivity, we considered as suitable for species
mavement all the sites with a predicted electric current higher than
the 10th percentile of the current values for species locations in the
present scenario (Supporting Information: Engler, Rodder et al, 2014,
Liu, Berry, Dawson, & Person, 2005; Peterson, Raxworthy, Nakamura,
& Peterson, 2007).

The whole modelling approach is summarized in Fig. 3.

2.5 | Defining priorities for species conservation

To define conservation priorities among species, we considered both
the relative importance {and hence the "responsibility”} that the Alps
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FIGURE 3 Graphical summary of the modelling approach adopted
to estimate species distribution and connectivity across sites. [Colour
figure can be viewed at wileyonlinelibrary.com)

have for the conservation of each specios at a European scale, and
the estimated decrease in potential modelled distribution. By incorpo-
rating the two concepts, we combined relative importance and level
of threat Into one single estimate of conservation priority, To estl-
mate the redative importance of the Alpine region, we calculated the
proportion of the European population that occurs in the Alps, This
proportion was then multiplied by the estimated range contraction
for each species. The resulting value was used as a conservation prior-
Ity Index for each species [Table 2). We also repeated this process at

the subspecies tevel. in order to assess whether conservation prior-
ity rankings changed when prioritizing at a finer taxonomic level (see
Supporting Information),

2.6 | Ranking areas for conservation to maximize
resistance and resilience

We identified two types of priorities for sites [i.e,, cells in our approach)
in order to carry out a spatially explicit definition of priority conserva-
tion targets which considered the need to maximize both resistance
and resllience (Figure 1). Resistant distribution units are current focal
areas for threatened species which will remain <o in future, Such areas
are putative in situ refugia {("areas where negatively impacted biota can
persist as anthropogenic climate change progresses with the potential
to expand If sultable reglonal climate canditions return,” Keppe! et al,,
2012) and are crucial for population resistance in the face of climate
change. They could also contribute to poputation resifience (Sefwood,
Thomson, Clarke, McGeoch, & Mac Nally, 2015}

Resillent distribution units Include two functionally different kinds
of sites; key areas Tor connectivity {Le,, areas sultable Tor movement
both currently and in future) and sites that are currently unsuitable
for threatened species, but will become so in future (ex situ refugia,
Keppel et al,, 2012). These types of priotity sites are key areas for resil-
ience to climate change, as their conservation would allow populations
to move towards, or colonize, new suitable areas.

Some sites may be resistant or resilient distribution units for more
than one species and may Include different habitats and thus require
different management and conservation strategies, The main nesting
macrohabitat (subalpine forest, open habitat. transitional belt) was
identified for each species. All species of each of these habitats were
considered together, Glven that we have analysed three species for
high-elevation habitats, but only two for subalpine forests and one for

TABLE 2 Species (and subspecies) conservation prionity in the study area according to percentage of the European population harboured by
the Alps and to the predicted decline by 2050 in the worst climatic scenario

Approximate % of European
Rock ptarmigan Lagopus muta 1302
Black grouse Tetrao tetrix 477
Pygmy owl Gloeucidiun passerinum 757
Boreal owl Asgofius funereus 8.06
Wiater pigit Anthus spinoletta 19.02
Snawtinch Montrifringilia nivalis 1228
Subspecies

Rock ptarmigan Lagopus muta hefvetica 100
Black grouse Tetrao tedrix Letrin 479
Pygmy owl Glaucidium p. passerkium 757
Bareal owl Asgofius 1. funereus 3.06
Water pipit Anthus s. spinoletta 19.02
Saowfinch Montritringilia n. nivalis 7367

58,56 7.63 3
55.78 2.66 6
49,98 378 5
66.74 5.38 4
51.95 9.88 2
84.09 10.33 1
58.56 58.56 2
55.78 267 é
49.98 378 5
86,74 5.38 4
51,95 9.88 3
84,09 6195 1
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transitional habitats. we considered only the first two [sub)species (in
order of priority index) for the high-elevation habitats. We gave prior-
ity to resistant distribution units Bong-lasting focal areas, which could
also promote resilience; Mackey et al, 2012) rather than to resilient
units (sites suitablo in future and key sites for connectivity). Within
the resilient distribution units, priority was given to key connectivity
areas rather than to sites suitable in future. In the case of overlapping
resistant units for different species, we selected focal areas according
to the species herarchy obtained by the priority Index (as described
above: see also Results). The same was carried out In the case of over-
lapping resilient units,

3 | RESULTS
3.1 | Current and future distribution of model
species and ecological connectivity

All modals performed equally or nearly so over the training and test-
ing datasets, thus confirming a good level of model stabiity and va-
lifity over all the aroa (Table 1), which was supported by a critical
comparison with the reported species occurrence (Appendix S2).
Model detalls are reported In Table S1. All the model species were
predicted to undergo range contractions (Table 2 and Figures 4-6,
Appendix S3), with a progressive shrinkage towards upper elevations
25 & result of the temperature increase, Forecast range contraction
was most pronounced for snowfinch, but the other species were
also predicted to lose at least half of thelr current potential range
under the pessimistic climatic scenario (RCP +B.5) considered here
(Table 2).

Ecological connectivity across focal areas was pradicted to
decrease for all species and within all habitats (Appendix S4).
Snowfinch and pygmy owl were predicted to be particularly

FIGURE 4 Current and future
distribution for rock ptarmigan {Lagopus
muta helvetica), an open-habitat species
living at high elevation, {Colour figure can
be viewed at wileyoolinelibrary.com)

S Vi Y-

subjected to loss of connectivity, but significant reductions were
found for all species.

3.2 | Priority for species conservation

Combining respansibility and predicted contraction led to the follow-
Ing prioritization hierarchy (according to the priority index for species):
snowfinch, water pipit, rock ptarmigan, boreal owl, pygmy owd and
black grouse, When considering the subspecles inhabiting the Alps,
the order was almost the same, with only a change between rock
ptarmigan (which ranked second) and water piplt {now third; Table 2).
Therefore, open-habitat species had consistently the highest priority
Index, followed by subalpine forest species and finally by black grouse,
our model species for transitional habitats. Considering the value of
the endemic rock ptarmigan subspecies, we took the ranking at the
subspecific value and thus considered snowfinch and rock ptarmigan
as target species for open habitats.

3.3 | Prioritizing areas for
conservation and management

Given the results of the priority index for species/subspecies, the
ranking relative to habitat type was the following: open habitat, sub-
alpine forest. transitional belt. This order was followed to seiect the
priority group at sites where there was overlap for resistant or resil-
tent units for species Inhabiting different habitats. Therefore, the hier-
archy adopted to select priorities was the following: long-lasting focal
areas for open-habitat species, long-lasting focal areas for subalpine
forest spacies, long-lasting focal areas for transitional beit species, key
connectivity areas for open-habitat species, key connectivity areas for
subalpéine forest species, key connectivity areas for transitional belt
species, future suitable sites for open-habitat speces, future suitable

Rok
I Sctutie  curmert conditions srly

5 Sumatie i 2050 ondy (PP 05)
e eathe

W
\\

NN

74



BRAMBILLA r1 a,

Promy owt prodictnd ocoumence
B Sutate 1 Oavent Condtions onky
T Sututie 1 JON0 ooty (RCP LS
W ey A

sites tor subalpine Torest species and fulure suitable sites for transi-
tional belt species,

This procedure for the selection of priority areas led to the map
shown in Figure & in large parts of the “true” Alps, priority areas were
rather continuous for all the three main habitats, and mirror the typical
altitudinal stratification forest-transitional belt-open habitats. However,
In most prealpine areas (the southern portions of the Lombardy and
Trento mountains} and in the south-western Alps, the dramatic reduc-
tion in distribution and connectivity forecast for most species led to a
fragmented and discontinuous distribution of priority areas.

FIGURE 5 Current and future
distribution for pygmy owl (Glaucidium
passerinwm), @ nocturnal raptor occupying
coniferous forests, [Colour figure can be
viewed at wileyonfinelibrary.com]

FIGURE 6 Spatial priorities for
conservation and management according
to the current and future suitabifity of sites
as focal areas or corridors and according

to the species hierarchy (see text). The
inset shows a detailed view of Valle d'Aosta
reglon, to show the spatial relationship
among the three different types of
management/conservation priorities {(high-
elevation open habitats, forests, transitional
belt). [Colour figure can be viewed at
wileyondinelibrary.com|

4 | DISCUSSION

4.1 | Resistance, resilience and distribution:
implications for conservation planning in the face of
climate change

Species survival in a warming climate depends on several factors, such
as physiological and phenclogical adaptation, dispersal ability, behav-
ioural traits, interspecific intoractions, habitat stability (Bellard et al,,
2012), and on the availability of in situ and ex situ refugia (Keppel
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et al, 2012). All or nearly alt of those key components of population
persistence can be attributed to resistance or resifience to climate
change. In this study, we considered populations to be potentially re-
sistant to climate change when they occupied sultable habitats, Hkety
to remain suitable in @ warmer future (in situ climatic refugia-resistant
distribution units; see also Ficetola et al, 2014). In our approach, re-
silience to climate change was considered In terms of potential range
shifts to track suitable conditions (e.g., to reach ex situ climatic refu-
gla), at a spatial scale where the dispersal abllity of all the bird species
we cansidered should enable such shifts (resilient distribution units),

Integrating these two issues allowed a more informed and thor-
ough Identification of sites of strategic importance for species con-
servation (see also Alagador et al., 2016). Resistance-only approaches
Ignore the potentlai effect of increasing isolation, and the assoclated
risk of identitying areas too small and isolated to allow long-term per-
sistence (Verboom et al, 2001), while resilience-only strategies may
miss the overwhelmingly important resistant refugia (Ficetola et al.,
2016, Keppel et al., 2012). We believe that an integrated strategy may
maximize the chance of species persistence and should therefore be
encouraged for conservation planning.

Modelling connectivity has been accomplished by considering dis-
persal distance in relation to distribution changes (e.g., Mazaris et al,
{2013), using network flows [e.g.. Alagador et al, 2014; Phillips et al.,
2008) or according to graph-theoretical approaches (e.g., Kang, Minor,
Lee, & Park, 2016). Our approach could provide a significant improve-
ment in our ability to develop sound conservation policies, thanks
to the continuous evaluation of structural connectivity in curront
and future scenarios, based on both climate conditions and habitat
cover, calculated according to a circuit theory approach. For the owl
and passerine species we considered, a limited decrease in landscape
connectivity could be a minor Issue (Spina & Volponi, 2008), thanks
to good dispersal abilities. On the other hand, black grouse is a low-
and female-biased dispersal species, for which connectivity could be a
key issue, especially in marginal or contracting populations (Warren &
Baines, 2002), Contrasting evidence has been reported for rock ptarmil-
gan, suggesting isolation in the Pyrenean populations (Bech, Boissier,
Drovetski, & Novoa, 2009), but not in the Alps (Collini, 2011). More
importantly, our model species may be used as “umbrella® species for
the respective Alpine communities which include those with similar
ecological {cfimate, main habitat) requirements, but with much mare
restricted dispersal capabilities (e.g., small terrestrial vertebrates and
arthropods, and plants), The use of structural landscape connectivity
metrics was indeed selocted to offer the broadest possible evaluation
of connectivity for living organisms, as such a connectivity estimate is
less dependent on species-specific dispersal distance or abilities.

4.2 | Prioritization of species and areas

Predicted distributions and connectivity among sultable areas for all
Alpine bird species are both predicted to decrease as a consequence
of rising temperatures. Our results thus confirmed the findings of pre-
vious work on distributional changes from largely overlapping areas
of the Alps (Chamberlain et al, 2013; Brambilla et a1, 2015; Brambilla
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et al., 2014} and further highlighted a negative effect on landscape
connectivity.

Our approach combined the relative importance of Alpine popula-
tions and climate change-induced threats, and allowed us to rank spe-
cies in terms of priority for development of conservation strategies in
the Alps. Using species or subspecies resulted in only minor changes,
but In other geographical contexts, changing the reference taxonomic
level could result In substantial re-ordering of ranks.

The prioritization of areas for conservation and management was
basad on both the species hierarchy and the attribution of a higher-
priority level to resistant distribution units than to resilient ones.
Resistant units are more Important because they offer suitable condi-
tions to the target species irrespective of climate change, their identi-
fication Is jess subject to the uncertainties In future climatic scenarios
(such sites would be suitable under current conditions as well as under
the worst possible scenario), and they could also promaote resilience,

4.3 | Modelling issues

All models appeared fairly robust, in line with the consistent spe-
cles-habitat relationships found for bird species in the talian Alps
(Chamberiain, Brambila et ai, 2016). Moreover, the output they
provided matched fairly well the current distribution for all species
except the owls, although the apparent overestimation predicted in
parts of their range was most likely due to the lack of dedicated sur-
veys in these sites (Beraudo, Caula, & Pettavino, 2012; Nardelli et al,,
2015), rather than problems with the modeliing approach (Supporting
Information), The underlying species-environment relationships and
the resulting predicted distribution seemed therefore highly reliable,
even If we did pot consider other potentially meaningful climatic varl-
ables In addition to annual temperature. It is Important to note that
annual temperature had been repeatedly reported to be by far the
most important climatic driver of avian species’ occurrence in the Alps
(see, e.g., Brambilla et al. 2016; Chamberlain et al, 2013),

Although we used the same spatlal scale to bulld all models,
our target species have fairly different spatial requirements. For the
non-Passerlformes, the landscape grain we adopted for distribu-
tion models was roughly equivalent ta their territory or home-range
size [Brambilla et al., 2015), whereas for the smaller species, the
1 km x 1 km cells are clearly larger than the extent actually used by
a breeding pair of those species (and which should Ideally be taken
as the grain size for modelling. e.g.. Brambilla et al.. 2016). Despite
this limitation, good results (in terms of the models' statistical per-
formance and consistency with the reported distribution) were also
obtained for the two passenine species we considered, suggesting
that this grain is stlll adequate to evaluate the effect of land cover
and temperature on species occurrence at this scale, Nevertheless,
the increasing avallability of fine-scale data on land cover and other
environmental predictors of species occurrence would allow deeper
Insights into species-habitat relationships and consequently into spe-
cles distribution modelling.

We did not consider land use/land cover changes. Although we
considered a rather limited timeframe, such changes are possible,
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and even likely around the tree line (Harsch et al. 2009), and in
sites where land abandonment is driving encroachment over open
habitats. The approach adopted here is therefore conservative in
estimating potential decreases in species distributions and in con-
nectivity for most of the model species considered. This Is because
habitat losses caused by upward shifts in vegetation zones. and in
particular the tree fine, are likely to reduce mare open habitats, The
lack of consideration of habitat changes in our approach means
that predictions could be even more dramatic than suggested by
our modeis (Brambilla et al, 2016), Further developments of our
methed could incorporate scenarios of future habitat change (see,
e.g., Ficetola etal, 2010; Wisz etal, 2008), although modelling
such changes is a considerable challenge.

Connectivity models are based on the continuous environmental
suitability calcuiated by Maxent models. However, the identification of
the main connectivity areas was based on the application of specific
threshold values, We chose the 10th percentile of the current values
of connectivity for spedes locations as the threshold to ldentify strong
priorities for connectivity, when translating such areas Into landscape
planning. an expert-based enlargement or buffering around the main
connectivity areas should be considered.

5 | CONCLUSIONS

Incorporating species prioritization and future variation in structural
connectivity, our work provides a novel framework for tho definition
of conservation priorities potentially relevant for management under
a changing climate. Knowing what guild of species (high-elevation,
forest, transitional habitat) should be considered as a priority In a
given site is key information for conservation planning, enabling man-
agement strategies to focus on certain habitat{s} and habitat traits,
Considering both sites that will maintain suitable climate in future for
the species they already harbour (in situ refugla). and sites cruclal for
connecting habitat patches, the potential resistance and resilience of
species populations to climate change can be maximized through ap-
propriate conservation planning.

This kind of approach may be replicated over different areas, sets
of species/habitats and scenarios of environmental changes. including
different climate predictions, land cover change or human exploitation
(Brambilla et al., 2016; Chamberlain et al,, 2013).
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due to rapid shifts in abiotic conditions (Chen et al., 20175 Parmesan
il Yobe, 2003), Based on forecast climatic scenarios, several studies
have furthermore attempted to predict future climatic impacts on bio-
diversity (e.g. Bellurd et al., 2012; Thomas et al,, 2004),

The potential effects of climate, and hence of climate change, on
animal species have been mostly assessed either by experimental ap
proaches evaluating physiological tolerance to climate varintions (e.g.
temperature) at the individual level (Jobnwon, 1968) and under con-
troiled environments (Chapin ot al.. 1995), or via large-scale distribu-
tion models, the latter representing one of the commonest ways to ex-
plore potential changes in species distributions owing to climate change
(Fitzpattick and Hargeove, 2009; Hijmany and Graham, 2006). Eco-
physiological investigations usually include field observations and la-
boratory measurements that aim to detect how alterations of environ-
mental constraints influence species’ physiological responses and hence
population processes (Arlettaz et ul,, 2000; Firtner and Knue, 2007). In
contrast, correlative models of specles distribution (Guisan and
Thwiller, 2005) rely on environmental factors such as climate, land-
cover and topographic variables, which are usually linked with species
occurrence at a broad scale, and thus can help to identify those species
that are most likely 1o be affected by climate or environmental change
In a given area. They can, to some extent, be downscaled 10 the terri-
tory/home-range size of a torget species (Srumbilln et al, 2015;
Braunisch et al. 2033), but often remain fairly limited in their pre-
dictive power as they may miss essentinl mechanistic components
(Willams and Jeckson, 2007) linked to patterns of resource exploita-
tion, such as food acquisition. Hence, specles distribution models may
not embrace species’ niche complexity as a whole (Rraunisch et al,
2013) and may both over- and underestimate extinction risk due to
climate change (Bellord et al, 2012). Although sp distributi
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2015). An absence of information about microhabitat preferences can
lead to serious biases in predictions of climate change effects on species
distributions (ef. Bellard et ul., 2012). As a of fact, microhabitat
characteristics may allow species persistence when the general climate
of the region appears to have become unsuitable, and vice versa, Stu-
dies of microbabitat suitability are thus pivotal to our basic under.
standing of species' ecological requirements and to devise efficient
conservation management of climate-sensitive biodiversity. Several
such studies have emerged recently (Suggitt or al,, 200 1; Turlure et al,
2010), which have established the importance of both microhabitat and
microclimate to understand the sensitivity of species to environmental
shifts and, ultimately, their population dynamics and distribution pat-
terns (Fedy and Martin, 20113 Frey ef ul, 2016) The basie question
here can thus be formulated as follows: to which extent can micro-
habitat characteristics, and their potential management, buffer against
any detrimental effects of overall climate change (e.g. Braunlech of ol
2014)?

Among terrestrial organisms, high-elevation cold-adapted species
seem to be particularly vulnerable to climate change (Dimback ef al.
20171; Lagerholm et al., 2017; Scridel et al., 2018), with their future
distribution being either expected to contract towards higher elevations
due to ambient temperature warming (Braunisch et ul, 2013;
Chamberlain et al., 2013; La Sarte and Jetz, 2010; Pernollet et al., 2015;
Sckarclogly et al, 2008), or to vary in a complex way in response to
shifts in precipitation regimes that remain difficult to forecast (e.g,
Tingley et ol 2012). Mountain areas are Indeed subject to higher rates
of warming compared to the global average (e.g. Bohm et al, 2001,
Hrunettt ¢t al, 2009), yet at the same time, they are also experiencing
s:mng dumges in landxape and land use (¢.g. forest encroachment in

d pwird treeline shift or loss of areas permanently

maodels are indeed the most widely used (and scalable) approach to
assess species’ spatio-temporal responses to climate change (Engler
et al, 2007; Moritz and Agudo, 2012), there is a need for com-
plementary approsches that integrate finer.scale ecological information
for, on the one hand, improving our mechanistic understanding of the
tolerance and resilience, Le. the adaptive potential of target organisms
to shifting environmental conditions {e.g. Baudier e al, 2015; Bennett
et ul, 2005), and, on the other hand, modelling appropriately the
consequences of environmental changes upon population dynamics
(Fedy and Martia, 2011; Fordham et al, 2017), This could be addressed
by considering the impacts of climate change upon fine-scale habitat
structure and availability (henceforth, microbabitat), which eventually
drives habitat suitability. However, this aspect has received compara.
tively little attention so far, despite its crucial importance in under-
standing mechanistie responses of species to environmental change
(Fordham et al, 2017; Keamey and Porter, 2009), Fine-grained species-
habitat associations arc essential to understand how changes in mi-
crohabitat due to climate change will affect species’ habitat suitability
at local and broader scales, which will ultimately influence a species’
ability to respond to climate-induced environmental changes (Schefien
et al, 2014),

Studies of the effects of microhabitat alteration due to changing
climatic conditions have mostly focused on small-sized organisms (e.g.
Invertebrates) that are highly sensitive to local dimatic/habitat varia-
tion, especially due to thelr strong temperature-dependent life-cycles
(Davies et al, 2006), Pincebourde et ol, (2016) have shown that mi-
crohabitat properties shape species responses to climate change. Re-

h has g Iy f d on species with limited mobility (e.g.
plants (Fradervand ec al, 2014), benthic Invertebrates {Schict ot al,
2004)). In contrast, studies on the distribution of terrestrial and highly-
mobile species usually deal with broad spatial scales, despite the fact
that habitat selection in these species operates st multiple scales. In
birds for instance, this concerns the selection of breeding sites
(Jediikowski ot al, 2016; Rauter ef al, 2002), foraging grounds
(Brambilla et al,, 2017h; Martinez-Miranzo et al,, 2016; Schauh et al.,
2010), and even shelters to avoid unsuitable climate (Visivoni et al,

covered by mow) ngh-elevatlon ecosystems thus represent an ideal
setting to investigate the fine-grained impact of environmental change
on habitat and biocenoses, especiaily due to the complex topography,
including steep elevational gradients, that generates o large range of
microhabitats and microchi (herexfter topoclimates) and offers
numerous refugia opportunities (Kormer and Ohsawa, 2006), Such
heterogeneity may per se represent a chance to maintain biodiversity,
cither naturally (Brambills et al, 2016) or through informed con-
servation management (Braunisch et al., 2014). However, to the best of
our knowledge, mitigation strategies to maintain niche opportunities
for high-alpine biodiversity facing climatic risks have not been in-
vestigated so far (Shoo et al,, 2011; Turlure et al, 2010).

In this study, we Investigated the foraging microhabitar selection in
a high-elevation, cold-adapted and snow-exploiting passerine bird, the
white-winged snowfinch Montifringilla mivelis (Aves: Passeridae; hen-
ceforth: snowfinch), during the nestling rearing period, a crucial phase
of the lifecycle, The snowfinch is a mountain specialist species
breeding at high elevations above the treeline (in the European Alps
mostly between 1800 and 3000 m ash; Cramp and Perring, 1594). Nests
are usually located in rock crevices or human-built infrastructure such
as mountain buildings or ski-lift pylons (Cramp and Perrins, 1994),
Females lay the first clutches of 4-5 eggs during the second half of May
to early June, and nestlings fledge at ca.18-22 days of age (del Hoyo
et al, 2009). During the nestling rearing perlod, sdults collect In-
vertebrate prey in the surroundings of nest sites, usaally within 300 m
of the nest, frequently on or at the margin of melting snow patches and
in alpine grasslands (Antor, 1995; Rrambilla et al, 2017t Catzeflis,
1975; Cramp and Perrins, 1994; Steinells et al, 2007).

A recent study of foraging habitat selection by breeding snowfinches
in the Italian Alps highlighted the importance of habitat factors that are
largely climate-dependent, such as snow cover (positively selected),
height of the grass sward (lower sward preferred), and solar radiation
(lower values favoured, especially late In the season, Indicating
avoidance of warmer sites), This previous study was based on 314 m’
plots (ie. at a meso-scale) and did not explicitly address the key
question of climate change effects on habitat suitability (Brambilla
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el al, 2017b). Based on the outcome of correlative distribution models
which accounted for climatic, topographic and land-cover variables,
both at the landscape (Maggini et ul, 2014) and the tervitory level
{Brambilio et al, 2016), the snowfinch is expected to undergo a marked
range contraction In the Alps because of climate change, especially due
to increases in ambient temperature and habitat loss, snow cover being
a key comg in the species’ ecology (Brambilla et al, 2017b). In
this study, we focus on assessing the magnitude of climate change ef-
fects on the suitability of foraging habitats, and identifying habitat
management measures at the territory-Jevel scale that might help mi-
tigate some detrimental effects of climate change. More specifically, our
aims were: 1) to identify key habitat factors driving foraging micro-
habitat selection during food provisioning to nestlings by parents in a
wide area of the Central Alps; 2) to evaluate past and forecast future
changes n foraging microhabitat sultability by bullding models of mi-
crohabitat suitability, based on longitudinal data (both historical and
projected) on changing snowmelt date, which has become progressively
earlier in recent decades (by c. 6 days per decade; Klein et al, 2016);
and, 3) to assess whether habitat management operations could main-
tain microhabitat suitability in the face of cliimate change. To the best of
our knowledge, this is the first study to explicitly model the potential
impact of climate change on foraging microhabitat suitability in a ter-
restrial vertehrate. Our study paves the way for better forecasts of
wildlife responses to climate-induced alterations of habitat, and pro-
vides targeted conservation guldance for malntalning suitable foraging
grounds in the face of climate change.

2. Methods
2.1, Study area and data collection

We Investigated foraging microhabitat selectlon by 22 spowfinch
breeding pairs from 8 different study sites (Sorcbois, Zermatt, Furka
Pass, Valle Splugs, Stelvio. Gavia, Passo Selly, Rosetta) of the Swiss and
Italian Alps (Fig 1). The elevation of the study sites ranged from 1880
to 2840 m a.s.l,, adequately covering the clevational and macroclimatic
gradient of snowfinch distribution in the Alps, All surveys were carried
out between 14th June and 26th July 2016, focusing exclusively on
snowfinches collecting food for nestlings (nestling-rearing period),
First, by means of direct observations, we located snowfinch breeding
pairs and active nests. Once an occupied nest was located, we adopred
the following field protocols in order to record foraging and random
points (hereafter, foraging and control plots).

In Switzerfand, we mist-netted at least one parent from eésch mon-
itored heeeding pair to attach a radio-transmitter (Holohil Systems Ldt.,
model BD-2, weight: 1.4 g - corresponding to 3.2-3.9% of our birds’
body mass, life span: 9 weeks) to its back using a leg-loop harness (Nacl
Daenzer ef al,, 2001; Rappole and Tipton, 1991), As soon as tagged
birds were provisioning food to the nestlings, foraging events were
monitored over 2-6 days (spread along the nestling rearing period) with
the aid of a hand-held three-element foldable Yagi antenna wired to a
radio-recelver (Australls 26 k, Lawnton, Australia). Radlo-tagged birds
were first located from a distance from the radio signal and, once visual
contact was made with the foraging bird, the exact site of a successful
prey capture was identified with the ald of binoculars and marked with
a labelled stick, Then, a control plot was generated by selecting o
random angle (0-359°) and a random distance (between 26 and 100 m)
from the actual foraging plot.

In Italy, breeding Individuals were visually tracked when flying
from the nest to foraging sites, with the aid of binoculars {Heumbilia
et ul, 2017h). Once & foraging event was encountered, the exact loca-
tlon was recorded with a GPS device or by mapping the point on &
detalled aerial photograph. The foraging location was established as the
first position where i food item was collected (or as the last location of
the bird before retuming to the nest, when we could not directly assess
prey capture, since snowfinches usvally provision food to the nest
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Immediately after prey capture; Hrumbilla et o, 2017s). After the
collection of 10 foraging locations per study pair, an equal number of
control plots (with the only constraint that they should not overlap with
foraging plots) were randomly selected within a radius of 300 m around
the nest (Brambilla et al., 2017b; Grangé, 2008; Strinella et al., 2007) so
as to map habitat characteristics,

The difference in the methods used for the selection of control plots
between Switzerlund und ltuly did not affect the results, as control plots
showed similar suitability values across the two approaches (as re-
vealed by a mixed model analysing habitat suitability of control plots
including site identity as a random factor and methods of control plot
selection as fixed effect, where the AIC value was larger than the null
model; Table A3),

Habltat cover and structure were recorded within a 5 moradius
around each foraging location and control plot. Habitat varlables de-
scribed vegetation and other ground cover, as well as sward height and
the occurrence of grazing (Table 1) In addition, topographical features
(siope, solar radiation) were calculated In o geographic information
system (GRASS 7.04) using detailed Digital Elevation Models (resolu-
tion between 1 and 5 m) made publicly available by regional/provincial
authorities in Ialy and by SwissTopo maps fur 2013 (Swiss Federal
Office of Topography). Solar radiation was calculated as global radia-
tion on 21st June, taking into account the shadowing effect of the relief,

Sward height could not be recorded where grass was absent (n = 16
locatlons out of a total of 470). Because of this, In exploratory analyses
we compared the modelled relationships between foraging occurrence
and sward height by setting sward height to zero at these 16 locations
or by omitting these locations from the analysis, Given that the coef-
ficients for sward height were very similar between models with or
without “filled gaps’ (—1.02 and — 1.03, respectively), we decided to
apply the former option.

2.2, Statisticel enalyses

2.2.1. Foraging habitar selection

Habitat variables were recorded at 470 locations (235 foraging and
235 control plots) obtained from 22 breeding pairs (see Table Al for
summary statistics). All variables were standardized (iLe. centred on
their mean value and scaled by their standard deviation) before ana-
Iyses. After checking for outliess and zero-inflated variables, sand and
mud cover were discarded, and human-altered habitats (two types of
roads and urbanized areas) were joined Into a single variable (anthro-
pized arcas),

We modelled foraging habitat selection by means of conditional
logistic regression (Hosmes and Lemeshow, 1959), which accoumts for
the intrinsically paired nature of the sampling protocol and resulting
dataset. According to this approach, each set of foraging plots of a given
breeding pair was matched to the respective control plots, henceforth
taking into account the pair-based sampling design, Pair identity was
thus specified as a so-called “stratum™ variable, Conditional logistic
regressions were run by using the ‘clogit’ function of the “survival'
package In R (1 Development Core Team. 2016).

Model selection was performed using an information-theoretic ap-
proach, based on the Akaike's Information Criterion adjusted for small
sample sizes (A1Ce) (Durnham and Anderson, 2002), First, to reduce the
risk of model overfitting and to limit the potential effects of multi-
collinearity, the explanatory variables were divided in two groups
(Assondri et nl, 2018). These groups were “vegetation” and “other
variables” (1uble 1), We tested for within-group collinearity by calcu-
lating the variance inflation factor (VIF) using the package car in R (R
Development Core Tean, 2016). For all variables within a given group,
there were no collinearity Isswes (VIF < 3 for all variables in both
groups). Within each group, models with all possible varlable combi-
nations were constructed, and models were ranked according to their
AICe value using the MuMin package (Harton, 2016). The difference in
AlCc between each model and the top-ranking model (AAICc) was
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Fig. 1. Map of the siudy area showing the 12 siudy sies monltored e the Swiss and Iralian Alps (10 Sarebois; 2 Zersar; X Furka Pass; 4 Passo Splugs; 5 Montespluga; & Valle del
Beoulicog 7: Pusso Umbraik & Passo dello Stelvio; 9: Rifugio Gavie 10 Pusso Gavia: 112 Pasao Selfla; 12: Rosetta). The location of soawe major towns (Bern, Chur, Midaso and Tremto) is alvo

given fur u better Interp of the gengmph

calculated. Based on & previous study, we hypothesised that snow-
finches would peeferentially forage In sites with high grass cover but
low sward beight (Brambilla et al, 2017b), Therefore, we added o
potential interaction term to the “vegetation™ group (grassland
cover x sward height). Moreover, in order to test for selection of
melting snow patch margins (see e.g. Anior, 1995) and according to
preliminary data exploration (which suggested u potential curvilinear
relationship for snow cover), we also included a quadratic term for
snow cover (in the “other variables™ group). Then, for each group we
selected all the variables (and interactions) included in the most sup-
ported models (AAICe < 2) after the exclusion of ‘uninformative para-
meters' (i.e. variables for which inclusion resulted in a higher AICc
value of the model, but with an increase in AICc < 2; Amold, 2010;
Jedlikowskd et ol 2016). We finally combined the retained variables of
both groups and carried out a further model selection using the same
procedure (see e.g. Aszandri et al., 2016; Brambilla et al., 2017¢). In the
latter process, given that snowfinches could preferentially forage in
fine-scaled mosaics of snow and grass (Srambilla ef al, 2017b), we
added the interaction term snow x grassland cover,

222, Past, current and future habitat suitability

To predict climate-driven changes in foraging habitar suitability, we
modelled snow cover and sward height as a function of season pro-
gression and environmental characteristics, selected on the basis of a
potential effect of climate on those two variables according to the lit-
erature and expert opinion, We built models based on the control plots,
which were randomly selected and thus ensured unbiased sampling
(snowfinches may select patches where micro-topography or other local
conditions can result in values of snow cover or sward height deviating
from the average values of each territory). First, we built a model

| extent of the study aren, The inset shows the Jocation of the study aren (rectimghe) within the European Alps (grey).

relating snow cover 1o Jullan date, solar radlation, elevation and slope.
Then, we modelled sward height as a function of solar radiation, ele-
vation, slope, snow cover and grazing occurrence, excluding the few
sites without grass cover, In both cases, we used linear mixed models
(LMM) considering breeding pair as # random factor to take into ac-
count the spatial dependency of control plots within areas frequented
by the same breeding pair. Effect size for variables in the mixed models
was calculated according to the semi-partial R® statistic propesed by
Jueges et al (2017) using the r2glmm package n R

We estimated past and simulated future conditions based on the
observed rate of change in the date of snow melt: research from the
Swiss Alps reported a linear pattern of advance in snow melt timing by
¢, 6days per decade (5.8 days/decade; Klein et al., 2016). To hindcast
past conditions (40 years ago), we therefore decreased the sampling
date by 24 days. To model conditions 50 years Into the future (at year
2066), we added 30 days, assuming the trend in melting pattern will
remain unaltered. We then recalculated predicted snow cover and
grassland height for cach of the three time steps (in the following
termed ‘past’, ‘current” and ‘future’),

Finally, we calculated for each plot (foraging or control, n = 470)
the potentlal sultability under past, current and future conditions, by
means of the final habitat selection model obtained in the previous
analysis, and averaged predicted habitat suitability for all plots related
to each breeding pair, We used modelled snow cover and sward height
{i.e, predicted values from spow cover and sward height models), in-
stead of the values actually recorded in the field, including model
predictions for the current period in order 10 eliminate the effect of the
site- and time- specific conditions associated with the sampling period
and to obtain habitat suitability estimates that were comparable with
past and future conditlons. In this estimation of habitat suitability in
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Table 1

List of habitat variahles measured within a 5-m mdies at foraging aed control plots, with
information aboul metheds, metrics and descriptor catrgory. Groumd cover varialdes sum
up 10 100%, For the stiistical analyses, sward height, grasshand cover, shrvlis cover wene

d to the groap, wh all the othess were assigned (o the “other
variables” group.
Variahle type/ Descripeion Unit
varisble nune
Vegetation structure
Sweard height 5 measurernents of g height st the ploteentre on
and m 25m along cach of the four curdinal
directinns (or ot the closest point with grassland
cover, mespectivedy)
Cround cover
CGrassland Cover of grassy vegetation R
Sheubs Dwarf woody (e.5. Rhododendron, W
Juniperus, Selix.. )
Srwwy Sewrm-covered aras »
Boulders Hocks detached from the subsrate “
Bare growmd Mhare woil (compact soil) RS
Rocks Emergleg rocky subetrate (bedrock) %
Scree Soall rocky material {a few cm in dinmeter) *
Gravel roads Unpaved roads, large focepachs “
Paved roads Hoads, paved packing *
Sand Sandy 08 (not compact) *
Urbunized Buddings, walls, pykoes *
Water Lakes, ponds, wasercourses kY
Other Other ymcovered colegociey A
Genzing Dung of curcent of peevions year of atve Yes/no
ocoETECe prazing
Topagraphy
Slope Angle im degrees () calculated at the plot center  Degree
using # digital olevaginon model {rovclution:
1-5m)
Solur radistion Caloulated ax global midistion for 21t June AWh/m®
tused oo » digital elevation model,
Incorporating the shadowing effect of the
surrounding relief

different periods, we used the original values for the two other variables
(cover of grassland and of anthropized areas) included in the habitat
selection model.

2.2.3. Midgation scenarios

To simulate and evaluate any potential benefits of targeted man-
agement actions to maintain foraging microhabitat suitability, we also
madelled current and future suitability under two scenarios, with and
without mitigation management. The ‘non-mitigation’ scenarios
(without management) corresponded to the modelled habitat suitability
ns described above, For the mitigation scenarios (vin habitat manage-
ment), we assumed that sward height would be mamaged according to
optimal snowfinch requirements by keeping grass height below 6 em
{see Fig 2-and Brambilla et al., 2017b). We assumed that such optimal
sward height could be achieved by mowing or controlled grazing. We
therefore used the predicted sward height under current and future
climate conditions, respectively, both adjusted by truncating the
highest values at 6 cm. Finally, to evaluate whether habitat sultability
significantly changed from past to current and from current to future
conditions under both scenarios (with vs without management), we
performed a Wikoxan matched-pairs test on the mean plot suitability
for each pair. For descriptive purposes, we also counted the number of
plots with average plot suitability above 0.5 (suitable plots) for each
time step (past, current, and future),

3. Results
3.1. Foraging hobitar selection

We obtained a single most supported synthetic moxdel, as all other
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candidate models (after the exclusion of uninformative parameters) had
a AAICe > 2 (Table A2). According to this model (R* = 0.35), the most
suitable fornging habitats were characterized by low sward height and
cover of anthropized areas, intermediate snow cover and high grassland
cover (Table 2). Effect sizes for these variables ranged between 0.17
and 0.34, with snow cover and sward height having the largest effects
(Table 2). The influence of these predictors on the probability of oc-
currence of foraging snowfinches is shown graphically in Fig 2.

3.2, Past, current and future habirat suitability

The model for snow cover (intercept: —0.19 £ 0.10) suggested, as
expected, a positive effect of clevation (0.24 = 0.11, effect size:
r=028) and negative effects of Jullan date (=013 = 0.07,
t=0.17), slope (-0.06 = 0.09, r=0.04) and solar radiation
(—0.08 + 0,09, r= 0.07), and had a conditional R* equal to 0,23. The
madel for sward height revealed a positive effect of solar radiation
(0.26 = 0.09, r = 0.23) and slope (0.47 = 0.09, r = 0.41): well ex-
posed steep slopes are likely those where snow disappears earlier and
where the plamt growing season may start earlier, leading to higher
swards. As expected, a negative effect on sward height was found for
grazing (grazing occurrence: —0.08 = 0.15, r = 0.05), elevation
(=0.60 = 0.14, r = 0.61) and snow cover (-0.14 = 0.08, r = 0.15),
likely due to both different grass species at different elevations and 1o
the delay in growing season caused by elevation and snow cover, The
maodel for sward height had a conditional R? equal to 0.53.

Foraging habitat sultability was predicted to have declined from
1976 to 2016, and to continue declining from 2016 to 2066 at all
hreeding sites (Fig, 3), The predicted average site-level plot suitability
had strongly declined from 1976 to 2016 (Wilcoxon matched pairs test,
Z= <411, effect size: r= 0,71, n = 22 breeding sites), and Is ex-
pected to greatly decline further by 2066 (Z = ~4.11, r = 0.71). The
overall number of suitable plots (plots with habitat suitability higher
than 0.5; n = 470) declined from 364 (77%) to 281 (6006) from 1976 to
2016 (—23% in the number of sultable plots), and was predicted 10
further decline to 191 (41%) by 2066 (i.e. a further change of ~32% in
the number of suitable plots relative to the current situation).

3.3. Mitigation scenarios

The mitigation scenarios yielded higher current and future habitat
suitahility values than the estimates obtained without any intervention
targeted at limiting sward height, especially for sites with most or some
plots located at the lower end of the elevational range exploited by the
species (1g, 1), Under current conditions, if appropriate management
actions were implemented, the ber of suitable plots would be 359
(76%; which roughly corresponds to the figure back-projected to 1976
without management), while the average territory-level plot sultability
would be significantly higher (+0.07; Wilcoxon matched pairs test;
Z = —3.52, effect sizez 7 = 0.62, n = 22 breeding sites) compared to a
scenario without management. The future number of suitable plots
under an active mitigation scenario would be 268 (57%; very close 1o
the number of currently suitable plots). Compared to a scenano with no
management implemented in the future, average habitat suitubility
could thus be increased by 0,07 (Wilcoxon matched pairs test;
Z = «352 r= 062 n = 22 breeding sites) via mitigation measures.

4. Discussion

Our retrospective and prospective modeiling showed that a climate-
sensitive species of high-alpine ecosystems, the white-winged snow-
finch, is at risk from microhabitat loss induced by climate warming,
confirming at a fine-scale level previous suggestions derived by large-
scale modelling (Brambilla et al, 2016, 2017a). Not only has it see-
mingly already lost a substantial fraction ( ~ 17% of plots, or ~ 23% of
suitable plots, from 1976) of its structurally suitable foraging habitat in
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Dest-fitting conditsonal logistic regression model for foraging habitat selection by
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Variable Estimate (SE) z 3 r
Grassland cover 057 (0.14) A4 < 0.001 0.26
Sward height ~08S (0.16) 537 < 0001 034
Seom cover 2.00 (032} 618 < 0.001 -
Saon cover’ -072 (01 s.a2 0.003 034
Asnthropized ~1.21 (0.45) 265 0.008 0y

the Central European Alps over the past decades, but the unabated
habitat alterations induced by climate change would also continue to
reduce habitat suitability in the decades to come { ~ 19%, or ~ 32% of
sultable plots, by 2066), To the best of our knowledge, this s the first
study that has quantified fine-grained microhabitat requirements for
reconstructing past, and predicting future, foraging habitat suitability
in a high-clevation species, i.e a species occurring in an ecosystem that
ts more affected by climate change than the global average (see Moslts
and Agudo, 2013 and references therein). Indeed, most research on the
impact of climate change on biodiversity has so far dealt with modelling
macro-ecological relationships between climate and species’ biological
attributes (Bellard et al, 2012), Even if such broad-scale correlative
models could identify the pool of species in a given area that are likely
to be mostly Impacted by climate change, more detailed approaches
(like the one we have adopted here) are required to produce accurate
projections of changes in fine-scale habitat suitability and to assess the
potential effectiveness of habitat management as a mitigation measure.
This study ks also one of the first to Hustrate that mitigation measures
(targeted sward management by grazing) could be implemented to
maintain habitat suitability and thus buffer against the detrimental
effects of climate change, in line with what Braunisch et al, (2014) have
proposed for montane and subalpine forest bird species, and with what
Hegos et al (2017) suggested for birds In wildfire-prone ecosystems.
This lack of fine-grained mechanistic studies of habitat selection is
surprising as understanding species’ ecological requirements is a pre-
requisite both for sound modelling of species-habitat relationships and

cular, microhabitat selection studles carried out during the main bot-
tlenecks of a species’ life cycle, notably the critical and intense phase of
food provisioning to offspring (nestlings), are key as breeding output
depends on parental investment into progeny. The mechanical links
evidenced in our field surveys between environmental characteristics
favouring foraging activity (snow cover and sward height) and the al-
terations of these characteristics induced by climate warming exemplify
how meaningful forecasting of future species distributions via spatial
muxdelling should operate 10 gain predictive power, The general lack of
fine-grained studies Is probably linked o the Intensive and time-con-
suming data collection required, and such studies are unlikely to be
feasible for a large number of species at the same time. Additionally, the
high-precision information required for the study we carried out pre-
vented similar modelling over broad scales (e.g. at the regional or
coantinental level), even If the increasing availability of high-resolution
data will likely allow new steps in that direction In the near future.

4.1. Microhabitar sultabilty for foraging snowfinches ts affected by climate-
related habitat variables and anthropization

Breeding snowfinches collected food for nestlings in microhabitats
characterized by intermediate snow cover intermixed with short
grassland, while avoiding human-altered areas, notably roads and
buildings. These results are in line with previous findings obtained at a
much coarser scale in a largely overlapping study area, where snow-
finches were also found to primarily select short grassland and snow.
covered areas (Rrambilla e ol 20175). In addition. at a coarser scale,
snowfinches were found to be sssoclated with sites with lower solar
radiation (especially later in the season, when those sites are the ones
most likely 1o be still covered by snow and with short vegetation), hare
ground and some boulders (Brambilla et al,, 2017b), which were no
longer important at the fine scale we idered. The pref for an
intermediate snow cover (optimum at ¢, 40%6) reflects the spectes’
foraging tactics: snowfinches either collect invertebrate fallout on the
snow surface (Antor, 1995), or exploit the melting margins of snow
fields where they can find abundant tipulid larvae, one of their
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favourite and most profitable prey items (Cramp and Perring, 1994),
Sward height constrains foraging opportunities: short grass is likely to
boost prey availability, which is prey abundance modified by its ac-
cessibility (Schaub et al.. 2010). Yet, to further refine our mechanistic
understanding of microhabitat-specics associations, future work should
also investigate how prey abundance varies with respect to snow cover
and the melting front of the snow field in particular, and throughout the
breeding season In relation to the different habltat types in general.
Overall, our findings confirm that properly predicting mountain
birdy’ responses to global change necessitates the consideration of both
climate and habitat factors simultaneously (Chamberlun et al. 2016a),
as habitat tralts could be extremely impartant and interact with climate
change itself (Siram| et al, 2017; Titeux et al,, 2017, 2016), High-ele-
vation species spend a large part of their life-cycle in extreme habitats.
They have thus evolved specific adaptations to cope with harsh en-
vironmental conditions (Cheviron and Brumfield, 20125 Gobbi et al.,
2017; Seridel et sl 2018), However, climate change is accompanied by
increased weather variability and an acceleration of extreme events,
which represents o new evolutionary challenge for biodiversity In
general (D Marco and Santinl. 2015) and high-alpine blodiversity in
particular (Lu et ol 2009), The effects of the increased weather
variability and frequency of extreme events on the suitability of fora-
ging habitats also deserve further investigation. Moreover, direct

anthropogenic impacts on Alpine ecosystems are increasing: the
tourism industry modifies high-elevation landscapes and biodiversity
via the creation of new infrastructures (e.g. Rolando et al. 2007), re-
creational disturbance (e.g. Arlettaz et al , 2015, 2013, 2007) and other
anthropogenic stressors (Chamberlain et al, 2016b; Seridef ot al,
2018). Although the snowfinch is considered a synanthropic species
benefiting from human infrastructures both for nesting (mountain
bulldings, ski-lift pylons and even nest-boxes) and winter foraging
(seed-feeding stations at ski resorts or mountain chalets) (Cromp and
Perring, 1994), our results show that roads, paths, buildings and other
man-made structures decrease foraging microhabitat quality during the
reproductive period. It would thus be particularly interesting to esti-
mate the year-round costs and benefits of breeding in anthropized in
contrast to natural habitats.

Climate change can th alpine species 1o such an extent that
the large-scale distribution of species like the snowfinch could shrink
considerably (Brambilla et al,, 2017a; Maggini of al, 20)4). Our study
demonstrates a high sensitivity of snowfinch towards climate-induced
alteration of microhabitat conditions, notably in snow cover and sward,
shedding light on the possible mechanistic causes behind the ongoing
range contraction of this and other cold-adapted species (Scridel et ul,
2017). Warming climate induces both an anticipation of the seasonal
timing of snowmelt (Kiein et al., 2016) and an earlier and faster grasy
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growth at high elevations (1heurilat and Guisan, 2001), which affects
the snowfinch as well as other elements of alpine biocenoses (Pettorells
et al., 2007).

A note of caution should be made about our models for snow cover
and sward height. On the one hand, the snow cover model had a rather
low explanatory power, suggesting that local conditions may be very
important in driving seasonal patterns of snow cover changes. In par-
ticular, winter precipitation and spring temperature are crucial in de-
termining bow long snowfields can last duting the snowflach breeding
season. Therefore, improving the modelling of snow melting patterns at
a high spatial resolution would be an important future task for a better
assessment of changes in foraging habitat sultability for alpine birds, On
the other hand, sward height may also depend on the pool of locally
occurring grassland species. Despite this, the sward height model per-
formed very well, suggesting that common patterns in the study ares
can be detected even without considering grassland species’ composi-
tion, Hence, our results can be considered as representative of the
general patterns of snow cover and sward height variation experienced
by snowfinches in the Alps.

4.2 Buffering climate change impacts via habltar management

While slowing down climate warming requires long-term global
measures 1o drastically reduce soctery’s reliance on fossil energy
sources, swird management through targeted grazing is amenable
Iocal action, Our model outcomes suggest that the management of
sward height might offer some room 1o buffer the negative impacts of
climate warming on foraging microhabitat configuration, especially for
sites located ot relatively low elevation, where grasstand cover and
swird height play a crucial role in detesmining habitat suitability for
snowfinches (for sites located at higher elevation or with low grassland
cover, this would hardly provide any tangible benefit - see e.g. the first
plots on the left side of Fig. 3). According to our proposed scenario, a
systematic implementation of sward height management st our study
sites would have i for the decline in structural microhabitat
sultability that has occurred from the 1970s and could also strongly
reduce the predicted reduction of foraging habitar suitability over the
next 50 years. However, it remains to be seen whether: 1) other effects
of climate change may turn into unsuitable also the sites where foraging
habitat can be kept structurally suitable by means of management, and
2) implementing this measure would be sufficient to compensate for the
effect of the snowpack reduction and earier snowmelt, which may di-
rectly or indirectly impact on the invertebrate community upon which
alpine birds feed. If the depenience on accessible foraging grounds is
the main factor, then management might effectively Increase habliat
suitability, However, if the conditions prevailing along the melting
snow front dictate not oaly prey accessibility, but also prey abundance
and phenolegy, this me will likely not suffice, unless the snow.
finches can alter their breeding phenology towards earlier nesting. This
emphasizes the need to better understand, first, how invertebrate prey
avallability (which Is, again, abundance modified by accessibility)
drives foraging microhabitat selection (Vickery and Arlertaz. 2012)
and, second, what ix the sdaptive potential of the species to environ-
mental change, notably in terms of plusticity In reproductve phe-
nology. From this point of view, the results of our retrospective habitat
suitability model suggest that the snowfinch might have a limited ca-
pacity to cope with environmental change, notably with the ongoing
major alterations in snow cover conditions. Investigations of its long-
term breeding phenology are also needed 1o further appeaise its adap-
tive potential. Finally, preventing the construction of new Infra-
structures at high elevation, converting disused tracks at construction
sites into grassland, as well as ski-piste revegetation (Caprio et ol
2016), may limit or reduce further losses of suitable habitats due to
human activities,

Future studies should evaluate o generalization of our re.
commendations is possible, both from a spatial and a taxonomlic point
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of view, Indeed, keeping a low sward height could also favour prey
capture by breeding snowfinches in the other parts of the species’
breeding range. Similarly, this management regime could favour other
Insectivorous birds requiring low swards (Vickery and Arettaz, 2012)
that dwell in alpine grassland, such as water pipit Anthus spinoletta, ring
ouzel Trdus torguatus, alpine sccentor Pamella collaris or northern
wheatear Oenanthe oenmanthe, More generally, the potential con-
sequences of grassland management on plant species (for which grazing
or mowing could be both beneficial or counter-Indicated, Plesce et al,,
2007} and habitats should also be evaluated locally,

The present study highlights the importance of censidering micro-
habitat selection for revealing fine-scale, functional and interacting
effects of climate and land-use changes on climate-sensitive species and
for identifying compensatory habitat management strategies that could
to some extent allow buffering the negative effects of dimate warming
on high-clevation biodiversity,
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ABSTRACT

Capsule: Fine-scale use of climate-sensitive habitats by White-winged Snowfinches Montifringilla
nivalls is affected by landscape composition, which thus modulates the potential impact of
climate change.

Aims: To explore the fine-scale habitat use for foraging by breeding White-winged Snowfinches,
with the aim of identifying the potential impacts of climate change on their dependence on
habitat characteristics in the wider landscape, which could shape the species’ response to
climate change. Pairs mostly relying on snow could be at higher risk due to a decrease in spring
snow-cover, but the reliance on snow may be mediated by the presence of alternative habitats
in the landscape.

Methods: The White-winged Snowfinch uses alpine grassland, snowfields and melting snow
margins for capturing prey during nestling rearing and is threatened by earlier snowmelt
induced by climate change. We investigated habitat use in 17 Snowfinch pairs in relation to
landscape composition within a 300 m buffer around their nests,

Results: The use of snowfields and snow-bare margins was positively associated with wind intensity
{probably due to greater wind-borne arthropod fallout with wind), and negatively assoclated with
grassland cover (i.e. the main alternative habitat) and date within the season.

Conclusions: Fine-scale habitat selection was affected by landscape composition: the availability of
patches of alternative habitats decreased the reliance on more climate-sensitive resources,
modulating the potential impact of climate change, Coupling assessments of fine-scale resource
selection with broader habitat descriptors, which are easier to assess over broader scales, may
help understand and predict climate change impacts.
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Climatic changes are impacting species of every
taxonomic group across all continents, but their impacts
are largely modulated by habitat characteristics (Otto
et al. 2014, Bowden et al. 2015, Selwood et al. 2015).
Local habitat may actually buffer the effects of climate
change (Scherrer & Komer 2011, Nieto-Sanchez ef al,
2015), although habitat management is unlikely to
compensate for losses due to climatic alterations
(Wessely et al 2017; but see Braunisch et al 2014,
Brambilla et al. 2018). Microhabitat selection and, more
generally, fine-scale habitat use, plays a fundamental
role in a species’ capacity to buffer changes due to
climate variation (Higgins ef al. 2010, Suggitt et al. 2011,
Frey et al 2016, Brambilla et al 2017b), and the
investigation of fine-scale ecological patterns may

increase  our mechanistic  understanding of how
extensively organisms might adapt to environmental
change (Baudier ef al 2015, Bennett et al 2015,
Brambilla et al. 2018). This may be crucial for accurate
predictions of species’ responses to environmental or
climatic impacts, and hence for the identification of
conservation priorities. Studies on fine-scale habitat use
by animal species are therefore required to better
understand how species respond to climate change
impacts (Scheffers et al. 2014, Pincebourde et al. 2016).
However, so far only a few studies have investigated
responses regulated by microhabitat/microclimate and
their relative modifications, despite growing evidence
highlighting their fundamental role (Turlure et al 2010,
Fedy & Martin 2011, Suggitt ef al. 2011, Frey et al. 2016).
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Fine-scale habitat selection and microhabitat use may
indeed buffer against climate change impacts, but at the
same time it can vary according to various biological and
environmental factors (Valdez et al. 2017), to seasonality
(Lunghi et al. 2015) or according to individual traits
(Whiteman & Coté 2004, Morales et al 2008),
eventually resulting in different impacts of climate
change according to different microhabitat use
(Bowden et al. 2015). Hence, an understanding of fine-
scale habitat selection is often essential to predict the
potential impact of climate change on a species, and it
can vary according to habitat composition on a
broader scale (i.e. landscape). Therefore, assessing
variations in the use of fine-scale habitats (with
different sensitivity to climate change) according to
landscape may also help to identify landscape-
dependent vulnerability to climate change. This would
greatly facilitate the identification of areas where
species are more likely to be threatened or, vice-versa,
to persist, on the basis of the landscape characteristics,
which are easier to assess on a large-scale. Fine-scale
habitat assessment requires in-depth investigation
which is not always feasible over broad areas.

Mountain regions are particularly sensitive to climate
change (Gobiet et al. 2014), and mountain bird species
are considered to be at higher risk compared to birds
from other habitats (Chamberlain et al. 2016, Scridel
et al, 2017, 2018, Brambilla et al 2017a). Earlier
snowmelt, due to global warming, is one of the main
threats for several species inhabiting areas at high-
elevation or latitude, including plants (Kudo & Hirao
2006) and animals (Rosvold 2016). One of the species
most threatened by climate change in the European
Alps is the White-winged Snowfinch (hereafter
Snowfinch)  Montifringilla  nivalis; according  to
correlative distribution models, it is projected to lose
large portions of its current range due to climate
warming (Brambilla et al 2016, 2017a). Snowfinches
make abundant use of snowfields and of their melting
margins for prey collection: during the critical phase of
nestling rearing, Snowfinches often forage on snow
margins and snowfields (Strinella et al. 2007, Brambilla
et al. 2017b, 2018). Snow margins provide abundant
and accessible insect prey (Muscio et al. 2005), whereas
on snowfields invertebrate detectability is highest, and
Snowfinches forage on wind-blown arthropod fallout
(Antor 1995). Snow cover and its duration are
decreasing in mountain systems, including the Alps
(Klein et al. 2016) and particularly in springtime
(IPCC 2007, Brown & Robinson 2011, Derksen &
Brown 2012). This implies that fine-scale habitats
linked to snow cover (and the species relying on these)
are particularly vulnerable. In addition, Snowfinches

frequently forage on alpine grassland, especially on
sites with short grass sward (Brambilla er al 2017b),
and correct grassland management is a key feature for
preserving foraging habitat suitability for Snowfinches
(Brambilla et al. 2018). The importance of snow for the
species represents one of the potential mechanistic
links with climate and the increasingly earlier snow-
melt date in the Alps (Klein et al. 2016; see also Brown
& Robinson 2011), suggests that climate-induced
modifications of foraging habitats may be one of the
most critical impacts of climate change on this species.
Snowfinch populations or individuals relying mostly on
snowfields and their margins could thus be at greater
risk than those relying on other fine-scale habitats (e.g.
grassland). With this study, we investigated whether
landscape composition surrounding Snowfinch nests
affected their fine-scale habitat selection during the
capture of prey items when provisioning their
nestlings. We hypothesized that the availability of
alternative suitable habitats may determine a lower
reliance on snow-related habitats, and thus that
landscape composition may modulate extinction risk
posed by habitat modifications induced by climate
change.

Based on previous knowledge (Brambilla et al. 2017b),
we identified five main foraging fine-scale habitats for
Snowfinches: snow, grassland, bare substrate, snow-
grassland margin, snow-bare substrate margin. These
fine-scale habitats are likely subjected to different
intensities of threat imposed by climate change. The
availability of snow cover and margins is clearly
affected by climate and impacted by rising
temperatures and changes in precipitation regimes.
Indeed, snow cover in the Alps has reduced over time,
including its duration, with an approximately 6-day
advance in snowmelt date per decade (Klein et al
2016). These fine-scale habitats are most likely to
decrease or disappear in future decades. On the other
hand, grassland and bare substrate are likely to be less
subject to the potential impact of climate change;
nevertheless, climate change will affect grassland
structure and composition (Theurillat & Guisan 2001;
but see Cannone ef al. 2007, Harsch et al. 2009), In
this study, we focused on the use of snowfields and
their margins in relation to landscape composition.

Methods
Study area and fieldwork

The study was carried out in the Italian Alps, in the
provinces of Sondrio, Brescia, Trento and Bolzano,
across five study sites located at different altitudes
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(1900-3200 m above sea level) and within different
landscape characteristics. The average cover of habitats
and snow (2-21%) varied greatly across study sites;
grassland was dominant in two sites, bare substrates at
another two, whereas the remaining one was
characterized by a mixture of different habitats (Table 1).

We investigated foraging habitat selection by breeding
Snowfinches between the 7th June and the 19th July 2017,
Seventeen breeding pairs were included within this study,
8 of which were followed for one day and 9 pairs for two
days, with the interval between subsequent visits ranging
between 2 and 10 days. During each survey, we
monitored breeding  Snowfinches, visually tracking
adults when moving from the nest to a foraging
location.  We  recorded  habitat  exploited  at
approximately 20 foraging events per pair/day (Table 1);
for ecach pair we included a mean (& sd) of 28+ 13
foraging events. Each foraging event was attributed to
one of the following fine-scale habitat types: grassland,
bare substrate, snowfeld, margin  snow-grassland,
margin snow-bare substrate. Bare substrate included
rocks, sand, gravel, scree, mud or bare soil.

For ecach breeding pair/date we estimated the
proportional cover of different  habitat types (ie.
grassland, snow, bare substrate, other - mostly man-
made areas and waterbodies) within a 300 m radius
around the nest, as available studies indicate that adults
largely forage within this distance from the nest
(Strinella er al 2007, Brambilla er al. 2017b, 2018). A
300 m fixed radius was used for all pairs to get daily and
comparable data on landscape composition around the
nests. Habitat coverage was estimated visually in the field
with the help of aerial photographs. We adopted this
approach as available databases did not provide enough
details to distinguish key habitat features at such a fine
scale, such as small arcas of grass or snow patches.
Further to this, snow cover had to be assessed
periodically and in some cases on a daily basis. To verify
the accuracy of these visual estimates, we performed
checks of coverage estimates using a GIS software
(Geographical Information System; QGIS Development
Team 2018) by redrawing habitat plots, and the results
were similar to the visual estimates. For each foraging
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event, we also recorded meteorological conditions (sky
cover: 0: clear, 1: partly overcasted, 2: overcasted (cover
> 95%); wind: 0: absent, 1: weak, 2: moderate or strong),
as weather conditions may affect invertebrate activity
and availability to Snowfinches (Losapio ef al. 2016),

Data analysis

We built generalized linear mixed models (GLMMs) to
evaluate whether landscape composition, meteorological
conditions and season progression affected fine-scale
habitat selection for foraging Snowfinches, We built
models to quantify the effects of the above factors on
the use of snowfields and of snow-bare substrate
margins versus all other habitats, We selected snowfields
and snow-bare substrate margins as they are the most
sensitive to dimate change, being directly dependent
only on spring snow cover, which is steadily decreasing
in the Alps (Klein ef al. 2016). Snowfinch pair identity
was entered as random factor to take into account the
non-independence of records. Factors entered in the
model were: date (as Julian date), sky cover (factorial),
wind (factorial), percentage cover in the 300 m radius of
grassland, snow, bare substrate and other habitats, All
variables were standardized before analysis. To avoid
overfitting and possible biases due 1o multicollinearity,
we first built three models, one for meteorological
factors and date, and two for habitat cover variables.
Given that some pairs of land-cover varables were
correlated (snow and grass: r= <067, grass and bare
substrate: r=<0.54), we tested their effect by means of
two separate models, the first including snow and bare
ground cover (r=~0.11), and the second grassland and
other habitats (r=~041). For each one of the three
groups, we performed a model selection procedure
based on an information-theoretic approach (Burnham
& Anderson 2002), ranking all possible models within a
group according to the Akaike Information Criterion
corrected for small sample sizes (AlICc). Then, from
cach of the three procedures of model selection, we
selected  the  variables comprised in  the most
parsimonious  (AAICc <2) models  (excluding  the
‘uninformative parameters’ sensu Arnold 2010), as done

Table 1. Number of surveyed pairs, foraging locations and surveys (number of days-per-pair at a given site) and average landscape
composition (300 m radius around the nests) for the different study areas; mean values are shown because within-study varlations

occurred because of snowmelt progression, The category ‘other’ includes man-macde areas and water bodies,

Area No. of palrs surveyed No. of foraging locations No, of surveys Grassland cover Snow cover Bare substrate Other
Passo Gavia 1 19 2 456 64 55 10
Passo Pordol 2 80 4 N 4 20 5
Passo Sella 2 80 ) ns 2 85 18
Passo Stelvio 10 216 15 153 FAR] 138 298
Rosetta 2 40 2 4 5 # 0
Ovesall 114 455 27 60 121 129 190
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in other studies (Jedlikowski et al 2016). With these
variables we built a single GLMM relating the use of a
given fine-scale habitat (snowfields or margins snow-
bare) to the selected meteorological and landscape
factors (Assandri ef al. 2016). All possible models were
again ranked according to AlCc. We then calculated
marginal (variance explained by fixed effects only) and
conditional R* (variance explained also by the random
factor). All analyses were performed in R (R
Development Core Team 2016) with packages Imed
(Bates ¢t al. 2015) and MuMIn (Barton 2016). Variable
effects according to the GLMM model were plotted with
the package Visreg (Breheny & Burchett 2018).

Results

Data on 455 foraging locations were collected (Table 1)
of which 130 (28.6%) occurred on snowfields or snow-
bare substrate margins (68 and 62, respectively), Most
of the other records occurred in grassland habitat
(36.5%) or at snow-grassland margins (30.5%).

The use of different fine-scale habitats was related to
the landscape composition. A single most supported
model was identified at the final step (all other models
AAICe > 2; Table 2). The use of snowfields and snow-
bare margins decreased as the season progressed
(Figure 1) and with grassland cover (Figure 2), while it
was positively affected by wind (proportionally to wind
intensity; Figure 3). Marginal R* of the model was
equal 10 0.29 (conditional R = 0.67) and there was no
overdispersion,

Discussion

Climate change is one of the main threats to biodiversity
and represents a major pressure on several ecosystems and
species over the coming decades (Scheflers et al. 2016),
However, even for the species most likely to be
negatively affected by climate change (such as mountain
birds, Scridel et al. 2018), the impact is potentially
multi-faceted and affected by abiotic or biotic factors,
such as habitat/microhabitat characteristics, or the
avallability of key resources largely not dependent on
climate conditions (Scheffers ef al. 2014, Bowden et al.

2015, Brambilla ef al. 2018). Species, populations or
individuals that mostly rely on climate-dependent
resources are the ones most at risk because of the direct
impact of climate change. However, this topic has so far
received little investigation, and we are not aware of
studies focusing on the wuse of climate-dependent
resources by animal species at a fine scale in relation to
the broader environment they inhabit. Nevertheless,
different degrees of reliance on such resources would
result in different levels of resilience and vulnerability:
species or individuals using a larger amount of other
resources, which are not strictly dependent on climate,
would display a  higher resilience and a  lower
vulnerability to climate change.

In several Arctic and alpine environments, earlier
snowmelt is a major driver of ecological change and
could affect several species and ecosystems. Animal
species relying on snowfields are thus particularly at risk
(Rosvold 2016); they include the Snowfinch, which
typically forages on or at the margin of snowfields,
especially during the critical phase of nestling rearing
(Brambilla et al. 2017b). The shorter duration of snow
cover (Klein ef al. 2016) and the lower availability of
snowfields will dramatically reduce the availability of
three of the fine-scale habitats exploited by Snowfinches
during the crucial phase of its life cycle (Brambilla ¢f al.
2018). Snowfields and the two types of snow margins
hosted more than half of the foraging events recorded in
our study. The negative effect of date on the probability
of foraging on snowfields/snow-substrate margins could
be due to changes in prey abundance or availability, or
to u decrease in snow patches and/or an increase in
grassland, with consequent increased use of the latter at
the expense of snowfields, Other passerine species are
known to use upland grassland at increasing elevation
as the breeding season progresses, likely because of an
Increase in invertebrate availability in those habitats
(Brambilla & Rubolini 2009).

According to our results, this impact of climate
change  will  not affect  all  pairs/populations
homogeneously, but the effects will be particularly
important for those inhabiting areas dominated by
bare substrates, In Snowlinches, the probability of
foraging on snowfields or on snow-bare substrate

Table 2. Most supported (AAICe < 2) madels for the use of snowfields and snow-bare substrate margins by breeding Snowfinches
during the nestling rearing phase. For the categorical variables sky cover and wind, + indicates the inclusion in the model.

Bare substrate Date

-12%
-126

Intercept

~2.56
-2.56
-2.30 ~113 v
~2.31 0.25 ~1.12
-2.76 +
-2.57

Sky cover

0.10

-

Wind

e S A 2

Grassland df logLik AlCe Delta
-1.96 6 ~194.62 40140 0.00
-192 7 ~194.60 40340 20
«1.96 8 ~193156 403,50 206
~1.84 9 ~193.50 40540 398
-133 7 ~195.62 405.50 407
-1.29 5 ~198.43 407,00 5.58
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Figure 1. The probability of use of snowfields and snow-bare margins by breeding Snowfinches during the nestling rearing period in

relation to season progression,

margins rather than in other fine-scale habitats
decreased with increasing grassland cover. Grassland
occurrence reduces the dependency on snow, being a
high-suitability alternative foraging habitat (Brambilla
et al. 2017b, 2018), but in rocky landscapes, where
grassland is scarcer or even absent, Snowfinches have
to rely on snow-related fine-scale habitats. In fact,
snowfields are likely to be suitable for foraging
Snowfinches even in rocky environments, as they ‘trap’
invertebrate fallout. The importance of wind-carried
invertebrates on snowfields (Antor 1995) is confirmed
by the higher use Snowfinches make of snowfields with
weak and, especially, moderate or strong wind (Table
2), when invertebrates are more likely to be blown by

wind and deposited on snow. Data from the site
dominated by bare substrate investigated in our study
(Rosetta area) confirmed the importance of grassland
and snow for Snowfinches. Thirty-eight out of 40
(95%) foraging events recorded for the two pairs
breeding there were in grassland, snow or margin
snow-grassland, even though the average cover of
grassland and snow totalled only 19%. Only two
foraging events occurred on bare substrates, despite an
81% cover of the landscape. Even grassland could be
subjected to climate change impacts, for example,
because of treeline upshift (Harsch et al. 2009),
potentially affecting Snowfinch pairs breeding at the
lowest parts of the species’ elevational range, or

L il

% &

Figure 2. The probability of use of snowfields and snow-bare margins by breeding Snowfinches during the nestling rearing period in

relation to grassland cover.
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Figure 3. The probability of use of snowfields and snow-bare margins by breeding Snowfinches during the nestling rearing period in
relation to wind intensity (moderate and strong wind considered together; see text).

because of change in structural parameters, in particular
sward height (Brambilla et al 2018). Nevertheless,
grassland is clearly less likely to be affected than
snowfields by the direct impacts of climate change.

Pair identity explained a substantial portion of
deviance in the model (conditional R* definitely higher
than marginal one; see Results): also local
characteristics, social factors and/or individual traits
are likely to contribute to the process of foraging
habitat selection (Aplin et al 2014), and hence may
contribute to further modulate the potential response
to environmental changes. Local characteristics may
include height of the grassland sward (Brambilla et al.
2018), invertebrate abundance/availability in different
habitats, habitat-specific disturbance or individual
habituation to some specific patches (pers. obs.).

In conclusion, rock-dwelling Snowfinches will pay a
higher cost to climate change, as the shortening of snow
cover duration will result in the loss of most or all the
suitable foraging fine-scale habitats during the most
critical part of their life cycle. The conservation (and
correct management, Brambilla et al. 2018) of alpine
grassland, including the scarce grassland patches within
sites dominated by bare substrates, is pivotal for the
preservation of suitable foraging habitat for Snowfinches,
under scenarios of predicted reduction in snow cover
(Brown & Robinson 2011, Derksen & Brown 2012, Klein
et al 2016). However, if the overarching changes
imposed by climate change in the long-term will disrupt
ecological and food networks, even these small-scale
habitats will lose suitability. Nevertheless, fine-scale
environmental variations are essential for species’
responses to climate change and should be included in

adaptation strategies (Bradbury et al. 2011), exactly as
local and landscape traits must be considered in
management plans (Buchanan et al. 2017).

We highlight how coupling patterns of resource
selection at fine scales with broader scale habitat
descriptors may help understand and predict the
potential impact of climate change on wild species, by
combining a mechanistic assessment of species-habitat
relationships  with landscape characteristics. This
approach could be used to define and evaluate the
potential  effectiveness of planned conservation
strategies, such as the identification of priority sites for
conservation or useful measures to increase species
resilience to climate change.
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SECTION II: Chapter VI

Dynamic habitat selection in a high-elevation species: fine-tuning microhabitat use
to match prey availability

DAVIDE SCRIDEL, MATTEO ANDERLE, FEDERICO CAPELLI, ALESSANDRO FORTI, GIULIA MASIERO, MARICA
BAZZANELLA, LUCA PEDROTTI, PIERGIOVANNI PARTEL, GIUSEPPE BOGLIANI, PAOLO PEDRINI, MATTIA
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White-winged snowfinch, Passo Sella.
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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 (“Imer” 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
AAICc < 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 AlCc 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 (AlCc=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 (AAICc < 2), which did not include arachnid abundance, explained a slightly lower proportion
of model deviance (R2m=0.17, R2¢=0.17; AlCc= 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
(Hagvar 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
etal. 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 (AAICc).
k indicates the number of parameters estimated in each model.

Model k AlCc AAICe
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.

(Intercept)
Arachnida

Insects
Habitat (grassland)

Habitat (margin snow-bare
substrate)

Habitat (margin snow-grassland)

Habitat (snow)

Estimate  Std. error z value Pr(>|z|)
-3.685 0.731 -5.04 <0.001
-1.962 1.002 -1.96 0.050
0.474 0.144 3.28 0.001
2.391 0.886 2.70 0.007
-0.050 0.950 -0.05 0.958
1.641 0.865 1.90 0.058
-0.841 0.970 -0.87 0.386
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Figure 1 Fitted probabilities (+Cl) of microhabitat use according to mean number of insects and arachnids.
across each class of microhabitat.
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Nestling of white-winged snowfinch, Stelvio National Park. Photo: A. Forti.
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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 O = 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 (Kdrner & Ohsawa 2006; Myers et al. 2000; Dirnbdck, Essl & Rabitsch 2011;) which are threatened
by human-induced causes including climate change (Béhm 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 (Béhm 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 Kdrner 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 21 13 14 14 67 165 141 184 | 24 18 7 10
captures

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 (1% January — 31 December; mean capture date within this interval is 30" 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 yi, an indicator of whether individual i was recaptured during time period t, were modelled
conditional on the latent true state of the individual birds zi; (0 = dead or permanently emigrated, 1 = alive and

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

recaptured, whereas for a bird alive during time period t, the recapture probability equals pi:
yit ~ Bernoulli(zipir)

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

t-1 and the apparent survival probability ®i:
zir ~ Bernoulli(zit-1®x)

We use the term “apparent survival” in order to indicate that the parameter @ 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 ® 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 ¢ 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 g[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: @y = 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(Dit )= a0 agesexfit] + &L age.sexit) SUMMErtemp g + a2 age.sexgit] Wintertemp 7 + a3 age sexjity SUMMerprec

[+ a4 agesexiit) WiNterprec g
Annual recapture probability was modelled for each year and age and sex class independently:

Pit = bot,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 al, 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), Dit = asex.agefilseasonfty. INdependent, and slightly informative
prior distributions asex.agefi},seasonf) ~ 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 = bOmonthie sexil

Independent uniform prior distributions were specified for each of the recapture probability parameters.
DO montne sexpi] ~Beta(l,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).
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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.
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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, ¢) mean winter temperature, ¢) 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.
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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.

129



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.
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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.

130



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, Donazar, 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 & Stécklin 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
guality 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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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.
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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 Il
- Conclusions and Perspectives —

Rock ptarmigan, Cairn Gorm, Scotland.
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I11.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 | 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 Il). 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 Il 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
1) 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 |
attempted to bring this gap during my PhD by installing approximately 50 snowfinch nest boxes across
mountain passes of the Central Italian Alps, | 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, Galizére 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 1V) 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.

I11.b Future perspectives

As for every scientific study, while this thesis has helped bridging some knowledge gaps, new guestions 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 1) 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 1V). 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 1) 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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sviluppare. Vi ringrazio moltissimo per i VVostri insegnamenti professionali e di vita, per la fiducia datami e la
pazienza nel gestire un friulano in esilio. Ringrazio Paola Laiolo, Brett Sandercock ed Alberto Meriggi per
I’opera di revisione della tesi e Roberto Sacchi, coordinatore del dottorato. Un doveroso riconoscimento va a
Piergiovanni Partel e Luca Pedrotti, figure fondamentali per la logistica delle attivita nei Parchi e per il
confronto tecnico-scientifico sulle ricerche avvenute. Ringrazio poi alcuni “esterni” per il cospicuo e prezioso
aiuto datomi, e per ’offerta di collaborazioni ed opportunita uniche; tra questi, Dan Chamberlain, Kathy
Martin, Franzi Korner-Nievergelt, Raphaél Arlettaz, Claudio Celada. Un affettuoso pensiero va inoltre ai miei
ex colleghi della RSPB che mi hanno insegnato molto ed incoraggiato a intraprendere questo percorso, in
particolare, a Innes Sim, Nick Wilkinson, David Douglas, Jeremy Wilson, Alix Middleton, Graeme Buchanan,

Pat Thompson e Keith Morton.

Durante questi tre anni, trascorsi tra operazioni sul campo in alta quota e fasi ad alta sedentarieta informatica,
non ho sofferto la solitudine ma mi hanno anzi accompagnato ottimi collaboratori, fondamentali per il successo
delle varie ricerche. Ringrazio gli amici e colleghi del MUSE, in particolar modo i compagni di sventura
Alessandro Franzoi e Giacomo Assandri, a cui devo un divano nuovo dopo averglielo usurato e un centinaio
di buoni pasto; siete e sarete ottimi colleghi e amici, venite a trovarmi in Friuli (assieme). Ringrazio Aaron
lemma e Simone Tenan per gli svariati confronti e gli aiuti ricevuti ma soprattutto per le battutacce in ufficio;
grazie a Emma Ladouceur, Francesca Rossi, Marta Gandolfi, Chiara Fedrigotti, Maria Chiara Deflorian, Sonia
Endrizzi, Paula Lorenzo, Valentina Oberosler, Marina Moreno, Nathalie Cavada, Osvaldo Negra, Francesco
Rigobello, Francesco Rovero, Karol Taberelli de Fatis. Un particolare ringraziamento va anche a tutte le
persone che sono state coinvolte nella raccolta dei dati sui fringuelli alpini nelle nostre aree studio: Federico
Capelli, Matteo Anderle, Matteo Cortesi, Beatrice Sangalli, Alessandro Forti, Giulia Masiero, Marica
Bazzanella, Severino Vitulano, Gilberto VVolcan, Enrico Dorigatti, Andrea Felicetti, Enrico Bassi, Alessandro
Gugiatti, Andrea Zanoli, e piu in generale ai membri del gruppo snowfinch.eu ed altre istituzioni: Eliseo
Strinella, Jaime Resano-Mayor, Arnaud Gian Barras, Claire Pernollet, Maria del Mar Delgado, Enrico Caprio,
Susanne Jéhnig, Chiara Bettega, Veronika Braunisch, Diego Rubolini. Un riconoscimento va poi a chi mi ha
dato alla necessita vitto e alloggio, nonché la possibilita di installare le cassette nido per i fringuelli alpini:
Giorgio Maresi (CAI/SAT), Baita Segantini, Rifugio Capanna Cervino, Rifugio G. Volpi al Mulaz, Rifugio
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Pirovano Quarto, Rifugio Aldo Arnaldo Berni, Rifugio Bonetta, Albergo Folgore.
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Ultimi ma non meno importanti, vanno ringraziati gli Amici che mi hanno sostenuto con parole, opportunita
dati e foto: Pierpaolo Merluzzi, Massimo Pinat, Matteo Skodler, Matteo Toller, Paolo Utmar, Matteo de Luca,
Primoz Kmecl, Francesca Visintin, Elisa Tomasinsig, Mariachiara Feresin, Igor Pasquali, Fabio Oleotto, Devid
e Mattia Strussiat, Giacomo Baradel, Luca Rusin, Stefania Faggiani, Marco Beltramini, Caterina Fabbro. Una
dedica specialissima va a Francesca Siardi, se ce 1’ho fatta ¢ anche grazie al sostegno che mi hai dato nei

momenti piu difficili e nella pazienza portata nel seguirmi fisicamente e mentalmente nelle mie peripezie.

Dedico questo lavoro alla mia straordinaria famiglia ed in particolare a mio nonno, il primo ad avermi messo

in mano un paio di binocoli.

Un pensiero va soprattutto a te Giulio, compagno di percorso che piu di me e tanti altri ti saresti meritato questo
riconoscimento.
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Paviete Scric /-c/

@ Fassc Gavia, Italy
@ Furkapass, Switzedand

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).




