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Abstract

Aim: High-elevation specialist species are threatened by climate change and habitat
loss, and their distributions are becoming increasingly reduced and fragmented. In such
a context, dispersal ability is crucial to maintain gene flow among patches of suitable
habitat. However, information about dispersal is often lacking for these species, espe-
cially for those taxa that are usually considered as good dispersers such as birds. We
adopted a landscape genomics approach to investigate dispersal in a climate-sensitive
high-elevation specialist bird. Our aims were to assess the levels of gene flow within a
wide mountain area, and to assess the effects of geographic distance and landscape
characteristics on dispersal, by testing the isolation by distance (IBD) hypothesis against
the isolation by resistance (IBR) hypothesis.

Location: European Alps.

Taxon: Montifringilla nivalis.

Methods: We sampled individuals from several breeding areas and obtained single nu-
cleotide polymorphism (SNP) data by ddRAD sequencing. We then calculated site- and
individual level genetic distances and individual inbreeding coefficients. To test IBD ver-
sus IBR, we related genetic distances to both geographic distances and different meas-
ures of landscape resistance by using maximum likelihood population effects models.
Results: Gene flow among breeding areas was partly restricted, and we found sup-
port for IBD, indicating that geographic distance limits snowfinch dispersal. Spatial
patterns of genetic distances suggested that philopatry strongly contributed to deter-
mine the observed IBD. High inbreeding coefficients in several individuals indicated
frequent mating among relatives.

Main Conclusions: Restricted dispersal and frequent inbreeding within ‘sky island’
systems can also occur in highly mobile species, because their potential ability to
cover very large distances can be counteracted by high philopatry levels that are likely
related to high dispersal costs. IBD and philopatry will increasingly hinder snowfinch
dispersal among suitable areas within the future more restricted and fragmented

breeding range, increasing the risks of local extinctions.
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1 | INTRODUCTION

In mountain regions, the rapid variation of abiotic factors across
short distances leads to a high variety of habitats within relatively
small areas and this often results in highly patchy species distribu-
tions (Cadena et al., 2012; Kérner & Ohsawa, 2006). For example,
species that are strictly connected to high-elevation open areas
often inhabit island-like patches of suitable habitat surrounded by
unsuitable areas such as forested mountain slopes and valley bot-
toms. Moreover, they often show specific adaptations to the intrin-
sic harsh conditions of these habitats, making them vulnerable to
environmental changes (e.g., Brambilla, Cortesi, et al., 2017; Imperio
et al., 2013; Martin & Wiebe, 2004); highly specialized species with
narrow niche breadth are indeed especially vulnerable to climate
and habitat changes (Davey et al., 2012; Pearce-Higgins et al., 2015).
High-mountain ecosystems are particularly threatened by the in-
teraction of (i) anthropogenic land use changes, such as increasing
leisure activities and abandonment or intensification of livestock
grazing (e.g., Brambilla et al., 2016; Gehrig-Fasel et al., 2007), and (ii)
climate change, due to the effects of stronger temperature increase
with increasing elevation (Liu & Chen, 2000; Pepin et al., 2015).
These threats can negatively affect habitat and thermal suitability as
well as resource availability for species inhabiting high-elevation re-
gions (Brambilla et al., 2018; Chamberlain et al., 2013; Goodenough
& Hart, 2013; Rosa et al., 2020). Consequently, strong range reduc-
tions are expected for many high-elevation species (e.g., Brambilla,
Rubolini, et al., 2022; Dirnbock et al., 2011; Koot et al., 2022; Peyre
et al,, 2020).

Given their rapid response to habitat and climate changes
(Desrochers, 2010; Hallman et al., 2022; Lantz & Karubian, 2017),
birds are an ideal biological model to investigate the consequences
of such changes in high-mountain ecosystems. Accordingly, moun-
tain birds are expected to change their distributions in order to track
suitable climatic conditions and habitat (Reif & Flousek, 2012). On
the one hand, this could lead to gains in suitable areas for mountain
generalist, warm-adapted species (e.g., Ceresa et al., 2021), while on
the other hand it could reduce the distributions of high-elevation
specialist and cold-associated species because of uphill shifts toward
a smaller ground area with increasing elevation in pyramidal moun-
tain systems such as the European Alps (Elsen & Tingley, 2015). For
some of these species, uphill shifts with reduction of the overall ele-
vational range (e.g., Hallman et al., 2022), abandonment of breeding
areas at lower elevations (Knaus et al., 2018) and population declines
(e.g., De Gabriel Hernando et al., 2022; Lehikoinen et al., 2019; Rete
Rurale Nazionale & LIPU, 2021) have been already detected in sev-
eral regions. Furthermore, predictions of species distributions based
on future climatic scenarios forecast strong breeding range reduc-
tions within a few decades for several high-elevation specialist birds

(Brambilla, Caprio, et al., 2017; Brambilla, Rubolini, et al., 2022; De
Gabriel Hernando et al., 2021).

In this context of increasingly patchy and reduced suitable hab-
itat, the dispersal ability, (i.e., the capability to exchange individuals
among different breeding areas) and the resulting gene flow are of
crucial importance for population viability. Sufficient dispersal levels
indeed reduce the risks of inbreeding and genetic drift (Frankham
et al., 2010; Kvist et al., 2011) and allow recolonizations of vacant
habitat patches after local extinctions (or colonization of new avail-
able areas), promoting maintenance of wider breeding ranges and
larger populations. However, the available information about dis-
persal ability of high-elevation birds is extremely scarce, possibly
because birds are perceived as extremely vagile and therefore they
are supposed to be scarcely subject to possible limits to dispersal
due to landscape structure (Kozakiewicz et al., 2018). Most studies
about dispersal and inbreeding in high-elevation species are indeed
focused on plants, or on animals that are usually considered as poor
disperser such as ground-dwelling arthropods and reptiles (e.g.,
Atkins et al., 2020; Beckers et al., 2020; Morgan & Venn, 2017; Peyre
et al., 2020; Slatyer et al., 2014; Tovar et al., 2020). Thus, at present
it is not possible to properly evaluate the consequences of the on-
going and future habitat loss and fragmentation on the population
viability of these threatened bird species. Such lack of knowledge is
possibly due also to the logistical challenges of field work in moun-
tain areas, which exacerbate the intrinsic difficulties of investigating
dispersal in highly mobile organisms like birds (Cayuela et al., 2018;
Paradis et al., 1998). Very large study areas are necessary to avoid
describing only short-distance dispersal (Paradis et al., 1998), and
this implies a huge sampling effort in studies based on mark-resight
of single individuals. Studies based on satellite telemetry are limited
as well, due to their high costs and the weight of the equipment that
is not suitable for small birds.

Thus, information about dispersal can be obtained indirectly
by means of population genetics, i.e. by comparing the degree of
genetic differentiation among individuals or groups of individuals
sampled in different areas (Frankham et al., 2010). This approach
allows not only to assess levels of gene flow, but also to investi-
gate which factors influence dispersal. For example, it is possible
to detect if dispersal is affected by the geographic distance among
reproductive areas (isolation by distance hypothesis, IBD), rather
than by the characteristics of the landscape matrix separating them
(isolation by resistance hypothesis, IBR). Landscape characteristics
can indeed hinder dispersal or, conversely, facilitate it (e.g., Ceresa
et al., 2015, 2023; Klinga et al., 2019), even in extremely mobile
species such as long-distance migratory birds (Garcia et al., 2021).
Occurrence of IBD, IBR or unrestricted dispersal have different im-
plications for conservation. IBR patterns emphasize the importance
of dispersal corridors with specific characteristics to facilitate animal
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movements (Klinga et al., 2019), while IBD implies the need to con-
sider geographic distances among habitat patches, e.g., to evaluate
risks of isolation or the probability of (re)colonization of individuals
after habitat restoration (e.g., Taylor et al., 2021; Wright et al., 2015).

In this study, we investigated dispersal of the white-winged
snowfinch Montifringilla nivalis (hereafter snowfinch) within a wide
area of the central-eastern European Alps (Figure 1). This spe-
cies is tightly connected to high mountain open areas above the
treeline and its range includes some European mountain chains
(Cantabrian mountains and Pyrenees, Alps, Apennines, moun-
tains of Corsica and of the Balkan peninsula; Brambilla, Resano-
Mayor, et al., 2020) and the main mountain systems of western
and central Asia, up to Mongolia and western China (BirdLife
International, 2022). Habitat needs during breeding are very spe-
cific, requiring both adequate nest sites like rock crevices or ar-
tificial structures and arthropod-rich foraging areas, represented
by short grasslands and snow patches (Alessandrini et al., 2022;
Brambilla et al., 2018; Resano-Mayor et al., 2019). The species is
less specialized during the non-breeding period, though still associ-
ated with high mountain areas (Bettega et al., 2020; Resano-Mayor
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et al., 2017); during this period, the snowfinch usually performs
erratic movements, often in large flocks, looking for food re-
sources and some birds may also migrate over short distances
(Resano-Mayor et al., 2017; Resano-Mayor et al., 2020). While the
breeding ecology and the habitat preferences of this species have
been the object of several studies (Bettega et al., 2020; Brambilla
et al., 2018; Brambilla, Cortesi, et al., 2017; Resano-Mayor
et al., 2019), information about dispersal is still lacking. Given
its sensitivity to climate change (Brambilla et al., 2018; Schano
et al., 2021; Strinella et al., 2020), the evidence of an ongoing
range contraction and local declines (Brambilla & Delgado, 2020;
Knaus et al., 2018; Lardelli et al., 2022; Patrinat, 2019), as well as
strong forecast declines for the next decades (Brambilla, Rubolini,
et al., 2022; De Gabriel Hernando et al., 2021), the snowfinch is
among the most threatened mountain birds in Europe and a high-
priority species for conservation (Brambilla, Caprio, et al., 2017;
Brambilla, Rubolini, et al., 2022; Schano et al., 2021). Yet, it is still
classified as ‘least concern’ in most European countries and in the
global and European IUCN red lists (BirdLife International, 2021).
Such underestimation of the threatened status of the species in
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FIGURE 1 Study area considered to investigate snowfinch dispersal within the European Alps: (a) DNA sampling sites (red dots) and
region where we collected bird occurrence data to model habitat suitability and landscape connectivity (Trentino-South Tyrol, north-eastern
Italy, blue line); (b) area covered by the European Alps (light grey), fine-scale species distribution calculated in this study (green areas), and
large-scale species distribution across the rest of its Alpine breeding range (blue areas), as modelled by Brambilla et al. (2022a).
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Europe is likely due to the currently unknown population trends
(BirdLife International, 2021; Brambilla, Bettega, et al., 2022). The
European Alps host the largest European snowfinch population
and their importance for the species survival will further increase
in the future, because no other mountain range in the continent
has a similar extension of high-elevation areas, where the suitable
conditions for the species will persist in spite of climate change
(i.e, climate refugia; Brambilla, Rubolini, et al., 2022).

By investigating snowfinch dispersal across a wide Alpine area,
with characteristics representative of the entire mountain chain,
our main goal was to assess the connectivity in a population that
is crucial for the conservation of the species at a continental scale.
Specifically, we aimed (i) to assess levels of gene flow within our study
area, using high-resolution genomic data obtained through ddRAD
(double digest restriction site-associated DNA) sequencing (Peterson
et al., 2012) and (ii) to determine if snowfinch dispersal is influenced
by the geographic distance among breeding areas or by the charac-
teristics of the landscape matrix separating them, by testing the iso-
lation by distance hypothesis (IBD) against the isolation by resistance
hypothesis (IBR), using both habitat suitability and landscape connec-

tivity models to obtain different estimates of landscape resistance.

2 | MATERIALS AND METHODS

2.1 | Habitat suitability and landscape connectivity
models

To obtain landscape resistance surfaces, we first modelled habitat
suitability for the snowfinch by adopting the maximum entropy ap-
proach (MaxEnt; Phillips et al., 2006), using the SDMtool package
(Vignali et al., 2020) in R 4.2.1. 1 (R Core Team, 2022). This widely
used approach allows the use of presence-only data collected
through different protocols (Elith et al., 2011). We used 951 snow-
finch occurrence records (years 2010-2020, Figure S1) collected
during the snowfinch breeding season (15 May-31 July) in multiple
previous studies and surveys carried out in the Trentino-South Tyrol
region by the research institutes involved in this study (Anderle
et al., 2022; Brambilla et al., 2018; Brambilla, Cortesi, et al., 2017;
Ceresa et al., 2021; Ceresa & Kranebitter, 2020; Chamberlain
et al., 2016). Although the bird distribution data and bird DNA sam-
pling were limited to the Trentino-South Tyrol region and a sector of
the Stelvio massif in Lombardy, we modelled habitat suitability and
landscape connectivity for a wider area (see Figure 1), as dispersal
can also occur by crossing neighbouring regions. This area covers
a large portion of the snowfinch breeding range in the Alps (25%-
30%; Figure 1) and is representative of the whole Alpine range of
the species, because it includes both inner-Alpine and more periph-
eral massifs. The procedure followed to model habitat suitability is
described in the Supplementary materials (section S1).

We estimated landscape connectivity for the snowfinch within
our study area by means of a potential connectivity approach,
which integrates distribution models and connectivity models

based on the output of the former (Rédder et al., 2016). We used
a method based on the circuit theory, i.e., the Omniscape algo-
rithm (Landau et al., 2021), to consider all potential connections
among patches. This algorithm is especially recommended for hab-
itat suitability maps (McRae et al., 2016) and represents a ‘spatial
generalization’ of the more largely used Circuitscape method (Hall
et al., 2021; McRae et al., 2013). We ran Omniscape in Julia 1.6
(Bezanson et al., 2017), using the inverse of habitat suitability from
MaxEnt output as resistance raster and following the procedure

and settings described in the Supplementary materials (section S2).

2.2 | Landscape resistance surfaces

To investigate the effects of landscape characteristic on snowfinch
dispersal, we used two different landscape resistance surfaces, the
first one representing the inverse of habitat suitability and the second
one the inverse of landscape connectivity (calculated from MaxEnt
and Omniscape output, respectively). In both cases, we calculated
values of accumulated landscape resistance among all individuals
by means of the Run_gdistance function of R package ResistanceGA
4.2.4 (Peterman, 2018). Relating multiple resistance surfaces to the
observed genetic distances is a widely used approach, but it is usu-
ally adopted to compare the effects of different landscape elements
(e.g., Amos et al., 2014; Ruiz-Gonzalez et al., 2014), or to consider
landscape changes through time (e.g., Miller et al., 2018). Differently,
we compared two conceptually different layers to assess if land-
scape resistance was better represented simply by habitat ‘unsuit-
ability’, or by an approach which explicitly tries to describe potential
movements through the considered landscape.

2.3 | Sampling and DNA extraction

We obtained blood samples from 85 snowfinches captured with
mist-nets during the 2021 and 2022 breeding seasons (mid May-mid
July) at 7 sampling areas (Figure 1). Our sample included 69 adult
birds (2nd year individuals or older) and 16 recently fledged juve-
niles. The sampling areas were located between 24 and 106 km from
each other (mean distance+SD: 61+35km). This is a sufficiently
large distance range to study dispersal in passerine birds, because
their dispersal distances very rarely exceed 100km according to
the information available for many species (e.g., Paradis et al., 1998;
Rushing et al., 2021; Winkler et al., 2005). Within each sampling
area, we captured birds at several different sites up to a few kilo-
metres from each other. We sampled between 9 and 30 birds per
area, excepted a logistically challenging sampling area (Vizze) where
we only captured 2 birds. Almost all captured adults showed well
developed incubation patches (females) or cloacal protuberances
(males), and juveniles were very recently fledged individuals accord-
ing to plumage characteristics and behaviour. This confirmed that
we sampled reproductive individuals at their breeding sites or their
offspring. We obtained blood samples (20uL) by puncturing the
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brachial vein (Owen, 2011) and we stored them in ethanol. We ex-
tracted DNA using E.Z.N.A.® Tissue DNA Kit (Omega Bio-Tek) fol-

lowing the manufacturer's protocol.

2.4 | ddRAD sequencing and initial data filtering

Library preparation and sequencing, as well as initial raw data anal-
ysis and SNP calling, were carried out at IGA Technology Services
(Udine, Italy) as described in the Supplementary materials (section
S3).

We then used the program PLINK 1.90 beta (Chang et al., 2015)
to filter SNPs for linkage disequilibrium (-indep function) and miss-
ing data, setting minimum allele frequency at 0.01 and excluding
individuals with >20% missing genotypes (with functions -maf and
-mind, respectively). Through this procedure, we obtained a dataset
including 27,072 SNPs and all 85 snowfinches, given that no indi-
vidual showed excessive missing data; genotyping rate was 0.968.
We then converted the PLINK dataset into the different formats re-
quired in downstream analyses using PGDSpider 2.1.1.5 (Lischer &
Excoffier, 2012).

Based on field observations, we suspected that closely re-
lated individuals occurred within our sample (full siblings, parents-
offspring), especially because recently fledged juveniles are still fed
by adults and follow them in the foraging areas. Whether purging
or not closely related individuals from population genetics data set
(and the procedure to follow) is still a relatively controversial issue,
and both maintaining large family groups or indiscriminately re-
moving close relationships imply the risk to obtain biased estimates
(Anderson & Dunham, 2008; Rodriguez-Ramilo & Wang, 2012;
Waples & Anderson, 2017). Therefore, we performed our analyses
by using both the full dataset and a reduced dataset (N=74, details
in Table S3) created by including only one bird within each group
of first-degree related individuals and removing only juveniles, be-
cause the co-occurrence of closely related adults in the same area
is very likely a consequence of the philopatry of these individuals
rather than of non-random sampling. Further details about this purg-
ing procedure are provided in the Supplementary materials (section
S4). For all the downstream analyses, the results were similar among
the two datasets, therefore we report the results obtained for the
full sample, while those of the reduced dataset are reported in the
Supplementary materials (section S12).

2.5 | Genetic distances and population structure

As a first data exploration, we calculated basic statistics such as
expected and observed heterozygosity (H, and H) in the program
Arlequin 3.5 (Excoffier & Lischer, 2010) and individual method-
of-moments inbreeding coefficients (F) using the PLINK function
-het. Given that F estimates can be influenced by demographic
history (Polasek et al., 2010), and may partly reflect also ancient,
shared ancestry besides recent inbreeding, we further deepened

EEME ey

our approach by examining runs of homozygosity (ROH) within our
sample. Short ROH segments indicate loss of genetic diversity due
to historical founder effect or bottlenecks, while the occurrence of
long ROH indicate recent inbreeding (e.g., Martin et al., 2023; Pilot
et al., 2014). Following Martin et al. (2023), who studied a passerine
bird with similar generation length than the snowfinch, we consid-
ered ROH>1Mb as long ROH, indicating last common ancestor <50
generations, and ROH>4Mb were considered as an indication of
recent inbreeding. We looked for long ROH in our sample by means
of the PLINK function -homozyg with the default program settings,
considering the original SNPs dataset (not filtered for MAF and LD;
Meyermans et al., 2020) which included 64,612 SNPs.

We then assessed genetic differentiation at both site- and in-
dividual levels, by calculating pairwise F¢; values among sampling
areas using Arlequin and pairwise identity-by-state (IBS) distances
among individuals in PLINK (function -distance 1-ibs). We also in-
vestigated the overall genetic population structure because this
can help to identify especially important barriers to dispersal (e.g.,
Ceresa et al., 2018; Millions & Swanson, 2007). Using and com-
paring different statistical methods is especially recommended
when population structure is weak (Frosch et al., 2014; Kraus
et al., 2016), which is a possible scenario within our study system.
Therefore, we adopted two different approaches: a discriminant
analysis of principal components (DAPC) implemented in R pack-
age adegenet 2.1.8 (Jombart, 2008; Jombart & Ahmed, 2011), and
the Bayesian approach implemented in the program Structure 2.3.4
(Falush et al., 2003; Pritchard et al., 2000). In Structure, we fitted
a model with population admixture and correlated allele frequen-
cies to estimate the most likely number of distinct genetic clusters
(K), including spatial information about sampling sites (LOCPRIOR
procedure). We carried out 5 independent runs for each value of
K between 1 and 10, with a burn-in period of 10,000 iterations
and 10,000 Markov chain Monte Carlo replications. We adopted
this range of K to explore a wide range of possible scenarios, given
the lack of previous information about snowfinch population struc-
ture within the study area. To better identify the actual number
of genetic clusters, we used the Structure results to calculate the
ad hoc AK statistic (Evanno et al., 2005). DAPC was carried out by
means of the find. clusters function of R package adegenet 2.1.8,
which identifies genetic clusters through the K-means algorithm
(Jombart et al., 2010). We ran the analysis by retaining all the prin-
cipal components to avoid the loss of information, while the only
advantage of using only a part of them would have been the reduc-
tion of computational time (Jombart & Collins, 2015). We set K=10
as the maximum number of clusters and kept the default number
of iterations to be used in each run of the algorithm (N=100,000).

2.6 | Testingisolation by distance and by resistance
As a first step to test our IBD and IBR hypotheses, we explored

the relationship between pairwise geographic distances/landscape
resistances and individual genetic distances by using Mantel and
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partial Mantel tests (Amos et al., 2014; Cushman et al., 2013).
Given the possible interpretation problems of Mantel correlation r
in landscape genetics (Meirmans, 2015), we further deepened our
comparison of IBD and IBR hypotheses by means of maximum likeli-
hood population effects (MLPE) models (Clarke et al., 2002), which
outperform other regression-based methods for model selec-
tion in landscape genetics (Shirk et al., 2018). We only carried out
individual-level analyses, given the low number of sampling areas.

We performed Mantel and partial Mantel tests using the man-
tel function in R package ecodist 2.0.9 (Goslee & Urban, 2007) with
10,000 permutations. We used both 1/suitability and 1/connec-
tivity matrices to test IBR (hereafter, IBRy,,; and IBR 5 ); when
IBRg,r and IBRoy Were significantly supported by Mantel tests
(p<0.05), we considered the model obtaining the highest Mantel
correlation r as the best description of landscape resistance (Amos
et al., 2014). When both IBD and IBR were significantly supported,
we used partial Mantel tests in a causal modelling framework to
assess if variation of genetic distances was better described by
IBR or by IBD (Amos et al., 2014; Cushman et al., 2013), i.e., we cal-
culated the relationship between landscape resistance and genetic
distances after accounting for the effect of geographic distances,
and vice versa.

We fitted MLPE models by using the MLPE.Imm function in R
package ResistanceGA 4.2.4, keeping the default specification
‘scale=TRUE’ in order to allow comparisons among the effects of
different explanatory variables. We fitted a set of competing mod-
els using alternatively Euclidean geographic distances (IBD model),
1/suitability cost distances (IBRg,,; model) and 1/connectivity
cost distances (IBR.qy, model) as explanatory variables, and ge-
netic distances as response variable. This allowed us to compare
our hypotheses while avoiding including highly correlated explan-
atory variables (landscape resistances and geographic distance)
within the same model. We also fitted a null model with no dis-
tance or landscape resistance effect. We ranked the models based
on their Akaike Information Criterion, and we considered as sub-
stantially supported those models with AAIC <2 (Burnham &
Anderson, 2002). We then calculated bootstrapped 95% confidence
intervals of explanatory variables' effects with the tidy function of
the R package broom.mixed 0.2.9.4 (Bolker & Robinson, 2022), and
we considered a variable effect to be significant when 95% con-
fidence intervals did not include O. For each model, we also cal-
culated R? by using function r.squaredGLMM in R package MuMIn
1.47.1 (Barton, 2019).

3 | RESULTS

3.1 | Habitat suitability and landscape connectivity
models

Distribution modelling led to an accurate and robust descrip-
tion of breeding habitat suitability for the snowfinch in the study
area: accuracy statistics showed no decline in model accuracy and

discriminatory ability, when tested on the independent dataset
(TSS train=0.61; TSS test=0.69; AUC train=0.87; AUC test=0.91).
The relationships among snowfinch occurrence and environmental
predictors (Figure S2) were consistent with previous information
about the habitat preferences of the species (Brambilla, Caprio,
et al., 2017; Brambilla, Resano-Mayor, et al.,, 2020; Brambilla,
Rubolini, et al., 2022).

Landscape connectivity modelling and the resulting cumulative
current map indicated high connectivity only along the main moun-
tain ridges, with wide areas of low connectivity corresponding with
valley floors and forested mountain slopes (Figure 2). The resistance
surfaces obtained from both habitat suitability and landscape con-
nectivity depict a higher landscape resistance of valley floors and
woodlands, compared to the very low resistance of high-mountain
areas (Figure 3). While the two surfaces may seem quite different
according to their visual representation, the respective matrices of
cost distances among sampled birds were highly correlated (r=0.98,
p<0.001). Cost distances among sampling sites are summarized in
Table S2.

3.2 | Genetic distances and population structure

IBS individual genetic distances ranged between 0.079 and 0.165
(mean+SD: 0.156+0.007; Figure 4). Pairwise population differ-
entiation among sampling areas was low, but always statistically
significant, except for a few cases of non-significant F¢; values rela-
tive to the Vizze sampling area (Table 1), where we only sampled 2
birds. Cima d'Asta, a peripheral breeding area (see Figures 1 and 2),
showed a higher differentiation with the other areas than all other
pairs of sites (Table 1).

Population structure analyses did not provide evidence of popu-
lation clustering in our study area. Using the program Structure, we
obtained the highest likelihood for K=5, but AK (which cannot be
calculated for K=1) did not show a clear single peak (Table Sé). Using
the reduced dataset, the results changed partly (Table S9), consis-
tently with the reported influence of family groups on this kind of
analysis (Anderson & Dunham, 2008), but also in this case we did not
obtain clear AK peaks (Table S9). According to DAPC analysis, K=1
obtained the lowest value of Bayesian Information Criterion (BIC)
although the difference with K=2 was very reduced (ABIC=1.43).
However, using the reduced dataset the difference with K=2 was
clearer (ABIC=2.40). In addition, the true number of K is often indi-
cated by an ‘elbow’ in the curve depicted by BIC values as a function
of K (Jombart & Collins, 2015), and we did not find this pattern for
K=2 or for higher numbers of clusters in both the full and the re-
duced sample (Figures S3 and S5).

For several individuals, high values of the inbreeding coefficient
F indicated mating between closely related birds (Figure 5). For 17
out of 85 individuals, F exceeded 0.0625, i.e., indicated a relationship
of first-cousins or closer (e.g., Polasek et al., 2010); in some more
individuals, F approached this threshold (Figure 5). These individ-
uals occurred in all sampling areas (excepted Vizze), but were more
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FIGURE 2 Maps of (a) habitat suitability (according to MaxEnt modelling) and (b) landscape connectivity (Omniscape modelling) for the
snowfinch in the study area. Blue dots represent DNA sampling sites.
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FIGURE 3 Landscape resistance surfaces obtained from (a) habitat suitability and (b) landscape connectivity models. Blue dots represent
DNA sampling sites.
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FIGURE 4 Geographic pattern of individual genetic distances among snowfinches: (a) scatterplot showing the occurrence of more closely
related individuals captured within the same study areas (see the IBS values between c. 0.08 and 0.14 for distances approaching Okm) and
the smoothing spline (black line) interpolating the data; (b) detail of the smoothing spline, with Bayesian confidence intervals in grey.

TABLE 1 Sample sizes (N) and genetic

differentiation (F¢; values) among N

sampling areas. Pordoi 10
Groste 9
Stelvio 30
Plose 11
Vizze 2
Senales 9
Cima d'Asta 14

Note: Significant values (p <0.05) are represented in bold.

common in the peripheral breeding area Cima d'Asta (F>0.0625 in
8 out of 14 snowfinches), which was reflected in a clearly higher
mean F (mean+SD: 0.076+0.047) than across the entire sample
(0.039 +£0.036). For 3 individuals, 2 of which sampled at Cima d'Asta,
we obtained F>0.125 (half siblings or closer). Mean F for each sam-
pling area, as well as observed and expected heterozygosities are
provided in Table S4 in the Supplementary materials. ROH segments
confirmed the occurrence of recent inbreeding in our study area:
we found long ROH (> 1 Mb) for 62 out of 85 individuals, and for 40
birds the longest ROH exceeded 4 Mb (Table S5). All but one individ-
ual with F>0.0625 showed ROH >4Mb, and in some birds, we found
very long ROH segments, ranging between 10 and 17 Mb (Table S5).
Both maximum and total lengths of long ROH were highly correlated
with F coefficients (r=0.74, p<0.001 and r=0.84, p <0.001, respec-
tively). Consistently with the higher F values at Cima d'Asta, birds
from this site showed a higher number of long ROH and proportion-
ally more individuals with ROH >4 Mb (11 out of 14) than in the other
sampling areas (Table S5).

Pordoi Grosté Stelvio Plose Vizze Senales
0.0096 -

0.0094  0.0134 -

0.0071  0.0180  0.0165 =

0.0079  0.0099  0.0119 0.0162 -

0.0108  0.0156  0.0145  0.0185 00127 -

0.0403  0.0466  0.0428  0.0464  0.0578  0.0498
3.3 | Testingisolation by distance and by resistance

Mantel tests significantly supported IBD as well as IBRy,; and
IBRCONN' with a higher Mantel correlation r for IBD (Table 2).
According to the partial Mantel test, IBD was still significantly sup-
ported after accounting for IBR (both 1/suitability and 1/connectiv-
ity), while the inverse did not occur (Table 2), which clearly indicates
a stronger support for IBD than for the two IBR models.

According to MLPE modelling, IBD was the most supported
hypothesis, with a large difference in AIC values with both IBR
(AAIC=55.4) and IBRq,y (AAIC=79.3). The difference in AIC
between IBD and the null model was even larger (AAIC=295.9).
Marginal R? values were higher for IBD than for IBRg;r and IBR o\
(Table 3). Geographic distances and both 1/suitability and 1/con-
nectivity cost distances all showed a significant positive effect on
genetic distances (95% Cl did not include 0), but the effect was
stronger for IBD (95% Cl: 0.00157-0.00210) than for IBRg 1 (95%
Cl: 0.00143-0.00196) and IBR 4 (95% Cl: 0.00134-0.00184).
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FIGURE 5 Method-of-moments individual inbreeding
coefficients F across sampling areas. The dashed line represents the
F value indicating a relationship of first-cousins (F=0.0625).

TABLE 2 Results of Mantel and partial Mantel tests, used to test
the isolation by distance (IBD) and the isolation by resistance (IBR)
hypotheses based on individual genetic distances.

Mantel test Partial mantel test

Model r p Model r p

IBD 0.238  <0.001  IBDIIBRg 0.174  <0.001
IBDIIBRcgyy 0177  <0.001

IBRg 1 0.172  <0.001  IBRg|IBD -0.049 0.106

IBReoy 0172 <0.001  IBRglIBD  -0.059  0.033

Note: IBRg,;r and IBR.o\ indicate, respectively, the use of the inverse
of habitat suitability and of the inverse of landscape connectivity to
represent landscape resistance.

4 | DISCUSSION

Our results about genetic differentiation and structuring indicate
the occurrence of gene flow among all the breeding areas consid-
ered; gene flow is anyway partly restricted, as highlighted by the
significant pairwise F¢; values. Both Mantel test and MLPE models
indicate that, at least at the scale we considered, geographic dis-
tance is involved in restricting snowfinch dispersal, irrespective of

the characteristics of the landscape matrix among breeding areas.

TABLE 3 Maximum likelihood population effects models, ranked
according to the Akaike Information Criterion (AIC) and R? (marginal
and conditional).

2
Model AAIC R? (marginal) fconditional)
IBD 0.0 0.0727 0.2148
IBRg 55.4 0.0619 0.2128
IBRconn 79.3 0.0544 0.2023
Null 295.9 0.0000 0.1383

Note: IBRy,;; and IBR ., indicate, respectively, the use of the inverse
of habitat suitability and of the inverse of landscape connectivity to
represent landscape resistance.

The snowfinch is highly mobile during the non-breeding period
(Bettega et al., 2020), performing erratic movements and occa-
sionally short-distance migrations (Resano-Mayor et al., 2017,
2020). However, high flight efficiency and the capability to cover
large distances during migration do not necessarily imply high dis-
persal distances or rates: dispersal can indeed be limited in even
highly mobile birds, such as long-distance migrants, in case of high
philopatry (e.g., Ceresa et al., 2016; Garcia et al., 2021; Hansson
et al., 2002; Rénka et al., 2021). The relationship between migra-
tion habits and dispersal ability in birds is still not fully understood,
and itis possible that they are decoupled (Chu & Claramunt, 2023).
Limited dispersal due to philopatry likely occurs also in our study
system, given the detection of closely related individuals within
the same breeding areas (Figure 4). This pattern is evident also
when considering the reduced dataset, where first-degree rela-
tionships involving juveniles were removed (Figure Sé), supporting
high philopatry in our study areas. This suggests that snowfinches
might have to face high dispersal costs and risks, such as, e.g.,
lower survival probability or breeding success. During breeding,
the snowfinch has very specific requirements for both nesting
sites and foraging areas (Brambilla et al., 2018), therefore a good
knowledge of a habitat patch could strongly favour locally born
individuals over immigrants. Philopatry apparently strongly con-
tributes to shape the observed IBD pattern, determining a strong
increase in genetic distances within relatively short geographic
distance, followed by a plateau for distances >40km (Figure 4).
Although this pattern would be better investigated through a less
clustered sampling (and, therefore, more continuous distance
classes), it is consistent with a scenario where many individuals
are philopatric, but dispersing ones can cross large distances; this
is a common pattern in passerine birds, described by the fat-tailed
distribution of their dispersal distances (e.g., Ceresa et al., 2016;
Paradis et al., 2002; Van Houtan et al., 2007). Many of the low IBS
values observed within breeding areas (N=23 for IBS<0.14) are
indeed distances among adult birds, i.e., individuals that already
had the opportunity to disperse. In addition, IBD acting already
at relatively short distances is fully consistent with significant
F¢r values also among those sampling sites that are close to each
other (i.e., 20-40km). The clearly nonlinear IBD pattern depicted
in Figure 4 may also partly explain the relatively low marginal R? of
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the MLPE model for IBD (anyway higher than for IBR): as MLPE are
linear models, they may have partly underestimated the variance
explained by geographic distances.

The high inbreeding coefficients found in many snowfinches
reveal frequent mating between related individuals (third-degree,
sometimes second-degree relationships) in the considered breeding
areas, as confirmed also by ROH lengths. In combination with our
results about population differentiation and structure, this suggests
that the exchange of individuals among breeding areas is sufficient
to generate gene flow (very few ones per generation should be suf-
ficient, see Slatkin, 1987), but not large enough to provide sufficient
opportunities to mate with unrelated individuals. Inbreeding may
lead to inbreeding depression, with deleterious effects such as re-
duced survival and breeding success (e.g., Hemmings et al., 2012;
Niskanen et al., 2020). We found that mean F was the highest at the
most peripheric breeding area (Cima d'Asta), but offspring of related
individuals were found across the entire study area, suggesting pos-
sible fitness reductions due to inbreeding depression across large
parts of the Alpine range.

The combination of IBD, philopatry and inbreeding, jointly
with the forecasted decrease of breeding range (Brambilla, Caprio,
et al., 2017; Brambilla, Rubolini, et al., 2022), depicts an unfavour-
able scenario for the snowfinch. Within a more reduced and more
patchy distribution in the future, a weak tendency to disperse and
the effect of distance to dispersal will increasingly hinder the ex-
change of individuals among breeding areas, increasing the risks
of local extinctions especially in the more isolated patches (lack of
immigrants, reduced fitness due to inbreeding, interaction with sto-
chastic events), and reducing the probability of recolonizations after
the local extinctions. Therefore, the forecasted breeding distribu-
tion based on the occurrence of suitable environments under future
climatic scenarios for the next decades is probably too optimistic.
The species could rapidly disappear from many habitat patches
through the aforementioned processes, even when they remain
suitable for breeding. It is possible that the patterns we observed, in
synergy with climate change and habitat loss, were already involved
in the recent reduction of the Alpine breeding range of the species,
occurring especially in the lower and more peripheric massifs (e.g.,
Knaus et al., 2018; Lardelli et al., 2022).

Our results highlight the need to maintain the continuity of
snowfinch breeding range, in order to facilitate dispersal. One
way to buffer against climate change could be a targeted sward
management through grazing, which may help to compensate for
earlier snowmelt by improving food availability during nestlings
rearing (Brambilla et al., 2018). More generally, maintaining exten-
sive grazing in alpine pastures is crucial to avoid shrub encroach-
ment, which erodes the extension of snowfinch foraging areas
near their lower elevational limit; at the same time, overgrazing
should be avoided, because it causes grassland and soil degrada-
tion (Garcia-Pausas et al., 2017) and can be detrimental for grass-
land birds (Brambilla, Gustin, et al., 2020; Pavel, 2004). In addition,
avoiding the creation of new infrastructures in high-mountain

areas is very likely beneficial to this species. Although snowfinches

e

also breed on buildings and winter tourism provides additional
food resources during the non-breeding period, ski-pistes and
related infrastructures severely impact high-alpine grasslands, af-
fecting arthropod abundances during nestlings rearing (Rolando
et al., 2007) and decreasing foraging habitat suitability for the
species (Brambilla et al., 2018). Therefore, grassland restoration
at disused touristic areas/infrastructures and ski-pistes revegeta-
tion (Caprio et al., 2011) are other important measures to reduce
habitat loss and degradation. Based on our results, these actions
are recommended not only in the currently suitable large breed-
ing areas, but also in relatively small patches hosting few breeding
pairs. These patches may be used as stepping-stones to other oc-
cupied patches/massifs, contributing to the overall breeding range
continuity and promoting long-distance dispersal (e.g., Saura
et al., 2014). This is especially important in those Alpine areas
where the breeding range is more scattered, both currently and
in the predicted future scenarios, e.g. in the Dolomites and more
southern massifs and in the outermost north-east of the species
distribution in Austria (see Figure 1 and S7). Promoting connec-
tivity and avoiding local extinctions in these peripheral breeding
areas is crucial to counteract the overall Alpine breeding range
reduction, and would help to maintain a larger population size and
higher genetic diversity. To this aim, the detailed habitat suitability
model provided in this study, and the coarser scale Alpine-wide
models provided by Brambilla et al. (2022a), represent tools that
can be used to evaluate the risk of isolation of breeding areas and
to identify potential stepping-stones patches.

Our study is focused on within-mountain range dispersal, and
IBD/IBR patterns could be different at larger scales, e.g., continental-
scale dispersal among different mountain chains. Future studies at
such a scale would be especially useful to assess if the more scarce
and scattered population of lower mountain ranges receive immi-
grants from the main breeding areas such as the Alps. The gene flow
limitations and IBD found already at the regional scale in our study
suggest that the very large distances separating different mountain
ranges may strongly limit dispersal.

Our results show that, within the scattered and discontin-
uous ranges of high-elevation species, restricted dispersal and
frequent inbreeding can occur also in highly mobile organisms.
While the snowfinch is potentially able to cover very large dis-
tances (like during the post-breeding erratic movements or short-
distance migrations), such ability is apparently counteracted by a
highly philopatric behaviour. Also other high-elevation birds with
patchy distributions and very specific habitat requirements could
show similar dispersal patterns as observed in the snowfinch in
this study, such as gene flow limitations through IBD or IBR, philo-
patry and mating among relatives. Signs of high philopatry have in-
deed been reported also for the rock ptarmigan (Bech et al., 2009)
and for the water pipit Anthus spinoletta (Ceresa et al., 2023),
suggesting high dispersal costs also in these species. The water
pipit also showed a clear IBR pattern, with a stronger effect of
landscape resistance where alpine grasslands are less extended
(Ceresa et al., 2023). Jointly with the results of the present study,
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this suggests possible generalized limits to population connec-
tivity in species breeding in high-elevation, “sky-island” like open
areas, albeit with species-specific responses to habitat configura-
tion. Further studies are needed to identify levels of population
connectivity in other high-elevation specialists, in order to better
inform conservation policies and to obtain a deeper understanding

on the ongoing decline of these species.

ACKNOWLEDGEMENTS

The present study has been financed by the fund ‘Research Sidtirol/
Alto Adige’ of the Department of Innovation, Research and University
of the Autonomous Province of Bolzano/Bozen, within the project
‘Population connectivity in high-elevation Alpine birds threatened
by climate change’, CUP H32F20000020003. Fieldwork was car-
ried out under permits of the relevant national and local authorities:
‘Prot. n. 2020/60029’, ‘Prot. n. 2020/61001’, ‘Prot. n. 2020/600417’,
‘Prot. n. 2020/60045’ and ‘Prot. n. 2021/5190’ of the Istituto
Superiore per la Ricerca e Protezione Animale (ISPRA); ‘Decreto N.
1055/2021', ‘Decreto N. 2415/2021" and ‘Decreto N. 2837/2021
of the Autonomous Province of Bolzano/Bozen; ‘Determinazione
Prot. 87FAU/2021’ and ‘Determinazione Prot. 88FAU/2021’ of the
Autonomous Province of Trento; ‘Decreto N. 2030/2021’, ‘Decreto
N. 7954/2021" and ‘Decreto N. 7349/2022’ of Regione Lombardia.
We are grateful to Maria del Mar Delgado and Gianpiero Calvi for
their help with fieldwork. The authors thank the Department of
Innovation, Research, University and Museums of the Autonomous
Province of Bozen/Bolzano for covering the Open Access publica-

tion costs.

CONFLICT OF INTEREST STATEMENT

The authors have no conflict of interest.

DATA AVAILABILITY STATEMENT

Raw sequence data are publicly accessible through the NCBI SRA
database (https://www.ncbi.nlm.nih.gov/sra/PRJNA1017651); other
data and script used in this manuscript are available in the Figshare
Digital Repository (Data_for_paper_Restricted_dispersal_and_in-
breeding_in_a_high-elevation_bird_across_the_sky_islands_of_the_

European_Alps_Journal_of_Biogeography).

ORCID

Francesco Ceresa "= https://orcid.org/0000-0003-4443-9667
Mattia Brambilla "' https://orcid.org/0000-0002-7643-4652
https://orcid.org/0000-0002-2108-0172
Matteo Anderle "= https://orcid.org/0000-0002-2867-5902

Laura Kvist

REFERENCES

Alessandrini, C., Scridel, D., Boitani, L., Pedrini, P., & Brambilla, M. (2022).
Remotely sensed variables explain microhabitat selection and re-
veal buffering behaviours against warming in a climate-sensitive
bird species. Remote Sensing in Ecology and Conservation, 8, 615-
628. https://doi.org/10.1002/rse2.265

Amos, J. N., Harrisson, K. A., Radford, J. Q., White, M., Newell, G.,
Nally, R. M., Sunnucks, P., & Pavlova, A. (2014). Species-and

sex-specific connectivity effects of habitat fragmentation in a
suite of woodland birds. Ecology, 95, 1556-1568. https://doi.org/
10.1890/13-1328.1

Anderle, M., Paniccia, C., Brambilla, M., Hilpold, A., Volani, S., Tasser, E.,
Seeber, J., & Tappeiner, U. (2022). The contribution of landscape
features, climate and topography in shaping taxonomical and func-
tional diversity of avian communities in a heterogeneous alpine
region. Oecologia, 199(3), 499-512. https://doi.org/10.1007/s0044
2-022-05134-7

Anderson, E. C., & Dunham, K. K. (2008). The influence of family groups
on inferences made with the program structure. Molecular Ecology
Resources, 8(6), 1219-1229. https://doi.org/10.1111/j.1755-0998.
2008.02355.x

Atkins, Z. S., Amor, M. D., Clemann, N., Chapple, D. G., While, G. M.,
Gardner, M. G., Haine, M. L., Harrisson, K. A., Schroder, M., &
Robert, K. A. (2020). Allopatric divergence drives the genetic struc-
turing of an endangered alpine endemic lizard with a sky-Island dis-
tribution. Animal Conservation, 23(1), 104-118. https://doi.org/10.
1111/acv.12519

Barton, K. (2019). MuMIn: Multi-Model inference. https://cran.rproject.
org/web/packages/MuMlIn/index.html

Bech, N., Boissier, J., Drovetski, S., & Novoa, C. (2009). Population genetic
structure of rock ptarmigan in the ‘sky islands’ of French Pyrenees:
Implications for conservation. Animal Conservation, 12(2), 138-146.
https://doi.org/10.1111/j.1469-1795.2008.00233.x

Beckers, N., Hein, N., Anneser, A., Vanselow, K. A., & Loffler, J. (2020).
Differences in mobility and dispersal capacity determine body size
clines in two common alpine-tundra arthropods. Insects, 11(2), 74.
https://doi.org/10.3390/insects11020074

Bettega, C., Fernandez-Gonzalez, A., Ramon Obeso, J., & Delgado, M. D.
M. (2020). Circannual variation in habitat use of the White-winged
Snowfinch Montifringilla nivalis nivalis. Ibis, 162(4), 1251-1261.
https://doi.org/10.1111/ibi.12829

Bezanson, J., Edelman, A., Karpinski, S., & Shah, V. B. (2017). Julia: A fresh
approach to numerical computing. SIAM Review, 59, 65-98. https://
doi.org/10.1137/141000671

BirdLife International. (2021). European Red List of Birds. Publications
Office of the European Union.

BirdLife International. (2022). Species factsheet: Montifringilla nivalis.
https://www.birdlife.org

Bolker, B., & Robinson, D. (2022). broom.mixed: Tidying Methods for
Mixed Models. https://cran.r-project.org/web/packages/broom.
mixed/index.html

Brambilla, M., Bettega, C., Delgado, M. M., Gabriel-Hernando, D.,
Packert, M., Arlettaz, R., Dirren, S., Fontanilles, P., Gil, J. A.,
Herrmann, M., Hille, S., Korner-Nievergelt, F., Pedrini, P., Resano-
Mayor, J., Schano, C., & Scridel, D. (2022). Insufficient consider-
ations of seasonality, data selection and validation lead to biased
species-climate relationships in mountain birds. Journal of Avian
Biology, 2022(9), e03015. https://doi.org/10.1111/jav.03015

Brambilla, M., Caprio, E., Assandri, G., Scridel, D., Bassi, E., Bionda,
R., Celada, C., Falco, R., Bogliani, G., Pedrini, P., Rolando, A., &
Chamberlain, D. (2017). A spatially explicit definition of conser-
vation priorities according to population resistance and resilience,
species importance and level of threat in a changing climate.
Diversity and Distributions, 23, 727-738. https://doi.org/10.1111/
ddi.12572

Brambilla, M., Cortesi, M., Capelli, F., Chamberlain, D., Pedrini, P., &
Rubolini, D. (2017). Foraging habitat selection by alpine White-
winged Snowfinches Montifringilla nivalis during the nestling rear-
ing period. Journal of Ornithology, 158(1), 277-286. https://doi.org/
10.1007/s10336-016-1392-9

Brambilla, M., & Delgado, M. M. (2020). Montifringilla nivalis white-
winged snowfinch. In V. Keller, S. Herrando, P. Vorisek, M. Franch,
M. Kipson, P. Milanesi, D. Marti, M. Anton, A. Klvanova, M. V.
Kalyakin, H.-G. Bauer, & R. P. B. Foppen (Eds.), European Breeding

85U8017 SUOWILLID BAIFe81D) 8|l |dde 8y Aq peusenob aJe sajolfe YO ‘8sn JO Sa|nJ 1o} Akeiq 1T 8UIUO A1 UO (U0 pUo-pue-SWLB) D™ A8 | Im AReJq 1 pulju0//:SdNU) SUORIPUOD Pue SWiB | 8y} 88S *[£202/2T/0€] Uo ArigiTauliuo A8|Im e1felieueIyo0D Aq 28.4T Al TTT OT/10p/wo0 A8 1M Areiq1jeul|uoj/Sdpy woiy pepeo|umoq ‘0 ‘6692G9ET


https://www.ncbi.nlm.nih.gov/sra/PRJNA1017651
https://figshare.com/articles/dataset/Data_for_paper_Restricted_dispersal_and_inbreeding_in_a_high-elevation_bird_across_the_sky_islands_of_the_European_Alps_Journal_of_Biogeography_/24166314
https://figshare.com/articles/dataset/Data_for_paper_Restricted_dispersal_and_inbreeding_in_a_high-elevation_bird_across_the_sky_islands_of_the_European_Alps_Journal_of_Biogeography_/24166314
https://figshare.com/articles/dataset/Data_for_paper_Restricted_dispersal_and_inbreeding_in_a_high-elevation_bird_across_the_sky_islands_of_the_European_Alps_Journal_of_Biogeography_/24166314
https://orcid.org/0000-0003-4443-9667
https://orcid.org/0000-0003-4443-9667
https://orcid.org/0000-0002-7643-4652
https://orcid.org/0000-0002-7643-4652
https://orcid.org/0000-0002-2108-0172
https://orcid.org/0000-0002-2108-0172
https://orcid.org/0000-0002-2867-5902
https://orcid.org/0000-0002-2867-5902
https://doi.org/10.1002/rse2.265
https://doi.org/10.1890/13-1328.1
https://doi.org/10.1890/13-1328.1
https://doi.org/10.1007/s00442-022-05134-7
https://doi.org/10.1007/s00442-022-05134-7
https://doi.org/10.1111/j.1755-0998.2008.02355.x
https://doi.org/10.1111/j.1755-0998.2008.02355.x
https://doi.org/10.1111/acv.12519
https://doi.org/10.1111/acv.12519
https://cran.rproject.org/web/packages/MuMIn/index.html
https://cran.rproject.org/web/packages/MuMIn/index.html
https://doi.org/10.1111/j.1469-1795.2008.00233.x
https://doi.org/10.3390/insects11020074
https://doi.org/10.1111/ibi.12829
https://doi.org/10.1137/141000671
https://doi.org/10.1137/141000671
https://www.birdlife.org
https://cran.r-project.org/web/packages/broom.mixed/index.html
https://cran.r-project.org/web/packages/broom.mixed/index.html
https://doi.org/10.1111/jav.03015
https://doi.org/10.1111/ddi.12572
https://doi.org/10.1111/ddi.12572
https://doi.org/10.1007/s10336-016-1392-9
https://doi.org/10.1007/s10336-016-1392-9

CERESA ET AL.

Bird Atlas 2: distribution, abundance and change (pp. 794-795).
European Bird Census Council & Lynx Edicions.

Brambilla, M., Gustin, M., Cento, M., llahiane, L., & Celada, C. (2020).
Habitat, climate, topography and management differently affect
occurrence in declining avian species: Implications for conservation
in changing environments. Science of the Total Environment, 742,
140663. https://doi.org/10.1016/j.scitotenv.2020.140663

Brambilla, M., Pedrini, P., Rolando, A., & Chamberlain, D. E. (2016).
Climate change will increase the potential conflict between skiing
and high-elevation bird species in the Alps. Journal of Biogeography,
43(11), 2299-2309. https://doi.org/10.1111/jbi.12796

Brambilla, M., Resano-Mayor, J., Arlettaz, R., Bettega, C., Binggeli, A.,
Bogliani, G., Braunisch, V., Celada, C., Chamberlain, D., Carricaburu,
J. C., Delgado, M. D. M., Fontanilles, P., Kmecl, P., Korner, F.,
Lindner, R., Pedrini, P., P6hacker, J., Rubini¢, B., Schano, C., ... De
Gabriel Hernando, M. (2020). Potential distribution of a climate
sensitive species, the White-winged Snowfinch Montifringilla nivalis
in Europe. Bird Conservation International, 30(4), 522-532. https://
doi.org/10.1017/50959270920000027

Brambilla, M., Resano-Mayor, J., Scridel, D., Anderle, M., Bogliani, G.,
Braunisch, V., Capelli, F., Cortesi, M., Horrenberger, N., Pedrini, P.,
Sangalli, B., Chamberlain, D., Arlettaz, R., & Rubolini, D. (2018). Past
and future impact of climate change on foraging habitat suitability
in a high-alpine bird species: Management options to buffer against
global warming effects. Biological Conservation, 221, 209-218.
https://doi.org/10.1016/j.biocon.2018.03.008

Brambilla, M., Rubolini, D., Appukuttan, O., Calvi, G., Karger, D. N.,
Kmedcl, P., Miheli¢, T., Sattler, T., Seaman, B., Teufelbauer, N., Wahl,
J., & Celada, C. (2022). Identifying climate refugia for high-elevation
alpine birds under current climate warming predictions. Global
Change Biology, 28, 4276-4291. https://doi.org/10.1111/gcb.16187

Burnham, K. P., & Anderson, D. R. (2002). Model selection and multi-
model inference: A practical information-theoretic approach. Springer
Verlag. https://doi.org/10.1007/b97636

Cadena, C. D., Kozak, K. H., Gomez, J. P, Parra, J. L., McCain, C. M.,
Bowie, R. C. K., Carnaval, A. C., Moritz, C., Rahbek, C., Roberts,
T. E., Sanders, N. J.,, Schneider, C. J., VanDerWal, J., Zamudio, K.
R., & Graham, C. H. (2012). Latitude, elevational climatic zonation
and speciation in new world vertebrates. Proceedings of the Royal
Society B: Biological Sciences, 279(1726), 194-201. https://doi.org/
10.1098/rspb.2011.0720

Caprio, E., Chamberlain, D. E., Isaia, M., & Rolando, A. (2011). Landscape
changes caused by high altitude ski-pistes affect bird species rich-
ness and distribution in the Alps. Biological Conservation, 144(12),
2958-2967. https://doi.org/10.1016/j.biocon.2011.08.021

Cayuela, H., Rougemont, Q., Prunier, J. G., Moore, J. S., Clobert, J.,
Besnard, A., & Bernatchez, L. (2018). Demographic and genetic ap-
proaches to study dispersal in wild animal populations: A method-
ological review. Molecular Ecology, 27(20), 3976-4010. https://doi.
org/10.1111/mec.14848

Ceresa, F., Belda, E. J., Kvist, L., Kajanus, M., & Monros, J. S. (2018).
Genetic differentiation between insular and continental popula-
tions of migratory and resident warblers, the great reed warbler
Acrocephalus arundinaceus and Cetti's warbler Cettia cetti. Journal
of Ornithology, 159(3), 703-712. https://doi.org/10.1007/s1033
6-018-1543-2

Ceresa, F., Belda, E. J., Kvist, L., Rguibi-Idrissi, H., & Monrés, J. S. (2015).
Does fragmentation of wetlands affect gene flow in sympatric
Acrocephalus warblers with different migration strategies? Journal
of Avian Biology, 46(6), 577-588. https://doi.org/10.1111/jav.00589

Ceresa, F., Belda, E. J., & Monrés, J. S. (2016). Similar dispersal patterns
between two closely related birds with contrasting migration strat-
egies. Population Ecology, 58, 421-427. https://doi.org/10.1007/
s10144-016-0547-0

Ceresa, F., Brambilla, M., Kvist, L., Vitulano, S., Pes, M., Tomasi, L., Pedrini,
P., Hilpold, A., & Kranebitter, P. (2023). Landscape characteristics

EE ey

influence regional dispersal in a high-elevation specialist migratory
bird, the water pipit Anthus spinoletta. Molecular Ecology, 32, 1875-
1892. https://doi.org/10.1111/mec.16853

Ceresa, F., & Kranebitter, P. (2020). Lista Rossa 2020 degli uccelli nidifi-
cantiin Alto Adige. Gredleriana, 20, 57-70. https://doi.org/10.5281/
zen0do.4245030

Ceresa, F., Kranebitter, P., Monrés, J. S., Rizzolli, F., & Brambilla, M.
(2021). Disentangling direct and indirect effects of local tempera-
ture on abundance of mountain birds and implications for under-
standing global change impacts. PeerJ, 9, e12560. https://doi.org/
10.7717/peerj.12560

Chamberlain, D., Brambilla, M., Caprio, E., Pedrini, P., & Rolando, A.
(2016). Alpine bird distributions along elevation gradients: The
consistency of climate and habitat effects across geographic re-
gions. Oecologia, 181, 1139-1150. https://doi.org/10.1007/s0044
2-016-3637-y

Chamberlain, D. E., Negro, M., Caprio, E., & Rolando, A. (2013). Assessing
the sensitivity of alpine birds to potential future changes in hab-
itat and climate to inform management strategies. Biological
Conservation, 167, 127-135. https://doi.org/10.1016/j.biocon.
2013.07.036

Chang, C. C., Chow, C. C,, Tellier, L. C., Vattikuti, S., Purcell, S. M., & Lee,
J. J. (2015). Second-generation PLINK: Rising to the challenge of
larger and richer datasets. GigaScience, 4(1), s13742-015. https://
doi.org/10.1186/s13742-015-0047-8

Chu, J. J., & Claramunt, S. (2023). Determinants of natal dispersal dis-
tances in north American birds. Ecology and Evolution, 13(2), e9789.
https://doi.org/10.1002/ece3.9789

Clarke, R. T., Rothery, P., & Raybould, A. F. (2002). Confidence limits for
regression relationships between distance matrices: Estimating
gene flow with distance. Journal of Agricultural, Biological, and
Environmental Statistics, 7(3), 361-372. https://doi.org/10.1198/
108571102320

Cushman, S., Wasserman, T., Landguth, E., & Shirk, A. (2013). Re-
evaluating causal modeling with mantel tests in landscape genetics.
Diversity, 5, 51-72. https://doi.org/10.3390/d5010051

Davey, C. M., Chamberlain, D. E., Newson, S. E.,, Noble, D. G.,, &
Johnston, A. (2012). Rise of the generalists: Evidence for climate
driven homogenization in avian communities. Global Ecology and
Biogeography, 21(5), 568-578. https://doi.org/10.1111/j.1466-
8238.2011.00693.x

De Gabriel Hernando, M., Fernandez-Gil, J., Roa, I., Juan, J., Ortega, F.,
de la Calzada, F., & Revilla, E. (2021). Warming threatens habitat
suitability and breeding occupancy of rear-edge alpine bird spe-
cialists. Ecography, 44(8), 1191-1204. https://doi.org/10.1111/
ecog.05593

De Gabriel Hernando, M., Roa, I., Fernandez-Gil, J., Juan, J., Fuertes, B.,
Reguera, B., & Revilla, E. (2022). Trends in weather conditions favor
generalist over specialist species in rear-edge alpine bird commu-
nities. Ecosphere, 13(4), e3953. https://doi.org/10.1002/ecs2.3953

Desrochers, A. (2010). Morphological response of songbirds to 100years
of landscape change in North America. Ecology, 91(6), 1577-1582.
https://doi.org/10.1890/09-2202.1

Dirnbock, T., Essl, F., & Rabitsch, W. (2011). Disproportional risk for hab-
itat loss of high-altitude endemic species under climate change.
Global Change Biology, 17(2), 990-996. https://doi.org/10.1111/j.
1365-2486.2010.02266.x

Elith, J., Phillips, S. J., Hastie, T., Dudik, M., Chee, Y. E., & Yates, C. J.
(2011). A statistical explanation of MaxEnt for ecologists. Diversity
and Distributions, 17, 43-57. https://doi.org/10.1111/j.1472-4642.
2010.00725.x

Elsen, P. R., & Tingley, M. W. (2015). Global mountain topography and
the fate of montane species under climate change. Nature Climate
Change, 5(8), 772-776. https://doi.org/10.1038/nclimate2656

Evanno, G., Regnaut, S., & Goudet, J. (2005). Detecting the num-
ber of clusters of individuals using the software STRUCTURE: A

85U8017 SUOWILLID BAIFe81D) 8|l |dde 8y Aq peusenob aJe sajolfe YO ‘8sn JO Sa|nJ 1o} Akeiq 1T 8UIUO A1 UO (U0 pUo-pue-SWLB) D™ A8 | Im AReJq 1 pulju0//:SdNU) SUORIPUOD Pue SWiB | 8y} 88S *[£202/2T/0€] Uo ArigiTauliuo A8|Im e1felieueIyo0D Aq 28.4T Al TTT OT/10p/wo0 A8 1M Areiq1jeul|uoj/Sdpy woiy pepeo|umoq ‘0 ‘6692G9ET


https://doi.org/10.1016/j.scitotenv.2020.140663
https://doi.org/10.1111/jbi.12796
https://doi.org/10.1017/S0959270920000027
https://doi.org/10.1017/S0959270920000027
https://doi.org/10.1016/j.biocon.2018.03.008
https://doi.org/10.1111/gcb.16187
https://doi.org/10.1007/b97636
https://doi.org/10.1098/rspb.2011.0720
https://doi.org/10.1098/rspb.2011.0720
https://doi.org/10.1016/j.biocon.2011.08.021
https://doi.org/10.1111/mec.14848
https://doi.org/10.1111/mec.14848
https://doi.org/10.1007/s10336-018-1543-2
https://doi.org/10.1007/s10336-018-1543-2
https://doi.org/10.1111/jav.00589
https://doi.org/10.1007/s10144-016-0547-0
https://doi.org/10.1007/s10144-016-0547-0
https://doi.org/10.1111/mec.16853
https://doi.org/10.5281/zenodo.4245030
https://doi.org/10.5281/zenodo.4245030
https://doi.org/10.7717/peerj.12560
https://doi.org/10.7717/peerj.12560
https://doi.org/10.1007/s00442-016-3637-y
https://doi.org/10.1007/s00442-016-3637-y
https://doi.org/10.1016/j.biocon.2013.07.036
https://doi.org/10.1016/j.biocon.2013.07.036
https://doi.org/10.1186/s13742-015-0047-8
https://doi.org/10.1186/s13742-015-0047-8
https://doi.org/10.1002/ece3.9789
https://doi.org/10.1198/108571102320
https://doi.org/10.1198/108571102320
https://doi.org/10.3390/d5010051
https://doi.org/10.1111/j.1466-8238.2011.00693.x
https://doi.org/10.1111/j.1466-8238.2011.00693.x
https://doi.org/10.1111/ecog.05593
https://doi.org/10.1111/ecog.05593
https://doi.org/10.1002/ecs2.3953
https://doi.org/10.1890/09-2202.1
https://doi.org/10.1111/j.1365-2486.2010.02266.x
https://doi.org/10.1111/j.1365-2486.2010.02266.x
https://doi.org/10.1111/j.1472-4642.2010.00725.x
https://doi.org/10.1111/j.1472-4642.2010.00725.x
https://doi.org/10.1038/nclimate2656

Journal of

CERESA ET AL.

Biogeography
simulation study. Molecular Ecology, 14, 2611-2620. https://doi.org/
10.1111/j.1365-294X.2005.02553.x

Excoffier, L., & Lischer, H. E. (2010). Arlequin suite ver 3.5: A new series
of programs to perform population genetics analyses under Linux
and windows. Molecular Ecology Resources, 10(3), 564-567. https://
doi.org/10.1111/j.1755-0998.2010.02847.x

Falush, D., Stephens, M., & Pritchard, J. K. (2003). Inference of popula-
tion structure using multilocus genotype data: Linked loci and cor-
related allele frequencies. Genetics, 164(4), 1567-1587. https://doi.
org/10.1093/genetics/164.4.1567

Frankham, R., Ballou, J. D., & Briscoe, D. A. (2010). Introduction to conser-
vation genetics (2nd ed.). Cambridge University Press.

Frosch, C., Kraus, R. H., Angst, C., Allgéwer, R., Michaux, J., Teubner, J.,
& Nowak, C. (2014). The genetic legacy of multiple beaver reintro-
ductions in Central Europe. PLoS One, 9(5), €97619. https://doi.org/
10.1371/journal.pone.0097619

Garcia, J., Moran-Ordéiez, A., Garcia, J. T., Calero-Riestra, M., Alda, F,,
Sanz, J., & Suarez-Seoane, S. (2021). Current landscape attributes
and landscape stability in breeding grounds explain genetic differ-
entiation in a long-distance migratory bird. Animal Conservation,
24(1), 120-134. https://doi.org/10.1111/acv.12616

Garcia-Pausas, J., Romanya, J., Montané, F., Rios, A. ., Taull, M., Rovira,
P., & Casals, P.(2017). Are soil carbon stocks in mountain grasslands
compromised by land-use changes? In High Mountain Conservation
in a Changing World (pp. 207-230). Springer.

Gebhrig-Fasel, J., Guisan, A., & Zimmermann, N. E. (2007). Tree line shifts
in the Swiss Alps: Climate change or land abandonment? Journal of
Vegetation Science, 18(4), 571-582. https://doi.org/10.1111/j.1654-
1103.2007.tb02571.x

Goodenough, A. E., & Hart, A. G. (2013). Correlates of vulnerability
to climate-induced distribution changes in European avifauna:
Habitat, migration and endemism. Climatic Change, 118(3-4), 659-
669. https://doi.org/10.1007/s10584-012-0688-x

Goslee, S. C., & Urban, D. L. (2007). The ecodist package for dissimilarity-
based analysis of ecological data. Journal of Statistical Software, 22,
1-19. https://doi.org/10.18637/jss.v022.i07

Hall, K. R., Anantharaman, R., Landau, V. A., Clark, M., Dickson, B. G.,
Jones, A, Platt, J., Edelman, A., & Shah, V. B. (2021). Circuitscape
in Julia: Empowering dynamic approaches to connectivity assess-
ment. Land, 10, 301. https://doi.org/10.3390/land10030301

Hallman, T. A, Guélat, J., Antoniazza, S., Kéry, M., & Sattler, T. (2022).
Rapid elevational shifts of Switzerland's avifauna and associated
species traits. Ecosphere, 13(8), e4194. https://doi.org/10.1002/
ecs2.4194

Hansson, B., Bensch, S., Hasselquist, D., & Nielsen, B. (2002). Restricted
dispersal in a long-distance migrant bird with patchy distribution,
the great reed warbler. Oecologia, 130, 536-542. https://doi.org/
10.1007/s00442-001-0831-2

Hemmings, N. L., Slate, J., & Birkhead, T. R. (2012). Inbreeding causes
early death in a passerine bird. Nature Communications, 3(1), 1-4.

Imperio, S., Bionda, R., Viterbi, R., & Provenzale, A. (2013). Climate
change and human disturbance can lead to local extinction of al-
pine rock ptarmigan: New insight from the Western Italian Alps.
PLoS One, 8(11), €81598. https://doi.org/10.1371/journal.pone.
0081598

Jombart, T. (2008). Adegenet: A R package for the multivariate analysis
of genetic markers. Bioinformatics, 24, 1403-1405. https://doi.org/
10.1093/bioinformatics/btn129

Jombart, T., & Ahmed, I. (2011). Adegenet 1.3-1: New tools for the anal-
ysis of genome-wide SNP data. Bioinformatics, 27, 3070-3071.
https://doi.org/10.1093/bioinformatics/btr521

Jombart, T., & Collins, C. (2015). A tutorial for discriminant analysis of
principal components (DAPC) using adegenet 2.0. 0. Imperial College
London, MRC Centre for Outbreak Analysis and Modelling.

Jombart, T., Devillard, S., & Balloux, F. (2010). Discriminant analysis of
principal components: A new method for the analysis of genetically

structured populations. BMC Genetics, 11, 1-15. https://doi.org/10.
1186/1471-2156-11-94

Klinga, P., Mikolas, M., Smolko, P., Tejkal, M., Héglund, J., & Paule, L.
(2019). Considering landscape connectivity and gene flow in the
Anthropocene using complementary landscape genetics and habi-
tat modelling approaches. Landscape Ecology, 34, 521-536. https://
doi.org/10.1007/s10980-019-00789-9

Knaus, P., Antoniazza, S., Wechsler, S., Guélat, J., Kéry, M., Strebel,
N., & Sattler, T. (2018). Swiss Breeding Bird Atlas 2013-2016.
Distribution and population trends of birds in Switzerland and
Liechtenstein (p. 648). Swiss Ornithological Institute ISBN:
978-3-85949-013-0.

Koot, E. M., Morgan-Richards, M., & Trewick, S. A. (2022). Climate change
and alpine-adapted insects: Modelling environmental envelopes of
a grasshopper radiation. Royal Society Open Science, 9(3), 211596.
https://doi.org/10.1098/rs0s.211596

Kérner, C., & Ohsawa, M. (2006). Mountain systems, ecosystem and
human well-being: Current state and trends. In R. Hassan, R.
Scholes, & N. Ash (Eds.), Millennium Ecosystem Assessment (Vol. 1,
pp. 681-716). Island Press.

Kozakiewicz, C. P., Carver, S., & Burridge, C. P. (2018). Under-
representation of avian studies in landscape genetics. Ibis, 160(1),
1-12.

Kraus, R. H., Figuerola, J., & Klug, K. (2016). No genetic structure in a
mixed flock of migratory and non-migratory mallards. Journal
of Ornithology, 157, 919-922. https://doi.org/10.1007/s1033
6-016-1354-2

Kvist, L., Ponnikas, S., Belda, E. J., Encabo, |., Martinez, E., Onrubia,
A., Hernandez, J. M,, Vera, P, Neto, J. M., & Monros, J. S. (2011).
Endangered subspecies of the reed bunting (Emberiza schoeniclus
witherby and E. s. lusitanica) in Iberian Peninsula have different ge-
netic structures. Journal of Ornithology, 152, 681-693. https://doi.
org/10.1007/510336-011-0646-9

Landau, V., Shah, V., Anantharaman, R., & Hall, K. (2021). Omniscape.
JI: Software to compute omnidirectional landscape connectivity.
Journal of Open Source Software, 6, 2829. https://doi.org/10.21105/
joss.02829

Lantz, S. M., & Karubian, J. (2017). Environmental disturbance increases
social connectivity in a passerine bird. PLoS One, 12(8), e0183144.
https://doi.org/10.1371/journal.pone.0183144

Lardelli, R., Bogliani, G., Brichetti, P., Caprio, E., Celada, C., Conca, G.,
Fraticelli, F., Gustin, M., Janni, O., Pedrini, P., Puglisi, L., Rubolini, D.,
Ruggieri, L., Spina, F., Tinarelli, R., Calvi, G., & Brambilla, M. (2022).
Atlante degli uccelli nidificanti in Italia. Edizioni Belvedere (Latina),
historia naturae (11) (p. 704).

Lehikoinen, A., Brotons, L., Calladine, J., Campedelli, T., Escandell, V.,
Flousek, J., & Husby, M. (2019). Declining population trends of
European mountain birds. Global Change Biology, 25, 577-588.
https://doi.org/10.1111/gcb.14522

Lischer, H. E., & Excoffier, L. (2012). PGDSpider: An automated data
conversion tool for connecting population genetics and genomics
programs. Bioinformatics, 28(2), 298-299. https://doi.org/10.1093/
bioinformatics/btré642

Liu, X., & Chen, B. (2000). Climatic warming in the Tibetan plateau during
recent decades. International Journal of Climatology: A Journal of the
Royal Meteorological Society, 20(14), 1729-1742.

Martin, C. A., Sheppard, E. C., lllera, J. C., Suh, A., Nadachowska-
Brzyska, K., Spurgin, L. G., & Richardson, D. S. (2023). Runs of
homozygosity reveal past bottlenecks and contemporary in-
breeding across diverging populations of an Island-colonizing
bird. Molecular Ecology, 32(8), 1972-1989. https://doi.org/10.
1111/mec.16865

Martin, K., & Wiebe, K. L. (2004). Coping mechanisms of alpine and arc-
tic breeding birds: Extreme weather and limitations to reproduc-
tive resilience. Integrative and Comparative Biology, 44(2), 177-185.
https://doi.org/10.1093/icb/44.2.177

85U8017 SUOWILLID BAIFe81D) 8|l |dde 8y Aq peusenob aJe sajolfe YO ‘8sn JO Sa|nJ 1o} Akeiq 1T 8UIUO A1 UO (U0 pUo-pue-SWLB) D™ A8 | Im AReJq 1 pulju0//:SdNU) SUORIPUOD Pue SWiB | 8y} 88S *[£202/2T/0€] Uo ArigiTauliuo A8|Im e1felieueIyo0D Aq 28.4T Al TTT OT/10p/wo0 A8 1M Areiq1jeul|uoj/Sdpy woiy pepeo|umoq ‘0 ‘6692G9ET


https://doi.org/10.1111/j.1365-294X.2005.02553.x
https://doi.org/10.1111/j.1365-294X.2005.02553.x
https://doi.org/10.1111/j.1755-0998.2010.02847.x
https://doi.org/10.1111/j.1755-0998.2010.02847.x
https://doi.org/10.1093/genetics/164.4.1567
https://doi.org/10.1093/genetics/164.4.1567
https://doi.org/10.1371/journal.pone.0097619
https://doi.org/10.1371/journal.pone.0097619
https://doi.org/10.1111/acv.12616
https://doi.org/10.1111/j.1654-1103.2007.tb02571.x
https://doi.org/10.1111/j.1654-1103.2007.tb02571.x
https://doi.org/10.1007/s10584-012-0688-x
https://doi.org/10.18637/jss.v022.i07
https://doi.org/10.3390/land10030301
https://doi.org/10.1002/ecs2.4194
https://doi.org/10.1002/ecs2.4194
https://doi.org/10.1007/s00442-001-0831-2
https://doi.org/10.1007/s00442-001-0831-2
https://doi.org/10.1371/journal.pone.0081598
https://doi.org/10.1371/journal.pone.0081598
https://doi.org/10.1093/bioinformatics/btn129
https://doi.org/10.1093/bioinformatics/btn129
https://doi.org/10.1093/bioinformatics/btr521
https://doi.org/10.1186/1471-2156-11-94
https://doi.org/10.1186/1471-2156-11-94
https://doi.org/10.1007/s10980-019-00789-9
https://doi.org/10.1007/s10980-019-00789-9
https://doi.org/10.1098/rsos.211596
https://doi.org/10.1007/s10336-016-1354-2
https://doi.org/10.1007/s10336-016-1354-2
https://doi.org/10.1007/s10336-011-0646-9
https://doi.org/10.1007/s10336-011-0646-9
https://doi.org/10.21105/joss.02829
https://doi.org/10.21105/joss.02829
https://doi.org/10.1371/journal.pone.0183144
https://doi.org/10.1111/gcb.14522
https://doi.org/10.1093/bioinformatics/btr642
https://doi.org/10.1093/bioinformatics/btr642
https://doi.org/10.1111/mec.16865
https://doi.org/10.1111/mec.16865
https://doi.org/10.1093/icb/44.2.177

CERESA ET AL.

McRae, B. H., Popper, K., Jones, A., Schindel, M., Buttrick, S., Hall, K. R.,
Unnasch, R. S., & Platt, J. (2016). Conserving Nature's Stage: Mapping
Omnidirectional Connectivity for Resilient Terrestrial Landscapes in
the Pacific Northwest. The Nature Conservancy.

McRae, B. H., Shah, V. B., & Mohapatra, T. K. (2013). Circuitscape 4 user
guide. The Nature Conservancy.

Meirmans, P. G. (2015). Seven common mistakes in population genetics
and how to avoid them. Molecular Ecology, 24, 3223-3231. https://
doi.org/10.1111/mec.13243

Meyermans, R., Gorssen, W., Buys, N., & Janssens, S. (2020). How
to study runs of homozygosity using plink? A guide for ana-
lyzing medium density snp data in livestock and pet species.
BMC Genomics, 21(1), 1-14. https://doi.org/10.1186/s1286
4-020-6463-x

Miller, M. P., Davis, R. J., Forsman, E. D., Mullins, T. D., & Haig, S. M. (2018).
Isolation by distance versus landscape resistance: Understanding
dominant patterns of genetic structure in northern spotted owls
(Strix occidentalis caurina). PLoS One, 13(8), €0201720. https://doi.
org/10.1371/journal.pone.0201720

Millions, D. G., & Swanson, B. J. (2007). Impact of natural and artificial
barriers to dispersal on the population structure of bobcats. The
Journal of Wildlife Management, 71(1), 96-102. https://doi.org/10.
2193/2005-563

Morgan, J. W., & Venn, S. E. (2017). Alpine plant species have limited ca-
pacity for long-distance seed dispersal. Plant Ecology, 218, 813-819.
https://doi.org/10.1007/s11258-017-0731-0

Niskanen, A. K., Billing, A. M., Holand, H., Hagen, I. J., Araya-Ajoy, Y.
G., Husby, A, Rgnning, B., Myhre, A. M., Ranke, P. S., Kvalnes, T,,
Parn, H., Ringsby, T. H., Lien, S., Seaether, B. E., Muff, S., & Jensen,
H. (2020). Consistent scaling of inbreeding depression in space and
time in a house sparrow metapopulation. Proceedings of the National
Academy of Sciences, 117(25), 14584-14592.

Owen, J. C. (2011). Collecting, processing, and storing avian blood: A re-
view. Journal of Field Ornithology, 82(4), 339-354. https://doi.org/
10.1111/j.1557-9263.2011.00338.x

Paradis, E., Baillie, S. R., & Sutherland, W. J. (2002). Modeling large-
scale dispersal distances. Ecological Modelling, 151(2-3), 279-292.
https://doi.org/10.1016/50304-3800(01)00487-2

Paradis, E., Baillie, S. R., Sutherland, W. J., & Gregory, R. D. (1998).
Patterns of natal and breeding dispersal in birds. Journal of Animal
Ecology, 67, 518-536. https://doi.org/10.1046/j.1365-2656.1998.
00215.x

Patrinat, U. M. S. (2019). Résultats synthétiques de I'évaluation des
statuts et tendances des espéces d'oiseaux sauvages en France,
période 2013-2018. Rapportage article 12 envoyé a la Commission
européenne.

Pavel, V. (2004). The impact of grazing animals on nesting success of
grassland passerines in farmland and natural habitats: A field ex-
periment. Folia Zoologica Praha, 53(2), 171-178.

Pearce-Higgins, J. W., Eglington, S. M., Martay, B., & Chamberlain, D.
E. (2015). Drivers of climate change impacts on bird communities.
Journal of Animal Ecology, 84(4), 943-954. https://doi.org/10.1111/
1365-2656.12364

Pepin, N., Bradley, R. S., Diaz, H. F., Baraer, M., Caceres, E. B., Forsythe,
N., Fowler, H., Greenwood, G., Hashmi, M. Z., Liu, X. D., Miller,
J. R., Ning, L., Ohmura, A., Palazzi, E., Rangwala, I., Schéner, W.,
Severskiy, |., Shahgedanova, M., Wang, M. B,, ... Yang, D. Q. (2015).
Elevation-dependent warming in mountain regions of the world.
Nature Climate Change, 5, 424-430.

Peterman, W. E. (2018). ResistanceGA: An R package for the optimiza-
tion of resistance surfaces using genetic algorithms. Methods in
Ecology and Evolution, 9(6), 1638-1647. https://doi.org/10.1111/
2041-210X.12984

Peterson, B. K., Weber, J. N., Kay, E. H., Fisher, H. S., & Hoekstra, H. E.
(2012). Double digest RADseq: An inexpensive method for de novo
SNP discovery and genotyping in model and non-model species.

EEN ey

PLoS One, 7(5), e37135. https://doi.org/10.1371/journal.pone.
0037135

Peyre, G., Lenoir, J., Karger, D. N., Gomez, M., Gonzalez, A.,
Broennimann, O., & Guisan, A. (2020). The fate of paramo plant
assemblages in the sky islands of the northern Andes. Journal of
Vegetation Science, 31(6), 967-980. https://doi.org/10.1111/jvs.
12898

Phillips, S. J., Anderson, R. P., & Schapire, R. E. (2006). Maximum en-
tropy modeling of species geographic distributions. Ecological
Modelling, 190, 231-259. https://doi.org/10.1016/j.ecolmodel.
2005.03.026

Pilot, M., Greco, C., Von Holdt, B. M., Jedrzejewska, B., Randi, E.,
Jedrzejewski, W., Sidorovich, V. E., Ostrander, E. A., & Wayne, R. K.
(2014). Genome-wide signatures of population bottlenecks and di-
versifying selection in European wolves. Heredity, 112(4), 428-442.
https://doi.org/10.1038/hdy.2013.122

Polasek, O., Hayward, C., Bellenguez, C., Vitart, V., Kol¢i¢, I., McQuillan,
R., ... Leutenegger, A. L. (2010). Comparative assessment of meth-
ods for estimating individual genome-wide homozygosity-by-
descent from human genomic data. BMC Genomics, 11(1), 1-10.
https://doi.org/10.1186/1471-2164-11-139

Pritchard, J. K., Stephens, M., & Donnelly, P. (2000). Inference of pop-
ulation structure using multilocus genotype data. Genetics, 155,
945-959. https://doi.org/10.1534/genetics.116.195164

R Core Team. (2022). R: A Language and Environment for Statistical
Computing. R Foundation for Statistical Computing. https://www.
r-project.org/index.html

Reif, J., & Flousek, J. (2012). The role of species' ecological traits in cli-
matically driven altitudinal range shifts of central European birds.
Oikos, 121(7), 1053-1060. https://doi.org/10.1111/j.1600-0706.
2011.20008.x

Resano-Mayor, J., Bettega, C., del Mar Delgado, M., Fernandez-Martin,
A., Hernandez-Gomez, S., Toranzo, |., Espafa, A., de Gabriel, M.,
Roa-Alvarez, 1., Gil, J. A., Strinella, E., Hobson, K. A., & Arlettaz, R.
(2020). Partial migration of White-winged snowfinchesis correlated
with winter weather conditions. Global Ecology and Conservation,
24,e01346. https://doi.org/10.1016/j.gecco.2020.e01346

Resano-Mayor, J., Fernandez-Martin, A., Hernandez-Gémez, S., Toranzo,
1., Espafia, A., Gil, J. A., de Gabriel, M., Roa-Alvarez, I., Strinella, E.,
Hobson, K. A., Heckel, G., & Arlettaz, R. (2017). Integrating genetic
and stable isotope analyses to infer the population structure of the
White-winged Snowfinch Montifringilla nivalis in Western Europe.
Journal of Ornithology, 158(2), 395-405. https://doi.org/10.1007/
s10336-016-1413-8

Resano-Mayor, J., Korner-Nievergelt, F., Vignali, S., Horrenberger, N.,
Barras, A. G., Braunisch, V., Pernollet, C. A., & Arlettaz, R. (2019).
Snow cover phenology is the main driver of foraging habitat selec-
tion for a high-alpine passerine during breeding: Implications for
species persistence in the face of climate change. Biodiversity and
Conservation, 28(10), 2669-2685. https://doi.org/10.1007/s10531-
019-01786-9

Rete Rurale Nazionale & Lipu. (2021). Farmland Bird Index nazionale e an-
damenti di popolazione delle specie in Italia nel periodo 2000-2020.

Rédder, D., Nekum, S., Cord, A. A. F., & Engler, J. J. O. (2016). Coupling
satellite data with species distribution and connectivity models
as a tool for environmental management and planning in matrix-
sensitive species. Environmental Management, 58, 130-143. https://
doi.org/10.1007/s00267-016-0698-y

Rodriguez-Ramilo, S. T., & Wang, J. (2012). The effect of close relatives
on unsupervised Bayesian clustering algorithms in population ge-
netic structure analysis. Molecular Ecology Resources, 12(5), 873-
884. https://doi.org/10.1111/j.1755-0998.2012.03156.x

Rolando, A., Caprio, E., Rinaldi, E., & Ellena, I. (2007). The impact of high-
altitude ski-runs on alpine grassland bird communities. Journal of
Applied Ecology, 44(1), 210-219. https://doi.org/10.1111/j.1365-
2664.2006.01253.x

85U8017 SUOWILLID BAIFe81D) 8|l |dde 8y Aq peusenob aJe sajolfe YO ‘8sn JO Sa|nJ 1o} Akeiq 1T 8UIUO A1 UO (U0 pUo-pue-SWLB) D™ A8 | Im AReJq 1 pulju0//:SdNU) SUORIPUOD Pue SWiB | 8y} 88S *[£202/2T/0€] Uo ArigiTauliuo A8|Im e1felieueIyo0D Aq 28.4T Al TTT OT/10p/wo0 A8 1M Areiq1jeul|uoj/Sdpy woiy pepeo|umoq ‘0 ‘6692G9ET


https://doi.org/10.1111/mec.13243
https://doi.org/10.1111/mec.13243
https://doi.org/10.1186/s12864-020-6463-x
https://doi.org/10.1186/s12864-020-6463-x
https://doi.org/10.1371/journal.pone.0201720
https://doi.org/10.1371/journal.pone.0201720
https://doi.org/10.2193/2005-563
https://doi.org/10.2193/2005-563
https://doi.org/10.1007/s11258-017-0731-0
https://doi.org/10.1111/j.1557-9263.2011.00338.x
https://doi.org/10.1111/j.1557-9263.2011.00338.x
https://doi.org/10.1016/S0304-3800(01)00487-2
https://doi.org/10.1046/j.1365-2656.1998.00215.x
https://doi.org/10.1046/j.1365-2656.1998.00215.x
https://doi.org/10.1111/1365-2656.12364
https://doi.org/10.1111/1365-2656.12364
https://doi.org/10.1111/2041-210X.12984
https://doi.org/10.1111/2041-210X.12984
https://doi.org/10.1371/journal.pone.0037135
https://doi.org/10.1371/journal.pone.0037135
https://doi.org/10.1111/jvs.12898
https://doi.org/10.1111/jvs.12898
https://doi.org/10.1016/j.ecolmodel.2005.03.026
https://doi.org/10.1016/j.ecolmodel.2005.03.026
https://doi.org/10.1038/hdy.2013.122
https://doi.org/10.1186/1471-2164-11-139
https://doi.org/10.1534/genetics.116.195164
https://www.r-project.org/index.html%3e
https://www.r-project.org/index.html%3e
https://doi.org/10.1111/j.1600-0706.2011.20008.x
https://doi.org/10.1111/j.1600-0706.2011.20008.x
https://doi.org/10.1016/j.gecco.2020.e01346
https://doi.org/10.1007/s10336-016-1413-8
https://doi.org/10.1007/s10336-016-1413-8
https://doi.org/10.1007/s10531-019-01786-9
https://doi.org/10.1007/s10531-019-01786-9
https://doi.org/10.1007/s00267-016-0698-y
https://doi.org/10.1007/s00267-016-0698-y
https://doi.org/10.1111/j.1755-0998.2012.03156.x
https://doi.org/10.1111/j.1365-2664.2006.01253.x
https://doi.org/10.1111/j.1365-2664.2006.01253.x

Journal of

CERESA ET AL.

Biogeography

R6nka, N., Pakanen, V. M, Pauliny, A., Thomson, R. L., Nuotio, K., Pehlak,
H., Thorup, O., Lehikoinen, P., Ronk3, A., Blomqvist, D., Koivula, K.,
& Kvist, L. (2021). Genetic differentiation in an endangered and
strongly philopatric, migrant shorebird. BMC Ecology and Evolution,
21(1), 1-12. https://doi.org/10.1186/s12862-021-01855-0

Rosa, A. H., Ribeiro, D. B., & Freitas, A. V. (2020). Population biology,
natural history and conservation of two endangered high elevation
Neotropical butterflies. Journal of Insect Conservation, 24(4), 681-
694. https://doi.org/10.1007/s10841-020-00242-2

Ruiz-Gonzalez, A., Gurrutxaga, M., Cushman, S. A., Madeira, M. J,, Randi,
E., & Gomez-Moliner, B. J. (2014). Landscape genetics for the em-
pirical assessment of resistance surfaces: The European pine mar-
ten (Martes martes) as a target-species of a regional ecological net-
work. PLoS One, 9(10), e110552. https://doi.org/10.1371/journal.
pone.0110552

Rushing, C. S., Brandt Ryder, T., Valente, J. J., Scott Sillett, T., & Marra,
P. P. (2021). Empirical tests of habitat selection theory reveal that
conspecific density and patch quality, but not habitat amount, drive
long-distance immigration in a wild bird. Ecology Letters, 24(6),
1167-1177. https://doi.org/10.1111/ele.13729

Saura, S., Bodin, O., & Fortin, M. J. (2014). Stepping stones are crucial
for species' long-distance dispersal and range expansion through
habitat networks. Journal of Applied Ecology, 51(1), 171-182. https://
doi.org/10.1111/1365-2664.12179

Schano, C., Niffenegger, C., Jonas, T., & Korner-Nievergelt, F. (2021).
Hatching phenology is lagging behind an advancing snowmelt pat-
tern in a high-alpine bird. Scientific Reports, 11(1), 1-11. https://doi.
org/10.1038/s41598-021-01497-8

Shirk, A. J., Landguth, E. L., & Cushman, S. A. (2018). A comparison of
regression methods for model selection in individual-based land-
scape genetic analysis. Molecular Ecology Resources, 18(1), 55-67.
https://doi.org/10.1111/1755-0998.12709

Slatkin, M. (1987). Gene flow and the geographic structure of natural
populations. Science, 236(4803), 787-792.

Slatyer, R. A., Nash, M. A., Miller, A. D., Endo, Y., Umbers, K. D., &
Hoffmann, A. A. (2014). Strong genetic structure corresponds to
small-scale geographic breaks in the Australian alpine grasshopper
Kosciuscola tristis. BMC Evolutionary Biology, 14(1), 1-13. https://doi.
org/10.1186/s12862-014-0204-1

Strinella, E., Scridel, D., Brambilla, M., Schano, C., & Korner-Nievergelt,
F. (2020). Potential sex-dependent effects of weather on apparent
survival of a high-elevation specialist. Scientific Reports, 10(1), 1-13.
https://doi.org/10.1038/s41598-020-65017-w

Taylor, H. R., Robertson, H., Carter, A. L., & Ramstad, K. M. (2021). The
conservation management implications of isolation by distance
and high genetic diversity in great spotted kiwi (Apteryx haastii).
Emu-Austral Ornithology, 121(1-2), 10-22. https://doi.org/10.1080/
01584197.2021.1888126

Tovar, C., Melcher, |., Kusumoto, B., Cuesta, F., Cleef, A., Meneses, R. |.,
Halloy, S., Llambi, L. D., Beck, S., Muriel, P., Jaramillo, R., Jacome, J.,
& Carilla, J. (2020). Plant dispersal strategies of high tropical alpine
communities across the Andes. Journal of Ecology, 108(5), 1910-
1922. https://doi.org/10.1111/1365-2745.13416

Van Houtan, K. S., Pimm, S. L., Halley, J. M., Bierregaard, R. O., Jr., &
Lovejoy, T. E. (2007). Dispersal of Amazonian birds in continuous
and fragmented forest. Ecology Letters, 10, 219-229. https://doi.
org/10.1111/j.1461-0248.2007.01004.x

Vignali, S., Barras, A. G., Arlettaz, R., & Braunisch, V. (2020). SDMtune:
An R package to tune and evaluate species distribution models.
Ecology and Evolution, 10(20), 11488-11506. https://doi.org/10.
1002/ece3.6786

Waples, R. S., & Anderson, E. C. (2017). Purging putative siblings from
population genetic data sets: A cautionary view. Molecular Ecology,
26,1211-1224. https://doi.org/10.1111/mec.14022

Winkler, D. W., Wrege, P. H., Allen, P. E., Kast, T. L., Senesac, P., Wasson,
M. F., & Sullivan, P. J. (2005). The natal dispersal of tree swallows
in a continuous mainland environment. Journal of Animal Ecology,
74(6), 1080-1090. https://doi.org/10.1111/j.1365-2656.2005.
01007.x

Wright, D., Bishop, J. M., Matthee, C. A,, & von der Heyden, S. (2015).
Genetic isolation by distance reveals restricted dispersal across a
range of life histories: Implications for biodiversity conservation
planning across highly variable marine environments. Diversity and
Distributions, 21(6), 698-710. https://doi.org/10.1111/ddi.12302

BIOSKETCH

The authors are researchers with a variety of different interests
spanning over ornithology, ecology, conservation and genetics,
who are carrying out collaborative projects focusing on moun-

tain birds’ ecology and dispersal habits in an era of global change.

Author contributions: Francesco Ceresa, Mattia Brambilla and
Laura Kvist designed the study, Francesco Ceresa, Severino
Vitulano, Michele Pes, Laura Tomasi, Chiara Bettega and Matteo
Anderle carried out fieldwork, Francesco Ceresa performed
DNA extraction, Mattia Brambilla developed distribution and
landscape connectivity models, Francesco Ceresa analysed the
genetic data supported by Laura Kvist, Petra Kranebitter led
fieldwork and laboratory organization, Paolo Pedrini provided
fieldwork and laboratory support, and Francesco Ceresa wrote
the main manuscript text. All authors contributed to discussing

the results and revising and editing the manuscript.

SUPPORTING INFORMATION
Additional supporting information can be found online in the
Supporting Information section at the end of this article.

How to cite this article: Ceresa, F., Brambilla, M., Kvist, L.,
Vitulano, S., Pes, M., Tomasi, L., Pedrini, P., Bettega, C.,
Anderle, M., Hilpold, A., & Kranebitter, P. (2023). Restricted
dispersal and inbreeding in a high-elevation bird across the
‘sky islands’ of the European Alps. Journal of Biogeography,
00, 1-16. https://doi.org/10.1111/jbi.14787

85U8017 SUOWILLID BAIFe81D) 8|l |dde 8y Aq peusenob aJe sajolfe YO ‘8sn JO Sa|nJ 1o} Akeiq 1T 8UIUO A1 UO (U0 pUo-pue-SWLB) D™ A8 | Im AReJq 1 pulju0//:SdNU) SUORIPUOD Pue SWiB | 8y} 88S *[£202/2T/0€] Uo ArigiTauliuo A8|Im e1felieueIyo0D Aq 28.4T Al TTT OT/10p/wo0 A8 1M Areiq1jeul|uoj/Sdpy woiy pepeo|umoq ‘0 ‘6692G9ET


https://doi.org/10.1186/s12862-021-01855-0
https://doi.org/10.1007/s10841-020-00242-2
https://doi.org/10.1371/journal.pone.0110552
https://doi.org/10.1371/journal.pone.0110552
https://doi.org/10.1111/ele.13729
https://doi.org/10.1111/1365-2664.12179
https://doi.org/10.1111/1365-2664.12179
https://doi.org/10.1038/s41598-021-01497-8
https://doi.org/10.1038/s41598-021-01497-8
https://doi.org/10.1111/1755-0998.12709
https://doi.org/10.1186/s12862-014-0204-1
https://doi.org/10.1186/s12862-014-0204-1
https://doi.org/10.1038/s41598-020-65017-w
https://doi.org/10.1080/01584197.2021.1888126
https://doi.org/10.1080/01584197.2021.1888126
https://doi.org/10.1111/1365-2745.13416
https://doi.org/10.1111/j.1461-0248.2007.01004.x
https://doi.org/10.1111/j.1461-0248.2007.01004.x
https://doi.org/10.1002/ece3.6786
https://doi.org/10.1002/ece3.6786
https://doi.org/10.1111/mec.14022
https://doi.org/10.1111/j.1365-2656.2005.01007.x
https://doi.org/10.1111/j.1365-2656.2005.01007.x
https://doi.org/10.1111/ddi.12302
https://doi.org/10.1111/jbi.14787

	Restricted dispersal and inbreeding in a high-­elevation bird across the ‘sky islands’ of the European Alps
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Habitat suitability and landscape connectivity models
	2.2|Landscape resistance surfaces
	2.3|Sampling and DNA extraction
	2.4|ddRAD sequencing and initial data filtering
	2.5|Genetic distances and population structure
	2.6|Testing isolation by distance and by resistance

	3|RESULTS
	3.1|Habitat suitability and landscape connectivity models
	3.2|Genetic distances and population structure
	3.3|Testing isolation by distance and by resistance

	4|DISCUSSION
	ACKNO​WLE​DGE​MENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES
	BIOSKETCH


