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ARTICLE INFO ABSTRACT
Keywords: Intraspecific morphological variation of organisms is known to be influenced by several factors,
Avian morphology but the role of habitat availability has been scarcely investigated. Studying bird wing morphology

Flight efficiency

Local adaptation
Montifringilla nivalis
White-winged snowfinch

is ideal to explore this topic, given the usually rapid response of birds to environmental changes,
but other factors such as sexual dimorphism, habitat structure, climate and elevation need to be
considered. Here, we investigated the effects of habitat availability, local climate and elevation on
the wing morphology of a high-elevation specialist bird (Montifringilla nivalis), while accounting
for sexual dimorphism. We hypothesized that birds relying on less extended suitable areas around
their breeding sites show wing traits allowing a more energy-efficient flight, given their need of
more frequent and longer movements to find foraging areas in the post-breeding period and the
longer dispersal distances. We also expected that individuals breeding at higher elevations show
wings traits allowing higher flight efficiency, given the higher hypoxia risk. We derived wing
traits (isometric size, pointedness and concavity) by measuring primary feathers of individuals
from 7 breeding sites in the European Alps, and we obtained habitat availability from detailed
habitat suitability maps. Consistently with the need for a more energy-efficient flight, birds
relying on less extended suitable habitat showed larger and more concave wings, and individuals
breeding at higher elevations showed more concave wings. Local climate had a less clear effect.
The observed patterns may result from local adaptations and could represent one of the ways
mountain birds cope with the harsh and unpredictable environment they inhabit.

1. Introduction

Intraspecific morphological variation of organisms is known to be subject to a variety of selective pressures such as predation,
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climate, sexual selection, and habitat structure (e.g., Bourdeau and Johansson, 2012; Eklov and Svanback, 2006; Ficetola et al., 2016;
Greene and Funk, 2009; Ryding et al., 2021; Svensson et al., 2006; Vanhooydonck et al., 2009; Yom-tov et al., 2010). A poorly
investigated and still unclear aspect is the relationship between morphological variation and habitat availability (Desrochers, 2010;
Hermes et al., 2016; Wood and Cousins, 2023). Morphological changes may potentially help species to adapt to environmental changes
such as anthropogenic land use and land cover modifications, but evidence for this is still scarce. As an example, several North
American songbird species showed changes in wing morphology across a short time frame (100 years) according to anthropogenic
changes in the amount of available habitat, evolving towards a higher flight efficiency in regions where they experienced habitat loss
and fragmentation, consistently with the need for more frequent and longer movements and crossing of larger habitat gaps
(Desrochers, 2010). Other studies have further supported the occurrence of changes in avian wing morphology also over relatively
limited time frames (Brown and Brown, 2013) and spatial scales (Hermes et al., 2016; Senar et al., 2006), according to environmental
stressors or habitat configuration. This is consistent with the strong selective pressures acting on wing morphology (also due to the high
energetic costs of flight; Norberg, 1996), their frequently rapid changes in space and time (e.g., vegetation structure, predation), and
the fast response of many birds to environmental changes (e.g., Hallman et al., 2022; Lantz and Karubian, 2017). Investigating bird
wing morphology is therefore ideal for exploring the relationships between habitat availability and morphological variation.

However, a variety of other factors can affect such a relationship; wing morphology of birds can indeed vary at the intraspecific
level according to sex (Szekely et al., 2007), age (Alatalo et al., 1984), differences in migration habits (Rolshausen et al., 2009), habitat
structure (Ceresa et al., 2022; Saino et al., 2017; Vanhooydonck et al., 2009) or elevation (e.g., Hernandez-Téllez et al., 2023). For
example, migration selects for longer, more pointed, and more concave wings, as these characteristics allow a more energy-efficient
and sustained flight (Leisler and Winkler, 2003; Lockwood et al., 1998; Saino et al., 2010). In contrast, dense vegetation implies the
need for higher flight manoeuvrability, selecting for more rounded wings (Lockwood et al., 1998; Saino et al., 2017). Differences in
wing morphology among sexes are widespread among birds (Szekely et al., 2007) and can be connected, e.g., to the specific re-
quirements derived from males’ song flights (Hedenstrom and Mgller, 1992), to intersexual differences in migration distances (e.g.,
Fernandez and Lank, 2007), or to higher exposure to predation of females during incubation, which could select for wing charac-
teristics allowing higher escape abilities (e.g., Minias et al., 2013).

Within this context, another poorly understood potential pressure is the influence of elevation on avian wing morphology, as
several studies dealing with this topic provided partly contradictory results, including both a total lack of effects (Boyce et al., 2019;
Ceresa et al., 2022), a positive relationship with wing length (e.g., Hernandez-Téllez et al., 2023; Lu et al., 2009), or both of these
patterns, depending on the species or the geographic area considered (Laiolo and Rolando, 2001; Sander and Chamberlain, 2020;
Wilson et al., 2010). The reported cases of positive relationships could be explained by the need for a more energy-efficient flight due to
the lower air pressure and higher hypoxia risk associated with higher elevations (Altshuler and Dudley, 2006; Sander and Cham-
berlain, 2020; Scott, 2011). As a further limit to the current knowledge, as most studies considered wing length only, the effects of
elevation on wing shape have been very rarely investigated (but see Ceresa et al., 2022; Garcia et al., 2021; Hernandez-Téllez et al.,
2023). In addition, only a few studies on this topic have accounted for the potential influence of other environmental factors, such as
vegetation structure (Ceresa et al., 2022; Garcia et al., 2021; Hernandez-Téllez et al., 2023). Therefore, to better understand the effects
of elevation on wing morphology, studies considering both wing shape and size and accounting for other potentially relevant envi-
ronmental factors are necessary.

In this study, we investigated the effects of habitat availability, local climate, and elevation on avian wing morphology, using as a
model a high-elevation specialist, the white-winged snowfinch (Montifringilla nivalis). Based on current knowledge of the relationships
between the environment (i.e., habitat availability, climate and elevation) and avian wing morphology, we formulated the following,
non-alternative, hypotheses:

1. Habitat isolation: Birds can show wing traits allowing a more energy-efficient flight (longer and more pointed/concave wings)
where the extension of suitable habitat is lower, because of the need to reach other and more distant areas for foraging oppor-
tunities after reproduction, as well as the longer natal and breeding dispersal distances required to find settlement opportunities
(‘habitat isolation hypothesis’; Desrochers, 2010);

2. Winter climate: Longer and more pointed/concave wings can be expected in areas with harsher winter climates (lower tempera-
ture, higher precipitation). For a species facing the challenging conditions of winters at high elevations (scarce food, harsh climate),
local winter climate may also affect the length and frequency of erratic movements: birds breeding at sites that become colder and
have stronger precipitation in winter may more likely be forced to move towards mountain sectors with milder climates. A high
snow cover makes access to food resources (mainly seeds in our model species, Summers-Smith and Bonan, 2020) more difficult,
and low temperatures imply a high energy demand for thermoregulation;

3. Elevation: Birds can have longer and more pointed/concave wings at higher elevations, given the need for a more energy-efficient
flight (Altshuler and Dudley, 2006; Scott, 2011).

These three hypotheses are not necessarily mutually alternative; in the case of co-occurrence of effects, we aimed to assess which is
the prevailing one, especially by comparing the effects of habitat availability and winter climate while taking into account the effect of
elevation. To our best knowledge, while some highly valuable studies cited above investigated the effects of elevation or (in very few
cases) habitat availability on avian wing morphology, the potential effects of these factors have never before been simultaneously
tested, for wings of birds or of any other taxa.
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2. Material and methods
2.1. Model system

Our study area spans a wide area of the European Alps (Fig. 1). In this mountain chain, the snowfinch inhabits island-like patches of
high mountain open areas surrounded by unsuitable habitats, such as forested mountain slopes and anthropized valley bottoms
(Brambilla et al., 2022a; Ceresa et al., 2024). Based on detailed species distribution models, these patches greatly vary in extension
according to land cover, and climatic and topographic variables (Brambilla et al., 2022a; Ceresa et al., 2024). This provides an ideal
study system to investigate the habitat availability - wing morphology relationship at a regional scale. An advantage of such a scale is to
control for factors that could influence wing morphology when considering larger areas (e.g., the entire Alpine range or multiple
mountain chains), such as latitudinal effects or possible population genetic clustering (see, e.g., Garcia et al., 2021; genetic clustering is
absent in our study area, Ceresa et al., 2024). This allowed a less complex and more interpretable testing of our hypotheses.

Snowfinches are strictly connected to high-elevation, open habitats all year round (Bettega et al., 2020). During the non-breeding
period, they are highly mobile, performing erratic movements in search of food, often in large flocks, and also occasional short-distance
migrations (e.g., among different mountain systems; Resano-Mayor et al., 2020). We accounted for sex in the analyses, given that male
snowfinches show longer wings than females (Demongin, 2016); we expected sexual dimorphism also in wing shape, as a possible
consequence of specific requirements connected to the song flights performed by males. We did not consider vegetation structure
because the species strictly inhabits open habitats with grassland and rocks (Bettega et al., 2020; Summers-Smith and Bonan, 2020),
where vegetation height is so low that it does not affect flight or take-off, and therefore wing traits related to manoeuvrability are
extremely unlikely to be affected.

2.2. Data collection

We captured and measured snowfinches during the years 2021 and 2022, at seven breeding sites located in the central-eastern
Italian Alps (Fig. 1). The study area spanned from peripheral breeding areas in the south, where the species distribution is highly
scattered, to the main Alpine watershed in the north, where the distribution is more continuous (Fig. 1). Sampling sites ranged between
c. 2350 and 2750 m asl, covering most of the elevational range occupied by the species in this region. We captured birds during the
breeding period (mid-May — mid-July), in order to avoid sampling birds during their erratic or short-distance migratory periods. Birds
were captured by mist nets and were marked with metal rings of the Italian ringing scheme. We determined age and sex following
Demongin (2016) and Strinella et al. (2013). We then measured the lengths of all primary feathers except the vestigial outermost one
using a metal ruler ( 0.5 mm). We based our study on measurements of primary feathers instead of distances between feather tips (e.
g., the Kipps’s distance) because they allow a lower measurement error (feathers are notably larger than the distances between their
tips) and higher repeatability (Swaddle and Witter, 1997; Lockwood et al., 1998). Measurements were taken based on the same
protocol by two of the authors, who are long-experienced bird ringers. We also assessed the lack of differences between the two ringers
by comparing their measurements of a primary feather (P8) of the same individuals of passerine species with wing sizes very similar to
the snowfinch (measurements taken at a ringing station in the Italian Pre-Alps located at Passo di Spino, Lombardy; details in the
Supplementary material). We obtained measures of all primary feathers from 67 snowfinches, including 62 adults and 5 juveniles.
Details about the number of birds per sampling site as well as their sexes and ages are reported in the Supplementary material (Tab.
S1).

Fig. 1. Study area in the central-eastern European Alps, with areas suitable for the snowfinch according to MaxEnt modelling (based on the 10th
percentile threshold; in yellow) and snowfinch sampling sites (red dots). Black circles are 10 km radius buffers used to measure the extension of
suitable habitat around each sampling site.
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2.3. Statistical analysis

2.3.1. Morphological indexes

Primary feather lengths were analyzed by means of size-constrained component analysis (SCCA; Lockwood et al., 1998; Somers,
1986). Unlike a standard principal component analysis, this approach allows to separate size from shape, i.e., to obtain wing shape
indexes that are not affected by allometry (Lockwood et al., 1998), a crucial aspect in morphological studies. Performing a SCCA using
all 9 measured primary feathers allowed a detailed description of the morphological variation of the entire wingtip, unlike more simple
methods based on distances between tips of two feathers only (e.g., the Kipp’s distance; Kipp, 1959) and related indexes like the Hand
Wing Index (HWI), that combines Kipps’ distance and wing chord (e.g., Sheard et al., 2020). This is crucial when investigating the
subtle differences occurring at the intraspecific level (within the same population in our case), while less detailed methods like the HWI
are general proxies of flight efficiency and are mostly used in interspecific comparisons, where morphological differences are far larger
(e.g., Fan et al., 2024; Sheard et al., 2020; Weeks et al., 2022).

We performed SCCA with the program sizepca (Somers, 1993) and we used the first three components as wing trait indexes, overall
accounting for 96 % of variability in wing morphology within our sample (Table 1). By definition, the first component C1 of sizepca
output represents isometric size, i.e., the wing size without the influence of shape. Component loadings (Table 1) identified the other
two components, C2 and C3, as shape indexes describing wing pointedness and wing concavity, respectively. Wing pointedness de-
scribes the shift in the position of the wingtip feather towards the wing leading edge, while concavity measures the increase in the
acuteness of the wingtip (Lockwood et al., 1998). The ranges of these three wing traits within our sample are represented in Fig. 2.

2.3.2. Habitat suitability and climatic factors

To estimate the extension of suitable habitat around each sampling site, we used a detailed habitat suitability model developed by
Ceresa et al. (2024) for the same area of the Alps considered in the present study. This model was constructed according to a maximum
entropy approach, by relating recent occurrence data for the species with land cover, and topographic and climatic factors (Ceresa
et al., 2024). Although snowfinches are tightly connected to high-elevation open habitats all year round, their habitat preferences are
slightly less specialized during the non-breeding period than during reproduction (Bettega et al., 2020). Therefore, given that the
model described habitat suitability for breeding, we used a relatively low (compared to other commonly adopted thresholds) presence
threshold (10th percentile) to reflect the partly less strict habitat requirements during the non-breeding period. The resulting suitable
areas (Fig. 1) covered a large part of the open areas above the treeline, consistently with the species ecology. Valley bottoms are visited
by snowfinches only occasionally when there are extremely adverse weather conditions at high elevations (Heiniger, 1991a).
Importantly, the suitable areas depicted in Fig. 1 should be interpreted as the areas available to snowfinches to be explored in search of
food resources during the non-breeding period, rather than areas statically and permanently occupied by the species throughout that
period. Outside the reproductive season, snowfinch distribution within high-mountain areas is highly dynamic, due to erratic
movements that are likely influenced by the patchy and heterogeneous distribution of food resources and their temporal variation, as
well as by the frequent and abrupt weather changes typical of this environment (e.g., Bettega et al., 2020; del Mar Delgado et al., 2021).
We then calculated the extension of suitable habitat within a 10 km radius around each of the seven sampling sites (Fig. 1). We chose
this arbitrary distance to include areas that can be reached by snowfinches with short movements from the starting point (bree-
ding/natal site), given their high flight capability (Heiniger 1991b; Resano-Mayor et al., 2020). Increasing the radius to 15 km led to
very similar results in the downstream analysis, indicating that our approach is robust to moderate changes in the considered radius.

To describe winter climatic conditions across sampling sites, we used winter mean temperatures (BIO11) and mean winter pre-
cipitation (BIO19) for the years 1981-2010 downloaded from the CHELSA database V2.1 (Karger et al., 2017). We averaged tem-
perature and precipitation values within each of the seven 10-km buffers but considered only values (pixels) above 2000 m asl, to
better represent the conditions experienced by snowfinches. Temperature and precipitation mean values calculated for each 10-km
buffer are reported in Tab. S2.

The elevation considered in the analysis is referred to the precise capture location of each bird (i.e., the location of the mist nets
transect, Tab. S2). At three sampling sites, we placed mist-nets at a few different locations at very short distances from each other,
resulting in 14 capture locations across the seven sampling sites.

Table 1
Loadings of SCCA components and variance explained by each component.

SCCA component

Primary feather Cl Cc2 Cc3

P9 0.941 0.238 0.091
P8 0.941 0.281 0.142
P7 0.941 0.270 —0.001
P6 0.941 0.244 —0.115
P5 0.941 0.177 —0.151
P4 0.941 0.003 —0.186
P3 0.941 —0.148 —0.251
P2 0.941 —0.191 —0.111
P1 0.941 —0.282 0.229
R? 88.57 4.86 2.53
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Fig. 2. Ranges of wing traits within the sample of measured individuals, depicted by primary feathers lengths. In the plots, solid lines refer to the
individuals with the higher values of wing trait index (larger, more pointed, and more concave wings), while dashed lines refer to the individuals
with the lower values (shorter, more rounded, and more convex wings). Measured primary feathers are highlighted in the wing photograph by the
dashed line and are numbered ascendingly excluding the vestigial outermost one (P10).

2.3.3. Hypotheses testing

We investigated the effects of habitat availability, winter climate (temperature and precipitation), and elevation on snowfinch wing
morphology using multiple linear regression analysis, carried out through the Im function in program R 4.3.1 (https://cran.r-project.
org/). We assessed the influence of these factors while controlling for sex, whereas age was not included as we only considered the 62
adult birds. Including the 5 juveniles would have led to unnecessarily more complex models, without a sufficient sample of juveniles to
properly describe morphological differences between age classes. Continuous predictors were standardized to allow comparisons
among the predictors’ effects.

Data exploration showed strong correlations between habitat availability and the two climatic variables (r = —0.88 and 0.78 with
temperature and precipitation, respectively), resulting in high variance inflation factors (VIF > 10) in models including both types of
variables. Thus, we compared the effect of habitat and climate on each wing trait by fitting two sets of alternative models, i.e. climate
and habitat models, including sex and elevation in both cases. For each wing trait and model category, we ranked all possible models
based on their Akaike Information Criterion corrected for low sample sizes (AICc), using the dredge function of R package MuMIn


https://cran.r-project.org/
https://cran.r-project.org/

F. Ceresa et al. Global Ecology and Conservation 56 (2024) e03276

(Barton, 2020) and removed uninformative parameters (Arnold, 2010). We considered models within AAICc < 2 to be substantially
supported (Burnham and Anderson, 1998). In this way, we identified the most supported models within each of the two model sets
(habitat and climate). To assess whether habitat availability or climate better described the variation in wing morphology, we
compared the AICc values of the best habitat and the best climate model, and we considered differences in AICc larger than 2 to
indicate a substantially different support. To assess the predictors’ effects for each of the two model sets, we performed a full model
averaging across all substantially supported models (Burnham and Anderson, 1998). We considered an effect to be significant when
95 % confidence intervals did not include 0. We then checked for possible spatial autocorrelation in the residuals of the best models
using the Moran.I function of R package ape 5.7 (Paradis and Schliep, 2019). To check for the possible effect of potential lack of in-
dependence between data collected at the same location, in addition to the evaluation of spatial autocorrelation patterns, we also
re-run the models by adding the study site as a random factor in the best models, fitting them as mixed effect models (GLMM). The
results were fully confirmed or remained qualitatively similar, according to the wing trait considered, and the random factor explained
a null or limited amount of variation, confirming the lack of relevant effects related to the sampling location (details not shown).

We further deepened our approach by using variation partitioning to assess the proportion of variability in wing traits explained by
each explanatory variable, considering only those variables included in the best linear models (i.e., informative parameters). We
carried out variation partitioning using the varpart function of R package vegan (Oksanen et al., 2020).

3. Results

For wing isometric size, the most supported models included the extension of suitable habitat in the habitat models set (Table 2a)
and mean winter temperature in the climate models set (Table 2b). Sex was also included in both sets, with males showing larger
wings. Suitable habitat showed a significant negative effect on isometric size (p = —0.674; CI 95 % —1.084 to —0.264; Fig. 3), while
winter temperature had a significant positive effect (B = 0.570; CI 95 % 0.147 to -0.994; Fig. 4). The difference in AICc clearly
indicated that the best habitat model was more supported than the best climate model (AAICc = 3.10; Table 2¢). Wing pointedness was
not influenced by any of the considered predictors, as the null model was the most supported one in both models sets (Tables 2a and
2b). For wing concavity, the most supported models included the extension of suitable habitat and elevation in the habitat models set
(Table 2a) and winter temperature, precipitation, and elevation in the climate models set (Table 2b). For this wing trait, we found no
clear difference in support between the best habitat model and the best climate model (AAICc = 0.5, Table 3). However, the extension
of suitable habitat showed a significant negative effect ( = —0.136; CI 95 % —0.263 to —0.009; Fig. 3) while the effects of the climatic
predictors were non-significant (Table 3). Elevation showed a positive effect, significant and stronger than the other considered
predictors (Table 3, Figs. 3 and 4). For both isometric size and concavity, residuals of the best models were normally distributed and
were not spatially autocorrelated (Moran’s I range: —0.003 to —0.018; p-values range: 0.308-0.897).

According to variation partitioning, informative parameters from the best habitat models explained 51 % of variability in overall
wing isometric size, with 8 % of variability explained by the extension of suitable habitat. Climate models performed slightly worse,

Table 2

Best linear regression models for each wing trait (AAICc < 2), based (a) on the extension of suitable habitat and (b) on winter climatic
conditions, and (c) comparison between the best habitat and the best climate models. t = temperature and prec = precipitation. Full models
are reported in italics.

a) Habitat models

Response variable Predictor AlCc AAICc
Isometric size (C1) Suitable area + sex 2419 0.00
Suitable area + elevation + sex 244.1 2.22
Pointedness (C2) [intercept only] 104.0 0.00
Suitable area + elevation + sex 110.0 6.02
Concavity (C3) Suitable area + elevation 69.4 0.00
Suitable area -+ elevation + sex 71.3 1.94
b) Climate models
Response variable Predictor AlCc AAICc
Isometric size (C1) Winter mean t + sex 245.0 0.00
Winter mean t + winter prec + elevation + sex 247.6 2.53
Pointedness (C2) [intercept only] 104.0 0.00
Winter mean t + winter prec + elevation + sex 112.2 8.20
Concavity (C3) Winter mean t + elevation 69.9 0.00
Winter prec + elevation 71.5 1.62
Elevation 71.6 1.71
Winter mean t + winter prec + elevation + sex 73.7 3.84

¢) Comparison between best habitat vs best climate models

Response variable Model Predictor AlCc AAICc
Isometric size (C1) Habitat Suitable area + sex 241.9 0.00
Climate Winter mean t + sex 245.0 3.10
Pointedness (C2) Habitat [intercept only] 104.0 0.00
Climate [intercept only] 104.0 0.00
Concavity (C3) Habitat Suitable area + elevation 69.4 0.00
Climate Winter mean t + elevation 69.9 0.50
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Fig. 3. Effects of informative predictors on wing traits according to the most supported habitat models (see Table 2a). Dots represents partial
residuals and the yellow line is a smoothing spline interpolating the data. All the depicted effects are significant.

with 49 % of the overall variability explained, of which 5 % was explained by winter temperature. For wing concavity, within the best
habitat model, elevation and habitat availability explained 14 % and 5 % of data variability, respectively. For climate models,
elevation explained 13 % of the variability in wing concavity while temperature and precipitation explained 1 % and 0 % of vari-
ability, respectively (Rﬁdj of precipitation was negative, which can sometimes happen with this statistic and should be interpreted as O;
Legendre, 2008). The results of variation partitioning are summarized in Fig. 5.

4. Discussion

Our work represents the first attempt to model intraspecific morphological variation in wings in relation to habitat availability,
climate and elevation. The results clearly indicate that, consistently with our first hypothesis, snowfinches with lower availability of
suitable habitat around their breeding sites have longer wings. On the one hand, such a pattern may be linked to the larger erratic
movements that such individuals need to find foraging areas outside the breeding period, and the consequent need for a more energy-
efficient flight, compared to those that can rely on larger suitable areas near their breeding sites when starting their erratic movements
after reproduction. On the other hand, differences in natal and breeding dispersal distances related to the extent of suitable habitat may
be involved in the observed pattern, given the connection between dispersal and wing morphology (e.g., Chu and Claramunt, 202.3;
Weeks et al., 2022). Less suitable habitat near a breeding site implies longer movements to find settlement opportunities, and that
immigrants arrive from proportionally farther areas, selecting for individuals with higher movement capability (e.g., Fahrig, 2003).
Whatever the relative contribution of erratism and dispersal, in both cases the longer movements imply the need for a more
energy-efficient flight, which is crucial in determining the birds’ ability to cross habitat gaps (Claramunt et al., 2022; Ibarra-Macias
et al., 2011; Naka et al., 2022). The observed more concave wings with lower habitat availability is also consistent with this inter-
pretation, as higher concavity implies higher flight efficiency (Leisler and Winkler, 2003; Hernandez-Téllez et al., 2023). For this wing
trait, the difference between habitat and climate models was small, but the stronger effects and the larger variation explained by
habitat extension than by climate suggest that habitat availability actually influences wing concavity. The non-significant effect of
climate could be partly spurious, and it may be due to the correlation between climate and habitat availability. The effect of
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Fig. 4. Effects of informative predictors on wing traits according to the most supported climate models (see Table 2b). Dots represents partial
residuals and the yellow line is a smoothing spline interpolating the data. Only significant effects are reported.

Table 3
Effects of predictors on wing traits based on multi model averaging on the most supported (a) Habitat and (b) Climate models. t= temperature.
a)
Response variable Predictor Effect (SE) —95 % CI +95 % CI
Isometric size (C1) Sex (female) —3.151 (0.438) —4.010 —2.292
Suitable area —0.674 (0.209) —1.084 —0.264
Concavity (C3) Elevation 0.212 (0.065) 0.085 0.339
Suitable area —0.136 (0.065) —0.263 —0.009
b)
Response variable Predictor Effect (SE) —95 % CI +95 % CI
Isometric size (C1) Sex (female) —3.101 (0.453) —3.988 —2.214
Winter mean t 0.570 (0.216) 0.147 0.994
Concavity (C3) Elevation 0.175 (0.068) 0.042 0.309
Winter mean t 0.068 (0.079) —0.087 0.223
Winter precipitation —0.020 (0.044) —0.083 0.044

temperature on isometric size could also be at least partly spurious and it showed the opposite direction than we expected, indicating
that there is apparently no selection for higher flight efficiency in colder mountain sectors, at least at this spatial scale. However, the
role of winter temperatures may be different over larger scales, encompassing a larger climatic variability. As a further possible
explanation, the correlation between winter climatic conditions and foraging opportunities is weak, or it is largely influenced by other
factors such as geomorphology. As an example, steep and/or south-facing slopes might offer snow-free patches suitable for foraging
even in areas with the harshest winter climate.

The observed relationship between wing morphology and habitat availability could represent a previously undescribed example of
the way mountain birds cope with the harsh and unpredictable environment they inhabit, jointly with the specific physiological (Barve
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Fig. 5. Venn diagrams showing the individual and shared proportion of variation in wing traits explained by the predictors (Habitat: habitat
availability; Temp: mean winter temperature; Prec: accumulated winter precipitation; Elev: elevation).

etal., 2016) and behavioural adaptations of these species (e.g., Altamirano et al., 2023; Ceresa et al., 2020; de Zwaan et al., 2019; Rime
etal., 2023). To our best knowledge, regional-scale variation in wing morphology according to habitat availability has been previously
described only for forest species with very low movement capability (Hermes et al., 2016). As suggested by Hermes et al. (2016), sucha
morphological adaptation may partly mitigate the negative effects of habitat loss on bird populations. This would be very relevant for a
species like the snowfinch, which is currently threatened by habitat loss and fragmentation due to climate change and anthropogenic
land use changes (Brambilla et al., 2022b). While we cannot exclude an influence of phenotypic plasticity in determining the patterns
we observed, it is plausible that they are a result of local adaptations, given the high heritability of wing length in birds (Desrochers,
2010), the restrictions to gene flow, and signs of high philopatry reported for the snowfinch across the same area as in the present study
(Ceresa et al., 2024); high gene flow can limit the capability of local populations to adapt to the local environment (e.g., Storfer, 1999).
Signs of high philopatry have been detected also in other high-elevation specialist bird species (Bech et al., 2009; Ceresa et al., 2023)
and, while this can limit population connectivity, it also may improve the capability of these species to develop local adaptations in
harsh environments. Senar et al. (2006) found strong genetic differentiation between two breeding sites very close to each other, as
well as significant morphological differences in another mountain specialist bird, the citril finch Carduelis citrinella, that however
breeds in wooded and semi-open areas. The differentiation was probably related to variation in vegetation structure and predation
intensity between the two habitat patches. This further suggests that mountain bird populations can develop strong differentiation
across limited spatial scales, possibly because of the strong variation of biotic and abiotic factors within short distances occurring in
mountain areas (e.g., Korner and Oshawa, 2006).

The observed variation in wing concavity along the elevational gradient is consistent with our third hypothesis and is likely related
to the need for a more energy-efficient flight at a higher elevation, given the thinner air and the higher hypoxia risk (Altshuler and
Dudley, 2006). Of course, the elevation range of the breeding sites we considered in the analyses may not be fully representative of the
elevational ranges used by individuals throughout the entire year. However, areas other than breeding sites are likely used for much
shorter periods during the erratic movements, when the birds need to frequently adjust for changing local conditions and food
availability. On the other hand, reproduction involves approximately a third of the year, and it is a crucial and energetically chal-
lenging period. Therefore, factors related to energetic costs during this period are likely to exert a strong selective pressure. Studies
about the elevation-wing shape relationship are especially scarce; however, more concave wings at higher elevations have been re-
ported also within a set of forest songbirds, but not for all studied species (Hernandez-Téllez et al., 2023). The water pipit Anthus
spinoletta, a high-elevation specialist like the snowfinch, showed no elevational effects on wing concavity, and generally no clear effect
of elevation on wing shape (Ceresa et al., 2022). In comparison to the snowfinch, the water pipit inhabits sites that are located at lower
elevations (Brambilla et al., 2022a), and it overwinters in lowland areas (Tyler, 2020). Even if elevation influenced snowfinch wing
shape, we found no effect on wing size, contrasting our expectations. Several previous studies provided mixed evidence about the
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elevation-wing size relationship, with no clear generalized patterns (e.g., Boyce et al., 2019; Ceresa et al., 2022; Sander and Cham-
berlain, 2020; Hernandez-Téllez et al., 2023; Wilson et al., 2010). This suggests, with the further contribution of our study, that this
relationship may be species- and possibly context-specific, but also that the study scale and the choice of environmental predictors to
account for in the analyses are very likely influential. Multi-scale studies on many bird species across different mountain ranges will be
necessary to better understand how wing size changes along elevation gradients.

While we observed changes in wing size and concavity according to some of the considered predictors, the same did not happen for
wing pointedness, differently from our expectations. This suggests that within the study population, this wing trait may be subjected to
strong constraints (e.g., specific requirements in high-mountain conditions), with a consequent lack of spatial variation, while the
balance between flight efficiency and manoeuvrability based on local conditions is apparently reached through adjustments in wing
concavity. As a further possible explanation, snowfinch wing pointedness varies at a different, larger scale than considered in our
study. Larger spatial variation in wing concavity than in wing pointedness has been observed also by Hernandez-Téllez et al. (2023) for
a set of forest species. Interestingly, sexual dimorphism did not include differences in wing pointedness or in concavity, and was limited
to the known difference in wing size (Demongin, 2016). Larger wings in snowfinch males are probably linked to the song flights they
perform, and the consequent need for a more energy-efficient flight (Hedenstrom and Mgller, 1992). Other species performing song
flights also show sexual dimorphism in wing shape (e.g., Ceresa et al., 2022; Minias et al., 2013). The lack of effects of sex to wing
pointedness and concavity in our results further suggests the occurrence of constraints acting on snowfinch wing shape; putative
advantages of changes in wing shape related to song flights are likely overridden by other requirements.

The lack of spatial autocorrelation in the model residuals (see Results) and the lack of relevant effect of the random factor when
added to the model (see Methods) strongly suggest that, within our study system, there are no further and unaccounted spatially
varying factors (among sampling sites) that could influence the wing traits we considered. Therefore, the patterns we observed are
unlikely to be affected by the relatively clustered sampling design, which reflected the patchy distribution of the species and the
difficult accessibility to many breeding sites.

In conclusion, our results provide one of the very few assessments of the relationship between intraspecific morphological variation
and habitat availability, and confirm that avian wing morphology can vary according to habitat extension also across relatively limited
(regional) spatial scales.
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