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Many animals make behavioural changes to cope with winter conditions,
being gregariousness a common strategy. Several factors have been invoked
to explain why gregariousness may evolve during winter, with individuals
coming together and separating as they trade off the different costs and
benefits of living in groups. These trade-offs may, however, change over
space and time as a response to varying environmental conditions. Despite
its importance, little is known about the factors triggering gregarious behav-
iour during winter and its change in response to variation in weather
conditions is poorly documented. Here, we aimed at quantifying large-
scale patterns in wintering associations over 23 years of the white-winged
snowfinch Montifringilla nivalis nivalis. We found that individuals gather in
larger groups at sites with harsh wintering conditions. Individuals at
colder sites reunite later and separate earlier in the season than at warmer
sites. However, the magnitude and phenology of wintering associations
are ruled by changes in weather conditions. When the temperature increased
or the levels of precipitation decreased, group size substantially decreased,
and individuals stayed united in groups for a shorter time. These results
shed light on factors driving gregariousness and points to shifting winter
climate as an important factor influencing this behaviour.
1. Introduction
Winter represents a major challenge for a large number of animal species. Even
cold-adapted species of temperate regions face challenges like reduction in food
availability and have to seek shelter when snowfall arrives. Alternative or
complementary strategies for sedentary species include hibernation and topor
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[1], whereas in other species migration represents a good
strategy for overwintering [2]. An additional adaptive
response to harsh winter conditions is the adoption of gregar-
ious behaviour [3,4]. Individuals that are extremely territorial
throughout the breeding season may in contrast adopt an
extended social way of life during the winter.

Gregariousness during winter is such a common strategy
in a temperate zone, that it must have marked advantages
[3,5]. A variety of ultimate and proximate factors have been
proposed to explain why gregariousness may evolve during
winter. Among birds, apart from reduced predation [6], win-
tering association confers considerable advantages for
locating suitable feeding grounds (e.g. patches free of snow
or with abundant food supply) [2]. Drawbacks of living in
groups include increased competition for resources or the
spread of diseases [7]. Therefore, group size can be dynamic
and fluctuate over time and space [8,9], with individuals sep-
arating or gathering together (i.e. fission–fusion dynamics) as
they trade off the costs and benefits of living in a group [8,10].
Fission–fusion dynamics [9] certainly influence many eco-
logical and evolutionary aspects, such as habitat selection,
space use and migration [11–14], ultimately affecting the
dynamic and persistence of animal populations [10]. Despite
its importance, little is known about the dynamics of gregar-
iousness during winter nor how these dynamics respond to
spatio-temporal variability in climatic conditions.

Animal life-history strategies are adapted to local and
global climate conditions [15–18]. In birds, there is good
evidence that the changes in climatic conditions (e.g. temp-
erature, precipitation) affect migratory behaviour [19–22]
and the timing of reproduction of many species [23–25].
Such behavioural adjustments frequently have severe nega-
tive effects on species distribution, abundances and may
lead to local extinctions [15,25]. Notably, other behavioural
adaptations to new local climatic conditions are key adaptive
responses for maintaining populations in a changing world
[26,27]. As individual decisions are context dependent [10],
we could anticipate that gregariousness may change over
space and time as a response to varying environmental con-
ditions. While theoretical studies on animal aggregation
have primarily focused on methods to detect the underlying
mechanisms leading to its emergence [28], empirical works
on gregariousness have often been restricted to small spatial
(single location) and short temporal (from few days to few
months) scales [29,30]. Discerning patterns and revealing
the geographical scope of locally observed dynamics in gre-
gariousness requires spatially and temporally extensive
data. Although responses in gregariousness to local weather
conditions help understand the short-term impacts of
changes in environmental conditions, assessing differences
in natural groups along a geographical and climatic gradient
can offer deeper insights into how gregariousness may
respond to long-term changes in climate.

Here, we used a long-term dataset to quantify large-scale
patterns in wintering associations of one of the most emble-
matic songbird species of alpine ecosystems in Europe, the
white-winged snowfinch (Montifringilla nivalis; hereafter
snowfinch). The snowfinch is a Palaearctic alpine species,
with a subspecies (M. n. nivalis) distributed in Europe from
the Spanish Cantabrian Mountains in the northwest of the
Iberian Peninsula, through the Pyrenees, the Alps, Corsica,
the Apennines, eastwards to the Dinaric Alps and the
south-western Balkans [31,32]. Even though the snowfinch
is classified as a Least Concern species by the Global Inter-
national Union for Conservation of Nature Red List
Category Criteria, data for population and trend estimation
is currently unknown and remain poorly known in more
than 90% of the European countries [31]. Surveys conducted
in part of its range however point to recent range contractions
[33,34], at the same time that high-elevation ecosystems in
Europe are facing dramatic changes induced by global warm-
ing [35–38]. Little is known about whether variation in
climate affects the social behaviour of cold-adapted species,
and the snowfinch, with its marked gregarious behaviour
[39] during the non-breeding season (hereafter winter), is
an ideal biological model for the purposes of this study.
Specifically, the aims of our study were to address: (i) to
what extent does the variation in fission–fusion dynamics
and in wintering group size follow abiotic gradients such
as latitude or elevation (here represented by mean site temp-
erature and mean site precipitation over the extent of the
study period)? and (ii) have wintering group size and fis-
sion–fusion dynamics changed as a response to varying
weather conditions? In mountain areas with harsher and
longer wintering conditions, where living in groups might
benefit individuals for e.g. locating food resources, large
group sizes are predicted to occur. However, because
within-group individual competition is expected to increase
with group size, we can expect individuals in large groups
to stay together for shorter times. Moreover, if flocking be-
haviour is sensitive to climate variation across winter, we
can expect that ongoing changes in climate might be impact-
ing the gregarious behaviour of this alpine bird species. In
particular, we might predict that mild winters could lead to
a decrease in the size of snowfinch wintering associations
and to a reduction of the time individuals stay together.
2. Material and methods
(a) Data collection
From 1990 to 2013, 10 843 observations on snowfinches were col-
lected in Switzerland, Italy and Spain, in the framework of
different studies carried out by the authors [39–42] and by
national parks and local institutions. In addition, data collected
by the public (citizen science) and gathered through online data-
bases (www.ornitho.at, www.ornitho.ch, www.ornitho.it, www.
ornitho.cat) were obtained after official requests for the purpose
of the study. All data were collected in the form of spatially geor-
eferenced observations (figure 1a,b; for more information, see the
electronic supplementary material, Data collection).

To study the spatio-temporal variation in fission–fusion
dynamics, we modelled the number of snowfinches within
groups (Q) as a function of the Julian date for each particular site
and year (figure 1c,d). We treated Q as a Poisson distributed
response variable and fitted a general additive model (GAM,
wrapped seasonally to match 31 December to 1 January) to allow
the relationship to be nonlinear, i.e. the smoothing function f(Q)
could potentially take any shape [43,44]. A model was fitted for
each area and year separately. For each model, we estimated the
two internal knots of the linear regressions, representing the inflec-
tion points where the linear regression could be separated into
different segments with different slopes (figure 1d). We used these
knots as a proxy of the fission–fusion dynamic, representing for
each site and each year the timewhen individuals separate (fission),
andwhen individuals come together in large flocks during the non-
breeding season (fusion). We could not include the Pyrenees area
because for some months, there was only one observation (see the
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Figure 1. (a) Map of the study areas. Colour tonalities represent the number of observations recorded in each snowfinch population, from dark to light colours,
respectively, representing the areas with fewer and higher number of snowfinch observations collected; (b) boxplots representing the size of snowfinch groups
between the areas (black: Cantabrian Mountains; dark grey: Italy; light grey: Pyrenees; white: Swiss Alps) and over the months; (c) snowfinches show marked
fission–fusion dynamics across the annual cycle, as evidenced by fitting the general additive model of the group size-1 as a function of the smoothing factor
for day in year (i.e. Julian dates). In particular, once the nestlings fledge, family groups gather in large flocks during the non-breeding season (i.e. from July
to early April); (d ) representation of the two internal knots (vertical dotted lines) estimated by fitting the general additive model of the group size-1 as a function
of the smoothing factor for day in year (i.e. Julian dates). The two internal knots represent the inflection points where the linear regression could be separated into
different segments with different slopes. (Online version in colour.)
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electronic supplementary material, Data collection), and thus we
could not build the generalized additive mixed models (GAMMs)
to estimate the internal knots. After removing some potential influ-
ential observations, and considering those observations for which
wehad informationon climatic variables, our final dataset consisted
of a total of 33 fission–fusion dates (Cantabrian Mountains = 9,
Italy = 9 and Switzerland = 15). Further, for studying the spatio-
temporal variation in group size during winter, we considered
only those observations where more than five individuals (this
number corresponding to the mean of the first interquartile range;
see the electronic supplementary material, table S1) were simul-
taneously observed (total number of observations = 6164) and
selected the 1295 observations collected inwinter (i.e. fromSeptem-
ber to March, both included; see the electronic supplementary
material, table S1). Typically, larger group sizes of animals are
easier to observe than isolated individuals. However, in our study,
we did not consider the potential introduced bias to play a major
role (figure 1b). Snowfinches are larger,more conspicuous and inha-
bit amoreopenhabitat thanotheralpinebird species andare readily
observed in isolation (e.g. over 34% of all observations were of
individual animals).

To study the potential influence of weather conditions in
wintering group fission–fusion and group size dynamics, we
used the potentially relevant weather data for the snowfinch
as those related to mean ambient temperature and mean
precipitation gathered by the CHELSA database at a 30 arc sec-
resolution [45]. In particular, we estimated two different types
of weather variables: (i) for each area, we estimated the mean
temperature over the observation period (hereafter, mean site
temperature) and the mean precipitation over the observation
period (mean site precipitation). Thus, we characterized each
area by one mean site temperature and one mean site precipi-
tation over the observation period; and (ii) for each
observation, we recorded the mean monthly temperature and
mean monthly precipitation.

(b) Statistical analysis
To quantify the dynamics of wintering associations, we fitted
three GAMMs, treating the number of snowfinches within a
group observed during winter as a Poisson and the two internal
knots (representing group fission and fusion) as two normal dis-
tributed response variables. Because the number of snowfinches
within a group was count data with no zeros, we modelled the
response variable group size-1 as a simple way to technically con-
sider it as a zero-truncated Poisson regression. To account for
both snowfinch fission–fusion and wintering group size varying
with abiotic gradients, we included the linear effect of mean site
temperature and mean site precipitation. Both of these variables
were standardized to facilitate comparisons of effect sizes. To
measure how fission–fusion dynamic and the size of groups
are changing as a response to temporal varying weather con-
ditions during the winter, we further included mean monthly
temperature, mean monthly precipitation and year, as well as
its interactions as smoothing variables using the default thin-
plate regression spline in the GAMM4 package in R [46,47].
When adding the nonlinear effects, we checked the effective
degrees of freedom (EDF) of the variables. Those variables
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showing an EDF of less than 2 were otherwise included as a
linear effect [46].

It is important to note that the different areas considered here
vary in snowfinch population sizes, and therefore differences in
population size could potentially influence the upper limits of
flock size. However, as the observed maximum flock sizes were
always well below the size of populations in each area, we con-
sider that differences in this variable could not directly affect
the results of this study. Yet, to account for any potential bias
owing to differences in the number of observations collected
among years and areas, we included both the area identification
(ID) and year ID as random intercept factors. By doing so, we
accounted at the same time for any other potential influential
factor varying with site or year that could otherwise be over-
looked. For fission–fusion group dynamics, area ID and year
ID variance were estimated as zero; we therefore proceeded
with linear models without random effects for those cases.

Oncewe generated the sets of competingmodels, we employed
the Akaike information criterion (AIC), using the values of ΔAIC of
less than 2 as the criterion for selecting the most parsimonious
model [48]. Following standard procedures, we calculated the
Akaikeweight for each candidatemodel (wi) as the relative strength
of evidence, i.e. the probability of model i being the best-approxi-
mating model from the entire set of candidate models, and
evidence ratios of the best models as the ratio of model weights.
Models were finally evaluated by checking diagnostic plots. All
analyses were performed using R v. 3.5.0. [49].
3. Results
Snowfinches show a marked seasonal pattern in group size
(figure 1c). While fusion takes place at the beginning of July,
i.e. around the mean (±s.d.) Julian day of 220.6 ± 17.9 days
(range = 181–268.8 days; figure 1c), fission occurs in April,
i.e. around the mean (±s.d.) Julian day of 147.3 ± 44.3 days
(range = 46–217.5 days; figure 1c). Overall, group fission–
fusion dynamic tends to follow the abiotic gradient among
the study sites, with fusion occurring slightly earlier at
warmer sites with abundant precipitation (electronic sup-
plementary material, table S2 and figure S1) and fission
occurring later at warmer sites with low precipitation (elec-
tronic supplementary material, table S2 and figure S1).
During the winter, the median size (±s.d.) of snowfinch
group is 20 (first interquartile range (IQR) = 10, third IQR =
40). The number of individuals within a group is also related
to the mean site temperature and mean site precipitation (elec-
tronic supplementary material, table S2). At locations with
lower mean site temperatures, especially when associated
with abundant mean site precipitation, winter groups tend to
be larger (figure 2a).

The different mountain regions in our study have experi-
enced an uneven increase in temperature, especially outside
the breeding season, while precipitation has remained
stable or declined (electronic supplementary material, figure
S2). We observed that fission occurs later when mean
monthly temperature increased (figure 2b; electronic sup-
plementary material, table S2), whereas fusion shifts earlier
when the level of mean monthly precipitation increased
(figure 2c; electronic supplementary material, table S2). The
resulting models yielded moderate mean explanatory power
(fission: adjusted R-squared = 49%; fusion: marginal R-
squared = 22%). When weather conditions result in warmer
mean monthly temperature, independently of the amount
of mean monthly precipitation, snowfinches form smaller
groups (figure 2d; electronic supplementary material,
table S2). Notably, beyond the observed influence of weather,
the low mean explanatory power (adjusted R-squared = 4%)
of the resulting model suggests that other factors not
accounted for here probably are determining group size
variation.
4. Discussion
Gregariousness is essential in allowing individuals to interact,
transfer information and cope with changing environmental
conditions [14]. Here, we found that individuals belonging to
an alpine species gather in larger groups especially at sites
where wintering conditions are harsher, i.e. under cold ambi-
ent temperature and high levels of precipitation. At these
sites, individuals reunite later and separate earlier in the
season than at warmer sites. However, our results revealed
that temporary changes in wintering associations (i.e. group
size and fission–fusion dynamic) are affected by weather
conditions. Specifically, we found that when ambient tempera-
tures are warm and precipitation is low, the size of wintering
groups substantially decreased, with the group fission occur-
ring later when temperature increased and the group fusion
shifting to earlier dates when the level of precipitation
increased. Together, this sensitivity of flocking behaviour to
climate variation across winter indicate that ongoing changes
in climate, which are particularly affecting high-elevation eco-
systems, will probably impact on the gregarious behaviour of
alpine species.

Our results indicate that the variation in snowfinch group
size and its fission–fusion dynamics substantially follow an
environmental gradient, importantly confirming the basic
expectation of a general pattern of variation in wintering
associations along latitudinal or elevational gradients. The pat-
tern that wintering associations tend to be larger at colder sites
with high levels of precipitation (typically higher latitude or
elevation) is in accordance with the hypothesis that living in
the group might help individuals to locate food resources [9],
which in alpine environments gradually changes as the
season progresses. During the breeding season, snowfinches
move upslope following the phenology of theirmost important
items, i.e. larvae of Diptera and Lepidoptera, as well as adults
of Arachnida, Diptera and Lepidoptera [50]. However, in
autumn and winter, they exclusively feed on seeds of alpine
plants [50]. Depending on the amount of snow cover, feeding
grounds in winter are fairly unpredictable and are patchily
and heterogeneously distributed [39]. Foraging in large
groups may benefit snowfinches when moving in a quite
nomadic manner to locate prime feeding grounds of alpine
forbs or shrubs that need to be exposed to be accessible. How-
ever, because within-group individual competition is expected
to increase with group size, maintaining long-term groups
during the non-breeding period may reduce individual fitness
and increase the levels of stress [9]. This might be particularly
important in areas close to human surroundings (e.g. refuges
and ski-areas) that are visited by snowfinches in very harsh
weather conditions [51]. The occurrence and intensity of artifi-
cial feeding vary among the snowfinch populations and is
much more common in the Alps than in the other snowfinch
populations [50]. Significant detrimental ecological effects of
providing feed to birds have been documented [52], including
disease transmission and individual physical condition (e.g.
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high levels of cholesterol and triglycerides). Understanding
whether and how artificial feeding might cause a disruption
of snowfinches movement patterns, ultimately affecting their
gregariousness during winter, is still a pertinent open question
that needs further research.

While part of the variation in wintering associations can
be attributed to a simple environmental gradient, we
observed that winter association responses to weather con-
ditions are specific to local regions. Certainly, variations in
climatic events may depend on average temperature and
mean levels of precipitation and change as well differently
over time. Therefore, we could expect site-specific variation
in wintering associations attributable to changes in average
temperature and/or levels of precipitation. In areas where cli-
mate has experienced warming, resources probably occur
broadly over larger areas, such that the costs of living in a
group are not compensated by the benefits of cooperation
[11,12]. Moreover, when snowfinches aggregate in large
flocks during the winter, they adopt a partial-migration strat-
egy [53]. Stable isotope data suggest that some individuals
may move from Switzerland to the Spanish Pyrenees and
to the Cantabrian mountains. The probability and magnitude
of those migratory movements are related to the local winter
conditions in Switzerland [53]. In particular, the migratory
propensity of snowfinches is higher when winter conditions
in the Alps are harsh. As the migratory propensity of snow-
finches depends on climate [53], we can expect
the migratory behaviour, and consequently, the size of the
groups of snowfinches, to decrease under the ongoing
global warming. Taken as whole, however, our results
suggest that, as climate warming continues, large wintering
associations could revert to smaller groups.

As the costs of living in a groupmay not be compensated by
the benefits of cooperation under warming weather conditions,
individualsmight coordinate decisions to fuse into a short-term
group. Although increasing temperatures might positively
influence food availability, temporary changes in group
fission–fusion dynamics, such as when and why groups
separate and reunite, could result in individuals having to
re-establish their social relationships, thus taking time away
from other tasks like foraging or breeding [54]. These relation-
ships are worthy of exploring by future studies, to assess
whether fission–fusion dynamics generated by e.g. varying cli-
matic conditions might lead to group instability, ultimately
disrupting the social organization of populations [55].

Even though our data cannot directly measure breeding
activity, we could expect that the latter may be linked with the
observed delay in the timing of group fission. In a warming
climate, mild winters and early springs are associated with
unpredictable extreme weather events, resulting in unexpected
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cold temperature episodes later in spring [56]. This is particu-
larly common in alpine environments, which are among the
most affected by climate change [57]. Staying together longer
during winter might indeed represent an adaptive response of
alpine bird species to cope with these extreme climatic events.
However, snowfinches might need to adjust their breeding
period to match the peak of particular food resources [41]. If
the spring arrives early but wintering groups separate later,
birds might be delayed in relation to the phenology of food
resources [58], consequently shortening their reproductive
activity and/or lowering their breeding performance.

Variation in the duration of the reproductive season in
birds as a response to climate change has been previously
reported [23,24]. Notably, elevational clines have generally
received far less attention than latitude [59], though alpine
birds are declining more severely than other passerine
birds, with the exception of farmland birds. Given the
ongoing rapid environmental change, more studies disentan-
gling the relative role of climatic factors in driving wintering
associations and its effects on the breeding activity of alpine
birds could help understand how these species might
maintain viable populations in changing environments.
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