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To improve survival during winter, temperate species use a variety of behavioural 
and physiological adaptations. Among songbirds, the maintenance of lipid reserves 
is a widely-used strategy to cope with the severity of winter; however, little is known 
regarding how multiple synchronously acting environmental mechanisms work together 
to drive these effects. In a context where temperate winter conditions are becoming 
more variable, it is important to widen our understanding regarding the flexible 
adaptations that may allow wintering species to adjust to projected climate change. 
Using a long-term dataset collected across multiple wintering populations (7 years; 
8 locations), we analyzed the effects of daily variation in weather (e.g. temperature, 
snowfall) on the variation in energy reserves (i.e. fat stores) of wintering snow buntings 
Plectrophenax nivalis. Our results support the prediction that birds carry more reserves 
to increase the safety margin against starvation when conditions are energy-demanding 
and access to food is unpredictable (i.e. colder, snowier conditions). Birds responded 
to daily changes in weather by increasing their reserves as conditions deteriorated, 
with maximal temperatures and snow depth being the most important predictors 
of fattening decisions. We also found that females consistently exhibited higher fat 
reserves than males relative to their body size, suggesting that differential physiological 
adaptations among sexes or social dominance may play an additional role in explaining 
variation in energy reserves across individuals in this species. Overall, our findings 
increase knowledge on phenotypic adjustments used by species wintering in temperate 
zones to match variation in their environment.

Keywords: avian energetics, snow bunting, winter acclimatization

Introduction

For small endotherms inhabiting temperate regions, winter can be a particularly 
challenging period (Cooper 2000). Not only does shortened day length reduce the 
time available for foraging, but cold temperatures increase energy expenditure for 
thermoregulation (Scholander  et  al. 1950) and adverse weather conditions such as 
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storms can reduce access to food resources (King 1972, Carey 
2012). Overwintering species have evolved a range of ana-
tomical, behavioural and physiological adaptations selected 
to improve survival during harsh or unpredictable conditions 
(Heinrich 2009). Among small songbirds, an increase in lipid 
reserves during winter is a widely-used strategy to cope with 
the severity of climatic conditions (Dawson and Marsh 1986, 
Haftorn 1989, see Blem 1990 for a review). Fat reserves are 
accumulated during the day, acting as the principal source of 
energy to survive fasting through the night, while also offer-
ing a safety margin against starvation in case finding food 
becomes difficult during the subsequent day(s) (Blem 1976, 
Lehikoinen 1987).

Despite its energetic benefits, accumulating and carrying 
fat reserves does entail significant costs (reviews by Witter 
and Cuthill 1993, Cuthill and Houston 1997). For exam-
ple, individuals increase exposure to predation while looking 
for resources as they spend more time feeding to enlarge or 
maintain their lipid reserves (McNamara and Houston 1990, 
Brodin 2007). Carrying a heavier body during flight also 
entails elevated energy costs (Brodin 2001) while ultimately 
this extra mass can increase predation risk by impairing flight 
and take-off abilities (Hedenström 1992, Metcalfe and Ure 
1995, Lilliendahl 1997, Dietz et al. 2007). Accordingly, both 
theoretical (Lima 1986, Macleod  et  al. 2005, Krams  et  al. 
2010, Bonter et al. 2013) and empirical observations Houston 
and McNamara 1993, (Houston et al. 1993, Bednekoff and 
Houston 1994) have confirmed that birds optimize the 
storage of lipids to avoid starvation while minimizing mass 
gain to reduce predation risks.

To adjust their energy reserves to ambient conditions, 
birds may therefore flexibly fine-tune the size of their fat 
reserves in direct response to local daily changes in weather 
(i.e., a proximate response to variable weather conditions, see 
Pravosudov and Grubb 1997 for a review). For instance, spe-
cies such as the white-throated sparrow (Zonotrichia albicollis; 
Blem and Shelor 1986) and dark-eyed junco (Junco hyema-
lis; Nolan and Ketterson 1983) have more body fat on days 
where the need for insurance against starvation is greater (i.e. 
cold weather) (King 1972, Ekman and Hake 1990, Bednekoff 
and Krebs 1995, but see Gosler 2002). Ambient temperature 
(Balen 1967, Newton 1969, Polo et al. 2007, Goławski et al. 
2015) and, to a lesser extent, wind speed (Kelly et al. 2002, 
Goławski et al. 2015), humidity (Blem and Shelor 1986) and 
snow cover (Nolan and Ketterson 1983, Broggi et al. 2003) 
have all been shown to influence short-term adjustment of 
energy reserves in birds. However, to date, few studies have 
looked at the relative importance of these variables in driving 
daily fattening (although see: Vincent et Bédard 1976, Blem 
and Shelor 1986). Furthermore, most studies on winter fat-
tening have been conducted in relatively mild winter environ-
ments, with little snow accumulation and/or where marine 
currents moderate temperature extremes despite high latitude 
(Newton 1969, Lehikoinen 1987, Haftorn 1989, Gosler 
1996). Understanding the relative influence of environmen-
tal variables on energy budgets and reserve management is 

especially relevant as species face increasing uncertainties in 
both short-term weather patterns and larger-scale climatic 
variation as a result of climate change (Deser  et  al. 2012, 
Williams et al. 2015).

In this study, we investigated flexible adjustments of win-
ter energy reserves across multiple wintering populations of 
snow buntings Plectrophenax nivalis, a circumpolar Arctic-
breeding migratory songbird wintering in snow-covered 
habitats. Specifically, we examined energy reserve dynamics 
in response to daily variation in multiple weather variables. 
This species offers an ideal system to examine the relative 
influence of weather parameters on winter energy reserves as 
it winters in regions where low temperatures, frequent snow 
fall (limiting access to food) and highly variable weather 
conditions should promote selection for short-term flexibil-
ity in energy management (Cavieres and Sabat 2008). Snow 
buntings also form flocks of up to 1000 individuals during 
the winter (Montgomerie and Lyon 2011) and are readily 
captured in large numbers (up to 200 individuals in a day). 
The recent instigation of a citizen science project focused on 
the species across eastern Canada provided a unique oppor-
tunity to obtain a large dataset to study daily fattening over a 
large geographic range.

We proceeded on the long-held assumption that the 
amount of fat stored by an individual reflects the perceived 
demand for safeguard against starvation while minimizing 
predation risks (Lima 1986, Lehikoinen 1987, Bednekoff and 
Houston 1994). We aimed to test whether birds show short-
term flexibility in the management of their energy reserves, 
and to quantify the relative importance of weather variables 
in predicting daily fattening decisions. We predicted that if 
birds fine-tune energy reserves to variation in local weather, 
they should carry more fat on days where the probability of 
starving is higher, that is the days with increased snow depth 
or snow fall limiting access to food and increased wind gusts 
or low temperatures leading to higher heat losses. Considering 
that age and sex classes may reflect differential dominance 
status and/or previous site-experience, we expected that it 
may have an influence on energy budgets amongst individu-
als (Gosler 2002). Alternatively, given that males are usually 
larger and heavier than females, birds of different sex or age 
classes may also differ in their physiological responses to local 
conditions (Smith 1994).

Material and methods

Field methods and capture data

For this study, bird banding (ringing) data was obtained 
from the Canadian bird banding office (BBO) for the period 
2009–2015. Additional data on body mass, wing chord, fat 
score and time of capture were obtained from the citizen 
science project Canadian snow bunting network (CSBN). 
We kept only individual records for which a complete set of 
information was available for every individual (i.e. sex, age, 
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wing chord, fat score, body mass, time of capture), repre-
senting a total of 12 245 individual birds captured in eastern 
Canada (Fig. 1). Each winter, snow buntings were captured 
across wintering locations forming a climatic / weather gra-
dient represented by a spread across both latitude and lon-
gitude (Fig. 1). There are marked differences in long-term 
mean temperatures and total snowfall across these locations 
(Fig. 1), two parameters that are known to strongly affect 
the regulation of body reserves in small wintering passer-
ines (Waite 1992). At each site, birds were captured in open 
agricultural or coastal areas using seed-baited walk-in traps. 
Sex and age were determined morphologically according 
to Pyle (1997) and birds were banded with a unique num-
bered aluminum band (United States fish and wildlife ser-
vice). Unflattened wing chord was measured to the nearest 1 
mm, as an index of structural body size, and body mass was 
recorded to 0.1 g using an electronic scale. The size of fat 
reserves was also estimated visually using a standardized scor-
ing system ranging from 0–7 (0 = no fat, furculum region is 
concave; 7 = pads of furculum and abdomen meet, Canadian 
snow bunting network protocol).

Weather data

Daily weather variables were extracted from the following 
three sources: 1) environment and climate change Canada 
(ECCC) weather office online (< www.weatheroffice.gc.ca >), 
2) ministère du développement durable de l’environnement et 
de la lutte contre les changements climatiques (MDDELCC), 
and 3) national snow and ice data center (NSIDC) (Brown 
and Brasnett 2010). For daily data obtained from ECCC and 
MDDELCC, banding site coordinates were used to deter-
mine the weather station closest to each banding site (mean 
distance: 13.69 ± 7.24 km, mean ± SE, range = 4.47–25.28 
km). We also used these coordinates to extract snow depth 
data from the NSIDC (see Brasnett (1999) and Brown and 

Brasnett (2010) for details on daily snow depth analysis calcu-
lations), using only the grid cells (24 × 24 km) that included 
banding locations. In total, we extracted eight daily weather 
variables predicted to be biologically relevant for snow bun-
ting wintering energetics: mean temperature (°C), minimal 
temperature (°C), maximal temperature (°C), snow depth 
(cm), total snowfall (cm), absolute humidity (g m–3), maxi-
mal wind gust (km h–1), cloud cover (0–10) (variables and 
units are summarized in Supplementary material Appendix 1 
Table A1). In addition to mean values for the day of capture, 
we also examined mean weather variables for the three-day 
window prior to the capture date of every bird since it is gen-
erally assumed that birds may use the recent past weather to 
determine the level of reserves to be accumulated the next day 
(Bednekoff et al. 1994).

Statistical analyses

Estimation of energy reserves
Interpretations with regards to stored energy in birds may 
potentially vary depending upon the metric that is being 
used to assess fat reserves: we therefore used two indexes of 
fat reserves in our statistical analyses. We first considered 
body mass because winter variation in mass is strongly influ-
enced by the amount of fat carried by birds (Dawson and 
Marsh 1986, Rogers 1987). However, several studies have 
also shown significant increases in non-fat body components, 
such as flight muscles (Swanson and Vézina 2015) or diges-
tive organs in association with cold wintering conditions in 
passerines (Zheng  et  al. 2008, Liknes and Swanson 2011, 
Petit et al. 2014). Therefore, interpreting body mass variation 
alone as an indicator of fat reserves could be partly biased as 
it is also influenced by lean components of body mass. Thus, 
we also used visual fat score to assess the extent of fat reserves 
more directly. Although fat scores can be affected by observer 
bias (Rogers 1991), this measure has nevertheless been shown 
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to be a good predictor of true fat content in other passerine 
species (see examples in Krementz and Pendleton 1990). It is 
also commonly available within banding databases (Krementz 
and Pendleton 1990, Dunn 2003) as it is an easy and inex-
pensive technique to assess fat stores in wild-caught birds. 
Furthermore, our current work on captive snow buntings 
using quantitative magnetic resonance to precisely and non-
invasively estimate body fat mass (Guglielmo  et  al. 2011) 
indicates that 75% of the variation in body fat is explained 
by fat score, confirming that fat scores reliably predicts body 
fat content in this species, despite possible observer bias (Le 
Pogam, Love and Vézina in prep.). Nonetheless, to increase 
overall confidence in our model outputs, we first ran analyses 
using body mass alone as our index of energy reserves, fol-
lowed by the same analyses using fat score alone as a response 
variable to confirm that the observed trends were likely driven 
by variation in fat content.

The effect of structural size on body mass and fat reserves 
is well known in passerines given that structurally larger birds 
are usually heavier and can hold larger amounts of fat (Balen 
1967, Blem 1990). The effects of time of capture on body 
mass and fat reserves are also well documented, as birds are 
fattening throughout the day during winter (Karpouzos et al. 
2005, Turcotte and Desrochers 2008, Mandin and Vézina 
2012). Photoperiod also influences variation in daily fat 
reserves, as birds store more fat when days are shorter because 
they have to sustain longer nocturnal fasts (Lehikoinen 
1987, Mandin and Vézina 2012). Therefore, we corrected 
our indexes of fat reserves for these potential confounds by 
first extracting residual body mass/fat from models testing 
for relationship with these independent variables (structural 
size, time of capture and day length) after confirming their 
effects (see results section). These residuals were then used 
as our new (i.e. corrected) dependent variables for all sub-
sequent analyses. Note that we opted for the extraction of 
residuals instead of including the confounding variables as 
predictors in the models, because it allowed for simplifying 
models, which already contained a large number of predic-
tors. The use of this method was further motivated by the fact 
that day length and time of capture, when included as covari-
ates in models including weather variables, generated severe 
multicollinearity issues as confirmed via variance inflation 
factor (VIF) analyses (e.g. VIF = 84–85; adapted from Fox 
and Weisberg 2010). Body mass residuals were also regressed 
against fat score to confirm that this variable indeed reflected 
variation in fat reserves (Supplementary material Appendix 1 
Fig. A1). Thereafter, residual mass and residual fat score are 
simply referred to as ‘body massR’ and ‘fat scoreR’.

We worked with data collected between 1 Nov and 20 Mar 
to include only the wintering period for snow bunting popu-
lations within eastern North America (Vincent and Bédard 
1976, Montgomerie and Lyon 2011, McKinnon et al. 2016). 
We tested for the effect of weather (both for the day of cap-
ture and the three-day average prior to capture) on both 1) 
fat scoreR and 2) body massR using linear mixed-effect models 
(Raudenbush and Bryk 2001). Because predictor variables 

were on different scales, all numerical variables were stan-
dardized using the scaling method implemented in R pack-
age ‘arm’ (Gelman and Su 2008). This method allows the 
resulting coefficients to be directly comparable with binary 
predictors in our models, such as sex and age (Gelman 2008). 
Capture site and year were included as random effects. Wind 
speed and cloud cover could not be included in the three-
day prior models because of missing weather data. To reduce 
multicollinearity, predictor variables having VIF values 
above 10 (Menard 1995, Neter et al. 1989, Hair 1998) were 
sequentially eliminated from the full model until all were 
below 10 (only the variable mean temperature was removed). 
Subsequently, we calculated the average VIF across predictors 
to ensure that the value was not substantially greater than 1 
(Chatterjee and Price 1991).

The description of predictors used in the full model can be 
found in Supplementary material Appendix 1 Table A1. Once 
the predictors to be included in the full models were defined, 
we derived all possible submodels from each set of predictors 
(Stokke et al. 2008, Grueber et al. 2011). An Akaike informa-
tion criterion value (AIC) was then calculated for all models. 
Based on selection by the AIC, the model with the lowest Δ 
AIC among those falling within Δ AIC < 2 was retained for 
interpretation. We also used a likelihood ratio test of the best 
model compared to a null model to determine if weather was 
a significant factor in explaining variation of energy reserves. 
Variables were considered significant when their confidence 
intervals did not include zero. Only banding entries with an 
associated complete set of weather variables were kept in this 
dataset to avoid conflicts with model selection (final sample 
size = 11 119 birds).

All statistical analyses were conducted using the statistical 
software R 3.2.1 (R Core Team). The function ‘lmer’ (linear 
models) in the package lme4 was used to run mixed-effects 
models (Bates et al. 2015). The function ‘dredge’ in the pack-
age MuMIn was used for model selection (Barton 2009). The 
function ‘sem.model.fit’ was used to extract R2 for mixed 
models in the package ‘piecewiseSEM’ (Lefcheck 2016) 
and the function ‘rsq.partial’ was used to extract partial R2 
for multiple regression models in the package ‘rsq’ (Zhang 
2017). All values are reported as mean ± SEM.

Data deposition

Data available from the Dryad Digital Repository: < http://
dx.doi.org/10.5061/dryad.f7h4614 > (Laplante et al. 2019).

Results

Estimation of energy reserves

Body mass was positively correlated with fat score (R2 = 0.187, 
F2.67,12 243 = 2813, p < 0.001). Structural size was a significant 
predictor of both body mass (β = 0.466 ± 0.006, p < 0.001) 
and fat score (β = 0.065, ± 0.003, p < 0.001). Although 
very weak, the latter effect was surprising as visual fat scores 
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are ranked relative to the size of the bird (e.g. furcular area), 
meaning that the metric should already be correcting for 
body size. However, as this could potentially reflect some 
observer bias (e.g. a tendency to score structurally large birds 
higher), we adopted a conservative approach and included 
structural size in the fat score model when calculating residu-
als. There was also a significant positive effect of time of cap-
ture (time of day at which the bird is captured) on both body 
mass (β = 3.477 ± 0.266, p < 0.001) and fat score (β = 0.973 
± 0.148, p < 0.001). Furthermore, day length negatively 
predicted body mass (β = –0.356 ± 0.023, p < 0.001) and 
fat score (β = –0.198 ± 0.013, p < 0.001). Therefore, birds 
were heavier and had higher fat scores when they were struc-
turally larger, were captured later in the day and when days 
were shorter. Controlling for these effects, residual body mass 
was still significantly correlated with fat score (n = 12 245, 
R2 = 0.145, F1,12243 = 2070, p < 0.001, Supplementary mate-
rial Appendix 1 Fig. A1).

Influence of weather parameters on energy reserves

Models using weather associated with the focal day of capture 
explained slightly more variance and had lower AIC values 
than models using weather averaged over the three days pre-
ceding capture (Table 1, see Fig. 2 for the weather variables 
retained in each of the four best models; see Supplementary 
material Appendix 1 Table A2 for the list of models falling 
within Δ AIC 2 for each of the 4 full models on which selec-
tion was performed). Weather variables also explained the 
variation in fat reserves better than the variation in body mass 
(e.g. fat score: 36%; body mass: 15%) (see conditional R2, 
Table 1). All models were significantly stronger than the asso-
ciated null models (fat score: χ2

9 = 572, p < 0.001; three-day-
prior fat score: χ2

8 = 454, p < 0.001; body mass: χ2
8 = 262, p 

< 0.001; three-day-prior body mass: χ2
6 = 176, p < 0.001) 

and had lower AIC values (Table 1).

Seasonal changes in energy reserves

When considering the focal day of capture we found that 
birds were heavier and had larger fat reserves as the season 
progressed (ordinal day effect on body massR: z = 3.025, 
β = 0.163 ± 0.054; ordinal day effect on fat scoreR: z = 6.138, 
β = 0.158 ± 0.026; Fig. 2A, C). The same effect was found for 
fat score when considering the three days preceeding capture 
(z = 3.998, β = 0.112 ± 0.028), although ordinal day was not 

retained in the three-day-prior models explaining residual 
body mass variation (Fig. 2B, D).

Snow depth and snow fall

On the day of capture, both body massR and fat scoreR 
increased with increasing snow depth (body massR: z = 4.148, 
β = 0.285 ± 0.069; fat scoreR: z = 7.095, β = 0.235 ± 0.033, 
Fig. 2A, C). The same pattern held true for models consid-
ering 3-day average weather (effect of snow depth on body 
massR: z = 6.797, β = 0.404 ± 0.060; effect of snow depth 
on fat scoreR: z = 6.635, β = 0.227 ± 0.034, Fig. 2B, D). 
However, while snowfall on the day of capture was a positive 
and significant predictor of fat scoreR (z = 3.573, β = 0.075 
± 0.021, Fig. 2C), this variable was not retained in the 
model explaining variation in body massR (Fig. 2A). Again, 
the same pattern was found for models using 3-day average 
weather (effect of three-day prior snowfall on fat scoreR only: 
z = 3.210, β = 0.068 ± 0.021, Fig. 2A, D).

Ambient temperature

Body mass and fat reserves showed complex relation-
ships with temperature variables, where both body massR 
and fat scoreR increased as maximal temperatures declined 
(body massR: z = –9.322, β = –5.117 ± 0.055; fat scoreR: 
z = –11.962, β = –0.310 ± 0.026), yet both decreased with 
declining minimal temperatures (body massR: z = 3.830, 
β = 0.237 ± 0.062; fat scoreR: z = 4.912, β = 0.145 ± 
0.029, Fig. 2A, C). This pattern was also observed when 
considering 3-day averages. Body massR and fat scoreR 
increased as three-day prior maximal temperatures declined 
(body massR: z = –1.922, β = –0.160 ± 0.083; fat scoreR: 
z = –5.348, β = –0.225 ± 0.042) and both decreased with 
declining three-day prior minimal temperatures (body 
massR: z = 3.746, β = 0.359 ± 0.096; fat scoreR: z = 4.767, 
β = 0.222 ± 0.047) (see Fig. 2B, D).

Humidity

Variation in absolute humidity predicted variation in daily 
fattening, but only when weather variables were averaged 
over the previous three days (Fig. 2B, D). Indeed, birds had 
a lower body massR (z = –2.685, β = –0.317 ± 0.118) and fat 
scoreR (z = –2.452, β = –0.138 ± 0.056) when the three days 
preceding capture had been more humid. Humidity on the 

Table 1. Statistics for the four retained models for analyses on daily variation of energy reserves in snow buntings (n = 11 119 for each 
model). ‘Rfat’ and ‘Rmass’ refer to models using weather associated with the focal day of capture, with residual mass and fat score as a 
response. ‘Rfat3’ and ‘Rmass3’ refer to models using weather averaged over the three-day preceding capture, with residual mass and fat 
score as a response. Marginal R2 is based on the fixed effects alone and conditional R2 incorporate the random effects.

Models R2 Marginal R2 Conditional AIC AIC null
Random effect variance

station | year Residual

Rfat 0.037 0.363 32456 33010 0.458 | 0.094 1.0773
Rfat3 0.030 0.351 32572 33010 0.442 | 0.097 1.0891
Rmass 0.027 0.153 49171 49417 0.661 | 0.064 4.8509
Rmass3 0.023 0.149 49254 49417 0.651 | 0.065 4.8904
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day of capture was not a predictor of either a bird’s body 
massR or its fat scoreR.

Cloud cover and wind speed

Cloud cover and wind speed also predicted variation in 
body massR and fat scoreR of birds captured on a given day: 
individuals tended to be heavier and fatter when days were 
cloudier (body massR: z = 3.004, β = 0.155 ± 0.051; fat 
scoreR: z = 2.274, β = 0.056 ± 0.024) and windier (body 
massR: z = 4.420, β = 0.196 ± 0.055; fat scoreR: z = 2.328, 
β = 0.045 ± 0.021). However, these effects were weak con-
sidering the low β values and confidence intervals almost 
including zero (Fig. 2A, C). These variables could not be 

studied in 3-day-prior models due to missing data (see 
Methods).

Age and sex

All models revealed that after second year (ASY) birds were 
significantly heavier and fatter than birds in their second 
year of life (SY) (body massR: z = 3.810, β = 0.170 ± 0.045; 
fat scoreR: z = 4.498, β = 0.095 ± 0.021, Fig. 2A–D). Sex 
was also an important predictor of both body mass and fat 
score in all models. Indeed, males were heavier than females 
(body massR: z = 9.916, β = 0.562 ± 0.057, Fig. 2A, B) while 
carrying less fat (fat scoreR: z = –14.592, β = –0.391 ± 0.027, 
Fig. 2C, D). The same tendencies were observed when using 

Mass residuals
Weather on the day of capture

Mass residuals
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Figure 2. Standardized regression coefficients of parameters retained in the selected models. Upper panels are results for the best model of 
residual residual body mass as a function of variables on the day of capture (a) and as a function of mean average of variables on the 3 days 
preceding capture (b). Bottom panels show results for the best model of residual fat score as a function of variables on the day of capture  
(c) and as a function of mean average of variables on the 3 days preceding capture (d). Bars represent the 95 % confidence interval of the 
coefficients. Variables whose error bars include 0 are considered not significant.
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weather averaged over the three days preceding capture 
(see also inter-sexual differences in energy reserves for each 
station separately in Supplementary material Appendix 1 
Table A3–A4, Fig. A2–A3).

Discussion

Few studies have attempted to provide a thorough examina-
tion of how multiple weather parameters influence energy 
reserve management in wintering birds. Using a large multi-
site dataset we found support for the prediction that snow 
buntings respond to both short- and longer- (3 day) term 
changes in several weather variables acting in parallel, such as 
snow cover, wind and temperature. Our data are consistent 
with birds carrying more fat when there is a greater prob-
ability of starvation (Carey and Dawson 1999). Interestingly, 
inter-sexual variation in body mass and fat reserves suggests 
that constraints of wintering likely differ between sexes in this 
species.

Fine-tuning of energy reserves to meet daily weather 
challenges

As predicted, snow buntings appear to fine-tune their energy 
reserves in response to short-term changes in weather. Such 
phenotypic flexibility is expected to evolve in species facing 
variable environmental conditions such as fluctuating food 
resources and changing weather (Caswell 1983, Cavieres 
and Sabat 2008). Individual birds increased the size of their 
energy reserves as weather conditions increased in severity, 
(e.g. as snow depth increased both body mass and fat score 
increased), a finding consistent with previous work on snow 
buntings held in captive outdoor conditions (Vincent and 
Bédard 1976). These results were expected given that snow 
cover limits access to food for wintering granivorous ground-
foraging birds such as snow buntings and has been found to 
decrease the abundance of these species in winter (Best et al. 
1998). Short-term adjustment of energy reserves in response 
to snowfall has also been observed in other small wintering 
passerines (Nolan and Ketterson 1983, Blem and Shelor 
1986, Ekman and Hake 1990, Waite 1992, Broggi  et  al. 
2003, Rogers and Reed 2003).

Snow buntings also maintained greater energy reserves 
when maximal temperatures decreased, supporting our pre-
diction that birds should be heavier and fatter when heat 
loss increases energy demands. However, the direction of the 
relationship was opposite for minimal temperatures, whereby 
birds were lighter and had lower fat scores when minimal tem-
peratures declined. While a negative relationship with maxi-
mal temperature may indicate strategic fattening, a positive 
relationship with minimal temperatures suggests that snow 
buntings may be constrained in their capacity to fatten on 
very cold days. In fact, birds might be forced to use a greater 
proportion of their energy input during the day and/or be 
forced to use their reserves at a higher rate during these days 
(see Mandin and Vézina 2012 for a similar case in black 

capped chickadees Poecile atricapillus). Our results therefore 
suggest that maximal and minimal temperatures can influ-
ence avian energy budgets differently in a context-depent 
manner. We therefore recommend caution when analyzing 
the influence of temperature in energtic studies, especially 
when using only daily average values. We suggest consider-
ing both maximal and minimal temperatures in studies on 
fattening.

The observation of a negative relationship between fat 
reserves and absolute humidity measured during the 3 days 
preceding capture is interesting. Mandin and Vézina (2012) 
reported that black-capped chickadees consumed more of 
their fat reserves during humid periods (based on relative 
humidity) measured up to 7 days before capture, which is 
consistent with our results. Likewise, Petit et al. (2013) also 
reported an effect of absolute humidity on summit metabolic 
rate in that same species, with birds expressing higher cold 
endurance during humid days. As humid air may increase 
heat loss through evaporative cooling of water condensing 
on the body, periods of higher humidity could lead to higher 
daily energy expenditure and lower fat reserves. However, this 
should mostly be limited to periods where ambient tempera-
tures are above freezing (Petit et al 2013). Although we do 
not have data on their occurrence, such humid periods could 
also be associated with icing, thus reducing access to food and 
forcing the use of fat reserves. Still, we suggest interpreting 
this result with caution since confidence intervals were very 
large for both body mass and fat scores, indicating significant 
variability in the response, which almost included zero for the 
analyses on fat scoreR.

We found that variation in weather conditions explained 
daily variation in fat score much better than variation in total 
body mass (Table 1). Fat score also seemed to be more fine-
tuned to weather parameters than body mass. For example, 
our data indicate that fat score was related to snowfall (in 
addition to snow depth), which could be perceived as an 
important cue that food is becoming less available, while 
body mass was only related to snow depth. Interestingly, this 
suggests that a visual approximation of fat reserve size such 
as a visible fat score may be more appropriate when using 
large datasets in quantifying fat reserves than size-corrected 
body mass in small wintering passerines. Studies have shown 
that the non-fat component of avian body mass (i.e. organs, 
muscles) varies seasonally, culminating at the peak of winter, 
rather than on a short term basis like fat reserves (Liu and Li 
2005, Zheng et al. 2008, Petit et al. 2014). This could explain 
why body mass was less influenced by weather than fat score 
in this study.

The importance of sex and age in winter energy levels

We found that females carried more energy reserves than 
males for a given body size and that, although the effect 
was weaker, older birds carried more energy reserves than 
younger birds (Fig. 2, see also Supplementary material 
Appendix 1 Fig. A2–A3). This provides support to a simi-
lar, but non-significant, trend reported in snow buntings 
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by Macdonald  et  al. (2015), suggesting that sex is more 
important than age in influencing energy management 
in this species. This difference in energy levels across sex 
and age classes could potentially be related to social status 
(Ficken et al. 1990, Ekman and Lilliendahl 1993) as in pas-
serines dominant individuals are typically leaner than subor-
dinates because their status provides priority over resources 
(Clark and Ekman 1995). In snow buntings, males are 
indeed dominant over females, and younger birds (contrary 
to many other species) are dominant over older birds (Smith 
and Metcalfe 1994). However, teasing apart the influence 
of sex-related dominance and weather on snow buntings’ 
energy management will require further experimental work 
as ongoing studies in our laboratory show the same sex dif-
ferences in wintering outdoor captive birds kept in single-sex 
pens, where social interactions among males and females are 
not possible.

For a given structural body size, while males carried less 
fat than females, they were nonetheless heavier (Fig. 2, see 
also Supplementary material Appendix 1 Fig. A3). This sug-
gests that male and female snow buntings may not apportion 
body components the same way. For example, for their size, 
the higher mass of wintering males may not be driven by a 
larger amount of fat, but instead could result from a greater 
amount of lean mass or larger flight muscles. This pattern has 
also been shown in wintering black capped chickadees where 
males had on average 10.3% more lean mass than females, 
due to larger skeletal muscles and larger organs (heart, lungs, 
kidneys, liver, brain, skin) (Petit et al. 2014). Larger muscles 
in males have also been reported in wintering white-breasted 
nuthatches Sitta carolinensis and house sparrows Passer domes-
ticus (Liknes and Swanson 2011). Taken together, our results 
therefore indicate that for a given body size (and location, see 
Supplementary material Appendix 1 Fig. A3), female body 
mass seems to contain a proportionally larger amount of fat. 
As females are structurally smaller than males, this may be 
required to support a higher mass-specific metabolic rate for 
a given set of environmental conditions.

Climate change research indicates that temperate winter 
conditions are changing rapidly (Williams et al. 2015) and 
climate models predict that extreme winter weather events 
will increase in both amplitude and frequency at temper-
ate/polar latitudes, while short-term weather will become 
more variable (Easterling  et  al. 2000, Stocker  et  al. 2013). 
Quantifying the current level of flexibility for phenotypic 
traits that may impact fitness during winter is therefore fun-
damental to assess potential shifts in population dynamics 
and vulnerability of cold-adapted, temperate wintering spe-
cies (Aguilar-Kirigin and Naya 2013, Williams et al. 2015). 
As such, our findings are an important first step in this direc-
tion as they help to identify the adjustments that enable win-
tering species to adapt to future climatic stressors.
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