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ABSTRACT

Resident temperate passerines adjust their phenotypes to cope
with winter constraints, with peak performance in metabolic
traits typically occurring during the coldest months. However,
it is sparsely known whether cold-adapted northern species
make similar adjustments when faced with variable seasonal
environments. Life in near-constant cold could be associated
with limited flexibility in traits underlying cold endurance. We
investigated this by tracking individual physiological changes
over five consecutive winters in snow buntings (Plectrophenax
nivalis), an Arctic-breeding migratory passerine typically con-
fronted with nearly constant cold. Buntings were held in an
outdoor aviary and exposed to seasonal temperature variation
typical of temperate zone climates. We measured phenotypic
changes in body composition (body, fat, and lean mass, pec-
toralis muscle thickness), oxygen transport capacity (hemato-
crit), metabolic performance (basal metabolic rate [BMR] and
summit metabolic rate [Msum]), thermogenic endurance (time
to reachMsum), and cold tolerance (temperature atMsum). Snow
buntings showed flexibility in functions underlying thermo-
genic capacity and cold endurance comparable to that observed
in temperate resident passerines wintering at similar latitudes.
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Specifically, they increased body mass (13%), fat mass (246%),
hematocrit (23%), pectoralis muscle thickness (8%), and Msum

(27%). We also found remarkable cold tolerance in these birds,
with individuals reaching Msum in helox at temperatures equiv-
alent to less than2907C in air.However, in contrastwith resident
temperate passerines, leanmass decreased by 12%, and there was
no clear increase in maintenance costs (BMR). Our results show
that the flexibility of traits underlying thermal acclimatization in
a cold-adapted northern species is comparable to that of tem-
perate resident species living at lower latitudes and is therefore
not limited by life in near-constant cold.

Keywords: summit metabolic rate (Msum), basal metabolic rate
(BMR), fat mass, lean mass, hematocrit, snow bunting, cold
acclimatization, winter.
Introduction

Organisms face multiple proximate (i.e., energetic) costs within
and across life stages induced by environmental constraints that
ultimately (i.e., in a fitness sense) shape life-history variation
within and across species. Organisms can respond to envi-
ronmental variability across a diversity of timescales via mul-
tiple nonexclusive mechanisms, including phenotypic flexi-
bility (Piersma and vanGils 2011), phenotypic (developmental)
plasticity (Pigliucci 2005), and contemporary evolution (Grant
and Grant 2002). Within studies of short-term flexible responses
to environmental challenges, more and more integrative ecolo-
gists are examining underlying mechanisms, such as gene tran-
scription (Barrio et al. 2016; Bengston et al. 2018) and physio-
logical central regulation (Karasov and Martinez del Rio 2007;
Evans et al. 2017; Bennett et al. 2019), to quantify the details of
how and why organisms respond to environmental variability.
Many of these investigations have centered on the seasonal reg-
ulation of metabolic responses to extreme environments (e.g.,
cold, deserts; Sharbaugh 2001; Smit and McKechnie 2010; Mc-
Kechnie et al. 2015), with small, short-lived, high-metabolic-
demand endothermic species such asmammals and birds living
in extreme environments making compelling models (Mc-
Kechnie and Wolf 2019). Within these studies, a focus on the
central regulation and outputs of whole-animalmetabolismhas
been an especially fruitful area of investigation (Swanson and
Liknes 2006; White and Kearney 2013; Swanson et al. 2017b),
although there remains a diversity of unanswered questions.

Winter cold acclimatization is a well-documented process
in small resident bird species, particularly in those living in
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temperate areas (Cooper and Swanson 1994; Swanson and
Liknes 2006; McKechnie 2008; Petit et al. 2013; McKechnie
et al. 2015). Typically, these birds increase the size of their fat
reserves in winter (Blem 1976; Lehikoinen 1987; Gosler 1996;
Cooper 2007) and enlarge several internal organs (Swanson 2010;
Petit et al. 2014; Barceló et al. 2017), including the heart and
lungs (Zheng et al. 2008; Liknes and Swanson 2011; Petit et al.
2014) and the pectoralis muscles (O’Connor 1995; Cooper 2002;
Petit et al. 2013; Swanson and Merkord 2013; Swanson and
Vézina 2015; but see Swanson et al. 2014; Barceló et al. 2017;
Milbergue et al. 2018). Cold acclimatization also triggers an in-
crease in oxygen carrying capacity (e.g., hematocrit; Swanson
1990b; O’Connor 1996) to support metabolic activities, such
as shivering thermogenesis (Carey and Morton 1976; Swanson
1990a; Petit and Vézina 2014), and leads to adjustments in meta-
bolic performance. Summit metabolic rate (Msum) is a measure of
maximal shivering heat production and is considered an index
of cold endurance, while basal metabolic rate (BMR) is inter-
preted as an index of physiological maintenance costs (Swanson
et al. 2017b). BothMsum and BMR are commonly found to increase
as temperatures decline in the fall (McKechnie and Swanson 2010;
Swanson 2010; for reviews, see Petit et al. 2013; McKechnie et al.
2015), and the increase in Msum has been associated with higher
survival (Petit et al. 2017; Latimer et al. 2018).
Although winter cold acclimatization is well documented for

temperate resident passerines that experience large seasonal
thermal variation (Cooper and Swanson 1994; Swanson and
Liknes 2006; McKechnie 2008; Petit et al. 2013; McKechnie
et al. 2015), some species or populations of birds face cold
temperatures almost year-round (Brooks 1968; Pohl and West
1973; White and West 1977; Sharbaugh 2001). These species,
typically living above 507N, can show phenotypic patterns dif-
fering from what is observed in temperate regions. For example,
black-capped chickadees (Poecile atricapillus) living at 647N
in Alaska show no seasonal changes in resting metabolic rate
(measured at 2307 and 257C) despite summer temperatures
ranging from 107 to 207C (Sharbaugh 2001). Similarly, willow
tits (Poecile montanus) in Norway (637N) maintain constant meta-
bolic performance throughout summer and winter (Reinertsen
and Haftorn 1983). This could be due to summers at these lat-
itudes being short, relatively cold, and unpredictably variable in
temperature (Martin and Wiebe 2004), thus promoting the main-
tenance of high cold endurance and therefore preventing clear
seasonal phenotypic variation. However, whether species and/
or populations experiencing cold most of the year are in fact able
to adjust their phenotype similarly to those living in predictable
seasonal environments at lower latitudes still remains to be
examined.
The snow bunting (Plectrophenax nivalis) is one such re-

markable case: except for a few weeks during breeding when
temperatures rise above freezing in most of their range, buntings
remain associated with snowy, cold, relatively harsh environ-
ments year-round (Montgomerie and Lyon 2011; Snell et al.
2018). Indeed, this small (30–50 g) circumpolar migratory song-
bird winters in open snowy plains of North America, Europe,
and Asia (between 407N and 607N; Banks et al. 1991; Yesou 1998;
Montgomerie and Lyon 2011; BirdLife International 2020; Snell
et al. 2018). It then migrates through winter landscapes in the
spring well before snowmelt (Laplante et al. 2019; McKinnon
et al. 2019) and arrives on its Arctic breeding grounds up
to 83.67N (Cramp and Perrins 1994; BirdLife International
2020) while temperatures can still regularly reach2257 to2307C
(Meltofte 1983). Temperatures remain mostly above freezing
during breeding, but highly unpredictable Arctic weather means
that buntings can be faced with sudden snowstorms in the mid-
dle of an already short summer across their breeding range
(Hussell 1972; Serreze and Barry 2005). In the fall, birds migrate
south as winter begins in the Arctic, with first arrivals on their
wintering grounds in late October (Macdonald et al. 2012; Mc-
Kinnon et al. 2016; Snell et al. 2018). Therefore, snow buntings
truly combine the “worst of both worlds” by having to migrate
fairly long distances (12,000 km; Johnson and Herter 1990;
Macdonald et al. 2016) while enduring harsh, cold conditions
across winter, migration, and arrival at their Arctic breeding
grounds. Given that the species seems well adapted for life in
nearly constant cold (Scholander et al. 1950a, 1950b; Vincent
and Bédard 1976; Montgomerie and Lyon 2011), it constitutes
an ideal model for examining whether such cold-adapted
northern species are limited in their flexible response to sea-
sonally variable environmental conditions, such as those of
lower latitudes.

Here, we investigated wintering phenotypic adjustments in
this cold specialist by exposing individuals to seasonal temper-
ature variation typical of that experienced by temperate zone
resident species (minimum:2267C;maximum: 287C). For this, we
used a data set from five consecutive years from captive buntings
held year-round in seminatural outdoor conditionswithin their
wintering range (487N). Specifically, we monitored fine ad-
justments in body mass (Mb), fat and lean mass, pectoralis
muscle thickness, oxygen transport capacity (hematocrit), and
metabolic performance (BMR and Msum) from August to early
March (i.e., the time during which snow buntings begin fat-
tening for migration; Vincent and Bédard 1976). We predicted
two potential outcomes given the life history of snow buntings.
First, if flexibility of traits underlying cold endurance is a com-
mon attribute among birds irrespective of temperature varia-
tion experienced within their habitats, buntings should express
a phenotypic pattern typical of cold acclimatization, as seen
in resident temperate passerines during winter at this latitude
(e.g., Petit et al. 2013)—namely, increases in body composition
parameters (Mb, fat and lean mass), hematocrit, thermogenic
capacity (Msum), thermogenic endurance and cold tolerance
(time to Msum and temperature at Msum, respectively), and
maintenance energy expenditure (BMR), with trait values
peaking at the coldest portion of winter (Petit et al. 2013, 2014).
Alternatively, if life in near-constant cold is associated with
limited flexibility in cold-endurance traits, birds would be
expected to show no clear patterns from the end of summer
to the peak of winter in a temperate environment, instead
maintaining winter-level cold hardiness throughout the in-
vestigated period (Reinertsen and Haftorn 1983; Sharbaugh
2001).
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Material and Methods

Ethics Statement

All bird handling was approved by the animal care committee
of the Université du Québec à Rimouski (CPA-54-13-130 and
CPA-71-17-195) and has been conducted under scientific (SC-48)
and banding (10889E) permits from Environment and Climate
Change Canada.

Captive Housing Conditions

From 2013 to 2018, we studied captive male snow buntings at
the avian facilities of the Université du Québec à Rimouski,
Canada (4872700000N, 6873004500W). Wild birds were captured
during winters using walk-in traps in fields around Rimouski
between January and March of each year. Birds were banded
with a combination of four colored bands for identification, and
we took morphometric measurements (length of head plus beak,
tarsus, tail, and right wing) at capture to calculate a body size
index (see below). Birds were maintained in an outdoor aviary
(5.8 m wide # 5.3 m deep # 2.6–3.6 m high, with angled ceil-
ing) andwere exposed to the elements while being sheltered from
direct precipitation. Once in the aviary, birds were fed ad lib.
with a seed mix (crushed corn, wheat, sorghum, white millet, red
millet, black oil sunflower; Armstrong, Hagersville, Ontario) and
Mazuri small bird maintenance mini diet (562A; Mazuri, Rich-
mond, IN) using several poultry feeders to guarantee access to
food for all individuals. We also offered ice-free water ad lib.
using heated bowls (1 L, Ukal, St. Hyacinthe, Quebec) and sup-
plemented with electrolytes (0.17 g/L; Electrolytes Plus, Veto-
quinol, Lavaltrie, Quebec) and vitamins (0.44 g/L; Poly-tonine A
Complex,Vetoquinol).The sizeofour studygroupvariedbetween
12 and 32 birds (average group size over 5 yr: 20.7 5 0.7) and
totaled 102 individual snow buntings because of the addition of
new birds each winter to replace mortalities.

Tracking of Environmental Variables

Between 2013 and 2018, from November to March of each
year, we measured air temperature (Ta) in the aviary using a
temperature-sensitive data logger (iButton DS1922L, Maxim Inte-
grated, San Jose, CA) suspended 155 cm above ground level in the
shade. Ta was recorded every 10 min, and we extracted the
average, minimum, and maximum Ta for each day. Missing data
(9.5% of total data set) were obtained from regressions between
iButton data and Ta data derived from the nearest weather
station (4873005000N, 6872800600W; Government of Canada, http://
climat.meteo.gc.ca; Ta average: r2 p 0:98; Ta minimum: r2 p
0:97; Ta maximum: r2 p 0:97). Day length data (i.e., interval
between sunrise and sunset, excluding twilight) were obtained
from the National Research Council of Canada (https://www
.nrc-cnrc.gc.ca).

Experimental Design and Sampling Schedule

Given that we were interested in tracking intraindividual
phenotypic variation, we repeatedly measured each bird from
the end of August to early March over 5 yr (range: 1–47 times
depending on the individual; table A1). Measurements of
metabolic performance, body composition, and hematocrit
occurring on the same day were limited to four birds per day,
resulting in an average of 21 d to measure all birds. These
measurements were performed on a monthly basis except for
2016–2018 (table A1). However, from October 2014 to Jan-
uary 2016 and from November 2017 to January 2018, body com-
position and hematocrit measurements were obtained twice a
month. Birds were thus measured a second time each month, all
on the same day. Each measurement series (table A1) for a given
month was conducted on similar dates each year.
Body Composition and Oxygen Carrying Capacity

For a given day of measure, our protocol involved the follow-
ing steps. Birds were caught in the aviary between 0800 and
1100 hours using a handheld net, and a blood sample (!1% of
Mb; McGuill and Rowan 1989) was immediately taken from the
brachial vein. These samples were later centrifuged (10 min at
8,000 rpm; UNICO PowerSpin BX centrifuge C886, UNICO,
Dayton, NJ) to obtain hematocrit data and plasma samples for
parallel studies. The birds were then weighed (50.01 g), and
we noninvasively estimated (50.01 g) the fat and lean com-
ponents of their Mb using quantitative magnetic resonance
(QMR; EchoMRI, Houston, TX; Guglielmo et al. 2011) be-
ginning in November 2014. Three or four QMRmeasurements
were taken on each bird (!12 min total in QMRmachine), and
average values were subsequently used for analyses. We also
noninvasively estimated the thickness of pectoralis muscles
by ultrasonography (Dietz et al. 2007; Swanson and Merkord
2013) using a LOGIQe ultrasound scanner fitted with a linear
probe (12 MHz; GE Healthcare, Wauwatosa, WI). We placed
the probe (enclosed in a latex condom containing ultrasonic gel
to avoid soaking the feathers; Royer-Boutin et al. 2015) on the
bird’s left pectoralis at a 907 angle to the keel, 1–2 mm from the
upper keel tip. This provided a cross-sectional image of the mus-
cle, whereby a thickness measurement could be obtained from
the base of the keel to the skin (at a 457 angle relative to the keel).
Our approach followed the procedure described by Royer-Boutin
et al. (2015) with the following improvement: keel height was also
measured for each bird to control for variation in muscle thick-
ness due to the positioning of the probe, knowing that both keel
height and muscle thickness are at their tallest/thickest close to
the furculum and values decrease toward the abdomen. As keel
height is strongly correlated with muscle thickness (n p 620,
r2 p 0:80, P < 0:001), including keel height as a covariate in
models statistically controls for any impact of probe position on
muscle thickness. Three or four measurements of pectoralis mus-
cle thickness and keel height were obtained for each bird and were
averaged for analyses. Repeatability of ultrasound measurements
were r2 p 0:97 for pectoralis and r2 p 0:89 for keel (but see
Royer-Boutin et al. 2015). Birds were then moved to an indoor
cage (117 cm wide# 31 cm deep# 39 cm high) with food and
water provided ad lib. until they were either released in the
aviary or used for metabolic performance measurements.
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Metabolic Performance Measurements

On days of metabolic rate trials, two birds were taken from
their cages forMsum measurements at least 1 h after ultrasound
measurements. Trials began between 1005 and 1450 hours
(average: 1205 hours 5 1 h 2 min; duration: 1.97 5 0.8 h),
and measurements on the remaining two birds began between
1215 and 1730 hours (average: 1440 hours 5 56 min; du-
ration: 1.80 5 0.7 h). Order and timing of trials did not affect
Msum, Ta at Msum, or time toMsum values and were not considered
further in analyses. Each trial began by measuring the birds’ Mb.
We then measured body temperature (Tb) with a thermocouple
reader (Omega HH-25KC, NIST traceable, Omega, Montreal)
using a copper constantan thermocouple inserted approximately
10 mm into the cloaca (mean Tb before Msum: 41.27 5 0.067C).
Birds were then placed in airtight stainless steel metabolic
chambers (1.5 L) equipped with a perch and a copper constantan
thermocouple connected to a Sable Systems TC-2000 thermo-
couple reader (Sable Systems, Las Vegas, NV) to continuously
monitor chamber temperature. Chambers were placed inside a
temperature-controlled cabinet (modified freezer), wherein
we performed a sliding cold exposure protocol (Swanson et al.
1996). Using a flow rate of 1,200 mL/min controlled by mass
flow valves (Sierra Instruments, Side-Trak, Monterey, CA)
calibrated for air and helox with a Bubble-O-Meter (Dublin,
OH), we first exposed the birds to dry, CO2-free air for 10 min
at 2187C (2157C in Aug. and Sept.), during which oxygen
readings on our analyzer (Servomex gas purity analyzer,
model 4100, Servomex, Boston, MA) were adjusted to 20.95%
for that same reference air. Chamber inflow was then switched
to a helox gas mixture (21% oxygen, 79% helium) to increase
heat loss (Rosenmann and Morrison 1974). A 5-min baseline
in helox was then recorded before measuring the birds’ oxygen
consumption ( _VO2), starting at 2187C or 2157C, with tem-
perature decreasing 37C every 20 min until birds became
hypothermic (visible as a steady decline in _VO2 for several
minutes) or the end of the program was reached. Birds with
Tb < 377C at the end of a trial were considered hypothermic
(Swanson and Liknes 2006). Before January 2015, our program
lasted 125 min, which allowed our freezer to reach temperatures
less than2307C (227.057 5 0.67C in chambers). However, even
though birds were exposed to helox, several snow buntings
showed no signs of hypothermia at this temperature. Starting in
January 2015, we therefore extended our program to 185 min
and added dry ice in the cabinet as soon as the temperature in
the cabinet reached 2307C, which allowed all birds to become
hypothermic. Out of 326 individual measurements, 41 (12.6%)
involved birds that were considered nonhypothermic by the end
of the trial. However, as maximal _VO2 can occur earlier than the
typical decline in _VO2 that indicates hypothermia (Dutenhoffer
and Swanson 1996), a hypothermic state is not a prerequisite to
confirm thatMsum has been attained. In this study, we decided to
include all measurements in analyses because removing non-
hypothermic birds had no influence on the final results. Birds
were then placed back in their cage with food and water until
BMR trials.
We measured BMR on all four birds simultaneously, starting
between 1700 and 2200 hours (average duration: 13:75 1:2 h).
Metabolic chambers were placed in a PELT-5 (Sable Systems)
temperature cabinet set at 257C, a temperature within the
thermoneutral zone of snow buntings (Scholander et al. 1950a).
Throughout the night, birds received dry, CO2-free air at a
constant rate of 650 mL/min maintained by mass flow con-
trollers. The air sent to the analyzer alternated automatically
between reference air (10 min) and chamber air (40 min) using a
multiplexer (Sable Systems MUX). After BMR measurements,
birds were released back into the outdoor aviary.

For both Msum and BMR measurements, before excurrent air
from chambers entered the analyzer, it was scrubbed of water
and CO2 using columns of H2O absorbent (indicating desiccant
6–8 mesh, Millipore, Etobicoke, Ontario, and indicating drierite
8 mesh, Hammond Drierite, Xenia, OH) and a column of CO2

absorbent (Intersob 812 mesh, Intersurgical, Burlington, On-
tario), respectively. Oxygen levels were recorded with a sampling
interval of 5 s for Msum and 20 s for BMR. Metabolic rate cal-
culations were conducted using ExpeData software version 1.8.4
(Sable Systems). Msum and BMR calculations were based on the
highest and lowest averaged 10 min of _VO2, respectively, using
equation (10.1) from Lighton (2019). Msum was calculated using
the instantaneous measurement technique (Bartholomew et al.
1981), whereas BMR calculations assumed a steady state. As
temperature changed automatically every 20 min during Msum

trials, all birds starting at 2187C (n p 298) experienced the
same measurement sequence. Consequently, for these individ-
uals, we could calculate thermogenic endurance (sensu Swanson
and Liknes 2006), defined here as the time needed for a bird to
reach its Msum (hereafter, “time to Msum”). We also extracted the
metabolic chamber temperature at which each bird attained
its Msum (hereafter, “Ta at Msum”). The duration of BMR trials
ensured that birds were postabsorptive at the time of BMR
measurement (which occurred after 6:285 2:45 h of mea-
surement on average). We converted _VO2 to energy consump-
tion assuming a respiratory quotient of 0.71, and we converted
units to watts using a thermal equivalent of 19.8 kJ/L O2 (Gessaman
and Nagy 1988).
Statistical Analysis

Intraseasonal Variation in Phenotypic Traits. Our main ob-
jective was to obtain a detailed pattern of phenotypic variation
in body composition, hematocrit, and metabolic performance in
wintering outdoor captive snow buntings. Our analyses therefore
focused on the period spanning from August to early March.
August was our reference point for the summer phenotype, the
time at which breeding in the Arctic is completed. Although
March is still a winter month in Rimouski, with subzero tem-
peratures and snow on the ground, it was considered the end of
winter in this study because birds begin to fatten up at this time
and change their phenotype for migration (Vincent and Bédard
1976; Laplante et al. 2019; Le Pogam et al. 2020).

We used linear mixed effects models to investigate patterns
of variation in each parameter. Bird ID was included as a
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random variable to control for repeated measurements on the
same bird. Models also included a fixed time variable called
“month,” which corresponds to the sequence of measurement,
including one or two measures per month (e.g., Dec.-1, Dec.-2,
Jan.-1, Jan.-2, etc.; table A1). The variable year was ultimately
treated as a random parameter because we did not have mea-
surements for all months in each of the 5 yr. Consequently, we
could not include a month# year interaction term in our mod-
els, which would have been the variable required for interpreting
year effects in seasonal phenotypic changes (because the variable
year would pool values for all months). We nevertheless visually
represented interannual variation for each parameter (gray points
and lines in figs. 2, 3), and to do so, we conducted the same linear
mixed effects models for each year separately and generated the
associated least squares means used in the figures.
Although our captureswere all conducted in themorning, we

also considered the potential effect of daily fattening (e.g.,
Laplante et al. 2019) on our variables by including relative
time of capture (e.g., the time between sunrise and capture/day
length). However, this variable was never significant, so we did
not consider it further. Because structurally large individuals
can carry more fat reserves and more lean tissue than smaller
individuals (Peig and Green 2009), we included a measure of
structural body size as a covariate in models investigating var-
iation in total, lean, and fat mass as well as in models for pec-
toralis muscle thickness. Least squares means extracted from
models with a significant size covariate are therefore presented as
size-independent variables.Our structural body size estimatewas
the first principal component obtained from a principal com-
ponent analysis combining variation in head plus beak, tarsus,
wing, and tail length (Rising and Somers 1989). For analyses
investigating variation in pectoralis muscle thickness, we also
included keel height as a covariate to control for variation in
thickness due to probe positioning.
Seasonal variation in metabolic performance, thermogenic

endurance, and cold tolerance was first analyzed considering
whole Msum, time to Msum, Ta at Msum, and BMR before ex-
ploring mass-independent variation. This was done using the
same approach as for the size effect on body composition.
However, we used lean mass rather than totalMb as a covariate
in models because changes in the amount and activity of lean
tissue are considered the main driver of whole-animal met-
abolic rate in birds (Piersma et al. 1996, 2004; Swanson et al.
2017a). Least squares means extracted from models with a
significant lean mass covariate are therefore presented as mass-
independent variables. Note that time to Msum and Ta at Msum

analyses were based only on data collected after we began using
dry ice, and individuals starting at2157C were removed for the
time to Msum analyses.

Relationships between Phenotypic Traits. This study also pro-
vided an opportunity to investigate how body composition pa-
rameters might covary over time and relate with metabolic per-
formance. We thus extracted least squares means generated by
the mixed effects models described above including year as a
random parameter and used them in linear regressions where
each point then represented the average value for a specific month
(see Vézina et al. 2011). Therefore, this new set of data included 14
values for each parameter of body composition and hematocrit and
eight values for each parameter of metabolic performance. In the
specific cases where we compared least squaresmeans ofmetabolic
performance with least squares means of body composition, we
kept only the eight values of body composition or hematocrit that
matched the eight values of metabolic performance over time.
Because the least squares means used came from our mixed effects
models, they were all controlled for repeated measures (bird ID).
Moreover, for lean, fat, and total mass and muscle thickness, least
squares means were controlled for structural body size, while
muscle thickness was also controlled for keel height. For meta-
bolic performance, we used mass-independent Msum and mass-
independent BMR.

Normality of residuals was confirmed visually for all models.
All analyses were conducted using JMP pro (12.0.1), and data
are presented as mean5 SEM. Post hoc independent contrast
analyses were used to investigate differences between selected
months.

Results

Intraseasonal Variation in Abiotic Parameters
and Phenotypic Traits

Temperature and Day Length. Over the course of the experi-
ment, birds were exposed to mean daily Ta below 07C from
December to March (fig. 1), and Ta reached its coldest values
in January (Ta average: 28:9750:77C, Ta minimum: 212:775
0:87C). However, February was just as cold, with less than a 17C
difference (Ta average: 28:7750:77C, Ta minimum: 212:775
0:87C). In August, mean Ta averaged 19:5750:87C (Ta mini-
mum: 15:3750:87C). Day length decreased 5.8 h between
August (14.3 h) and December to reach the shortest day in
December (8.4 h) before increasing 3.6 h between December
and March (11.9 h).

Body Composition and Oxygen Carrying Capacity. Size-
independent Mb (body size: F1, 91 p 10:7, P < 0:005) varied
over time (month: F13, 810 p 10:1, P < 0:0001; fig. 2A). In early
September, birds had a mass comparable to that observed in
summer (Aug. vs. Sept.-1: P p 0:5).Mb then gradually increased
until it culminated in late December at a level 13.2% higher
than that in early September (Sept.-1 vs. Dec.-2: F1, 798 p 44:3,
P < 0:0001). Past this peak, size-independent Mb declined
gradually to reach levels in March that were indistinguishable
from those recorded in August (Aug. vs. Mar.: P p 0:4) or early
September (Sept.-1 vs. Mar.: P p 0:3).

Temporal variation in body fat showed a pattern differ-
ent from that for Mb (month: F13, 591 p 13:0, P < 0:0001; no
influence of body size, P p 0:40; fig. 2B). Indeed, from
1:905 0:51 g in August, fat mass increased 246.5% to reach
6:585 0:53 g in October (Aug. vs. Oct.-1: F1, 499 p 88:4,
P < 0:0001). Body fat then remained relatively stable for the
remainder of winter (Oct.-1 vs. Jan.-1: P p 0:06) before
starting to decline in January to 4:605 0:48 g in March, a level
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30.3% lower than in December (Mar. vs. Dec.-2: F1, 607 p 26:0,
P < 0:0001) but still 142.2% higher than in summer (Mar. vs.
Aug.: F1, 441 p 34:9, P < 0:0001).
Size-independent lean mass (body size: F1, 63 p 15:3, P <

0:0005) showed a pattern opposite to that of fat (month:
F13, 592 p 26:5, P < 0:0001; fig. 2C). Lean mass was high in
August (27:275 0:31 g) and decreased to reach a value 12%
lower (24:05 0:32 g) in October (Aug. vs. Oct.-1: F1, 593 p
213:4, P < 0:0001). Then lean mass gradually increased through-
out winter to plateau between late December and March (Dec.-2
vs. Jan.-1 to Mar.: P p 0:2) at an average level (24:965 0:09 g)
8.5% lower than in summer (Aug. vs. Dec.-2 to Mar.: F1, 587 p
184:4, P < 0:0001). Lean mass in January and February was
nevertheless 4.1% higher than in early October (Oct.-1 vs. Jan.-1
to Feb.-2: F1, 595 p 31:4, P < 0:0001).
Size-independent pectoralis muscle thickness (body size:

F1, 57 p 5:5, P < 0:05) also varied over time (month: F13, 525 p
10:5, P < 0:0001; keel height: F1, 522 p 1,325:3, P < 0:0001;
fig. 2D). Muscle thickness was 6:15 0:1 mm in August and
gradually increased 7.9%, reaching 6:65 0:1 mm by late Oc-
tober (Aug. vs. Oct.-2: F1, 519 p 46:4, P < 0:0001). Muscles
then remained at that level for the rest of winter (Oct.-2 vs.
Nov.-1 to Mar.: P p 0:1).
Hematocrit increased (month: F13, 560 p 38:8, P < 0:0001;

fig. 2E) from 45:2%5 0:95% in August to 55:5%5 0:97% in
late November (Aug. vs. Nov.-2: F1, 553 p 251:2, P < 0:0001)
and remained relatively high (54:7%5 0:2% on average) until
March (Nov.-2 vs. Mar.: P p 0:5).

Metabolic Performance. Msum, whether considered whole or
mass independent, varied significantly over time (whole: month,
F7, 248 p 10:8, P < 0:0001; mass independent: month, F7, 160 p
13:5, P < 0:0001; mass: F1, 190 p 20:9, P < 0:0001; fig. 3A). It
increased gradually to reach its maximal level in February (Msum:
126.6% Sept. to Feb., contrast: F1, 189 p 33:9, P < 0:0001) or
January to February (mass-independent Msum: 133.1% Aug. to
Jan. to Feb., contrast: F1, 177 p 59:7, P < 0:0001; no difference
between Jan. and Feb., contrast: P p 0:95). The model using
lean mass as a covariate explained more of the variation inMsum

(model: r2 p 0:68) than the one without (model: r2 p 0:48).
Time to Msum varied over time (month: F6, 171 p 21:5, P <

0:0001; mass: P p 0:3; fig. 3B). It increased progressively to
stabilize between January and March (Aug. vs. Jan.: F1, 165 p
33:9, P < 0:0001; no difference between Jan. and Mar., P p
0:42). As cold hardiness improved, birds took twice as long to
reach their Msum (1:85 0:05 h) in January through March
compared with in August (0:35 0:3 h). Ta at Msum also varied
over the winter (month: F7, 1,425 p 17:8, P < 0:0001; mass:
P p 0:06). Between January and March (Jan. vs. Mar.:
P p 0:80), birds reached their Msum at 222:5750:017C in a
helox environment compared with 28:3750:97C in August
to September (Aug. to Sept. vs. Jan. to Mar.: F1, 137 p 108,
P < 0:0001).

As forMsum, BMR considered whole or mass independent also
varied over time (whole: month, F7, 287 p 3:3, P < 0:005; mass
independent: month, F7, 154 p 2:3, P < 0:05; mass: F1, 204 p
17:6, P < 0:0001; fig. 3C). However, the pattern was unclear,
as BMR remained largely stable throughout winter with lower
values detectable in September and February, although these
differences were significant only for whole BMR (contrast
between Aug. [0:535 0:02 W] and Sept. [0:485 0:02 W]:
F1, 260 p 10:1, P < 0:005; contrast between Aug. and Feb.
[0:485 0:02 W]: F1, 271 p 14:2, P < 0:0005). For lean mass–
independent BMR, the only significant difference was that
Figure 1. Variation in mean, minimum, and maximum temperatures and day length experienced by outdoor captive snow buntings in Rimouski,
Quebec, from 2013 to 2018.



Figure 2. Intraseasonal variation in body composition and hematocrit over 5 yr in outdoor captive snow buntings. Data are least squares means
(5SEM) by month for body mass (A), fat mass (B), lean mass (C), pectoralis muscle thickness (D), and hematocrit (E). Least squares means were
obtained from a mixed general linear model (GLM) controlling for month, with year and bird ID as random parameters. Least squares means also
control for structural body size (not significant for fat mass) in A, C, and D and for keel length in D. Least squares means per year (gray) were
obtained from a mixed GLM controlling for the same parameters except year.
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observed between February and March (F1, 182 p 5:3, P < 0:05).
Here again, the model including lean mass as a covariate explained
more of the variation in BMR (model: r2 p 0:67) than the model
without (model: r2 p 0:49).
Relationships between Phenotypic Traits

Comparing monthly average values in regression analyses
revealed that most of the seasonal variation in total Mb was
explained by variation in body fat (n p 14, r2 p 0:57, P <

0:005; fig. 4A; no significant relationship between total mass
and lean mass, P p 0:3). Interestingly, our results also showed
a relatively strong negative relationship between lean and fat
components of Mb over the season (n p 14, r2 p 0:66,
P < 0:0005; fig. 4B), where birds carried less lean mass when
they were at their fattest (see also fig. 2B, 2C). Our results further
indicated that in months when birds were at their fattest,
pectoralis muscles were large (n p 14, r2 p 0:42, P < 0:05;
fig. 4C), and large muscles were associated with higher oxygen
carrying capacity (n p 14, r2 p 0:85, P < 0:0001; fig. 4D).
Average monthly variation in hematocrit was also strongly
positively associated with monthly variation in lean mass–
independent Msum (n p 8, r2 p 0:96, P < 0:0001; fig. 4E).
Our analyses further revealed a significant relationship
Figure 3. Intraseasonal variation in metabolic performance over 5 yr in outdoor captive snow buntings. Data are least squares means (5SEM) by
month for summit metabolic rate (Msum; A), time to Msum and air temperature (Ta) at Msum (B), and basal metabolic rates (BMR; C). Least squares
means were obtained from a mixed general linear model (GLM) controlling for month and lean body mass for all parameters (lean mass not
significant for Ta atMsum and time toMsum), with year and bird ID as random parameters. Least squares means per year (gray) were obtained from a
mixed GLM controlling for the same parameters except year.
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between size-independent pectoralis muscle thickness and lean
mass–independent Msum (n p 8, r2 p 0:81, P < 0:005; fig. 4F).
There were no correlations between lean mass–independent
BMR and lean mass–independent Msum (P p 0:6) and between
whole BMR and lean mass (P p 0:5).
Discussion

This is the first longitudinal multiyear study to present phe-
notypic adjustments in a northern cold-specialized species ex-
posed to seasonal temperature variation typical of temperate
Figure 4. Relationships between phenotypic traits in outdoor captive snow buntings. Presented are results of regression analyses testing for
relationships between body mass and fat mass (A), lean mass and fat mass (B), pectoralis muscle thickness and fat mass (C), pectoralis muscle
thickness and hematocrit (D), summit metabolic rate (Msum) and hematocrit (E), andMsum and pectoralis muscle thickness (F). Values are monthly
least squares means (5SEM) generated by our mixed effects models and are based on the period from August to March.
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zone climates. Snow buntings showed flexibility in functions
underlying thermogenic capacity and cold endurance com-
parable to that observed in temperate resident passerines
(Dawson and Marsh 1986; Swanson and Olmstead 1999; Petit
et al. 2013). Specifically, Mb, fat mass, pectoralis muscle thick-
ness, and hematocrit increased from summer to winter. Maximal
thermogenic capacity (Msum) and cold endurance (time to Msum)
were also at their highest during the coldest months, when birds
reached their Msum at the coldest temperatures. However, in
contrast with previous studies on resident species at this latitude
(Petit et al. 2013, 2014), lean mass declined as the birds gained
mass, and BMR showed no clear pattern, remaining relatively
stable throughout winter.
Changes in Body Composition through Time

Our data show that snow buntings maintained heavier Mb in
winter than in summer, a finding also common in passerines
wintering at both temperate and northern latitudes (e.g., Brooks
1968; White and West 1977; Carey et al. 1978; Liknes and Swan-
son 1996; Zheng et al. 2008; Petit et al. 2014). The birds increased
their Mb 13.2% from early September to late December, and this
mass gain, primarily driven by body fat (fig. 4A), falls in the range
of 9%–22% reported for northern resident species (Barnett 1970;
Pohl 1971; Pohl and West 1973; Sharbaugh 2001). Interestingly,
Mb was highest in late December. Although this month is not the
coldest of winter, it is the month with the shortest days (fig. 1).
This finding corroborates a recent report by Laplante et al.
(2019), who observed a negative relationship between Mb and
day length in wild wintering snow buntings, suggesting that
these birds maintain larger fat reserves as an energy buffer when
feeding time is limited.
Small wintering birds accumulate fat to sustain longer and

colder nighttime fasting periods and to provide emergency re-
serves during low food availability (Blem 1976; Lehikoinen 1987;
Marsh and Dawson 1989; O’Connor 1995; Gosler 1996). Snow
buntings exhibited a rapid increase (nearly 250%) in fat mass
between August and October and then remained relatively stable
until late December, after which fat mass gradually declined.
This pattern contrasts with other species, where fat increases
gradually and peaks during the coldest periods of winter (Brooks
1968; Evans 1969; White and West 1977; Dawson and Marsh
1986). However, it is important to note that our findings appear
largely driven by an early increase in fat mass in one of two years.
During 2015–2016, birds exhibited the expected gain in fat,
whereas in 2017–2018, birds already had large reserves in late
September. The reasons for this difference are unknown and
cannot simply be explained by differences in Ta because adding
mean Ta for the days of measure in the models showed no
significant influence of Ta and did not change the findings.
Declining levels of fat during the peak of cold in January and
February have also been seen in other resident species (Brooks
1968; Evans 1969; White and West 1977; Carey et al. 1978) and
are consistent with the lower fat scores reported by Laplante et al.
(2019) during the coldest days of winter in free-living snow
buntings. As suggested by Mandin and Vézina (2012), this could
result from thermoregulatory requirements forcing birds to con-
sume a greater part of their daily energy intake, potentially limit-
ing their capacity to accumulate or maintain fat reserves.

Avian cold acclimatization or acclimation is typically asso-
ciated with size increases in several internal organs, including
cardiopulmonary organs, skeletal muscles, and nutritional
organs (e.g., Zheng et al. 2008; Liknes and Swanson 2011; Petit
et al. 2014; Barceló et al. 2017). Although we could not study
body composition at the organ level, we did monitor individual
changes in lean mass. Counter to predictions, lean mass declined
rapidly between August and October before leveling and then
increasing in late December to reach a plateau for the rest of
winter. These data partially conform to the pattern reported in
other passerines where lean mass increases in winter (Chaplin
1974; Dawson and Marsh 1986; Petit et al. 2014), potentially as
a result of higher food intake and, consequently, larger digestive
and excretory organs (e.g., Zheng et al. 2008; Liknes and Swanson
2011; Petit et al. 2014; Barceló et al. 2017). However, the causes
for the rapid loss of lean mass in the fall are not known.

We found that snow buntings increased the size of their
pectoralis muscles fromAugust to October andmaintained it for
the rest of winter. Although interseasonal variation inmuscle size
has never been studied at comparable temporal scales in pas-
serines, several studies have reported increases in flight muscle
mass between summer and winter (e.g., Swanson 1991a; Cooper
2002; Liknes and Swanson 2011; Swanson and Merkord 2013;
Petit andVézina 2014). This is often interpreted as an adjustment
to improve shivering heat production (Swanson 1991b; Liknes
and Swanson 2011; Petit et al. 2014) because Msum is typically
correlated with muscle mass or size (Swanson 1991b; O’Connor
1995;Cooper 2002; Petit et al. 2014; but seeMilbergue et al. 2018),
including in buntings (Dubois 2016; this study). However, in the
current case, pectoralis muscle size stabilized much earlier than
peakMsum (figs. 2D, 3A). Given the relationship betweenmonthly
averaged muscle thickness and body fat (fig. 4C), the early fall
increase in flight muscle size could also reflect compensation for
increasing Mb to maintain flight capacity (Pennycuick 1975;
Lindström et al. 2000; Dietz et al. 2007; Petit and Vézina 2014;
McKechnie et al. 2015). Alternatively, because lipids are the main
fuel supporting shivering thermogenesis (Vaillancourt et al. 2005),
thickermuscles in wintering buntings could also partly result from
larger cellular fat storage within themuscle tissue itself (Ramenofsky
et al. 2017; Carter et al. 2019). Consistent with this latter argument
is the obvious difference in muscle thickness between years,
wherein birds carried 5% more fat and had thicker muscles in
2014–2015 compared with 2015–2016 (fig. 2). This could also
explainwhymuscle thickness (which shouldmainly consist of lean
tissue) increased, while total leanmass decreased (compare fig. 2D
with fig. 2C).
Changes in Metabolic Performance through Time

Summit Metabolic Rate and Temperature at Summit Metabolic
Rate. The observed gradual increase in Msum and the 27%–33%
higher values measured during the coldest time of the year
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(Feb.) are very similar in pattern and values (29%–34%) to that
reported for resident black-capped chickadees wintering less
than 22 km away from our captive population (Petit et al. 2013,
2014). It also compares with observations in other resident
species living at temperate (McKechnie et al. 2015) and Arctic
(Saarela et al. 1995) latitudes. As suggested by Petit et al. (2013),
the observed gradual adjustments in thermogenic capacity be-
ginning very early in the fall (Sept.) and culminating at the peak
of winter could reflect a continuous response to increasingly
colder temperatures. AdjustingMsum early and well ahead of peak
winter conditions could be necessary if this trait responds slowly
to changes in temperature (Petit and Vézina 2014; Dubois et al.
2016).
The adjustments in Msum were paralleled by a gradual in-

crease in time toMsum and by a decline in Ta atMsum. Together
these results indicate that snow buntings were able to generate
more heat at the peak of winter, thereby increasing their cold
tolerance (Swanson 2010). In January, themean heloxTa eliciting
maximal heat production in these birdswas222:2751:17C. This
is similar to that reported by Vézina et al. (2006) in cold-
acclimated red knots (Calidris canutus islandica), a shorebird
species more than three times heavier. This is also 87 and 117C
colder than the temperature at cold limit (helox Ta marking the
beginning of decline in _VO2 following Msum) reported by
Swanson and Liknes (2006) in horned larks (Eremophila
alpestris; ≈35:45 2:7 g) and northern cardinals (Cardinalis
cardinalis; ≈48:35 3:6 g), respectively. Although Msum is mea-
sured under maximum _VO2 conditions and birds likely do not
operate at this level in the wild, these results clearly demonstrate
that snow buntings are extreme cold specialists. Indeed, using
mean conductance values from outdoor captive snow buntings
measured in atmospheric air duringwinter (J. Drolet and F.Vézina,
unpublished data), we estimated that the Ta required to elicit the
February level ofMsum in snow buntings would be293:6756:47C.

Oxygen Carrying Capacity and Summit Metabolic Rate.Higher
hematocrit levels in winter appear to be a common phenomenon
in birds (e.g., DeGraw et al. 1979; Piersma et al. 2000; Pap et al.
2010; Buehler et al. 2012), and at the individual level, oxygen
carrying capacity has been shown to correlate positively with
Msum (Swanson 1990b; Petit and Vézina 2014; Petit et al. 2017).
Accordingly, monthly average analyses revealed a close and pos-
itive association between hematocrit and lean mass–independent
Msum (fig. 4E), suggesting that buntings meet the increased
oxygen requirements associated with high thermogenic ca-
pacity, in part, through an increase in hematocrit. Interestingly,
as correcting Msum for lean mass should also partly control for
the influence of skeletal muscle mass on Msum (Vézina et al.
2011), this finding further suggests a link between oxygen
delivery and metabolic intensity at the cellular level during
active shivering.

Basal Metabolic Rate. Small-bodied species experiencing marked
seasonal weather changes typically exhibit an increase in BMR
during the cold season (Pohl and West 1973; Cooper and
Swanson 1994; Liknes and Swanson 1996; Zheng et al. 2008), and
this can reach considerable levels (e.g., 64% in house sparrows;
Arens and Cooper 2005). In our study, BMR showed no clear
seasonal patterns, although some monthly variation could be
detected in whole-animal values. This suggests that maintenance
costs in wintering buntings remain seasonally stable. Similar
patterns have also been observed in northern resident species
(e.g., willow tits [Reinertsen and Haftorn 1983]; siskins [Spinus
spinus; Saarela et al. 1995]). Sharbaugh (2001), for instance,
reported no seasonal variation in resting metabolic rate mea-
sured at 257C in Alaskan (647N) black-capped chickadees.

King and Farner (1961), and more recently Swanson et al.
(2017b), argued that there is no adaptive advantage for animals
to increase BMR. Instead, a high BMR, as seen in species win-
tering in cold conditions, could result from upregulated func-
tions required to maintain thermogenic capacities and balanced
energy budgets under constraining environments. In wintering
birds coping with high thermoregulatory requirements, energy
conservation is paramount to minimize environmental effects
on energy budgets (e.g., Reinertsen 1996). One way to reduce
maintenance costs during the winter would be to decrease or
minimize the amount of metabolically active lean mass (e.g.,
the rapid decline observed in the fall in our buntings). However,
this may not be the only solution for buntings because whole-
animal BMR and lean mass were not correlated when com-
paring monthly average patterns. Alternatively, changes in
metabolic intensity (e.g., downregulation) at the cellular level
could also contribute to energy economy, and this could un-
couple relationships between maintenance costs and lean mass
(Milbergue et al. 2018). Given the notable increase in Msum

observed in this study, it appears that snow buntings may be
particularly efficient at minimizing the effect of winter on their
maintenance costs.

Conclusions. In this investigation, we have shown that the snow
bunting, a circumpolar passerine species living in the cold most
of its life, exhibits considerable changes in several phenotypic
traits when exposed to seasonal temperate zone temperature
variation. Our results therefore suggest that flexibility in traits
associated with thermal acclimatization in cold-adapted north-
ern species is comparable to that of temperate resident species
living at lower latitudes and is therefore not constrained by life in
near-constant cold.

Our data also show that buntings have remarkable capacities
to endure cold environments (e.g.,Msum reached atTa equivalent
to 2947C during the coldest months) while potentially mini-
mizing the impact of life in these environments onmaintenance
costs (no seasonal increase in BMR). These phenotypic adap-
tations are consistent with snow buntings being extreme cold
specialists capable of maximizing performance across multiple
life-history stages under consistently cold conditions. More re-
search is needed however to uncover the physiological mech-
anisms that allow buntings to managing the “worst of both
worlds” across migration, breeding, and wintering. Importantly,
determining these underlying mechanisms will aid in predicting
whether this cold specialist can cope with the increasing Ta

forecast in its Arctic home.
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