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Abstract In birds, acclimation and acclimatization to
temperature are associated with changes in basal (BMR),
summit (M) and maximal (MMR) metabolic rates but
little is known about the rate at which species adjust their
phenotype to short-term temperature variations. Our aims
were (1) to determine the pattern of metabolic adjustments
following a rapid temperature change, (2) to determine
whether performance varies at similar rates during expo-
sure to warm or cold environments, and (3) to determine
if BMR, M, and MMR change at comparable rates dur-
ing thermal acclimation. We measured these parameters
in white-throated sparrows (Zonotrichia albicollis), black-
capped chickadees (Poecile atricapillus), and snow bun-
tings (Plectrophenax nivalis) after acclimation to 10 °C
(day 0) and on the 4th and 8th days of acclimation to
either —5 or 28 °C. Birds changed their metabolic pheno-
type within 8 days with patterns differing among species.
Sparrows expressed the expected metabolic increases in
the cold and decreases at thermoneutrality while perfor-
mance in chickadees and buntings was not influenced by
temperature but changed over time with inverse patterns.
Our results suggest that BMR varies at comparable rates in
warm and cold environments but changes faster than M
and MMR, likely due to limitations in the rate of change
in organ size and function. They also suggest that maximal
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metabolic capacity is lost faster in a warm environment
than it is gained in a cold environment. With the expected
increase in temperature stochasticity at northern latitudes,
a loss of thermogenic capacity during warm winter days
could, therefore, be detrimental if birds are slow to readjust
their phenotype with the return of cold days.

Keywords Basal metabolic rate - Body composition -
Maximal metabolic rate - Phenotypic flexibility - Summit
metabolic rate - Thermal acclimation

Introduction

In small avian species, thermal acclimation and acclima-
tization are typically associated with flexible adjustments
of two components of metabolic performance (Swanson
2010). Basal metabolic rate (BMR) represents the mini-
mal amount of energy used to maintain vital functions in
a resting animal at thermoneutrality (McKechnie 2008)
while summit metabolic rate (My,,,) is a measure of maxi-
mal shivering heat production during cold exposure. As
My, is positively correlated with cold tolerance (Swanson
et al. 1996), it is commonly interpreted as an indicator of
a bird’s ability to endure cold environments. Both BMR
and M, are known to increase in response to experimen-
tal and natural cold exposure (Broggi et al. 2007; Cooper
and Swanson 1994; Klaassen et al. 2004; Liknes et al.
2002; Maldonado et al. 2008; Petit et al. 2013; van de
Ven et al. 2013), and evidence suggests that this variation
partly results from underlying changes in size and/or meta-
bolic intensity of internal organs (Vézina et al. 2006; Wil-
liams and Tieleman 2000; Zheng et al. 2008). For instance,
cold-induced increases in BMR are commonly associated
with the enlargement of organs responsible for energy
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acquisition, such as the intestines, gizzard, liver or kidneys
(Liu and Li 2006; Sabat et al. 2009; Williams and Tiele-
man 2000; Zheng et al. 2008 but see Petit et al. 2014) while
larger muscles, particularly those used for flight, have been
shown to result in higher thermogenic capacity (Petit and
Vézina 2013; Swanson and Vézina 2015; Swanson et al.
2013, but see Swanson et al. 2014a).

Birds preparing for migration also show increases in
M,,, (Swanson and Dean 1999; Vézina et al. 2007). This
results from the development of pectoral muscles typically
seen during the period preceding departure (Swanson and
Dean 1999; Vézina et al. 2007). Since both shivering and
locomotion use the same muscles, larger flight muscles
developed for migration bring the added benefit of increas-
ing cold endurance (Swanson and Dean 1999; Vézina et al.
2007). Similarly, cold acclimatization comes with a side
benefit, where larger skeletal muscles and heart (Cooper
2002; O’Connor 1995; Saarela and Hohtola 2003; Vézina
et al. 2006; Zhang et al. 2015a), as well as the associated
increase in oxygen carrying capacity (Petit and Vézina
2013), lead to an improvement of maximal locomotor
performance (Zhang et al. 2015a). The maximal amount
of energy spent during intense exercise is called maxi-
mal metabolic rate (MMR). Like M., MMR is thought
to reflect physical endurance (McKechnie and Swanson
2010; Piersma 2011) and varies with pectoral muscle size
(Wiersma et al. 2007).

Studies on flexible adjustment of metabolic performance
during thermal acclimation typically report final ampli-
tudes of response. Birds are generally separated into two
temperature treatments and parameters are measured after
an acclimation period varying between a few weeks (Bush
et al. 2008; Maldonado et al. 2008; McKechnie et al. 2007;
Williams and Tieleman 2000) to several months (Klaas-
sen et al. 2004). The amplitude of response is then deter-
mined as the difference between final phenotypes in cold
and warm treatments. However, although the amplitude of
metabolic flexibility informs on the response of a species,
it does not allow for predicting the rate at which that spe-
cies can change its phenotype. For instance, two species
could have similar amplitudes of response, which would
make them considered equally flexible, while they may
not be able to reach their new phenotype at the same rate.
This is important in the context of ongoing climate change,
since acute weather events as well as rapid daily temper-
ature fluctuations are expected to increase in frequency
and amplitude (Easterling et al. 2000; IPCC 2013; Katz
et al. 2005). Adapting a phenotype to a new constraining
environment is admittedly beneficial but adjusting it too
late or too slowly could potentially have negative fitness
consequences.

As far as we know, only one study investigated the
rate of change in metabolic performance in response to
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temperature variations in free-living birds. Swanson and
Olmstead (1999) found that dark-eyed juncos (Junco hye-
malis) and black-capped chickadees (Peocile atricapillus),
which are generally associated with forest habitats (Foote
et al. 2010; Nolan et al. 2002), tended to adjust their BMR
and M, within 14-30 days following changes in aver-
age ambient temperature while American tree sparrows
(Spizella arborea), a species associated with open areas
(Naugler 2014), responded much more rapidly, within
5 days after a temperature change. Therefore, species liv-
ing in contrasted environments could show different rates
of adjustment to temperature variations. Experimental evi-
dence also suggests that the rate of change in metabolic
parameters can differ depending on whether the environ-
ment is warming up or cooling down. Indeed, Barcelo
et al. (2009) found that BMR of rufous-collared sparrows
(Zonotrichia capensis) changed more rapidly when temper-
ature went from 22 to 15 °C (cold treatment), increasing by
29 % over a 4-week period compared to birds showing only
a 13 % decline in BMR when temperature changed from 22
to 30 °C (warm treatment) over the same period (see also
McKechnie et al. 2007 for a similar study). Whether a simi-
lar pattern also exists for M and MMR remains, how-
ever, to be determined.

Recent evidence also suggests that BMR, My =~ and
MMR could differ in the rate at which they respond to a
given change in thermal environment. For example, in
black-capped chickadees undergoing seasonal cold accli-
matization in eastern Canada, both BMR and M, were
found to peak in February (Petit et al. 2013). However, the
increase in Mg,,, began more than a month before changes
could be detected in BMR (Petit et al. 2013), possibly start-
ing as early as at the end of August (Petit and Vézina 2014),
while BMR began its seasonal increase only between
November and December (Petit et al. 2013). Although this
could reflect variables responding to different constraints
(Petit et al. 2013; Petit and Vézina 2014), the pattern also
suggests that M, may be slower to change than BMR.
Bauchinger and McWilliams (2009, 2010) demonstrated
that the rate of change in avian organ mass is determined
by tissue-specific protein turnover rates. They showed that,
among body components, the intestines, liver and kid-
neys, which are large and often found to influence BMR
in cold acclimated birds (Liknes and Swanson 2011a; Liu
and Li 2006; Petit et al. 2014; Williams and Tieleman
2000; Zheng et al. 2008), have the highest rate of turno-
ver while flight and leg muscles, which are associated with
maximal metabolic performance (Marsh and Dawson 1989;
Petit et al. 2013; Swanson et al. 2013, 2014b; Vézina et al.
2006, 2007; Wiersma et al. 2007), have the lowest rate of
tissue turnover. Therefore, assuming that changes in basal
and maximal metabolic rates during thermal acclimation
primarily reflect size changes in these specific organs, one
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could expect BMR to respond faster than M, and MMR
to a change in temperature due to intrinsic limitations in
organ transformation rate.

We are not aware of experimental studies that have pre-
cisely described patterns of avian flexibility in basal and
maximal metabolic rates in response to thermal changes
within a time period shorter than 3 weeks (see Rezende
et al. 2004 and Zhu et al. 2010 for studies in mammals).
For this experiment, our objectives were (1) to characterize
the pattern of adjustment in metabolic performance follow-
ing a rapid change in temperature and determine whether
these patterns were consistent across species contrasted
by their natural thermal environments, (2) to determine
whether BMR, M, and MMR change at comparable rates
during thermal acclimation and (3) to determine whether
metabolic parameters vary at similar rates during expo-
sure to warm or cold environments. We, therefore, meas-
ured these metabolic parameters, as well as components of
body composition and food intake, in captive black-capped
chickadees, white-throated sparrows (Zonotrichia albicol-
lis), and snow buntings (Plectrophenax nivalis) kept for a
minimum of 6 weeks at 10 °C (day 0) and then on the 4th
and 8th days of thermal acclimation to constant tempera-
ture of either —5 or 28 °C.

Materials and methods
Experimental birds and acclimation protocol

For this study, we worked with three passerine species that
live in contrasting thermal environment. Black-capped
chickadees (10-14 g) are non-migratory birds mostly found
in forested habitats of the United States and Canada. Chick-
adees must face highly seasonal environments throughout
the year. For example our source population, in eastern
Québec, Canada, experiences monthly mean temperatures
varying between 16.8 °C (£2.1 °C) in July and -8.9
(£4.1 °C) in February (Environment Canada climate data-
base). White-throated sparrows are associated with wood-
lands (Falls and Kopachena 2010) and migrate between
their breeding grounds in southern Canada and their win-
tering habitat in southern USA. Therefore, although they
can acclimate to cold ambient temperatures (Kontogiannis
1968; McWilliams and Karasov 2014; Metcalfe et al. 2013;
Seibert 1949), these birds remain in relatively warm envi-
ronments throughout the year [0-20 °C in winter (Odum
1949) to 5-21 °C in summer at our location (Environment
Canada climate database)]. In contrast, the snow bunting is
a circumpolar species that breeds in the Arctic tundra. In
North America, these birds spend the cold season in open
fields of southern Canada and northern USA. Therefore,
except for a few weeks during the breeding season where

temperatures are above freezing (e.g., mean July temper-
ature is 6.0 &= 3.7 °C at our breeding study site at Alert,
Nunavut Canada, Environment Canada climate database),
this species remains in a cold and snowy environment year
round (Montgomerie and Lyon 2011).

Snow buntings (n = 24) were captured using baited
walk-in traps in open fields, around Rimouski, Québec,
Canada between February 24 and March 2, 2013. White-
throated sparrows (n = 24) were captured at the Forét
d’enseignement et de recherche Macpes, near Rimouski,
by mist net as well as in private gardens using a walk-
in trap between April 27 and May 7 2013. Black-capped
chickadees were captured at the Forét d’enseignement et de
recherche Macpes using Potter traps (Mandin and Vézina
2012). A first group of 24 chickadees that was planned for
this experiment was captured between December 2012
and May 2013. However, part of our captive population
died before the experiment due to a bacterial infection
and only 9 healthy birds could be measured. Another 16
chickadees were then captured in October and November
2013 for a second round of measures. The potential differ-
ence between groups was considered in statistical analyses
but no significant differences were found. Therefore, data
from all individuals were combined and are presented here
(n = 25).

All birds used in this experiment were housed at the
avian facility of the Université du Québec a Rimouski,
where the experiment took place. After capture, birds
were kept at room temperature and constant photoper-
iod (12 L: 12 D) in individual cages (31 cm D x 40 cm
H x 40 cm W) where they had access to water and food
ad libidum. The experiment began by first maintaining the
birds at 10 °C (+2 °C) for a minimum of 6 weeks, which
gives time, based on previous work, for stabilizing the met-
abolic phenotype (Barcelo et al. 2009). Then each species
experienced the same procedure. All birds were randomly
assigned to either of two groups of 12 individuals, one to
be acclimated to a “thermoneutral treatment” and the other
to be acclimated to a “cold treatment” (final n for chicka-
dees: 12 in the thermoneutral treatment and 13 in the cold
treatment).

A day prior to the change in temperature (day 0), a first
series of measurement (body mass, food intake, muscle
thickness and fat reserves, BMR, M, and MMR) was
obtained (see below). The next morning (at around 8:00),
birds were transferred from the 10 °C room to a second
identical room where temperature was set to either 28 °C
(£4 °C) for the thermoneutral group (within the thermon-
eutral zone for all species Cooper and Swanson 1994; Kon-
togiannis 1968; Scholander et al. 1950) or —5 °C (£2 °C)
for the cold group. The transfer took place in less than
20 min and birds were kept in this new thermal environ-
ment until the end of the experiment. We then proceeded
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to repeat all measurements on the 4th and 8th days after
the change in temperature for all birds. Our respirometry
procedure limited the number of individuals that could be
measured simultaneously to three birds per day. To ensure
that all birds were measured at the same time after the
change in temperature, we used an experimental sequence
where three individuals of a single species were transferred
to the experimental room every day until 12 birds had been
moved (species were randomly picked each day). This
allowed for monitoring each group of three birds at their
4th and 8th days of acclimation. Due to the overlapping
schedule for these groups of birds, this experiment lasted
72 consecutive days.

Food intake

We measured individual food intake on the day preced-
ing metabolic measurements to evaluate raw energy input
but also because an increase in daily food consumption
could indirectly influence BMR through adjustments in
gut size (Williams and Tieleman 2000). Snow buntings
and white-throated sparrows (granivores) were fed with
oil sunflower seeds and a commercial wild bird seed mix
(Coopérative fédérée de Québec, Trois-Rivieres, Canada)
while black-capped chickadees (mainly insectivores) were
fed with oil sunflower seeds and a commercial preparation
of insect mash (Insect Patee, Orlux, Deinze, Belgium). A
pre-weighted amount of food was offered in the morning
(at around 8:00 h) in a 1.7 L glass receptacle placed on
the cage floor to limit food spillage. The next morning, the
remaining food was removed at the same hour before ad
libidum access was resumed. This food was kept dry and
weighed within the next day. As birds could have preferred
sunflower seeds over other types of seeds (Devost et al.
2014), sunflower seeds were manually separated from the
other seed types and weighed again.

Body mass, fat scores, muscle scores
and ultrasonography

On days 0, 4 and 8, we measured body mass (0.01 g) as
well as the size of fat reserves and pectoral muscles of all
birds. We estimated the size of fat reserves visually using
standard fat scores (on a scale of 1 to 5), according to Gos-
ler (1996). The size of pectoral muscles was then first esti-
mated by visual examination using scores ranging from
0 to 4 according to Busse (2000). Eighty-nine percent of
scores were obtained by the same observer and there were
no observer effect on the measures (data not shown). Pec-
toral muscle thickness and cross-sectional area of thigh
muscles were then determined non-invasively using ultra-
sonography (Dietz et al. 1999; Royer-Boutin et al. 2015;
Swanson and Merkord 2012). This was done using a
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LOGIQe ultrasound scanner fitted with a linear probe set
at 12 MHz (GE Healthcare, Wauwatosa, WI, USA). We
obtained three independent measurements of the left pec-
toral muscles and the right thigh muscles for each bird on
each measurement day (mean repeatability of replicate
measurements among species r = 0.825 — 0.899). To avoid
contaminating the birds’ feathers with ultrasound transmis-
sion gel, the gel (Parker Aquasonic 100) was contained in a
latex condom attached around the probe, which was dipped
in lukewarm water before measurements. This arrangement
created a cushion of gel on the probe tip, which covered
the left pectoral muscles or the whole thigh during meas-
urements. To expose the skin, we wetted the birds’ feath-
ers with water and pushed feathers aside. Pectoral muscle
thickness was measured by placing the probe transversally
on the breast at an angle of 90° to the keel, 1-2 mm from
the upper keel tip. This formed a cross-sectional image
on which the length between the base of the keel and the
muscle surface could be measured with a 45° angle relative
to the keel. The size of thigh muscles was obtained by fit-
ting an ellipse measuring tool on images and by measuring
the length of horizontal and vertical axes to calculate thigh
cross-sectional area. Using an average of the two closest
measures (data not shown) rather than the mean of the three
replicates did not change our results and therefore means of
the three measures are presented here. Ultrasound examina-
tions lasted 8—12 min per bird.

Respirometry

For each respirometry trial, we followed the same
sequence. MMR was measured first in the morning start-
ing at around 10:30 (1 h after ultrasound measurement),
followed by a minimum of 2 h of rest before M,,, meas-
urement. BMR was started at the end of the day (between
18:00 and 19:00) after a rest period ranging from 1to 5.5 h
(depending on duration of M, see below).

Maximal Metabolic Rate

We measured MMR using a handmade PVC hop-flutter
wheel (Chappell et al. 1999) with an effective volume of
2.97 L. Flow rates (averaging at 2864 ml min~!) were
controlled by mass flow valves (Sierra Instruments, Side-
Trak®, Monterey, CA, USA) previously calibrated for air
with a bubble-O-meter (Dublin, OH, USA). Before a trial,
the wheel was first flushed for at least 5 min with dry, CO,-
free air (Servomex gas purity analyzer, model 4100, Bos-
ton, MA, USA, set to 21.95 % oxygen). Birds were then
weighed (£0.01 g) and introduced into the wheel, which
was covered with a sheet, where they were allowed to calm
down for 10 min. The sheet was then removed and wheel
rotation was initiated and accelerated every 5 min. During
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MMR trials, all individuals were active, engaging in short
jumps and fluttering. When birds showed signs of fatigue
(reluctance to move, resting on the wheel floor) and/or O,
levels were stable for several minutes even if the bird kept
exercising, the wheel was stopped. Trials lasted around
10-15 min. Birds were then given a few minutes of rest in
the chamber and were weighed a second time. Reported
body mass was calculated as the average between values
measured before and after MMR measurement. During tri-
als with snow buntings, four ping-pong balls were added
into the chamber to stimulate the birds to move. This tech-
nique was not needed for the other two species.

Summit metabolic rate

M,,, Was measured using a sliding cold exposure proto-
col (Swanson et al. 1996), measuring three birds simul-
taneously. Birds were first weighed (£0.01 g) and placed
in airtight stainless steel metabolic chambers (1.5 L for
black-capped chickadees and 2.1 L for white-throated spar-
rows and snow buntings) fitted with perches and copper-
constantan thermocouples connected to a Sable Systems
TC-2000 thermocouple reader (Sable Systems, Las Vegas,
NV, USA) for chamber temperature measurements. The
chambers were placed inside a homemade temperature
cabinet controlled with the EXPEDATA software (Sable
Systems, Las Vegas, NV, USA). Birds were then exposed
to air for a 10-min habituation period. Average flow rates
and temperatures during this period were 450 mL min~!
and 3 °C for black-capped chickadees, 550 mL min~! and
—6 °C for white-throated sparrows, and 650 mL min~! and
—15 °C for snow buntings. We then switched gas influx to
helox (79 % helium and 21 % oxygen) and used respective
flow rates of 900 mL min~!, for chickadees and sparrows
and 1200 mL min~' for snow buntings (mass flow valves
calibrated for helox with a bubble-O-meter). We measured
a helox baseline value for approximately 3—5 min before
recording the birds’ oxygen consumption every 5 s until the
end of trial. During this time, temperature was lowered by
3 °C every 20 min until the birds entered hypothermia (i.e.,
oxygen consumption steadily declining for several min-
utes), or until birds reached the end of their species-specific
program (145 min for chickadees, 125 min for sparrows,
and 155 min for buntings). Birds were then immediately
removed from chambers and, to confirm hypothermia,
their body temperature was measured with a thermocouple
reader (Omega model HH-25KC, NIST-traceable, Omega,
Montréal, QC, Canada) using a copper-constantan ther-
mocouple inserted into the cloacae approximately 10 mm
deep. Following this procedure, we found that two chicka-
dees, 6 sparrows and 13 buntings were not hypothermic at
the end of the trial. However, hypothermia is not a neces-
sary prerequisite to validate M, as the maximal oxygen
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consumption occurs earlier than the decline indicating
hypothermia during cold exposure (Dutenhoffer and Swan-
son 1996). Removing non-hypothermic measures from
analyses had no influence on final findings. These data
were therefore kept in our datasets. As for MMR, birds
were weighed again at the end of trials and average body
mass was used for M, analyses.

Basal metabolic rate

Birds were placed into metabolic chambers for BMR
measurements between 18:00 and 19:00, and taken out the
next morning between 08:00 and 08:30. Metabolic cham-
bers were put in a PELT-5 (Sable Systems, Las Vegas,
NV, USA) temperature cabinet in which temperature was
set at 25 °C [within the thermoneutral zone for all species
(Cooper and Swanson 1994; Kontogiannis 1968; Scho-
lander et al. 1950)]. Birds received constant dry, CO,-free
air (450 mL min—', 550 mL min~! and 650 mL min~"' for
chickadees, sparrows and buntings, respectively) through-
out the night. During recordings, the air sent to the analyzer
alternated between reference air (10 min) and chambers’ air
(40 min) using a multiplexer (Sables Systems MUX, Sable
Systems, Las Vegas, NV, USA). Body mass was measured
before and after BMR trials and average values were used
in analyses.

MMR, Mg, and BMR calculations were, respectively,
based on the highest averaged 1 min, highest averaged
10 min, and lowest averaged 10 min of oxygen consump-
tion using Eq. 10.1 in Lighton (2008). M, and MMR
were calculated using the instantaneous measurement tech-
nique (Bartholomew et al. 1981), whereas BMR was calcu-
lated with the steady state approach. Birds were fasted for
an hour before BMR trials and the duration of trials insured
a post-absorptive state at time of measurement (BMR
attained after 4:45 h £ 12 min of measurement on aver-
age). Shivering and exercise in birds are mainly supported
by lipid oxidation (Vaillancourt et al. 2005). We therefore
estimated energy consumption for all trials using a constant
equivalent of 19.8 kJ L0, and converted units to Watts
(Gessaman and Nagy 1988).

Factorial aerobic scopes for exercise (MMR/BMR)
measured with a hop-flutter wheel typically varies around
10 X BMR in birds (McKechnie and Swanson 2010)
although lower values such as 6 to 7 X BMR have been
observed for tropical birds (Wiersma et al. 2007) and juve-
nile house sparrows (Chappell et al. 1999). In our study,
MMR exceeded BMR by 4.5- to 5.6-fold, which may be
considered low relative to available observations (McK-
echnie and Swanson 2010). However, although there are
no comparable data for black-capped chickadees and snow
buntings, it should be noted that Price and Guglielmo
(2009) obtained MMR values ranging between 8.5 and 10.5
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mL02 g~! h™! in white-throated sparrows while our values
in that species averaged 13.04 mL02 g~' h™!. Given this
comparable set of values, and the fact that all birds showed
signs of fatigue justifying the end of measures after sus-
tained efforts, we are confident in the values we obtained.

Molt in snow buntings

In this experiment, all birds were exposed to constant pho-
toperiod. This, however, did not prevent 16 snow buntings
from entering into some level of feather molt during the
course of the experiment. Since feather molt may influence
metabolic parameters such as BMR (Lindstrom et al. 1993;
Vézina et al. 2009) and potentially influence heat loss in
a cold environment (but see Vézina et al. 2009), we meas-
ured the intensity of molt by scoring wing and tail feather
growth as well as body plumage growth and included these
variables in our analyses. The ten primary feathers of both
wings together with the rectrix feathers were each scored
on a scale of O (new, very small pin) to 5 (full grown
feather) for a maximum score of 150 for a non-molting
individual. Body plumage was scored on a scale of O to 2,
with 0 = old plumage, 1 = few pins visible and 2 = more
than half of the body surface covered with pins.

Statistical analysis

We used linear mixed models (with REML approach) to
investigate the effects of day (0, 4 or 8), thermal treatment
(cold and thermoneutral), and their interaction on body
mass, food intake, muscle size, fat reserves and metabolic
performance (BMR, M, and MMR). All models con-
trolled for repeated measures by including “bird ID” as a
random variable. When studying effects on metabolic per-
formance, we also controlled for the influence of body size
by including a composite measurement of structural size
as a covariate in models. We used body size rather than
body mass in this study because metabolic variations in
response to cold are likely to result in large part from body
remodeling (Liknes and Swanson 2011a; Petit et al. 2014;
Swanson and Vézina 2015; Zheng et al. 2008). Therefore,
statistically removing the effect of body mass would elimi-
nate most of the variation that we were interested in. Fur-
thermore, in individuals containing large amounts of body
fat, controlling for body mass can create underestimations
of metabolic rate values due to the low metabolic activity
of fat tissue (Petit et al. 2010; Scott and Evans 1992), and
this could in turn generate biased treatment effects in the
current study. Structural size was computed using a prin-
cipal component analysis combining variations in beak,
head, tarsus, wing and tail length for each species (feather
measurements taken at time of capture). The first compo-
nent was then extracted and used as a covariate in models
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including metabolic parameters. We estimated the rate
of change of each metabolic parameter by calculating the
percent change at day 4 and day 8 relative to day O (set at
100 %) in each thermal treatment. In snow buntings, we
considered the potential effect of feather molt on meta-
bolic parameters by including molt scores (body plumage
and wing plus tail feathers) as covariates in models. One
individual was molting heavily compared to the rest of the
group (wing and tail score of 56 vs. mean score of 152) and
was removed from all analyses. Differences were then ana-
lyzed using post hoc Tukey tests.

We used two approaches to investigate relationships
between variations in food intake and BMR and between
muscle size and M, and MMR. Firstly, we included indi-
vidual food intake variables as covariates in each species’
BMR models (one set of analyses per food intake variable).
Similarly, we tested for effects of muscle size on MMR and
M,,, by including ultrasound measures of either pectoral
or thigh muscles as covariates in corresponding models.
Secondly, we calculated the changes in food intake, muscle
size, BMR, M, and MMR between day 0 and day 8. We
then used least square linear regressions to test for relation-
ships, across treatments, between the change in food intake
and BMR as well as between the change in muscle size and
M,,, and MMR.

We visually confirmed normality of residuals for all
models. All statistical analyses were performed with JMP
v.10.0 and data are presented as mean =+ s.e.m.

Results
Body mass, muscle size and fat reserves

All species showed the same pattern of body mass variation.
Body mass did not differ between thermal treatments (treat-
ment: p > 0.8 in sparrows and chickadees), although snow
buntings tended to be 11.1 % lighter in the cold (p = 0.09).
However, body mass decreased significantly with time in all
species (black-capped chickadees: F, 4o = 4.5, p = 0.016;
white-throated sparrows: F,,4 = 9.6, p < 0.0005; snow
buntings F, ;5 = 34.9, p < 0.0001) (Fig. 1). The loss of
mass in chickadees appeared relatively gradual, being sig-
nificant only when comparing day O and day 8 (—2.2 %)
(Fig. 1a). In the other two species, body mass declined
within the first 4 days (white-throated sparrows: —2.9 %,
snow buntings: —16.3 %) and remained stable afterwards,
as it did not differ between day 4 and day 8 (Fig. 1b, c).

In black-capped chickadees, fat reserves changed
over time in a way that differed between treatments
(time x treatment: F, 46 = 5.01, p = 0.011). Birds exposed
to the cold lost body fat within the first 4 days while those
kept at thermoneutrality appeared to increase the size of
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Fig. 1 Changes in body mass and fat reserves during thermal accli-
mation. Data are presented as least square means of body mass
(a—c) and fat score (d—f) in black-capped chickadees, white-throated
sparrows, and snow buntings measured on day O (before tempera-
ture change) and on days 4 and 8 of thermal acclimation. Temporal
changes within temperature treatments are represented by dashed
(cold, —5 °C) and solid (thermoneutral, 28 °C) lines. In cases of sig-

their fat reserves. However, the interacting effects of time
and treatment were not strong enough to reach signifi-
cance in the post hoc analysis (Fig. 1d). In sparrows, fat
scores were higher in the thermoneutral group (mean
score: 3.36 & 0.21) than in the cold group (mean score:
2.36 £ 0.21, treatment: Fj,, = 11.44, p < 0.005). How-
ever, in both groups there was a loss of fat reserves in the
first 4 days, which was partly recovered by day 8 (time:
Fy44 = 6.03, p < 0.005, Fig. le). In snow buntings, fat
reserves were not affected by thermal treatments (treat-
ment: p = 0.3) but declined over the 8 days of the experi-
ment (time: F, 33 = 3.25, p = 0.0498, Fig. 1f).

We found no time and treatment effects on muscle
scores or on pectoral and thigh muscle size measured by
ultrasound in black-capped chickadees (p > 0.09 in all
cases). In white-throated sparrows, birds from the thermo-
neutral group had 4.7 % thicker pectoral muscles on aver-
age (5.94 £ 0.08 mm) than those forming the cold group
(5.67 £ 0.08 mm, treatment: Fip = 5.66, p = 0.027,
Fig. 2b), a finding also apparent in muscle scores (treat-
ment: F,, = 7.07, p = 0.014, cold: 2.14 £ 0.1, thermo-
neutral: 2.5 + 0.1, Fig. 2e). However, pectoral muscles did
not change over time (time: p > 0.1 in both cases) and the
interaction was not significant (treatment x time: p = 0.5

nificant interaction treatment X time, open circles represent birds
from the cold treatment and filled circles represent birds from the
thermoneutral treatment. Different letters above graphs indicate sig-
nificant difference among days (filled circles) and a star on the side
indicates a significant effect of temperature treatments. The interac-
tion in (d) was significant but differences between means could not
be detected by a Tukey test. See text for details

in both cases). In contrast, sparrows of both thermal treat-
ments grew their thigh muscles by 16.7 % over the 8 days
of the experiment (time: F, 44 = 15.32, p < 0.0001; treat-
ment: p = 0.6,). This effect appeared to differ between
thermal treatments, with the greatest growth registered in
birds kept at 28 °C, but the interaction was not significant
(treatment x time: p = 0.08, Fig. 2h). Snow buntings lost
7.6 % of their pectoral muscles over the 8 days as measured
by ultrasound (time: F, 4, = 6.73, p = 0.003, treatment:
p = 0.2), although this effect was significant only between
day 0 and day 4 (6.0 % loss, Fig. 2¢), and the same pattern
was found for muscle scores (time: F, 33 = 8.46, p < 0.001;
treatment: p = 0.8, Fig. 2f). However, we could not detect
any changes in thigh muscle size in this species (time:
p = 0.4; treatment: p = 0.5).

Food intake

Total food intake in chickadees was influenced by both
time (F,4;, = 11.08, p < 0.0005) and treatment, being
higher in the cold (141.2 + 6.1 mg h™') than at thermon-
eutrality (91.3 + 6.6 mg h™!, Fy,4 = 30.81, p < 0.0001).
However, this was driven by the birds kept in the cold treat-
ment. Indeed, within the first 4 days of being exposed to the
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Fig. 2 Changes in muscle size
during thermal acclimation.
Data are least square means
of pectoral muscle thickness, A
pectoral muscle score and thigh
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cold, these individuals increased their total food intake by
31.8 % while no significant changes were observed in those
kept at thermoneutrality (treatment x time: F,,; = 8.97,
p <0.001). Sunflower seeds consumption followed the same
pattern. Birds ate 42.6 % more sunflower seeds after 4 days
when exposed to the cold while no changes were observed
at thermoneutrality (Fig. 3a, treatment x time: F. 243 = 5.06,
p = 0.011, time: Frpy = 475, p = 0.014, treatment:
Fy,; =18.83,p <0.005, =5 °C: 74.8 £ 4.4 mg h™!, 28 °C:
46.9 + 4.7 mg h™"). Chickadees acclimating to both treat-
ments also increased their consumption of insect mash in
the first 4 days but showed a slight decrease by day 8 (time:
Fr = 4.22, p = 0.021, Fig. 3d). This, however, seemed
mainly driven by birds kept at 28 °C, although the inter-
action was not quite significant (F, 4 = 2.69, p = 0.079,
Fig. 3d). On average, birds living in the cold also ate
41.3 % more insect mash (65.1 + 5.8 mg h™") than those
kept at thermoneutrality (46.2 & 6.2 mg h™!, treatment:
Fiy, = 4.96, p = 0.036, Fig. 3d). White-throated spar-
rows showed a similar pattern. Birds exposed to the cold
increased their total food consumption by 114.7 % within
the first 4 days while those at thermoneutrality showed
no significant changes, despite an increasing trend (treat-
ment X time: F, 44 = 9.69, p <0.0005, time: F, 44, = 30.47,
p < 0.0001, treatment: Fip= 29.67, p < 0.0001, —5 °C:
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197.8 + 12.9 mg h™!, 28 °C: 98.1 & 12.9 mg h™!). Like-
wise, sunflower seed consumption increased by 153.3 %
between day 0 and day 4 in the cold group while the ther-
moneutral group tended to increase its consumption, albeit
not significantly (Fig. 3b treatment x time: F, 44 = 12.02,
p < 0.0001, time: Fru = 36.43, p < 0.0001, treatment:
F 5 = 2880, p < 0.0001, =5 °C: 96.0 & 6.9 mg h=!,
28 °C: 43.9 + 6.9 mg h™!). Although the interaction did
not reach significance (treatment x time: F,44 = 3.14,
p = 0.053), the trend was similar for the mixed seeds
intake. Post hoc Tukey test nevertheless showed that spar-
rows from the cold treatment increased their intake of
mixed seeds by 84.4 % to reach a plateau in the first 4 days
while birds at thermoneutrality showed a non-significant
increase in seed consumption (Fig. 3e, time: F, 44 = 14.48,
p < 0.0001, treatment: Fip = 13.95, p = 0.001, —5 °C:
100.5 + 8.2 mg h™!, 28 °C: 57.3 & 8.2 mg h™!). Snow
buntings kept in the cold increased their total food intake
throughout the experiment with no apparent plateau. On
the 8th day, the birds were consuming 99.1 % more food
than on day 0. This, however, was not apparent in birds
kept at thermoneutrality (treatment x time: F, 39 = 8.90,
p < 0.001, time: F,3y = 7.78, p = 0.001, treatment:
p = 0.1). The same pattern was visible for sunflower seed
consumption, with birds kept in the cold eating 130.7 %
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Fig. 3 Changes in food intake during thermal acclimation. Data are
least square means of sunflower seed intake (a—c), insect mash intake
(d) and mixed seed intake (e and f) for black-capped chickadees,
white-throated sparrows, and snow buntings. Data are presented for
day O (before temperature change) and for day 4 and 8 of thermal
acclimation. Temporal changes within temperature treatments are
represented by dashed (cold, —5 °C) and solid (thermoneutral, 28 °C)

more on average on the 8th day compared to day O
(Fig. 3c, treatment x time: F, 39 = 8.26, p = 0.001, time:
Fy39 = 5.04, p = 0.011, treatment: p = 0.2). This phe-
nomenon was also found for consumption of mixed seeds.
Although the interaction treatment x time was marginally
significant (F, 49 = 3.14, p = 0.052), post hoc Tukey test
nevertheless revealed a clear increase (+69.8 %) in food
consumption in birds acclimating to the cold between day
0 and day 8 while birds maintained at thermoneutrality
showed no significant differences among days (Fig. 3f).

Metabolic parameters

Within the 8 days of the experiment, all species showed
changes in parameters of metabolic performance but
the patterns differed among species. In black-capped
chickadees, body size was not related to any metabolic
parameter (>0.6 in all cases). BMR was not affected by
thermal treatments (p = 0.7) but increased over time,
reaching a level on day 8 that was 11.4 % higher than on
day O (time: F, 44 = 5.97, p < 0.005, Fig. 4a). Mg, also
appeared to change with time and independently from
thermal treatment but the effect was not quite significant
(time: F, 43 = 2.66, p = 0.08; treatment p = 0.2). How-
ever, taking the interaction term (p = 0.8) and body size
(p = 0.7) out of the model showed a significant influence of

White-throated
sparrows

Snow buntings

Experiment day

lines. In cases of significant interaction treatment x time, open circles
represent birds from the cold treatment and filled circles represent
birds from the thermoneutral treatment. Different letters above graphs
indicate significant difference among days (filled circles) and a star
on the side indicates a significant effect of temperature treatments.
Different letters within graphs indicate significant differences among
days and temperature treatments

time on Mg, (F, 47 = 3.47, p = 0.04). In this model, M,
increased by 7.1 % between day 4 and day 8 but this effect
was not strong enough for a post hoc Tukey test to find sig-
nificant differences among days (Fig. 4c). MMR remained
independent from thermal treatments and did not change
significantly over time (time: p = 0.9; treatment: p = 0.6).
BMR decreased by 10.9 % in snow buntings between day
0 and day 8 (time: Frz= 4.06, p = 0.027, Fig. 4b) and this
effect was independent from thermal treatments (p = 0.8),
body size (p = 0.6), and molt (wing and tail: p = 0.7; body:
p = 0.8). Part of this decline appeared stronger in birds
acclimating to thermoneutrality (Fig. 4b) but the interaction
term was not significant (treatment x time: F,;, = 2.77,
p = 0.077). Time and thermal treatment did not influ-
ence size-corrected Mg, in buntings (size: Fy 3 = 10.68,
p = 0.006; time: p = 0.1; treatment: p = 0.6), which was
also not influenced by molt (wing and tail: p = 0.9; body:
p = 0.2). In contrast, MMR decreased by 14.3 % in the first
4 days in birds from both treatments (time: F, 33 = 14.02,
p < 0.0001; treatment: p = 0.1; size: p = 0.4, Fig. 4f). Molt
also influenced MMR, with birds either not molting or
molting only partially their wing and tail feathers showing
higher MMR (wing and tail: F, 5, = 5.23, p = 0.029; body:
p = 0.4), presumably because molting individuals were
less active in the hop-flutter wheel than non-molting birds.
Removing two individuals showing high molting activity
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Fig. 4 Changes in BMR, M, and MMR in black-capped chicka-
dees and snow buntings during thermal acclimation. Data are least
square means presented for day O (before the temperature change)
and for day 4 and 8 of thermal acclimation. Temporal changes within
temperature treatments are represented by dashed (cold, —5 °C) and
solid (thermoneutral, 28 °C) lines. Different letters above graphs indi-
cate significant difference among days (filled circles shown only for
significant effect). The time effect in (c) was significant but differ-
ences between means could not be detected by a Tukey test. See text
for details

from the dataset made wing and tail molt non-significant
(p = 0.06) but did not change the effect of time on MMR
(Fy37; =13.17, p <0.0001).

Body size did not influence metabolic parameters in
sparrows (>0.1 in all cases) but metabolic performance
changed over time with patterns that depended on temper-
ature. BMR varied in interaction with time and treatment
(Fz)41 = 7.24, p < 0.001, Fig. 5a), increasing in the cold by
7.7 % over 8 days and decreasing by 6.8 % over the same
period at thermoneutrality (Fig. 5b, time p = 0.8, treat-
ment p = 0.3). However, this effect was not strong enough
for a post hoc Tukey test to detect significant differences
between days and treatments. M, followed a similar pat-
tern (treatment x time: F, 4, = 8.18, p = 0.001, Fig. 5c).
Birds kept at thermoneutrality showed a significant 7.5 %
decline in M, between day O and day 8 while individuals
maintained at —5 °C increased their thermogenic capacity
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Fig. 5 Changes in BMR, M, ., and MMR in white-throated spar-
rows during thermal acclimation. Left panel show least square means
of BMR, M,,,, and MMR on day O (before the temperature change)
and on day 4 and 8 of thermal acclimation. Right panels show the
same data expressed as percent change relative to values measured on
day 0 (100 %). Temporal changes are represented by dashed lines and
open circles in cold (—5 °C) treatment and solid line and filled circles
in thermoneutral (28 °C) treatment. Different letters indicate signifi-
cant differences among days and temperature treatments. The interac-
tion in (a) was significant but differences between means could not be
detected by a Tukey test. See text for details

by 4.3 % over the same period (Fig. 5d), although this lat-
ter change was not significant (Fig. 5¢). Thermal treatment
on its own also influenced My, (F;,; = 6.07, p = 0.023),
with birds kept in the cold expressing a Mg, 7.4 % higher
(2.03 £ 0.02 W) on average than those experiencing ther-
moneutrality (1.89 £ 0.04 W, time alone p = 0.6). White-
throated sparrows also showed a general decline in MMR
over time (time: F, 44 = 3.50, p = 0.039) but this effect
was due to birds from the thermoneutral treatment since the
time effect depended on the treatment (treatment X time:
Foy= 4.95, p = 0.012, treatment alone p = 0.7). Indeed,
birds maintained at 28 °C showed a 14.8 % decline in MMR
between day 0 and day 8 while no significant changes were
observed in birds kept at —5 °C (1.0 % increase, Fig. Se, f).

Neither total, sunflower seed, insect mash or seed mix
intakes were related to BMR in black-capped chickadees
and white-throated sparrows when considered as covariates
(»p > 0.3 in all cases for both species). In snow buntings,
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when considering the significant effect of time, sunflower
seed intake was significantly and positively related to BMR
(Fy 53 =4.28, p=0.04, time: F, 3, = 6.19, p < 0.005; total
food intake p = 0.2, seed mix intake p = 0.9). Pectoral and
thigh muscle size were not significantly related to either
M, o MMR in sparrows and buntings (p > 0.4 in all
cases) but the size of thigh muscles significantly and posi-
tively varied with M, and MMR in black-capped chick-
adees (Myp: Fg4q = 6.21, p = 0.02, MMR: F| 43 = 541,
p = 0.02). MMR also tended to vary positively with pec-
toral muscle thickness (F 5 = 2.92, p = 0.092), and this
effect was significant when removing the effect of struc-
tural body size (p = 0.9) from the model (F ¢ = 4.12,
p = 0.046), but this trend was not found for M, (p = 0.3).

Using least square regressions to investigate relation-
ships between changes in parameters from day O to day
8, food intake and BMR were not related in black-capped
chickadees and snow buntings (p > 0.1 in all cases) but
white-throated sparrows showed a positive relationship
between the change in all food intake variables and the
change in BMR (total food intake: P = 027, n = 21,
p = 0.017; sunflower seed intake: P =022, n = 2l,
p = 0.033; seed mix intake: P =022 n=21, p = 0.031).
One bird from the thermoneutral treatment appeared as an
outlier, showing a relatively large increase in food intake
associated with a decrease in BMR. Removing this individ-
ual from analyses substantially increased the fit of all rela-
tionships (total food intake: ? =0.51, n = 20, p = 0.004;
sunflower seed intake: * = 0.43, n = 20, p = 0.002; seed
mix intake: ¥ = 0.46, n = 20, p = 0.001, Fig. 6a). Inves-
tigating relationships between changes in muscle size and
maximal metabolic rates, regressions were not significant
for any species when considering thigh muscles (p > 0.2
in all cases). When considering pectoral muscles, we
also found no relationships (p > 0.1 in all cases) but, here
again, one individual snow bunting appeared as an out-
lier, expressing one of the largest increase in muscle size
and the largest decline in M,,,. Removing this individual
from the analysis revealed a positive relationship between
the change in pectoral muscles and the change in M
(? =0.29, n = 17, p = 0.026, Fig. 6b).

sum

Discussion

Using three passerine species differing in their natu-
ral thermal environments, our aims in this study were (1)
to determine the pattern of variation in metabolic perfor-
mance after a rapid change in ambient temperature, (2) to
investigate whether components of metabolic performance
vary at comparable rates during thermal acclimation, and
(3) to determine whether rates of change in metabolic
performance differ during exposure to warm and cold
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Fig. 6 Influence of food consumption and muscle size on param-
eters of metabolic performance during thermal acclimation. The rela-
tionship between the change in total food intake and the change in
BMR in white-throated sparrows is shown in (a) and the relationship
between the change in pectoral muscle thickness and the change M,
in snow buntings is shown in (b). Changes are calculated as the dif-
ferences between values measured on day 8 of thermal acclimation
and on day 0, before the temperature change. Open circles repre-
sent birds from the cold treatment (—5 °C) and filled circles repre-
sent birds from the thermoneutral treatment (28 °C). Open and filled
squares show outliers accordingly. Regression lines represent analy-
ses excluding outliers

environments. Our results showed significant phenotypic
adjustments in the first 8 days following a 15-18 °C tem-
perature change in all species. They also showed that these
adjustments differed among species.

Energy balance

Regardless of thermal treatment, all species lost body mass
in the first 4 days of the experiment to reach stable mass
between day 4 and day 8. This was paralleled by a decline
in fat score in the first 4 days in cold acclimating chicka-
dees and in sparrows of both treatments, while all buntings
lost fat reserves throughout the experiment. We could not
detect significant changes through time in muscle size of
chickadees measured by muscle scores or by ultrasound
(but see Royer-Boutin et al. (2015) for a discussion on the
limit of precision in measurement by ultrasound in this spe-
cies). Similarly, white-throated sparrows kept the size of
their pectoral muscles relatively constant throughout the
experiment. In contrast, snow buntings acclimating to both
thermoneutrality and cold showed a continuous decline in
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pectoral muscle score and thickness. Therefore, despite a
32-115 % increase in total food consumption in birds accli-
mating to cold, it appears that individuals from all species,
whether they were facing cold or thermoneutral tempera-
tures, were in negative energy balance in the first half of the
experiment.

The loss of mass and fat reserves in birds acclimating
to cold is not surprising given the added thermoregulation
cost. Working with white-throated sparrows, McWilliams
and Karasov (2014) showed that birds undergo negative
energy balance when a decline in ambient temperature
requires an increase in energy intake above the imme-
diate spare capacity provided by the size of their diges-
tive organs (McWilliams and Karasov 2014). Therefore,
although all cold acclimating birds increased their food
consumption, energy expenses likely outweighed the
income in the first half of the experiment, leading to a loss
of mass, fat reserves and, in snow buntings, a loss of mus-
cles. However, the finding of a negative energy balance
in birds being alleviated from thermoregulatory require-
ments came as a surprise given that these individuals did
not change their daily food consumption. Birds wintering
in cold environments typically maintain a heavier body
mass, larger fat reserves and pectoral muscles than dur-
ing summer (Blem 1976; Liknes and Swanson 2011a;
Petit et al. 2014). It is, therefore, expected that individu-
als undergoing a reduction of thermostatic costs would
decrease the size of these body components to reduce
locomotion costs and maintain maneuverability (Dietz
et al. 2007; Krams 2002; Kullberg et al. 1996; Lind et al.
1999). The mechanism by which this change may have
happened in captive birds maintaining constant energy
intake is not clear, however, and will require further
investigation.

White-throated sparrows were the only species show-
ing significant positive changes in body components,
increasing the size of their thigh muscle in both cold
and thermoneutral treatments. We believe that this unex-
pected muscle growth could results from a training effect
caused by the MMR trials. We noticed that sparrows
hopped to a greater extent than the other species during
trials (pers. obs.). Chickadees tended to spend more time
fluttering in the center of the wheel while snow buntings
were much less active and needed a motivation measure
(ping-pong balls) to stimulate locomotion. Therefore, it
is possible that the increase in thigh muscle size recorded
in sparrows has been provoked by the MMR trials, a find-
ing consistent with the recently reported positive effect
of 45 min daily flight training on pectoral muscles thick-
ness in house sparrows (Passer domesticus) (Zhang et al.
2015a).
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Patterns of variation in metabolic performance
across species

Because seasonal acclimatization to winter at northern
latitudes typically leads to elevated metabolic performance
(Marsh and Dawson 1989; Swanson 2010; Swanson and
Vézina 2015), we expected an increase in BMR, Mg, and
MMR in birds exposed to the cold and a reverse pattern
in birds acclimating to thermoneutrality. Although white-
throated sparrows did show the expected pattern, black-
capped chickadees and snow buntings, not only showed
variations in metabolic rate that were inconsistent with our
predictions, but they also showed completely opposite pat-
terns (Fig. 4). Therefore, our observations suggest that spe-
cies differing in life histories and natural thermal environ-
ments may show very different responses to a given change
in ambient temperature.

Chickadees acclimating to both cold and thermoneutral-
ity showed the same response, a 12 % increase in BMR
over 8 days, a moderate, but non-significant, 7 % increase
in M, between day 4 and day 8 and no changes in MMR
over time. The causes for these changes in chickadees
are not obvious. In birds, BMR variations are expected to
reflect changes in size and activity of internal organs (Bar-
celo et al. 2009; Cavieres and Sabat 2008; Kersten and
Piersma 1986; Maldonado et al. 2008; McKechnie 2008;
Petit et al. 2014; Piersma et al. 1996) and, in birds accli-
mating to cold, organs associated with energy acquisition
are thought to play an important role in BMR changes (Liu
and Li 2006; Sabat et al. 2009; Tieleman et al. 2003; Wil-
liams and Tieleman 2000; Zheng et al. 2008). However, the
lack of relationship between daily food intake and BMR
in chickadees suggests that the adjustments in digestive
organs that may have occurred over the 8 days of acclima-
tion had little influence on maintenance energy expendi-
ture. Using body composition data from dissections, Petit
et al. (2014) also found little support for the influence of
digestive organs on BMR in this species. The reasons for
the increase in BMR observed here therefore remain unex-
plained. Variation in M,,, and MMR is expected to relate
positively with muscle size (Chappell et al. 1999; Petit and
Vézina 2013; Swanson et al. 2013; Swanson and Vézina
2015; Hammond et al. 2000) but we could not detect
changes over time in pectoral or thigh muscle size in chick-
adees using either muscles scores or ultrasonography. How-
ever, our finding of a significant influence of thigh muscles
on M, and MMR and nearly significant effect of pectoral
muscles on MMR does bring some support to the role of
muscles size in driving maximal metabolic rates (Petit et al.
2014; Swanson et al. 2013, 2014b; Swanson and Vézina
2015).
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In snow buntings, irrespective of thermal treatment, BMR
declined by 11 % and MMR decreased by 14 % between
day 0 and day 8. Of the three species, buntings experienced
the greatest relative loss of mass (16 %). They also lost
8 % of their pectoral muscles based on thickness measure-
ments. Assuming that the loss of muscles reflects an overall
decrease in lean mass, negative changes in lean body compo-
nent presumably drove the observed decline in BMR (Scott
and Evans 1992). However, in contrast with observations
in chickadees, we found that food consumption was posi-
tively correlated with BMR in this species. Therefore, data
for snow buntings are consistent with the expected influence
of digestive organs on BMR in cold acclimated birds (Liu
and Li 2006; Sabat et al. 2009; Williams and Tieleman 2000;
Zheng et al. 2008) and the contrast with results in chicka-
dees suggests that this relationship may not be common to
all species. Given that both M, and MMR reflect active
aerobic metabolism of skeletal muscles (Chappell et al.
1999; Hammond et al. 2000; Petit and Vézina 2013; Swan-
son et al. 2013), the observed decrease in muscle size could
have driven the changes in maximal metabolic performance.
We could not detect an effect of time on Mg, per se, but the
positive relationship across treatments between the change in
M, and the change in pectoral muscle thickness between
day 0 and day 8 nevertheless supports this hypothesis.

Of the three species, white-throated sparrows were the
only birds showing the expected pattern of variation in met-
abolic parameters. BMR was 8 % higher after 8 days of cold
acclimation while the opposite was found at thermoneutral-
ity, with birds exhibiting a 7 % loss. Mg,,,, and MMR also
changed in these birds. However, the only clear effect in this
case was observed at thermoneutrality, where birds lost up
to 15 % of their maximal metabolic capacity over the course
of the experiment. Therefore, although changes over 8 days
were moderate relative to seasonal variations observed in
other species (e.g., 5-50 % for BMR and M, Cooper and
Swanson 1994; Liknes and Swanson 1996; Liknes et al.
2002; Petit et al. 2013), these findings demonstrate that met-
abolic parameters associated with thermal acclimation can
respond within days to changes in ambient temperature.

As for snow buntings, we also found evidence that daily
food consumption, and presumably physiological adjust-
ments for digestion (Liu and Li 2006; Sabat et al. 2009;
McWilliams and Karasov 2014; Williams and Tieleman
2000; Zheng et al. 2008), had an influence on BMR in spar-
rows (Fig. 6a). However, although M, seemingly began
to increase in birds acclimating to cold (non-significant
4 % increase), muscle thickness did not vary significantly
over time. In fact, birds from the cold group had smaller
pectoral muscles on average than individuals from the ther-
moneutral group (Fig. 2b, e). Furthermore, in contrast with
observations in snow buntings, birds kept at 28 °C showed
a significant decrease of both M, and MMR despite

m

the lack of change in muscle size. These findings there-
fore suggest that variations in My, and MMR were not
the sole result of muscle size variations in white-throated
sparrows. In accordance with this reasoning, Barcelo et al.
(unpublished) found that this species can increase its M,
by as much as 18 % when acclimated to a temperature of
—8 °C for 30 days without changing the size of its pecto-
ral muscle. Studies have demonstrated that cellular meta-
bolic activity can parallel winter increments of thermo-
genic capacity and be directly correlated to M, (Marsh
and Dawson 1989; Swanson 2010), although that can differ
among species (Liknes and Swanson 2011b; Pena-Villalo-
bos et al. 2014; Swanson et al. 2013, 2014a, b; Zhang et al.
2015b). Consequently, if an increase of skeletal muscle
mass may improve maximal metabolic rate in birds (Swan-
son and Vézina 2015), physiological systems underlying
changes in M, and MMR could vary among species. In
white-throated sparrows, a loss of metabolic capacity at
the cell level in response to thermoneutral conditions could
perhaps result in a decrease in whole animal performance
before one can detect notable changes in muscle size.

Rate of change in BMR, M . and MMR

sum
Considering percent changes relative to day 0, our data
for white-throated sparrows acclimating to cold support
the prediction that BMR responds faster to a change in
ambient temperature than maximal metabolic rate meas-
ured as M,,, or MMR. Indeed, over a period of 8 days,
birds acclimating to —5 °C showed a significant 8 %
increase in BMR but no change in MMR (<1 %) and
a 4 % gain of M, that was not significant when con-
sidered within treatment (Fig. 5). Although metabolic
performance in chickadees did not respond to thermal
treatment, our data are nevertheless also consistent with
the prediction. Indeed, over the course of the experi-
ment, we observed a significant 12 % increase in BMR,
a non-significant elevation (7 %) of M, and no changes
in MMR. In fact, the increase in BMR found in chicka-
dees was greater than the interseasonal mass-corrected
variation observed in our source population (6 %) (Petit
et al. 2013). It was also comparable to the seasonal vari-
ation observed by others in whole BMR in chickadees
(13-18 % in South Dakota, Cooper and Swanson 1994).
Therefore, independent of temperature, chickadees
showed as much amplitude of variation in their BMR
within a week than within a year, while short-term vari-
ation in maximal metabolic rates was much more limited
(7 % increase in M, relative to 32 % in our source pop-
ulation, Petit et al. 2013). Taken together, these results
support the hypothesis that BMR can change quite rap-
idly and faster than maximal metabolic rate, possibly
as a result of intrinsic limitations in the rate of change
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in organ size and function (Bauchinger and McWil-
liams 2009, 2010; Petit et al. 2013; Swanson et al. 2012;
Vézina et al. 2011). Consequently, it appears that 8 days
may not be sufficient for some species facing a sudden
cold spell to upregulate their maximal metabolic perfor-
mance, a finding consistent with the 24-30 days required
for an Mg, response to temperature in free-living black-
capped chickadees and dark-eyed juncos (Swanson and
Olmstead 1999). Birds could instead have to rely on
developing thermogenic capacity ahead of the peak of
winter cold (Petit et al. 2013) and on maintaining a spare
capacity in prevision of cold spells (McWilliams and
Karasov 2014; Petit and Vézina 2014).

Tissue turnover rate is assumed to explain anabolic
and catabolic processes involved in organ remodeling,
meaning that fast growing organs are also expected to
be fast regressing organs (Bauchinger and McWilliams
2009). Alone, the rate of change in organ size therefore
does not easily explain why, in buntings and sparrows
maintained at thermoneutrality, M, and MMR, which
are thought to reflect organs changing slowly (Bauch-
inger and McWilliams 2009, 2010; Petit and Vézina
2013; Swanson and Vézina 2015; Swanson et al. 2013),
declined at rates comparable to or faster than that of
BMR, which should reflect fast changing organs (Bauch-
inger and McWilliams 2009, 2010; Liu and Li 2006;
Sabat et al. 2009; Williams and Tieleman 2000; Zheng
et al. 2008). However, we found evidence that BMR
variation might have been influenced by digestive func-
tions in both these species. Individuals kept at thermo-
neutrality also tended to maintain their food consump-
tion constant over time. It is therefore possible that body
components may not all have changed at the same rate or
in the same direction in response to thermoneutrality. As
BMR variations should be influenced by total lean body
mass and internal organs, while My, and MMR should
vary with muscle size (Marsh and Dawson 1989; Petit
and Vézina 2013; Swanson et al. 2013, 2014b; Vézina
et al. 2006, 2007; Williams and Tieleman 2000), at least
in snow buntings, in absence of the need for active ther-
moregulation, muscle maximal performance could thus
have declined faster than the overall resting energy con-
sumption. An alternative but non-exclusive hypothesis is
that maximal metabolic rate could also be influenced to
a greater extent by variations in cellular metabolic path-
ways than basal metabolic rate. For example, a down-
regulation in the activity of specific enzymes, either by
changes in protein levels or allosteric regulation, would
be expected to have a greater effect on My, and MMR,
where enzymes are operating closer to their maximal
capacities, than on BMR, where enzymes should operate
at much lower levels of activity (Swanson 2010; Vézina
and Williams 2005).

@ Springer

Rate of change in metabolic parameters in warming
and cooling environments

Barcelo et al. (2009) studied BMR variations in captive
rufous-collared sparrows during acclimation to either cold
or warm temperatures. They found that, compared to initial
values measured at 22 °C, birds acclimating to 15 °C had
increased their BMR by 29 % over 4 weeks, while those
experiencing a temperature of 30 °C had decreased their
BMR by only 13 % over the same time period. Similarly,
using three acclimation temperatures (10, 22, and 35 °C),
McKechnie et al. (2007) found in laughing doves (Strep-
topelia senegalensis), not only the expected negative rela-
tionship between BMR and air temperature, but also that
for a given amount of time spent at these temperatures
(21 days), the magnitude of change in BMR was greater
when the birds faced colder than warmer temperatures (see
Fig. 5 in McKechnie et al. 2007). These studies therefore
suggest that birds adjust their BMR faster when experienc-
ing a cooling rather than a warming environment.

The only species for which we could compare the rate
of change in metabolic parameters in relation to acclima-
tion temperature is the white-throated sparrow. In contrast
with findings by Barcelo et al. (2009) and McKechnie et al.
(2007), BMR varied at comparable rates between treat-
ments (+8 % in the cold and —7 % at thermoneutrality
over 8 days, Fig. 5b). One important difference between
our study and those cited above, however, is the time span
between measurements. Barcelo et al. (2009) and McK-
echnie et al. (2007) acclimated birds for periods ranging
from 21 days to 4 weeks before re-measuring individual
BMR, while our measures were spaced in time by 4 days.
It is not possible to determine whether BMR had already
attained stability at the time of second measure in these
previous studies. However, considering the rates of change
documented here, it is reasonable to assume that BMR
could have progressed at comparable rates in both thermal
treatments, therefore reaching stability over a longer time
period in birds exposed to cold temperatures relative to
birds exposed to a warm environment. Additional research
is required to determine whether this pattern is generaliz-
able to other species.

As far as we know, this is the first study to document
the rate of change in M, and MMR over less than 8 days
in response to temperature in birds. Maximal metabolic
capacity was lost by as much as 15 % over 8 days in
white-throated sparrows kept at thermoneutrality, while
the cold treatment induced, at best, a moderate and non-
significant increase in metabolic performance (1-4 %).
Therefore, it appears that maximal metabolic capacity
is easier to loose than to build in this species. A possi-
ble explanation for this phenomenon could be that accli-
mating birds to 10 °C prior to the change in temperature
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already provided enough thermogenic capacity for spar-
rows to live at —10 °C, thus requiring little change in
Mg, in the cold treatment. However, this is clearly not
the case since another study on this species conducted
in the same facilities showed that M, had stabilized
at 2.56 + 0.06 W after 30 days of acclimation to —8 °C
(Barcelo et al. unpublished). This temperature is warmer

than the cold treatment used here but the M, value

obtained by Barcelo et al. is nevertheless 23 % higher
than what we recorded in the current study after 8 days in
the cold (2.08 £ 0.05 W). The exact causes for the differ-
ent rates of change in cold and warm conditions are there-
fore not obvious and will require more investigations,
especially if changes happen independently from muscle
mass variations (Barcelo et al. unpublished). In a context
where temperature stochasticity is expected to increase
at northern latitudes (Easterling et al. 2000; IPCC 2013;
Katz et al. 2005), a rapid decline of thermogenic capac-
ity during warm winter days could be detrimental if birds
are slow to readjust their phenotype with the return of
cold. This therefore emphasizes the need for more data on
physiological responses to short-term temperature varia-
tions in birds.

Acknowledgments We would like to thank the Corporation de la
Forét d’enseignement et de recherche Macpes who granted us access
to their field facilities for capturing birds. We are also grateful to
Alexandre Anctil and Ludovic Jolicoeur for their assistance during
captures of snow buntings. A special thanks goes to David Swanson
and Yufeng Zhang from the University of South Dakota for training
KD with MMR and to Richard Lafrance from UQAR for building
our hop-flutter wheel. We are also grateful to David Swanson and
Joél Béty for commenting a previous version of this paper as well
as to two anonymous reviewers for their constructive comments.
We thank Catherine Burman-Plourde and Josianne Ruest for their
help with food intake measurements and bird maintenance as well
as Magali Petit and Myriam Milbergue for their advice and constant
support. This research was supported by a Discovery Grant from
the Natural Sciences and Engineering Research Council of Canada
(NSERC) as well as a Leader Opportunity Fund from the Canadian
Foundation for Innovation to FV. FH received an Industrial Innova-
tion Scholarship from the Fonds de Recherche du Québec Nature
et les Technologies (FRQNT) and KD received an Alexander Gra-
ham Bell Graduate Scholarship from NSERC and well as a Master’s
Scholarship from FRQNT during this study. KD was also supported
by a Mobility Fellowship from EnviroNorth during her training in
Dr. Swanson’s lab.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Ethical approval All applicable international, national, and/or insti-
tutional guidelines for the care and use of animals were followed.
All bird manipulations were approved by the Université du Québec
a Rimouski animal care committee (CPA-52-13-113) and have been
conducted under scientific (SC-47) and banding (10704D) permits
from Environment Canada - Canadian Wildlife Service.

References

Barcelo G, Salinas J, Cavieres G, Canals M, Sabat P (2009) Thermal
history can affect the short-term thermal acclimation of basal
metabolic rate in the passerine Zonotrichia capensis. J Therm
Biol 34:415-419

Bartholomew GA, Vleck D, Vleck CM (1981) Instantaneous meas-
urements of oxygen consumption during pre-flight warm-up and
post-flight cooling in sphingid and saturniid moths. J Exp Biol
90:17-32

Bauchinger U, McWilliams SR (2009) Carbon turnover in tissues of a
passerine bird: allometry isotopic clocks and phenotypic flexibil-
ity in organ size. Physiol Biochem Zool 82:787-797

Bauchinger U, McWilliams SR (2010) Extent of phenotypic flexibil-
ity during long-distance flight is determined by tissue-specific
turnover rates: a new hypothesis. J Avian Biol 41:603-608

Blem CR (1976) Patterns of lipid storage and utilization in birds. Am
Zool 16:671-684

Broggi J, Hohtola E, Koivula K, Orell M, Thomson RL, Nilsson J-A
(2007) Sources of variation in winter basal metabolic rate in the
great tit. Funct Ecol 21:528-533

Bush NG, Brown M, Downs CT (2008) Effects of short-term accli-
mation on thermoregulatory responses of the rock kestrel Falco
rupicolus. J Therm Biol 33:425-430

Busse P (2000) Bird station manual. Gdansk University Press, Gdansk

Cavieres G, Sabat P (2008) Geographic variation in the response to
thermal acclimation in rufous-collared sparrows: are physiologi-
cal flexibility and environmental heterogeneity correlated? Funct
Ecol 22:509-515

Chappell MA, Bech C, Buttemer WA (1999) The relationship of cen-
tral and peripheral organ masses to aerobic performance varia-
tion in house sparrows. J Exp Biol 202:2269-2279

Cooper SJ (2002) Seasonal metabolic acclimatization in moun-
tain chickadees and juniper titmice. Physiol Biochem Zool
75:386-395

Cooper SJ, Swanson DL (1994) Seasonal acclimatization of ther-
moregulation in the black-capped chickadee. Condor 96:638-646

Devost I, Hallot F, Milbergue M, Petit M, Vézina F (2014) Lipid
metabolites as markers of fattening rate in a non-migratory pas-
serine: effects of ambient temperature and individual variation.
Comp Biochem Physiol A-Mol Integr Physiol 177:18-26

Dietz MW, Dekinga A, Piersma T, Verhulst S (1999) Estimating organ
size in small migrating shorebirds with ultrasonography: an
intercalibration exercise. Physiol Biochem Zool 72:28-37

Dietz MW, Piersma T, Hedenstrom A, Brugge M (2007) Intraspecific
variation in avian pectoral muscle mass: constraints on main-
taining manoeuvrability with increasing body mass. Funct Ecol
21:317-326

Dutenhoffer MS, Swanson DL (1996) Relationship of basal to summit
metabolic rate in passerine birds and the aerobic capacity model
for the evolution of endothermy. Physiol Zool 69:1232-1254

Easterling DR, Meehl GA, Parmesan C, Changnon SA, Karl TR,
Mearns LO (2000) Climate extremes: observations modeling and
impacts. Science 289:2068-2074

Falls JB, Kopachena JG (2010) White-throated sparrow (Zonotrichia
albicollis). The Birds of North America Online. Cornell Lab
of Ornithology. http://bna.birds.cornell.edu/bna/species/128.
Accessed 10 Dec 2015

Foote JR, Mennill DJ, Ratcliffe LM, Smith SM (2010) Black-capped
chickadee (Poecile atricapillus) The Birds of North America
Online. Cornell Lab of Ornithology. http://bna.birds.cornell.edu/
bna/species/039. Accessed 10 Dec 2015

Gessaman JA, Nagy KA (1988) Energy metabolism: errors in gas-
exchange conversion factors. Physiol Zool 61:507-513

@ Springer


http://bna.birds.cornell.edu/bna/species/128
http://bna.birds.cornell.edu/bna/species/039
http://bna.birds.cornell.edu/bna/species/039

934

J Comp Physiol B (2016) 186:919-935

Gosler AG (1996) Environmental and social determinants of winter
fat storage in the great tit Parus major. J Anim Ecol 65:1-17
Hammond KA, Chappell MA, Cardullo RA, Lin R, Johnsen TS
(2000) The mechanistic basis of aerobic performance variation
in red junglefowl. J Exp Biol 203:2053-2064

IPCC (2013) Climate change 2013: the physical science basis. Con-
tribution of working group I to the fifth assessment report of the
intergovernmental panel on climate change. Cambridge Univer-
sity Press, Cambridge

Katz RW, Brush GS, Parlange MB (2005) Statistics of extremes:
modeling ecological disturbances. Ecology 86:1124-1134

Kersten M, Piersma T (1986) High levels of energy expenditure in
shorebirds: metabolic adaptations to an energetically expensive
way of life. Ardea 75:175-187

Klaassen M, Oltrogge M, Trost L (2004) Basal metabolic rate
food intake and body mass in cold- and warm-acclimated gar-
den warblers. Comp Biochem Physiol A-Mol Integr Physiol
137:639-647

Kontogiannis JE (1968) Effect of temperature and exercise on energy
intake and body weight of the white-throated sparrow Zonotri-
chia albicollis. Physiol Zool 41:54-64

Krams I (2002) Mass-dependent take-off ability in wintering great tits
(Parus major): comparison of top-ranked adult males and subor-
dinate juvenile females. Behav Ecol Sociobiol 51:345-349

Kullberg C, Fransson T, Jakobsson S (1996) Impaired preda-
tor evasion in fat blackcaps (Sylvia atricapilla). Proc R Soc B
263:1671-1675

Lighton JRB (2008) Measuring metabolic rates: a manual for scien-
tists. Oxford University Press, New York

Liknes ET, Swanson DL (1996) Seasonal variation in cold tolerance
basal metabolic rate and maximal capacity for thermogenesis in
white-breasted nuthatches Sitta carolinensis and downy wood-
peckers Picoides pubescens two unrelated arboreal temperate
residents. J Avian Biol 27:279-288

Liknes ET, Swanson DL (2011a) Phenotypic flexibility of body com-
position associated with seasonal acclimatization in passerine
birds. J Therm Biol 36:363-370

Liknes ET, Swanson DL (2011b) Phenotypic flexibility in passerine
birds: seasonal variation of aerobic enzyme activities in skeletal
muscle. J Therm Biol 36:430-436

Liknes ET, Scott SM, Swanson DL (2002) Seasonal acclimatization
in the american goldfinch revisited: to what extent do metabolic
rates vary seasonally? Condor 104:548-557

Lind J, Fransson T, Jakobsson S, Kullberg C (1999) Reduced take-off
ability in robins (Erithacus rubecula) due to migratory fuel load.
Behav Ecol Sociobiol 46:65-70

Lindstrom A, Visser GH, Daan S (1993) The energetic cost of feather
synthesis is proportional to basal metabolic rate. Physiol Zool
66:490-510

Liu JS, Li M (2006) Phenotypic flexibility of metabolic rate and organ
masses among tree sparrows Passer montanus in seasonal accli-
matization. Acta Zool Sin 52:469-477

Maldonado KE, Cavieres G, Veloso C, Canals M, Sabat P (2008)
Physiological responses in rufous-collared sparrows to thermal
acclimation and seasonal acclimatization. J Comp Physiol B
179:335-343

Mandin C, Vézina F (2012) Daily variation in markers of nutritional
condition in wintering black-capped chickadees Poecile atricap-
illus. Ibis 154:791-802

Marsh RL, Dawson WR (1989) Avian adjustments to cold. In: Wang
LCH (ed) Advances in comparative and environmental physi-
ology, vol 4., animal adaptation to coldSpringer, Berlin, pp
205-253

McKechnie AE (2008) Phenotypic flexibility in basal metabolic rate
and the changing view of avian physiological diversity: a review.
J Comp Physiol B 178:235-247

@ Springer

McKechnie AE, Swanson DL (2010) Sources and significance of vari-
ation in basal summit and maximal metabolic rates in birds. Curr
Zool 56:741-758

McKechnie AE, Chetty K, Lovegrove BG (2007) Phenotypic flexibil-
ity in the basal metabolic rate of laughing doves: responses to
short-term thermal acclimation. J Exp Biol 210:97-106

McWilliams SR, Karasov WH (2014) Spare capacity and phenotypic
flexibility in the digestive system of a migratory bird: defining
the limits of animal design. Proc R Soc B 281:1-9

Metcalfe J, Schmidt KL, Kerr WB, Guglielmo CG, MacDougall-
Shackleton SA (2013) White-throated sparrows adjust behaviour
in response to manipulations of barometric pressure and temper-
ature. Anim Behav 86:1285-1290

Montgomerie R, Lyon B (2011) Snow bunting (Plectrophenax niva-
lis) The Birds of North America Online. Cornell Lab of Orni-
thology. http://bna.birds.cornell.edu/bna/species/198. Accessed
10 Dec 2015

Naugler CT (2014) American tree sparrow (Spizella arborea). The
Birds of North America Online. Cornell Lab of Ornithology.
http://bna.birds.cornell.edu/bna/species/037. Accessed 10 Dec
2015

Nolan V, Jr Ketterson ED, Cristol DA, Rogers CM, Clotfelter ED,
Titus RC, Schoech SJ, Snajdr E (2002) Dark-eyed junco (Junco
hyemalis). The Birds of North America Online. Cornell Lab
of  Ornithology. http://bna.birds.cornell.edu/bna/species/716.
Accessed 10 Dec 2015

O’Connor TP (1995) Metabolic characteristics and body composi-
tion in house finches: effects of seasonal acclimatization. J] Comp
Physiol B 165:298-305

Odum EP (1949) Weight variations in wintering white-throated spar-
rows in relation to temperature and migration. Wilson Bull
61:3-14

Pena-Villalobos I, Nunez-Villegas M, Bozinovic F, Sabat P (2014)
Metabolic enzymes in seasonally acclimatized and cold accli-
mated rufous-collared sparrow inhabiting a Chilean Mediterra-
nean environment. Curr Zool 60:338-350

Petit M, Vézina F (2013) Phenotype manipulations confirm the role of
pectoral muscles and haematocrit in avian maximal thermogenic
capacity. J Exp Biol 217:824-830

Petit M, Vézina F (2014) Reaction norms in natural conditions: how
does metabolic performance respond to weather variations in
a small endotherm facing cold environments? Plos One. doi:
101371/journalpone 0113617

Petit M, Vézina F, Piersma T (2010) Ambient temperature does not
affect fuelling rate in absence of digestive constraints in long-
distance migrant shorebird fuelling up in captivity. ] Comp Phys-
iol B 180:847-856

Petit M, Lewden A, Vézina F (2013) Intra-seasonal flexibility in
avian metabolic performance highlights the uncoupling of basal
metabolic rate and thermogenic capacity. Plos One. doi: 101371/
journalpone0068292

Petit M, Lewden A, Vézina F (2014) How does flexibility in body
composition relate to seasonal changes in metabolic performance
in a small passerine wintering at northern latitude? Physiol Bio-
chem Zool 87:539-549

Piersma T (2011) Why marathon migrants get away with high meta-
bolic ceilings: towards an ecology of physiological restraint. J
Exp Biol 214:295-302

Piersma T, Bruinzeel L, Drent R, Kersten M, VanderMeer J, Wiersma
P (1996) Variability in basal metabolic rate of a long-distance
migrant shorebird (red knot Calidris canutus) reflects shifts in
organ sizes. Physiol Zool 69:191-217

Price ER, Guglielmo CG (2009) The effect of muscle phospholipid
fatty acid composition on exercise performance: a direct test in
the migratory white-throated sparrow (Zonotrichia albicollis).
Am J Physiol 297:R775-R782


http://bna.birds.cornell.edu/bna/species/198
http://bna.birds.cornell.edu/bna/species/037
http://bna.birds.cornell.edu/bna/species/716

J Comp Physiol B (2016) 186:919-935

935

Rezende EL, Chappell MA, Hammond KA (2004) Cold-acclimation
in Peromyscus: temporal effects and individual variation in max-
imum metabolism and ventilatory traits. J Exp Biol 207:295-305

Royer-Boutin P, Cortés P, Milbergue M, Petit M, Vézina F (2015)
Estimation of muscle mass by ultrasonography differs between
observers and life states of models in small birds. Physiol Bio-
chem Zool 88:336-344

Saarela S, Hohtola E (2003) Seasonal thermal acclimatization in sed-
entary and active pigeons. Isr J Zool 49:185-193

Sabat P, Cavieres G, Veloso C, Canals M, Bozinovic F (2009)
Intraspecific basal metabolic rate varies with trophic level in
rufous-collared sparrows. Comp Biochem Physiol A-Mol Integr
Physiol 154:502-507

Scholander PF, Hock R, Walters V, Johnson F, Irving L (1950) Heat
regulation in some arctic and tropical mammals and birds. Biol
Bull 99:237-258

Scott I, Evans PR (1992) The metabolic output of avian (Sturnus vul-
garis, Calidris alpina) adipose tissue liver and skeletal muscle:
implications for BMR/body mass relationships. Comp Biochem
Physiol A Physiol 103:329-332

Seibert HC (1949) Differences between migrant and non-migrant
birds in food and water intake at various temperatures and photo-
periods. Auk 66:128-153

Swanson DL (2010) Seasonal metabolic variation in birds: functional
and mechanistic correlates. Curr Ornithol 17:75-129

Swanson DL, Dean KL (1999) Migration-induced variation in
thermogenic capacity in migratory passerines. J Avian Biol
30:245-254

Swanson DL, Merkord C (2012) Seasonal phenotypic flexibility of
flight muscle size in small birds: a comparison of ultrasonogra-
phy and tissue mass measurements. J Ornithol 154:119-127

Swanson DL, Olmstead KL (1999) Evidence for a proximate influ-
ence of winter temperature on metabolism in passerine birds.
Physiol Biochem Zool 72:566-575

Swanson DL, Vézina F (2015) Environmental ecological and mecha-
nistic drivers of avian seasonal metabolic flexibility in response
to cold winters. J Ornithol 156:377-388

Swanson DL, Drymalski MW, Brown JR (1996) Sliding vs static cold
exposure and the measurement of summit metabolism in birds. J
Therm Biol 21:221-226

Swanson DL, Thomas NE, Liknes ET, Cooper SJ (2012) Intraspecific
correlations of basal and maximal metabolic rates in birds and
the aerobic capacity model for the evolution of endothermy. Plos
One. doi: 101371/journalpone0034271

Swanson DL, Zhang Y, King MO (2013) Individual variation in ther-
mogenic capacity is correlated with flight muscle size but not
cellular metabolic capacity in american goldfinches (Spinus tris-
tis). Physiol Biochem Zool 86:421-431

Swanson DL, Zhang Y, Liu JS, Merkord CL, King MO (2014a) Rela-
tive roles of temperature and photoperiod as drivers of metabolic
flexibility in dark-eyed juncos. J Exp Biol 217:866-875

Swanson DL, Zhang Y, King MO (2014b) Mechanistic drivers of flex-
ibility in summit metabolic rates of small birds. Plos One. doi:
101371/journalpone0101577

Tieleman BI, Williams JB, Bloomer P (2003) Adaptation of metabo-
lism and evaporative water loss along an aridity gradient. Proc R
Soc B 270:207-214

Vaillancourt E, Prud’Homme S, Haman F, Guglielmo CG, Weber M
(2005) Energetics of a long-distance migrant shorebird (Philo-
machus pugnax) during cold exposure and running. J Exp Biol
208:317-325

van de Ven T, Mzilikazi N, McKechnie AE (2013) Phenotypic flex-
ibility in body mass basal metabolic rate and summit metabolism
in southern red bishops (Euplectes orix): responses to short term
thermal acclimation. Comp Biochem Physiol A-Mol Integr Phys-
iol 165:319-327

Vézina F, Williams TD (2005) Interaction between organ mass and
citrate synthase activity as an indicator of tissue maximal oxi-
dative capacity in breeding European Starlings: implications
for metabolic rate and organ mass relationships. Funct Ecol
19:119-128

Vézina F, Jalvingh KM, Dekinga A, Piersma T (2006) Acclimation to
different thermal conditions in a northerly wintering shorebird
is driven by body mass-related changes in organ size. J Ex Biol
209:3141-3154

Vézina F, Jalvingh KM, Dekinga A, Piersma T (2007) Thermogenic
side effects to migratory predisposition in shorebirds. Am J
Physiol 292:R1287-R1297

Vézina F, Gustowska A, Jalvingh KM, Chastel O, Piersma T (2009)
Hormonal correlates and thermoregulatory consequences of
molting on metabolic rate in a northerly wintering shorebird.
Physiol Biochem Zool 82:129-142

Vézina F, Dekinga A, Piersma T (2011) Shorebirds’ seasonal adjust-
ments in thermogenic capacity are reflected by changes in body
mass: how preprogrammed and instantaneous acclimation work
together. Integr Comp Biol 51:394-408

Wiersma P, Chappell MA, Williams JB (2007) Cold- and exercise-
induced peak metabolic rates in tropical birds. Proc Natl Acad
Sci USA 104:20866-20871

Williams JB, Tieleman BI (2000) Flexibility in basal metabolic rate
and evaporative water loss among hoopoe larks exposed to dif-
ferent environmental temperatures. J Exp Biol 203:3153-3159

Zhang Y, Eyster K, Liu JS, Swanson DL (2015a) Cross-training
in birds: cold and exercise training produce similar changes
in maximal metabolic output muscle masses and myostatin
expression in house sparrows (Passer domesticus). J Exp Biol
218:2190-2200

Zhang Y, King MO, Harmon E, Swanson DL (2015b) Summer-to-
winter phenotypic flexibility of fatty acid transport and catabo-
lism in skeletal muscle and heart of small birds. Physiol Bio-
chem Zool 88:535-549

Zheng WH, Li M, Liu JS, Shao SL (2008) Seasonal acclimatization of
metabolism in eurasian tree sparrows (Passer montanus). Comp
Biochem Physiol A-Mol Integr Physiol 151:519-525

Zhu W-L, Cai J-H, Lian X, Wang Z-K (2010) Adaptive character of
metabolism in FEothenomys miletus in Hengduan Mountains
region during cold acclimation. J Therm Biol 35:417-421

@ Springer



	Basal and maximal metabolic rates differ in their response to rapid temperature change among avian species
	Abstract 
	Introduction
	Materials and methods
	Experimental birds and acclimation protocol
	Food intake
	Body mass, fat scores, muscle scores and ultrasonography
	Respirometry
	Maximal Metabolic Rate
	Summit metabolic rate
	Basal metabolic rate

	Molt in snow buntings
	Statistical analysis

	Results
	Body mass, muscle size and fat reserves
	Food intake
	Metabolic parameters

	Discussion
	Energy balance
	Patterns of variation in metabolic performance across species
	Rate of change in BMR, Msum and MMR
	Rate of change in metabolic parameters in warming and cooling environments

	Acknowledgments 
	References




