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phenotypically mismatched with the environment: rapid muscle ultra-
structural changes in cold-shocked black-capped chickadees (Poecile
atricapillus). Am J Physiol Regul Integr Comp Physiol 318: R274—
R283, 2020. First published December 11, 2019; doi:10.1152/ajp-
regu.00203.2019.—Phenotypic flexibility has received considerable
attention in the last decade; however, whereas many studies have
reported amplitude of variation in phenotypic traits, much less atten-
tion has focused on the rate at which traits can adjust in response to
sudden changes in the environment. We investigated whole animal
and muscle phenotypic changes occurring in black-capped chickadees
(Poecile atricapillus) acclimated to cold (—5°C) and warm (20°C)
temperatures in the first 3 h following a 15°C temperature drop (over
3 h). Before the temperature change, cold-acclimated birds were
consuming 95% more food, were carrying twice as much body fat,
and had 23% larger pectoralis muscle fiber diameters than individuals
kept at 20°C. In the 3 h following the temperature drop, these same
birds altered their pectoralis muscle ultrastructure by increasing the
number of capillaries per fiber area and the number of nuclei per
millimeter of fiber by 22%, consequently leading to a 22% decrease in
myonuclear domain (amount of cytoplasm serviced per nucleus),
whereas no such changes were observed in the warm-acclimated
birds. To our knowledge, this is the first demonstration of such a rapid
adjustment in muscle fiber ultrastructure in vertebrates. These results
support the hypothesis that chickadees maintaining a cold phenotype
are better prepared than warm-phenotype individuals to respond to a
sudden decline in temperature, such as what may be experienced in
their natural wintering environment.

capillaries per fiber area; muscle fiber diameter; muscle ultrastructure;
myonuclear domain; phenotypic mismatch

INTRODUCTION

Phenotypic flexibility is a phenomenon by which adult
organisms reversibly adjust their physiological or behavioral
traits in response to environmental constraints (34, 35). This
concept has received considerable attention in the last decade
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(see Ref. 34 for an extensive review) and several studies have
shown remarkable examples of variation in trait value across
life-history stages (e.g., 33, 35, 59).

Although reporting amplitude of variation in phenotypic
traits is useful and increasingly common (e.g., Refs. 22, 23, 35,
and 59), much less attention has been devoted to the rate at
which traits can adjust in response to sudden changes in the
environment (e.g., Refs. 1, 10, and 49). Yet, the rate of change
should be as critical as trait amplitude, especially if a given
phenotype is mismatched to the environment (24, 56). For
example, McWilliams and Karasov (24) showed that white-
throated sparrows (Zonotrichia albicollis) previously accli-
mated to 21°C and exposed to —5°C or —20°C for 2 days were
only able to increase their food consumption by 45%-57%
above that preceding the temperature drop. This limited in-
crease in food intake was considered to reflect the “immediate
spare capacity” of the digestive system, and, as it did not match
the energy demand at the new temperatures, birds showed
negative energy balance and lost body mass. In contrast,
individuals given 12 days to acclimate to these same cold
temperatures were able to meet the demand, as they maintained
their body mass while eating 24%—-26% more food on average
than the cold-shocked birds. In another example, Dubois et al.
(10) showed that summit metabolic rate (Mg,m), a measure of
maximal shivering heat production seen as an index of avian
cold endurance (20, 44), responded very slowly to a sudden
drop in ambient temperature. In fact, although cold acclimation
is known to lead to higher Mg, in each of these model species
(2, 30), none of black-capped chickadees (Poecile atricapil-
lus), snow buntings (Plectrophenax nivalis), or white-throated
sparrows showed significant increase in cold endurance in the
first 8 days following a 15°C drop from an acclimated state at
10°C, despite a clear increase in thermoregulatory demand
showed by daily food intake.

Given the potential delay in response to rapid environmental
changes, animals certainly benefit from maintaining some level
of reserve capacity in life-sustaining phenotypic traits such as
digestive or thermogenic capacity (24). However, as adjusting
reserve capacity in slow-responding traits such as Mg, may
require preparation ahead of time (30), the amount of reserve
capacity maintained at any time may also depend on specific
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phenotypes. For instance, Petit and Vézina (32) showed the
reaction norm for M, in free-living black-capped chickadees
over a complete seasonal cycle, in which birds began to
increase their thermogenic capacity as temperatures declined in
the fall to reach a plateau in My, when mean minimal
temperature was around —10°C (i.e., in November to Decem-
ber; 32). This suggests that the phenotype expressed at this
time likely had enough reserve capacity to allow birds to
endure cold spells typical of later in the season; that is,
short-term declines in temperature by 10°C-20°C (our source
population is exposed to extreme temperatures in January to
March that can reach =—25°C) (32). The counterpart of this is
that birds experiencing similar declines in temperature in
summer or during the transition seasons (fall and spring) would
presumably be less prepared and would undergo a higher
proximate cost if they become phenotypically mismatched.

Shivering heat production is critical for thermoregulation
and winter survival in small birds (18, 29), and shivering is
ultimately underscored by muscle physiology (47, 49-51).
Indeed, previous studies have shown positive correlations be-
tween muscle mass and M, or between directional changes in
these two variables (10, 25, 50, 52, 58). However, accumulat-
ing evidence also suggests that although maintaining a large
mass of skeletal muscles might be advantageous in terms of
total heat production, an actual increase in muscle size may not
always be vital to improve cold endurance or could be context
specific (2, 12, 25, 42, 52). Nonetheless, the exact mechanisms
involved in adjusting thermogenic capacity are not clear, although
available data increasingly point toward cellular mechanisms
(2,7, 25, 42).

In this context, an aspect of skeletal muscle physiology that
has received little attention is muscle ultrastructure. Muscle
fiber size can influence whole animal metabolism (13, 16). For
example, small-diameter fibers have lower diffusion distances
for metabolites such as O, and ATP, which is beneficial for
high-metabolic activities such as shivering (16), and small
muscle fibers have been reported in cold-acclimated pigeons
(Columba livia) (21). Conversely, large muscle fiber diameters
can also be advantageous since large fibers produce higher
contraction force, which presumably increases shivering heat
production. They also have lower basal metabolic costs as a
result of decreases in surface area per unit volume and ATP-
consuming, membrane-bound processes (13, 16). Given that
total muscle mass can significantly impact whole animal basal
metabolic rate in birds (6, 25, 57), maintaining large fibers
could therefore be beneficial in reducing overall maintenance
energy demand (47). Black-capped chickadees coming out of
winter (April to May) have been found to maintain larger fibers
in pectoralis muscles than individuals caught in summer (July
to August) (15). Direct corollaries of muscle fiber function are
myonuclear domain and the number of capillaries per fiber
area. Myonuclear domain is defined as the amount of cyto-
plasm serviced per nucleus (36) and is often positively corre-
lated with fiber diameter (14). The number of capillaries per
unit surface area is also a key trait in active muscles since
capillaries provide oxygen and fuel to fibers. Previous studies
showed high capillary density in cold-acclimated pigeons (21)
and spring chickadees (15), and recent work on captive cold-
acclimated dark-eyed juncos highlighted upregulation of mus-
cle genes involved in angiogenesis (42). As these muscle traits
are typically studied by comparing stable phenotypes, it is
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unclear, however, how quickly these features (i.e., cellular
muscle phenotype) can change in response to sudden environ-
mental change.

In this study, we examined captive black-capped chickadees
maintained under cold winter-like (—5°C) and warm fall-like
(20°C) conditions, and we investigated how birds maintaining
stable phenotypes under these conditions responded to a sud-
den 15°C drop in temperature in terms of daily food intake, fat
mass, and lean mass as well as muscle ultrastructure. Experi-
mental temperatures were chosen after the reaction norm mea-
sured for M,m by Petit et al. (32, Fig. 1). We assumed that the
reaction norm for M, would be a good approximation of the
phenotypic changes expected in all measured traits given the
importance of M, for winter survival (18, 29), its clear
response to temperature (46, 49, 62), and the fact that both
Mg variation, which results from muscle physiological
changes (25, 42, 51, 57, 62—64), and rate of food consumption,
which forces digestive adjustments (2, 24), are slow or limited
in their response to rapid temperature changes (10, 24). The
first thermal environment, at —5°C, was equivalent to midwin-
ter in our temperate population, for which the drop in temper-
ature should have a minimal impact, as birds would be ex-
pected to buffer the demand with spare capacity (Fig. 1). We
therefore expected these individuals to consume large amounts
of food and to maintain large fat reserves and a high lean
mass (31). We also expected to find relatively large fiber
diameters with large myonuclear domains within their pecto-
ralis muscles and high counts of capillaries per fiber area (15).
We further predicted that these birds would increase their food
intake and show minimal loss in fat and lean mass or muscle
ultrastructure in response to the change in temperature. In
the second environment, birds were kept at 20°C, a tempera-
ture equivalent to early fall in our population. We expected
these birds to maintain smaller fat reserves and lean mass, eat
less, and maintain smaller muscle fiber size, with small myo-
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Fig. 1. Schematic representation of the reaction norm for phenotypic traits
thought to covary with summit metabolic rate in response to ambient temper-
ature (°C). Vertical dashed lines represent the matched (cold) and mismatched
(warm-transition) phenotypes. The solid arrows represent the temperature drop
for each group (15°C each). Spare capacity is represented by the absence of
change in a phenotypic trait for a given change in ambient temperature.
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nuclear domains, surrounded by fewer capillaries than cold-
acclimated individuals. In these birds, the 15°C decline in
temperature should bring individuals to the equivalent of early
winter, which normally requires a transition to a new pheno-
type during seasonal acclimatization (Fig. 1; 32). Therefore, as
the sudden temperature drop would create a phenotypic mis-
match in this group, these warm-transition birds would pre-
sumably have less spare capacity for energy intake, and thus be
expected to show a decline in fat reserves, a loss of lean mass,
and reduced muscle function in the hours following the change
in temperature.

MATERIALS AND METHODS
Capture, Maintenance, and Temperature Protocol

Black-capped chickadees were captured near Rimouski, Québec,
Canada, in the forét d’enseignment et de recherche Macpes using mist
nets in winter and fall. Birds were then transported back to the Avian
Facility of the Université du Québec a Rimouski, where they were
fitted with a unique combination of color bands. The birds were
housed individually (41.3 X 41.9 X 32.4-cm cages) and were ran-
domly assigned to an experimental group. Procedures were approved
by the Université du Québec a Rimouski Animal Care Committee
(CPA-69-17-191) and have been conducted under scientific and
banding permits from Environment Canada - Canadian Wildlife
Service (10889).

We used a factorial design with four treatment combinations. Birds
were divided into cold (—5°C, n = 18) and warm-transition (20°C,
n = 20) phenotypes and were held in these conditions for 21 days
before the temperature change. These two phenotypes were further
divided into a control group, experiencing no temperature change, and
a treatment group, which would be exposed to a decrease in temper-
ature by 15°C over 3 h at a rate of 5°C/h. As the starting temperatures
for each phenotype occur at different times of the year, birds were also
exposed to photoperiods matching these periods for the location of our
source population. Cold-acclimated birds were kept under a 10 h, 15
min light:13 h, 45 min dark photoperiod (i.e., February), whereas the
warm-transition birds were under a 13 h, 23 min light:10 h, 37 min
dark cycle (i.e., September).

Measured Variables

For 3 days (i.e., 3 24-h periods) before the temperature drop, 24-h
food intake was measured for all birds and converted into kJ/day (8).
Briefly, birds were given a measured amount of deshelled-sunflower
seed (~20 g) and mealworms (~0.6 g; mealworms were always
consumed rapidly), and orts were measured on the following morning.
Using data on water content of seeds and mealworms and metaboliz-
able energy content, we determined the kilojoules per day consumed
per bird (8). Two days (starting on day —2) before the scheduled
temperature drop, we also measured food intake for all birds from
8:00 to 11:00 and from 11:00 to 14:00 (cold) or from 5:51 to 8:51 and
from 8:51 to 11:51 (warm transition) (3-h time blocks) to match the
time period at which food intake could be measured on the experi-
mental day (“before”). The day before the temperature drop, we also
measured total fat and lean mass of all birds by quantitative magnetic
resonance (EchoMRI, Houston; values = 0.01 g) (11). Each bird was
measured a minimum of three times (1.5-3.5 min) (11) and average
values were used in analyses.

On the experimental day, treatment birds experienced the 15°C
temperature decline from 8:00 to 11:00 (cold) or 5:51 to 8:51 (warm-
transition), during which we measured their “during” food-intake rate
[food given at 8:00 and replaced at 11:00 (cold) or given at 5:51 and
replaced at 8:51 (warm-transition)]. At the end of that time block
[11:00 (cold) and 8:51 (warm-transition)], birds were again given a
measured quantity of food, and orts were weighed at 14:00 (cold) or
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11:51 (warm-transition) to obtain the “after” intake rate. Birds then
remained at their final room temperatures (20°C and —5°C for
warm-transition birds and —5°C and —20°C for cold birds) for 3 h
before sampling and measurements. Birds experiencing the tempera-
ture drop were therefore exposed to 6 h of cold; a gradual temperature
decline in the first 3 h and a new stable temperature in the next 3 h.

After following these procedures, we removed birds from each
room by alternating among experimental groups, until each bird had
been measured, euthanized, and dissected. We first measured total
body weight (= 0.01 g), and lean and fat masses by quantitative
magnetic resonance and then proceeded to euthanize birds by CO»
asphyxiation, after which we extracted pectoralis muscle samples
within 5 min of death, which were immediately fixed in 4% parafor-
maldehyde and shipped to Colgate University for further processing.

Laboratory Analyses

Muscle sectioning and staining. Fixed muscle sections were put in
30% sucrose overnight before sectioning to cryoprotect samples. Each
muscle sample was divided in two pieces: one oriented in cross
section (for fiber diameter and fiber cross-sectional measurements)
and the other oriented longitudinally (to measure longitudinal nuclei
length for myonuclear domain determination). Tissues were mounted
in optimal cutting-temperature compound (Scigen Scientific) and
allowed to equilibrate to —20°C in a Microm HM 505 N cryostat
before sectioning. Sections were then cut at 30 m, picked up on plus
slides (Fisher Scientific), and air-dried at room temperature, then
stained with a 250 mg/mL solution of wheat germ agglutinin (WGA;
Molecular Probes) with Alexa Fluor 488, 4',6-diamidino-2-phenylin-
dole (DAPI; Molecular Probes) and Griffonia simplicifolia lectin
(GSL; Molecular probes) 694 for 30 min and then rinsed in avian
ringer’s for 60 min. WGA can nonspecifically bind to tissue, and thus
longer rinse times are necessary. WGA 1is a lectin that binds to
glycoproteins on the basement membrane of the fiber sarcolemma and
effectively outlines the fiber periphery to allow measurements of fiber
size (26, 60). DAPI binds to nuclei and Griffonia simplicifolia lectin
II binds to capillaries. Stained slides were examined with a Zeiss 710
laser filter confocal microscope. Polygons were traced along the fiber
periphery using Image J (13, 26). Each stain was analyzed using
stain’s individual channel. Polygons were initially drawn in WGA
images in Image J and could be kept in place as the other two stains
were quantified. To manually count capillaries and myonuclei, we
used split images of each of our stains so that we could identify
capillaries and myonuclei independently of the other two stains. We
did not use any oblique sections to quantify our parameters, nor did
we count fibers that showed any degree of muscle fascicle separation
or freeze fracture. Fibers (n = 45) were randomly chosen and
measured to calculate averages for each individual chickadee.

Mpyonuclear domain determination. Fiber margins were traced
using Image J, and resultant polygons were used to calculate fiber
cross-sectional area, whereas nuclear cross-sectional area and diam-
eter (from fiber cross sections) and nuclear lengths (from longitudinal
sections) were calculated by outlining DAPI-stained nuclei. Number
of nuclei per millimeter of fiber (x) was calculated following the
method of Schmalbruch and Hellhammer (40): x = nL/d + [, in which
n represents the number of myonuclei per cross section of fiber, L is
the desired length of the fiber segment (1,000 mm), d is the thickness
of the section (30 wm), and / is the mean length of a muscle nucleus
measured from longitudinal sections. The volume of cytoplasm per
nucleus or myonuclear domain (y) was calculated by y = CL/x, in
which C is the cross-sectional area of the muscle fiber measured.
Nuclear number volume, which is the number of nuclei per volume of
cell, is the inverse of the myonuclear domain, y.

Capillaries per fiber area. Fiber cross-sectional area and number of
capillaries around the fiber were analyzed using ImagelJ. Capillary
counts were measured by manually counting the number of capillaries
touching the fiber. Capillaries per fiber area (CFAs) were obtained by
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dividing the capillary counts by muscle fiber cross-sectional area of
each individual fiber (4, 39).

Statistical Analysis

All statistical analyses were run in JMP (Version 13.1.0). We began
by creating a first principal component (PC) based on morphological
data [head, beak, tarsus, and wing (mm)] to be used as our measure of
structural body size in subsequent analyses (38).

For whole organism responses, we then used nested mixed models
to examine variation in body mass, fat mass, lean mass, and food
intake within phenotypes. We included the categorical predictors
phenotype, treatment[phenotype], period[phenotype], treatment X pe-
riod[phenotype]. Models also included PC size as a covariate and bird
ID as a random variable to take into account repeated measures. We
defined phenotype here as “cold” or “warm transition,” treatment as
“temperature drop” or “control,” and period as “before” or “after” the
temperature drop. For food intake, we did not use the variable period
but instead included a parameter called “time” (i.e., the 3 3-h periods
of food intake, “before,” “during,” and “after” the temperature drop,
described above). We used Tukey’s honestly significant difference
post hoc analyses to examine difference among groups for categorical
variables. Data are presented as least squares means * SE.

For muscle ultrastructure, we analyzed the data using general linear
models to determine if there were differences between phenotypes
or treatments. We thus tested for the effect of phenotype and
treatment[phenotype]. Although it is common practice to present
unadjusted mean values per experimental groups in histology studies
(e.g., Ref. 13), in some circumstances this approach can overshadow
important variation, especially if independent variables covary with
structural parameters, which can deform or create false differences
among experimental groups (see Refs. 27 and 28 for examples). In the
present case, total capillaries per fiber area varied negatively, whereas
the number of nuclei per millimeter of fiber and myonuclear domain
varied positively with fiber diameter (see REsSULTS). Therefore, com-
paring unadjusted means for these variables among groups of birds
expressing different fiber diameter, as in this study (see below), would
be misleading. We therefore included fiber diameter as a covariate in
models examining these variables, which made our models nested
analyses of covariance (27, 28), and presented least square
means * SE in figures, thus controlling for the effect of fiber diameter
on independent variables. However, for comparisons with other his-
tology studies, we also present unadjusted mean values in all figures.
Similar to our whole organism variables, we used Tukey’s honestly
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significant difference post hoc analyses to examine differences among
groups for categorical variables.

Although models must include the terms “Treatment[Phenotype],”
“Period[Phenotype],” or “Time[Phenotype]” to test for their interac-
tions, these particular statistical effects are not biologically relevant in
the context of this study since they pool some of the effects (treatment,
period, time) our experiment was designed to investigate. The follow-
ing results therefore focus on the effects of phenotype and the
interaction terms. It should also be noted here that we present nested
variables based on their simplest names (e.g., treatment[pheno-
type] = treatment) for clarity in the following results. Inspection of
residuals distribution confirmed that model assumptions were re-
spected.

RESULTS

Final sample sizes for the cold phenotype were nine birds
experiencing the temperature drop and nine control birds. Final
sample sizes for the warm-transition phenotype were 10 indi-
viduals experiencing the temperature drop and 10 control birds.

Whole Organism

Cold-acclimated birds consumed 95% more food on average
(6.2 = 0.3 kJ/h) than birds from the warm-transition group
(3.2 = 0.3 kJ/h; Fig. 2), confirming the higher thermoregula-
tory demand in this group. The two phenotypes also reacted
differently to the temperature drop as shown by a significant
interaction term treatment X time (Table 1). Indeed, within the
warm-transition phenotype, we observed a decline in food
intake while the temperature was declining, but this was
apparent in all birds, whether they were experiencing the
temperature change or not (Fig. 2). In the following 3 h, the
birds had either resumed their pre-experimental food intake
(control) or settled to a level statistically intermediate (temper-
ature drop). In cold-acclimated birds, both temperature-drop
birds and control birds had increased their food consumption in
the last period. However, the increase appeared much faster in
birds exposed to declining temperatures, which already had
increased their food intake by 49% in the 3 h during which the
temperature declined. In the next 3 h, birds were eating 49%
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Table 1. Summary of statistical results for the effect of phenotype and treatment on food intake and body composition of

black-capped chickadees

Model Statistics

Measure Factor df F P
Food intake Phenotype 1 52.2 <0.0001
Treatment[phenotype] 2 0.6 0.54
Time[phenotype] 4 31.5 <0.0001
Treatment X time[phenotype] 4 4.9 0.002
Total body mass Phenotype 1 19.1 <0.0001
Treatment[phenotype] 2 0.7 0.49
Period[phenotype] 2 2.6 0.09
Treatment X period[phenotype] 2 1.0 0.40
Size 1 342 <0.0001
Fat mass Phenotype 1 22.1 <0.0001
Treatment[phenotype] 2 0.1 0.93
Period[phenotype] 2 5.9 0.007
Treatment X period[phenotype] 2 4.1 0.03
Size 1 3.0 0.09
Lean mass Phenotype 1 1.7 0.20
Treatment[phenotype] 2 1.0 0.39
Period[phenotype] 2 6.4 0.005
Treatment X period[phenotype] 2 2.1 0.136
Size 1 39.8 <0.0001

df, degrees of freedom.

(control) and 80% (temperature drop) more food than on the
day before the temperature drop (Fig. 1).

Controlling for the significant influence of body size, total
body mass only differed among phenotypes, with cold-accli-
mated birds being 8.7% heavier on average than warm-transi-
tion birds (Table 1, Fig. 3). Cold-acclimated birds also carried
twice as much fat (109%) than individuals from the warm-
transition group (Table 1). However, within phenotype, fat
reserves varied differently in birds experiencing the tempera-
ture drop than in those forming the control groups (significant
interaction treatment X period) (Table 1). Closer scrutiny of
post hoc comparisons revealed that this was due to cold-
acclimated birds having increased their fat mass by 34%
following the temperature drop, whereas no other experimental
groups showed significant changes in fat (Fig. 3). Lean mass
was not affected by phenotype when considering the effect of
structural body size and the interaction term treatment X
period was not significant (Table 1). Therefore, the cold-
acclimated phenotype was formed of birds eating more food
and carrying more fat than birds from the warm-transition
phenotype. These birds were also the only ones significantly
increasing food consumption.

Muscle Ultrastructure

Muscle fiber diameter differed with regard to phenotype but
not with regard to treatment within phenotype (Table 2).
Cold-acclimated birds had 23% larger fibers than birds from
the warm-transition phenotype (Table 2, Fig. 4). Fiber diameter
was also significantly negatively correlated with capillaries per
fiber area (> =0.36, n = 38, P < 0.0001) and positively
correlated with both the number of nuclei per fiber (+* = 0.60,
n = 38, P < 0.0001) and myonuclear domain =049, n =
38, P < 0.0001). When considering the effect of fiber diameter
in analysis of covariance models, capillaries per fiber area did
not vary with regards to phenotype but instead differed be-
tween treatments within phenotypes. Indeed, scrutinizing treat-
ment values revealed that for a given diameter of muscle fiber,

cold-acclimated birds that experienced the temperature drop
were the only individuals expressing a significant change, with
the number of capillaries per fiber area being 22% higher in
this group than in their control counterparts (Fig. 4). However,
this effect was weak since post hoc analysis could not detect
significant differences among groups. The number of nuclei
per millimeter of fiber differed both by phenotype and by
treatment within phenotype when statistically controlling for
the effect of fiber diameter (Table 2). For a given muscle fiber
size, cold-acclimated birds had 11% more nuclei per millimeter
of fiber compared with birds from the warm-transition pheno-
type. However, this effect was driven by cold-acclimated birds
that had experienced the temperature drop, as post hoc analyses
revealed no significant difference between birds from the
warm-transition phenotype, which had comparable numbers of
nuclei per millimeter to cold-acclimated control birds (Fig. 4).
In contrast, cold-acclimated birds that had experienced the
temperature change had 22% more nuclei per millimeter of
fiber than their control counterparts (Fig. 4). Myonuclear do-
main showed the reverse pattern, also differing by phenotype
and by treatment within phenotype when controlling for the
effect of fiber diameter (Table 2, Fig. 4). Overall, muscle fibers
from warm-transition birds had 13.8% larger amounts of cy-
toplasm per nuclei compared with cold-acclimated birds but,
here again, the treatment effect was driven by cold-acclimated
birds that had experienced the decline in temperature. In fact,
those birds had a myonuclear domain 21.8% lower than their
control counterparts. Myonuclear domain in these birds was
also lower than that of all birds in the warm-transition pheno-
type (Fig. 4). Therefore, cold-acclimated birds maintained
larger pectoralis muscle fibers than birds acclimated to warm
conditions. For a given fiber size, these birds also rapidly
increased the number of capillaries and the number of myonu-
clei when exposed to a sudden decrease in temperature, leading
to a decline in myonuclear domain. In contrast, warm-accli-
mated birds experiencing the same increase in thermoregula-
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tory demand showed no significant changes in muscle ultra-
structure.

DISCUSSION

In this study, in addition to the expected higher food intake
and larger fat reserves observed in birds maintaining a cold
phenotype, we found that black-capped chickadees also
maintained larger pectoralis muscle fiber diameters and,
importantly, that cold-acclimated birds were able to rapidly
recruit new myonuclei into their muscle fibers after expo-
sure to a cold challenge, consequently decreasing myonu-
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clear domain. Though myonuclear domains seem to be flex-
ible (54), to our knowledge, this is the first time that such a
rapid adjustment in muscle fiber ultrastructure is demonstrated
during an acute thermal challenge. The rapid adjustments
reported here are quite surprising, however, as previous studies
suggest that several days are needed for birds to transition into
a new phenotype with improved shivering heat production
capacity (10, 30, 31). It is also important to emphasize here that
these cellular changes were only visible in birds already accli-
mated to cold conditions that experienced the 15°C drop in
temperature. Birds from the warm-transition group experienc-
ing the same sudden decrease in temperature showed no such
changes. These results strongly suggest, as expected, that
chickadees maintaining a cold phenotype were better prepared
to respond to a sudden decline in temperature, such as what
could be experienced in their natural wintering environment.

Whole Organism

Cold-acclimated birds ate almost twice as much food (95%
more, 90% when comparing only control groups) than individ-
uals from the warm-transition phenotype. They were also 9%
heavier and maintained twice as much fat as individuals kept at
20°C. Energy intake in cold-acclimated birds during the days
preceding the experiment was 56.6 = 1.36 kJ/day [taking into
account digestive efficiency (8)]. This is only 14% lower than
the daily energy expenditure (66 kJ/day) reported by Karasov
etal. (17) for 5 wintering black-capped chickadees measured in
the wild and living at —10°C (range —15 to 5°C). Therefore,
our cold environment before the drop in temperature was as
energy demanding, if not more so, than natural wintering
conditions since our birds did not have to spend energy
foraging for food.

Birds from both phenotypes changed their food consumption
during the experiment, but not as expected. Individuals from
the warm-transition phenotype reduced their intake during the
period coinciding with the temperature drop, whether they
experienced it or not, and increased their consumption after-
ward. In contrast, cold-acclimated birds increased food con-
sumption in both experimental treatments. This was most
apparent in those experiencing the decline in temperature,
which had already increased their intake by 50% during the
change and by 80% in the next 3 h compared with the

Table 2. Summary of statistical results for the effect of
phenotype and treatment on histological measures of black-
capped chickadees

Model Statistics

Measure Factor df F P
Fiber diameter Phenotype 1 19.1 0.0001
Treatment[phenotype] 2 0.06 0.94
Capillaries per fiber Phenotype 1 1.5 0.225
area Treatment[phenotype] 2 33 0.048
Fiber diameter 1 22.0 <0.0001
Number of nuclei Phenotype 1 54 0.026
per millimeter of Treatment[phenotype] 2 8.4 0.001
fiber Fiber diameter 1 32.0 <0.0001
Myonuclear Phenotype 1 6.3 0.017
domain Treatment[phenotype] 2 7.8 0.002
Fiber diameter 1 54.6 <0.0001

df, degrees of freedom.
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pre-experiment level. Therefore, birds from both treatments in
each phenotype changed their food consumption in similar
ways, independently from the effect of temperature change.
These findings are unexpected and suggest that food con-
sumption patterns in captive chickadees are sensitive to distur-
bances (9, 31) since, to collect food intake data, we had to go
in the rooms and change the cage trays at each of the three time
periods. This seemingly benign disturbance (birds fed this way
for the preceding 18 days) was apparently enough for warm-
transition birds to reduce their food consumption momentarily,
although individuals also experiencing the temperature drop,
thus combining a second level of disturbance, remained at 66%
of their predrop value. Disturbance had a much different effect
in birds maintaining a cold phenotype, however. By the end of
the experiment, all these individuals had increased their food
consumption considerably, with a faster response in individu-
als experiencing both food-measurement and temperature-drop
disturbances. These observations therefore suggest that the
reaction to disturbance depends on phenotype, and most likely,
on daily energy demand since birds having to support higher
demands in the cold consumed more food, opposite to warm-
transition birds. Presumably, this is a response to the perceived
risk associated with the current state since a negative energy
budget in the cold likely has a much greater impact on chances
of survival than a negative budget at milder temperatures. It is
expected that warm-transition birds readjusting to the new
temperature after a cold drop would have increased their food
consumption since intake rate generally correlates with energy
consumption, but this may not be immediate at mild tempera-

tures, preventing us from detecting changes in the first 3 h after
temperature stabilization. Thus, in line with our predictions,
cold-acclimated birds seemed better prepared to face unpre-
dictable events and seemed able to respond quickly by increas-
ing energy intake. These birds also presumably maintained a
higher immediate spare capacity for food intake, as this was the
only phenotype increasing food consumption [but note that
McWilliams and Karasov (24) measured immediate spare ca-
pacity over 48 h]. Furthermore, cold-acclimated birds exposed
to the temperature drop increased their intake rate most rapidly
and were the only individuals gaining fat during the experi-
ment. Devost et al. (9) reported a similar phenomenon in
captive black-capped chickadees exposed to either a gradual
increase or decrease in temperature. In both cases, birds in-
creased their food consumption and changed their diet toward
energy-rich items favoring high fattening rate.

Muscle Ultrastructure

After 21 days of stable conditions, cold-acclimated chicka-
dees maintained 23% larger fiber diameters in their pectoralis
muscles than warm-transition birds. This observation concurs
with findings by Jimenez et al. (15), who reported larger
pectoralis fibers in chickadees captured in the spring (April to
May), thus just coming out of winter, than in individuals
measured in summer (July to August) or in the fall (October to
November). Muscle fiber diameter is highly correlated with
fiber cross-sectional area (all birds in this study * = 0.97, n =
38, P < 0.0001), and given that increasing fiber cross-sectional
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area leads to higher contraction force and presumably in-
creased heat production, maintaining large fiber diameters
could be beneficial to the cold phenotype in chickadees. One
clear advantage of large fibers is their lower basal metabolic
rate, which results from the proportionally reduced energy cost
of running the Na™-K"-ATPase for maintaining membrane
potential (13). Investigations of the effect of body components
(organ mass) on whole animal basal metabolic rate have
reported a significant and predominant contribution of pecto-
ralis or all skeletal muscles on this measure of physiological
maintenance cost in birds (6, 25, 31, 57). Therefore, for small
passerines in a situation in which a cold environment requires
high daily energy expenditure (17, 44) and improved thermo-
genic capacity (29, 30), maintaining large-diameter muscle
fibers could be a good strategy to improve heat production
while minimizing maintenance energy demand (47).

Recent experimental evidence (2, 25, 42, 46, 52) showed
that passerine birds can improve maximal shivering heat pro-
duction without enlarging overall muscle size. For example,
Milbergue, Blier, and Vézina (25) found a 20% higher summit
metabolic rate in black-capped chickadees acclimated to
—10°C compared with individuals kept at thermoneutrality
(27°C), despite birds showing no significant mass difference in
lean dry pectoralis or all other (carcass) muscles (see also Ref.
46). Therefore, cold acclimation in small birds seem to involve
significant molecular-level regulation. Although the exact
mechanisms have still to be described, several processes ap-
pear to be good candidates. For instance, after 6 wk of cold
acclimation, dark-eyed juncos showed an increase in Mgy, and
transcription of genes promoting muscle growth and repair,
despite a lack of change in pectoralis mass (42, 46). Myostatin,
a muscle growth inhibitor, seems to regulate muscle growth
patterns (19), and colder temperatures can downregulate the
concentrations of myostatin, which in turn seems to allow
pectoralis muscles to increase in size and mass in house
sparrows (50). However, it should be noted here that myostatin
expression did not change between winter and summer black-
capped chickadees (46), though others have noted a change
during temperature acclimation (7). Another potential molec-
ular mechanism for regulating muscle size is the insulin-like
growth factor (IGF) 1 pathway. Increases in IGF-1 concentra-
tions have been linked to hypertrophic muscle growth (43),
protein synthesis and increases in satellite cell proliferation
(36), all patterns that we have seen in our study.

In contrast with warm-transition birds that expressed no
changes, cold-acclimated chickadees showed a remarkably fast
response in muscle ultrastructure when exposed to a tempera-
ture drop. Indeed, 3 h after temperature stabilization, these
birds had more capillaries per fiber area and had 22% more
nuclei per millimeter of fiber, and myonuclear domain was,
correspondingly, 22% smaller in these fibers. Satellite cells are
the seemingly finite stem-like population of myotube precur-
sors that exist in close association with myotubes. They are
recruited into the existing muscle fiber in times of strain or
repair (3, 5, 41), and, as muscle tissue is a syncytium, satellite
cells could be recruited into adjacent fibers to increase muscle
fiber diameter (54). As more nuclei are recruited, myonuclear
domain is then reduced, and each nucleus becomes responsible
for servicing a smaller amount of cytoplasm (3). The recruit-
ment of satellite cells into existing fibers is considered a rapid
process, with activation and proliferation known to occur
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within 18 h of differentiation signaling in mice (61). However,
cold-acclimated chickadees examined only 3 h after a 15°C
drop in temperature already had 22% more nuclei per milli-
meter of muscle fibers in their pectoralis muscle, which is, to
our knowledge, the fastest response reported yet.

A decrease in myonuclear domain during an acute thermal
challenge has several implications. First, this change can be
viewed as a decrease in protein-turnover load per nuclei if all
nuclei are equally producing products, thus, decreasing the rate
at which each nucleus has to operate. It could also imply that
nuclei are not all producing products at rates fast enough for
the needs, and thus recruiting more nuclei into existing fibers
would allow for increasing protein-turnover rates (3). Second,
the observed decrease in myonuclear domain may ultimately
have consequences for fiber diameters. Others have found that
exercise training causes a decrease in myonuclear domain,
which is the precursor to increases in muscle fiber diameters
(5). Therefore, it may be that the rapid cold-triggered addition
of new nuclei into muscle fibers of cold-phenotype chickadees
occurs before an even further increase in fiber diameter, which
could hypothetically improve thermogenic capacity through
higher force production.

To our knowledge such a rapid response in muscle ultra-
structure has not been reported before in vertebrates. As this
was visible only in cold-acclimated birds, it thus seems to us
that this phenotype comes with some level of reserve capacity,
taking the form of an ability to rapidly adjust muscle ultra-
structure. It should be stated here, however, that this may also
come at a cost since populations of muscle satellite cells may
be finite (3). This could therefore mean that chickadees quickly
recruiting satellite cells into muscle fibers as a means of
safeguarding against exposure to sudden cold may be limited in
their future muscle phenotypic adjustments, including muscle
repair following intense activity.

The changes in muscle cells we observed here are clearly
happening faster than adjustments in maximal thermogenic
capacity (measured as Ms,m). For example, Dubois, Hallot, and
Vézina (10) tracked changes in M, in 3 passerine bird
species, including black-capped chickadees, over 8 days after a
15°C drop or an 18°C increase in temperature, starting from a
stable phenotype at 10°C. Of the three species, only white-
throated sparrows showed the expected pattern (increase in the
cold and decrease in the heat), but, even so, Mg,m was only 4%
higher after 8 days in the cold and did not differ significantly
from before the change in temperature. Therefore, changes in
whole animal thermogenic capacity were happening but clearly
not within hours of a thermal challenge as seen here at the cell
level. In fact, although temperature is a known driving force of
Mgum variation (e.g., 41, 48, 51, 52, 55, 62), little is known of
the rate at which birds can adjust their muscle phenotype and
of what changes are required to improve maximal thermogenic
capacity (but see Refs. 7, 42, 47, 63, and 64). What is known,
however, is that in the wild, black-capped chickadees begin to
improve their shivering heat production several months before
the winter peak of cold (30, 49). These birds also maintain
reserve capacity in My, at the coldest time of the year (32),
presumably because this parameter is too slow to respond to
day-to-day variation in temperature (10, 30, 49). Therefore,
although changes in muscle fibers may happen within hours
after a temperature drop, these could potentially only be a
precursor of cellular adjustments ultimately leading to im-
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proved shivering heat production at a later stage, which may or
may not lead to an increase in muscle size (25, 31, 32), a
phenomenon possibly taking days to weeks.

Improving thermogenic capacity is beneficial for survival in
black-capped chickadees (18, 29) and seems to require prepa-
ration ahead of time (30, 32). As is typical at northern latitudes
in the fall, these birds experience a gradual decline in ambient
temperature each year. This likely acts as a signal, slowly
increasing in intensity, that may be the trigger for changes in
muscle cells (42, 46, 63, 64), development of capillaries (41,
this study) and for changes in other tissues (20, 31). This would
ultimately lead to the slow increase in thermogenic capacity
reported in the wild (30, 31). In addition, maintaining a
cold-acclimatized phenotype able to react quickly at the cell
level to sudden, but relatively rare, drops in ambient temper-
ature may be key to survival.

Perspective and Significance

The growing number of studies on phenotypic flexibility
reporting trait amplitude variation and patterns are of great help
in understanding how animals adjust their physiology to a
changing environment (see Refs. 22, 23, 35, and 59 for re-
views). However, the rate at which specific traits can change
and whether this is critically limiting to organisms facing
phenotypic mismatches has received much less attention.
Knowledge is also lacking on how initial phenotype may help
or limit adjustments to new constraints. Our study aimed at
improving our understanding of this specific aspect of pheno-
typic flexibility by studying short-term responses to a sudden
increase in thermoregulatory demand in two contrasted pheno-
types of black-capped chickadees. We showed that major
adjustments were rapidly happening in muscle ultrastructure
but that this was only visible in birds already acclimated to
cold, suggesting a certain level of spare capacity in muscle
functions of birds maintaining a cold-acclimated phenotype.
This finding is logical in a context in which birds living in cold
environments may have very little time to respond to sudden
increases in thermoregulatory demands before chances of sur-
vival begin to decline. Further experiments tracking pheno-
typic changes until stability are required to shed light on
long-term consequences of phenotypic mismatches.
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