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This study aimed to examine thermoregulatory responses in birds facing two
commonly experienced stressors, cold and fasting. Logging devices allowing
long-term and precise access to internal body temperature were placed
within the gizzards of ducklings acclimated to cold (CA) (5°C) or thermo-
neutrality (TN) (25°C). The animals were then examined under three equal
4-day periods: ad libitum feeding, fasting and re-feeding. Through the
analysis of daily as well as short-term, or ultradian, variations of body temp-
erature, we showed that while ducklings at TN show only a modest decline
in daily thermoregulatory parameters when fasted, they exhibit reduced
surface temperatures from key sites of vascular heat exchange during fasting.
The CA birds, on the other hand, significantly reduced their short-term vari-
ations of body temperature while increasing long-term variability when
fasting. This phenomenon would allow the CA birds to reduce the energe-
tic cost of body temperature maintenance under fasting. By analysing
ultradian regulation of body temperature, we describe a means by which
an endotherm appears to lower thermoregulatory costs in response to the
combined stressors of cold and fasting.

1. Introduction

Organisms show remarkable capacities to adapt to variable environments, nota-
bly by optimizing energy balance. Energy conservation allows for the allocation
of energy to functions other than survival, such as growth or reproduction,
especially when energy is in short supply. Two prominent mechanisms in
re-organizing energy balance are (i) the use of internal energy storage from
lipids and carbohydrates and (ii) the reduction of energy expenditure via hypo-
metabolism. In endothermic vertebrates in which metabolism is high due in
part to thermogenesis, several energy conservation strategies have evolved,
such as torpor (metabolic suppression with a daily return to normothermia) or
hibernation (profound metabolic suppression and reduced body temperatures
over several days) [1-3]. These mechanisms reap large benefits, in part, because
of the effects of low body temperature (T},) on metabolic rate. However, many
endotherms do not exhibit such large variations of Ty, (i.e. homeotherms) and
keep T} high even under unfavourable periods [4], implying that abandoning
homeothermy may have additional, non-energetic costs [5].

Body temperature is determined by the balance between heat production and
heat dissipation mechanisms. A well-recognized metabolic adaptation to fasting is
the reduction in heat production [6,7], accompanied by reductions in Ty, usually
through progressive declines during the inactive period [8-14], which have been
argued to result from a regulated thermoregulatory response [8,9,15,16]. Fluctu-
ations in T}, can result from changes in set point [17,18], changes in activity [19,20]
or changes in thermal conductance [21]. In birds, regional heterothermy during fast-
ing may provide an explanation for why core T, does not vary much with fasting in
some species, despite a large metabolic suppression [21]. One implication of this is

© 2016 The Author(s) Published by the Royal Society. Al rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1098/rspb.2016.1551&domain=pdf&date_stamp=2016-09-21
mailto:gtatters@brocku.ca
https://dx.doi.org/10.6084/m9.figshare.c.3464604
https://dx.doi.org/10.6084/m9.figshare.c.3464604
http://orcid.org/
http://orcid.org/0000-0002-6591-6760
http://orcid.org/0000-0002-8865-5428
http://orcid.org/0000-0003-0572-7199
http://orcid.org/0000-0001-7779-7634

that variability in T}, may itself be a source of energetic savings,
a concept that has not been formally tested in the studies
mentioned above. Previous research has implicated alterations
in vigilance states (i.e. sleep/wake cycles) during prolonged
food deprivation in pigeons and geese [15,22], which could
be a proximate neurophysiological mechanism leading to the
daily changes in T}, observed during fasting.

Body temperature, like many physiological parameters,
shows considerable ultradian variation [23]. Although
these fluctuations may simply appear to be noise, they have
important physiological signatures (e.g. insulin and growth
hormone show pulsatile secretion in phase with T}, fluctuations
[24,25], fluctuations in core T}, of quail are associated with
changes in fuel use [26], alterations in hippocampal activation
precedes thermogenic fluctuations [19,20]). As altered vigilance
behaviours (i.e. changes in patterns of sleep—wake states)
appear essential for the induction and maintenance of fasting-
induced nocturnal anapyrexia [11], ultradian T, rhythms
should also be reduced in fasting. In laboratory rodents, ultra-
dian Ty, rhythms are themselves circadian in nature and are
elevated with cold exposure but decreased in energy-limiting
conditions like hypoxia [27]. In wild mole voles, circadian
and ultradian Ty, thythms disappear during cold acclimation
(CA) [28]. Clearly then, a reduced prevalence of ultradian
rhythms should occur with prolonged cold or fasting.

This study aims to investigate the relationship between the
diurnal and ultradian regulation of T}, of birds experiencing
common environmental stresses. Stressors at early life stages in
birds can have long-lasting effects on energetics, growth and
thermoregulation [29], thus we submitted ducklings to the ener-
getic constraints of cold and food restriction. We examined
thermally acclimated (cold versus thermoneutral, CA versus
TN) animals in order to compare animals of differing thermo-
genic capacity; CA in ducklings upregulates non-shivering
heat production and slightly raises basal metabolic rate (BMR)
measured within the TN zone [30,31]. Our overall hypothesis
was that prolonged energy deficits are countered by adjustments
geared at reducing energy requirements. A number of pre-
dictions arise from this hypothesis. First, fasting will induce a
regulated hypothermia (i.e. anapyrexia). Second, regional
heterothermy will be adopted during fasting to decrease thermal
conductance and allow for relatively stable homeothermy.
Third, as cold exposure will be associated with a greater
energy deficit, it will demand enhanced thermoregulatory
adjustments during fasting. One mechanism mediating these
costs is through changes in Ty, variability; therefore, adjustments
in ultradian and diurnal regulation of T}, should be geared
towards optimizing energy savings based on energy deficit.

2. Material and methods

(a) Animals

A total of 12 ducklings (male Muscovy ducks, Cairina moschata,
pedigree R31, Institut National de la Recherche Agronomique,
Paris, France) were sourced from a commercial stockbreeder
(Eclosion Grimaud-la-Corbiere, Roussay, France). Six were
assigned randomly to each of the two acclimation temperature
groups. The ages of the ducklings at the beginning of the trial
was five weeks and had been housed at their acclimation temp-
eratures since 10 days of age: TN ducklings were housed at 25°C
and CA ducklings were housed at 5°C following similar pub-
lished protocols [30]. Ducklings varied in mass throughout the

experiments, although at the outset of the measurement period
the 12 ducklings chosen for the measurements were size-
matched such that both acclimation groups had an average start-
ing mass of approximately 1kg. The animals were kept at a
constant 8 L:16 D cycle (lights on at 06.00 h). Ducklings were pro-
vided with food and water ad libitum, except during the fasting
protocol, when food was completely removed. Their normal diet
consisted of a commercial poultry mash (Moulin Guenard,
645000MI, Vonnas, France). The same animals were used through-
out the feeding protocols, being identified by leg bands. Animal
body mass measurements were recorded daily.

(b) Experimental protocol

Three days prior to the experimental period, ducklings were force
fed a temperature data logging device (ANIPILL system®; Body-
cap, Caen, France). The device has been designed for use in
birds to lodge within the gizzard, providing relatively long-term
access to an internal body temperature measurement. Following
the ingestion of the data logger, birds were monitored for approxi-
mately 2 days before commencing the formal data gathering (data
logged at 15 min intervals) to assess the patency of the data loggers
and the birds” general behaviour. We subsequently divided the
experiment into three equal, 4-day time periods: ad libitum feed-
ing, fasting and subsequent re-feeding for the final 4 days of the
experiment. The two acclimation groups remained at their respect-
ive acclimation temperatures throughout the experimental period.
Behavioural observations of drinking and general activity were
obtained periodically across all three conditions (N =32 time
points spanning all days, with a minimum of two observations

per day, and up to four during the early days of fasting).

(c) Analysis of body temperature

Daily estimates of T}, parameters were summarized using Cosi-
nor analysis (although see electronic supplementary material
for summary spectral analysis) to facilitate specific T}, statistical
comparisons [32]. Briefly, an individual bird’s T, time series
data (electronic supplementary material, figure S1) were
modelled using a multiple linear regression model, wherein
the daily, 24-h periodic rise and fall in body temperature could
be estimated as a linear combination of the cosine- and sine-
transformed time variable expressed as radians with a 24 h period:

2t . (2t
Ty :M—i-Acos(ﬂ) +Bsm<ﬂ),

where M corresponds to the Mesor, or mean Ty, and A and B to the
estimated slope values for the cosine- and sine-transformed time
vectors. Amplitude (equivalent to the average diurnal deflection
in Ty, from the Mesor) was extracted from the A and B regression
estimates using the following equation:

Amplitude = \/ A2 + B2.

Extreme short-term, or ultradian, variation in Ty, (dT},) was
estimated using a sequential difference approach, wherein the
daily average estimate of the absolute values of successive Ty,
measurements (ADT = absolute difference temperature) was
taken for each bird:
|dTb| _ 1171 |(Tbr+1 - Tb,)‘ ,

n
where 7 is the number of measurements per day and i is the ith
measurement over time. All T}, parameters above were determined
daily, for each bird within each feeding condition.

(d) Incremental cost of homeothermy
The energetic costs inherent to the ‘instantaneous’ rate of Ty
change can be assessed (assuming 100% efficiency) by dividing
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daily average ADT measurement by the sampling interval (dt =
900 s), and incorporating these fluctuations into the heat capacity
equation:

|dTs|
dt

where ¢, is the estimated tissue heat capacity (3.4 k] kgfl), M is
the body mass and g is the estimated power (W= Watts)
required to heat the body according to the rate these fluctuations
were observed. The 0.5 value in the equation above is included to
account for the fact that absolute temperature differences include
both the decreases in T}, as well as the increases over time, which
would be symmetrical over a 24-h period in a homeothermic
animal. These values were normalized to previously measured
basal metabolic heat production (5 W kg ' and 8 Wkg ™' for
25°C and 5°C acclimated ducklings; [30,31]).

§(W)=05¢c, M

(e) Thermal image acquisition and analysis

Infrared thermal images were manually captured at various time
points throughout the experimental protocol, spanning the active
and inactive periods of the ducklings during days 1-3 of each
feeding condition. Thermographic images were collected using
an IR thermal imaging camera (Model SC660, FLIR Systems,
Wilsonville, Oregon). The camera was allowed time to warm up
and electronically stabilize, and was calibrated prior to every
experiment against an internal thermocouple (NIST standard).
Using specialized software (Thermacam Researcher Pro), regions
of interest on the body surface were digitally ‘drawn’ on each
frame to obtain the average surface bill (Ty,;;) temperature, which
was used to assess how a known vascular thermal window
might be recruited to vasodilate or vasoconstrict over time
[33,34]. In all cases, emissivity was assumed to be 0.96 [35]. Duck-
lings were not handled during the measurements, as preliminary
observations from an initial pilot study indicated a significant low-
ering (1.3°C, p = 0.001) of surface temperatures as a result of a brief
handling (less than 1 min duration) and replacement into the
home cage.

(f) Statistical analyses

For descriptions of T}, and to test hypotheses regarding the influ-
ence of acclimation temperature, feeding condition and time, we
employed a generalized and/or linear mixed effects modelling
(GLMM or LMM) approach, including bird identity as a random
effect (intercept) to account for repeated measurements over
time. For the drinking behaviour, we used a GLMM (link =
logit, where drinking was a factor variable of 1 or 0). For the analy-
sis of T, amplitude variation (short term versus long term), we
allowed a random slope and intercept effect in the model to
account for individual bird responses. For each parameter, we con-
structed a linear model that included all relevant predictor
variables and their interactions if appropriate (i.e. condition, day,
acclimation temperature, drinking status). We then employed an
information-theoretic approach for model selection [36]; we
ranked models based on how well they fit the data using AICc
[37] by comparing with the model with the lowest AIC score,
and choosing the most comprehensive model with AAICc < 2;
comparisons with the null, intercept model were also included
(AAICc, = Null AICc — Model AICc) to assess the degree to
which the model explained the data. We performed all analyses
with R [38], using the MuMIn [39] package for the information-
theoretic approach, and nlme [40] or Ime4 [41] packages for the
GLMMs. Residuals were verified for normality [42] and when
visual inspection revealed deviations from homoscedasticity, we
refit the model weighted by parameter specific variance estimates
[43]. We present model weights (from the informatic approach),
AAICc values, model coefficients (B) or marginal mean values
(£model s.e.) as measures of support. Rather than presenting

inaccurate or inflated p-values inherent to the uncertainty in n

mixed model d.f. estimation, or over-inflating type II error rates,
we present bootstrapped confidence limits for model parameters
(B) in place of classical significance and multiple comparison
testing [41,43].

3. Results

(a) Body mass and behaviour

Ducklings were still growing during the study (Bpay =
8¢ dfl), so body mass rose during the ad libitum phase,
declined during fasting (BpastingxDay = —192°g d_l) and
rapidly rose during the re-feeding phase (figure 1a). The TN
group exhibited a steeper rate of recovery in body mass
compared with the CA group during the re-feeding phase,
due to a significant three-way interaction between Day x
Condition x Acclimation (b =32.5¢g d™ !, 95% CI: 6.48-59.26;
o =0.408, AAICc,= 373, p=0.0136). Relative mass loss
during fasting did differ between the TN and CA ducklings
(TN: —61+3gkg 'd™; CA: —=73+7gkg 'd™}; =4
p = 0.007). Over the last 3 days of fasting, CA ducklings lost
body mass 20% faster than TN birds. The top GLMM describing
the odds of drinking included the Condition x Day interaction
(w=10.292, AAICc, = 12), although the strength of this inter-
action was weak (p=0.074). There was, however, strong
support for feeding condition influencing the odds of drinking;
fasted ducklings were less likely to drink than ad libitum duck-
lings (b = —3.35, or = 0.035, p = 0.0322). Although ducklings
were observed to drink on 5-25% of observations, the increased
odds of drinking during the re-feeding phase was not
different from the ad libitum period (p = 0.74). Drinking was
positively associated with Ty, (T, when drinking was 0.25°C
higher; p = 0.0032, LMM of T}, versus Drinking Status).

(b) Body temperature analysis
Mesor values were similar for the most part between acclimation
temperatures. The top model describing T}, mesor included
the Acclimation Temperature x Day and Condition x Day
interactions (w = 0.671, AAICc, =320), while the second
highest model included the three-way interaction (w = 0.224,
AAICc, =318). As a consequence, Mesor changed in a
manner dependent on Acclimation Temperature, Day and
Condition (figure 1b). During the ad libitum stage, Mesor
values were similar, and while fasting and re-feeding declined
faster in the CA group (Bca xpasting = —0.091°C/day, p = 0.033
and Bca xRe-feeding = —0.085°C dayfl, p = 0.045, respectively),
although the TN ducklings did appear to show Mesor stabiliz-
ing during fasting. The CA ducklings did exhibit an
overshoot in mesor values during the re-feeding phase, by
virtue of the overall higher values (Bca = 0.26°C, p = 0.0302).
Amplitude values were similar for the most part between
acclimation temperatures (figure 1c). The top ranked model
(w=0.408) describing Amplitude included the Condition x
Day interactions and their main effects, while the second
ranked model also included Acclimation Temperature (w =
0.292). Amplitude was higher during fasting than during ad
libitum feeding (B = 0.22, p < 0.00001) and remained higher
during re-feeding (B = 0.13, p = 0.001), returning throughout
the 4 days of re-feeding to baseline values (B = —0.047°C d ",
p = 0.0006). Although Acclimation Temperature did appear in
the higher ranked models, the strength of the effect was
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Figure 1. Body mass (a) effects plots (mean + model s.e.) in thermoneutral (TN) and cold-acclimated (CA) ducklings during similar durations (4 days) of ad libitum

feeding, fasting and re-feeding. (b—d) Body temperature effects plots (marginal model fits + s.e.) of TN and CA ducklings (N = 6 per temperature group) from the

daily Cosinor analysis during the three different feeding conditions. Mesor results (b) reflect the daily average T,. Amplitude (c) reflects the peak or nadir deviation
from the mesor, and ADT (d) reflects the extreme short-term variation across the sampled time interval (15 min). (Online vesion in colour.)

negligible (p=0.19). Instead, throughout fasting at both
temperatures, Amplitude rose (B = 0.048°C dt p = 0.0010),
reaching peak values by the fourth day. Similarly, the return
of Amplitude to baseline values followed a much steeper slope
than that observed during the initial ad libitum period
(B=—0.048°Cd ', p=0.0014).

Short-term variation in Ty, values (ADT) varied between
the experimental groups (figure 1d). The top model describ-
ing ADT included the Acclimation Temperature x Day and
Condition x Day interactions and their main effects (w=
0.491, AAICc,=103), while the second highest model
included all two-way interactions (w = 0.328, AAICc,, = 102).
As a consequence, the ADT changed in a manner dependent
on Acclimation Temperature, Day and Condition (figure 1d).
Overall, CA ducklings had higher ADT when fed, but a
lower ADT during fasting compared with TN ducklings
(Acclimation Temperature X Condition: Bgasting = —0.0569,
p < 0.0001). The daily rates of change in ADT were generally
more negative during fasting (B= —0.0084, p = 0.039) and
more positive during re-feeding (B = 0.013, p = 0.0006).

(c) Metabolic cost of absolute difference temperature

heat increment
The top model explaining 4 included Mass (included as a
covariate to account mass effects), Acclimation Temperature x
Condition and their main effects (w=1, AAICc, = 146).
TN ducklings maintained a lower overall §, which also continued
to decline during the re-feeding phase (B = —0.046, p = 0.0076),
while cold-acclimated ducklings had overall much higher

061, oTN
A
= C ~0.11
- [
£ 0.5 -0.10
= =
2 009 £
S =
2 5
Z 0.4 008 &
© &
~0.07
0.3 " " .
A F R

condition

Figure 2. Estimated energetic costs of short-term change in T, during ad
libitum feeding (A), fasting (F) and re-feeding (R) as calculated from the
heat capacity equation. The metabolic costs associated with the periodic
rises in T, were typically higher in cold-acclimated ducklings, but declined
more profoundly during fasting. The metabolic costs are not insubstantial;
when expressed as a portion of basal metabolic rate [30] are between 7
and 11%.

g values (B =0.087, p < 0.0001) that underwent an extremely
large decline during fasting (B= —0.12, p < 0.0001), and
recovered to baseline levels during re-feeding (figure 2).

(d) Surface temperature analysis
As drinking was observed approximately 5-25% of the time
and was shown to be influenced by T}, measurements, we
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images are depicted in the top panel. The lower traces show the marginal model fits ( +s.e.) for the TN- (a) and CA (b) duckling. Bill temperatures declined during
the first 3 days of fasting in TN ducklings, while remaining constant, but lower in the CA ducklings. Bill temperatures during re-feeding were similar to those prior to
fasting, although in the CA ducklings fluctuated heavily as shown in the sample thermal image.

included Drinking Status in models of surface temperature
assessment, especially for Ty (Drinking Status always
ranked in the top most models). We examined Ty separately
for each Acclimation Temperature because of known physical
(i.e. non-biological) determinants of surface temperatures
[35]. The top model describing Ty for TN ducklings
included Drinking, Condition x Day interactions and their
main effects (w=0.95, AAICc,=82). In TN ducklings,
Tpi declined more rapidly during the fasting period
(B=—22°Cd ", p=0.0114) compared with the ad libitum
period (figure 3). In CA ducklings, on the other hand, only
the re-feeding period was associated with a change in the
rate at which Tyy changed (B=3.8"C dayfl, p = 0.0142).
Drinking Status had negative influential effects on bill
temperatures for both TN and CA ducklings (B= —5.97,
and p < 0.001, —7.19°C and p < 0.0001, respectively).

4. Discussion

Thermoregulatory changes in ducklings were profoundly
related to both energy status and acclimation temperature.
Fasting led to progressive declines in body mass, as well as
profound changes in thermoregulatory parameters. Mean
Ty, declined throughout the 4-day fast, while diurnal variabil-
ity (e.g. Amplitude) rose. The greater day-to-night variability

with fasting was likely reflective of adjustments in T, set
point, where nocturnal anapyrexia was progressively related
to the duration of fasting. Ultradian T}, variation was gener-
ally lower during the fasting period, especially in CA birds.
During re-feeding, CA ducklings more rapidly recovered
body mass and exhibited a sustained overshoot in T}, com-
pared with TN ducklings, presumably due to an excessive
digestion-related thermogenesis from the more rapid reprovi-
sioning and biosynthesis. Although our measurements
involved a temperature sensor within the crop, ingestion of
cool water did not account for any of the reductions in T,
suggesting that this approach provides a robust measure of
core Ty, (see electronic supplementary material).

(a) Temperature changes during fasting

The decline in T}, that occurred with fasting was unaffected
by acclimation temperature, although the diurnal amplitude
in T, was higher with CA. Previous work has shown that
both low ambient temperature and fasting lead to nocturnal
anapyrexia in Japanese quail and that they will act synergis-
tically [8]. The energetic benefits of nocturnal anapyrexia
were estimated to be approximately 27% energy savings for
birds below the TNZ and approximately 16% energy savings
for those within the TNZ. Similarly, in barn owls, T}, declines
diurnally in the inactive phase during fasting, associated
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with total metabolic rate decreases of approximately 40% [9].
Bill surface temperatures during fasting suggest that
TN ducklings decrease blood flow to their thermal windows
(figure 3), thereby reducing thermal conductance. This effect
is not apparent in CA ducklings, presumably because vaso-
constriction is already maximal in the cold. Interestingly,
Japanese quail at TN temperatures exhibited much lower T},
decline, yet still significant energetic savings during fasting
[8], which suggests a change in thermal conductance. Our
surface temperature results offer a potential explanation for
how fasting-induced decreases in thermal conductance can
allow birds to reduce night-time heat production and effect
energy savings while still exhibiting relatively low diurnal
changes in Ty,

(b) Short-term T}, fluctuations

When fed, CA ducklings have higher ADT compared with
TN ducklings, therefore, the more costly energetic demands
of endothermic homeothermy in the cold are mediated
through more intense bouts of thermogenesis. During fasting,
however, these short-term fluctuations are more dramatically
reduced in CA ducklings and inversely related to the degree
of diurnal T, variation (electronic supplementary material,
figure S2). The net result is that fasting enhances short-term
homeothermy. These ultradian rhythms in T, are reflective
of orchestrated changes in underlying neurophysiological
adjustments. Blessing et al. [19,20] argued that short-term
fluctuations in T}, are part of a brain-coordinated rest—activity
cycle where non-shivering thermogenesis is activated, which
episodically warms the brain in a manner associated with
prior hippocampal activation rather than thermoregulatory
control. Therefore, although these ultradian rhythms in Ty
are not necessarily thermoregulatory in nature they would
incur energetic costs, and their diminution appears to be a
mode of energetic conservation only recruited in the cold.
Nevertheless, changes in thermoregulatory control likely
accompany fasting. Heller [44] demonstrated that the threshold
spinal temperature in pigeons (a proxy for Ty, set point) pro-
gressively reduces with nights into a fast. Therefore, the
decline in short-term T, fluctuations that accompanies fasting
in CA ducklings must also reflect altered regulation of
threshold temperatures that activate thermogenesis. It is plaus-
ible, therefore, that CA ducklings alter their vigilance states
more than TN ducklings [19], leading to longer periods of
reduced vigilance states where the Ty, set point is reduced. In
terms of energetics, we estimate the energy cost associated
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