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Regulation of energetic expenditure in a changing environment, considered here as
allostatic load, is central to organism-environment interactions. The value of responses
that modify behavior or physiology in coping strategies is often measured in terms of
energetic benefits. In this study, the total energetic cost incurred by Gambel’s white-
crowned sparrows, Zonotrichia leucophrys gambelii, was assessed using heart-rate
transmitters. The use of heart rate was validated as a proxy for metabolic rate via flow-
through respirometry. Applying heart rate as an indicator of allostatic load, we confirmed
that ambient temperature under wintering conditions influences allostatic load. However,
baseline corticosterone, proposed to mediate physiological responses to variation in
allostatic load, does not appear to vary with heart rate or temperature in captivity,
or with temperature under ambient conditions in the field. The relationship between
allostatic load and plasma corticosterone levels was also investigated by manipulating
feeding effort for captive Gambel’s white-crowned sparrows using a sand-excavation
challenge that approximated a type of foraging work that these birds normally perform
in the wild. This experiment was designed to test the hypothesis that experimentally
increased allostatic load induces elevation in baseline corticosteroids. We did not find
support for this hypothesis. We suggest that the adrenocortical response to increased
allostatic load may be limited to overload or environmental conditions that meaningfully
threaten energy imbalance, indicating new targets for further research.

Keywords: allostatic load, glucocorticoid, heart rate, energy expenditure, oxygen consumption, temperature

INTRODUCTION

The model of allostatic load outlined by McEwen and Wingfield (2003) emphasizes variation in
energetic demand as a key driving force underlying glucocorticoid regulation of physiological
and behavioral adaptations to a changing environment. Allostatic load, in this model, refers to
the cumulative cost of allostasis, maintaining stability through change. Energy expenditure varies
both predictably and unpredictably over the life of an animal. It is important for an individual
to maintain neutral energy balance whenever possible despite fluctuations in demand, resources
available and body condition (e.g., Broggi et al., 2019). Environmental factors are expected
to be a primary source of variation in energy requirements, particularly in wintering animals
(Wingfield and Ramenofsky, 2011; Broggi et al., 2019), when costs and trade-offs associated with
breeding, molt, and migration are absent. When environmental factors create a psychological or
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physiological perturbation, it can activate the emergency life-
history stage (ELHS, Wingfield et al., 1998), which consists of
a series of behavioral and physiological responses, regulated
primarily by glucocorticoids, that mobilize resources and
promote individual survival at the expense of other life-history
strategies (Romero and Wingfield, 2016). The observation of
organismal responses to fluctuations in winter weather offers an
excellent opportunity to examine the overall energy demands
an individual experiences at any moment that is a function of
resources available in the environment, body condition, social
status, etc. (Korte et al., 2005).

The model of allostatic load (McEwen and Wingfield, 2003)
makes two independent assumptions that may be drawn upon for
their testable predictions and alternatives. Assumption 1 states
that costly events cause allostatic load to increase, at least up to
a threshold for ELHS activation, which triggers compensatory
mechanisms to reduce allostatic load. Alternatively, costly events
could directly result in minor compensatory changes that reduce
existence energy or routine energetic expenditures (e.g., by
lower body temperature or reduced non-feeding activity) that
keep allostatic load stable until such options are exhausted.
This alternative would maximize the perturbation resistance
potential (PRP), i.e., the difference between allostatic load and the
cumulative resources available internally and in the environment
(Wingfield et al., 2011, 2017).

Assumption 2 states that increased allostatic load is associated
with elevation in circulating baseline glucocorticoid levels, at least
up to a threshold for the ELHS.

Alternatively, if allostatic load changes (Assumption 1),
plasma glucocorticoids may not change in parallel. Because
the role of glucocorticoids during the ELHS transition is well
established, sudden sustained or repeated increases may trigger
the ELHS only when allostatic load approaches the limit of energy
availability rather than gradually rising to a threshold. This
alternative would link glucocorticoid action to PRP as opposed
to allostatic load.

Heart rate is a common proxy for estimating metabolic rate
in the field (reviewed in Butler et al., 2004; Green, 2011).
While, heart rate (fH) and oxygen consumption are generally
correlated, unpredicted changes in stroke volume and/or oxygen
extraction can result in estimation errors (particularly when
one is used to predict the other). Although f H and oxygen
consumption are related, the consistency of this relationship
is unclear. Relationships have been noted within individuals
across seasons, as well as across individuals and species. Variation
in the relationship can be related to body mass (BM; Green,
2011), but allometric scaling does not always account for
observed differences (e.g., Portugal et al., 2009). The selection
of appropriate scaling indices is, in itself, problematic (Packard
and Boardman, 1999). In mammals, heart rate typically scales
with mass (BM−0.26) meaning f H decreases as BM increases
(White and Kearney, 2014). On the other hand, mammalian V̇O2,
volume of oxygen consumed per unit time, increases with mass
(BM0.71) though the allometric scaling relationship of V̇O2 can
vary with circumstance (White and Kearney, 2014). Procedures
for handling scaling are diverse, including modeling body mass
as a covariate, calculating mass exponents using a subset of

data taken under constant conditions, or trying a range of
possible mass exponents and selecting a value that explains the
most variability.

Here we first performed experiments on captive, adult
Gambel’s white-crowned sparrows (Zonotrichia leucophrys
gambelii) to validate the use of heart rate telemetry as a proxy
for energy expenditure through simultaneous respirometry to
evaluate the extent that these approaches reliably co-varied. We
then evaluated intra- and inter-individual variations in f H and
explored a role for body mass in explaining this variability. Next,
we employed this technique and others to investigate McEwen
and Wingfield’s (2003) model of allostatic load.

To evaluate Assumption 1, we determined whether typical
fluctuations in outdoor temperatures during winter in Davis,
California influenced allostatic load among captive and free-
living birds. Ambient temperatures were usually below the
laboratory-determined thermoneutral zone for this species (King,
1964). Allostatic load, in this case, was averaged over a
24-h period, and measured using f H . Real-time heart rate
data has the advantage of offering insight into how ambient
temperature influenced f H and to what extent compensation
occurred within a 24-h average. Free-living birds experienced
complex meteorological events and exploited microhabitat
variation whereas captive birds were housed in sheltered outdoor
aviaries with limited exposure to extraneous variables (e.g.,
wind) but experienced natural variation in ambient temperature
and humidity. To evaluate Assumption 2, we compared
heart rate telemetry data to measurements of baseline plasma
corticosterone (the major glucocorticoid in birds). We also
examined ambient temperature for relationships with baseline
corticosterone on the basis of Assumption 1.

In the second part of this study, we experimentally
manipulated energy expenditure to increase allostatic load to
test for its impact on baseline plasma levels of corticosterone
independent of ambient temperature thereby further evaluating
Assumption 2. Energy expenditure has been manipulated in
several species in captivity. Techniques previously applied to
adult birds include perch removal, lever pressing, weight-carrying
and motion-sensing feeders with pre-programmed frequency or
probability of food release used to manipulate the effort required
for food acquisition (Bautista et al., 1998; Wiersma et al., 2005;
Johns et al., 2018). Physiological costs associated with normal
seasonal changes of life-history stages, e.g., egg laying, have
also been examined (Vézina et al., 2006). However, energetic
demand associated with physiological change is problematic
as a mode of “manipulation” because costs may change
concurrently with a suite of allostatic shifts across life-history
stage transitions potentially including changes at multiple levels
of the hypothalamic-pituitary-adrenal (HPA) axis. For example,
glucocorticoid receptor expression can change seasonally, which
complicates interpretation of concurrent hormonal shifts (Lattin
and Romero, 2014; Krause et al., 2015; Wingfield, 2018). Methods
that involve manipulation of effort within season offer superior
control of internal confounds. However, the unrealistic nature
of challenges like perch removal or unpredictable food release,
relative to a songbird’s evolutionary history and life experience,
may confound an energetic manipulation with a cognitive cue
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that may act as a classical “stressor.” This is particularly important
in teasing apart the predictions of allostatic load from our
understanding of the classical stress response.

The aim here was to experimentally increase workload for
captive Gambel’s white-crowned sparrows to mimic variation
in foraging effort required in the field. Substrate-scratching is a
mode of foraging behavior described in a variety of songbirds
(Greenlaw, 1977). A study of free-living New World sparrows
showed that increasing the amount of litter on top of food
increases the frequency of engagement in prolonged feeding
bouts, as measured by number of “scratches” per bout in those
areas (Hailman, 1984).

Animals may also compensate for increased workload by
diminishing energetic investment in other activities or functions.
This issue is minimized in a captive setting where other energetic
demands are absent. Heart rate telemetry could not be used in the
second set of experiments due to problems using our transmitters
inside small cages. Therefore, the verification of Assumption 2
relies heavily on the validity of Assumption 1, i.e., experimental
workload can be applied as a direct proxy for allostatic load.
To probe the validity of Assumption 1 in this context, we
collected and analyzed 24 h video recordings to determine
whether patterns of daytime energy expenditure changed as a
result of foraging workload manipulation. We also measured
food consumption and change in body mass as further indicators
of energetic status. To evaluate Assumption 2, we tested baseline
plasma corticosterone levels during a manipulated workload
regime and with respect to activity level and consumption
metrics within and across treatment regimes. Exploration of
these outcomes has implications for understanding not only
relationships between allostatic load and corticosterone, but also
for individual variation.

MATERIALS AND METHODS

General Methods Applied Across Studies
Bird Capture and Housing
Gambel’s white-crowned sparrows (hereafter, GWCS; Z. l.
gambelii) winter in large numbers at our study sites in and around
Davis, CA, United States (38.5◦N, 121.8◦W, Supplementary
Figure 1, Chilton et al., 1995). We captured all birds in the
winter months (November to February) using mist nets or
Potter traps that were pre-baited with seeds (under guidelines
of the State of California and USFWS collecting permits). All
procedures and housing of captive birds were approved by
the University of California Davis IACUC. For each bird, we
measured morphological characteristics including length of the
tarsus, beak (nare to tip) and flattened wing chord to the
nearest 0.1 mm using calipers. We weighed birds (±0.1 g)
using a Pesola scale.

All GWCS were initially housed in flight cages
(1.8 m × 1 m × 1.8 m), typically within an outdoor aviary
at UC Davis. The aviary was semi-enclosed, open to the outside
air and naturally lit, but was sheltered from rain and prevailing
winds by a roof and concrete walls on two sides. While in
flight cages, birds were fed a diet consisting of Mazuri small

bird maintenance feed (PMI Nutrition), wild bird seed, and
vitamin-enriched grit ab libitum. We provided water in bottles
as well as in cups with the latter mostly used by the birds for
bathing. Birds were allowed to acclimate to captivity for at least
3 weeks prior to the initiation of experiments or transfer to
individual cages (Wingfield et al., 1982).

Blood Sampling
We collected a small blood sample by puncturing the alar vein
within 3 min of capture using a 26-gauge needle. We collected
blood into heparin-coated microhematocrit tubes. Blood samples
were briefly stored on ice, then centrifuged at approximately
170 G for 5 min. Plasma was aspirated and stored at−35◦C until
used for hormone assays. Baseline corticosterone samples from
wintering GWCS were collected at multiple sites in Davis, CA
between 2007 and 2014.

Corticosterone Assay
Circulating corticosterone (ng/mL) was measured by
radioimmunoassay following Wingfield et al. (1992). Briefly,
plasma was added in volumes ranging from 5 to 30 µL in
combination with distilled water to achieve a consistent volume
of 200 µL. 2,000 CPM of tritiated corticosterone (Perkin
Elmer NET399250UC) was added to each sample to evaluate
extraction efficiency of individual samples. After overnight
equilibration, steroids were extracted with 4 mL of freshly
re-distilled dichloromethane for 2 h. The organic phase was
aspirated and dried under a stream of nitrogen gas in a water
bath at 35◦C, then reconstituted in 550 µL of phosphate-
buffered saline with gelatin (PBSG). A 100 µL aliquot was
removed and scintillation fluid added (Perkin Elmer Ultima
Gold: 6013329) to evaluate percent recovery of the labeled
hormone for each sample. Duplicate 200 µL aliquots were
equilibrated overnight at 4◦C with 100 µL (approx. 10,000
CPM) of tritiated corticosterone and 100 µL of antibody (100×
dilution of Esoterix Inc. B3-163). Unbound steroid was stripped
from solution by adding 500 µL of dextran-coated charcoal for
10 min at 4◦C, followed by refrigerated centrifugation at 3000
RPM. Supernatant (containing antibody-bound hormone) was
decanted and vortexed with scintillation fluid before counting
for 10 min or within 2% accuracy on a Beckman 6500 liquid
scintillation counter. Each assay included two solvent blanks and
a standard sample (1,000 pg of unlabeled corticosterone). The
mean recovery efficiency was 87.4% and coefficients of inter-
and intra-assay variation were 16.1 and 12.9%, respectively. The
mean lower detection limit was 18.05 pg/tube.

Heart Rate Telemetry and Signal
Processing
SP2000 heart rate transmitters (Sparrow Systems, IL,
United States) were attached using a protocol modified from
Raim (1978). Each transmitter was attached to a small piece of
cotton cloth (approximately 1.5 cm × 2.5 cm). Birds were briefly
immobilized by isoflurane anesthesia. A small patch of contour
feathers was trimmed (captive birds) or plucked (necessary for
superior adhesion in field studies) from the dorsum, and two
sterilized electrocardiogram (EKG) electrodes were inserted
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subcutaneously (3–4 mm) via two small incisions (1 mm) lateral
to the dorsal midline and just posterior to the scapula. Incisions
were closed with surgical adhesive and treated with lidocaine.
The cloth holding the transmitter was glued to the dorsum using
latex eyelash adhesive (Duo brand), with the remaining length of
the electrodes tucked under the cloth.

Heart rate signals were received using an AR8200 receiver
(AOR Ltd., Tokyo, JP) with a telescopic whip (captive) or
handheld Yagi (field) antenna. Audio output was recorded to an
R09-HR recorder in MP3 format or, in the case of validation
studies, directly to disk in WAV format using Audition software
(Adobe Systems, Inc., CA, United States).

Heart rate data were extracted and filtered from audio files
using Vireo software, two scripts written for Scilab (Versailles,
France) by Kelley and Bisson (2009), with modifications to
accommodate a range of heart rate and noise characteristics
specific to each experiment. Extraction and filtration were spot-
checked manually by removing the carrier frequency using an
FFT filter in Adobe Audition software (Adobe Systems, Inc.,
CA, United States) and hand-counting peaks associated with
heart beats. Data were extracted at a resolution of 1 datum
point per second, then averaged over 5-min periods to reduce
autocorrelation and accommodate any time offsets relative
to V̇O2.

Validation of Heart Rate as a Proxy for
Allostatic Load
Respirometry
Rates of O2 consumption (V̇O2) of 7 captive adult GWCS (mean
mass ± SEM: 30.18 ± 0.29 g; see Supplementary Tables 1, 2
for statistical analyses of mensural characters) were measured
using open-flow respirometry. Room air was drawn at a rate of
900 mL/min from the bottom of a clear acrylic chamber (6L
volume) fully air-tight except for an in-flow port at the top of the
chamber (Supplementary Figure 2).

The respirometry chamber was equipped with food, water
and a perch, just large enough for a bird to extend its wings,
though too small to permit flight. A 6-cm fan was installed in
the lid to prevent formation of dead spaces around the objects
in the chamber. Pump, flow control, oxygen and carbon dioxide
meters were included in a Foxbox (Sable Systems, Las Vegas,
NV, United States). Water and CO2 were removed from air prior
to oxygen measurement using a laboratory gas drying unit (2
5/8 × 11 3/8, Hammond Drierite Co., OH, United States) and
soda lime in a smaller (3/5 × 8′′) column. To correct for drift
in the instruments, a multiplex unit was engaged for automatic
base-lining with room air for 1-min every 10-min. The chamber
was placed in the room where birds were normally housed,
and each subject was able to view conspecifics throughout. All
other equipment was in an adjacent room, which allowed the
experimenter to remain hidden from the subject’s view during
testing. Temperature in the bird room and adjacent to the Foxbox
was measured using Sable thermistor probes connected to a
universal interface (UI-2, Sable Systems). Respirometry data from
the Foxbox were imported to a PC running Expedata software
(v. 1.2.5, Sable Systems, Las Vegas, NV, United States). Oxygen

measurements were corrected to STP (standard temperature
and pressure) which were adjusted to baseline. Instantaneous
V̇O2 was calculated using the manufacturer’s recommended
procedures for the Expedata software. Data were averaged over
5 min periods to align with heart rate.

We validated the stability of measurements in the apparatus
using nitrogen injection (Lighton, 2008). Briefly, a known rate of
oxygen “consumption” is generated via displacement of oxygen
using a small known flow-rate of pure nitrogen gas added to
the air intake. This known rate of change is then compared with
instantaneous V̇O2 calculated based on oxygen measurement to
verify that the respirometry chamber is not a source of error.

Heart Rate Telemetry, Validation Protocol
After we attached the heart rate transmitters, birds were returned
to their cages and allowed to recover from anesthesia for at
least 1 h. They were then placed in the respirometry chamber
and allowed to settle while the respirometry system equilibrated.
Validations began immediately upon placing the bird in the
chamber and continued for a period of 2 h. To obtain maximal
heart rate elevation birds were intermittently disturbed by the
experimenter entering the room and briefly tapping on the
chamber. All experiments were conducted at the end of the
day (15:00–17:00). Overhead fluorescent lights were turned off
20 min prior to the end of each trial to allow the bird to settle
down for the night. This range of activity revealed heart rates,
approximately 440–900 beats per minute (BPM), which were
nearly comparable to that of a free-living bird. While frequent
technical challenges limited the validation period to 2 h there
were opportunities to collect additional data over the course
of the one or more days spent in the respirometry chamber
for several birds. These data were examined to evaluate intra-
individual variability and possible sources of error.

Validation Comparison: Selection and Conversion of
Existing Data
To compare our f H-V̇O2 validation data with existing data from
other species, we performed a literature search to extract data
for visual meta-analysis. These data included juvenile and adult
birds from different species. Where findings did not support a
single relationship across individuals (e.g., Gessaman, 1980), we
selected individual relationships with minimum and maximum
slopes separately for comparison. Because body mass varied
widely across the data set, V̇O2 was converted to reflect units of
ml/min/kg0.703 (Tieleman and Williams, 2000) and heart rate was
converted to BPM/kg−0.26 (White and Kearney, 2014).

Measurement of Allostatic Load via
Heart Rate Telemetry
Aviary Telemetry
Adult GWCS were captured during February of 2011 and 2012,
processed and acclimated as described above. In the aviary,
ambient temperature (◦C) was monitored continuously using two
thermistors taped to the walls of the cage that recorded to a
PC running Expedata software (Sable Systems, Las Vegas, NV,
United States). We used an average of the temperature readings
(◦C) from these two thermistors in our analyses. Transmitters
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were attached to 5 birds for each of three trial periods. The
AR8200 receiver was programmed to cycle through each of the 5
transmitter frequencies at a rate of 1 channel per minute. Signals
for each individual were recorded for 1 min out of every 5-min
period. Heart rate was recorded over a period of 7 days or until
the transmitters failed, after which they were promptly removed
from the birds. Audio files were split into 1 min segments
for analysis. Within each minute, the first and last 10-s were
eliminated to prevent error due to channel switching. Heart rates
were averaged over 30-min periods (6 × 1-min samples for
each of the 5 birds) to reduce autocorrelation and minimize the
influence of brief disturbances.

Heart rate was measured for 5 birds starting on March 18, 2011
(Trial 1), then for 5 different birds starting on April 2, 2011 (Trial
2). Between these two trials, a substantial and enduring spring
warming occurred, such that the thermal profile for the second
trial was dramatically different from the first. To investigate the
occurrence of intra-individual variation in response to different
temperature regimes, the birds from Trial 1 were followed
again for Trial 3, starting on April 22, 2011. However, due to
transmitter failures, replicate data from Trial 1 and Trial 3 were
only successfully obtained from one individual, Bird #130. Total
numbers of birds with successful heart rate data were n = 3 for
Trial 1, n = 4 for Trial 2, and n = 3 for Trial 3, with the latter
including Bird #130.

Field Telemetry
Adult GWCS were captured in Davis, CA (Supplementary
Figure 1) during the spring (January – March; n = 10) and
autumn (October – November; n = 9) of 2012. During the spring,
birds were primarily captured at sites A, C, and F while in fall
most birds were captured at site B (Supplementary Figure 1). We
captured birds between 0700 and 1100AM. Birds were banded
with an aluminum USFWS band and a unique set of color
bands for later visual identification. Heart rate transmitters were
attached as above on the day of capture. After birds recovered
from the effects of anesthesia, they were held overnight for
monitoring in a flight cage within the aviary. We then released
each bird early the following morning at the site of their capture.
Following the trials, some transmitters were removed at recapture
and some of them fell off and were retrieved from the field.

Individual birds were followed in the field as continuously as
possible and as closely as necessary to maintain optimal signal
strength. In open terrain, the quality of the signal degraded at
a distance of ∼30 m, with significant reductions in operable
distance associated with heavy shrubs or ravines. Thus, it was
not always possible to collect data at a distance sufficient to
avoid disturbance of the flock by researchers. In these cases, the
equipment was attached to a tripod or other available structure
and were checked every 1–3 h to ensure that the bird was still
present and that the equipment batteries were still functional.
For overnight recording, the equipment was left attached to an
automotive backup battery, packed inside a rain-proof sack with
the antenna clamped to a tripod or fixed structure. Each bird
was followed for at least 2 full days after release. In the rain,
transmitter batteries became waterlogged and ceased functioning
for periods of hours to days. This failure sometimes also occurred

when birds bathed under drip-irrigation devices that were
present in the vineyards that birds frequented. Occasionally, a
bird’s signal was lost, usually after fleeing a disturbance, and
could not be relocated for an extended period. Some transmitter
frequencies were vulnerable to interference from unknown local
sources such as intermittent static or total disruption. Finally,
transmitters remained functional for variable lengths of time
before failing and/or falling off.

Meteorological Data
Hourly data for statistical analyses were drawn from a
weather station (38.536◦N, 121.775◦W) maintained by UC Davis
that collects data for the California Irrigation Management
Information System, Mesowest ID# CI0061. This station is
located approximately 1 km north of our field site at an
elevation of 18.3-m.

Heart Rate Signal Processing
Heart rate data were extracted from audio files as described
above. Because signal quality was more variable for field data,
heart rates were averaged over 1-min periods, retaining only bins
for which more than 10 s of data were present after extracting
data as previously described. One-minute bins were averaged
over 60 min, at which point heart rate data were aligned with
meteorological data. Hourly heart rate and temperature were
averaged to obtain daily average heart rate (BPM). Averaging
hourly bins, as opposed to 1-min bins, ensured that times of day
in which the signal was noisiest (e.g., periods of active foraging)
and therefore contained fewer 1-min data points (due to filtering)
were not underrepresented in the average. Thus, all hourly bins
were weighted equally regardless of the number of 1-min data
points they contained.

Daily averages were defined as the 24-h period before and
after sunrise. 24-h periods with <16 h worth of binned data
were excluded from analysis. Because temperature was aligned
with heart rate prior to averaging, only temperature data for
periods with valid heart rate data were included in averages when
evaluating relationships between these two variables.

Manipulation of Foraging Effort
Gambel’s white-crowned sparrows were acclimated to captivity
as described above, then transferred indoors to individual cages
(35 cm × 40 cm × 45 cm) and kept on a continuous short-day
light cycle (8L:16D) at 21–23◦C. Short day lengths were chosen
so all birds, whether housed indoors or exposed to natural day
length were on similar light/dark schedules. Mazuri food was
distributed ab libitum and was split evenly between two circular
trays on the floor of the cage (6-in × 1-in plastic pot saucers)
that could accommodate a variety of substrates in addition to
food (Supplementary Figure 3). Grit and water cups as well
as a water bottle were installed in the cage walls; wild bird
seed was removed from their diet. Each bird was housed in its
home cage for all training and trials but were moved into a
separate, adjacent room (hereafter, the trial room) for training
and trials. In the trial room, all cages were arranged on two

1http://mesowest.utah.edu
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shelves, each holding two cages, which were thoroughly and
evenly lit by fluorescent light fixtures positioned on the wall and
ceiling. An array of 4 closed circuit television (CCTV) cameras
was positioned to observe and record each bird’s behavior. The
room was illuminated during dark hours by a single low-intensity
LED nightlight (Limelight Nightlight, Austin Innovations, TX,
United States). Cameras were also equipped with infrared LEDs
that gave off some visible red light.

Trial Substrate and Training
We used natural white aquarium sand (Petco, CA, United States)
for our testing medium because it was difficult but not impossible
for birds to displace, and the food could be easily extracted
from it at the end of the experiment to determine how much
had been consumed. In this way we tested for the energetic
cost of self-maintenance by increasing foraging effort. Birds
accessed buried food with increasing amounts of aquarium sand
in their food trays.

To train birds, we initially provided individuals with trays
where food was fully visible. No sand was present initially during
training, but several stones of natural white aquarium gravel were
used to stabilize the tray and prevent spillage. The food was
spread evenly over the bottom of the tray. Sand was then added
daily in small, incremental amounts to the trays with a few pieces
of food remaining visible to provide birds a visual cue. Trays
were changed daily at which point remaining food was weighed
to verify that all birds were eating. We also recorded videos to
confirm that birds were successfully finding their food and not
simply displacing it from the tray. At the end of the training, all
birds had learned to search for fully buried food through a tray
of sand that was approximately 2 cm deep. Following completion
of the training, birds were returned to the general housing room
and continued to receive their food in the same trays mixed with
small amounts of sand and gravel for the duration of the study.

Manipulation Experiments
Birds were moved in pairs to the trial room, so that each
bird was on the same shelf with a familiar neighbor. GWCS
form flocks in winter and maintaining neighbor pairs may
minimize social stress (Apfelbeck and Raess, 2008, but see
Banerjee and Adkins-Regan, 2011). Birds were weighed and
measured as above. Individuals were allowed to acclimate to
the trial room for 24 h before starting a feeding treatment.
We provided 6 g of food per day divided equally between
two food trays and placed in the trays at the bottom of each
cage. This amount was slightly more than the maximum that
any bird was observed to eat each day when consumption was
measured during pilot trials. Food was delivered just before
lights off each day, so for Day 1 food was placed in the
day prior. We then conducted one of two randomly assigned
feeding treatments (“Easy” or “Hard” Supplementary Figure 4)
on each set of neighbor pairs by shelf. This approach allowed
birds to only see other individuals from the same treatment
regimes. The Easy treatment consisted of trays with food, a
few pieces of larger aquarium gravel (for weight) and no sand.
The Hard treatment consisted of food that was entirely buried
under ∼2 cm of sand. Exposure to initial treatments was

continued for 3 days. On the third and last day, birds were
removed from their cages shortly after the lights came on and
a blood sample was taken (as described above) within 3 min
of researchers entering the room. At the end of that same day,
treatments were switched so that Easy treatments became Hard
and Hard treatments became Easy, Supplementary Figure 4,
which began the second 3-day treatment exposure. Blood
samples were taken for measurement of baseline corticosterone
at 9AM at the start of each experiment and every 3 days
throughout each trial.

Activity Scoring
We recorded bird activity continuously using CCTV throughout
each experiment. Videos were automatically saved as a series of
15-min files and we used this time period as the sampling unit
for scoring. We initially performed behavioral scoring using only
the daytime videos from Day 2 of each treatment, which was
the day prior to blood sampling. We later increased the video
scoring period to include some nocturnal observations (described
below). Assistants were trained to score each file. To improve
consistency, we used quantitative scores based on presence or
absence of a criterion for a minimum of 10 s within a 15-min
video segment. Presence of foraging behavior was defined by
the bird occupying a food dish for longer than 10 s (actual
digging or eating could not be clearly distinguished from the
low-resolution CCTV video footage). We classified the presence
of a specific type of hopping behavior (i.e., hopping from perch
or floor up to walls or ceiling of the cage for longer than
10 s in each 15-min video) as “escape-type” behavior because
individuals did not appear to be engaged in any significant
foraging, exploration, or interaction during the periods when this
behavior was manifested. A similar interpretation is noted for this
species by Astheimer et al. (1992), however, this “escape” behavior
may also represent a stereotyped response by individuals to cope
with captivity (Rose et al., 2017).

Based on prior experience and other studies of this species,
we initially assumed that birds were active only during daytime,
and thus, only scored daytime videos. However, night videos were
later examined to verify inactivity but revealed that birds were, in
fact, variably active at night. Nocturnally active birds engaged in
vigorous, escape-type hopping to walls or ceiling similar to that
observed during the day. Consequently, nighttime activity was
estimated by sampling one 15-min video per hour throughout the
16 h dark period, beginning approximately 15 min after lights-off.
The total number of samples during which escape-type hopping
activity was observed (with the maximum being the total number
of hours of darkness, 16) is reported as the night activity score.
Due to the differences in day and nighttime sampling procedures
and duration, both day and night hopping data were converted
to percentages of active intervals out of the total observed during
that period. Raw scores (# intervals with hopping) were used for
all statistical tests, but percentages are used in figures where day
and nighttime trends are compared.

Statistical Analyses
JMP Pro (v. 11.2.1) or SAS (v. 9.4) (SAS Institute, NC,
United States) were used for all statistical analyses. We used
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multiple linear regression to determine relationships among our
variables of interest. Prior to all analyses, all variables were
checked for normality and heteroskedasticity using the Shapiro-
Wilks test. We further checked model assumptions by plotting
residuals against predicted values.

Model Selection of Captive and Field Datasets for
Heart Rate
To determine the overall linear relationship between f H and
V̇O2, we used multiple linear regression. We used ANCOVA
to test for differences in slopes between individual birds. Data
were compared using mixed effect models with a Kenward-
Rogers correction. Each hypothesis was tested separately for
each dataset. Allometric effects were investigated through the
inclusion of body mass or tarsus length as a fixed effect and
as part of an interaction variable; variables were removed
using stepwise selection when they did not explain significant
variance (α = 0.05). Akaike’s information criterion (AICc) was
compared during model selection to ensure that the final model
provided the best fit. Competing models < 2 1AICc are
included for comparison.

Assumption 1: We compared average daily heart rate to
average daily temperature controlling for Bird ID, which was
nested within trial (for captive data) or season (for field data) as
a random effect.

Assumption 2: Recall that this assumption was only directly
testable using the captive dataset. We compared baseline
corticosterone (dependent variable) to average heart rate for the
24-h period prior to blood sampling and controlled for Bird ID
nested within trial as a random effect.

Based on identified relationships between heart rate and
temperature, Assumption 2 was indirectly tested using both
captive and field datasets. To do this, we compared baseline
corticosterone to average temperature (for the 24-h period before
blood sampling) with Bird ID nested within trial as a random
effect for captive data. In the field dataset, it was not necessary
to include Bird ID in the model testing Assumption 2 because
corticosterone was only collected once.

Data Analysis of Manipulation of Allostatic Load
We used linear mixed effect models to assess the influence
of treatment (Easy or Hard), treatment exposure (1st or 2nd
treatment within a trial), and their interaction, including post-
treatment mass change (g), baseline corticosterone (ng/mL), and
qualitative activity scores. We included individual bird ID as a
random effect to control for repeated sampling.

While foraging workload was the key independent variable
in our manipulation experiment on allostatic load, we chose
to extend our analysis to include relevant metrics like activity
score and change in body mass, evaluating relationships among
outcomes. In these cases, baseline corticosterone was examined
as the dependent variable, while activity, change in body
mass over each trial, and their interaction were included as
fixed effects in a linear mixed effects model. Because day
and night activity are expected to be related, separate models
were run to evaluate the effect of each with relation to the
other variables.

RESULTS

Heart Rate Validation
Heart rate and oxygen consumption were strongly correlated,
with an overall equation of V̇O2 = 0.07 (±0.16) + 0.0039
(±0.0002)∗f H (r2 = 0.68) for 6 birds (Figure 1). Neither log-
transformation nor mass-adjustment of any kind improved
this relationship. Slopes for individual birds were significantly
different (p < 0.001) and ranged from 0.003 to 0.007. In the
case of these two individuals, the data were either limited in
range (consistently high heart rate) or diverged from linearity,
reducing confidence in the calculation of slope. Sample sizes
were insufficient to test for differences by sex and individual.
However, when only sex was included in the model, it was not
statistically significant.

In addition to inter-individual variation, anecdotal
measurements made after the initial validation period indicated
there was intra-individual variability. However, this variation was
most apparent with regard to the intercept because slopes were
largely similar. Pearson correlation coefficients within trials were
almost universally high, and statistically redundant (r > 0.7). The
relationship between f H and V̇O2 described previously for birds
vary widely (Figure 2). Note that the relationship for GWCS lies
within the major cluster of other species.

Testing Assumption 1: Did Temperature
or Manipulation of Feeding Effort
Influence Allostatic Load?
Temperature significantly predicted 24-h average heart rate
for captive birds (F1,40.6 = 12.8, p < 0.001; Figure 3 and
Supplementary Table 1). Morphometric variation (body mass
or tarsus length) did not significantly explain heart rate within
our models (Supplementary Table 1). Removing Bird #130 (an
influential outlier that was also the only bird we were able to
successfully collect heart rate from two trials) had no effect on this
relationship. Ambient temperature significantly predicted daily
average heart rate for free-living birds (F1,69.9 = 14.0, p < 0.001;
Figure 4 and Supplementary Table 2). Neither body mass nor
tarsus length significantly contributed to the model, alone or by
interaction (Supplementary Table 2).

Testing Assumption 2: Did Allostatic
Load Predict Baseline Corticosterone?
When we compared plasma corticosterone to heart rate, tarsus,
body mass, and their interaction, we found that there was
no effect of average daily heart rate on corticosterone levels
(F1,10.1 = 0.0, p = 0.887; Figure 5 and Supplementary Table 3).
There was also no effect of average daily daytime temperature on
corticosterone levels among captive birds (F1,10.9 = 0.0, p = 0.99;
Figure 5A) or wild birds (F1,16 = 0.3, p = 0.62; Figure 5B
and Supplementary Tables 4, 5). Corticosterone levels were not
significantly correlated with average temperature for the day on
which the sample was taken, or with the average temperature
from the night prior to sampling (Figure 6).

In manipulation experiments, workload treatment did not
predict baseline corticosterone (F1,13 = 0.1, p = 0.784). Exposure
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FIGURE 1 | Relationship between oxygen consumption (mL O2/min) and heart rate (beats/min) of 6 white-crowned sparrows measured over a 2-h time period. Line
indicates best fit regression with 95% confidence intervals. Each data point reflects a 5-min average.

FIGURE 2 | Previously reported relationships between heart rate and oxygen consumption for birds, with the relationship derived herein overlaid for comparison.
Species described are: Leptoptilos crumeniferus (Bamford and Maloiy, 1980), Diomedea melanophrys (Bevan et al., 1994), Aythya Fuligula (Bevan and Butler, 1992),
Pygoscelis adeliae (Culik et al., 1990), Aptenodytes patagonicus (Fahlman et al., 2004), Columba livia (Flynn and Gessaman, 1979), Falco sparverius (Gessaman,
1980), Dromiceius novaehollandiae (Grubb et al., 1983), Somateria mollissima (Hawkins et al., 2000), Aptenodytes forsteri (Kooyman and Ponganis, 1994), Branta
leucopsis (Nolet et al., 1992), Branta leucopsis (Portugal et al., 2009), Phalacrocorax carbo (Storch et al., 1999), Branta leucopsis and Anser indicus (Ward et al.,
2002), Diomedea exulans (Weimerskirch et al., 2002), Aythya fuligula (Woakes and Butler, 1983), and Anas rubripes (Wooley and Owen, 1977).
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FIGURE 3 | Standard regression lines showing relationships between 24-h average heart rate and temperature for individual birds (left) and for all birds (right) in
captive experiments.

FIGURE 4 | Standard regression lines showing relationships between 24-h average heart rate and temperature for individual birds (left) and for all birds (right) in
field telemetry experiments. “F” and “S” in bird ID numbers reflect data collected during fall and spring field seasons, respectively.

(1st vs. 2nd treatment) was a significant predictor in this model,
with many birds having elevated baseline corticosterone during
the first exposure regardless of workload treatment (F1,13 = 4.9,
p = 0.045; Figure 7). The interaction between treatment and
exposure was not significant (F1,13 = 1.8, p = 0.202).

Change in body mass differed by treatment (F1,13 = 6.5,
p = 0.024, lsmeans difference: Easy vs. Hard est. 0.96 ± 0.38
SE; Figure 7B) and exposure (F1,13 = 14.8, p = 0.002, lsmeans
difference: 1 vs. 2 est. = −1.45 ± 0.38 SE; 7C), but not their
interaction (F1,13 = 0.1, p = 0.835). Body mass declined almost
uniformly during the first trial, but the Hard treatment generally
incurred a larger weight loss regardless of exposure. When
the Easy treatment was delivered during the second exposure,
birds appeared to recover mass (Figure 7). The amount of food
that birds ate (on D2) also differed by treatment (F1,13 = 6.9,
p = 0.021), but not by exposure (F1,13 = 3.2, p = 0.097)
nor by treatment∗exposure (F1,13 = 2.2, p = 0.160). Birds
ate significantly more food during the Easy regime, but the
magnitude of difference was small on the first exposure and

most obvious during the second. Neither workload treatment or
1st/2nd exposure was associated with significant differences in
escape-type hopping during daytime hours (treatment F1,13 = 1.7,
p = 0.213), lsmeans difference: Easy vs. Hard = −1.39 ± 0.11;
exposure F1,13 = 2.3, p = 0.155, lsmeans difference: 1 vs. 2
estimate = −1.61 ± 1.06; or their interaction (F1,13 = 0.1,
p = 0.820; Figure 8A) though there was a suggestive difference
with potential reduction in escape-type hopping at night during
the Hard treatment (treatment F1,13 = 4.1, p = 0.063; exposure
F1,13 = 0.0, p = 0.993 lsmeans estimate: treatment: 0.87± 0.43 SE;
exposure: 0.00± 0.43; Figure 8B).

Additional Observations From
Manipulation of Foraging Effort:
Relationships Among Outcomes
Corticosterone was predicted by weight change (F1,12 = 9.7,
p = 0.009), but not escape-type hopping activity during the
day (F1,12 = 3.7, p = 0.080) or at night. The interaction
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FIGURE 5 | Baseline corticosterone vs. 24 h average temperature prior to blood sampling in captive (A, with repeated samples identified by bird ID) and field (B, with
each point reflecting a unique bird ID). Aviary temperature was measured via thermistors placed on the cage, while field temperature was recorded by a local weather
station.

FIGURE 6 | Baseline corticosterone samples from wintering Gambel’s white-crowned sparrows collected at multiple sites in Davis, CA between 2007 and 2014.
Corticosterone levels are not significantly correlated with average temperature for the day on which the sample was taken (left), or with the average temperature
from the night prior to sampling (right). Temperatures are obtained from a local weather station.

between daytime activity and weight change was also a significant
predictor of baseline corticosterone (F1,12 = 11.8; p = 0.005).
The significant relationship between corticosterone and weight
change was driven by the interaction term; thus, we will
focus on the interpretation of the interaction. Exploration of
this interaction suggests a relationship between corticosterone
and activity levels that flips based on extremity of weight
change. If we bin weight change into two categories, for
birds that lost a lot of weight (>1.5 g), elevated baseline
corticosterone was mainly associated with high activity levels,
while among birds with more stable body mass (<1.5 g change)
those with elevated baseline corticosterone were characterized
by low activity levels (Figure 9). In contrast, nocturnal
activity and weight change were not significantly related in
any models. Furthermore, examination of the data reveals a

striking negative trend between day and nighttime activity with
regard to the interaction discovered with the daytime data
(Figures 8, 9).

DISCUSSION

Results from our validation experiments supported Assumption
1 in that changes in activity were reflected in changing
V̇O2 and with associated change in heart rate. Heart rate
telemetry further showed that variation in daily temperature
influenced average daily heart rate and, thereby, allostatic
load. These findings do not exclude the possibility that
compensatory mechanisms, such as decreased voluntary activity
(González-Gómez et al., 2011) or facultative hypothermia
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FIGURE 7 | Left hand panels. Pattern of body mass change for each bird throughout the study. Panel (A) shows birds that received the easy workload regime during
the first exposure, followed by the hard regime; panel (B) shows birds that received the reverse treatment order. Right hand panels. Change in body mass during trial
was affected by workload treatment and 1st vs. 2nd exposure to treatment. Change in body mass during trial was affected by workload treatment regime (C,D top)
and treatment order (C,D middle and bottom). Shading reflects treatment number, with treatments separated into (C,D). Lower right hand panel. Baseline
corticosterone (ng/mL) was not significantly influenced by workload (feeding regime) but was elevated during the first exposure regardless of regime. Most birds lost
weight under all conditions.

(McKechnie and Lovegrove, 2011), might mitigate such influence
especially in relation to individual variation.

Interpretation of outcomes for manipulation of feeding effort
with respect to Assumption 1 is less clear because we have
no direct measure of energy expenditure. There is evidence to
suggest that some birds may have engaged in compensatory
strategies to reduce impact of the hard treatment on allostatic
load, e.g., by eating less food or by reducing activity at night.
However, these trends were far from clear or dramatic, with a
much more sizeable influence of 1st/2nd exposure and associated
interactions. The fact that most birds lost weight during
most treatments, suggests that something other than behavioral
compensation for increased workload is at play. However,
we cannot eliminate the possibility that some compensation
may have mitigated the impact of workload treatment on
allostatic load.

Assumption 2 was not supported by our data in any
experiment. We found no association between baseline
corticosterone and allostatic load using either direct
measurement of heart rate (aviary heart rate telemetry) or
by inferring influence of temperature on allostatic load (aviary
and field telemetry along with other field data) based on
support for Assumption 1. We also found that increased
foraging workload did not significantly affect baseline plasma

corticosterone levels in captive birds. Body mass and tarsus
length explained little of the variation in our models and thus
were not considered influential either as determinants or as
mediators/moderators of the response variables used to test this
assumption. Nonetheless, body size is a potentially important
source of error. Where inter-individual variation in heart rate
is influenced by heart size, for example, rather than factors
related to allostatic load, this variation impairs the power of the
model we used to compare data between individuals in tests
of Assumption 2. The influence of temperature on allostatic
load may also vary with body size, but likely less systematically
due to other factors such as microhabitat or feather condition.
While this source of error is important, our failure to detect a
relationship between baseline corticosterone and allostatic load
in multiple different tests of Assumption 2 provides more robust
grounds for its rejection.

Potential for Relationships at Other
Levels of the
Hypothalamic-Pituitary-Adrenal Axis
The framework underlying the allostasis model specifically
suggests that circulating glucocorticoids should track
allostatic load. However, in outlining the model,
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FIGURE 8 | Number of 15-min intervals in which escape-type hopping was observed during daylight hours (A; all intervals scored) and at night (B; sampled hourly)
on the day prior to blood sampling. This type of activity was not significantly affected by workload regime or exposure.

McEwen and Wingfield (2003) also stated that glucocorticoids
function within a suite of “interconnected hormonal mediators.”
Changes in glucocorticoid transport, local enzymatic control,
receptor density or responsiveness may act independently to
effect change on the organism (see also Ball and Balthazart,
2008). The primary plasma transport protein for glucocorticoids,
corticosteroid binding globulin (CBG), is believed to both
facilitate transport and prevent its action (Breuner and Orchinik,
2002), with the latter being the effect most widely accepted
as outlined in the free hormone hypothesis (Mendel, 1989).
Local control of hormone concentrations can occur through
enzymatic breakdown or reconstitution via expression of
11β-hydroxysteroid dehydrogenase enzymes (Tomlinson et al.,
2014; Pérez et al., 2020). Other molecules also co-vary with
circulating levels of corticosterone across seasons (Breuner
and Orchinik, 2001), but some changes can occur even when
total corticosterone remains constant (Lynn et al., 2003; Sesti-
Costa et al., 2012; Krause et al., 2015). Hence, the possibility
that Assumption 2 may be fulfilled at a molecular level not
explored in this study cannot be eliminated, and further
investigation in this area could be a fruitful direction for future
investigation. Nonetheless, systemic effects of hormone action
are most parsimoniously regulated by change in hormone level.

Tissue-level changes in hormone action are far more likely to be
relevant to fine-tuning local control.

Context on Validation of Heart Rate as a
Measure of Energy Expenditure
The oxygen consumption values observed for Gambel’s white-
crowned sparrows are within the range expected for this species.
King (1964) reported a standard metabolic rate for Z. l. gambelii
of 2.43 mL/g∗hr (1.16 mL/min) based on the average mass
reported for his birds. This value is expectedly lower than the
minimum reported here (mean minimum = 1.68± 0.13 mL/min)
for fed birds at rest. Most studies comparing f H to V̇O2 tend to
vary widely (Figures 1, 2) and did not typically compare slopes
between individual animals. When individual slopes were tested,
the application of a combined equation was sometimes rejected
when individuals differed significantly. However, heart rate is not
expected to explain 100% of the variance in oxygen consumption,
a priori. While many studies have found consistent slopes among
individuals, others found broad differences (Gessaman, 1980), or
found slopes differ with flight (Ward et al., 2002) or captivity
(Portugal et al., 2009). Even with the considerable variance
in energetic expenditure that cannot be captured using heart
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FIGURE 9 | Difference between day (top panels) and night (bottom panels) escape-type hopping behavior with regard to baseline corticosterone for binned
categories of large (left) and small (right) mass loss. Bars show means ± SEM for each group. Activity data are displayed as a percent of intervals counted. While
no significant effects or interactions relate nighttime activity to baseline corticosterone, overall trends are opposite to the significant interaction between daytime
activity, weight change, and corticosterone.

rate there is still a positive relationship between f H and V̇O2
supported by the data from our study organism. Furthermore, if
we adjust for large differences in body size across studies using
mass exponents of 0.703 for avian field metabolic rate (Tieleman
and Williams, 2000) and −0.26 for heart rate (White and
Kearney, 2014), the observed relationship we found is consistent
with other studies of different species, particularly when (mass-
adjusted) ranges of heart rates were examined. While it is not
possible to draw specific conclusions from comparisons across
such a wide range of phyla, based on this rough visual comparison
our data bear the greatest similarity to relationships established
for walking ducks and geese (Figure 2).

Because V̇O2 is itself a proxy for direct calorimetry, even when
(or if) heart rate varies predictably with V̇O2, the prediction
of energy expenditure is necessarily imperfect (Walsberg and
Hoffman, 2005, 2006). Even direct calorimetry itself is far from
error-free, so the source of discrepancies between direct and
indirect methods may never be fully understood (Speakman,
2014). In any case, whether reported as milliliters of oxygen or
kilojoules, some error in estimating true energetic expenditure is
a consequence of indirect calorimetry.

To our knowledge, no study has investigated a direct
relationship between heart rate and energetic expenditure via
direct calorimetry. Heart rate, when used as a measure of
energy expenditure, is inarguably a blunt instrument. Small

changes in energy expenditure, or small differences between
animals may well be undetectable by f H . However, to the
extent that relationships between environmental factors and
f H are observable, the data presented in this paper justify the
inference of a corresponding relationship between the same
environmental factors and energy expenditure overall. This
finding is in accordance with other studies that have utilized
heart rate telemetry to evaluate energy expenditure in songbirds
(Bowlin and Wikelski, 2008; Cyr et al., 2008; Steiger et al., 2009;
Bisson et al., 2011, 2009; Romero and Wingfield, 2016). While
heart rate data are not converted to units of oxygen consumption
using the equation validated here, the consistency of correlation,
particularly of the slope, both supports Assumption 1 and
justifies the use of heart rate as a proxy measurement for energy
expenditure when testing the model of allostatic load.

Context on the Response of
Glucocorticoids to Weather Changes
Several studies have looked for relationships between
glucocorticoid hormones and changing temperatures with
variable results (reviewed in de Bruijn and Romero, 2018).
Among relevant studies (excluding heat stress, heterotherms,
and early development), the impact of temperature on circulating
corticosterone remains mixed with, some finding glucocorticoids
do vary with temperature (Huber et al., 2003; Frigerio, 2004;
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Dorn et al., 2014) while others did not or found responses varied
with other factors (Wingfield et al., 1996, 1997, 2003; Romero
et al., 2000; Lobato et al., 2008; Knutie and Pereyra, 2012). In
contrast with the present study, all unequivocally positive results
used fecal corticosteroid metabolites to evaluate glucocorticoid
response, which may be an important distinction. While stable
changes in baseline corticosteroid levels are expected to be
observable in fecal metabolite levels, many other kinds of
change, e.g., altered responsiveness to minor stressors in the
environment or the amplitude of circadian peaks, can influence
fecal metabolite levels but go undetected in an instantaneous
sample of blood plasma (Ninnes et al., 2010; Sheriff et al., 2010).
Fecal samples contain an amount of corticosteroid metabolites
accumulated over the time period during which food material
has passed through the gut of the animal. Thus, all endocrine
events that occurred during this time can influence the amount of
metabolites in a sample. Additionally, any factor that affects gut
transit time can also influence the amount of metabolites found
in any given sample (Goymann et al., 2006). If glucocorticoids
were to increase abruptly in response to reduced perturbation
resistance potential, as in the alternative to Assumption 2, this
increase could be evident in fecal metabolite sampling but not
in instantaneous plasma measurements of hormone, depending
on sample timing.

Much of the other evidence commonly cited in favor of a
role for glucocorticoids in mediating responses to weather is
drawn from studies of extreme weather events (Rohwer and
Wingfield, 1981; Wingfield et al., 1983; Schwabl et al., 1985;
Rogers et al., 1993; Smith et al., 1994; Raouf et al., 2006). In
these situations, cold temperature is only one part of a larger
environmental perturbation that may involve compromised
shelter and/or restricted access to food. Food restriction, in
particular, is often cited as the most likely explanation for the
observed hormone response (Schwabl et al., 1985). Additionally,
changes to corticosterone were observed in the absence of
notable temperature change (Rogers et al., 1993; Raouf et al.,
2006) or appeared to be dependent on season or breeding
condition (Wingfield et al., 1983; Ramenofsky et al., 1992).
Other studies on white-crowned sparrows found limited effects
of cold temperature in males of one subspecies (Wingfield
et al., 1997), but no differences in corticosterone in any
other group. Because their tests were run concurrently with
photostimulation, it is interesting to note that temperature
itself had direct inhibitory effects on gonadal recrudescence,
which should minimize allostatic load by reducing the cost of
gonadal growth. This potential compensatory strategy merits
further consideration because it suggests that other physiological
processes might, similarly, respond to temperature in these birds.

Even though a relationship between energy expenditure
and temperature was observed in this study, if such direct
physiological compensation were to differ among individuals,
this could detract from the robustness of energy expenditure as
an estimate of allostatic load. The presence of some confirmed
relationships among negative results (Wingfield et al., 1997;
Romero et al., 2000) suggests that there may be a threshold,
or multiple interacting factors influencing how circulating
glucocorticoids interact with temperature. A recent study of

greylag geese (Anser anser) showed sex-based variation in the
response of heart rate and core body temperature to ambient
changes (Wascher et al., 2018), which supports the potential
for complex interactions to mask impacts of temperature on
corticosterone via changes in allostatic load.

Context and Additional Observations on
Responses to Workload Manipulation
When we manipulated foraging workload, we observed no
change in baseline plasma corticosterone. This contrasts with
a recent test of workload on feather corticosterone [in
growing feathers of female ducklings, Anas platyrhynchos (Johns
et al., 2018)]. These authors found that when elevation of
allostatic load was induced by obstacles and adding weight to
individuals, corticosterone levels of feathers growing throughout
the treatment period were increased. Like fecal corticosterone,
feather measurements represent a longer term “sum” of
corticosterone change in comparison with the “snapshot” of a
plasma sample. In addition, the manipulations in this study were
more extreme, likely inducing allostatic overload. The lack of
associations of allostatic load with baseline plasma corticosterone
observed in this study are, therefore, not inconsistent with
existing data. Curiously, we did find a positive effect on
baseline corticosterone in this study – not of workload treatment
but of the first exposure, regardless of treatment. We also
observed an interaction with the concurrent outcomes of
daytime escape-type activity levels and weight loss when these
were treated as independent variables that could influence
corticosterone levels.

The effect of first exposure regardless of treatment suggests
that something about the birds’ introduction to the experimental
room had an effect on baseline corticosterone that persisted
through the first 3 days of treatment. Even though plasma
samples after the first exposure were higher than those sampled
later, the direction of effect cannot be inferred because pre-trial
samples were not collected. Initial exposure could have increased
baseline corticosterone levels, after which they slowly returned to
previous levels, but it is alternatively possible that hormone levels
may have fallen steadily, on average, throughout the two trials.

Prior to experimental trials, all birds had been trained in
the experimental room for periods of 1 week or more, so
nothing about the environment was novel. If the training had
created a negative association, we would expect birds to respond
specifically to the “hard” workload regime on which they were
trained at that time – this was not observed. While the effect
of translocating birds within captivity has not been formally
studied, the large elevation in baseline corticosterone associated
with being brought into captivity has been found to extend for
at least 3–4 days (Wingfield et al., 1982). If the experience of
changing rooms were perceived as a “stressor” of this type, though
much smaller in magnitude, then the time frame of acclimation
does fit with the pattern observed here. However, given the
regularity with which birds are transferred between rooms in
captive experiments, it seems unlikely that a response of this kind
would have eluded detection throughout the extensive history of
study in this species.

Frontiers in Ecology and Evolution | www.frontiersin.org 14 May 2022 | Volume 10 | Article 855152

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-10-855152 May 4, 2022 Time: 10:28 # 15

Word et al. Allostatic Load in a Songbird

Alternatively, baseline corticosterone levels may have steadily
declined in response to the room transfer. The experimental
room contained only 4 birds, whereas the housing room
contained 16 birds in individual cages. The effect of housing
density on songbirds is poorly understood but its effect on
corticosterone has been found to depend on social rank
(Nephew and Romero, 2003). Such responses are therefore
likely to vary with social structure and seasonality. Our
birds were maintained on short days, a photoperiod that is
normally associated with wintering conditions when white
crowned sparrows remain in loose flocks. The proximity
of caged conspecifics is arguably similar to how birds are
typically spaced in the field, at least during daylight hours.
Average baseline plasma corticosterone levels measured in
the context of other studies with housing conditions and
photoperiod similar to those utilized here are comparable
to the intermediate-to-higher values reported in this study
(M. Ramenofsky, J.S. Krause, pers. com., e.g., Busch et al.,
2008a,b). Taken together, these data show that a steady decline
of corticosterone from a higher level prior to exposure 1
cannot be eliminated.

The interaction between weight loss and daytime activity
level in predicting baseline corticosterone is unexpected but
potentially meaningful. Astheimer et al. (1992) performed an
entirely different experiment, in which the same species of birds
were implanted with corticosterone, fed either ad-libitum or a
restricted diet, and monitored for activity. These birds exhibited
a relationship between corticosterone treatment and activity
that was opposite for feed restricted birds compared with those
fed ad-libitum. Specifically, corticosterone-implanted birds both
increased activity during feed restriction, but were less active
than controls during the ad-libitum feed regime. A previous
study (Buttemer et al., 1991) with similar conditions showed
that fasted and corticosterone-implanted birds all minimized
metabolic rate by reducing episodes of nighttime arousal, but
there was no additive effect of corticosterone-implantation with
fasting; i.e., they either conserved at night or they did not. In the
present study, neither high weight loss nor high corticosterone
predicted night activity and the interaction between the two
was also not statistically significant. While the study conducted
by Astheimer et al. (1992) is radically different in design
from the experiment performed here, there is logic in the
comparison. In either interpretation of the correlation between
baseline plasma corticosterone levels and order of exposure
described above, the most likely explanation is one in which
a classical “stressor” of some kind causes corticosterone levels
to increase. Hence, although corticosterone is examined here
as an outcome in reference to activity and change in body
mass, it may be more appropriate to consider an alternate
model in which baseline corticosterone levels, influenced by
some stressor rather than implantation, may predict escape-
type activity in a manner dependent on the nutritional status
of the animal. When organized in this way, the outcomes of
these two studies, at least with respect to daytime activity, are
strikingly similar.

Conditional effects of the kind observed here are gaining
recognition as a likely explanation for otherwise contradictory

data, particularly with regard to the relationship between
glucocorticoids and locomotion, which is also highly relevant
to site abandonment following environmental perturbations, i.e.,
the “take it or leave it” decision (Wingfield and Ramenofsky,
1997). In mountain white-crowned sparrows (Z. l oriantha),
corticosterone results in birds delaying return to a territory
abandoned in response to bad weather conditions, but enhances
foraging (rather than inducing abandonment) during fair
weather (Breuner and Hahn, 2003; Breuner et al., 2013). In
black-legged kittiwakes (Rissa tridactyla) corticosterone implants
increased foraging and flying behavior only in birds with
good body condition (Kitaysky et al., 2001a,b; Angelier et al.,
2007). Similar data also exist for rats, in which corticosterone
increases wheel-running only in food-restricted animals and
furthermore is permissive of the increase associated with food
restriction based on comparison with adrenalectomized controls
(Duclos et al., 2009). Glucocorticoids are also permissive to
locomotor effects of stimulant drugs in rodents (Marinelli
et al., 1997), so all of these examples, inclusive of the
present study, may reflect a permissive mechanism by which
endocrine and environmental signals may be integrated to
result in an optimal behavioral effect. A permissive role in
mediating the effect of weight loss does not explain the
additional and opposite effect of corticosterone in reducing
daytime activity for animals that maintained weight (or were
fed ad lib in Astheimer et al., 1992). This may occur via a
separate but, similarly, integrative mechanism. Neuroendocrine
peptides such as corticotropin releasing factor can also influence
locomotor activity (Morley and Levine, 1982; Maney and
Wingfield, 1998; Romero and Wingfield, 2016), and the extent
to which such other factors might be involved in further
mediation is unknown.

The three-way interaction observed in this study, particularly
the important role played by weight loss as a conditional factor
in determining the effect of corticosterone, is fundamentally
compatible with a view of the model of allostatic load in which
resource availability (EG in the original model), is equal in
importance to allostatic load. Organization, evolution, and
conceptualization of such a complex, integrated regulatory
system within the framework of allostasis needs more
investigation in the context of the organism in its environment.

FUTURE DIRECTIONS

This study finds evidence to support the hypothesis that
fluctuations in average daily energy expenditure, here considered
as allostatic load, occur and are related to ambient temperature
in wintering GWCS. Despite multiple tests, no evidence is found
of any relationship between routine fluctuations in allostatic load
and circulating baseline corticosterone, as predicted by Wingfield
and McEwen’s (2003) model. While it is possible that this negative
result is spurious, or that other levels of the hypothalamic-
pituitary-adrenal axis and/or associated proteins may be the true
targets of regulation, these data are consistent with other studies
in suggesting that a relationship, if or where present, may not be
as simple or direct as portrayed in the original model.
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Current results call for a re-examination of this model in
view of the challenges presented here. If baseline circulating
corticosterone does not increase gradually with routine allostatic
load, there may instead be a threshold at which a response
is generated and this threshold may vary across individuals in
relation to condition, resource availability, and other factors
that influence risk of energetic crisis. This raises the possibility
that individual perturbation resistance potential may play a
key role in determining when a threshold of allostatic load
and available resources is reached. This would signal critically
reduced perturbation resistance potential thus triggering a
glucocorticoid response and the emergency life history stage.
Further work examining the response of glucocorticoids to
allostatic load should anticipate interactions that may serve to
define that threshold.
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