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During migration, long-distance migratory songbirds may fly nonstop for days,
whereas shorter-distance migrants complete flights of 6 to 10 h. Fat is the primary
fuel source, but protein is also assumed to provide a low, consistent amount of
energy for flight. However, little is known about how the use of these fuel sources
differs among bird species and in response to flight duration. Current models pre-
dict that birds can fly until fat stores are exhausted, with little consideration of
protein’s limits on flight range or duration. We captured two related migratory spe-
cies—ultra long-distance blackpoll warblers (Setophaga striata) and short-distance
yellow-rumped warblers (Sezophaga coronata)—during fall migration and flew them
in a wind tunnel to examine differences in energy expenditure, overall fuel use, and
fuel mixture. We measured fat and fat-free body mass before and after flight using
quantitative magnetic resonance and calculated energy expenditure from body com-
position changes and doubly labeled water. Three blackpolls flew voluntarily for up to
28 h—the longest wind tunnel flight to date—and ended flights with substantial fat
reserves but concave flight muscle, indicating that protein loss, rather than fat, may
actually limit flight duration. Interestingly, while blackpolls had significantly lower
mass-specific metabolic power in flight than that of yellow-rumped warblers and fuel
use was remarkably similar in both species, with consistent fat use but exceptionally
high rates of protein loss at the start of flight that declined exponentially over time.
This suggests that protein may be a critical, dynamic, and often overlooked fuel for
long-distance migratory birds.
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Migratory birds cover extraordinary distances to seasonally exploit favorable habitats and
conditions in distant locations. In songbirds (Passeriformes), these journeys are accom-
plished in a series of nonstop flapping flights operating at roughly 8 to 10 times their basal
metabolic rate (BMR) alongside increased rates of water loss (1-3). These journeys can
range from short- to long-distances, even within closely related species, with long-distance
migrants crossing vast ecological barriers over thousands of kilometers in nonstop flights
lasting for days, while short-distance migrants complete overland routes in a series of
overnight flights with ample landing opportunities (3—6). Migratory birds seasonally alter
their capacity to transport and catabolize fat to fuel their demanding flights, which provides
the vast majority the fuel needed to make the journey (2, 7, 8). Indeed, fat is the most
energy-dense fuel available to the bird and it is stored efficiently in lightweight adipose
tissue with minimal bound water (9).

Though fat is the primary fuel source for migratory flight, protein is estimated to con-
tribute 4 to 7% of the total flight energy (8, 10, 11). While the role of protein catabolism
in migratory flight is not fully understood, it was long assumed that protein was spared
as a fuel of last resort because it was documented as reductions to vital organs and muscles
following nonstop flight (12-16). Therefore, the estimated ~5% of flight energy coming
from protein may lead to functional losses that can impose important limits on flight
duration and animal performance after flight (17).

Our current understanding of fat and protein use and acrodynamics is frequently used
to estimate chemical and mechanical power as well as migration distance and duration
(12, 18, 19). Flight v. 1.24 (20) is one steady-flight modeling program that incorporates
the physical principles of flight alongside assumptions of fuel contributions and muscle
efficiency, and it has been applied to estimates of flight cost and migration distance for
multiple species of birds (21-23) and bats (24). The bird model applies the assumption
that protein catabolism consistently contributes 5% of flight energy, with the remaining
95% coming from fat (10, 23, 25). The “Migrate” function of the program therefore
performs a time-marching calculation of changes to body mass—and accompanying
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alterations to drag, power coeflicients, wingbeat frequency, and
other covariates—unitil the fat stores of the simulated bird are
exhausted (20, 26). These models often result in extremely low
final fat-free mass, but the role of protein in determining flight
range has not been experimentally examined. However, records
of birds arriving at their destinations with emaciated muscles but
remaining fat stores (27) suggest that real-world flight range may
be constrained by protein loss.

Protein may also be a more responsive and beneficial fuel than
previously acknowledged. For example, migratory white-throated
sparrows (Zonotrichia albicollis) show a seasonal increase in the
capacity to catabolize protein (28) and migratory songbirds flown
in a wind tunnel show greater lean mass loss in response to drier
conditions, indicating that lean mass may serve as a source for
endogenous water during flight (17, 29, 30). Protein catabolism
in migratory flight may also restore Krebs cycle intermediates that
enable continued fatty acid catabolism (31), maintain optimal
power to weight ratios as fuel loads change in flight (32), or reflect
an imbalance between consistent, tissue-specific rates of protein
catabolism and suppressed rates of protein synthesis (33). If pro-
tein catabolism serves an important function in migratory flight
independent of fat catabolism, it may show variability that exceeds
our current view of fuel use in migratory flight.

One way to examine the importance of protein catabolism in
flight is to compare flight fuel use in related migratory species that
differ greatly in their migratory strategies. Many studies generalize
migration physiology to all migratory species, but the extent to
which flight physiology differs between short- and long-distance
migrants is unclear. These migratory strategies lead to selective
pressures of different types and severity, leading to differences in
enzyme activity (34), endurance capacity (35), and muscle phys-
iology (36, 37), but they may also differ in flight performance,
efficiency, water balance, and fuel use. If protein catabolism serves
avital function for migratory flight, such as alleviating water stress,
we might expect to see canalization of this trait for a more prom-
inent humidity response in long-distance migrants during flight
relative to short-distance migrants. Alternatively, if protein catab-
olism is simply a by-product of flight metabolism, such as a source
of Krebs cycle intermediates for fat catabolism, we may expect to
see protein breakdown correlates closely with the degree of fat
catabolism, and the degree of this relationship may be determined
by migratory distance.

We tested the underlying assumption that endurance flights are
fueled by consistent rates of fat and protein catabolism in migra-
tory birds. To accomplish this, we compared the fuel use strategies
of related ultra-long and short-distance migratory Sezophaga war-
blers in captive wind tunnel flights under dry or humid conditions.
While blackpoll warblers have been documented flying nonstop
for over 100 h across open water during their migratory flights
(38), yellow-rumped warblers complete shorter 6 to 10 h hops
overnight and primarily over land. This provides an ideal compar-
ison for drastically different migratory strategies. Before and after
flights, we weighed the birds and measured body composition
using quantitative magnetic resonance (QMR) (39) and compared
calculations of flight metabolic power using QMR as well as dou-
bly labeled water (DLW). We predicted that energy expenditure,
overall fuel use, and fuel mixture in response to the humidity
conditions would differ between the short- and long-distance
migrants. If protein is adaptive for migratory flight and a humidity
response, we might expect to see a more prominent protein loss
response to dry conditions in long-distance migrants. Alternatively,
if protein loss is detrimental, we may expect to see a lower overall
reliance on protein as a fuel source in long-distance than short-distance
migrants (11, 36).
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Methods

Capture and Housing. In fall 2018, 20 blackpoll warblers Setophaga striata
(Forster 1772) and 44 yellow-rumped warblers Setophaga coronata (Linnaeus
1766) were captured using mist-nets at Long Point Bird Observatory in Long Point,
ON, Canada. Blackpoll warblers were captured between 12 and 27 September
and yellow-rumped warblers were captured between September 12 and October
13. Blackpoll warblers are ultra-distance neotropical migratory songbirds that
depart their boreal forest breeding range in North America in the fall and gather
on the Atlantic coast before flying nonstop for ~100 h over open water to their
winter range in northern South America (4, 38). Meanwhile, yellow-rumped
warblers migrate shorter distances primarily over land to the southern United
States, Caribbean Islands, and Central America with nocturnal flights that likely
last 6to 10 h (3).

Birds were color banded for identification and transported to the Advanced
Facility for Avian Research at Western University in London, ON, Canada, where
they were housed in free-flight rooms (2.4 m x 3.6 m) or paired in cages (121
x 68 x 185 cm) undera 12 h light/12 h dark photoperiod aligning with normal
daylight hours and approximately 20 °C and 60% relativehumidity (RH). Birds
were maintained on an ad libitum synthetic high-carbohydrate diet modified
from Guglielmo etal. (40) with supplemental Tenebrio mealworms provided daily
(41). Blackpoll warblers were on average 12.43 g upon capture (range 10.54 to
14.65 g) with muscle scores of mostly 2 on the 0 to 3 scale outlined by Redfern
et al. (42) and fat scores ranging from 0 to 4 (mean = 1.7) on the 0 to 8 scale
according to Kaiser (43). Yellow-rumped warblers were captured with fat scores
ranging from 0 to 3 (mean = 1.4) and muscle scores from 2 to 3 (mean = 2.1),
with total body mass ranging from 10.24 to 13.50 g (mean = 11.72 g). We
began monitoring the condition of captive birds during the experiment using
QMR body composition analysis (39) on October 1 for blackpoll warblers and on
November 1 for yellow-rumped warblers. Blackpoll warblers all began storing
significant amounts of fat by the second week of monitoring, increasing from
an average fat mass of 2.98 g (range 1.55 to 6.31 g) to 8.10 g (range 2.60 to
12.52 g; SIAppendix, Fig. S1). For the duration of the experiment, Yellow-rumped
warblers maintained stable body composition, with an average mass of 13.25 g
(range 11.26t0 15.42 g) and fat mass 0f 2.32 g (range 0.50t0 4.12 g). Procedures
were approved by the University of Massachusetts Amherst Institutional Animal
Care and Use Committee (2015-0019) and the Western University Animal Use
Subcommittee (2010-216) and collected under Canadian Wildlife Service permit
#CA0256 issued to Dr. Christopher Guglielmo.

Experimental Design. All birds were given at least 2 wk to acclimate to captivity
priorto flight experiments in the wind tunnel. We monitored yellow-rumped warblers
overnightwith infrared cameras to confirm migratory restlessness in their cages. Fora
description of the wind tunnel, see Gerson and Guglielmo (29). To determine whether
the environmental conditions influence fuel use, we flew birds overnight in minimal
light conditions under both high evaporative waterloss (HEWL; 2 g H20 m™; 13% RH)
and low evaporative water loss (LEWL; 12 g H20 m: 80% RH) conditions at 18 °C at
8 m/swind speed. This wind speed was previously selected for yellow-rumped warblers
to encourage flightin the wind tunnel and has been used for numerous experiments
(17,40, 44, 45). For comparable measurements between the two warbler species,
we also flew blackpoll warblers at the same speed. However, we acknowledge that a
limitation of the wind tunnel is our inability to adjust wind speed to match ideal flight
speeds as fuel loads decrease for each individual (23, 26). Given that the U-shaped
flight power curve is nearly horizontal near the minimum power speed (), as was
recently seen in blackcaps flown in a wind tunnel (45), a bird flying slightly slower or
faster than V/,, will have a similar chemical power output, and even migrating birds
crossing major barriers may not be selecting their maximal range speed (V) during
flight (46). We estimated the power curve for both species across flight speeds using
the afpt(1.1.0.2) package in R (47) to demonstrate that 8 m/s falls near the estimated
V., forall birds that were flown in the wind tunnel (S Appendix, Fig. S2). Furthermore,
these estimates and the wind speed selected for the wind tunnel are unlikely to be
an accurate approximation of absolute air speed recorded in the wild. For example, if
we estimate the flight speed of blackpoll warblers tracked during fall migration over
the Atlantic in the study by Deluca et al. (4), the average absolute ground speed of
approximately 13 m/s (range 7.9 m/s to 19.6 m/s) clearly exceeds the V,,, estimated
for our birds and demonstrates the difficulty in extrapolating speeds recorded in wild
birds to flights in captivity.
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Flights began approximately 30 min after lights were turned off in the evening
as both species are nocturnal migrants. Access to food was restricted for 1 h prior
to flight. Additional flight protocol details can be found in the study by Gerson
etal.(17). Eighteen blackpoll warblers were selected for experiments, with nine
flying in the wind tunnel at the facility and others serving as rest birds that were
concurrently held in a covered cage in the plenum of the wind tunnel room to
experience the same conditions alongside the flight. For yellow-rumped war-
blers, 29 birds were included in the experiment and 16 birds were flown. Before
and after flights, we weighed the birds and measured fat mass using QMR. We
reqularly test the accuracy of fat mass measurements in the QMR by scanning
known oil standards as in ref. 39. Although fat-free mass constitutes all nonfat
body components including the beak, feathers, bones, and carbohydrates, the
bulk of the mass that is changing during flight comes from lean mass changes
due to protein catabolism.

Initially, flights were capped at 6 h and birds were flown under HEWL and
LEWLfor repeat measures. Flights were ended if the bird attempted to land three
times within a 5 min period, leading to numerous flights under 6 h. Despite
capping flights, some measurement durations exceeded 6 h when the rest bird
remained in its cage while the flight bird was captured, weighed, and scanned
using QMR. Birds flew up to four times each, and we eliminated 5 rest and 3
flight blackpoll warblers from the analysis to account for instances where the
QMR showed abnormal variability in the oil standard readings or bird scans,
such as those leading to an estimated gain in fat or fat-free mass after the flight
or rest. We ended the experiments with 12 flight and 8 rest measurements for
blackpoll warblers in HEWL conditions and 9 flight and 5 rest measurements
for LEWL conditions. For yellow-rumped warblers, we ended with 15 flight and
12 rest measurements in HEWL and 14 flight and 14 rest for LEWL conditions.
Each of these was solo flights. We also allowed three blackpoll warblers to begin
uncapped flights together in LEWL conditions until each bird voluntarily stopped,
atwhich point we removed that bird from the tunnel for measurement, while the
remaining birds continued flying. We measured total body mass changes with
a balance (0.001 g), while fat was measured immediately before and after flight
using QMR. Fat-free mass was used as our proxy for wet lean mass by subtracting
dry fat mass from total body mass.

Energy Expenditure. Flight costs are typically measured using mask respirom-
etry, 13C-labeled sodium bicarbonate (NaBi), DLW, or QMR (45, 48). QMR has
been used repeatedly for wind tunnel flights, and QMR-measured changes in
fatand fat-free mass between scans are used to estimate energy expenditure by
multiplying these changes by the energy density of the tissue (37.6 kJ/g for fat
mass or 5.3 kJ/g for wet lean mass). However, this method has not been directly
compared to measurements from traditional methods such as DLW.

We calculated energy expenditure from DLW using breath isotope enrich-
ment measurements (49) using an LGR Water Vapor Isotope Analyzer (Los Gatos
Research, San Jose, CA) and standard calculations from (50). Initially, we col-
lected background breath isotope enrichment on each bird to apply a correction to
enriched breath. This was only measured once for each bird after they were in cap-
tivity for over 2 wk due to the consistent background enrichment measurements
over time. After lights out, we injected birds mtragentoneallywnh approximately
19 mg (range: 10.9 to 26.9 mg) prepared 2:1 '%0:?H DLW (Cambridge Isotope
Laboratories, Tewksbury, MA). The syringe was weighed to the nearest 0.001 g
before and after injection to determine the dose. One hour after injection, we
measured the breath enrichment of the birds using a face mask setup until the iso-
tope measurements plateaued (equilibration measurement). After the bird flew
or rested, we collected breath enrichment again. The logarithm of the turnover
inthese enrichmentvalues for "0 and ’H over the time between measurements
was used to calculate the elimination constants for each isotope during flight per
hour (k, and k, respectively). Because QMR total body water measurements were
inconsistent, we compared pre- and post-flight body water pools using 66% of the
fat-free mass and took the average of these for the estimated flight body water
pool (N). We calculated rCO, (mol/h) using the one-pool model equation 7.17 in
Speakman (50), simplified to rCO, = N((0.48123 x k,)-(0.48743 x k)), which
we then converted to Watts.

Flight Simulations. We used the Migrate function in Flight 1.24(20) to simulate

flights for blackpoll warblers. Aside from the defaults, we incorporated parameters
for blackpoll warblers used by Bayly etal. (22), including wing span (0.2108 m),
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wing area (0.0080 m®), and flight muscle fraction of 0.156, which come from
closely related Bay-breasted warblers (Setophaga castanea) and blackburnian
warblers (Setophaga fusca) as reported in the study by Graber and Graber (51).
We also used a BMR factor of 1.2 as this was the closest approximation of the
preflight resting metabolic rate of yellow-rumped warblers from a previous wind
tunnel study (17) and the fat-free mass-corrected estimate of the metabolic rate
measured in our rest birds using QMR and DLW. The altitude of the simulations
was set to 0 m above sea level to be comparable to the wind tunnel. The speed
control was set using the V/V,,, ratio (flight speed vs. minimum power speed),
and when possible we adjusted this ratio to match 8 m/s constant flight speed.
For nine of the birds with higher preflight masses, it was not possible to set this
ratio below 1, so the simulated speed was higher than 8 m/s (maximum speed
was 9.07 m/s). Therefore, for these birds, we acknowledge that the range estimate
would be higher than expected if the bird was flown at 8 m/s due to the higher
flight cost at lower speeds (see Discussion of wind tunnel limitations above). We
ran the Migrate program with these parameters and adjusting the total mass
and fat fraction for all of the blackpoll warblers that flew in the wind tunnel. For
each time step in the simulated migratory flights, we calculated fat-free mass by
subtracting the fat mass from total mass, and then calculated the cumulative fat
and fat-free mass lost since the starting pointand the rate of fatand fat-free mass
loss over the elapsed time.

Statistical Analysis. Data are available in supplemental material (Dataset S1).
All statistics were performed in R software (v 4.1.1, R Foundation for Statistical
Computing, Vienna, Austria). We used the function "Imer" (Ime4 package, ver-
sion 1.1-17) and performed backward fixed-effects stepwise model selection on
linear mixed-effects models with a o = 0.05 cutoff for fixed effects. Bird ID was
included as a random effect to account for repeated measures for each individual
bird. For starting models, we were interested in how the rate of mass loss (fat or
fat free) relates to the starting body mass, flight or humidity treatment, species,
duration in the wind tunnel, and the interaction of duration x species or duration
x flight treatment.

All energy expenditure statistics were conducted using the mass-specific met-
abolic power (Watts/gram) due to the significant difference in starting masses for
yellow-rumped warblers and blackpoll warblers (t = 3.34, df = 16.6, P = 0.004).
Our starting model examined the difference in mass-specific metabolic power
with fixed effects for the two measurement techniques and their interaction with
the flight status, the humidity treatment, species, and duration in the wind tunnel,
with bird ID as a random effect due to repeated measures.

Results

Body Composition. Fat was burned consistently as a fuel for both
species, with a higher rate of fat loss in flight (0.15 + 0.01 g/h)
than at rest (0.06 + 0.01 g/h; F| 4499 = 52.79, P < 0.001) (Fig. 1).
A similar pattern appeared with the rate of fat-free mass loss
(Fi 7525 = 14.49, P < 0.001), but the rate of fat-free mass loss
also declined exponentially with flight duration (F, ¢4 ¢, = 47.64,
P < 0.001) (Fig. 1). Three blackpoll warblers flew undil they
voluntarily stopped, leading to flights of approximately 10, 20,
and 28 h, respectively. After these long-duration flights, substantial
fat reserves remained (>3 g), but concave flight muscle and fat-
free mass of ~8.5 g indicate that flight was limited by lean body
mass rather than fat loss. As in the shorter flights, fat was burned
consistently higher in flight (0.14 + 0.01 g/h) than rest (0.04
+0.01 g/h; F 4, = 118.41, P < 0.001), and the rate of fat-free
mass loss was slightly lower in rest birds than that in flight birds
(F1 4070 = 6.60, P = 0.014) and declined exponentially with flight
duration (F, 544 = 76.23, P < 0.001) to the point where fat-free
mass contributions dropped from approximately 10% to less than
3% of total energy (Fig. 2).

Energy Expenditure. Estimated metabolic power for blackpoll
warblers in flight was 1.46 + 0.2 W using QMR and 1.62 + 0.2 W
using DLW, and for yellow-rumped warblers, it was 1.43 + 0.2 W
with QMR and 1.50 + 0.1 W with DLW (Fig. 3). For both species,
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Fig. 1. Fat mass is lost consistently over flight or rest, while the rate of fat-
free mass loss is high initially and declines exponentially over time in both
yellow-rumped warblers and blackpoll warblers. The two species are merged
in this figure since there was no significant difference in fuel use for these
comparable flights lasting up to ~6 h. The rate of fat mass loss is shown in
yellow and fat-free mass loss is shown in red, with flight birds shown with
solid lines/triangles and birds at rest depicted in dashed lines/circles. N = 50
flight and 39 rest measurements.

this was approximately 2.9 times the metabolic rate of the resting
birds (0.49 + 0.1 W). When using mass-specific metabolic power,
we found a significant interaction between the measurement
technique (DLW or QMR) and the flight status (flight or rest)
(Fi 511 =9.64, P=0.003). Therefore, we split the model by flight
status and continued with backwards model selection. For flight
birds, we found a significantly greater mass-specific metabolic
power in yellow-rumped warblers (F, |, = 11.76, P = 0.005)
with a trend toward 0.005 + 0.003 W/g lower estimates using
QMR than that of DLW (F| 5 5 = 4.12, P=0.052). For rest birds,
the final model showed that QMR estimates were approximately
0.005 + 0.002 W/g higher than that of DLW (F, ,, = 7.21,
P =0.014) and mass-specific metabolic power was higher for the
HEWL treatment (F, 5, = 4.28, P = 0.047).

Flight Simulations. We ran Flighr 1.24 Migrate simulations using
the preflight total masses and fat fractions for all blackpoll warblers
flown in our experiment (S/ Appendix, Table S1). These simulations
predicted that the birds in our study would fly between 27 and 164
h (average of 82 h) at approximately 8 m/s for a final distance of
approximately 2,431 km (range 769 to 5260 km), ending with no
fat remaining and body masses ranging from 6.6 to 13.7 g (average
0f9.6 g). This was a more severe ending body composition than we
saw in the blackpoll warblers that were allowed to fly to a voluntary
end point, with shorter flight durations overall in the wind tunnel
and the lowest fat-free mass at the end being approximately 9.6 g
and a minimum of 3.3 g of fat remaining.

Discussion

Despite vast differences in the distances and barriers traversed by
short- and long-distance migrants, we found remarkably similar
fuel use for yellow-rumped warblers and blackpoll warblers flown
in a wind tunnel. Though yellow-rumped warblers showed higher
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mass-specific metabolic power, fat was used consistently as a fuel.
Importantly, both warblers initially burned protein at a higher
rate than expected—making up over 10% of flight energy—fol-
lowed by a dramatic reduction over the first several hours of flight.
This pattern was most apparent with the addition of three volun-
tary long-duration blackpoll warbler wind tunnel flights lasting
up to 28 h—the longest wind tunnel flight to our knowledge.
These flights ended with ample fat stores but depleted flight mus-
cles. These wind tunnel flights in closely related Sezophaga warblers
shed light on the dynamic use of protein in migratory flight.
Despite the difference in their migratory distance, there were
surprisingly few differences between yellow-rumped warbler and
blackpoll warbler fuel use in wind tunnel flights up to 6 h. Fat
was a consistent fuel, with more burned in flight than in rest, but
the rate of fat-free mass loss was highest early in flight. This rate
declined exponentially with flight duration, eventually settling
around 2.5% of flight energy in the longest flights for blackpoll
warblers. A similar pattern appeared in birds at rest, but to a lower
degree than the corresponding flight birds. High fat-free mass loss
early in flight may point to protein as an important fuel initially
during migration. In American Robins (Zizrdus migratorius), a
gradual reduction in lean mass catabolism within the first hour of
flicht in a wind tunnel was shown previously by Gerson &
Guglielmo (52), but we provide evidence that this reduction con-
tinues over several hours of flight. These temporarily high rates of
protein catabolism contradict the assumption that protein con-
tributes consistently to flight fuel over each iterative step of a
simulation (23). This could alter predictions of flight ranges, for
example, if vital weight adjustment early in flight results in lighter
loads that ultimately save fuel for the remainder of the journey.
Rapid protein loss in the first hours of flight provides insight
into the use of protein to fuel migratory flight. This may indicate
digestive organ catabolism early in flight to reduce the weight and

0.4+

=== Actual

Prediction

0.3 (Flight 1.24)

0.2

Rate of fat—free mass loss (g/h)

SN ST N S S|

0.0 T .

Flight Length (hours)

Fig. 2. The rate of fat-free mass loss in wind tunnel flights for all blackpoll
warbler flights is exceptionally high initially and declines exponentially over
time in flight, in contrast to the predictions of consistent protein loss using
Flight 1.24. Simulations (blue/triangles/dotted line) incorporated the starting
total and fat masses of all blackpoll warblers flown in the wind tunnel in the
Migrate program, with 5% of flight energy coming from protein and flight
speed set to 8 m/s. Corresponding measurements for rates of fat-free mass
loss in blackpoll warbler flights up to 28 h are shown in green/circles/solid
line. N = 24 flights from 9 different birds.
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Fig. 3. Mass-specific metabolic power is significantly lower in blackpoll warblers than that in yellow-rumped warblers in flight, but not in rest. Data are subset
for flights in which quantitative magnetic resonance (QMR) and doubly labeled water (DLW) energy expenditure measurements were both completed for flights
up to ~6 h. In general, QMR measurements (Left) of metabolic rate were higher in rest birds and lower in flight birds than those of DLW measurements (Right).
Blackpoll warblers are shown in green/circles and yellow-rumped warblers in orange/triangles. N = 9 flight and 7 rest for blackpoll warblers and N = 12 flight

and 10 rest for yellow-rumped warblers.

energy expenditure of an active tissue that does not contribute to
flight, as was seen prior to migratory flight in bar-tailed godwits
in ref. 53, though this adjustment has not been shown to continue
into flight before. However, Bayly et al. (27) found that blackpoll
warblers caught after arriving on the coast of Colombia after their
long-duration flight did not appear to have reduced digestive
capacity upon arrival. These blackpoll warblers may not show the
same degree of digestive organ catabolism shown previously in
shorebirds, although gut enzymes may compensate for reduced gut
mass to maintain digestive function (54). Furthermore, if this were
simply a way to save weight in flight, it is unlikely that we would
see a similar pattern in the resting (and fasting) birds unless it is a
predictive adjustment when birds are in migratory condition as
seen in ref. 53, which could be tested by measuring rates of protein
catabolism in the same species in nonmigratory condition. This
would be particularly interesting if rapid protein breakdown at the
start of flight or fasting provides an influx of uric acid as an anti-
oxidant in the migratory condition (55, 56). By showing a reduc-
tion in the protein contribution to flight fuel over time, we also
show that the protein loss, at least initially in flight, is unlikely to
be solely an iterative adjustment to fuel loads throughout flight
(16, 26). As fat was burned consistently, we would have expected
correlated, gradual fat-free mass loss to adjust to these changing
fuel loads. The difference in the degree of fat-free mass loss between
flight and rest birds does provide some support for the hypothesis
that protein serves to replenish Krebs cycle intermediates during
fatty acid metabolism. However, if this were the sole purpose of
the protein catabolism, we might also expect correlated rates of
both fat and fat-free mass loss over the duration of flight or rest to
replenish depleted intermediates, or perhaps even an increase in
protein catabolism over time as the pool is depleted below a thresh-
old (57), although previous wind tunnel studies suggest that the
switch to fat catabolism occurs within the first hour of flight (8)
and the initial protein catabolism may have a different purpose
than what is seen later in flight or may be a result of higher
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corticosterone (CORT) levels early in flight (58). Finally, the pro-
tein turnover hypothesis suggests that protein catabolism occurs
at consistent, organ-specific rates regardless of the exercise status
and must be balanced by protein anabolism, which is typically
suppressed during flight or fasting. In this hypothesis, the different
degree of fat-free mass loss seen between flight and rest in this study
may be explained by different degrees of suppression of protein
synthesis, while the exponential reduction in fat-free mass loss rates
over the duration of flight or rest may reflect degradation of organs
with high rates of protein turnover followed by those with lower
rates while synthesis is suppressed (59). While our findings shed
light on these hypotheses individually, they are not mutually exclu-
sive and none are entirely refuted by these data. For example, we
can only speculate on the timing of organ-specific contributions
to lean mass loss in flight that may give rise to the changes seen in
the study by Schwilch et al. (60), so there may be more dynamic
catabolism of one organ system, such as the gut, while the flight
muscle is reduced more consistently alongside fuel loads.
Interestingly, we did not see a significant effect of the humidity
treatment on the fat or fat-free mass loss in either species. While
there was a trend toward higher fat-free mass loss in the HEWL flight
birds, this was not significant. Although this response has been con-
sistent and robust in many species of migratory birds, including
yellow-rumped warblers in previous studies (17, 29, 30), long-distance
migratory birds like blackpoll warblers may have an attenuated
response to spare protein during extended flight durations (36).
Additionally, protein breakdown early in flight may be related to a
CORT stress response (61), which may be greatest prior to flight or
early in flight (58). The use of DLW in this study required an addi-
tional degree of handling over the hour prior to starting the flight
compared to previous studies’ flying yellow-rumped warblers, which
could have increased the preflight CORT response more uniformly
for all individuals. The period of substantial fat-free mass loss we
found early in flight may also be the time period where a humidity
effect leads to the greatest differences if it is a CORT-mediated
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response to maintain water balance (62), and by handling the birds
more prior to flight we may have dampened the degree of this dif-
ference. However, it is unlikely that the pattern of fat-free mass loss
seen was fully the result of handling-induced CORT as we found
no significant difference in the amount of fat-free mass loss between
birds that did or did not receive the DLW treatment (F, 59 5 = 0.187,
P =0.67), and studies have shown that CORT responses to acute
stress return to baseline levels within 30 to 60 min (63).

Despite finding no significant differences in fuel use for the two
species, we did find lower mass-corrected metabolic power for black-
poll warblers than yellow-rumped warblers. Metabolic power for
blackpoll warblers has not been measured directly in a wind tunnel
flight before, but the afpr power curve estimate of approximately
1.67 + 0.3 W at 8 m/s was close to our measurement using DLW
(1.62 £ 0.2 W) and about 14% higher than our QMR estimate
(1.46 £ 0.2 W). For blackpoll warblers, this means flight metabolic
costs are roughly 6.3 times the predicted BMR of the birds as pre-
dicted by the allometry equation from McKechnie and Wolf (64)
of roughly 0.22 W, though no experimentally determined BMR is
available for blackpoll warblers for comparison. For yellow-rumped
warblers, our measurement was comparable to published flight costs
using the NaBi method (1.5 + 0.4 W), though our QMR estimate
was 9 to 40% lower than previous measurements for the species
using QMR (40, 45). Their flight costs represent roughly 7.3 times
the predicted BMR of 0.19 W (64), though previous studies using
migratory yellow-rumped warblers have shown a higher resting
metabolic rate than predicted [0.256 + 0.038 W in the study by
Gerson et al. (17)] that would correspond with a 5.6 times increase
in metabolic rate during flight. The higher mass-specific flight met-
abolic power in yellow-rumped warblers than blackpoll warblers,
measured by both QMR and DLW, may reflect selective pressures
for efficient flight in ultra-long-distance migratory species crossing
major ecological barriers (25, 36, 65) where poor condition or inef-
ficient flight can lead to high mortality (66, 67). In contrast,
yellow-rumped warblers typically remain over land and even those
with poor flight performance would likely survive the migratory
journey through a series of shorter-duration hops. Hahn et al. (35)
speculated that physiological differences such as muscle fiber sizes
and vasculature (37) or mitochondrial efficiency (68) could lead to
differences in exercise endurance seen between short- and
long-distance migrants. Since flight energy expenditure differences
appeared using both QMR and DLW measurements, it is surprising
that no differences in fuel use appeared. However, slight, nonsignif-
icant differences in fuel use, such as the minor trend we see toward
a higher rate of fat loss in yellow-rumped warblers, could compound
over long flight durations and lead to this variation in flight energy
expenditure. Furthermore, as these differences appeared in the
mass-specific metabolic power in flight only, it likely reflects more
efficient flight behavior or aerodynamics in the blackpoll warblers
that allows them to transport a greater fuel load for roughly the same
total fuel cost as the yellow-rumped warblers. While we did not
conduct wing measurements in our individual birds, blackpoll war-
blers show some of the highest wing aspect measurements of
Setophaga warblers (69), and these more pointed wings in
long-distance migrants can significantly reduce flight costs (70).

While calculations of energy expenditure using QMR and DLW
supported the higher mass-specific metabolic power in yellow-rumped
warblers and the correlation between the two measurements was
strong, QMR measurements were slightly higher than DLW for the
rest groups and slightly lower for flight. Nagy (71) notes that 1 to 2
half-lives of "*O elimination from peak enrichment is an ideal wash-
out to estimate metabolic rate, with errors being higher with less
washout. The elimination of '*O for our ﬂlght birds was close to,
but significantly different, from one half-life (3'%0 elimination: 440
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+ 110 vs. 547 + 104 for one half-life; t = -3.14, df = 38, P = 0.003),
but rest birds showed significantly less washout (5'°O elimination:
147 + 35.6 vs. 577 + 61.6 for one half-life; t = -23.45, df = 28, P<
0.001), so there - may be greater error in the DIW estimate for rest
birds. Despite '*O turnover less than one half-life, this method has
been successful for other bird flights of approximately 6 h and is
likely to be relatively accurate (48).

Using the geolocator data from 20 blackpoll warblers in the study
by Deluca et al. (4), and integrating the minimum and maximum
flight time and distance from the uncertainty in the data, we esti-
mate that the birds in that study flew for 62.4 h on average (range:
42 to 102 h). Flight simulations predicted that blackpoll warblers
from our study would fly for 98 + 7 h and end their flights at 8.7
+ 0.3 g, with a minimum estimate of 6.6 g. Blackpoll warblers arriv-
ing on the coast of South America during fall migration often arrive
emaciated (72), with Nisbet etal. (14) estimating that 7.9 ¢
appeared to be the lowest limit for fat-free mass in blackpoll warblers
arriving in Venezuela and Bayly et al. (27) observing the lowest mass
upon arrival in Colombia at 8.3 g. In our study, we allowed three
captive blackpoll warblers to fly until they voluntarily ended the
flights. In the resulting flights lasting up to 28 h, each of these birds
still had substantial (at least 3 g) fat remaining, but we observed
slightly concave flight muscles and a final fat-free body mass of at
least 9.6 g. Flight in a wind tunnel may consume more energy than
wild flights with steady, consistent wingbeats (23), but by volun-
tarily ending flights earlier than predicted with ample fat reserves
but concave flight muscle, we may find that factors other than fat
mass, such as protein or water, may be important for determining
flight duration. This is consistent with recent evidence from Bayly
etal. (27) that out of over 1,000 blackpoll warblers captured after
arriving in Colombia, only 14% and 21% of birds were fat depleted
in 2017 and 2018, respectively, while 87% of the birds had depleted
flight muscles (muscle scores of 1 or lower).

We found remarkably similar use of fuels in these short- and
long-distance migratory warblers. Despite the difference in
mass-specific metabolic power, both species used fat consistently
and lost substantially more fat-free mass early in flight. When
allowed to fly to voluntary completion, blackpoll warblers ended
their flights with ample fat stores, but evidence of fat-free mass
depletion, suggesting that protein may be a critical, dynamic, and
overlooked fuel for determining the capabilities of migratory birds.

Ethics. All procedures in this study were approved by the University of
Massachusetts Amherst Institutional Animal Care and Use Committee
(2015-0019) and the Western University Animal Use Subcommittee
(2010-216), and birds were collected under Canadian Wildlife Service
permit #CA0256 issued to Dr. Christopher Guglielmo.

Data, Materials, and Software Availability. All study data are included in the
article and/or S/ Appendix.

ACKNOWLEDGMENTS. We would like to thank Drs. Christopher Guglielmo and
Scott MacDougall-Shackleton for permits and access to the Advanced Facility for
Avian Research (AFAR) at Western University, along with the rest of the AFAR staff
fortheir assistance with animal care and wind tunnel use. We are grateful to Stuart
Mackenzie, Long Point Bird Observatory and Bird Studies Canada, for providing
birds for this study. Thanks also to Melanie Denommé, Dr. Sara Lupi, and Jessica
Deakin for their help with bird care and flights. This study was funded through
NSF grant (10S 1656726) to Dr. Alexander Gerson.

Author affiliations: *Department of Biology, University of Massachusetts, Amherst, MA
01003-9297; ®Organismic and Evolutionary Biology Graduate Program, University of
Massachusetts, Amherst, MA 01003-9297; ‘Department of Biology, San Francisco State
University, San Francisco, CA 94132; and “Konrad Lorenz Institute of Ethology, University
of Veterinary Medicine, Vienna 1160, Austria

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2216016120#supplementary-materials

Downloaded from https://www.pnas.org by VETERINAERMEDIZIN UNIV WIEN UNIVERSITAETSBIBLIOTHEK on April 21, 2023 from IP address 193.171.106.218.

10.

1.

12.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

S.Engel, R.A. Suthers, H. Biebach, G. H. Visser, Respiratory water loss during rest and flight in
European Starlings (Sturnus vulgaris). Comp. Biochem. Physiol. Part A Mol. Integr. Physiol. 145,
423-432(2006).

S.Jenni-Eiermann, Energy metabolism during endurance flight and the post-flight recovery phase.
J. Comp. Physiol. A 203, 431-438 (2017).

M. Wikelski et al., Costs of migration in free-flying songbirds. Nature 423, 704 (2003).

W.V. Deluca et al., A boreal songbird's 20,000 km migration across North America and the Atlantic
Ocean. Ecology 100, €02651(2019).

E.A.McKinnon, C. Artuso, O. P. Love, The mystery of the missing warbler. Ecology 98, 1970-1972 (2017).
J.H.Rappole, The Avian Migrant: The Biology of Bird Migration (Columbia University Press, 2013).
C. G. Guglielmo, Obese super athletes: Fat-fueled migration in birds and bats. J. Exp. Biol. 221,
jeb165753(2018).

S.Jenni-Eiermann et al., Fuel use and metabolic response to endurance exercise: Awind tunnel
study of a long-distance migrant shorebird. J. Exp. Biol. 205, 2453-2460(2002).

C. G. Guglielmo, Move that fatty acid: Fuel selection and transport in migratory birds and bats.
Integr. Comp. Biol. 50, 336-345(2010).

P.F. Battley et al., Is long-distance bird flight equivalent to a high-energy fast? Body composition changes
in freely migrating and captive fasting great knots. Physiol. Biochem. Zool. 74, 435-449 (2001).

L. Jenni, S. Jenni-Eiermann, Fuel supply and metabolic constraints in migrating birds. J. Avian Biol.
29,521-528(1998).

H. Biebach, Flight-range estimates for small trans-Sahara migrants. Ibis 134, 47-54(1992).

D. B. Mcnair, E. B. Massiah, M. D. Frost, Ground-based autumn migration of blackpoll warblers at
Harrison Point, Barbados. Caribb. J. Sci. 38, 11(2002).

I.C.T. Nisbet Jr., W. H. Drury, J. Baird, Weight-loss during migration part i: Deposition and
consumption of fat by the blackpoll warbler Dendroica striata. Bird-Banding 34, 107-138 (1963).
P.F. Battley et al., Empirical evidence for differential organ reductions during trans-oceanic bird
flight. Proc. Biol. Sci. 267,191-195 (2000).

U. Bauchinger, H. Biebach, Differential catabolism of muscle protein in Garden Warblers (Sylvia
borin): Flightand leg muscle act as a protein source during long-distance migration. J. Comp.
Physiol. B171,293-301(2001).

A.R. Gerson, J. G. DeSimone, E. C. Black, M. F. Dick, D. J. Groom, Metabolic reduction after long-
duration flight is not related to fat-free mass loss or flight duration in a migratory passerine. J. Exp.
Biol. 223, jeb215384 (2020).

R.T. Bolus et al., Swainson's Thrushes do not show strong wind selectivity prior to crossing the Gulf
of Mexico. Sci. Rep. 7,14280(2017).

C.J. Pennycuick, S. Akesson, A. Hedenstrom, Air speeds of migrating birds observed by omithodolite
and compared with predictions from flight theory. J. R. Soc. Interface 10,20130419 (2013).

C.J. Pennycuick, Modelling the Flying Bird (Elsevier, 2008) (August 17, 2020).

N.J. Bayly, C. Gomez, K. A. Hobson, A. M. Gonzélez, K. V. Rosenberg, Fall migration of the Veery
(Catharus fuscescens) in northern Colombia: Determining the energetic importance of a stopover
site. The Auk 129, 449-459 (2012).

N.J.Bayly, D.R. Norris, P. D.Taylor, K. A. Hobson, A. Morales-Rozo, There's no place like home:
Tropical overwintering sites may have a fundamental role in shaping migratory strategies. Animal
Behav. 162, 95-104 (2020).

C.J. Pennycuick, P. F. Battley, Burning the engine: A time-marching computation of fat and protein
consumption in a 5420-km non-stop flight by great knots, Calidris tenuirostris. Oikos 103, 323-332
(2003).

L. P.McGuire, C. G. Guglielmo, S. A. Mackenzie, P. D. Taylor, Migratory stopover in the long-distance
migrant silver-haired bat, Lasionycteris noctivagans. J. Animal Ecol. 81, 377-385 (2012).

T. Piersma et al., The Pacific as the world's greatest theater of bird migration: Extreme flights spark
questions about physiological capabilities, behavior, and the evolution of migratory pathways.
Omithology 139, ukab086 (2022).

C.J. Pennycuick, Computer simulation of fat and muscle burn in long-distance bird migration. J.
Theor. Biol. 191,47-61(1998).

N.J.Bayly, K. V. Rosenberg, D. R. Norris, P. D. Taylor, K. A. Hobson, Rapid recovery by fat- and muscle-
depleted Blackpoll Warblers following trans-oceanic migration is driven by time-minimization.
Omithology 138, ukab055 (2021).

C.R.Elowe, A. R. Gerson, Migratory disposition alters lean mass dynamics and protein metabolism
in migratory white-throated sparrows (Zonotrichia albicollis). Am. J. Physiol. Regul. Integr. Comp.
Physiol. 323,R98-R109 (2022).

A.R. Gerson, C. G. Guglielmo, Flight at low ambient humidity increases protein catabolism in
migratory birds. Science 333, 1434-1436(2011).

D.J. E. Groom, J. E. Deakin, M. C. Lauzau, A. R. Gerson, The role of humidity and metabolic status on
lean mass catabolism in migratory Swainson's thrushes (Catharus ustulatus). Proc. R. Soc. B Biol. Sci.
286,20190859 (2019).

S.Jenni-Eiermann, L. Jenni, Metabolic responses to flight and fasting in night-migrating passerines.
J. Comp. Physiol. B161,465-474(1991).

S.R.McWilliams, W. Karasov, "Migration takes guts: Digestive physiology of migratory birds and its
ecological significance" in Birds of Two Worlds: The Ecology and Evolution of Migration, P. P. Marra, R.
Greenberg, Eds. (Smithsonian Institution Press, 2005), pp. 67-78.

U. Bauchinger, S. R. McWilliams, Extent of phenotypic flexibility during long-distance flight is
determined by tissue-specific turnover rates: A new hypothesis. J. Avian Biol. 41, 603-608 (2010).
B. 0. Lundgren, K-H. Kiessling, Seasonal variation in catabolic enzyme activities in breast muscle of
some migratory birds. Oecologia 66, 468-471(1985).

S. Hahn et al., Short- and long-distance avian migrants differ in exercise endurance but not aerobic
capacity. BMC Zool. 7,29 (2022).

N.A. Kelsey, H. Schmaljohann, F. Bairlein, The avian lightweights: Trans-Saharan migrants show
lower lean body mass than short-/medium-distance migrants. J. Evol. Biol. 34, 1010-1021(2021).
B. 0. Lundgren, K-H. Kiessling, Comparative aspects of fibre types, areas, and capillary supply in the
pectoralis muscle of some passerine birds with differing migratory behaviour. J. Comp. Physiol. B.
158, 165-173(1988).

PNAS 2023 Vol.120 No.17 2216016120

38.
39.

40.

41,

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

W. V. Deluca et al., Transoceanic migration by a 12 g songbird. Biol. Lett. 11,20141045(2015).
C.G. Guglielmo, L. . McGuire, A. R. Gerson, C. L. Seewagen, Simple, rapid, and non-invasive
measurement of fat, lean, and total water masses of live birds using quantitative magnetic
resonance. J. Omithol. 152, 75-85(2011).

C.G. Guglielmo, A. R. Gerson, E. R. Price, Q. R. Hays, The effects of dietary macronutrients on flight
ability, energetics, and fuel metabolism of yellow-rumped warblers Setophaga coronata. J. Avian.
Biol. 48,133-148(2017).

M. F. Dick, C. G. Guglielmo, Dietary polyunsaturated fatty acids influence flight muscle oxidative
capacity, but not endurance flight performance in a migratory songbird. Am. J. Physiol. Regul.
Integr. Comp. Physiol. 16, R362-R375 (2019), 10.1152/ajpregu.00206.2018.

C.P.F.Redfern, J. A. Clark, A. Wilson, S. Gough, D. Robertson, Ringers' Manual (British Trust for
Ornithology, 2001).

A Kaiser, A new multi-category classification of subcutaneous fat deposits of songbirds. J. Field
Ornithol. 64,246-255(1993).

M. F. Dick, C. G. Guglielmo, Flight muscle protein damage during endurance flight is related to
energy expenditure but not dietary polyunsaturated fatty acids in a migratory bird. J. Exp. Biol. 222,
jeb187708(2019).

L. Hedh et al., Measuring power input, power output and energy conversion efficiency in un-
instrumented flying birds. J. Exp. Biol. 223, jeb223545 (2020).

C.J. Pennycuick, Actual and ‘optimum’ flight speeds: Field data reassessed. J. Exp. Biol. 200,
2355-2361(1997).

M. Klein Heerenbrink, L. C. Johansson, A. Hedenstrém, Power of the wingbeat: Modelling the effects
of flapping wings in vertebrate flight. Proc. R. Soc. A Math. Phys. Eng. Sci. 471,20140952 (2015).
S. Ward et al., Metabolic power of European starlings Sturnus vulgaris during flight in a wind tunnel,
estimated from heat transfer modelling, doubly labelled water and mask respirometry. J. Exp. Biol.
207,4291-4298(2004).

G.W. Mitchell, C. G. Guglielmo, K. A. Hobson, Measurement of whole-body CO, production in

birds using real-time laser-derived measurements of hydrogen (5°H) and oxygen (6'°0) isotope
concentrations in water vapor from breath. Physiol. Biochem. Zool. 88, 599-606 (2015).

J. Speakman, Doubly Labelled Water: Theory and Practice (Springer Science & Business Media,
1997).

R.R. Graber, J. W. Graber, Weight characteristics of birds killed in nocturnal migration. Wilson Bull.
74,74-88(1962).

A.R. Gerson, C. G. Guglielmo, Energetics and metabolite profiles during early flight in American
robins (Turdus migratorius). J. Comp. Physiol. B 183, 983-991(2013).

T. Piersma, R. E. Gill, Guts don‘t fly: Small digestive organs in obese Bar-tailed Godwits. The Auk 115,
196-203(1998).

M. Griego, J. DeSimone, M. G. Ramirez, A. R. Gerson, Aminopeptidase-N modulation assists lean
mass anabolism during refuelling in the white-throated sparrow. Proc. R. Soc. B Biol. Sci. 288,
20202348 (2021).

J.S. Gutiérrez et al., Oxidative status and metabolic profile in a long-lived bird preparing for
extreme endurance migration. Sci. Rep. 9, 17616 (2019).

S. McWilliams et al., The energy savings-oxidative cost trade-off for migratory birds during
endurance flight. eLife 9, e60626 (2020).

L. Jenni, S. Jenni-Eiermann, F. Spina, H. Schwabl, Regulation of protein breakdown and
adrenocortical response to stress in birds during migratory flight. Am. J. Physiol. Regul. Integr.
Comp. Physiol. 278, R1182-R1189 (2000).

S. Jenni-Eiermann, D. Hasselquist, A. Lindstrom, A. Koolhaas, T. Piersma, Are birds stressed during
long-term flights? A wind-tunnel study on circulating corticosterone in the red knot. General and
Comparat. Endocrinol. 164,101-106 (2009).

U. Bauchinger, S. R. McWilliams, "Tissue-specific mass changes during fasting: The protein turnover
hypothesis" in Comparative Physiology of Fasting, Starvation, and Food Limitation, M. D. McCue, Ed.
(Springer, Berlin, Heidelberg, 2012), pp. 193-206.

R. Schwilch, A. Grattarola, F. Spina, L. Jenni, Protein loss during long-distance migratory flight in
passerine birds: Adaptation and constraint. J. Exp. Biol. 205, 687-695 (2002).

R. M. Sapolsky, L. M. Romero, A. U. Munck, How do glucocorticoids influence stress responses?
Integrating permissive, suppressive, stimulatory, and preparative actions. Endocrine Rev. 21, 55-89
(2000).

M. M. Landys, M. Ramenofsky, J. C. Wingfield, Actions of glucocorticoids at a seasonal baseline

as compared to stress-related levels in the regulation of periodic life processes. General Comp.
Endocrinol. 148, 132-149 (2006).

E. L. Rich, L. M. Romero, Exposure to chronic stress downregulates corticosterone responses to acute
stressors. Am. J. Physiol. Regul. Integr. Comp. Physiol. 288, R1628-R1636 (2005).

A.E. McKechnie, B. 0. Wolf, The allometry of avian basal metabolic rate: Good predictions need
good data. Physiol. Biochem. Zool. 77,502-521(2004).

J.R. Conklin, N.R. Senner, P. F. Battley, T. Piersma, Extreme migration and the individual quality
spectrum. J. Avian. Biol. 48, 19-36 (2017).

C.W. Boal, Age-ratios and condition of en route migrant Blackpoll Warblers in the British Virgin
Islands. Wilson J. Ornithol. 126, 568-574 (2014).

S.R. Morris, K. M. Covino, J. D. Jacobs, P. D. Taylor, Fall migratory patterns of the Blackpoll Warbler at
a continental scale. The Auk 133, 41-51(2016).

D.P.L.Toews, M. Mandic, J. G. Richards, D. E. Irwin, Migration, mitochondria, and the yellow-rumped
warbler: Migration and mitochondria. Evolution 68, 241-255 (2014).

J.J.Chu, D. P.Gillis, S. H. Riskin, Community science reveals links between migration arrival timing
advance, migration distance and wing shape. J. Animal Ecol. 91, 1651-1665 (2022).

M. S. Bowlin, M. Wikelski, Pointed wings, low wingloading and calm air reduce migratory flight
costs in songbirds. PLOS One 3, €2154 (2008).

K.A.Nagy, Doubly Labeled Water (3HH180) Method: A Guide to Its Use (Laboratory of Biomedical
and Environmental Sciences, University of California, 1983).

A. Wetmore, Observations on the birds of northern Venezuela. Proc. Unit. Stat. Natl. Mus. 87,
173-260(1939).

https://doi.org/10.1073/pnas.2216016120 7 of 7


https://doi.org/10.1152/ajpregu.00206.2018

	Long-duration wind tunnel flights reveal exponential declines in protein catabolism over time in short- and long-distance migratory warblers
	Significance
	Methods
	Capture and Housing.
	Experimental Design.
	Energy Expenditure.
	Flight Simulations.
	Statistical Analysis.

	Results
	Body Composition.
	Energy Expenditure.
	Flight Simulations.

	Discussion
	Ethics.

	Data, Materials, and Software Availability
	ACKNOWLEDGMENTS
	Supporting Information
	Anchor 25



