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Abstract
Many migrating birds undertake extraordinary long flights. How birds are able to perform
such endurance flights of over 100-hour durations is still poorly understood. We examined
energy expenditure and physiological changes in Northern Bald Ibis Geronticus eremite
during natural flights using birds trained to follow an ultra-light aircraft. Because these birds
were tame, with foster parents, we were able to bleed them immediately prior to and after
each flight. Flight duration was experimentally designed ranging between one and almost
four hours continuous flights. Energy expenditure during flight was estimated using doublylabelled-water while physiological properties were assessed through blood chemistry
including plasma metabolites, enzymes, electrolytes, blood gases, and reactive oxygen
compounds. Instantaneous energy expenditure decreased with flight duration, and the
birds appeared to balance aerobic and anaerobic metabolism, using fat, carbohydrate and
protein as fuel. This made flight both economic and tolerable. The observed effects resemble classical exercise adaptations that can limit duration of exercise while reducing energetic output. There were also in-flight benefits that enable power output variation from
cruising to manoeuvring. These adaptations share characteristics with physiological processes that have facilitated other athletic feats in nature and might enable the extraordinary
long flights of migratory birds as well.
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Nonstop flapping flights across large geographic barriers such as deserts or oceans during
migration [1–3] are extreme and fascinating achievements, but the physiological adaptations
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associated with these feats are not thoroughly understood. Flight is energetically costly, and the
key to the mystery may therefore be the birds’ abilities to meet the energetic costs and to cope
with the negative impacts of long-term exercise. Costs and consequences of physical activity
should increase with its effort and duration [4]. The availability of fuel along with a variety of
other factors may change flight performance and could limit endurance. These other factors
include the accumulation of lactate and oxidative damage, dehydration, electrolyte imbalance
and acidosis, glycogen depletion, exceeding capacities for fat and protein catabolism, and oxygen debt. All are known to contribute to muscle fatigue and thus limit performance and duration. Following the typical mammalian model of exercise, one would expect flight to be
accompanied by similar cost accumulations, fuel depletion, increased energy expenditure and
exhaustion. This view is partly supported by studies on migrating birds but has become difficult
to generalize in light of documented extremes in migratory performance, like the eight-day
trans-Pacific flight of a Godwit [1], or the 3400 km trans-Atlantic flight of a Northern Wheatear [3].
In previous studies, the energetic costs of flight were described by employing aerodynamic
models [5, 6], flying birds in wind tunnels [7–16], or by measuring energy expenditure in freeflying birds with calibrated heart-rate telemetry [17–19] and doubly labelled water (DLW)
methods [20–23]. Physiological aspects of flight in birds was addressed by applying markers of
exercise physiology developed in studies of humans [2] to birds at migratory stopover sites [2–
39], to birds flying in a wind tunnel [40–42] or using homing pigeons [43–47]. While each of
these studies produced valuable insights, they are paralleled by conflicting results and interpretations as well. Basic problems when comparing results were the lack of flight information,
focus on a single aspect and time point of the response, and that species differing in size and
flight modes were used. For example, in birds at migratory stopover sites nothing is known
about the previous flight, and these birds may have been already at the site for an unknown
period of time after landing before being trapped and examined. Only very few studies directly
linked physiological markers to flight energetics, and considered flight-duration [12, 16].
Taking advantage of the framework of a human-led migration with access to the birds
immediately prior and after a defined flight we aimed an integrated approach of using various
markers for different metabolic processes along with the changes thereof during flight. We
therefore combined simultaneously energetic measurements with an array of exercise physiology markers, enabling us to develop a more comprehensive picture of flight metabolism, with
the ultimate aim to understand how birds achieve extreme long distance flights.
The hypothesis we investigate here is that physiological costs and cost accumulation can be
compensated for during long flights. If this is so, then migratory birds may simply fly as far as
their ecology dictates and their fuel reserves and body water requirements allow [16, 47–54].
In order to test our hypothesis, we introduced a new experimental approach to the study of
the physiology of bird flight using human led flights to control the conditions under which the
birds fly, and to take physiological measurements immediately before and after flights of
defined lengths. We combined techniques to simultaneously document markers of energy
expenditure, metabolite use (i.e. the change in concentration of plasma metabolites), respiration, water content and electrolyte balance. The techniques were then applied to defined flight
performances in the Northern Bald Ibis (Geronticus eremite; NBI). NBI are migratory: documented migration routes are over 3000 km with individual non-stop flights of 500 km [55],
and they show all the characteristics of the migrant models that have been used to date [56]
including pre-migratory fattening as documented in this study (S5 Fig).
Our research was done within the framework of an autumnal human-led migration from SE
Germany to central Italy with captive-bred birds [57]. The setup enabled us to document physiological reactions to flights of various lengths. Birds were hand-raised and trained to fly after
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an ultra-light aircraft, and land on command. It was possible to sample blood immediately
before and after flights with exact knowledge of the intermediate performance. The birds’ flight
speeds were regulated by the aircraft and held constant over time. In order to keep birds in continuous flapping-flight, migration bouts occurred in the morning before thermals had developed and would have the birds enforced to soar. Flight lengths were varied to relate energetics,
fuel consumption and costs to exercise duration. We predicted that flight responses would
reflect adaptations to oxygen debt, the change from glycogen to fat reserves as a muscle energy
source and the accumulation of potentially adverse metabolic products. We initially analysed
the results on the bases of all pre- to post-flight changes for the parameters. Thereafter we modelled the temporal patterns of pre-post changes with flight duration to document how energy
expenditure, fuel use and cost accumulation had changed in-flight.

Material and Methods
2.1. Methods
The project was carried out in the framework of a re-establishment program for the NBI in
Central Europe (see www.waldrapp.eu). In the project, young NBI are hand-reared and trained
to migrate to a wintering area in their first autumn. Birds are escorted along a migration route
with microlight aircraft, from the German Prealps (Burghausen, 48°12.711' N, 13° 20.776' E) to
central Italy (Laguna di Orbetello, 42°26.252' N, 11°11.645' E). The present study was conducted during the escorts of 2008. Flight training before migration enabled us to sample
repeated flights of varying flight duration. Training began with first flight and continued until
the flock was able to reliably follow the aircraft, taking off and landing on command. Training
ended two weeks ahead of the start of the escorted migration flights in late August. To the end
of the training period flight mode of the trained birds was similar to the one of a group of freeranging birds at the Konrad Lorenz Forschungsstelle at Grünau, Austria. Escorted flights took
place in the morning in order to avoid midday thermal turbulences. With this restriction, they
were limited to about six hours. The end points of each flight were small recreation airports.
After landing, an aviary was set up to house the birds until the next flight. Two double-seated
microlights were used. A foster parent sat behind the pilot. Flight speed was maintained
between 35 and 45 km/h. It was adjusted in-flight to the behaviour of the flock. Flight altitudes
were 50 to 400 meters above ground at above levels of up to 1380 m depending on geological
and meteorological conditions. Adverse winds constrained the microlights so flights only
occurred on days with stable weather conditions. The total direct flight distance was 1162 km.
The flights were planned in advance and dependent on the presence of airports along the route
where the birds were allowed to land. Flight duration often deviated from plan as a result of
weather conditions or the animals’ unwillingness to continue flight. In those cases, no blood
samples were taken.
The analyses of in-flight physiology were based on comparisons of pre- and post-flight measurements. Prerequisites for data inclusion were; a) continuous flight between samples, b) successful documentation of flight duration and speed and, c) the exact coordination of the flight
with the ground movement of apparatus and personnel necessary for immediate post-flight
sampling. The specific characteristics of the flights and the numbers of individuals sampled are
in the supplementary information (S1 Table). In 2008, there were 13 flights of which eleven
were sampled successfully with durations of 65 to 205 minutes.

2.2. Sampling
Animals were sampled in the morning before take-off (on average (± SD) 43±13 minutes
before flight), and immediately after landing. The lag between landing and individual sampling
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was on average 35±15 (3–69) minutes (S1 Fig). The times were noted and used to correct the
data (see below). All birds were sampled during pre-migration as control values for the DLW
analysis. Every other flight four to six other individuals were chosen per flight (S1 Table). Individual samples were separated by at least three days.
The birds were accustomed to handling from hatch. For blood collection, the bird was taken
into the caretaker’s lap and its head was covered with a lightproof sack. For pre-flight measurements, blood was extracted from the Vena jugularis dextra. Post-flight samples were drawn
from the cutaneous Vena basilica. The change in sample sources was to avoid hematomas and
flight impairment after wing vein sampling. We are aware that the site of bleeding could have
affected our measurements but there is no evidence in literature that there is a significant difference in haematological values between jugular and brachial vein values [58–59]. For determining resting energy metabolism a further blood sample was drawn the day after a flight. A
2.5 ml pre-heparinized syringe with a 25-gauge needle was used to collect 1.5 ml of whole
blood. The handling-bleeding intervals were slightly longer post-flight but differences were not
significant and not related to flight duration (S2 Table).
After collection, 200 μl capillaries with whole blood were flame-sealed for the doublylabelled-water analyses and haematocrit tubes were filled for centrifugation. Thereafter, 65 μl
of whole blood was injected into the CG4+ cartridge of a i-STAT blood analyzer, another aliquot was applied to an EC4 cartridge. The i-STAT is a commercial point-of-care device for
blood chemistry parameters, validated in birds as well [60–62]. CG4+ was used to determine
pH, pCO2 and pO2; EC4 for haematocrit (HCT), sodium (Na) and potassium (K). The remaining blood was centrifuged at 12.000 rpm for 10 minutes. Two plasma aliquots were prepared
and frozen immediately for further analyses.

2.3. Physiological parameters
2.3.1. Energy expenditure. Energy expenditure was measured using the DLW method
[63–64] by a pre-flight injection of doubly labelled water (DLW) containing 2H and 18O isotopes (a standard mixture of 99.9% 2H water and 98.44% 18O water and a ratio of 2H to 18O of
3:2). Animals were held by the human foster parents and a 1ml DLW solution was injected in
the pectoral muscle (M. pectoralis profundus). The injection times were noted (S3 Table). The
injections occurred at least one hour before pre-flight blood sampling to ensure equilibration.
The time point of injection had no effect on the data analysis because pre- and post-flight
blood measurements were compared. The samples were stored at 5°C and later sent to the Centre for Isotope Research (University of Groningen). The analyses were done without knowledge
of the flight protocol. The general procedure for analysis of 18O and 2H determination followed
[65–67]. Briefly, after the blood was distilled in a vacuum line, δ18O and δ2H measurements
were performed in automatic batches using a High Temperature pyrolysis unit (Hekatech) coupled to a GVI Isoprime Isotope Ratio Mass Spectrometer for the actual isotope analysis [68]. In
the complete analysis scheme, several quality checks were incorporated, including the spread
of initial values for similar situations, the spread of δ2H/δ18O ratios for initials and finals, and
both absolute and relative differences. Local water standards (gravimetrically prepared from
pure 2H- and 18O-water), covering the entire enrichment range of the blood samples, were
applied for calibration purposes. Converting CO2 production into energy demands followed
the calculations of Speakman [64] and Visser et al. [65] using a fixed respiratory quotient (RQ)
of 0.8, in order to get comparable results to other published measurements of flight energy
demands [20–23]. The error in the derived calorific equivalence of produced CO2 is less than
5% [64]. To assess energy expenditure for the flight only, corrections were made for the interval
between sampling and take-off, and between landing and sampling. The corresponding post-
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flight resting expenditures were used as a proxy for the corrections. Total energy expenditure
was estimated by determining the decay rate of isotopes between pre- and post-flight samples.
Resting energy expenditure was calculated from the time interval between the post-flight sample and the recovery day sample.
2.3.2. Blood chemistry parameters. Four groups of physiological parameters were chosen
to study: 1) metabolites, 2) blood gases, lactate and phosphagens, 3) electrolytes and phosphates and 4) reactive oxygen metabolites (ROMs, a measure of oxidative damage). Metabolite
analyses included plasma concentrations of triglycerides TRIG, free fatty acids FFA, glycerol
GLY, ß-hydroxybutyrate HBA, glucose GLUC, total protein TP, uric acid URIC and UREA.
With the exceptions of FFA and GLY, these were measured on a bench-top analyzer at the
UVM [69–71], using a Roche Hitachi 911 Chemistry Analyzer (S4 Table). Two-level, daily
quality controls were performed. FFA and GLY were measured manually in duplicate at the
University of Vienna using the EnzyChrom Free Fatty Acid Assay Kit (BioAssay Systems) and
the Sigma Aldrich Free Glycerol Determination Kit (FG0100).
As parameters for respiration we measured the whole blood partial pressures of oxygen and
carbon dioxide (pO2, pCO2), plasma lactate LACT, lactatedehydrogenase LDH and creatine
kinase CK activity. Oxygen and pCO2 measurements were done immediately after sampling
with the i-STAT cartridge CG4+. Haematocrit was measured after centrifugation. Potassium K
measurement is sensitive to storage and thus was done with the EC4 i-STAT cartridge after
sampling [72]. The other plasma parameters were measured later with the Hitachi 911 in combination with an integrated ion-selective electrode (K and Na) and Roche Kit for inorganic
Phosphates (S4 Table).
2.3.3. Reactive oxygen metabolites. Reactive oxygen metabolites were measured at the
University of Groningen following the protocol of Costantini et al. [73]. In short, oxidative
damage was estimated as the plasma concentration of ROMs (primarily hydroperoxides,
ROOH) and measured by means of the d-ROM Test (Diacron, Grosseto, Italy). Plasma (20 μl)
was diluted in 400 μl of solution containing 0.01 M of acetic acid/sodium acetate buffer (pH
4.8) and N,N-diethyl-p-phenylenediamine as chromogen. After incubation at 37°C for 90 minutes, the pink coloured complex was measured with a spectrophotometer (Beckman Coulter
Du530) at 505 nm and the concentration was determined by comparison with a reference.
Results were expressed as mmol l-1 of H2O2. Serum antioxidant capacity (OXY) was measured
by the OXY-Adsorbent test (Diacron, Grosseto, Italy). This kit uses a colorimetric determination to quantify the ability of the antioxidant barrier to cope with the oxidant action of hypochlorous acid (HOCl). Plasma (10 μl) was diluted 1:100 with distilled water. A 200 μl aliquot of
a titred HOCl solution was incubated with 5 μl of the diluted serum for 10 min at 37°C. Then,
5 μl of the same chromogen solution used for the ROMs determination was added.
An alkyl-substituted aromatic amine solubilised in the chromogen is oxidised by the residual HOCl and transformed into a pink derivative measured at 490 nm.

2.4. Statistics
Changes between post- and pre-flight values in the blood characteristics were expressed as the
difference between the post- und pre-flight values. In order to account for possible effects of
the time lag between landing and bleeding on the measurements linear regression analyses
were performed for each parameter. Though in only five of the 24 parameters the relationship
between the parameter values and time lag were significant, we used the residual to correct for
time lag effects in all post-flight plasma characteristics. In order to test the relationship between
energy expenditure and flight duration and between changes in the plasma characteristics and
flight duration, respectively, the post-/pre-flight difference values were used in a General Linear
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Repeated Measures Model approach with energy expenditure and plasma characteristics as
dependent variables, flight duration as fixed factor, and the individual bird as a random effect
and the sequence of flight (calendar date) as repeated measures. To visualize the relationship
between post-flight changes in plasma characteristics and flight duration in all parameters for
which GLM resulted in a significant relationship to flight duration, best-fit regression models
were applied and the best-fit line is shown. All statistics were performed with SPSS 21.0 (IBM,
New York). In all cases, p < 0.05 was considered significant.

2.5. Use of animals
The animals used in this work were obtained under licence from Zoo Vienna, Austria; Zoo
Zurich, Switzerland; Zoo Prague, Czech Republic; Konrad-Lorenz Research Station, Austria;
and Game Park Rosenegg, Austria. All experiments were under licence from and approved by
the Bundesministerium für Wissenschaft und Forschung, Referat für Tierversuchswesen und
Gentechnik, Vienna, Austria (BMWF-66.006/0014-II/3b/2010). Only animals in good health,
as approved by a participating veterinarian, were used for flights. To reduce stress, the head of
the bird was covered during manipulation and bleeding. The protocol was approved in the
field by the Office of Advisory Committee for Animal Experiments, University of Veterinary
Medicine, Vienna (protocol nr. 31/2009).

Results and Discussion
3.1. Flight energy expenditure
Flight energy expenditure was significantly elevated above non-flight energy expenditure (Fig
1A; paired t-test: t41 = 12.307, p<0.001). Rate of energy expenditure decreased with flight duration but appears to level in longer flights (Fig 1B; GLMM, F = 12.969, p = 0.002). As flight durations were equally distributed over the season, and as energy expenditure did not correlate with
calendar date (partial correlation between energy expenditure and date controlled by flight
duration: rpar = -0.142, p = 0.383) training was not a factor in energy expenditure. As body
mass did not significantly vary with flight duration (S2 Fig), mass specific energy expenditure
(S3 Fig) decreased similarly with flight duration as did total energy expenditure (Fig 1B). Thus,
the instantaneous costs of flying are lower in longer flights enabling the birds longer flight

Fig 1. Energy expenditure during flight. A: Mean (± s.d.) energy expenditure (kJ h-1) during rest and during
flight. B: Relationship between flight energy expenditure EE (kJ h-1) and flight duration.
doi:10.1371/journal.pone.0134433.g001
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duration with the same amount of fuel. Total flight costs did not significantly increase with
flight duration (S4 Fig; Person correlation: r = 0.220, n = 41, p = 0.168). One reason for
increased energy expenditure in shorter flight could be, however, that the portion of taking off
and climbing is relatively larger in shorter flights and progressively “dilute” as flight duration
increases. Despite that, we did not observe any other modification of the birds’ flight behaviour
over flight time. Consequently, the change could be related to corresponding changes in fuel
metabolism and muscle efficiency.

3.2. Post-flight changes in plasma metabolites
As in many migrants, the NBI lost body fuel in the course of migration (S5 Fig) reflecting use
of metabolic fuels. This use of fuels was reflected in the dynamics of metabolic markers. Postflight plasma triglycerides (TRIG) were significantly lower than pre-flight, independent of
flight duration (Fig 2; S5 Table). The use of TRIG from lipid reserves with increasing flight
duration was also documented by the increased plasma levels of free fatty acids (FFA; Fig 2)
and plasma glycerol (GLYC; Fig 2). The use of fat as energy substrate was finally illustrated by
the increase in plasma levels of β-hydroxybutyrate (HBA; Fig 2), a by-product of lipid catabolism. HBA can have negative physiological effects via ketoacidosis which may explain the
decrease of plasma pH with flight duration (Fig 4).

Fig 2. Post-flight versus pre-flight changes in plasma levels of fat and carbohydrate metabolites in relation to flight duration (flight-time in
minutes). Best-fit regression lines are shown for significant relationships with flight duration. Horizontal dotted lines show the respective zero (no change)
line.
doi:10.1371/journal.pone.0134433.g002
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Fig 3. Post-flight versus pre-flight changes in plasma levels of LDH, CK and protein metabolites in relation to flight duration. For further explanation
see Fig 2.
doi:10.1371/journal.pone.0134433.g003

Post-flight plasma glucose (GLUC; Fig 2) levels were significantly lower than pre-flight levels and decreased with flight duration. Post-flight levels of markers for protein use and breakdown, plasma total protein (TP; Fig 3) and plasma uric acid (URIC; Fig 3), did not differ from
pre-flight values, but TP slightly decreased with flight duration while URIC increased, reflecting the use of protein in addition to lipids similar to previous studies [25, 28, 39, 45]. However,
post-flight plasma urea (UREA; Fig 3) levels were low compared to pre-flight levels, contrasting
previous studies which reported elevated plasma UREA levels in homing pigeons immediately
after return [45]. This difference may reflect differences in protein use during flight which
might be less in migratory birds as compared to resident birds though trained for long homing
flights.

3.3. Blood gases and products of anaerobic metabolism
Blood gases, lactate and phosphagen kinase are parameters that interact with exercise, metabolite use and gas exchange. A prelude for consideration here is that bird flight can enhance ventilation with accompanying costs and benefits. Venous pO2 decreased after flight (Fig 4, S5
Table) in short flights but the decrease in pO2 decreased with flight duration indicating recovery from an oxygen debt with increasing flight time which might be due to increased ventilation. Venous pCO2 decreased after flight with no relationship to flight duration. The decrease
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Fig 4. Post-flight versus pre-flight changes in plasma levels of HCT, pH and blood gases in relation to
flight duration. For further explanation see Fig 2.
doi:10.1371/journal.pone.0134433.g004

in blood pCO2 may be a direct product of increased metabolism and respiration. Increased
exhalation may decrease the potential for acidosis during exercise [74].
Post-flight lactate (LAC; Fig 2) differed significantly from pre-flight with elevated post-flight
levels but irrespective of flight duration, while lactate dehydrogenase activity (LDH; Fig 3) significantly increased with flight-time (S5 Table). Lactate and lactate dehydrogenase activity are
directly related to oxygen availability. Increased levels signal anaerobic glycolysis. For long, lactate was largely considered a dead-end waste product of glycolysis due to hypoxia, a major
cause of muscle fatigue, and a key factor in acidosis-induced tissue damage but is at present
seen as an important intermediary in numerous metabolic processes [75]. Consequently,
increased plasma lactate levels do not necessarily reflect muscle fatigue and impaired exercise
capabilities. Rather, lactate is considered to be substrate for oxidative pathways [76–78] which
may facilitate long endurance flights. Plasma-LDH increases are from muscle and liver sources
and thus related to both lactate production and metabolism.
Plasma creatine kinase levels (CK) did not change significantly during flight (Fig 3). This is
in contrast to other studies which found CK increases in flight and was assumed them to reflect
muscle damage and changes in membrane permeability [24, 79]. Our results do not support
the muscle damage assumption although the few cases of birds with high post-flight CK levels
(Fig 3) raise the possibility that muscle damage might exceptionally occur. Thus, migrants may
avoid muscle damage behaviourally, or may have efficient biochemical and physiological
defences against exercise induced muscle injury [24] Phosphate (P), a marker for CK activity
and plasma P effects did not change during flight (Fig 5; S5 Table). All of the parameters are
associated with processes that differ from aerobic catabolism and oxidative phosphorylation in
terms of energy production. They are coupled to metabolic processes with very rapid and high
production rates of ATP that are also costly. The negative side is that they reduce the total ATP
yield [80]. There was evidence for the use of anaerobic pathways in-flight. As mentioned
above, they also documented the presence of a high anaerobic threshold in Ibis similar to that
found in well-trained human athletes [81].
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Fig 5. Post-flight versus pre-flight changes in plasma electrolytes in relation to flight duration. For further explanation see Fig 2.
doi:10.1371/journal.pone.0134433.g005

We did not find a decrease in haematocrit (HCT; Fig 4; S5 Table) after flight as it has been
reported in other studies [25, 42, 82]. However, data on changes in HCT in relation to flight
and energy expenditure are controversial [83].

3.4. Post-flight changes in plasma electrolytes
Among electrolytes, sodium (Na), potassium (K), magnesium (Mg), and phosphates (P) were
measured because of their relationships with exercise, blood gases and metabolism. Na
increased and K decreased in short flights but recovered to normal levels with increasing flight
duration (Fig 5; S5 Table). Both are paired in the sodium pump associated with a wide range of
physiological functions from osmolarity to excretion. In effect, there were shifts among cellular,
interstitial and plasma pools that occurred in-flight. The increase in Na is unlikely due to
potential evaporative water loss because Mg decreased as well, besides K (Fig 5; S5 Table),
and there was no change in HCT (Fig 4; S5 Table). Ca levels were significantly increased after
flight, irrespective of flight time (Fig 5; S5 Table). In homing pigeons no changes in plasma
electrolyte concentrations were found [45]. Although electrolytes serve a wide variety of
functional purposes and their concentration and balance in intra- and extracellular fluids are
tightly regulated is [84–85] we do not know much about changes due to exercise except their
link to water balance. Therefore, we can only speculate about the conflicting results and the
functional purposes. An increase in Na may support muscle function in terms of power output,
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Fig 6. Post-flight versus pre-flight changes in plasma reactive oxygen metabolites in relation to flight
duration. For further explanation see Fig 2.
doi:10.1371/journal.pone.0134433.g006

cardiovascular performance, and lactate trafficking [84]. Similarly, the small but significant
decreases in the plasma levels of K, Mg and P may have been connected to alterations in muscle
activity as plasma volume did not increase. Phosphates interact directly with muscle power output and indirectly with it via interaction with haemoglobin affecting oxygen binding [79]. Similar decreases in the plasma free phosphate pool during exercise have been related to muscle
uptake in mammal studies. For Mg, muscle uptake, to increase power output, and plasma
decreases are common phenomena in exercise physiology [74]. With increasing flight duration
these pre-/post-flight differences decreased indicating that the birds tapped into plasma stores
of specific electrolytes to increase flight efficiency and lessen the impact of extended exercise.

3.5. Reactive oxygen metabolites
Strenuous exercise is often seen as resulting in oxidative stress with increased oxygen consumption and free radical production [40, 86]. To examine potential oxidative stress we monitored
serum reactive oxygen metabolites (ROMs) and total serum antioxidant capacity (OXY). Neither ROMs nor OXY changed significantly from pre- to post-flight nor in relation to flight
duration (Fig 6; S5 Table). OXY was measured as the ability of the serum antioxidant barrier to
cope with the oxidant action of hypochlorus acid. There were no correlations among ROMs,
OXY and flight duration (Pearson correlation; p>0.5). This is in contrast to previous reports
that flying birds are exposed to oxidative stress [40, 86]. Similar to Kestrels [87] NBI appear to
be able to cope with oxidative stress but the effective defence system is unknown.

Conclusions
By using an integrated approach with combining parallel measurements of energy expenditure
and an array of exercise physiology markers in the Northern Bald Ibis we can draw conclusions
which we believe are indicative of principles that make moderate and long-distance migratory
flights possible. Our data support earlier results in flying pigeons [8] that during take-off and
early flight the birds primarily use their carbohydrate (glycogen) stores to fuel their flying. This
is the consequence of the need for more power output and the higher energy expenditure in

PLOS ONE | DOI:10.1371/journal.pone.0134433 September 16, 2015

11 / 17

Ibis Flight

early flight. As these glycogen reserves last not long [8] they appear to become somehow anaerobic rather shortly after take-off. They then went quickly into fat metabolism and continued so
until the end of the flight. Utilizing fatty acids from lipolysis provided the birds with power and
were part and parcel to metabolic burden. With the continued loss of GLUC (Fig 2) and the initial but stable depletion of plasma TRIG (Fig 2) and TP pools (Fig 3) fatty acids were mobilized
from lipid stores and GLUC loss was perhaps compensated for, in part, with LAC and GLY
metabolism [88]. Plasma sodium increases and body fluid changes occurred early in flight and
they were an integral part of the physiological adaptation. They became more moderate with
prolonged exercise.
The absence of a continuous LAC increase (Fig 2) documented the balance between accumulation and metabolism. LAC metabolism is part of a shuttling mechanism with both anabolic and catabolic products. Similar LAC patterns during exercise have been described in
detail for mammals [74]. In line with recent ideas concerning its role in prolonged exercise
[89] LAC shuttling might even be advantageous for the birds during flight. The hypothesis predicts that stores are used during exercise to compensate for GLUC decreases. Hence GLY, LAC
and LDH interactions occurred that maintained or perhaps even improved exercise performance during flight. Thereafter, although the birds returned to aerobic metabolism with
increasing flight duration they maintained an anaerobic capacity. Exercise around the anaerobic threshold is known to be an efficient exercise strategy in long distance human runners [74].
It is therefore not a surprising phenomenon in migrating birds.
Accumulations of HBA (Fig 2) could, in time, become a physiological burden for the birds.
Within our flight durations we did find plasma pH changes, so ketosis may become a problem.
However, the non-linear relationship between increase in post-flight HBA and flight duration
hints on an asymptotic levelling in HBA levels in very long flights. However, the effects of
ketone metabolism on brain function in birds are not known. Post-flight HBA increases are
known in other migrants, and it is assumed that birds have a high systemic tolerance for them,
similar to that for LAC [90]. CK is considered to be an indicator of strenuous exercise and muscle damage [24, 79]. In contrast to mammals, CK has been found to have positive or enhancing
effect during exercise in other vertebrates like reptiles [91]. It may, therefore, also have had a
specific physiological role in-flight. It was liberated or leaked from muscle and liver sources initially and remained elevated as flight continued. In muscle CK shunts ATP into a pool of CrP
that increases the energetic base for contraction and lessens heat production. In this way, some
of the negative impacts of FFA metabolism in muscle [92–93] can be avoided. In essence, the
intramuscular CK effects have the potential of being a key element in the increased energetic
efficiency of longer flights by balancing need and availability.
The study has provided insights to flight physiology that support our initial hypothesis that
physiological stress and cost accumulations can be compensated for during flight and that as a
consequence migratory species are not particular constrained by physiological processes. It would
seem that they can fly as far as their ecology dictates and their fuel reserves and body water
requirements allow. Though derived from studying a medium distance migrant these results may
help to understand the extraordinary athletic feats of migrants crossing oceans and deserts [1–3]
without intermittent stopping. They also have consequences for the understanding of the evolution of migration strategies [94] and open up questions about the physiology of endurance exercise that may have shaped the evolution of movement of many other animals as well.

Supporting Information
S1 Data. Master data set.
(PDF)

PLOS ONE | DOI:10.1371/journal.pone.0134433 September 16, 2015

12 / 17

Ibis Flight

S1 Fig. Frequency distribution of time lag between landing and bleeding.
(DOCX)
S2 Fig. Pre-flight body mass (mean ± s.d.) of Northern Bald Ibis at the various flight durations. Pre-flight body mass did not vary with flight duration (ANOVA: n = 41, F = 0.417,
p = 0.902).
(DOCX)
S3 Fig. Mass specific energy expenditure (kJ h-1 g-1) during flight.
(DOCX)
S4 Fig. Total flight costs of Northern Bald Ibis in relation to flight duration.
(DOCX)
S5 Fig. Changes in fuel load of Northern Bald Ibis prior to and during “migration”. Fuel
load is the proportion of body mass gained, calculated as (body mass–lean body mass)/lean
body mass. Lean body mass is the minimum body mass prior to subsequent continuous body
mass increase.
(DOCX)
S1 Table. Statistics of flights with blood sampling. The number of birds sampled refers to the
number of individuals that were injected with DLW and subsequently sampled for pre-flight
parameters.
(DOCX)
S2 Table. The time spans (in minutes) for bleeding of individuals (capture to blood) and
DLW injections (capture to injection). Data shown reflect the samples where exact times
were noted; hence the discrepancy in numbers of samples with the other tables.
(DOCX)
S3 Table. Basic statistics of time points (ranges) for injections, pre-flight bleeds and recovery day DLW bleeds. Post-flight data varied with the length of the flight.
(DOCX)
S4 Table. Summary of the kits and methods used to analyze blood chemistry parameters in
NBI plasma with a Hitachi 911 Automatic Chemistry Analyzer.
(DOCX)
S5 Table. Summary statistics for the post- versus pre-flight comparisons (t-test; significant
differences in bold) and the relationship between post-/pre-flight change and flight duration (Mixed Model; except for Ca and HCT with each 6 degrees of freedom, df was 8 in all
other parameters; significant relationships in bold).
(DOCX)

Acknowledgments
Markus Unsöld, Christine Brendler, Arvid Zickuhr, Daniela Trobe and Sinja Werner acted as
foster parents. Walter Holzmüller was the chief pilot, and Johannes Dietl was involved as
scientific co-worker. In addition, many volunteers supported the project to whom we are very
grateful as well. Pilot studies associated with the work were carried out at the Konrad Lorenz
Research Station in Grünau, Austria, where we received help and support from Kurt Kotrschal
and Josef Hemetsberger. We further acknowledge the support of Fred Bookstein, Erich Möstl
and Simon Dittami for their academic contributions throughout the project as well as statistical
advice by Ommo Hüppop, Fraenzi Korner, and Heiko Schmaljohann. Finally, we would like to

PLOS ONE | DOI:10.1371/journal.pone.0134433 September 16, 2015

13 / 17

Ibis Flight

thank Berthe M. A. A. Verstappen-Dumoulin who run the isotope analyses and Ellis Muller
who conducted the ROM analyses.

Author Contributions
Performed the experiments: JF AS GS JD. Analyzed the data: GD HM IS SV FB. Contributed
reagents/materials/analysis tools: IS GD HM SV. Wrote the paper: FB JD.

References
1.

Gill RE Jr, Tibbitts TL, Douglas DC, Handel CM, Mulcahy DM, Gottschalk JC et al (2009) Extreme
endurance flights by landbirds crossing the Pacific Ocean: ecological corridor rather than barrier? Proc
R Soc B 276: 447–457. doi: 10.1098/rspb.2008.1142 PMID: 18974033

2.

Stutchbury BJM, Tarof SA, Done T, Gow E, Kramer PM, Tautin J et al (2009) Tracking Long-Distance
Songbird Migration by Using Geolocators. Science 323: 896. doi: 10.1126/science.1166664 PMID:
19213909

3.

Bairlein F, Norris DR, Nagel R, Bulte M, Voigt CC, Fox JW et al (2012) Cross-hemisphere migration of a
25-gram songbird. Biol Lett 8: 505–507. doi: 10.1098/rsbl.2011.1223 PMID: 22337504

4.

McArdle WD, Katch FI, Katch VL (2009) Exercise Physiology: Nutrition, Energy, and Human Performance. Human Kinetics, Champaign.

5.

Pennycuick CJ (1989) Bird flight performance. Oxford UP, Oxford.

6.

Norberg UM (1990) Vertebrate flight: Mechanics, Physiology, Morphology, Ecology and Evolution.
Springer, Berlin, Berlin, Heidelberg.

7.

Butler PJ, West NH, Jones DR (1977) Respiratory and cardiovascular responses of the pigeon to sustained level flight in a wind tunnel. J exp Biol 71: 7–26.

8.

Rothe H-J, Biesel W, Nachtigall W (1987) Pigeon flight in a wind tunnel. II. Gas exchange and power
requirements. J Comp Physiol B 157: 99–109.

9.

Biesel W, Nachtigall W (1987) Pigeon flight in a wind tunnel. IV. Thermoregulation and water homeostasis. J. Comp. Physiol. B 157: 117–128.

10.

Lindström A, Klaassen M, Kvist A (1999) Variation in energy intake and basal metabolic rate of a bird
migrating in a wind tunnel. Funct Ecol 13: 352–359.

11.

Klaassen M, Kvist A, Lindström A (2000) Flight costs and fuel composition of a bird migrating in a wind
tunnel. Condor 102: 444–451.

12.

Jenni-Eiermann S, Jenni L, Kvist A, Lindström A, Piersma T, Visser GH (2002) Fuel use and metabolic
response to endurance exercise: a wind tunnel study of a long-distance migrant shorebird. J exp Biol
205: 2453–2460. PMID: 12124368

13.

Ward S, Müller U, Rayner JMV, Jackson DM, Nachtigall W, Speakman JR (2004) 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 PMID: 15531650

14.

Engel S, Biebach H, Visser GH (2006) Metabolic costs of avian flight in relation to flight velocity: a study
in Rose Coloured Starlings (Sturnus roseus, Linnaeus). J. Comp. Physiol. B 176: 415–427. PMID:
16425018

15.

Schmidt-Wellenburg CA, Engel S, Visser GH (2008) Energy expenditure during flight in relation to body
mass: effects of natural increases in mass and artificial load in Rose Coloured Starlings. J Comp Physiol B 178: 767–777. doi: 10.1007/s00360-008-0267-7 PMID: 18481070

16.

Gerson AR, Guglielmo CG (2012) Flight at low ambient humidity increases protein catabolism in migratory birds. Science 333: 1434–1436

17.

Berger M, Hart JS, Roy OZ (1970) Respiration, oxygen consumption and heart rate in some birds during rest and flight. Z vergl Physiol 66: 201–214.

18.

Butler PJ, Woakes AJ, Bevan RM, Stephenson R (2000) Heart rate and rate of oxygen consumption
during flight of the barnacle goose, Branta leucopsis. Comp Biochem Physiol A 126: 379–385

19.

Ward S, Bishop CM, Woakes AJ, Butler PJ (2002) Heart rate and the rate of oxygen consumption of flying and walking barnacle geese (Branta leucopsis) and bar-headed geese (Anser indicus). J Exp Biol
205: 3347–3356. PMID: 12324544

20.

Masman D, Klaassen M (1987) Energy expenditure during free flight in trained and free-living kestrels
(Falco tinnunculus). Auk 104: 603–616.

PLOS ONE | DOI:10.1371/journal.pone.0134433 September 16, 2015

14 / 17

Ibis Flight

21.

Nolet BA, Butler PJ, Masman D, Woakes AJ (1992) Estimation of daily energy expenditure from heart
rate and doubly labeled water in exercising geese. Physiol Zool 65: 1188–1216.

22.

Wikelski M, Tarlow EM, Raim A, Diehl RH, Larkin RP, Visser GH (2003) Costs of migration in free-flying
songbirds. Nature 423: 704. PMID: 12802324

23.

Ward S, Müller U, Rayner JMV, Jackson DM, Nachtigall W, Speakman JR (2004) 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. PMID: 15531650

24.

Guglielmo CG, Piersma T, Williams TD (2001) A sport-physiological perspective on bird migration: evidence for flight-induced muscle damage. J Exp Biol 204: 2683–2690. PMID: 11533118

25.

Bairlein F, Totzke U (1992) New aspects on migratory physiology of trans-Saharan passerine migrants.
Ornis Scand. 23: 244–250.

26.

Jenni L, Jenni-Eiermann S (1998) What can plasma metabolites tell us about the physiological state
and condition of individual birds? An overview. Biol. Conserv. Fauna 102: 312–319

27.

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

28.

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

29.

Jenni-Eiermann S, Jenni L (1991) Metabolic responses to flight and fasting in night-migrating passerines. J comp Physiol B 161: 465–474.

30.

Jenni-Eiermann S, Jenni L (1992) High plasma triglyceride levels in small birds during migratory flight:
a new pathway for fuel supply during endurance locomotion at very high mass-specific metabolic
rates? Physiol Zool 65: 112–123.

31.

Jenni-Eiermann S, Jenni L (1994) Plasma metabolite levels predict individual body-mass changes in a
small long-distance migrant, the Garden Warbler. Auk 111: 888–899.

32.

Jenni-Eiermann S, Jenni L (1996) Metabolic differences between the postbreeding, moulting and
migratory periods in feeding and fasting passerine birds. Funct Ecol 10: 62–72.

33.

Guglielmo CG, Haunerland NH, Williams TD (1998) Fatty acid binding protein, a major protein in the
flight muscle of migrating Western Sandpipers. Comp Biochem Physiol B 119: 549–555. PMID:
9734338

34.

Jenni-Eiermann S, Jenni L (1998) What can plasma metabolites tell us about the metabolism, physiological state and condition of individual birds? An overview. Biol. Cons. Fauna 102: 312–319.

35.

Guglielmo CG, Williams TD, Zwingelstein G, Brichon G, Weber J-M (2002) Plasma and muscle phospholipids are involved in the metabolic response to long-distance migration in a shorebird. J Comp Physiol B 172: 409–417. PMID: 12122457

36.

Guglielmo CG, O’Hara PD, Williams TD (2002) Extrinsic and intrinsic sources of variation in plasma
metabolites of free-living western sandpipers (Calidris mauri). Auk 119: 437–445.

37.

Jenni-Eiermann S, Jenni L (2003) Interdependence of flight and stopover in migrating birds: possible
effects of metabolic constraints during refuelling on flight metabolism. In: Berthold P, Gwinner E, Sonnenschein E (eds.) Avian Migration: 293–306, Springer-Verlag, Berlin, Heidelberg.

38.

Landys MM, Piersma T, Guglielmo CG, Jukema J, Ramenofsky M, Wingfield JC (2005) Metabolic profile of long-distance migratory flight and stopover in a shorebird. Proc R Soc B 272: 295–302. PMID:
15705555

39.

Lyons JE, Collazo JA, Guglielmo CG (2008) Plasma metabolites and migration physiology of semipalmated sandpipers: refueling performance at five latitudes. Oecologia 155: 417–427. PMID: 18071757

40.

Jenni-Eiermann S, Jenni L, Smith S, Costantini D (2014) Oxidative Stress in Endurance Flight: An
Unconsidered Factor in Bird Migration. PLoS ONE 9(5): e97650. doi: 10.1371/journal.pone.0097650
PMID: 24830743

41.

Jenni L, Müller S, Spina F, Kvist A, Lindström Å (2006) Effect of endurance flight on haematocrit in
migrating birds. J Ornithol 147: 531–542.

42.

Gerson AR, Guglielmo CG (2013) Energetics and metabolite profiles during early flight in American robins (Turdus migratorius). J Comp Physiol B 183: 983–991. doi: 10.1007/s00360-013-0767-y PMID:
23715798

43.

Bordel R, Haase E (1993) Effects of flight on blood parameters in homing pigeons. J. Comp. Physiol. B
163: 219–224

44.

Schwilch R, Jenni L, Jenni-Eiermann S (1996) Metabolic responses of homing pigeons to flight and
subsequent recovery. J Comp Physiol B 166: 77–87.

PLOS ONE | DOI:10.1371/journal.pone.0134433 September 16, 2015

15 / 17

Ibis Flight

45.

Bordel R, Haase E (2000) Influence of flight on protein catabolism, especially myofilament breakdown,
in homing pigeons. J Comp Physiol B 170: 51–58. PMID: 10707325

46.

Kasprzak M, Hetmanski T, Kulczykowska E (2006) Changes in hematological parameters in free-living
pigeons (Columba livia f. urbana) during the breeding cycle. J Ornithol 147: 599–604.

47.

Bairlein F, Gwinner E (1994) Nutritional mechanisms and temporal control of migratory energy accumulation in birds. Annu Rev Nutr 14: 187–215. PMID: 7946517

48.

Klaassen M (1996) Metabolic constraints on long-distance migration in birds. J Exp Biol 199: 57–64.
PMID: 9317335

49.

Klaassen M (1995) Water and energy limitations on flight range. Auk 112: 260–262.

50.

Michaeli G, Pinshow B (2001) Respiratory water loss in free-flying pigeons. J exp Biol 204: 3803–
3814. PMID: 11719543

51.

Carmi N, Pinshow B, Porter WP, Jaeger J (1992) Water and energy limitations on flight duration in
small migrating birds. Auk 109: 268–276.

52.

Carmi N, Pinshow B (1995) Water as a physiological limitation to flight duration in migrating birds: the
importance of exhaled air temperature and oxygen extraction. Israel J Zool 41: 369–374.

53.

Giladi I, Pinshow B (1999) Evaporative and excretory water loss during free flight in pigeons. J Comp
Physiol B 169: 311–318.

54.

Engel S, Biebach H, Visser GH (2006) Water and heat balance during flight in the Rose-colored Starling
(Sturnus roseus). Physiol Biochem Zool. 79: 763–774. PMID: 16826502

55.

Lindsell JA, Serra G, Peske L, Abdullah MS, al Qaim G, Kanani A et al (2009) Satellite tracking reveals
the migration route and wintering area of the Middle East population of critically endangered Northern
Bald Ibis Geronticus eremita. Oryx 43: 329–335.

56.

Berthold P (1996) Control of bird migration. Chapman & Hall, London.

57.

Fritz J (2004) The Scharnstein Project: Establishing a migration tradition with handraised Waldrapp
Ibises. WAZA Magazine 5: 16–19 (www.waldrappteam.at).

58.

Moniello G, Bovera F, Solinas IL, Piccolo G, Pinna W, Nizza A (2005) Effect of age and blood collection
site on the metabolic profile of ostriches. South African J Anim Sci 35: 268–272.

59.

Arora KL (2010) Differences in haemoglobin and packed cell volume in blood collected from different
sites in Japanese Quail (Coturnix japonica). Int J Poult Sci 9: 828–830.

60.

Steinmetz HW, Vogt R, Kästner S, Riond B, Hatt JM (2007) Evaluation of the i-STAT portable clinical
analyzer in chickens (Gallus gallus). J Vet Diagn Invest Jul 19: 382–388.

61.

Martin MP, Wineland M, Barnes HJ (2010) Selected Blood Chemistry and Gas Reference Ranges for
Broiler Breeders Using the i-STAT Handheld Clinical Analyzer. Avian Diseases 54: 1016–1020. PMID:
20945782

62.

McCain SL, Flatland B, Schumacher JP, Clarke EO, Fry MM (2010) Comparison of chemistry analyzes
between 2 portable, commercially available analyzers and a conventional laboratory analyzer in reptiles. Veterinary Clinical Pathology 39: 474–479. doi: 10.1111/j.1939-165X.2010.00258.x PMID:
21198734

63.

Lifson N, McClintock R (1966) Theory of use of the turnover rates of body water for measuring energy
and material balance. J Theoret Biol 12: 46–74.

64.

Speakman JR (1997) Doubly Labelled Water: Theory and Practice. Chapman & Hall, London.

65.

Visser GH, Schekkerman H (1999) Validation of the doubly labeled water method in growing precocial
birds: the importance of assumptions concerning evaporative water loss. Physiol Biochem Zool 72:
740–749. PMID: 10603338

66.

Visser GH, Boon PE, Meijer HAJ (2000) Validation of the doubly labeled water method in Japanese
Quail Coturnix c. japonica chicks: is there an effect of growth rate? J Comp Physiol B 170: 365–372.
PMID: 11083518

67.

Guidotti S, Jansen HG, Aerts-Bijma AT, Verstappen-Dumoilin BM, van Dijk G, Meijer HA (2013) Doubly-Labelled Water analysis: Preparation, memory correction, calibration and quality assurance for δ2H
and δ18O measurements over four orders of magnitude. Rapid Commun Mass Spectrom 27: 1055–
1066. doi: 10.1002/rcm.6540 PMID: 23592209

68.

Gehre M, Geilmann H, Richter J, Werner RA, Brand WA (2004) Continuous flow 2H/1H and 18O/16O
analysis of water samples with dual inlet precision. Rapid Commun Mass Spectrom 18: 2650–2660.
PMID: 15481101

69.

Scope A, Schwendenwein I, Enders F, Gabler C, Seidl E, Filip T et al (2000) Hematologic and Clinical
Chemistry Reference Values in Red Lories (Eos spp.). Avian Diseases 44: 885–890. PMID: 11195643

PLOS ONE | DOI:10.1371/journal.pone.0134433 September 16, 2015

16 / 17

Ibis Flight

70.

Scope A, Schwendenwein I, Gabler C (2002) Short-Term Variations of Biochemical Parameters in Racing Pigeons (Columba livia). J Avian Medicine Surgery 16: 10–15.

71.

Scope A, Schwendenwein I, Frommlet F (2006) Biological variation, individuality and critical differences
of eight biochemical blood constituents in budgerigars (Melopsittacus undulatus). Vet Rec 159: 839–
843. PMID: 17172478

72.

Lumeij JT (1985) The influence of blood sample treatment on plasma potassium concentrations in
avian blood. Avian Pathol 14: 257–260. PMID: 18766918

73.

Costantini D, Casagrande S, De Filippis S, Brambilla G, Fanfani A, Tagliavini J et al (2006) Correlates
of oxidative stress in wild kestrel nestlings (Falco tinnunculus). J Comp Physiol B 176: 329–337. PMID:
16344989

74.

Wasserman K, Hansen JE, Sue DY, Stringer WW, Sietsema KE, Sun X-G et al (2011) Principles of
Exercise Testing and Interpretation: Including Pathophysiology and Clinical Applications. Lippincott,
Williams & Wilkins, Philadelphia.

75.

Gladden LB (2004) Lactate metabolism: a new paradigm for the third millennium. J Physiol 558: 5–30.
PMID: 15131240

76.

Brooks GA (1986) The lactate shuttle during exercise and recovery. Mel Sci Sports Exerc 18: 360–
368.

77.

Brooks GA (2002) Lactate shuttles in nature. Biochem Soc Trans 30: 258–264. PMID: 12023861

78.

Brooks GA (2009) Cell–cell and intracellular lactate shuttles. J Physiol 587: 5591–5600. doi: 10.1113/
jphysiol.2009.178350 PMID: 19805739

79.

Brancaccio P, Lippi G, Maffulli N (2010) Biochemical markers of muscular damage. Clin Chem Lab
Med 48: 757–67. doi: 10.1515/CCLM.2010.179 PMID: 20518645

80.

Hochachka PW, Somero GN (2002) Biochemical Adaptation: Mechanism and Process in Physiological
Evolution. Oxford University Press, New York.

81.

Myers J, Ashley E (1997) Dangerous Curves: A Perspective on exercise, lactate, and the anaerobic
threshold CHEST 111: 787–795. PMID: 9118720

82.

Adams NJ, Pinshow B, Gannes LZ (1997) Water influx and eflux in free-flying pigeons. J Comp Physiol
B 167: 444–450.

83.

Fair J, Whitaker S, Pearson B (2007) Sources of variation in haematocrit in birds. Ibis 149: 535–552.

84.

Eckert R, Randall D, Burggren W, French K (2002) Animal Physiology 2002 Thieme, Stuttgart.

85.

Klasing KC (1998) Comparative avian nutrition. CAB International, Oxon.

86.

Costantini D (2008) Oxidative stress in ecology and evolution: lessons from avian studies. Ecol Lett 11:
1238–1251. doi: 10.1111/j.1461-0248.2008.01246.x PMID: 18803642

87.

Costantini D, Fanfani A, Dell’Omo G (2008) Effects of corticosteroids on oxidative damage and circulating carotenoids in captive adult kestrels (Falco tinnunculus). J Comp Physiol B 178: 829–835. doi: 10.
1007/s00360-008-0270-z PMID: 18443799

88.

Van Hall G (2000) Lactate as a fuel for mitochondrial respiration. Acta Physiol Scand 168: 643–656.
PMID: 10759601

89.

Billat VL, Sirvent P, Py G, Koralsztein J-P, Mercier J (2003) The concept of maximal lactate steady
state: A bridge between biochemistry, physiology and sport science. Sports Medicine 33: 407–426.
PMID: 12744715

90.

Jenni-Eiermann S, Jenni L (2002) Postexercise ketosis in night-migrating passerine birds. Physiol Biochem Zool 74: 90–101.

91.

Penzlin H (2005) Lehrbuch der Tierphysiologie. Spektrum, Elsevier, Munich.

92.

Costill DL, Coyle E, Dalsky G, Evans W, Fink W, Hoopes D (1977) Effects of elevated plasma FFA and
insulin on muscle glycogen usage during exercise. J Appl Physiol 43: 695–699. PMID: 908685

93.

Hurley BF, Nemeth PM, Martin WH III, Hagberg JM, Dalsky GP, Holloszy JO (1986) Muscle triglyceride
utilization during exercise: effect of training. J Appl Physiol 60: 562–567. PMID: 3512511

94.

Alerstam T (2011) Optimal bird migration revisited. J Ornithol 152 (Suppl 1): S5–S23.

PLOS ONE | DOI:10.1371/journal.pone.0134433 September 16, 2015

17 / 17

