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implications for bird migration strategies.

S. R. McWilliams (correspondence) and B. Pierce, Department of Natural Resources
Science, University of Rhode Island, Kingston, RI 02881, USA. E-mail:
srmewilliams@uri.edu.  C.  Guglielmo, Division of Biological Sciences, Univ. of
Montana, Missoula, MT 59812, USA. M. Klaassen, Department of Plant-Animal
Interactions, Netherlands Institute of Ecology, P.O. Box 1299, 3600 BG Maarssen, The
Netherlands.

Migration poses distinct physiological challenges for
birds. For example, long-distance migrants rely virtually
entirely on stored energy and nutrients to fuel each
flight, and then must rapidly restore the necessary
energy and nutrients at stopover sites along their
migration route. Solutions to the physiological chal-
lenges associated with alternating intense exercise with-
out feeding and then intense feeding and refueling at
stopover sites are often physiologically incompatible.
Determining how birds overcome these physiological
challenges requires understanding how the physiological
capabilities of exercising and fasting birds relate to the
ecological conditions encountered during migration.
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This review focuses on the nutritional and physiolo-
gical ecology of birds during migration. We discuss the
current model of how birds fuel the costs of migration
and the likely limiting steps in lipid transport and
oxidation for exercising birds, and how lipid metabolism
in birds is different from that in other vertebrates. We
then place these aspects of the biochemistry and
metabolism of birds during migration within an ecolo-
gical context. We review selected aspects of the nutri-
tional ecology of birds during migration with an
emphasis on how birds accumulate fat stores, how fatty
acid composition of diet influences composition of fat
stores, and the effect of fatty acid composition of fat
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stores on bird performance. We conclude with a discus-
sion of conventional aerodynamic models of flight,
empirically derived models of flight, and their relative
accuracy and promise for predicting actual costs of
flight.

Biochemical aspects of fuels used during
migratory flight

The image of migratory birds furiously in search of food
and storing fat in preparation for an overnight or even
multi-day flight is familiar to both professional and
amateur ornithologists. As a result it is commonly
accepted that adipose fat is the primary metabolic fuel
for avian migration. In fact, the ability to fuel very high
intensity exercise with fatty acids (FA) delivered from the
adipose tissue to the working muscles by the circulatory
system makes migratory birds exceptional among verte-
brate animals.

From biochemical first principles it is clear why fat
should be the fuel of choice for migrating birds under
most circumstances, as described in previous reviews
(Ramenofsky 1990, Jenni and Jenni-Eiermann 1998).
The fuel storage criterion of greatest importance for
weight-economizing migrants is energy content per unit
wet mass, and on this basis fat contains eight to ten times
more energy than alternative fuel types. Two factors
contribute to the high wet energy content of fat. First,
FA are more chemically reduced than either carbohy-
drates or proteins (amino acids), yielding approximately
twice the energy per unit dry mass when oxidized.
Second, in living tissue FA are stored in a nearly
anhydrous state (5% water) as triacylglycerol (TAG;
3 FA esterified to glycerol), whereas carbohydrate (liver
and muscle glycogen) and protein stores have high
water content (70—80%). Glycogen stores are quantita-
tively unimportant to endurance flights, but may be
required initially while FA utilization mechanisms are
up-regulated (Rothe et al. 1987, Schwilch et al. 1996,
Jenni-Eiermann et al. 2001), and to maintain blood
glucose concentration stable until gluconeogenic path-
ways are fully induced (Weber 1988). Protein is stored in
large quantity as body structure, but its use entails a loss
of functional capacity. Nevertheless, some protein is
catabolized during flight to satisfy endogenous protein
turnover, to provide gluconeogenic precursors for meta-
bolism in the liver, and to counteract the depletion of
Krebs cycle intermediates (anaplerotic flux) during
oxidative metabolism of fatty acids (Jenni and Jenni-
Eiermann 1998, Klaassen et al. 2000). Protein could also
be mobilized to provide water under dehydrating flight
conditions (Klaassen 1996), or as an adaptive reduction
of flight muscle size in response to declining body
mass over a flight (Jenni and Jenni-Eiermann 1998,
Pennycuick 1998).

378

Empirical evidence of three types confirms the pri-
mary importance of adipose fat as a metabolic fuel in
flying birds, with a variable contribution of protein.
First, body composition analyses show that migrants
deposit fat loads as high as 50% of total body mass,
that adipose fat can be severely depleted by migratory
flight, and that body protein is used from muscles
and particularly from the digestive organs (Piersma
and Jukema 1990, Ramenofsky 1990, Lindstrom and
Piersma 1993, Battley et al. 2000, Battley et al. 2001,
Bauchinger and Biebach 2001, McWilliams and Karasov
2001). Fat and protein deposited in preparation for
migration is referred to as “stores’” whereas endogenous
fat and protein used only during times of stress is
referred to as “reserves” (after King and Murphy 1985,
Lindstrom and Piersma 1993, Van der Meer and Piersma
1994). Given that a bird during migration may use and
rebuild both energy and protein stores and reserves, this
heuristic distinction may at times be difficult to recog-
nize in practice. Second, a respiratory exchange ratio
(RER =CO, production/O, consumption) near 0.7 has
been measured in birds flying under controlled condi-
tions, suggesting FA oxidation (Rothe et al. 1987, Suarez
et al. 1990). It is important to recognize that protein
oxidation by birds with uric acids as an end product also
results in a RER near 0.7 (Walsberg and Wolf 1995), so
these studies may demonstrate only that some mixture of
fat and protein is oxidized. Additional supporting
evidence for a dominant role of fat in flight has come
recently from stable isotope analysis of post-flight breath
samples of pigeons Columba livia (Hatch et al. 2002).
Third, plasma metabolite analyses show an increase in
lipid mobilization from adipose stores during flight in a
variety of bird species (Jenni-Eiermann and Jenni 1991,
George and John 1993, Schwilch et al. 1996, Jenni-
Eiermann et al. 2001, Jenni-Eiermann and Jenni 2003).
In-flight accumulation of uric acid in plasma has been
interpreted to reflect increased protein utilization (Jenni-
Eiermann and Jenni 1991, George and John 1993,
Schwilch et al. 1996, Gannes 2001), although a possible
exercise-related decrease in plasma uric acid clearance by
the kidney has not yet been properly accounted for
(Poortmans and Vanderstraeten 1994). As with respiro-
metry studies, measurement of plasma metabolite con-
centrations provide only a qualitative picture of fuel
metabolism, and detailed kinetic studies will be required
before flux through exogenous and endogenous fuel
pathways is understood.

The fuel selection model that emerges from considera-
tion of both first principles and the empirical evidence is
that during endurance flights migrant birds use mainly
exogenous FA with a minor contribution of protein
(5-15%) to total energy demand. Moreover, the relative
contribution of protein may depend on initial fat
load (Jenni and Jenni-Eiermann 1998, Jenni-Eiermann
and Jenni 2003). Thus, migratory birds must have the
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physiological and biochemical capacity to mobilize from
adipose tissue, carry through the circulation, transport
into muscle cells, and oxidize FA at rates fast enough to
meet the very high energetic demands of flight. In the
next section we focus on the standard model of fuel
selection during exercise developed for running mam-
mals, its inability to explain exogenous FA use for avian
migratory flight, and the potential physiological and
biochemical mechanisms birds use to surpass the meta-
bolic limitations seen in mammals.

The mammalian exercise model and avian
flapping flight

In contrast to migratory birds, running mammals
depend on carbohydrate and fat as the major fuels to
power exercise, with only a small contribution from
protein, which is often ignored (Weber 1992, Roberts et
al. 1996). The mixture of carbohydrate and fat is
determined by relative exercise intensity (i.e., the percen-
tage of maximal oxygen consumption or % VO,max),
rather than absolute intensity. Thus, mammal species
(and individuals within species) of different absolute
aerobic performance capabilities have similar fuel com-
position at the same relative exercise intensity (Roberts
et al. 1996).

During very low intensity exercise (<40% VO,max),
FA oxidation can provide nearly all of the energy for
exercise. However, absolute FA oxidation peaks near
40% VO,max, so that as exercise intensity increases the
relative contribution of FA oxidation to energy demand
declines. Near VO,max, FA oxidation provides only 20%
or less of the fuel requirement. The deficit between total
energy demand and FA oxidation is made up by the
oxidation of carbohydrate, mainly glycogen stored
within muscle cells (Roberts et al. 1996, Weber et al.
1996a). The heavy reliance on muscle glycogen for high
intensity endurance exercise provides a metabolic basis
for “carbo loading” by human endurance athletes, and
when glycogen stores are exhausted a running mammal
will as athletes say “hit the wall”, left unable to exercise
above the low intensity supported by FA oxidation
alone.

A close examination of the sources of FA oxidized
during mammalian exercise reveals an even lower thresh-
old for fully exogenous FA powered activity. Isotopic
tracer studies show that only 25—50% of the FA oxidized
during exercise of various intensities are delivered to
muscles via the circulation; most are derived from intra-
myocyte TAG droplets (Weber et al. 1996b). In addition,
training, as well as evolutionary adaptation for endur-
ance, often results in an increase in the size and
importance of endogenous TAG stores, a fuel strategy
that prolongs high intensity endurance time by sparing
endogenous glycogen stores in muscles (Weber 1988).
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The upshot is that near VO,max exogenous FA provide
only 10% or less of energy demand. Conversely, to
operate strictly on exogenous FA, a cursorial mammal
must limit activity to extremely low exercise intensity,
such as walking (Roberts et al. 1996).

In terms of energy expended in locomotion, there is no
equivalent to walking for birds in flapping flight because
they cannot reduce energy cost by traveling more slowly.
Theoretical flight power curves are generally U-shaped,
so that flight cost is minimized at an intermediate speed
(Alerstam and Hedenstrom 1998). Empirical evidence
suggests that power requirements may remain near a
minimum over a wide range of speeds due to adjust-
ments to flight morphology in some species, but at the
slowest and fastest speeds power requirements increase
(Dial et al. 1997, Tobalske et al. 2003). On an absolute
scale this minimum cost of flying has been estimated to
be greater than twice the VO,max of a similarly-sized
running mammal (Butler and Woakes 1990). Even on a
relative scale, birds flying at minimum power speed
appear to exercise at 60—85% VO,max (Guglielmo et al.
2002a). Furthermore, migrants may exercise close to
VO,max because they are heavily burdened with fat, and
may fly faster than minimum power speed to maximize
distance covered per unit energy cost (Alerstam and
Hedenstrom 1998). Thus, on both an absolute and a
relative basis it is clear that migrant birds exercise at very
high intensity. At steady-state during long-distance flight
most of the fuel must be exogenous FA because birds
simply cannot store enough intra-myocyte TAG for an
entire flight. The standard mammalian exercise model
cannot account for this fuel strategy, indicating that the
capacity to utilize exogenous FA may be as much as
20-fold greater in migratory birds.

Mechanisms of fatty acid utilization during
exercise

Lipid metabolism is broadly similar in birds and
mammals. Therefore, one way to determine the mechan-
istic basis for the superior utilization of exogenous FA by
migrating birds is to identify key components of the
system of FA mobilization, transport, and oxidation that
constrain fuel selection in exercising mammals. Unlike
hydrophilic fuel substrates (e.g., glucose, amino acids),
the extremely low (nanomolar) aqueous solubility of FA
(Vork et al. 1993) requires the action of soluble protein
carriers at every step of FA transport (Fig. 1). During
exercise in the post-absorptive state, exogenous FA enter
the circulation from adipocytes and the liver. Adipocyte
TAG is hydrolyzed to non-esterified FA (NEFA) and
glycerol through the action of hormone sensitive lipase
(HSL), mainly under the control of catecholamines
(Ramenofsky 1990, Raclot 2003). NEFA are bound by
plasma albumin, which has several binding sites (Weber
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Fig. 1. A model of lipid transport and oxidation in a bird
during exercise while post-absorptive. Abbreviations: AA,
amino acid; ACYL-CoA, acyl-coenzyme A; ALB, albumin;
ATP, adenosine triphosphate; CAT, carnitine acyl transferase;
CHO, carbohydrate; FABPpm, plasma membrane fatty acid
binding protein; FAT/CD36, fatty acid translocase; H-FABP,
heart type fatty acid binding protein; HSL, hormone-sensitive
lipase; LCACS, long chain acyl-CoA synthetase; LPL, muscle
lipoprotein lipase; ML, muscle lipase, NEFA, non-esterified
fatty acid; TAG, triacylglycerol; VLDL, very low density
lipoprotein. The dashed arrow indicates passive diffusion of
NEFA across the sarcolemma. Based on Weber (1992), Luiken
et al. (1999), and McArthur et al. (1999).

1988, Luiken et al. 1999), and carried to the muscles. The
liver can synthesize FA de novo or uptake NEFA from
plasma, and by esterification to glycerol, produce TAG
that is packaged into very low density lipoprotein
(VLDL) for release to the circulation (Havel 1986,
Ramenofsky 1990, Jenni-Eiermann and Jenni 1992).
The use of plasma VLDL as a source of FA for working
muscles requires hydrolysis by lipoprotein lipase (LPL)
at the capillary endothelium (Ramenofsky 1990,
McArthur et al. 1999). Generally, plasma VLDL levels
fall while NEFA rises during exercise in mammals,
making plasma NEFA the primary route of exogenous
FA delivery (Jenni-Eiermann and Jenni 1992). At the
muscle capillaries NEFA diffuse to the sarcolemmal
surface with the aid of interstitial albumin that interacts
with a membrane albumin binding protein (Luiken et al.
1999).

Translocation across the sarcolemmal membrane was
long thought to take place by simple diffusion of
lipophilic FA through the lipid bilayer, with the limiting
step being the flip-flop from the outer to inner leaflet
(Luiken et al. 1999). More recent studies demonstrate
that as much as 80% of muscle FA uptake may be
facilitated by superficial and integral membrane trans-
port proteins. Two of the most important FA transpor-
ters identified in red muscle are plasma membrane fatty
acid binding protein (FABPpm), and fatty acid translo-
case (FAT/CD36, Luiken et al. 1999, McArthur et al.
1999). During exercise additional FAT/CD36 is translo-
cated to the membrane from intracellular storage sites
(Bonen et al. 2000).

Uptake of FA across the sarcolemma is extremely
limited without an intracellular FA carrier and
subsequent rapid disposal by conversion to acyl-CoA
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(McArthur et al. 1999). In the muscle cytosol a small,
soluble heart-type fatty acid binding protein (H-FABP)
binds and transports NEFA and some acyl-CoA deri-
vatives (McArthur et al. 1999). H-FABP has a single FA
binding site, and acts as a “cytoplasmic sink” for FA
entering the myocyte, vastly increasing intracellular FA
solubility, the rate of removal from the inner sarcolem-
mal surface, and the rate of intracellular diffusion
(McArthur et al. 1999). At this stage FA from intra-
myocyte TAG droplets may be hydrolyzed by a muscle
lipase, and enter the stream of transport towards
mitochondrial oxidation. This step circumvents any
rate limitations imposed by sarcolemmal uptake pro-
cesses. Intracellular NEFA are converted to acyl-CoA by
long chain acyl-CoA synthetase (LCACS) before being
reincorporated into TAG for storage, or more impor-
tantly for exercise, before entering the mitochondria for
oxidation (McArthur et al. 1999). Long chain acyl-CoA
cannot diffuse across the inner mitochondrial mem-
brane, and so it must first be converted by carnitine acyl
transferase (CAT) to acyl-carnitine (Weber 1992). After
traversing the inner membrane, a second CAT reconverts
acyl-carnitine to acyl-CoA, which then enters the
B-oxidation pathway. The resulting acetyl-CoA enters
the Krebs cycle, leading to the aerobic production of
COz, Hzo, and ATP.

Analysis of the entire system of exogenous FA
transport and oxidation in exercising mammals
reveals that overall flux is not limited by adipocyte
mobilization or by mitochondrial oxidation capacity.
For example, a significant fraction of NEFA liberated by
HSL are re-esterified to TAG within the adipocyte
(Weber 1992). Rather, the major limitations on flux
appear to occur during circulatory transport, and
particularly during sarcolemmal uptake (Vock et al.
1996). Thus, when considering migratory birds it is
likely that the greatest differences from mammals should
be in circulatory routes, and especially in the mechan-
isms involved in the uptake of FA across the sarco-
lemma.

Enhanced utilization of exogenous fatty acids in
birds

There are many possible ways migratory birds could
augment exogenous FA utilization capacity, and
although not all are likely to be major determinants of
flux, metabolic control theory suggests that several may
contribute significantly (Hochachka and Somero 2002).
For convenience, mechanisms can be divided into those
relating to adipose sources, circulatory pathways, myo-
cyte uptake, and intracellular disposal (esterification and
oxidation).
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Modulation of fat quality

Besides increasing the amount of fat storage, migrant
birds may be able to facilitate FA mobilization by
changing the physical properties of fat. Most of the FA
stored by vertebrates are 14—24 carbons in length with
zero to six double bonds (Raclot 2003). Mammalian
adipocytes release FA preferentially based on chain
length and unsaturation level. At the same number of
carbons, FA with more double bonds are preferentially
released, and conversely, at the same number of double
bonds, shorter chain lengths are preferred (Raclot 2003).
Unsaturated FA may also be preferentially transported
and oxidized (Leyton et al. 1987). Although such
preferential mobilization and oxidation of unsaturated
FA has not been demonstrated in birds, recent empirical
studies suggest that fatty acid composition of birds
affects performance during migration in birds (see
below).

Augmentation of circulatory transport

Improving circulatory transport capacity could be an
important adaptive mechanism for exogenous FA trans-
port. Heart size has been shown to increase during
migration in some species, probably increasing cardiac
output (Piersma et al. 1996, 1999, Guglielmo and
Williams 2003). This, however, has been suggested to
be related to elevated hematocrit in migrants (Piersma
et al. 1996, Landys-Ciannelli et al. 2002). Curiously, high
hematocrit reduces the relative amount of plasma
available for fuel substrate transport, suggesting that
oxygen transport may constrain blood composition
more than fuel transport. High capillary density reduces
diffusion distances, and could facilitate muscle uptake of
FA. Muscle capillarity has been found to increase with
migratory distance in passerine bird species, probably as
a consequence of the smaller fiber diameters of red
muscles of migrants (Lundgren and Kiessling 1988). In
any case, even in hummingbird flight muscle with an
extremely high capillary density (Suarez 1992), only
about one third of the required increase in exogenous
FA uptake can be explained by reduced diffusion
distances (Guglielmo et al. 2002a).

Circulatory transport capacity could be elevated by
increasing plasma albumin concentration or the number
of albumin NEFA binding sites. Large increases in
plasma albumin concentration are unlikely due to the
critical role of albumin in maintaining plasma osmotic
pressure (Jenni-Eiermann and Jenni 1992). Plasma
albumin decreased during flight in pigeons (George
and John 1993). Measurement of the number and
affinities of albumin NEFA binding sites is difficult,
and there are many discrepancies in the literature
(Luiken et al. 1999). Neither of these possibilities has
been thoroughly investigated in birds.
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A very interesting supplementary mode of circulatory
delivery of exogenous FA to muscles was proposed by
Jenni-Eiermann and Jenni (1992) based on their studies
of migratory passerines. Plasma TAG and VLDL levels
were elevated in migrants captured in mid-flight, com-
pared to birds fasted 60 minutes or overnight. They
suggested that the high lipid uptake and processing
capacity of the liver allows it to act as an alternative sink
for exogenous FA originating from adipose tissue, thus
freeing plasma albumin to transport more FA per unit
time. Fatty acids taken up by the liver would be re-
esterified and released back to the plasma in VLDL.
This pathway could provide large amounts of FA to
muscle without the osmotic effects of increased plasma
albumin. Moreover, the hydrolysis of TAG by LPL at the
capillary endothelium can create very high local con-
centrations of NEFA to drive FA influx into myocytes
(McArthur et al. 1999). However, elevated plasma TAG
during flight has not been further confirmed in con-
trolled field or laboratory studies with other species.
Plasma TAG concentration declined in flying pigeons
(Bordel and Haase 1993, Schwilch et al. 1996), and
declined initially and stabilized in red knots Calidris
canutus flying for up to ten hours in a wind tunnel
(Jenni-Eiermann et al. 2001). Plasma TAG also declined
during flight wheel exercise in red-eyed vireos Vireo
olivaceus, a passerine species (Pierce et al. 2005).
Regardless of these negative findings, it is important to
recognize that plasma concentrations do not always
reflect flux, and that even when plasma TAG levels
declined in these studies (e.g., red knots) the absolute
concentrations of FA in TAG were similar to or greater
than in plasma NEFA (1 mM TAG =3 mM NEFA).

If circulatory FA transport by VLDL is an adaptation
for migratory flight, it might also be expected that
muscle LPL activity will be greater in migratory species,
or increased during migratory activity. In fact, muscle
LPL activity did not change between winter and
premigration in rosy pastors Sturnus roseus, or between
winter and spring migration in dark-eyed juncos Junco
hyemalis (George and Vallyathan 1964, Ramenofsky
et al. 1999). Muscle LPL activity also decreased in
dark-eyed juncos over a night of migratory restlessness
(Savard et al. 1991). More thorough investigation of the
dynamics of the lipoprotein circulatory pathway during
flight, and the seasonal modulation of muscle LPL is
needed.

Induction of sarcolemmal uptake mechanisms

The mechanisms of sarcolemmal FA transport may be
the most important determinants of exogenous FA flux,
but they are very poorly understood in migratory birds.
Muscle membrane transporters have not yet been
identified or systematically studied in birds. In a
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preliminary investigation using antibodies to various
mammalian proteins, a protein cross-reacting with anti-
FABPpm was found in pectoralis muscle membranes of
western sandpipers Calidris mauri (C. G. Guglielmo and
A. Bonen, unpubl. data). A western blot analysis with a
small sample (n=7-11 per group) indicated that
FABPpm levels did not differ between non-migratory
and migratory sandpipers. FAT/CD36 was not detected
using three different antibodies. Characterization and
study of the migration-related changes in sarcolemmal
membrane transporters should be a priority for future
research in avian FA metabolism.

Intra-myocyte FA binding capacity is crucial to
muscle FA uptake, and there are two reasons to predict
a priori that muscle H-FABP is important for migratory
flight in birds. The first is a positive correlation between
muscle FA oxidation capacity and H-FABP content
across a variety of animal species (Haunerland 1994).
The second reason is the intriguing pattern of H-FABP
expression in flight muscles of desert locusts Schistocerca
gregaria, which like birds rely on FA oxidation for
migratory flight (Haunerland 1994). During the flight-
less nymph stages no H-FABP is expressed in locust
flight muscle. Transcription of the H-FABP gene is
initiated dramatically soon after the final ecdysis to the
winged adult, and continues until H-FABP becomes the
most abundant cytosolic protein in locust flight muscle
(18% cytosolic protein). Locusts cannot support endur-
ance flight until high levels of H-FABP are present, and
flight training further increases H-FABP expression.
Although the presence of FA binding by cytosolic
protein fractions of chicken Gallus domesticus muscle
was reported some time ago (Collins and Hargis 1989),
the first positive identification of H-FABP in a bird was
made only recently in pectoralis muscle of migratory
western sandpipers (Guglielmo et al. 1998). As pre-
dicted, H-FABP was several fold more abundant in
sandpiper flight muscle than in any mammalian skeletal
muscles studied (Guglielmo et al. 1998, Guglielmo et al.
2002a). Furthermore, H-FABP levels increased by ap-
proximately 70% during migration (Fig. 2a, Guglielmo
et al. 2002a). Pectoralis H-FABP concentration was also
found to increase during migration in barnacle geese
Branta leucopsis (Pelsers et al. 1999). As noted above, the
available evidence indicates that even birds in a non-
migratory state can utilize FA as the primary fuel for
flight (at least for a short time), probably by relying on
intra-myoctye TAG. Thus, the rise in pectoralis H-FABP
in migrants appears to be a response to the specific
requirement for exogenous FA, rather than a mechanism
simply to increase total FA oxidation capacity. Addi-
tional study of the endocrine and metabolic regulation of
H-FABP in flight muscles of migrants would be infor-
mative, especially in light of an apparent requirement for
endurance flight training to stimulate protein expression
(Pelsers et al. 1999, Guglielmo et al. 2002a).
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Fig. 2. Migration related increases in pectoralis muscle (a) heart
type fatty acid binding protein (H-FABP) concentration
(Fi.105=92.7, P=0.0001), and (b) carnitine palmitoyl trans-
ferase (CPT; Fy 03 = 17.3, P = 0.0001) and hydroxyacyl-CoA-
dehydrogenase (HOAD; F; jp3 = 14.6, P = 0.0002) activities of
female western sandpipers (adult and juvenile combined, n = 30
for both non-migrants and migrants). Values are means +S.D.

Enhancement of intracellular disposal and oxidation

The extracellular to intracellular gradient that drives
NEFA uptake by myocytes during exercise can be
maintained only if NEFA are rapidly processed into
other biomolecules and subsequently oxidized
(McArthur et al. 1999). The first step in this process,
the conversion to acyl-CoA by LCACS, has not been
studied in migratory birds. However, migration-related
changes in activities of mitochondrial enzymes involved
in FA oxidation have been measured in a number of
studies (George and Vallyathan 1964, Marsh 1981,
Lundgren and Kiessling 1985, 1986, Driedzic et al.
1993, Guglielmo et al. 2002a). Migration is often
associated with increased muscle mitochondrial volume
densities (Evans et al. 1992), and higher activities of
CAT, B-oxidation enzymes (e.g., hydroxyacyl-CoA-dehy-
drogenase, HOAD), Krebs cycle enzymes (e.g., citrate
synthase), and enzymes of the mitochondrial electron
transport chain (e.g., cytochrome oxidase). In western
sandpipers carnitine palmitoyl transferase (CPT) and
HOAD activity increased in pectoralis muscle by only
12-13% during migration (Guglielmo et al. 2002a; Fig.
2b), much less than the relative increase in muscle
H-FABP (Fig. 2a). This again suggests that muscle FA
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oxidation capacity in the non-migration state is probably
sufficient to support flight exercise, but that endurance
time may be limited by the intra-myocyte TAG supply.

Physiological constraints and rate of fat storage
in birds

In previous sections, we have described how migratory
birds fuel very high intensity exercise during flight with
fatty acids delivered from the adipose tissue to the
working muscles by the circulatory system. Given the
primary importance of fatty acids for fueling intense
exercise, migratory birds must store enough fat in
adipose and other tissues to successfully accomplish a
migratory flight. The rate at which fat stores are
deposited affects the overall tempo of migration (Lind-
strom 1991, 2003). We now focus on physiological
constraints that influence the rate of fat storage in wild
birds. In the next section we focus on the process of fat
storage and what determines the fatty acid composition
of body fat in migratory birds.

Birds during migration alternate between fasting while
flying and then feeding and refueling upon arrival at
migratory stopover sites in preparation for subsequent
migratory flight(s). These rapid changes in feeding rate
and food quality over short periods of time (i.e., hours to
days) affect the structure and function of the digestive
system in migratory birds that in turn influences the
tempo of bird migration. For example, fasting during a
migratory flight reduces the size of the digestive system
in birds (Battley et al. 2000), when fasted birds are
provided ad libitum food their food intake is reduced for
one or several days until their digestive system is rebuilt
(Klaassen and Biebach 1994, Hume and Biebach 1996,
Klaassen et al. 1997, Karasov and Pinshow 1998,
Karasov and Pinshow 2000, Pierce and McWilliams
2004). Thus, features of the gut (e.g., size, nutrient
uptake rates, digestive enzyme activity) of migratory
birds are modulated in response to changes in diet
quality and quantity (see reviews by McWilliams and
Karasov 2001, and Piersma 2002), and these digestive
adjustments are likely important for permitting the high
feeding rate of migratory birds. However, these digestive
adjustments can also constrain the rate of energy intake
and diets eaten by birds during migration because of the
time-lag associated with rebuilding gut capacity (Piersma
2002, Karasov and McWilliams 2004, McWilliams and
Karasov 2004). Other recent, comprehensive reviews of
phenotypic flexibility in the digestive system of birds and
mammals provide more discussion of this important
topic (Karasov 1996, Piersma and Lindstrom 1997,
Starck 1999, McWilliams and Karasov 2001, Karasov
and McWilliams 2004, McWilliams and Karasov 2004).

Although we focus on the dynamics of storage and use
of fat in birds during migration, lean mass of birds is
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also quite dynamic over even short time scales (e.g.,
hours and days) (Piersma 1990, Piersma and Jukema
1990, Lindstrom and Piersma 1993, Bauchinger and
Biebach 2001). The increase in muscle capacity in
migratory birds is necessary to satisfy the physiological
demands of long-distance flight (reviewed by Butler and
Bishop 2000). The nutrient-limitation hypothesis sug-
gests that the initially slow rate of mass gain observed in
migrating birds at stopover sites (Rappole and Warner
1976, Biebach et al. 1986, Moore and Kerlinger 1987,
Gannes 2002) occurs because birds utilize protein during
migration, and recovery of these protein reserves must
occur first, and is slow (Klaassen and Biebach 1994,
Klaassen et al. 1997, McWilliams and Karasov 2001).
The gut-limitation hypothesis described above and the
nutrient-limitation hypothesis may not be mutually
exclusive if protein in the gut is used as a primary source
of reserve protein as suggested by recent studies
(Karasov and Pinshow 1998, Piersma 1998, Pierce and
McWilliams 2004).

The process of fattening and the fatty acid
composition of body fat

If fat is the prime fuel, how do birds fill up their fuel
tank?

Birds are like other vertebrates in that they get fatter by
increasing energy intake, decreasing energy expenditure,
and/or decreasing excreted energy (i.e., fecal and urinary
energy). Migratory birds accumulate fat stores primarily
by eating more (i.e., hyperphagia) and by selecting diets
based in part on total lipid content (Blem 1990, Stiles
1993, Bairlein and Gwinner 1994, Biebach 1996).

Diet composition affects both rate of fattening and the
fatty acid composition of the fat deposited. For example,
diets with high protein-to-calorie ratios minimize fat
storage and enhance muscle building in chickens because
excess protein increases levels of insulin-like growth
factor-I which inhibits fat deposition. In contrast,
diets with low protein-to-calorie ratios maximize fat
storage (Rosebrough and McMurtry 1993, Klasing
1998). Chickens fed isocaloric diets composed of mostly
fat or carbohydrates accumulated body fat at similar
rates as long as the ratio of dietary protein to metaboliz-
able energy in their food was similar (Laurin et al. 1985).
Although fat deposition in these birds was similar, fatty
acid composition of the fat stores of birds fed the high-
fat diet was more similar to that of dietary fats whereas
that of birds fed the high-carbohydrate diet was often
different because the dietary carbohydrates were used
by the liver to synthesize fatty acids, a process called
de novo synthesis (Klasing 1998).

There are few comparable studies conducted using
birds other than domestic poultry. In one of the few such
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studies, Bairlein (1998) found that high-protein diets
inhibited fattening rate in garden warblers Sylvia borin,
a long-distance migratory songbird. However, unlike
chickens, fattening rates in garden warblers were affected
by the relative amounts of dietary fat and carbohydrates
(Bairlein 1998). Such studies are particularly relevant to
the many songbirds that switch from feeding on insects
(high protein-to-calorie ratio) to fruits (low protein-to-
calorie ratio) during their migration (Bairlein 1991,
Bairlein and Gwinner 1994, Parrish 1997). More studies
are needed that address how diet composition affects fat
deposition rates in other wild birds.

What determines the fatty acid composition of body
fat?

Dietary fats provide a pool of fatty acids used to satisfy
immediate requirements for energy and other essential
functions (e.g., pigments, cellular transport, membrane
structure) and to store fat in adipose and other tissues in
birds. Lipids are the only dietary component that is
deposited intact into tissues (Klasing 1998). Conse-
quently, fatty acid composition of the diet can primarily
determine the fatty acid composition of fat stores in
birds (West and Meng 1968, Thomas and George 1975,
West and Peyton 1980), although some conversion of
dietary fatty acids occurs and this selective metabolism
can create differences between fatty acid composition of
diet and body fat stores (Blem 1990, Klasing 1998). The
extent to which dietary fatty acids are converted after
intestinal absorption is potentially much greater in birds
compared to mammals. Dietary fats in the intestine of
birds are absorbed as portomicrons into the portal blood
and then go directly to the liver where they may be
metabolized (Klasing 1998). In contrast, dietary fatty
acids in the intestine of mammals are collected together
with phospholipids and cholesterol into droplets called
chylomicrons that are then conveyed in lymph directly to
the circulatory system and so bypass the liver (Randall
et al. 2002).

Although few studies document fatty acid composi-
tion of fat stores in birds during migration (Table 1),
some patterns are evident. Most lipids in migrating birds
are comprised of 16- or 18-carbon fatty acids, and
unsaturated fatty acids (mostly 16:1, 18:1 and 18:2)
usually predominate over saturated fatty acids (mostly
16:0 and 18:0)(Blem 1976, Blem 1980). Three fatty acids
(16:0, 18:1 and 18:2) usually comprise at least 75% of the
fatty acids in body fat of birds during migration (Table
1). Songbirds may store more 18:0 during fall compared
to spring migration (Table 1), although the few studies
conducted since Walker (1964) do not support this
claim. Discerning patterns in the relative abundance of
these more common fatty acids in migrating birds is
complicated because older studies analyzed the whole
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carcass so that structural and storage lipids were not
separated whereas more recent studies focus on stored
subcutaneous fat (Table 1).

Blem (1990) noted no consistent pattern in fatty acid
composition of body fat between nonmigratory birds,
birds during their migration, and migratory birds during
their non-migratory periods, except that the body fat of
nonmigratory birds had proportionately less 18:1 com-
pared to 18:2 whereas body fat of migratory birds had
proportionately more 18:1 compared to 18:2. A few
recent studies have directly compared fatty acid compo-
sition of fat depot just before and during migration in
the same bird species, an approach recommended by
Blem (1976). Proportion of 16:1 and 18:1 increased
between winter and spring migration in western sandpi-
pers (Egeler and Williams 2000), and proportion of 18:1
increased just prior to migration in wood thrush
Hylocichla mustelina (Conway et al. 1994). Similarly,
proportion of 16:1 increased between breeding period
(2%) and fall migration (28%) in red-eyed vireos (Pierce
2003). Thus, birds during migration may increase the
proportion of monounsaturated 16- and 18-carbon fatty
acids although this trend requires confirmation in many
more migratory birds.

The predominance of 16- and 18-carbon fatty acids in
migrating birds is surprising given the diverse food
habits of those bird species studied, including frugivores,
nectarivores, insectivores, granivores, and omnivores. If
diet primarily determines the fatty acid composition of
birds, then the foods eaten by this diversity of birds must
contain primarily these three fatty acids. Alternatively,
selective metabolism may play a very important role in
determining the fatty acid composition of fat stores in
birds during migration.

Behavioral preferences of birds for diets with specific
fatty acids

Migratory birds prefer diets with specific fatty acids and
this may allow birds with quite different food habits to
select those foods with certain fatty acid compositions.
For example, red-eyed vireos preferred diets with long-
chain unsaturated fatty acids (18:1) over diets with long-
chain saturated fatty acids (18:0), and they ate more
when offered diets with mostly unsaturated fat than
when offered diets with more saturated fat (Pierce et al.
2004). Garden warblers (Bairlein 1991) and yellow-
rumped warblers Dendroica coronata (McWilliams
et al. 2002) also preferred diets with 18:1 over diets
with 18:0. Although wood thrushes preferred diets with
primarily 18:1 (olive oil) over diets with 18:2 and 18:3
(soy oil, Zurovchak 1997), red-eyed vireos did not have a
specific preference for diets with 18:1 over diets with 18:2
(safflower oil, Pierce et al. 2004). When given choices of
diets with only saturated fatty acids, red-eyed vireos
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(Pierce et al. 2004) and garden warblers (Bairlein 1991)
ate more of the diet(s) containing shorter-chained fatty
acids. For example, garden warblers preferred diets with
16:0 over diets with 18:0, and vireos ate more of diets
with 14:0 than diets with 16:0. Thus, migratory birds
prefer diets with certain fatty acids. These diet prefer-
ences for specific fatty acids may ensure that a bird’s
fat stores are composed of certain fatty acids prior to
some energetically demanding event (i.e., migration, egg-
laying, living in the cold).

Selective metabolism and the fatty acid composition
of migrating birds

Our understanding of fatty acid metabolism in birds is
based almost entirely on studies of the domestic chicken
Gallus gallus. Given that most elongation and desatura-
tion of fatty acids is mediated by specific enzymes, and
there is much variation among other vertebrates in the
activity and capacity of these specific enzymes (Klasing
1998), we expect future studies to reveal that bird taxa
differ in their ability to metabolize dietary fatty acids
and that these differences have important ecological
significance.

Chickens have the enzymatic capacity to desaturate
linoleic acid (18:2n-6), an essential fatty acid, to
v-linolenic acid (18:3n-6) which may be elongated by
two carbons and desaturated again to arachidonic acid
(20:4n-6; Klasing 1998). Recent work by Pierce (2003)
suggests that red-eyed vireos, a long-distance migratory
songbird, also have the enzymatic capacity to desaturate
linoleic acid. Additional evidence for selective metabo-
lism of fatty acids in vireos included: (a) their ability to
preferentially store 16:0 as indicated by its proportion in
the diet (10.9%) compared to that in the depot fat of
vireos fed this diet for six months (24.9%), and (b) a
gradual increase from 11% to 22% in the proportion of
18:2n-6 in the fat of vireos while they were fed a semi-
synthetic diet with 28% 18:2n-6 for >1 year (Pierce et al.
2005). Selective metabolism plays an important role in
determining the fatty composition of body fat in vireos
and other birds (reviewed by Blem 1976, 1980), although
fatty acid composition of diet more strongly influenced
fatty composition of vireos. Clearly, as noted above,
more studies are needed that ascertain the capacity for
selective metabolism of dietary fatty acids in a diversity
of migratory bird taxa.

Fatty acid composition of birds affects their
performance during exercise

Thus far we have discussed how birds acquire fat stores
and what determines the fatty acid composition of their
body fat. These mechanisms may explain why the fat
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stores of birds during migration are comprised of certain
16- and 18-carbon fatty acids (Table 1). An equally
intriguing question is whether the fatty acid composition
of migrating birds has any functional significance. Fatty
acid composition of fat stores affects exercise perfor-
mance in rats and fish in part because unsaturated fatty
acids are preferentially used during metabolism over
saturated fatty acids (Leyton et al. 1987, Raclot and
Groscolas 1995, McKenzie et al. 1997, McKenzie et al.
1998). In rats and humans, high levels of essential n-6
polyunsaturated FA in muscle membrane phospholipids
have been associated with improved endurance capacity,
and n-6 FA appear to be depleted from membranes by
repetitive exercise (Ayre and Hulbert 1996, 1997,
Andersson et al. 1998). Adriatic sturgeon fed a diet
rich in highly unsaturated fatty acids had lower resting
oxygen consumption rates, and performed better in
hypoxic conditions, than did sturgeon fed a diet rich in
saturated fatty acids (McKenzie et al. 1997).

No previous study of birds has documented whether
fatty acid composition of fat stores has performance
consequences for birds. We fed red-eyed vireos, a long-
distance migratory songbird, semisynthetic diets with
either 82% unsaturated fat (82%U) or 58% unsaturated
fats (58%U). We then measured the vireo’s resting
metabolic rate using standard procedures and their
peak metabolic rate using a hover-flight wheel (see
Chappell et al. 1999, Pierce et al. 2005). As expected
given the importance of dietary fat in determining fat
composition of birds, vireos fed the §2%U diet had fat
stores comprised of mostly (77%) unsaturated fatty
acids, and vireos fed the 58% U diet had fat stores
comprised of less (66%) unsaturated fatty acids. Resting
metabolic rate of vireos fed the 58%U diet was similar to
that of vireos fed the 82%U diet (2.75+0.32 mlO,/g/h
and 2.304+0.30 mlO,/g/h, respectively; F; g =1.09, P =
0.33). However, peak metabolic rate of vireos fed the
58%U diet was significantly higher than that of vireos
fed the 82%U diet (F; 5 =9.45, P =0.015; Fig. 3).

351

30 T

Oxygen consumption
(ml O,/g/hr)

Birds fed 82%U diet Birds fed 58%U diet

Fig. 3. Mass-specific peak metabolic rate (MR,k) for two
groups (n=35 per group) of red-eyed vireos fed diets with
different fatty acid composition. MRy, is the maximum
consecutive 1-min O, consumption of red-eyed vireos forced
to hover and hop for ca 40 minutes in a modified enclosed
running wheel. MR ., was significantly different at P <0.05
between diet groups.

JOURNAL OF AVIAN BIOLOGY 35:5 (2004)



This recent work demonstrates that fatty acid compo-
sition of a migratory bird affects energetic performance
during intense exercise. Such whole-animal effects of fat
composition of birds suggest that birds during migration
would benefit from selecting foods with certain fatty
acids. However, the results from the vireo study are
intriguing in that vireos composed of less long-chain
unsaturated fatty acids had higher peak metabolic rates
even though vireos chose diets with more long-chain
unsaturated foods during behavioral preference experi-
ments. Perhaps there is some “optimum” fatty composi-
tion of migratory birds that maximizes the performance
of birds during intense exercise, although this hypothesis
has yet to be tested. For example, muscle phospholipids
were more monounsaturated during migration in wes-
tern sandpipers, and n-6 fatty acids decreased from
premigration through migration seasons (Guglielmo et
al. 2002b). Whether the very high constitutive levels of
arachidonic acid (20:4n-6) measured in muscle phospho-
lipids of premigrant sandpipers, or other changes in
membrane FA profiles improve FA utilization is an
interesting question for future study.

Energetic costs of migratory flight

In previous sections we have emphasized the importance
of fat stores for fueling the energetic costs of migration,
and the physiological processes and ecological condi-
tions that influence the quality and quantity of fat stored
by birds during migration. Although many associate
migration with migratory flight, it is important to
recognize that approximately 90% of the migration
period is spent stationary at successive stopover sites
(Hedenstrom and Alerstam 1998). Birds at stopover sites
spend their time resting and foraging as they rebuild
protein and energy stores in preparation for their next
migratory flight. Recent estimates of energy expenditure
of songbirds over their entire migration suggest that
birds expend twice as much energy during stopovers
than during migratory flight (Hedenstrom and Alerstam
1998, Wikelski et al. 2003). Thus, a complete energy
budget of birds during migration must consider both the
energy gains and losses incurred during stopovers as well
as during migratory flight. We conclude this review with
a summary of how the costs of migratory flight have
been estimated, their accuracy relative to measured flight
costs, and the application of these estimates of flight cost
for predicting flight range, optimal departure fuel load,
and size-dependency in breeding strategy of birds.
Flight costs can be estimated using aerodynamic
theory (e.g., Pennycuick 1989) and allometric equations
(e.g., Masman and Klaassen 1987). Aerodynamic models
are often preferred because they can account for how
variation in flight altitude, body mass, morphometry, air
density, and other factors affect flight costs. But, how
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well do estimates from aerodynamic models fit empirical
flight cost estimates? In Fig. 4, we provide an overview of
empirical flight cost estimates in unrestrained birds
during prolonged flight and compared these with two
predictions from aerodynamic theory: one from Penny-
cuick’s original 1989 model (from now on referred to as
Pen89) and one with the same model but using a much
lower body drag coefficient (Pennycuick et al. 1996;
referred to as Pen96). Although the match on the
depicted log-log scale may look impressive, predictions
according to aerodynamic theory were significantly
different from empirical findings: on average 13% (range:
50 to 99%) and —28% (range: 66 to 51%) for Pen89 and
Pen96 predictions, respectively (Repeated measures
ANCOVA: F,30=3.33, P <0.05). In the remainder of

1000

100 -

Flight power (Watts)

0.1 I I )
0.01 0.1 1 10

Body mass (kg)

Fig. 4. Empirically estimated power requirements for flight
for 20 species of birds in relation to body mass (black dots;
Y =10!780£0:073 x0.868£0.065 R2_() 908; error terms are stan-
dard errors). In the same graph predicted power requirements
according to Pennycuick (1989); circles; Y =10!790+0-060
X0914£0055 'R2 (948, N =17) and Pennycuick et al. (1996);
crosses; Y =101:044£0-060 x0.9755£0.055 'R2 _() 954, N =17) are
depicted. Predictions from aerodynamic models were based on
birds flying at sea level and with the species-specific wing
characteristics and flight speeds. Most empirical flight cost
studies provided for these parameters, but, data on wing
morphometrics were also obtained from Robbins et al. (1966),
Masman and Klaassen (1987), Tobalske and Dial (1994),
Pennycuick et al. (1996), Butler et al. (1998), Bruderer and
Boldt (2001), and from some internet sources. Additional flight
speed data came from Bruderer and Boldt (2001). Studies
included are on Anas rubripes (Berger et al. 1970), Branta
leucopsis (Butler et al. 2000), Calidris canutus (Kvist et al.
2001), Columba livia (LeFebvre 1964, Butler et al. 1977, Rothe
et al. 1987, Gessaman and Nagy 1988), Corvus cryptoleucus
(Hudson and Bernstein 1983), Delichon urbica (Hails 1979,
Westerterp and Bryant 1984), Falco sparverius (Gessaman
1980), Falco tinnunclus (Masman and Klaassen 1987), Hirundo
rustica (Hails 1979, Turner 1982a,b), Larus atricilla (Tucker
1972), Larus delawarensis (Berger et al. 1970), Luscinia luscinia
(Klaassen et al. 2000), Melopsittacus undulatus (Tucker 1966),
Progne subis (Utter and Levebre 1970), Riparia riparia (Turner
1982a,b, Westerterp and Bryant 1984), Sterna fuscata (Flint and
Nagy 1984), Sturnus vulgaris (Torre-Bueno and LaRochelle
1978, Westerterp and Drent 1985, Ward et al. 2001). Only the
least square fit through the empirical data points is depicted.
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this section we show that predicted flight range, optimal
departure fuel load, and size-dependency in breeding
strategy differ depending on the choice of model used.

Maximum flight range estimates

The maximum coverable distance is an important
parameter in birds that have to migrate across inhos-
pitable areas such as oceans and deserts, and for birds
that make use of discontinuously distributed food
resources and are bound to specific habitats for stopover.
Aerodynamic theory predicts that flight range of birds
sharply decreases with size (Klaassen 1996). However, if
we estimate maximum flight range (m) by multiplying
maximum fuel load of a bird (J) by flight speed (m/s) and
then dividing this by the power requirements for flight
(Watt or J/s) estimated from the empirical flight cost
model, this results in a far smaller change in flight range
with body size than predicted using aerodynamic theory
(Klaassen 2003, also see Jenni-Eiermann and Jenni
2003).

Size-dependent breeding strategy in arctic breeding
birds

“Capital” and “income” breeding in birds are two
alternative breeding strategies characterized by the
extent to which the nutritional and energy costs of
reproduction are satisfied by endogenous resources
versus local exogenous food resources. Klaassen (2003)
investigated whether capital breeding in arctic-breeding
birds was size-dependent by estimating the costs of
migration and reproduction for birds of different sizes.
If Pennycuick’s predictions for power requirements of
migratory flight model were used, then the capital
breeding strategy was predicted to be extremely difficult
for large birds given their short flight range and long
refuelling times. However, if the empirical flight cost
model was used, capital breeding was predicted to be a
more likely breeding strategy for large birds. Support for
the empirical flight cost model comes from various
sources indicating the use of a capital breeding strategy
in large but not small arctic breeding birds (Klaassen et
al. 2001, Klaassen 2003).

Departure fuel load

Aerodynamic theory predicts that flight costs for an
individual bird on migration will decrease as fuel stores
are catabolised. These predictions have recently been
challenged by Kvist et al. (2001) studying red knots
flown in a windtunnel. In Fig. 5, Kvist and colleagues’
findings for the red knot are plotted together with the
Pen89 and Pen96 predictions. The empirical data suggest
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Fig. 5. Flight costs in relation to body mass for individual red
knots (different symbols indicate different individuals) accord-
ing to measurements by Kvist et al. 2001 (heavy line) and
predictions by aerodynamic models (Pennycuick 1989, thin line;
Pennycuick et al. 1996, dashed line). For the aerodynamic
models we used the default settings of Pennycuick’s (1989)
program. For the model calculations, the red knot was assumed
to have a lean mass of 100 g, with a wing span of 0.512 m, an
aspect ratio of 8.35, an energy density of its fuel stores of 30 kJ/
g, and to fly in air with an air density of 1.25 g/l.

that flight costs decrease at a much slower rate with a
decrease in fuel load than indicated by the aerodynamic
models. These differences between empirical findings
and predictions of the aerodynamic model have impor-
tant implications because aerodynamic models have been
extensively used to predict aspects of stopover behavior
of migrating birds such as optimal staging time, optimal
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Fig. 6. Optimal departure fuel load in relation to fuel deposi-
tion rate (or site quality) for red knots exhibiting the three
different flight cost curves depicted in Fig. 5: empirical flight
cost model according to Kvist et al. 2001 (heavy line) and
Pennycuick’s 1989 (thin line) and Pennycuick et al. 1996 (dashed
line) aerodynamic flight cost models. Optimal departure fuel
loads were calculated according to Alerstam and Lindstrom
1990 assuming a search/settling time of 2 days.
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range and optimal fuel load (e.g., Alerstam and Lind-
strom 1990, Klaassen and Lindstrom 1996, Weber and
Houston 1997, Weber et al. 1998). As an example, the
empirical flight cost model predicts much higher optimal
departure fuel loads than Pennycuick’s models for a
given fuel deposition rate (or site quality; Fig. 6).

In summary, measuring flight costs of a focal species is
seldom feasible, forcing researchers to use empirical or
theoretical models to generate predictions. The analyses
presented by Weber and Houston (1997), Klaassen
(2003) and here indicate that the choice of models may
strongly affect the predictions, so that sensitivity ana-
lyses should be standard procedure in studies involving
flight cost estimates.

Conclusions

The evolution of long distance migration in birds
required a suite of behavioral, morphological, and
physiological adaptations. Primary among these was
the ability to sustain very high intensity exercise for
very long periods of time. Although the predictions from
the various energetic flight cost models show consider-
able error they all highlight the substantial power
requirements for flight. The extreme endurance times
achieved by migrants could therefore only be accom-
plished by the oxidation of FA originating in extra-
muscular adipose tissue. Ironically, the hydrophobic
properties of fat that make it an ideal fuel for storage
(high energy to wet mass ratio), also make it extremely
difficult to transport and oxidize during intense exercise.
Soluble protein carriers are needed at every step of FA
transport. Major physiological adjustments in FA trans-
port have likely occurred in pathways of circulatory
transport, and especially in mechanisms of myocyte
uptake. Progress has been made in the study of lipid
metabolism of migratory birds, but there is much yet to
be discovered at both the biochemical and physiological
level. Future research should focus on the development
of methods to measure the kinetics of endogenous and
exogenous FA utilization (e.g., tracer infusions), the
resolution of the issue of VLDL as a FA transporter in
avian exercise, the identification of membrane transpor-
ters and their seasonal cycles, and the endocrine and
metabolic regulation of FA transport and oxidation
pathways. Migratory birds are superbly adapted to store
and use fat. Throughout their lives they repeatedly
become “morbidly obese”, exercise at levels that far
surpass elite athletes, and then cure themselves. Thus,
they offer an intriguing model for study of lipid
metabolism, exercise, and obesity.
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