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Abstract

Birds during migration must satisfy the high energy and nutrient demands associated with repeated, intensive flight
while often experiencing unpredictable variation in food supply and food quality. Solutions to such different challenges
may often be physiologically incompatible. For example, increased food intake and gut size are primarily responsible for
satisfying the high energy and nutrient demands associated with migration in birds. However, short-term fasting or food
restriction during flight may cause partial atrophy of the gut that may limit utilization of ingested food energy and
nutrients. We review the evidence available on the effects of long- and short-term changes in food quality and quantity
on digestive performance in migratory birds, and the importance of digestive constraints in limiting the tempo of
migration in birds. Another important physiological consequence of feeding in birds is the effect of diet on body
composition dynamics during migration. Recent evidence suggests that birds utilize and replenish both protein and fat
reserves during migration, and diet quality influences the rate of replenishment of both these reserves. We conclude
that diet and phenotypic flexibility in both body composition and the digestive system of migratory birds are important in
allowing birds to successfully overcome the often-conflicting physiological challenges of migration. � 2001 Elsevier
Science Inc. All rights reserved.
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1. Introduction

Birds face many physiological challenges during
migration, especially in terms of feeding and di-
gestion. In preparation for migration, birds in-

Ž .crease their food intake i.e. become hyperphagic
and store the energy and nutrient reserves neces-
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Ž .E-mail address: srmcwilliams@uri.edu S.R. McWilliams .

sary to fuel the costs of subsequent migratory
Ž . Žflight s Alerstram and Lindstrom, 1990; Blem,

.1990; Biebach, 1996 . For most temperate zone
breeding songbirds, migration itself involves many
flights interspersed with layovers at ‘stopover’ sites
where energy and nutrient reserves are rebuilt.
Thus, birds during migration alternate between
periods of high feeding rate at migratory stopover
sites and periods without feeding as they travel
between stopover sites. These intervals without

Ž .food may be relatively short e.g. �8 h for birds
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migrating short distances at a given time or the
intervals without food may last for days for birds
migrating over oceans or other large ecological

Ž .barriers e.g. deserts, mountains . Herein we re-
view how hyperphagia and short-term fasting af-
fect digestive structure and function in migratory
birds, and how they may influence the tempo of
their migration.

Migratory birds often switch their diets seaso-
nally. For example, many waterfowl switch from

Ž .high carbohydrate foods e.g. seeds to high pro-
Ž .tein foods e.g. aquatic insects, new plant tissue

Žwhen preparing for breeding Krapu and Rei-
.necke, 1992 . Also, many insectivorous songbirds

switch to feeding primarily on fruits during migra-
Žtion Evans, 1966; Herrera, 1984; Izhaki and

Safriel, 1989; Bairlein, 1990, 1991; Bairlein and
.Gwinner, 1994; Biebach, 1996 . This dietary switch

from insects to fruits may conserve energy be-
cause fruits that are abundant are less energeti-
cally expensive to obtain compared to insects.
Fruits may be nutritionally adequate if only fat
reserves must be replenished. However, fruits may
be inadequate if birds must replenish both fat and
protein reserves during migration because, in

Žgeneral, fruits contain relatively little protein Bi-
.ebach, 1996 . Dramatic changes in dietary subs-

trate from, for example, protein-rich insects to
carbohydrate-rich fruits, offer significant physio-

Žlogical challenges for birds Afik and Karasov,
.1995; Karasov, 1996 . Herein we review how

changes in diet quality affect digestive structure
and function in migratory birds, and how it may
influence the tempo of their migration.

2. Phenotypic plasticity and flexibility in
physiological systems

Physiological adaptation can be deduced from
Žcomparative interspecific analyses of traits e.g.

organ size and function, nutrient transport rates
.and metabolic rate with appropriate control for

phylogeny. Accordingly, a central theme of evolu-
tionary physiology involves conducting compara-
tive studies of physiological traits in vertebrate

Žtaxa with different life styles Feder et al., 1987;
.Wainwright and Reilly, 1994 . However, many

such physiological traits exhibit considerable vari-
ability in ecological time both within and among
individuals which may make it difficult to detect
important adapted patterns. The form of pheno-

typic variation that involves a single genotype
producing different phenotypes in response to
variation in some environmental variable is called

Ž‘phenotypic plasticity’ Travis, 1994; Piersma and
.Lindstrom, 1997 . Rapid reversible changes in

body composition, organ size, and digestive
processes provide examples of flexible norms of

Ž .reaction Stearns, 1989; Travis, 1994 or ‘pheno-
typic flexibility’ in that they may represent flexible

Žresponses to changes in the environment Piersma
.and Lindstrom, 1997 . Such phenotypic flexibility

in physiological traits may itself be a critical com-
ponent of the adaptive repertoire of animals that
may influence diet diversity, niche width, feeding
rate, and thus the acquisition of energy and es-

Žsential nutrients Karasov, 1996; Kersten and
Visser, 1996; Pigliucci, 1996; McWilliams et al.,

.1997; Piersma and Lindstrom, 1997 .
Understanding the patterns and consequences

of phenotypic plasticity and flexibility has impor-
tant implications for animal ecology. Defining
these implications requires mechanistically linking
the study of the trait in its various forms with
some ecologically relevant performance criteria
Ž .Arnold, 1983; Wainwright and Reilly, 1994 . Eco-
morphologists have established a tradition of such
studies although their usual focus is on compar-
ing the average response of many individuals,
thus viewing variation in response or phenotypic
plasticity as a nuisance to be avoided or at least
for which control must be exercised. One of the
central themes in this paper is that both body
composition and digestive features of migratory
songbirds are modulated in response to environ-
mental change and this phenotypic flexibility has
important ecological consequences for birds dur-
ing migration.

3. Food intake and digestive performance

The energetic gains that are realized by a bird
when it eats more depend on interactions between

Žfood intake rates and digestive efficiency Kara-
.sov, 1996 . In the absence of extensive spare

digestive capacity, if the absorptive surface of the
gut or its capacity for absorption does not change
when a bird eats more, then the increased flow of
digesta may cause digestive efficiency to decline
and thereby directly discount the potential ener-
getic gains provided by hyperphagia. Alterna-
tively, if gut size increases with food intake, then
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digestive efficiency may not change when a bird
eats more. If tissue-specific digestive enzyme rate
or nutrient transport activity increases with food

Ž .intake with no change in gut size , then digestive
efficiency may also not change when a bird eats
more. Below we discuss the effects of long-term
and short-term increases in feeding rates on di-
gestive performance in birds.

3.1. Effects of long-term increases in food intake on
digesti�e performance

Many studies of birds report increased surface
area and volume of the gut with long-term in-

Žcreases in food intake Savory and Gentle,
1976a,b; Savory, 1986; Dykstra and Karasov, 1992;
Piersma et al., 1993; Karasov, 1996; Piersma and

. ŽLindstrom, 1997; McWilliams et al., 1999 Table
.1 . However, only a few of these studies have

addressed whether such changes in the gut com-
pensate for the potentially negative effects of

Žincreased food intake on digestive efficiency e.g.
. ŽSavory, 1986; Dykstra and Karasov, 1992 Table

. Ž .1 . Dykstra and Karasov 1992 and McWilliams
Ž .et al. 1999 provide the only studies to date in

birds that simultaneously measured adjustments
in gut anatomy, retention time of digesta, diges-

Žtive biochemistry i.e. enzyme hydrolysis rates
.and�or nutrient absorption rates , and digestive

efficiency in response to increased food intake.
They found that rate of digestive enzyme activity
and nutrient uptake per unit of small intestine

did not change with four-fold higher food intake.
Instead, the main digestive adjustment to in-
creased food intake was an increase in gut length,
mass, and volume that largely compensated for
increased digesta flow at high intake rates.

Digestive efficiency in some birds has been
Žreported to increase with increasing intake Owen,

1970; Stalmaster and Gessaman, 1982; Dykstra
.and Karasov, 1992 whereas in other birds, diges-

tive efficiency has been reported to not change
Ž .El-Wailly, 1966; Hamilton, 1985 or decline with

Žincreasing intake West, 1968; Moss and Parkin-
. Žson, 1972 . Bairlein Bairlein, 1985; Bairlein and

.Simons, 1995 suggested that increased digestive
efficiency during hyperphagia is a key mechanism
by which premigratory fattening is achieved in
birds, although his conclusion was based on mea-
surements of apparent and not true digestibility
Ž .Karasov, 1996 . More recent studies of migratory

Žbirds report a slight increase Hume and Biebach,
.1996 or no change in digestive efficiency associ-

ated with increases in food intake during migra-
Žtory periods or during cold temperatures McWil-

.liams et al., 1999; Karasov and Pinshow, 2000 .
Based on current evidence, hyperphagia is the
main mechanism by which energy assimilation is
increased and fattening achieved in migratory
birds.

In summary, birds primarily adjust amount of
gut rather than tissue-specific enzyme or nutrient
absorption rates with long-term increases in food
intake. The increase in gut size allows digestive

Table 1
aPhenotypic flexibility in digestive features and digestive performance in response to changes in food intake in migratory birds

Digestive character Effect of short-term increase in food intake Effect of long-term increase in food intake

Digesti�e feature:
Gut size No change Increase

bSpecific enzyme activity
Ž .Disaccharidases Not measured No change
Ž .Aminopeptidase-N Not measured No change

bSpecific uptake rate
Ž .Glucose Not measured No change
Ž .Amino acids Not measured No change

Digesti�e performance:
Digestive efficiency No change No change or increase
Retention time No change No change

a See text for references.
b Per unit mass or length of gut.
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efficiency to remain constant as food intake in-
creases. Theoretically, there must be some limit
to an animal’s ability to enhance digestive fea-
tures, increase food intake, and sustain elevated

Žmetabolic rates see Ricklefs, 1996 and Ham-
.mond and Diamond, 1997 for recent reviews . For

migratory birds that must fly, gut size increases
with energy expenditure but the increase in gut
size may be limited by other physiological con-
straints associated with flying.

3.2. Effects of short-term increases in food intake on
digesti�e performance

Birds may often experience short-term changes
in food quantity that occur faster than the time
scale required for changes in gut morphology. For
example, birds during migration may one day
encounter preferred fruits or insects that are
ubiquitous, allowing relatively constant food in-
take, whereas the next day their preferred foods
may be patchily distributed and require much
travel time between patches. In such situations, a
bird’s pattern of food intake may differ from day
to day. If changes in food intake occur faster than
the time scale required for digestive adjustment,
then increased food intake may have quite dif-
ferent effects on digestive performance compared
to when longer acclimation times occur.

We know little about how short-term changes
in food intake affect digestive performance in
wild birds. Theoretical optimality models make
explicit predictions about how an animal’s diges-
tive parameters should respond to short-term
changes in time or energy costs associated with

Žprocuring food Penry and Jumars, 1986, 1987;
Martinez del Rio and Karasov, 1990; Martinez

.del Rio et al., 1994 . If animals maximize the net
rate of energy gain, then the model predicts that
when costs of food acquisition are increased, food
should be held longer in the intestine and thus
nutrients in the food will be more thoroughly
digested despite higher food intake. Importantly,
if retention time and extraction efficiency are
modulated as predicted by the model, then de-

Žtermining the profitability e.g. energetic gain di-
.vided by the energetic costs of a given food type

is complicated because digestive efficiency is not
fixed but is instead conditional on the costs of
acquiring the food.

Only two studies have empirically tested the
model’s predictions regarding the effect of short-

term changes in food intake on digestive perfor-
Ž .mance McWilliams and Karasov, 1998a,b . In

both tests of the model, gut volume or size was
assumed constant because the changes in food
intake occurred within a day. Adding 2�3 h inter-
vals when the birds received no food caused both

Ž .Cedar Waxwings Bombycilla cedrorum and Yel-
Ž .low-rumped Warblers Dendroica coronota to in-

crease their food intake 25 and 50%, respectively,
compared to ad libitum conditions. However, con-
trary to the predictions of the model, digestive
efficiency and retention time remained constant
as food intake and costs of feeding increased
Ž .Table 1 . These results suggest that birds may
minimize feeding time by maximizing their extrac-
tion efficiency rather than maximizing their net
rate of energy gain by reducing extraction effi-
ciency in favor of eating more.

In summary, short-term increases in food in-
take did not result in changes in digestive effi-
ciency or retention time, as predicted by optimal
digestion models. Modulation of food intake and
digesta mixing may be the primary ways high,
constant extraction efficiency is maintained dur-
ing short-term changes in food intake. The ability
of birds to maintain high digestive efficiency with
no change in retention time suggests some spare
digestive capacity when food intake increases by
as much as 50%. In general, animals at a given
level of energy intake maintain some spare diges-
tive capacity as evidenced by an ability to rapidly
increase food intake without loss of digestive ef-

Ž .ficiency Diamond, 1991 . As energy requirements
and thus food intake increase, however, the level
of spare capacity at least in small mammals de-
clines even after sufficient acclimation time
Ž .Toloza et al., 1991 .

4. Diet quality and digestive performance

If digestive features such as gut size and rates
of enzyme hydrolysis and absorption are relatively
fixed, then digestive processes will largely de-
termine diet. Species lacking particular digestive

Ž .enzyme s provide clear examples of how diges-
tive features directly constrain diet flexibility.
Passerine birds in the Sturnidae-Muscicapidae
taxon lack sucrase and behaviorally avoid diets

Ž .with sucrose Martinez del Rio, 1990 . Although
cellulose is the most abundant compound in the
biosphere, no vertebrate produces cellulase
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Ž .Karasov and Hume, 1997 . Accordingly, the ma-
Ž .jority of birds species 97% do not eat leaves or

stems of terrestrial plants, and the few bird species
that primarily eat leaves are relatively large birds
that use fermentation by indigenous gut microbes

Ž .to digest cellulose McWilliams, 1999 .
If digestive features are modulated in response

to changes in diet, then diet can determine diges-
tive performance to some extent. We focus the
remainder of this section on those situations in
which temporal changes in diet quality affect di-
gestive performance in birds. Time-scale of the
change in diet relative to the digestive adjustment
is important, so we divide the following discussion
into long-term and short-term effects of diet
change on digestive performance.

4.1. Effects of long-term changes in food quality on
digesti�e performance

As discussed above, the primary digestive ad-
justment to long-term changes in food quantity is
changes in amount of gut and not in tissue-specific
enzyme or nutrient absorption rate. In contrast,
long-term changes in diet quality cause a suite of
digestive adjustments including modulation of di-
gestive enzymes, nutrient uptake rates, as well as

Ž .gut size Karasov, 1996 . Consequently, we discuss
the effects of long-term changes in food quality
separately for each of these digestive features.

Activity of digestive enzymes in vertebrates,
including pancreatic proteases, amylase and li-
pase as well as intestinal aminopeptidase, sucrase
and maltase, generally change in proportion to

Žthe amount of dietary substrate i.e. protein-di-
gesting enzymes increase with their respective
dietary protein substrate, carbohydrate-digesting
enzymes increase with their respective dietary

. Žcarbohydrate substrate Stevens and Hume, 1995;
.Karasov and Hume, 1997 . Although this general-
Žization holds for poultry see Karasov, 1996 for

.review , the few wild birds studied to date exhibit
somewhat different patterns of modulation in di-
gestive enzymes. Specifically, wild birds fed diets
with higher carbohydrate concentrations did not
increase their digestive disaccharidases, whereas
birds fed diets with higher protein concentrations

Žincreased their aminopeptidase-N activity Afik
and Karasov, 1995; Martinez del Rio et al., 1995;

.Sabat et al., 1998; Caviedes-Vidal et al., 2000
Ž .Table 2 . This pattern of modulation of digestive
peptidases but not disaccharidases holds across
bird species that are dietary generalists and spe-

Ž .cialists Sabat et al., 1998 , although more com-
parative studies are needed to determine if di-
etary flexibility is generally unrelated to this type
of digestive plasticity.

Studies of absorption rate of dietary nutrients
in the intestine of vertebrates provide strong evi-
dence for adaptive modulation of digestive fea-

Table 2
aPhenotypic flexibility in digestive features and digestive performance in response to changes in food quality in migratory birds

Digestive character Effect of short-term increase in food quality Effect of long-term increase in food quality

Digesti�e feature:
Gut size No change Decrease

bSpecific enzyme activity
Ž .Disaccharidases Not measured No change

cŽ .Aminopeptidase-N Not measured Increase

bSpecific uptake rate
Ž .Glucose Not measured No change

cŽ .Amino acids Not measured Increase or no change

Digesti�e performance:
dDigestive efficiency No change Change
dRetention time Increase or no change Change
dFood intake Decrease or no change Change

a See text for references.
b Per unit mass or length of gut.
cChange in food quality involved increasing dietary protein.
d Direction of change depends on nutrient composition of diets.
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Žtures in response to diet change Ferraris and
.Diamond, 1989; Karasov and Hume, 1997 . How-

ever, birds do not conform to some patterns of
modulation of nutrient uptake rates that are evi-
dent in other vertebrates. For example, none of
the four species of omnivorous birds studied to
date showed modulation of mediated glucose
transport activity as measured using the everted

Ž . Žsleeve technique reviewed by Karasov, 1996 Ta-
.ble 2 . However, the recent demonstration that

this method causes tissue damage in some species
Ž .Starck et al., 2000 underscores the need for
additional careful testing in more avian species.
Amino acid uptake increased with dietary protein

Žin only two of the four species Caviedes-Vidal
and Karasov, 1996; Karasov, 1996a; Afik et al.,

.1997a . The absence of modulation of mediated
glucose transport in birds may occur because birds
rely less on active transport for absorption of
glucose and more on passive absorption of glu-

Žcose Karasov and Cork, 1994; Levey and
.Cipollini, 1996; Afik et al., 1997b . Whether pas-

sive glucose absorption is modulated in birds is
not known.

Phenotypic flexibility in gut size has been re-
ported in many birds in relation to seasonal

Žchanges in diet composition Pendergast and
Boag, 1973; Moss, 1974; Ankney, 1977; Moss,
1983; Dubowy, 1985; Al-Dabbagh et al., 1987;
Walsberg and Thompson, 1990; Moorman et al.,

.1992; Piersma et al., 1993 . Diet quality may af-
fect gut size by directly influencing food intake.
Since food intake generally increases with dilu-
tion of dietary energy, animals acclimated to
poorer quality diets with lower energy density will
increase food intake and thus have larger gut

Žvolume or mass Miller, 1975; Savory and Gentle,
1976a,b; Kehoe et al., 1988; Starck and Kloss,

.1995 .
Alternatively, diet quality may directly affect

retention time of digesta and digestive efficiency
Ž .independent of changes in food intake Table 2 .

Mean retention time of digesta is longest for
granivorous birds, shorter for insectivorous birds,

Žand shortest for frugivorous birds Castro et al.,
.1989; Karasov, 1990; Levey and Karasov, 1994 .

Digestive efficiency for a particular diet eaten by
a bird depends in part on the nutrient composi-

Ž .tion of the diet Karasov, 1990 . For example,
Ž .birds digest nectar almost completely �95%

Ž .and can assimilate most approx. 75% of the
energy in seeds, whole vertebrates, insects, and

fruits. Similar relative differences in retention
time of digesta and digestive efficiency were
observed intra-specifically in Yellow-rumped
Warblers habituated to seed, insect, and fruit

Ž .diets Afik and Karasov, 1995 .

4.2. Effects of short-term changes in food quality on
digesti�e performance

Birds may often experience short-term changes
in food quality that occur faster than the time
scale required for changes in digestive features.
For example, birds during migration may one day
encounter preferred fruits that are ubiquitous,
whereas the next day they may encounter few
fruits, but insects are ubiquitous. In such situa-
tions, diet of a bird may differ from day to day.
Changes in food quality may occur faster than the
time scale required for biochemical or morpho-
logical adjustment.

We know little about how short-term changes
in food quality affect digestive performance in
wild birds. If animals maximize the net rate of
energy gain, then optimality models predict that
when food quality increases, intestinal residence
time of digesta will decrease and thus nutrients in

Žthe food will be less thoroughly digested Penry
and Jumars, 1986, 1987; Martinez del Rio and

.Karasov, 1990; Martinez del Rio et al., 1994 . In
short, the model predicts that animals will expel
some of the digesta prior to complete absorption
Ž .and so decrease digestive efficiency and refill

Žthe gut with higher concentration food and so
.decrease mean retention time .

Only three studies have empirically tested the
model’s predictions regarding the effect of short-
term changes in food quality on digestive perfor-

Žmance Karasov and Cork, 1996; Lopez-Calleja et
.al., 1997; Levey and Martinez del Rio, 1999 . In

all tests of the model, manipulations of food
quality involved rapid changes in dietary sugar
concentration. Contrary to the predictions of the
model, digestive efficiency did not change with
sugar concentration, and retention time either did

Ž .not change Karasov and Cork, 1996 or increased
Žwith increasing sugar concentration Lopez-Cal-

leja et al., 1997; Levey and Martinez del Rio,
. Ž .1999 Table 2 . Modulation of retention time in

the latter two studies occurred rapidly, within a
few hours of the diet switch. None of these results
were consistent with the predictions of the opti-
mal digestion model. These results suggest that
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birds may minimize feeding time by maximizing
their extraction efficiency during short-term

Ž .changes in food quality and quantity�see above .
During short-term increases in food quality,

high digestive efficiency may be maintained by
negative feedback from intestinal receptors that
detect high nutrient concentrations in digesta and
so slow digesta flow. Such control mechanisms are

Ž .known to occur in mammals Spiller et al., 1984
Žbut have not yet been verified in birds Karasov

.and Hume, 1997 .

5. Time-scale of digestive adjustments and
changes in spare capacity

If energy and nutrient demands cannot be sat-
isfied because of inadequate rates of digestion or
capacities of the digestive system, then digestive
features can constrain choice of diet and food
intake. For most birds, maximum size of the di-
gestive tract is likely limited by constraints associ-
ated with flying. For birds that lack certain diges-
tive enzymes, digestive features clearly constrain
diet choice. Determining when rates of digestion
constrain diet choice or re-fattening rates in mi-
gratory birds requires understanding the magni-
tude of spare volumetric or biochemical capacity
relative to the magnitude of change in food quan-
tity or quality.

Studies of short-term changes in food intake
suggest that the degree to which digestion con-
strains the animal is probably limited as long as
increases in food intake are �50% above ad

Ž .libitum levels McWilliams and Karasov, 1998a,b .
If birds are given adequate time to acclimate,
then increases in food intake of two�four-fold are
possible without measurable effects on digestive
efficiency. Doubling of food intake occurs com-

Žmonly in birds preparing for migration Berthold,
.1975; Blem, 1980; Karasov, 1996 and in birds at

Žcold temperatures Dawson et al., 1983; Dykstra
.and Karasov, 1992; McWilliams et al., 1999 . Pre-

sumably, if a four-fold increase in food intake
occurred before compensatory changes in gut size,
then digestive efficiency would decrease.

Unfortunately, we know little about the time
required for digestive adjustments. Reversible
changes in gut length in response to changes in
diet composition have been reported to occur
within three to four weeks in grouse and quail
ŽMoss and Parkinson, 1972; Savory and Gentle,

. Ž1976a,b and ducks Miller, 1975; Drobney, 1984;
.Kehoe et al., 1988 . Turnover time of intestinal

Žepithelium in adult Japanese quail Coturnix co-
.turnix japonica was 9�17 days depending on the

Ž .region of the intestine Starck, 1996 and may be
as fast as a few hours or days in very young birds
Ž .Imondi and Bird, 1966; Lilja, 1987; Starck, 1999 .
Based on this evidence, daily changes in food
quantity are likely faster than the time scale
required for changes in gut size in at least adult
birds.

The few studies of short-term changes in food
quality suggest that at least a few days are neces-
sary for adjustments in activity of digestive en-
zymes. Yellow-rumped warblers switched from low

Ž .fat to high fat diets Afik et al., 1995 , and Ameri-
Ž .can Robins Turdus migratorius and European

Ž .Starlings Sturnis �ulgaris switched from fruit to
Ž .insect diets Levey and Karasov, 1989 , all pro-

gressively increased digestive efficiency within
days of the diet switch. The increased digestive
efficiency in the warblers was not apparent within

Žthe first 2 h after the diet switch Afik et al.,
.1995 . Thus, digestive adjustments in response to

these types of changes in diet quality appear
more rapid than digestive responses to changes in
diet quantity, although this conclusion is based on
relatively few studies. In the following two sec-
tions, we discuss how the time-scale of digestive
adjustments may influence the tempo of migra-
tion in birds.

6. Effects of short-term fasting on body
composition and digestive performance

Seasonal changes in body composition of small
migratory passerine birds are common and criti-

Žcally important for fueling their migration Blem,
.1976, 1980, 1990 . Passerine birds increase their

fat loads considerably during migratory periods
Ž .fat loads are 24% on average, 70% maximum

Žcompared to pre-migratory periods when fat
. Žloads are �5% on average Blem, 1980; Aler-

.stram and Lindstrom, 1990 . The increase in body
mass in birds during migration has been com-
monly assumed to be composed of fat and no

Žprotein Connell et al., 1960; Odum et al., 1964,
.1965; Blem, 1980, 1990 . More recent studies of

non-passerine and passerine birds, however, sug-
gest that the reserves in birds may be composed
of appreciable amounts of protein as well as fat
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Žvan der Meer and Piersma, 1994; Piersma and
.Lindstrom, 1997; Karasov and Pinshow, 1998 .

Studies of non-passerine birds suggest the fol-
lowing hypothesis regarding prioritized use of
body components during food deprivation: a pro-
gression from use of glycogen, then lipid, then
protein to fuel metabolic needs in fasted birds.
Recent theoretical treatments of body composi-
tion dynamics in migratory birds in general as-
sume this prioritized use of body components
Ž .van der Meer and Piersma, 1994 . Glycogen

Ž .stores are limited in birds Blem, 1976 , and if
these decline enough during food deprivation,

Ž .lipids are used for fuel Ramenofsky, 1990 . The
timescale for depletion of glycogen stores is on

Ž .the order of hours Farner et al., 1961 . The
timescale for depletion of lipid stores is on the
order of many days, although it can be quite
variable because lipid depots vary on a daily and

Žseasonal basis and increase with body size Blem,
.1976, 1990 . If food deprivation is prolonged, glu-

coneogenesis is enhanced by amino acid
metabolism and is stimulated by increased gluco-

Ž .corticoid secretion Biebach et al., 1986 . Thus, a
progression from use of glycogen then lipid then
protein is apparent in fasted non-passerine birds
ŽLeMaho et al., 1981; Groscolas, 1986; Cherel et
al., 1988; LeMaho et al., 1991; Lindgard et al.,

.1992 . Reduction in flight muscle or in the ability
of the digestive system to supply energy and
nutrients for flight could directly limit migratory

Ž .performance Piersma et al., 1999 . Alternatively,
reduced gut size may be an adaptive strategy
associated with migration because of the benefits

Žof reduced wing loading Piersma and Lindstrom,
.1997 .

For birds other than penguins, domestic geese,
Ž .galliformes e.g. grouse and chickens , and shore-

birds, very little is known about the dynamics of
body composition and use of fat and protein

Žreserves during episodic undernutrition Murphy,
.1996 , like that experienced by some passerines

during migration. This pattern of prioritized use
of body components in fasted non-passerine birds
may not apply to migratory songbirds. Many of
the non-passerine species studied to date regu-
larly go through long periods without eating dur-
ing the breeding season as a normal part of their
life history, and their fat and protein reserves
enable fasting for months. In contrast, periods of
food deprivation are shorter in duration for

Ž .passerine birds rarely as long as one week and

are associated mainly with the migration period
Ž .Berthold, 1975; Biebach, 1996 . Two recent stud-
ies of small passerine birds suggest simultaneous
rather than sequential use of fat and protein

Žstores during food deprivation Swain, 1992;
.Karasov and Pinshow, 1998 .

Ecological field studies of passerine birds have
revealed that recovery of body condition after
arrival at stopover sites is typically slow for one to
two days and then much more rapid despite ap-

Žparently abundant food resources Davis, 1962;
Nisbet et al., 1963; Muller and Berger, 1966;
Langslow, 1976; Rappole and Warner, 1976;
Biebach et al., 1986; Moore and Kerlinger 1987;

.Hume and Biebach 1996; Gannes, 1999 . Al-
though ecological conditions influence rate of re-

Žcovery Rappole and Warner, 1976; Moore and
Kerlinger, 1987; Hansson and Pettersson, 1989;

.Kuenzi et al., 1991 , birds exhibit the two-step
recovery after fasting even when provided food ad

Žlibitum in the laboratory Ketterson and King,
1977; Klaassen and Biebach, 1994; Hume and
Biebach, 1996; Gannes, 1999; Karasov and Pin-

.show, 2000 .
Physiological mechanisms to explain the initial

mass loss after arrival at a stopover site are
Žlargely unexplored Berthold, 1996; Biebach,

.1996 , but two hypotheses have some support.
The nutrient-limitation hypothesis suggests that
the initially slow rate of mass gain occurs because
birds utilize protein reserves during migration,
and recovery of these protein reserves must occur
first, and is slow. Only after recovery of protein
reserves can lipid reserves be repleted and, once
initiated, this recovery of lipid reserves is faster.
This hypothesis is supported by studies of migrat-

Ž .ing hummingbirds Carpenter et al., 1983 , do-
Žmestic geese LeMaho et al., 1981; McLandress

.and Raveling, 1981; Cherel et al., 1988 , shore-
Ž .birds van der Meer and Piersma, 1994 , and a

Žfew passerine birds Kendall et al. 1973; Jones
and Ward, 1976; Marsh, 1983, 1984; Selman and

.Houston, 1996 .
Alternatively, the gut-limitation hypothesis sug-

gests that the initially slow rate of mass gain at
stopover sites occurs because birds lose digestive
tract tissue and hence function during fasting,
and rebuilding of the gut takes time and re-
sources and itself restricts the supply of energy
and nutrients from food. This hypothesis is sup-
ported by studies that show reduced gut size after

Žfasting in mammals and chickens reviewed by
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.Karasov, 1988 and by a few studies on migratory
songbirds that show food intake and gut function

Žare reduced after fasting e.g. Ketterson and King,
1977; Klaassen and Biebach, 1994; Hume and
Biebach, 1996; Klaassen et al., 1997; Karasov and

.Pinshow, 2000 .
These hypotheses may not be mutually exclu-

sive if protein in the gastrointestinal tract is used
Žas a primary source of reserve protein Piersma et

al., 1993; Piersma and Lindstrom, 1997; Piersma,
. Ž .1998 . Karasov and Pinshow 1998 provide the

only quantitative support for this idea in a migra-
tory songbird. They showed that a disproportion-

Ž .ate amount 44% of protein lost during fasting in
Ž .Blackcaps Syl�ia atricapilla occurred as loss of

small intestine, stomach, and liver tissue. Al-
though Blackcaps lost gut and liver mass during
fasting, it is unclear whether this available protein
was used as a nutrient reserve or whether it was
simply lost through disuse and excretion.

7. Conclusions

Birds during migration adjust their food intake
and often eat foods that vary appreciably in nutri-
ent composition and hence quality. These changes
in food intake and food quality are associated

Žwith changes in digestive features e.g. gut size,
nutrient uptake rates and hydrolytic activity of

. Ždigestive enzymes and digestive performance e.g.
digestive efficiency and retention time of nutri-

.ents . In addition, short-term fasting may cause
atrophy of the gut that then may limit utilization
of ingested food energy and nutrients. The results
relevant to birds during migration can be summa-

Ž .rized as follows: a mass of the small intestine
and gizzard increase with food intake as occurs

Žduring the migratory period McWilliams and
. Ž .Karasov, 1998a,b; McWilliams et al., 1999 , b

increase in food intake is not associated with
significant changes in mass-specific activity of di-

Žgestive enzymes or nutrient uptake rates McWil-
liams and Karasov, 1998a,b; McWilliams et al.,

. Ž .1999 , c change in diet from insects to fruits, as
occurs in many small migratory birds during mi-

Žgration Blem, 1976; Herrera, 1984; Izhaki and
.Safriel, 1989; Bairlein, 1990; Parrish, 1997 , can

involve substantial changes in digestive organ size
and mass-specific activity of digestive enzymes or

Žnutrient uptake rates e.g. Afik and Karasov,

. Ž .1995 , and d digestive organ size and function
Žmay be compromised by food deprivation Hume

and Biebach, 1996; Karasov and Pinshow, 1998,
.2000 , as may occur during overnight or long-dis-

tance migration over ecological barriers.
In summary, phenotypic flexibility in the diges-

tive system of migratory birds is critically impor-
tant in allowing birds to successfully overcome
the conflicting physiological challenges of migra-
tion. However, phenotypic flexibility in the diges-
tive system of birds has limits and this can influ-
ence the tempo of migration in birds. For exam-
ple, partial atrophy of the gut, after 1�2 days
without feeding, limits utilization of ingested food
energy and nutrients and thereby slows the pace
of migration in birds. If birds lack certain diges-
tive enzymes, then this directly limits diet choice
and utilization of foods that require such enzymes
for digestion. If birds regularly switch diets, then
this may reduce utilization of ingested food en-
ergy and nutrients of a given diet. Finally, maxi-
mal food intake of migratory birds may ultimately
be limited by associated increases in gut size that
negatively affect flight performance. Such limits
on food intake and utilization of ingested food
energy and nutrients may slow the pace of migra-
tion in birds, especially if food resources and
foraging time are limited. In short, digestive con-
straints are likely to influence the tempo of mi-
gration in birds when birds must refuel after 1�2
days without feeding, when birds lack certain
digestive enzymes, when birds regularly switch
diets, and when birds are hyperphagic and must
also fly.

8. Future directions

8.1. Integrati�e studies of digesti�e performance

Predicting the effect of changes in food quality
and quantity on digestive performance in migra-
tory birds requires understanding interactions
between digestive adjustments and their ecologi-
cal consequences. Most of our understanding to
date is based on separate experiments in which
food quality or quantity is manipulated and its
affects on digestive performance assessed using

Ž .only one or a few digestive features e.g. gut size .
More integrative studies are needed that simulta-
neously measure adjustments in gut anatomy, re-
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tention time of digesta, enzyme hydrolysis rates,
nutrient absorption rates, and digestive efficiency
in response to changes in food quantity and qual-
ity.

8.2. Modulation of digesti�e enzymes and nutrient
transporters

Evidence to date on modulation of digestive
enzymes and nutrient transport rates in birds
suggest important differences between birds and
other vertebrates. However, this evidence is re-
stricted to a few species representing only a few
taxonomic groups. More comparative studies are
needed that focus on factors that influence modu-
lation of digestive enzymes and nutrient transport
rates in birds. Studies of passive vs. active absorp-
tion of glucose in birds, and their modulation,
would be especially important.

8.3. Time-scale of digesti�e adjustments

The time-scale required for digestive adjust-
ments to changes in food intake and quality is
poorly understood. A key issue is whether diges-
tive adjustments occur because of changes in food
intake and quality during migration or whether

Žthey occur in anticipation of migration e.g. Pier-
.sma, 1998 .

8.4. Spare capacity and digesti�e constraints

One of the challenges of the future is delineat-
ing how much spare capacity the animal main-
tains and in what situations if any the level of
spare capacity is modulated. Studies in mammals
suggest that the level of spare capacity declines as
energy demands approach maximum sustainable

Žlevels Toloza et al., 1991; Hammond and Dia-
.mond, 1997 . Tests of the hypothesis using migra-

tory birds would be especially enlightening be-
cause their response is likely different than mam-
mals that do not fly.

8.5. Dynamics of body composition in small
migratory birds

Understanding the dynamics of body composi-
tion in small migratory songbirds has fundamen-
tal and practical importance. The dynamics of
body composition influences nutrient require-
ments which then interacts with resource avail-

ability to determine length of stopover at sites
along the migration route, the pace of migration,
and ultimately the success and survival of individ-
uals. For example, if fat and protein are utilized
during migration, then estimates of flight dis-
tances will be overestimated and dehydration
problems more acute than if all mass loss were

Žcomposed of fat Klaassen, 1996; Klaassen and
.Lindstrom, 1996 . If significant loss of protein

occurs during migration then it becomes essential
to determine the source of this reserve protein in

Ž .the body, and the dietary source s for replacing
it.

Of the few studies reporting utilization of fat
and protein reserves in migratory passerines, most
use regressions of fat mass and body mass from
birds sampled during migration to quantify pro-

Žtein reserves e.g. Evans, 1969; Fry et al., 1972;
.Marsh, 1984 . Unfortunately, this method has a

poor theoretical rationale and methodological
Žshortcomings Lindstrom and Piersma, 1993; van

.der Meer and Piersma, 1994 . The fundamental
problem with such an approach is that changes in
body composition across individuals in a popula-
tion rarely provides accurate estimates of body

Žcomposition changes within individuals van der
.Meer and Piersma, 1994 . The solution to this

problem is to repeatedly measure the protein and
fat content of individual birds using non-destruc-

Ž .tive techniques e.g. Karasov and Pinshow, 1998 .
Further development of non-invasive techniques
such as total body electrical conductivity
Ž .TOBEC , isotope dilution, and other non-de-

Žstructive techniques reviewed by Piersma and
.Klaassen, 1999 is required before these impor-

tant issues can be addressed.

8.6. Exercise physiology of migratory birds

The ecological circumstances that have
prompted much of the work on migratory birds
discussed in this review are relevant to actively
migrating birds. However, almost all the experi-
ments conducted to date have used either cold-
acclimation, increased light levels, or diet manip-
ulations to explore the effects of food quantity
and quality on digestive physiology and have ig-

Žnored the effect of actually flying but see recent
Žwork of Klaassen, Lindstrom, and associates Lin-

dstrom et al., 1999; Klaassen et al., 2000; Kvist
.and Lindstrom, 2000; Lindstrom et al., 2000 .

Phenotypic flexibility in the digestive system and
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body composition of actively flying birds may be
different than that of non-flying birds that are
forced to switch diets or are hyperphagic because
of cold-acclimation or increased light levels.
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