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PHENOTYPIC FLEXIBILITY IN THE digestive system of migratory
birds is critically important in allowing birds to successfully overcome the phys-
iological challenges of migration. However, phenotypic flexibility in the diges-

tive system of birds has limits that can influence the pace of migration. For example,
partial atrophy of the gut after one to two days without feeding limits utilization of
ingested food energy and nutrients and thereby slows the pace of migration. Lack of
certain digestive enzymes can directly limit diet choice and utilization of foods that
require such enzymes for digestion. Regular switching of diets also may reduce uti-
lization of ingested food energy and nutrients of a given diet. Finally, maximal food
intake of migratory birds may ultimately be limited by associated increases in gut size
that negatively affect flight performance. Determining when rates of digestion con-
strain diet choice or re-fattening rates in migratory birds requires understanding the
magnitude of spare volumetric or biochemical capacity relative to the magnitude of
change in food quantity or quality. We discuss an approach for studying the impor-
tance of spare capacity in limiting performance of migratory birds and review the
few such studies that have been conducted on migratory songbirds. We conclude that
digestive constraints are likely to influence the pace of migration in birds when birds
must refuel after one to two days without feeding, when birds lack certain digestive
enzymes, when birds regularly switch diets, and when birds are hyperphagic and
must also fly.
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INTRODUCTION

Birds during migration are like Olympic marathon athletes
in that to be successful they must satisfy the physiological
demands associated with formidable feats of athletic en-
durance. Just as exercised muscles increase in size in well-
trained human athletes, flight muscles increase in size and
capacity when birds migrate (Marsh 1984; Driedzic et al.
1993; Bishop et al. 1996). More recent studies demonstrate
that lean mass (including flight muscles) of birds is quite dy-
namic over even short time scales (e.g., hours and days) and
that birds store and use both lean and fat mass during mi-
gration (Piersma 1990; Piersma and Jukema 1990; Lind-
strom and Piersma 1993; Bauchinger and Biebach 2001).
The increase in muscle capacity in migratory birds is neces-
sary to satisfy the physiological demands of long-distance
flight (reviewed in Butler and Bishop 2000). Furthermore,
these changes in muscle size and capacity are reversible for
both birds and mammals as demonstrated by the seasonal
hypertrophy and atrophy of pectoralis and cardiac muscle
in migratory birds (e.g., Gaunt et al. 1990; Jehl 1997).

Although these changes in skeletal muscle are relatively
obvious in birds (and mammals), there are also coincident
changes in internal, vital organs that are less apparent but
just as important. For example, digestive organs such as the
small intestine, gizzard, and liver increase in size and capac-
ity with increased food intake and energy demands such as
those associated with exercise (McWilliams and Karasov
2001). The increase in digestive organ capacity converts
more food energy into usable metabolic energy to fuel the
increased energetic costs of exercising enlarged skeletal
muscle. These same energy-supplying organs are some of
the most metabolically active and energetically expensive
organs in vertebrates (Martin and Fuhrman 1955; Alexander
1999), and this may explain why they atrophy when energy
demands are reduced (e.g., once migration is complete
[Piersma 2002]).

The fundamental issue addressed by these examples is
that the capacity of many physiological systems, including
that of the digestive system, is matched to the prevailing 
demand but can be modulated in response to changes in
demand (Diamond and Hammond 1992; Hammond and
Diamond 1997). In other words, as demands on the physio-
logical system increase or decrease there is a coincident 
increase or decrease in the capacity of key organs. Rapid re-
versible changes in physiological systems such as the diges-
tive system provide examples of flexible norms of reaction
(Stearns 1989; Travis 1994) or phenotypic flexibility in that
they enable individuals to respond flexibly to changes in the
environment (Piersma and Lindstrom 1997; Piersma 2002;
Piersma and Drent 2003). Phenotypic flexibility in physio-
logical traits may itself be a critical component of the adap-
tive repertoire of animals that may influence diet diversity,
niche width, feeding rate, and thus the acquisition of energy
and essential nutrients (Karasov 1996; Kersten and Visser
1996; Pigliucci 1996; McWilliams et al. 1997; Piersma and
Lindstrom 1997; Piersma 2002).

A related fundamental issue is that at any given time the
key organs of a physiological system are not exactly
matched to the prevailing demand, but instead they provide
some limited excess capacity (Diamond and Hammond
1992; Diamond 1998). This “spare capacity” is measured as
the excess in capacity of the system over the load on the sys-
tem (Toloza et al. 1991). The level of spare capacity is eco-
logically important because it defines the limits of short-
term response in animals. For the digestive system in
particular, the amount of spare capacity determines, for ex-
ample, how much an animal can change its feeding rate or
diet before digestive efficiency is reduced (Toloza et al.
1991). Because changes in feeding rate and diet are common
in migratory birds, understanding the extent of spare ca-
pacity in their digestive systems provides insights into when
digestion may constrain diet choice and feeding rate.

These concepts of phenotypic flexibility and spare ca-
pacity are illustrated in fig. 6.1, using the digestive system of
migratory birds as a model physiological system. Two points
are worth highlighting in fig.6.1: (1) at any given time, a 
migratory bird has some limited spare capacity (called “im-
mediate spare capacity”), but this decreases in extent as the
digestive system reaches its ultimate capacity; and (2) phe-
notypic flexibility of the digestive organs is primarily re-

68                       

Fig. 6.1. Immediate spare capacity and ultimate capacity (phenotypic
flexibility plus immediate spare capacity) for a hypothetical bird exposed
to increasing energy demands (e.g., during migration or during cold
weather). The solid lower line represents the nutrient load from feeding.
Its baseline corresponds to the bird’s routine energy demands (e.g., not
during migration or at thermoneutral temperatures). The solid upper
line represents the capacity of the gut for processing that nutrient load.
Capacity on the y-axis could be volumetric intake rate (as shown),
nutrient uptake capacity, rate of digestive enzyme activity, or some other
performance measure of the bird. The x-axis is time since the start of an
increase in energy demand or change in diet quality. When energy
demands are near maximum and the bird has been given time to fully
acclimate to these elevated energy demands, then phenotypic flexibility
in the digestive system of the bird enables increased energy intake.



sponsible for a bird’s ability to change food intake and diet
(i.e., it represents the majority of the “ultimate capacity”);
however, such phenotypic flexibility requires acclimation
time.

A central theme of this chapter is that birds during mi-
gration face considerable nutritional challenges and that
phenotypic flexibility and spare capacity of their digestive
system play key roles in how they respond to these chal-
lenges. We focus here on the digestive system of migratory
birds because recent research has shown that: (1) features of
the gut (e.g., size, nutrient uptake rates, digestive enzyme
activity) are modulated in response to changes in the qual-
ity and quantity of the diet (see McWilliams and Karasov
2001 and Piersma 2002); and (2) these digestive adjustments
are likely important for permitting the high feeding rate 
of migratory birds and conceivably could constrain the 
rate of energy intake and the diets of birds during migra-
tion (Piersma 2002). Because there are other recent, com-
prehensive reviews of phenotypic flexibility in the digestive
systems of birds and mammals (Karasov 1996; Piersma and
Lindstrom 1997; Starck 1999b; McWilliams and Karasov
2001; Karasov and McWilliams 2004), we concentrate in this
chapter on providing examples of this phenomenon and its
ecological importance for migratory passerine birds gener-
ally, and particularly in Old and New World warblers when
possible. In the next section, we use the phenomenon of
hyperphagia in migratory birds to illustrate how spare ca-
pacity of the digestive system can be measured and to
demonstrate the importance of phenotypic flexibility in di-
gestive organs for migratory birds.

PREPARING FOR MIGRATION

In preparation for migration, birds increase their food in-
take (i.e., become hyperphagic) and store the energy and
nutrient reserves necessary to fuel the costs of subsequent
migratory flight(s) (Alerstam and Lindstrom 1990; Blem
1990; Biebach 1996). What changes in the digestive system
might facilitate hyperphagia in migratory birds? Studies of
free-living migratory birds (mostly geese and ducks) have
reported significantly larger gut size during migratory peri-
ods compared with nonmigratory periods (reviewed in
Starck 1999b and in McWilliams and Karasov 2001). How-
ever, results from such studies of wild birds are not defini-
tive evidence for increases in gut size with elevated food in-
take because most wild birds change their diets during
migratory periods, and this also affects their digestive sys-
tem (see section below).

Direct evidence for modulation of digestive features in
response to changes in food intake comes from work with
captive birds. Studies of passerine birds report increased sur-
face area and volume of the gut with long-term increases in
food intake (Dykstra and Karasov 1992; Karasov 1996;
Piersma and Lindstrom 1997; McWilliams et al. 1999). Only
Dykstra and Karasov (1992) and McWilliams et al. (1999),
however, have simultaneously measured adjustments in gut

anatomy, retention time of digesta, digestive biochemistry
(i.e., enzyme hydrolysis rates and/or nutrient absorption
rates), and digestive efficiency in response to increased food
intake. They found that the rate of digestive enzyme activ-
ity and nutrient uptake per unit of small intestine in House
Wrens (Troglodytes aedon) and Cedar Waxwings (Bombycilla
cedrorum) did not change with fourfold higher food intake.
Instead, the main digestive adjustment to increased food in-
take was an increase in gut length, mass, and volume, which
largely compensated for increased digesta flow at high in-
take rates so that digestive efficiency remained constant as
food intake increased.

If changes in food intake occur faster than the time scale
required for digestive adjustment, rather than gradually and
slowly, then increased food intake may have quite different
effects on digestive performance. We know little about how
short-term changes in food intake affect digestive perform-
ance in wild birds. When their food was taken away for 2- 
to 3-h intervals throughout the day, Cedar Waxwings and
Yellow-rumped Warblers (Dendroica coronata) increased
their short-term (hourly) food intake 25 and 50%, respec-
tively, compared with ad libitum conditions (McWilliams
and Karasov 1998a, 1998b). These short-term increases in
food intake did not result in changes in digestive efficiency
or retention time, suggesting some spare digestive capacity
when food intake increases by as much as 50%.

We designed a comprehensive study with White-
throated Sparrows (Zonotrichia albicollis) to determine their
response to both rapid and gradual increases in energy de-
mand so that we could estimate the level of spare capacity
and phenotypic flexibility in their digestive systems in re-
sponse to changes in feeding rate. The experiment involved
manipulating ambient temperature, which causes changes
in the metabolic rate of sparrows (i.e., increased metabolic
rate with lower ambient temperature) and thus induces
changes in their food intake as they maintain a constant
body temperature. By random assignment, sparrows were
either held continuously at +21°C, switched rapidly from
+21° to –20°C, or gradually acclimated to –20°C over 50
days. For all sparrows in these three treatment groups, we
measured daily food intake, digestive efficiency and reten-
tion time of starch (the primary nutrient in their semisyn-
thetic diet), ingesta-free mass of the digestive tract (gizzard,
small intestine, large intestine), and mass of the liver and
pancreas (see McWilliams et al. 1999 for specific methods).
The primary prediction was that sparrows switched rapidly
from warm to cold temperatures would maintain constant
digestive efficiency only if some safety margin of nutrient
absorption capacity over nutrient intake existed before the
temperature switch.

White-throated Sparrows at –20°C required 83% more
food than birds at +21°C, as indicated by their greater feed-
ing rates while maintaining body mass (fig. 6.2). When birds
were switched rapidly from +21° to –20°C they increased
feeding rate only 45% and lost body mass (fig. 6.2). Interest-
ingly, birds in all three treatment groups had similar digestive
efficiency and retention times (fig. 6.2), as measured using a

Digestive Physiology of Migratory Birds 69



radiolabeled inert marker and starch (see McWilliams et al.
1999 for specific methods). Thus, sparrows have some spare
capacity (of about 45%) but this was not enough to satisfy the
energy demands imposed by a rapid switch from +21° to
–20°C. If given enough time for acclimation to the cold,
however, sparrows can satisfy the elevated energy demands
associated with living in the cold as evidenced by their ability
to maintain body mass after 50 days of acclimation at –20°C.

The digestive adjustments to increased feeding rate that
occurred during acclimation to the cold included an in-
crease in mass of small intestine (fig. 6.3), large intestine,
and liver but not gizzard and pancreas. We are currently
completing analyses of digestive enzyme activity and nutri-
ent uptake rates to determine if adjustments in these diges-
tive features are involved along with changes in gut size.
Note that the 57% increase in small intestine was enough to
accommodate the 83% higher feeding rate in birds accli-
mated at –20°C. This is apparent because mean retention
time, efficiency digesting starch, and body mass did not de-
cline significantly with cold acclimation (fig. 6.2). If one con-
siders that sparrows acclimated to +21°C had a spare 
capacity of 45% to start with, adding an increase in gut size
of 57% to that can more than account for the 83% increased
ability to process food. The two measures together imply
that sparrows acclimated to –20°C probably still had some
spare capacity, perhaps 22% (calculated from the ratio [45 +
57]/83). This makes sense, because it is known that captive
White-throated Sparrows can tolerate temperatures down
to –29°C, where feeding rates are 2.26 (126%) times higher
than at +21°C (Kontogiannis 1968). Thus, the results from
the experiment with White-throated Sparrows, along with
those by Kontogiannis (1968), conform nicely to the model
presented in fig. 6.1 and imply that immediate spare capac-
ity is around 45% but that after long-term acclimation the
ultimate capacity is around 126% above “baseline.”

Given the lack of change in rates of digestive enzyme ac-
tivity and nutrient uptake per unit of small intestine in House
Wrens and Cedar Waxwings exposed to lowered ambient
temperature (Dykstra and Karasov 1992; McWilliams et al.
1999), we suspect that the primary digestive adjustment in
White-throated Sparrows (as well as most other passerine
birds) to increased food intake is an increase in gut length,
mass, and volume. Theoretically, there must be some limit
to an animal’s ability to enhance gut size, increase food in-
take, and sustain elevated metabolic rates (see, e.g., Ricklefs
1996, Hammond and Diamond 1997, and Piersma 2002 for
recent reviews). For migratory birds that must fly, gut size
increases with energy expenditure, but the increase in gut
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Fig. 6.2. Food intake, body mass change,
retention time of digesta, and digestive
efficiency of White-throated Sparrows
(Zonotrichia albicollis) that were either
acclimated to +21º or –20ºC or switched
immediately from +21º to –20ºC. Sparrows
acclimated to +21ºC have a limited spare
capacity of about 45% as indicated by an
increase in food intake of this magnitude for
birds switched rapidly to colder temperatures.
These results and those in fig. 6.3 suggest that
phenotypic flexibility in digestive features is
necessary for sparrows to achieve their
ultimate capacity.

Fig. 6.3. Small intestine mass (mg) of White-throated Sparrows
(Zonotrichia albicollis) that were either acclimated to +21º or –20ºC or
switched immediately from +21º to 20ºC. See the text for a discussion of
how these increases in gut size along with the results shown in Fig. 6.2
can be used to estimate the immediate spare capacity and ultimate
capacity of White-throated Sparrows (depicted hypothetically in fig. 6.1
and actually in fig. 6.7).



size may be limited by other physiological and morpholog-
ical constraints associated with flying.

ATROPHY OF BIRD GUTS 
DURING MIGRATION

For most migratory 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 with-
out food may be relatively short (e.g., less than 8 h) for birds
migrating short distances at a given time, or they may last
for days for birds migrating over oceans or other large eco-
logical barriers (e.g., deserts, mountains).

Ecological field studies of passerine birds have revealed
that recovery of body condition after arrival at stopover
sites is typically slow for 1 to 2 days and then much more
rapid despite apparently 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).
Although ecological conditions influence the rate of recov-
ery (Rappole and Warner 1976; Moore and Kerlinger 1987;
Hansson and Pettersson 1989; Kuenzi et al. 1991), birds ex-
hibit the two-step recovery after fasting even when provided
food ad libitum in the laboratory (Ketterson and King 1977;
Klaassen and Biebach 1994; Hume and Biebach 1996;
Gannes 1999; Karasov and Pinshow 2000).

Physiological mechanisms to explain the initially slow re-
covery of body mass after arrival at a stopover site are
largely unexplored (Berthold 1996; Biebach 1996). The gut-
limitation hypothesis (see McWilliams and Karasov 2001 for
alternative hypotheses) suggests that the initially slow rate

of mass gain at stopover sites occurs because birds lose di-
gestive tract tissue and hence digestive function during fast-
ing, and rebuilding of the gut takes time and resources and
itself restricts the supply of energy and nutrients from food.
Shorebirds studied by Piersma (Piersma 1998, 2002; Piersma
and Gill 1998) had reduced digestive organs just before mi-
gratory departure, presumably to reduce the energetic costs
of carrying larger guts during migratory flight. Other stud-
ies of shorebirds as well as passerine birds documented re-
ductions in digestive organs during migratory flights
(Biebach 1998; Battley et al. 2000, 2001). Migrant Blackcap
Warblers (Sylvia atricapilla) at a desert oasis stopover site had
reduced digestive organs that increased in size when they
were provided food ad libitum (Karasov and Pinshow 1998),
and Yellow-rumped Warblers killed by colliding into a radio
tower in central Wisconsin during their nocturnal migra-
tion had small intestines that were smaller than captive birds
(fig. 6.4) (D. A. Afik, pers. comm.).

What are the consequences for migratory birds of having
smaller guts after a migratory flight? The effect of reduced
digestive organs on food intake and digestive efficiency has
been studied in wild-caught Garden Warblers (Sylvia borin),
Blackcap Warblers, Thrush Nightingale (Luscinia luscinia),
Yellow-rumped Warblers, and White-throated Sparrows
(Klaassen and Biebach 1994; Hume and Biebach 1996;
Klaassen et al. 1997; Karasov and Pinshow 2000; Lee et al.
2002; Pierce and McWilliams 2004), and may differ depend-
ing on whether gut size was reduced by fasting or food re-
striction (i.e., reduced feeding). When digestive organs were
reduced by fasting, digestible dry matter intake of Blackcap
(fig. 6.4) and Garden Warblers were also reduced even
though the birds were provided ad libitum food after the
fast. In contrast, when Blackcap (fig. 6.4) and Yellow-
rumped Warblers were food restricted (ca. 50% of ad libi-
tum daily intake), digestive organs such as the small intes-
tine were reduced by 20% but food intake and digestive
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Fig. 6.4. Food intake, apparent metaboli-
zability coefficient (AMC), and small intestine
mass of Blackcap Warblers (Sylvia atricapilla)
on the day the birds were returned to ad
libitum feeding after being fasted for 2 days
(“fasted”; n = 7), fed ad libitum (n = 6) or 
fed for 3 days at 45% ad libitum (“restricted”;
n = 6). Small intestines of blackcaps were
reduced by fasting and food restriction
although blackcaps caught just after
completing a migration had even smaller
intestines (“migrants” [from Karasov and
Pinshow 1998]). However, digestible food
intake, the product of intake and digestive
efficiency, was lower in fasted blackcaps than
in food-restricted blackcaps.



efficiency did not change relative to unrestricted birds. Only
one published study of a species of wild bird has investi-
gated the effects of fasting or food restriction on biochemi-
cal aspects of digestion (Lee et al. 2002). Food restriction re-
duced digestive enzyme hydrolysis rates by 37–48% in
Yellow-rumped Warblers (depending on the type of enzyme
[fig. 6.5]).

These studies of captive songbirds demonstrate that re-
ductions in digestive organs occur in both fasted and food-
restricted migratory birds, but the reductions in organs of
digestion seem to limit refueling rates only in fasted birds.
This would suggest that digestion is most likely to constrain
refueling rates in long-distance migrants or in other mi-
grants that go without feeding for at least a day at a time. In
fact, short-distance migrants, which rarely face extended pe-
riods without food, may exhibit phenotypic flexibility in
their digestive system like that observed in long-distance mi-
grants, but the spare capacity of their digestive system may
usually allow these birds to avoid digestive constraints. For
example, Lee et al. (2002) showed that food-restricted warb-
lers had a spare biochemical capacity of at least 37–48% as
indicated by their ability to maintain constant food intake
and digestive efficiency despite a reduction in digestive or-
gan size and enzyme hydrolysis rates. However, refueling
rates of short-distance migrants such as Yellow-rumped
Warblers may still be constrained by digestion if their spare
capacity is depleted. For example, the free-living Yellow-
rumped Warblers that were killed at night by colliding with
the radio tower had guts that were more atrophied even
than fasted warblers in captivity. If these free-living warblers
had survived migration that night, they probably would
have had to rebuild their guts before resuming high feeding
rates and efficient digestion.

BIRDS SWITCH THEIR DIETS 
DURING MIGRATION

Migratory birds often switch their diets seasonally. For ex-
ample, many insectivorous songbirds switch to feeding pri-
marily on fruits during migration (Evans 1966; Herrera
1984; Izhaki and Safriel 1989; Bairlein 1990, 1991; Bairlein
and Gwinner 1994; Biebach 1996; Parrish 1997, 2000). In ad-
dition, birds on migration may frequently switch their diet
because of changes in food availability. For example, mi-
grating birds may one day encounter preferred fruits that
are ubiquitous, whereas the next day they may encounter
few fruits but insects are ubiquitous. In general, dramatic
changes in dietary substrate, for example, from protein- and
fat-rich insects to carbohydrate-rich fruits, offer significant
physiological challenges for birds (Afik et al. 1995; Afik and
Karasov 1995; Karasov 1996; Levey and Martinez del Rio
2001; McWilliams and Karasov 2001). Whether such dietary
changes are constrained or facilitated by digestive processes
is a central issue in foraging ecology and digestive physiol-
ogy (Karasov 1990, 1996).

Digestive efficiency for a particular diet eaten by a bird de-
pends in part on the nutrient composition of the diet
(Karasov 1990). For example, birds digest nectar almost
completely (>95%), and they can assimilate most (ca. 75%)
of the energy in seeds, whole vertebrates, insects, and fruits,
but birds digest plant foliage relatively poorly (<50%). Sim-
ilar relative differences in digestive efficiency were observed
intraspecifically in omnivorous Yellow-rumped Warblers
acclimated to seed, insect, and fruit diets (Afik and Karasov
1995). However, Yellow-rumped Warblers switched from
low-fat to high-fat diets and American Robins (Turdus mi-
gratorius) and European Starlings (Sturnus vulgaris) switched
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Fig. 6.5. Activity rates of key intestinal (A) and
pancreatic (B) digestive enzymes in Yellow-
rumped Warblers (Dendroica coronata) fed ad
libitum (white bars) or fed at 45% ad libitum
(“restricted”; black bars) (Lee et al. 2002).
Enzyme hydrolysis rates (“total capacity” in
micromoles per min) were calculated for the
entire small intestine and pancreas given
measured mass-specific hydrolysis rates and
the mass of the digestive organs. Despite the
37–48% reductions in activity rates of
intestinal digestive enzymes and reductions 
of ca. 20% in small intestine mass, food intake
and digestive efficiency were similar in food-
restricted and ad libitum fed birds on the day
after the birds were returned to ad libitum
feeding (see Lee et al. 2002). Thus, these
warblers have some spare digestive capacity to
compensate for the reductions in gut size and
enzyme hydrolysis rates.



from fruit to insect diets had reduced digestive efficiency the
day after a diet switch and achieved diet-specific efficiency
levels only after 2 to 3 days (Levey and Karasov 1989; Afik
and Karasov 1995 [fig. 6.6]). Thus, a migratory bird that
switches its diet more frequently than every few days will
likely digest a given diet less efficiently than a bird that does
not switch diets.

This reduction in digestive efficiency associated with fre-
quent diet switching occurs in part because it takes days for
complete modulation of gut size, digestive enzymes, and
nutrient uptake transporters (Biviano et al. 1993; Afik et al.
1995; Karasov and Hume 1997; Levey et al. 1999). For ex-
ample, changes in gut size have been reported in many birds
in relation to seasonal changes in diet composition (Pen-
dergast and Boag 1973; Moss 1974, 1983; Ankney 1977;

Dubowy 1985; Al-Dabbagh et al. 1987; Walsberg and
Thompson 1990; Moorman et al. 1992; Piersma et al. 1993).
Such changes in digestive organ size may occur within 1 or
2 days, and certainly within a week, as indicated by meas-
urements of organ size change over time, the rate of
cell proliferation, and turnover time of intestine (Piersma 
et al. 1999; Starck 1999a, 1999b; Dekinga et al. 2001). How-
ever, these estimates are based largely on studies of non-
passerine birds (e.g., shorebirds, ducks, quail, and chickens)
and only a few notable recent studies of passerine birds (re-
viewed in Starck 1999b).

Moreover, it is not always true that after a diet switch the
initially reduced digestive efficiency improves and eventu-
ally reaches levels similar to those in birds regularly eating
that diet. Digestive features of some birds are relatively fixed
and essentially define the bird’s diet. For example, passerine
birds in the Sturnidae-Muscicapidae taxon lack sucrase and
behaviorally avoid diets with sucrose (Martinez del Rio
1990). Similarly, all vertebrates lack cellulase, the enzyme
that can digest plant cellulose. Accordingly, the majority of
birds species (97%) do not eat plant leaves or stems, and the
few bird species that primarily eat leaves are relatively large
birds that use fermentation by indigenous gut microbes to
digest cellulose (McWilliams 1999). In the remainder of this
section, we discuss digestive constraints associated with
switching between certain types of diets.

Among vertebrates in general, nutrient absorption rates
and activity of digestive enzymes correlate with the amount
of dietary substrate (e.g., protein-digesting enzymes in-
crease with their respective dietary protein substrate, car-
bohydrate-digesting enzymes increase with their respective
dietary carbohydrate substrate [Ferraris and Diamond 1989;
Stevens and Hume 1995; Karasov and Hume 1997]). Al-
though there are relatively few studies of digestive enzymes
in wild birds, comparisons of bird species with different
feeding habits (e.g., insectivores, frugivores, granivores)
have generally supported this general pattern (e.g., Afik 
et al. 1995; Witmer and Martinez del Rio 2001).

In contrast, intraspecific studies of modulation of diges-
tive enzymes and nutrient uptake rate in response to
changes in diet composition have not consistently found
that enzyme activity or uptake rate changes in proportion
to the amount of dietary substrate. For example, activity 
of digestive enzymes in Pine Warblers (Dendroica pinus)
changes in proportion to dietary substrate (Levey et al.
1999), but the few other wild passerine 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 increased their aminopepti-
dase-N activity (Afik and Karasov 1995; Martinez del Rio 
et al. 1995; Sabat et al. 1998; Caviedes-Vidal et al. 2000). Sim-
ilarly, none of the four species of omnivorous birds studied
to date showed modulation of mediated glucose transport
activity, and amino acid uptake increased with dietary pro-
tein in only two of the four species studied (Caviedes-Vidal
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Fig. 6.6. Consumption (g) and apparent metabolizability coefficient
(AMC) of crickets (Acheta domestica) eaten by American Robins (Turdus
migratorius) and European Starlings (Sturnus vulgaris) as a function of
time since switching the birds from a fruit mash diet (Denslow et al.
1987) to crickets. AMC reached diet-specific efficiency levels only after 3
days of feeding on crickets. Figure from Levey and Karasov (1989) with
permission of The American Ornithologists’ Union and Allen Press, Inc.



and Karasov 1996; Karasov 1996; Afik et al. 1997a; Chediack
et al. 2003). The absence of modulation of mediated glu-
cose transport in birds may occur because birds rely less on
active transport for absorption of glucose and more on pas-
sive absorption of glucose (Karasov and Cork 1994; Levey
and Cipollini 1996; Afik et al. 1997b).

The pattern of modulation of digestive peptidases but
not disaccharidases holds across bird species that are dietary
generalists and specialists (Sabat et al. 1998), although more
comparative studies are needed to determine if dietary flex-
ibility is generally unrelated to this type of digestive plastic-
ity (e.g., see Levey et al. 1999). The lack of modulation of
carbohydrate-digesting enzymes suggests that birds switch-
ing from insects (mostly protein and fat with little carbo-
hydrate) to fruits (mostly carbohydrate or fat with little pro-
tein) may digest the carbohydrates in fruits less efficiently
than fruit specialists. Although there are few studies of di-
gestive enzymes in wild frugivorous birds, available evi-
dence provides some support for this hypothesis. For exam-
ple, omnivorous Pine Warblers up-regulated carbohydrase
activity when switched to fruit diets, yet they could not
maintain body mass on pure fruit diets and they had rela-
tively low rates of carbohydrase activity compared with the
predominantly frugivorous Cedar Waxwing (Levey et al.
1999; Witmer and Martinez del Rio 2001). In contrast, om-
nivorous Yellow-rumped Warblers did not modulate carbo-
hydrase activity in response to changes in diet (Afik et al.
1995), yet they could maintain body mass on pure fruit di-
ets and their carbohydrase activity was much higher than
that of Pine Warblers (Levey et al. 1999) but it was still lower
than in Cedar Waxwings (Witmer and Martinez del Rio
2001). Clearly, more research is needed before general pat-
terns of digestive constraints and diet breadth are revealed.

THE PACE OF MIGRATION 
IN RELATION TO THE PACE 
OF DIGESTIVE CHANGE

If energy and nutrient demands cannot be satisfied 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, the maximum size of the di-
gestive tract is likely limited by constraints associated with
flying. For birds that lack certain digestive enzymes, digestive
features clearly constrain diet choice. Determining when
rates of digestion constrain diet choice or re-fattening rates
in migratory birds requires understanding the magnitude of
spare volumetric or biochemical capacity relative to the mag-
nitude of change in food quantity or quality.

Studies of short-term changes in food intake suggest that
digestion does not appreciably constrain the animal as long
as increases in food intake are less than 50% above ad libi-
tum levels (McWilliams and Karasov 1998a, 1998b). Dou-
bling of food intake occurs commonly in birds preparing for
migration (Berthold 1975; Blem 1980; Karasov 1996) and in
birds at cold temperatures (Dawson et al. 1983; Dykstra and

Karasov 1992; McWilliams et al. 1999). Recent studies have
shown that increases in food intake of two- to fourfold are
possible without measurable effects on digestive efficiency
as long as birds have had sufficient time to acclimate (see
“Preparing for Migration” above and fig. 6.7). Presumably,
if a fourfold increase in food intake occurred before com-
pensatory changes in these digestive features (i.e., over less
than 3 days), then digestive efficiency would decrease.

Whereas the primary digestive adjustment to changes in
food quantity is change in the amount of gut and not in the
absorption rate of tissue-specific enzymes or nutrients,
changes in diet quality cause a suite of digestive adjustments
including modulation of digestive enzymes and nutrient up-
take rates, as well as gut size (Karasov 1996; Starck 1999a;
Dekinga et al. 2001; McWilliams and Karasov 2001). The
few studies of short-term changes in food quality suggest
that certain changes in diet are possible without measurable
effects on digestive efficiency as long as birds have had suffi-
cient time to acclimate (see “Birds Switch Their Diets dur-
ing Migration” above). However, certain changes in diet
(e.g., insects to leaves) are impossible for most birds because
of constraints associated with digestion.

How long does it take for the digestive system to become
acclimated to such changes in food intake and diet quality?
Fasted songbirds (e.g., Blackcaps s and White-throated
Sparrows) progressively increased their absorption rates to
a maximum over 3 days (Karasov and Pinshow 2000). In-
testinal turnover time is 2 to 3 days for small birds compared
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Fig. 6.7. Immediate spare capacity and ultimate capacity (phenotypic
flexibility plus immediate spare capacity) for White-throated Sparrows
(Zonotrichia albicollis) exposed to increasing energy demands associated
with cold ambient temperatures. White-throated Sparrows acclimated
for at least 50 days at –20ºC required 83% more food than birds
acclimated at +21ºC. When birds were switched rapidly from 21º to
–20ºC they increased feeding rate only 45% and this was not sufficient to
satisfy the extra energy demands given that these birds lost body mass.
We estimated that sparrows acclimated to –20ºC probably still had some
spare excess capacity, perhaps 22% (see text).



to 8 to 12 days for larger birds (Starck 1999b). Activity of di-
gestive enzymes and nutrient transporters increased within
2 days (Karasov and Hume 1997). Digestive organs of birds
increased in size within 1 to 6 days after switching diet or in-
creasing food intake (Dekinga et al. 2001; McWilliams and
Karasov 2001). Thus, digestive adjustments in response to
certain changes in diet quantity and quality appear to re-
quire at least a few days and perhaps as much as a week or
more, depending on the type of digestive adjustment (see
fig. 6.7). For an actively migrating bird, this pace of diges-
tive change may be too slow and so digestive constraints
may directly retard the pace of bird migration.

CONCLUSIONS AND 
FUTURE DIRECTIONS

If the biological cost associated with maintaining large guts
were minimal or the consumable resources used by migra-
tory birds were relatively constant, then migratory birds
would likely maintain a relatively constant and enlarged di-
gestive system with significant excess capacity. However,
phenotypic flexibility in the digestive system of migratory
birds is pervasive and we have shown here that birds main-
tain significant but limited spare capacity. For migratory
birds, phenotypic flexibility and spare capacity in the diges-
tive system have likely evolved both to reduce the biologi-
cal costs associated with maintaining large guts and to solve
the difficult physiological problems associated with a chang-
ing environment.

In general, maintaining large guts is costly, in part be-
cause digestive organs are some of the most metabolically
active tissues in vertebrates. Quantitative measurements of
the costs associated with maintaining extensive spare ca-
pacity and phenotypic flexibility in the digestive system of
migratory birds have not yet been attempted. These costs
would include not only the energetic and nutritional costs
of maintaining more gut than immediately necessary, but
also the trade-offs associated with using the finite space
within the animal for digestive organs and tissues instead of
other necessary physiological systems (Diamond 1998). For
migratory birds in particular, carrying the extra mass of en-
larged digestive organs imposes an additional energetic cost
during flight. Thus, although empirical data are lacking, the
biological costs associated with maintaining large guts are
likely to be significant for migratory birds.

Phenotypic flexibility and spare capacity are adaptive for
animals that live in a changing environment. Certainly, the
migratory habit of some birds has evolved to take advantage
of seasonal environments that are quite dynamic over time.
We have argued that most migratory birds change both
what they eat and the amount they eat as a normal part of
migration; thus, food resources used by migratory birds are
dynamic and, in this sense, too, migratory birds live in a
changing environment. What remains to be determined is
whether phenotypic flexibility and spare capacity are greater
in migratory birds than in nonmigratory birds.

Theoretically, animals in highly variable environments or
those that are mobile and so encounter quite different envi-
ronments during their annual cycle (e.g., migratory birds)
are more likely to have evolved phenotypic flexibility. We
have provided examples of how phenotypic flexibility and
spare capacity of the digestive system are critically impor-
tant to the success of migratory birds. However, there is lit-
tle evidence that these features of the digestive system are
unique to migratory birds. This is, in part, because too few
studies have focused on this aspect of birds as a group. No
study has compared the extent of phenotypic flexibility and
spare capacity in migratory and nonmigratory birds with
appropriate controls for phylogeny. We caution that such a
study would have to be carefully planned. Some migratory
birds (e.g., albatrosses) travel great distances as they track
the same food resource(s), for example, so their food re-
sources are relatively unchanging despite their extensive
travels. As well, relatively sedentary birds that live in north-
ern latitudes, such as Ruffed Grouse (Bonasa umbellus), must
successfully overcome dramatic seasonal changes in their
environment. Thus, migration alone is unlikely to select for
phenotypic flexibility in the digestive system of birds.

Migratory birds that vary in the extent to which they
change diets and the amount they eat would be the most use-
ful subjects for comparative studies of phenotypic flexibility
and spare capacity. We predict that phenotypic flexibility in
the digestive system will be most extensive in migratory birds
that regularly switch their diet or that dramatically alter their
food intake as a regular part of their migration. Studies cited
here provide examples of how to measure phenotypic flexi-
bility and spare capacity of the digestive system in birds.
What remains to be discovered is how the flexibility and ca-
pacity of the avian digestive system vary across taxa and how
they are related to the phylogeny, ecology, and life history of
birds.

A C K N O W L E D G M E N T S

Supported by the National Science Foundation (IBN-9318675
and IBN-9723793 to WHK and IBN-9984920 to SRM).

L I T E R AT U R E C I T E D

Afik, D., E. Caviedes-Vidal, C. Martinez del Rio, and W. H.
Karasov. 1995. Dietary modulation of intestinal hydrolytic
enzymes in yellow-rumped warblers. American Journal of
Physiology 269:R413–R420.

Afik, D., B. W. Darken, and W. H. Karasov. 1997a. Is diet shifting
facilitated by modulation of intestinal nutrient uptake? Test
of an adaptational hypothesis in Yellow-rumped Warblers.
Physiological Zoology 70:213–221.

Afik, D., and W. H. Karasov. 1995. The trade-offs between diges-
tion rate and efficiency in warblers and their ecological impli-
cations. Ecology 76:2247–2257.

Afik, D., S. R. McWilliams, and W. H. Karasov. 1997b. Test for
passive absorption of glucose in the yellow-rumped warbler

Digestive Physiology of Migratory Birds 75



and its ecological implications. Physiological Zoology
70:370–377.

Al-Dabbagh, K. Y., J. H. Jiad, and I. N. Waheed, 1987. The influ-
ence of diet on the intestine length of the white-cheeked 
bulbul. Ornis Scandinavica 18:150–152.

Alerstam, T., and A. Lindstrom. 1990. Optimal bird migration:
the relative importance of time, energy and safety. Pages
331–351 in Bird migration: physiology and ecophysiology 
(E. Gwinner, ed.). Springer-Verlag, New York.

Alexander, R. M. 1999. Energy of animal life. Oxford University
Press, Oxford.

Ankney, C. D. 1977. Feeding and digestive organ size in breeding
Lesser Snow Geese. Auk 94:275–282.

Bairlein, F. 1990. Nutrition and food selection in migratory birds.
Pages 198–213 in Bird migration: physiology and ecophysiol-
ogy (E. Gwinner, ed.). Springer-Verlag, Berlin.

Bairlein, F. 1991. Nutritional adaptations to fat deposition in the
long-distance migratory Garden Warbler (Sylvia borin). Pages
2149–2158 in Proceedings of the 20th International Ornitho-
logical Congress, Christchurch.

Bairlein, F., and E. Gwinner. 1994. Nutritional mechanisms and
temporal control of migratory energy accumulation in birds.
Annual Review of Nutrition 14:187–215.

Battley, P. F., M. W. Dietz, T. Piersma, A. Dekinga, S. Tang, and
K. Hulsman. 2001. Is long-distance bird flight equivalent to a
high-energy fast? Body composition changes in freely migrat-
ing and captive fasting Great Knots. Physiological and Bio-
chemical Zoology 74:435–449.

Battley, P. F., T. Piersma, M. W. Dietz, S. Tang, A. Dekinga, and
K. Hulsman. 2000. Empirical evidence for differential organ
reductions during trans-oceanic bird flight. Proceeding of the
Royal Society of London, Series B, Biological Sciences
267:191–195.

Bauchinger, U., and H. Biebach. 2001. Differential catabolism of
muscle protein in Garden Warblers (Sylvia borin): flight and
leg muscle act as a protein source during long-distance migra-
tion. Journal of Comparative Physiology, Series B, Biochemi-
cal, Systematic, and Environmental Physiology 171:293–301.

Berthold, P. 1975. Migration: control and metabolic physiology.
Pages 77–128 in Avian Biology (D. S. Farner, and J. R. King,
eds.). Academic Press, New York.

Berthold, P. 1996. Control of Bird Migration. Chapman and Hall,
New York.

Biebach, H. 1996. Energetics of winter and migratory fattening.
Pages 280–323 in Avian Energetics and Nutritional Ecology
(C. Carey, ed.). Chapman and Hall, New York.

Biebach, H. 1998. Phenotypic organ flexibility in Garden Warb-
lers Sylvia borin during long-distance migration. Journal of
Avian Biology 29:529–535.

Biebach, H., W. Friedrich, and G. Heine. 1986. Interaction of
body mass, fat, foraging and stopover period in trans-Sahara
migrating passerine birds. Oecologia 69:370–379.

Bishop, C. M., P. J. Butler, A. J. E. Haj, S. Egginton, and M. J. J. E.
Loonen. 1996. The morphological development of the loco-
motor and cardiac muscles of the migratory barnacle goose
(Branta leucopsis). Journal of Zoology, London 239:1–15.

Biviano, A. B., C. Martinez del Rio, and D. L. Phillips. 1993. 
Ontogenesis of intestine morphology and intestinal dis-
accharidases in chickens (Gallus gallus) fed contrasting puri-
fied diets. Journal of Comparative Physiology, Series B, 
Biochemical, Systematic, and Environmental Physiology
163:508–518.

Blem, C. R. 1980. The energetics of migration. Pages 175–224 
in Animal Migration, Orientation, and Navigation (S. A. 
Gauthreaux, Jr., ed.). Academic Press, New York.

Blem, C. R. 1990. Avian energy storage. Pages 59–113 in Current
Ornithology (M. Power, ed.). Plenum Press, New York.

Butler, P. J., and C. M. Bishop. 2000. Flight. Pages 391–435 in
Sturkie’s Avian Physiology (G. C. Whittow, ed.) (fifth ed.).
Academic Press, New York.

Caviedes-Vidal, E., D. Afik, C. Martinez del Rio, and W. H.
Karasov. 2000. Dietary modulation of intestinal enzymes of
the house sparrow (Passer domesticus): testing an adaptive 
hypothesis. Comparative Biochemistry and Physiology A
125:11–24.

Caviedes-Vidal, E., and W. H. Karasov. 1996. Glucose and amino
acid absorption in house sparrow intestine and its dietary
modulation. American Journal of Physiology 40:R561–R568.

Chediack, J. G., E. Caviedes-Vidal, V. Fasulo, L. J. Yamin, and W.
H. Karasov. 2003. Intestinal passive absorption of water-
soluble compounds by sparrows: effect of molecular size and
luminal nutrients. Journal of Comparative Physiology, Series
B, Biochemical, Systematic, and Environmental Physiology
173:187–197.

Davis, P. 1962. Robin recaptures on Fair Isle. British Birds
55:225–229.

Dawson, W. R., R. L. Marsh,., and M. E. Yacoe. 1983. Metabolic
adjustments of small passerine birds for migration and cold.
American Journal of Physiology 245:R755–R767.

Dekinga, A., M. W. Dietz, A. Koolhaas, and T. Piersma. 2001.
Time course and reversibility of changes in the gizzards of
red knots alternately eating hard and soft food. Journal of
Experimental Biology 204:2167–2173.

Denslow, J. S., D. J. Levey, T. C. Moermond, and B. C. Went-
worth. 1987. A synthetic diet for fruit-eating birds. Wilson
Bulletin 99:131–134.

Diamond, J. 1998. Evolution of biological safety factors: a
cost/benefit analysis. Pages 21–27 in Principles of Animal
Design: The Optimization and Symmorphosis Debate 
(E. Weibel, C. R. Taylor, and L. Bolis, eds.). Cambridge Uni-
versity Press, New York.

Diamond, J., and K. Hammond. 1992. The matches, achieved by
natural selection, between biological capacities and their nat-
ural loads. Experientia 48:551–557.

Driedzic, W. R., H.L. Crowe, P. W. Hicklin, and D. H. Sephton.
1993. Adaptations in pectoralis muscle, heart mass, and 
energy metabolism during premigratory fattening in semi-
palmated sandpipers (Calidris pusilla). Canadian Journal of
Zoology 71:1602–1608.

Dubowy, P. J. 1985. Seasonal organ dynamics in post-breeding
male Blue-winged Teal and Northern Shovelers. Compara-
tive Biochemistry and Physiology A 82:899–906.

Dykstra, C. R., and W. H. Karasov. 1992. Changes in gut struc-
ture and function of House Wrens (Troglodytes aedon) in re-
sponse to increased energy demands. Physiological Zoology
65:422–442.

Evans, P. R. 1966. Migration and orientation of passerine night-mi-
grants in northeast England. Journal of Zoology 150:319–369.

Ferraris, R. P., and J. M. Diamond. 1989. Specific regulation of in-
testinal nutrient transporters by their dietary substrates. An-
nual Review of Physiology 51:125–141.

Gannes, L. Z. 1999. Flying, fasting and feeding: the physiology of
bird migration in old world Sylvid and Turdid thrushes.
Ph.D. dissertation. Princeton University, Princeton, N.J.

76                       



Gaunt, A. S., R. S. Hikida, J. R. Jehl Jr., and L. Fenbert. 1990.
Rapid atrophy and hypertrophy of an avian flight muscle.
Auk 107:649–659.

Hammond, K. A., and J. M. Diamond. 1997. Maximal sustained
energy budgets in humans and animals. Nature 386:457–462.

Hansson, M., and J. Pettersson. 1989. Competition and fat depo-
sition in Goldcrests (Regulus regulus) at a migration stop-over
site. Vogelwarte 35:21–31.

Herrera, C. M. 1984. Adaptation to frugivory of Mediterranean
avian seed dispersers. Ecology 65:609–617.

Hume, I., and H. Biebach. 1996. Digestive tract function in the
long-distance migratory garden warbler, Sylvia borin. Journal
of Comparative Physiology, Series B, Biochemical, System-
atic, and Environmental Physiology 166:388–395.

Izhaki, I., and U. N. Safriel. 1989. Why are there so few exclu-
sively frugivorous birds? Experiments on fruit digestibility.
Oikos 54:23–32.

Jehl, J. R. J. 1997. Cyclical changes in body composition in the an-
nual cycle and migration of the Eared Grebe, Podiceps nigri-
collis. Journal of Avian Biology 28:132–142.

Karasov, W. H. 1990. Digestion in birds: chemical and physiologi-
cal determinants and ecological implications. Studies in
Avian Biology 13:391–415.

Karasov, W. H. 1996. Digestive plasticity in avian energetics and
feeding ecology. Pages 61–84 in Avian Energetics and Nutri-
tional Ecology (C. Carey, ed.). Chapman and Hall, New York.

Karasov, W. H., and S. J. Cork. 1994. Glucose absorption by a
nectarivorous bird: the passive pathway is paramount. Ameri-
can Journal of Physiology 267:G18–G26.

Karasov, W. H., and I. D. Hume. 1997. Vertebrate gastrointestinal
system. Pages 409–480 in Comparative physiology, Vol. 1 (W.
H. Dantzler, ed.). Handbook of Physiology, Section 13. Ox-
ford University Press, New York.

Karasov, W. H., and S. R. McWilliams. 2004. Digestive constraint
in mammalian and avian ecology. In Consequences of Feed-
ing in Vertebrates ( J. M. Starck, and T. Wang, eds.). Science
Publishers, Enfield, N.H. (in press[AQ1]).

Karasov, W. H., and B. Pinshow. 1998. Changes in lean mass and
in organs of nutrient assimilation in a long-distance migrant
at a springtime stopover site. Physiological Zoology
71:435–448.

Karasov, W. H., and B. Pinshow. 2000. Test for physiological limi-
tation to nutrient assimilation in a long-distance passerine
migrant at a springtime stopover site. Physiological and Bio-
chemical Zoology 73:335–343.

Kersten, M., and W. Visser. 1996. The rate of food processing 
in the oystercatcher: intake and energy expenditure con-
strained by a digestive bottleneck. Functional Ecology
10:440–448.

Ketterson, E. D., and J. R. King 1977. Metabolic and behavioral
responses to fasting in the White-crowned Sparrow
(Zonotrichia leucophrys gambelii). Physiological Zoology
50:115–129.

Klaassen, M., and H. Biebach. 1994. Energetics of fattening and
starvation in the long-distance migratory garden warbler,
Sylvia borin, during the migratory phase. Journal of Compar-
ative Physiology, Series B, Biochemical, Systematic, and Envi-
ronmental Physiology 164:362–371.

Klaassen, M., A. Lindstrom, and R. Zijlstra. 1997. Composition
of fuel stores and digestive limitations to fuel deposition rate
in the long-distance migratory Thrush Nightingale, Luscinia
luscinia. Physiological Zoology 70:125–133.

Kontogiannis, J. E. 1968. Effect of temperature and exercise on
energy intake and body weight of the White-throated Spar-
row, Zonotrichia albicollis. Physiological Zoology 41:54–64.

Kuenzi, A. J., F. R. Moore, and T. R. Simmons, T. R. 1991.
Stopover of neotropical landbird migrants on East Ship
Island following trans-Gulf migration. Condor 93:869–883.

Langslow, D. R. 1976. Weights of blackcap on migration. Ring-
ing and Migration 1:78–91.

Lee, K. A., W. H. Karasov, and E. Caviedes-Vidal. 2002. Digestive
response to restricted feeding in migratory yellow-rumped
warblers. Physiological and Biochemical Zoology
75:314–323.

Levey, D. J., and M. L. Cipollini,. 1996. Is most glucose absorbed
passively in northern bobwhite? Comparative Biochemistry
and Physiology 113A:225–231.

Levey, D. J., and W. H. Karasov. 1989. Digestive responses of
temperate birds switched to fruit or insect diets. Auk
106:675–686.

Levey, D. J., and C. Martinez del Rio. 2001. It takes guts (and
more) to eat fruit: lessons from avian nutritional ecology.
Auk 118:819–831.

Levey, D. J., A. R. Place, P. J. Rey, and C. Martinez del Rio. 1999.
An experimental test of dietary enzyme modulation in pine
warblers Dendroica pinus. Physiological and Biochemical 
Zoology 72:576–587.

Lindstrom, A., and T. Piersma. 1993. Mass changes in migrating
birds: the evidence for fat and protein storage re-examined.
Ibis 135:70–78.

Marsh, R. L. 1984. Adaptations of the Gray Catbird Dumetella 
carolinensis to long-distance migration: flight muscle hyper-
trophy associated with elevated body mass. Physiological 
Zoology 57:105–117.

Martin, A. W., and F. A. Fuhrman. 1955. The relationship be-
tween summated tissue respiration and metabolic rate in the
mouse and dog. Physiological Zoology 28:18–34.

Martinez del Rio, C. 1990. Dietary, phylogenetic, and ecological
correlates of intestinal sucrase and maltase activity in birds.
Physiological Zoology 63:987–1011.

Martinez del Rio, C., K. Brugger, M. Witmer, J. Rios, and E. Ver-
gara. 1995. An experimental and comparative study of di-
etary modulation of intestinal enzymes in European starlings
(Sturnus vulgaris). Physiological Zoology 68:490–511.

McWilliams, S. R. 1999. Digestive strategies of avian herbivores.
Pages 2198–2207 in Proceedings of the 22nd International
Ornithological Congress, Durban (N. Adams and R. Slotow,
eds.).

McWilliams, S. R., D. Afik, and S. Secor. 1997. Patterns and
processes in the vertebrate digestive system: implications for
the study of ecology and evolution. Trends in Ecology and
Evolution 12:420–422.

McWilliams, S. R., E. Caviedes-Vidal, and W. H. Karasov. 1999.
Digestive adjustments in cedar waxwings to high feeding
rates. Journal of Experimental Zoology 283:394–407.

McWilliams, S. R., and W. H. Karasov. 1998a. Test of a digestion
optimization model: effects of costs of feeding on digestive
parameters. Physiological Zoology 71:168–178.

McWilliams, S. R., and W. H. Karasov. 1998b. Test of a digestion
optimization model: effects of variable-reward feeding sched-
ules on digestive performance of a migratory bird. Oecologia
114:160–169.

McWilliams, S. R., and W. H. Karasov. 2001. Phenotypic flexibil-
ity in digestive system structure and function in migratory

Digestive Physiology of Migratory Birds 77



birds and its ecological significance. Comparative Biochem-
istry and Physiology Part A 128:579–593.

Moore, F., and P. Kerlinger. 1987. Stopover and fat deposition by
North American wood-warblers (Parulinae) following spring
migration over the Gulf of Mexico. Oecologia 74:47–54.

Moorman, T. E., G. A. Baldassarre, and D. M. Richard. 1992. 
Carcass mass, composition, and gut morphology dynamics
of Mottled Ducks in fall and winter in Louisiana. Condor
94:407–417.

Moss, R. 1974. Winter diet, gut length, and interspecific competi-
tion in Alaskan ptarmigan. Auk 91:737–746.

Moss, R. 1983. Gut size, body weight, and digestion of winter
food by grouse and ptarmigan. Condor 85:185–193.

Muller, H. C., and D. D. Berger. 1966. Analyses of weight and fat
variations in transient Swainson’s Thrushes. Bird-banding
37:83–111.

Nisbet, I. C. T., W. H. Drury, and J. Baird. 1963. Weight loss dur-
ing migration, Part 1, Deposition and consumption of fat by
the blackpoll warbler. Bird-banding 34:107–138.

Parrish, J. D. 1997. Patterns of frugivory and energetic condition
in Nearctic landbirds during autumn migration. Condor
99:681–697.

Parrish, J. D. 2000. Behavioral, energetic, and conservation impli-
cations of foraging plasticity during migration. Studies in
Avian Biology 20:53–70.

Pendergast, B. A., and D. A. Boag. 1973. Seasonal changes in the in-
ternal anatomy of Spruce Grouse in Alberta. Auk 90:307–317.

Pierce, B., and S. R. McWilliams. 2004. Diet quality and food lim-
itation affect the dynamics of body composition and diges-
tive organs in a migratory songbird (Zonotrichia albicollis).
Physiological and Biochemical Zoology 77:471-483.

Piersma, T. 1990. Pre-migratory “fattening” usually involves
more than the deposition of fat alone. Ringing & Migration
11:113–115.

Piersma, T. 1998. Phenotypic flexibility during migration: opti-
mization of organ size contingent on the risks and rewards of
fueling and flight. Journal of Avian Biology 29:511–520.

Piersma, T. 2002. Energetic bottlenecks and other design con-
straints in avian annual cycles. Integrative and Comparative
Biology 42:51–67.

Piersma, T., M. W. Dietz, A. Dekinga, S. Nebel, J. van Gils, P. F.
Battley, and B. Spaans. 1999. Reversible size-changes in stom-
achs of shorebirds: when, to what extent, and why? Acta 
Ornithologica 34:175–181.

Piersma, T., and J. Drent. 2003. Phenotypic flexibility and the
evolution of organismal design. Trends in Ecology and Evo-
lution 18:228–233.

Piersma, T., and R. E. J. Gill. 1998. Guts don’t fly: small digestive
organs in obese Bar-tailed Godwits. Auk 115:196–203.

Piersma, T., and J. Jukema. 1990. Budgeting the flight of a long-
distance migrant: changes in nutrient reserve levels of Bar-
tailed Godwits at successive spring staging sites. Ardea
78:315–337.

Piersma, T., A. Koolhaas, and A. Dekinga. 1993. Interactions be-
tween stomach structure and diet choice in shorebirds. Auk
110:552–564.

Piersma, T., and A. Lindstrom. 1997. Rapid reversible changes 
in organ size as a component of adaptive behaviour. Trends
in Ecology and Evolution 12:134–138.

Pigliucci, M. 1996. How organisms respond to environmental
changes: from phenotypes to molecules (and vice versa).
Trends in Ecology and Evolution 11:168–173.

Rappole, J. H., and D. W. Warner. 1976. Relationships between
behavior, physiology and weather in avian transients at a mi-
gration stopover site. Oecologia 26:193–212.

Ricklefs, R. E. 1996. Avian energetics, ecology, and evolution.
Pages 1–30 in Avian Energetics and Nutritional Ecology 
(C. Carey, ed.). Chapman and Hall, New York.

Sabat, P., F. Novoa, F. Bozinovic, and C. Martinez del Rio. 
1998. Dietary flexibility and intestinal plasticity in birds: a
field and laboratory study. Physiological Zoology 71:
226–236.

Starck, J. M. 1999a. Phenotypic flexibility of the avian gizzard:
rapid, reversible and repeated changes of organ size in re-
sponse to changes in dietary fibre content. Journal of Experi-
mental Biology 202:3171–3179.

Starck, J. M. 1999b. Structural flexibility of the gastro-intestinal
tract of vertebrates: implications for evolutionary morphol-
ogy. Zoologischer Anzeiger 238:87–101.

Stearns, S. C. 1989. The evolutionary significance of phenotypic
plasticity. Bioscience 39:436–445.

Stevens, C. E., and I. D. Hume. 1995. Comparative physiology of
the vertebrate digestive system. Cambridge University Press,
Cambridge.

Toloza, E. M., M. Lam and J. M. Diamond, J. 1991. Nutrient ex-
traction by cold-exposed mice: a test of digestive safety mar-
gins. American Journal of Physiology 261:G608–G620.

Travis, J. 1994. Evaluating the adaptive role of morphological
plasticity. Pages 99–122 in Ecological Morphology: Integra-
tive Organismal Biology (P. C. Wainwright and S. M. Reilly,
eds.). University of Chicago Press, Chicago.

Walsberg, G. E., and C. W. Thompson. 1990. Annual changes in
gizzard size and function in a frugivorous bird. Condor
92:794–795.

Witmer, M. C., and C. Martinez del Rio. 2001. The membrane-
bound intestinal enzymes of waxwings and thrushes: adap-
tive and functional implications of patterns of enzyme activ-
ity. Physiological and Biochemical Zoology 74:584–593.

78                       



Page: 77 
[AQ1]Update? Year still OK here and in text? 
 


