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N THEORY, WINTER HABITAT QUALITY, particularly food abun-

dance, contributes to year-round population limitation in migratory birds, but this

hypothesis has rarely been tested in the field, We hypothesize here that food avail-
ability in winter limits population size via winter habitat quality. From this Winter
Food-Limitation Hypothesis (WFLH) we deduce and assess three testable predictions
concerning winter populations in time and in space as well as delayed effects during
and following migration. We find widespread support for the WFLH, involving di-
verse avian migratory taxa and geographic regions, although few studies have tested
the strongest-inference prediction, namely that change in winter food affects survival
and immediate winter population size. The lack of stronger support for the WELH
to date is primarily due to the expansive spatial scale of migration, the difficulty of
distinguishing mortality from emigration, the paucity of dietary and available food
data, and the multiple mechanisms by which food impacts populations. Further, the
nearly complete lack of manipulative experiments makes it difficult to eliminate
predators, parasites, diseases, and competitors as confounding factors that all poten-
tially limit migratory bird populations. An important generalization emerging from
many terrestrial studies is that prey abundance tends to track a late-winter dry sea-
son, causing decreased bird body condition, especially in some habitats and winters.
This general response to decreased prey availability suggests that seasonal changes in
food availability may have contributed to the evolution of migration. Although the
frequently opportunistic response by migratory birds to variable prey availability
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challenges our ability to document population responses,
the mobility of these birds makes them useful indicators for
conservation efforts.

INTRODUCTION

Population biologists are increasingly addressing the chal-
lenges presented by migratory animals, whose distribution,
local abundance, and life history traits are influenced by eco-
logical factors operating at different times and places. In the
case of long-distance migrant birds, the ecological factors
influencing reproductive success operate in different loca-
tions and times from nonbreeding-season factors that influ-
ence survival. These birds’ life histories play out over spatial
scales of continents and even different biogeographic re-
gions. This scale of movement challenges scientists’ ability
to follow and study individuals throughout their lifetimes to
address population questions, particularly in small-bodied
species (Webster et al. 2002).

Understanding population dynamics of migratory ani-
mals is also daunting because of the range of possible in-
fluences operating at different temporal and spatial scales.
Populations of migrant birds can in theory be limited dur-
ing the reproductive period, the nonbreeding and nonmi-
gratory phases of the life cycle (“winter”), or migration
(Sherry and Holmes 1995). Moreover, ecological events in
one season may carry over into, and interact with, demo-
graphic processes in a subsequent season (e.g., Marra et al.
1998; Sillett et al. 2000). Thus the question of when and how
migratory bird populations are limited (or regulated), and
by what resources, is still a challenge.

Abundant research supports the idea that breeding suc-
cess in summer has an important impact on migrants’ pop-
ulation sizes and dynamics (e.g., Robinson et al. 1995;
Askins 2000). Although less studied, the winter period has
also been postulated to limit migrant bird populations (e.g.,
Baillie and Peach 1992; Rappole and McDonald 1994; Sherry
and Holmes 1995, 1996; Sillett et al. 2000); however, the
causal mechanisms behind winter population limitation are
largely untested. Assuming that aggressive (e.g., territorial)
behavior is adaptive under conditions of limited resources,
the widespread occurrence of such behavior in winter sup-
ports the idea that resources are limiting in this season
(Morse 1980; Rappole and Warner 1980; Marra 2000). Both
intraspecific and interspecific aggressive behavior are fre-
quent in winter and often associated with local food re-
sources (Greenberg 1986; Greenberg and Salgado-Ortiz
1994; Greenberg et al. 1994), implicating food as an impor-
tant limiting factor. Furthermore, numerous authors have
noted the association of migratory birds with particular
kinds or concentrations of food in winter (e.g., Willis 1966;
Sherry 1984; Lack 1986; Leisler 1990; Greenberg et al. 1993;
Greenberg and Salgado Ortiz 1994). These observations
suggest that food in winter is the most likely resource limit-
ing populations—the “Winter Food-Limitation Hypothe-
sis” (WFLH). Despite the likelihood that winter food con-
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tributes to habitat quality, and ultimately to population lim-
itation, the WFLH has rarely been tested, and when it has
the evidence has been correlative and rarely considered in
relation to factors other than food.

The purpose of the present review was to assess food in
the nonbreeding season as a factor limiting migratory bird
populations both in winter and in subsequent seasons. Here
we deduce testable predictions from this WFLH, rank them
in decreasing strength of inference, and assess them with
available data. Considerable support for the predictions of
the WFLH encourages discussion of several of its implica-
tions: How do food and other factors such as predators and
parasites interact to limit migratory bird populations year-
round? How does winter food limitation influence life his-
tory evolution? What are the major ecological factors that
affect winter food availability? What are the conservation
implications of the WFLH?

PREDICTIONS AND TESTS OF
THE WINTER FOOD-LIMITATION
HYPOTHESIS

The idea that winter habitat quality and availability limits
bird populations on their wintering grounds is widely ac-
cepted (e.g., Baillie and Peach 1992; Rappole and McDonald
1994; Goss-Custard et al. 1995; Sherry and Holmes 1995,
1996; Newton 1998), but a mechanistic link between food
and habitat use is not well established. By habitat quality we
mean the survival or reproductive benefit a habitat confers
upon its occupants (Hall et al. 1997). If food is the most im-
portant factor controlling winter habitat quality, then food
controls the population size surviving the winter, because
increases in food would increase habitat quality and thereby
boost spring population size. Food can also cause delayed re-
sponses by a population, for example, influencing survival
during migration or subsequent reproductive success. Un-
less an increase in winter survival is completely compen-
sated by decreased migratory survival or breeding produc-
tivity, then winter food supply will help regulate migratory
birds” overall population size (Sherry and Holmes 1995).
With this background, we deduce three predictions from
the WFLH, and we review evidence for these predictions
primarily among long-distance migrants.

Prediction 1. Temporal change in winter food availability
should affect winter population size proportionately. The sim-
plest and most direct prediction of the WFLH is that a de-
crease in winter food supply should reduce the wintering
population size and an increase in food should increase the
population, up to the point permitted by the next most
limiting factor. Support for this prediction provides the
strongest evidence in favor of the hypothesis because it pos-
tulates a direct and immediate cause-effect link between
food and wintering population size, N (fig. 31.1). Support of
this prediction is both necessary and sufficient to demon-
strate winter food limitation.

Evidence to support this prediction could be direct, via
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Fig. 31.1. Schematic diagram of causation
pathways by which food or food surrogates
affect population size according to the Winter
Food Limitation Hypothesis. Subscripts “t”
and “s” represent time and space, respectively.

1. Changes in winter food availability affect
winter population size proportionately:

A, Food AN

Corollary: Changes in food availability should affect demographic
indicators of habitat quality accordingly:

A, Food Habitat Quality AN

2. Spatial variation in population size (or density) correlates with spatial variation in
food availability:

A, Food C-qcr-il;;a-tféb Bird Dispersion AsN

Corollary: Spatial variation in demographic parameters of habitat
quality correlate with spatial variation in food availability:

A, Foodqqgle?lilf€‘!> Bird Dispersion As N

& Habitat Quality

Corollary: Temporal or spatial variation in indices of body condition
(as a surrogate for demographic parameters) should correlate with
temporal or spatial variation in food availability:

A Food g.o.rffla_t_e_c‘ Bird Body .....J» Bird Dispersion A N

Condition & Habitat Quality

3. Winter food influences population size indirectly, via body condition and its effect
on subsequent (migration, breeding season) survival and/or reproductive success:

A Food Cor eIated> Bird Winter Body Condition

[T YY)

experimental food manipulation, or correlational, via pop-
ulation response to extrinsic changes in food supply. Direct
food manipulations have been conducted for wintering res-
ident birds, and have generally been followed by enhanced
survival, consistent with the hypothesis of food limitation
(Berndt and Frantzen 1964; Watson and O’Hare 1979; Smith
et al. 1980; Jansson et al. 1981). Strong (1999) reduced ant
abundance in territories of the migratory Ovenbird (Seiurus
aurocapillus) wintering in Jamaica, causing increased terri-
tory size. However, what effect this may have had on indi-
vidual ovenbirds or their population is not known, and the
experiment is being repeated on a larger spatial scale (D. R.
Brown and T. W. Sherry, unpubl. data). We know of no
other study that has manipulated winter food so as to assess
its effect on a wintering migratory bird population.

Studies of diverse migratory taxa nonetheless provide
correlational evidence for the first prediction of the WFLH
by documenting changes in local density or population size
immediately following natural changes in food availability
(table 31.1). These taxa include perching birds, humming-
birds, ducks, shorebirds, and raptors. Although correla-

& Spring Migration Timing & Survival

Reproductive Success AN

tional, the evidence reported by these studies provides some
of the strongest support for the WFLH.

The interpretation of such changes in migrant numbers
coincident with changing food is not always straight-
forward. First, unmeasured ecological conditions that change
concomitantly with food supply could be responsible for
any observed change in bird numbers. For example, drought
depresses food supply and is correlated with dramatic de-
clines in Paleotropical migrants (Peach et al. 1991; Baillie
and Peach 1992), but high mortality can also result from
changes in temperature or other physiological stressors, not
to mention predators or parasites. Nonetheless, without
controlled experiments we can only speculate on the rela-
tive importance of factors other than food in governing pop-
ulation changes coincident with changing food supply. A
second complication in interpreting temporal correlations
between food and wintering migrant numbers is the tem-
poral scale of observation. Short-term changes in migrant
abundance over days or weeks may result simply from re-
distribution of birds without consequence to overall popu-
lation size (Johnson and Sherry 2001). Thus, the strongest



evidence to date for the WFLH comes from the longer-term
studies (see temporal scale in table 31.1).

If we assume that migrants’ body condition and, ulti-
mately, survival influence their overall population size, then
a corollary of prediction 1 is that changes in food should af-
fect these demographic parameters. However, support of
this corollary alone is insufficient to support the WFLH be-
cause the assumption is invalidated when a change in one
demographic parameter following a change in food avail-
ability is compensated by a change in another parameter, so
that overall abundance remains stable. For example, a de-
crease in winter food availability could lower winter sur-
vival, consistent with this prediction, but the resulting
smaller population could experience greater per capita re-
production, yielding an unchanged (regulated) population.
Although partial compensation for winter events could oc-
cur during spring migration, complete compensation is un-
likely because some migration mortality is likely indepen-
dent of population size, as suggested by the effects of
storms during migration (e.g., Zumeta and Holmes 1978;
Sillett and Holmes 2002), and thus not regulatory. Food-
mediated changes in demographic indicators are therefore
likely to exert some influence on overall breeding popula-
tion size.

Habitat-specific demography has received less attention in
the winter than in the breeding season, perhaps because of

Table 31.1
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the long-term data required to quantify survival, the most
relevant nonbreeding demographic trait. Of the few studies
that have investigated nonbreeding season, habitat-specific
survival for migrants (e.g., Conway et al. 1995; Marra and
Holmes 2001; Brown et al. 2002), most have not simultane-
ously quantified food, so this corollary of the first prediction
remains inadequately tested. Nonetheless, the studies that
have measured food show a general tendency for survival to
fluctuate in correspondence with variation in winter food
availability. Latta and Faaborg (2001) and Johnson and Sherry
(2001), working with wintering warblers, found that persist-
ence over the winter (an indirect measure of survival, be-
cause survival is confounded with emigration) decreased
following decreases in arthropod availability.

Prediction 1 involves changes in abundance that result
from temporal changes in food supply. Where those changes
are controlled and randomly assigned by experimentation,
we can rule out most alternative factors; where those
changes are natural, the inference that observed bird re-
sponses are due to food alone is weakened. With or without
experimentation, however, prediction 1 provides some con-
trol of alternative factors because changes in population
size follow changes in food supply in particular locations. In
contrast, the following prediction is more poorly controlled
because it relies on variation in food availability across
space; that is, confounding factors in ecology are often bet-

Evidence for the winter food limitation hypothesis based on temporal changes in bird

abundance or density in correspondence with changes in food availability (tests of Prediction 1)

Species Food Temporal scale Region Reference
Various sparrows Seeds 8-21 years Arizona Pulliam and Parker 1979
Dunning and Brown 1982

Rufous Hummingbird Nectar Days—weeks California Gass et al. 1976
Selasphorus rufus
Various ducks Mussels Tens of years Lake Erie Wormington and Leach 1992
Various seaducks Invertebrates 6 winters Scotland Campbell 1984
Dunlin Invertebrates

(inferred, not

measured) >3 yeats Britain Goss-Custard and Moser 1988
Calidris alpina
Brant Branta bernicla hrota Eel grass ~10 years Svalbard Clausen et al. 1998
Prairie Warblers Insects 3 months Dominican Republic Latta and Faaborg 2001
Dendroica discolor
Various frugivores- Pruits and flowers Monthly variation Argentina Malizia 2001

insectivores

Northern Pintail Seeds and

invertebrates 2 winters California Miller and Newton 1999
Anas acuta
Merlin Rodents 16 years Sweden Wiklund 2001
Falco columbarius
Various warblers Insects Weeks Jamaica Johnson and Sherry 2001
Various insectivores Insects 3 years data but

correlations within
1 year Tanzania-Kenya Sinclair 1978

Yellow Wagtail Arthropods 5 months West Africa Wood 1979

Motacilla flava
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ter controlled over time than across space (Eberhardt and
Thomas 1991; Manly 1992).

Prediction 2. Winter food availability should correlate spatially
(e.g., by habitat) with winter population size. This prediction
rests explicitly on the links among bird dispersion, habitat
quality, and population limitation (e.g., Sherry and Holmes
1995). As explained earlier, winter food limits migrant
populations if it is the primary determinant of habitat qual-
ity, and animals should in theory disperse among habitats
of different quality so as to match population size to food
resources (Moreau 1972). The effect of food could be re-
stricted to a simple redistribution of birds among habitats as
food supply fluctuates, without any population conse-
quences. This prediction is thus weaker than the previous
one because it invokes a relatively indirect link between win-
ter food and a migrant’s population size (fig. 31.1), and sup-
port for this prediction is necessary, but not sufficient, to
support the WFLH.

This prediction has received the most attention, with the
majority of investigations showing a general spatial corre-
spondence between bird distribution and food availability.
The evidence is strongest for shorebirds, for which spatial
correlation is documented between bird numbers and
benthic macro-invertebrate density under diverse circum-
stances and scales (Goss-Custard 1970; Wolff and Smit 1990;
Hockey et al. 1992; Yates et al. 1993). Although less well doc-
umented, migratory waterfow] and seabird abundance has
also been found to vary in correspondence to their respec-
tive foods, including invertebrates (Yates et al. 1993), krill
(Heinemann et al. 1989; Veit et al. 1993), and eel grass
(Clausen et al. 1998).

Prediction 2 has received less attention for migratory
landbirds, perhaps because of the comparative difficulty in
quantifying resource availability in structurally complex
habitats. Hutto (1980) and Johnson and Sherry (2001) found
a positive correlation between migrant and insect numbers
in the Neotropics, but Folse (1982) working in Africa did
not. Price and Gross (Chap. 27, this volume) found correla-
tions between food and Phylloscopus warbler abundance
wintering in India. Studies with too few sites for correlation
analysis corroborate the idea that wintering migrant land-
birds tend to become more abundant in sites or habitats
with more food (Sinclair 1978; Poulin et al. 1992; Lefebvre
et al. 1994; Parrish and Sherry 1994; Katti and Price 1999;
Latta and Faaborg 2001; 2002; Perez-Tris and Telleria 2002).

This second prediction invokes food as a proximate lim-
iting factor via its effect on survival, a demographic indica-
tor of habitat quality, which in turn drives population size
(fig. 31.1). Like the corollary of prediction 1, this deduction
therefore relies on the assumption that food’s influence on
survival is not compensated elsewhere in the birds’ annual
cycle. Few studies have examined a corollary of prediction
2, namely that the mechanism of food’s effect on a popula-
tion is via survival or other indicators of body condition,
again because quantifying survival is difficult. Marra and
Holmes (2001) found higher survival for American Red-

starts (Setophaga ruticilla) in mangrove swamp than in adja-
cent scrub forest, and Parrish and Sherry (1994) found cor-
respondingly greater abundance of at least some insect taxa
in mangroves, although this tendency may be restricted to
old-growth mangrove swamps (Johnson and Sherry 2001).
Working in three habitats, Johnson et al. (unpubl. data)
found that apparent annual survival was highest in the food-
rich and lowest in the food-poor habitat. Similarly, over-
winter persistence was highest (among three habitats) in
food-rich sites for both the insectivorous Prairie Warbler
(Dendroica striata [Latta and Faaborg 2001]) and the omni-
vorous Cape May Warbler (Dendroica tigrina [Latta and
Faaborg 2002]).

Thus far, we have reviewed evidence that links food to
population size either directly or indirectly via demography,
chiefly survival. If we assume that measures of individual
birds’ body condition determine or indicate survival, then a
corollary of prediction 2 is that surrogate variables for sur-
vival should vary spatially with variation in food availability.
Marra and Holmes (2001) showed that this assumption
was valid for wintering American Redstarts, but because
the assumption has been inadequately tested for other
taxa, we have ranked evidence involving variability in body
condition lower in strength of inference than variability in
survival.

Several studies of terrestrial migrants in winter have doc-
umented temporal or spatial variation in body condition, but
as before, few have done so concurrently with measures of
food availability. Those studies that have examined body con-
dition have focused on surrogates for fitness, including
change in body mass (Marra et al. 1998; Johnson et al., un-
publ. data), rate of feather regrowth (e.g., Strong and Sherry
2000), stress hormones (Marra and Holberton 1998), subcu-
taneous fat (Katti and Price 1999), and pectoral muscle mass
(Latta and Faaborg 2002). Insectivorous Ovenbirds varied in
maintenance of body mass and feather regrowth rate both
spatially (among territories) and temporally with ant bio-
mass, their primary winter food (Strong and Sherry 2000).

Measures of body mass have generally varied as pre-
dicted with measures of food availability. Copious data ob-
tained from winter-harvested waterfowl indicate a clear cor-
relation between food availability and body mass (e.g.,
Hobaugh 1985; Miller and Newton 1999), and nonharvested
species appear to exhibit similar patterns (e.g., Nariko et al.
1999). Studies of shorebirds also suggest a positive correla-
tion between variation in food across time and/ or space and
variation in body mass (Tsipoura and Burger 1999; Mitchell
et al. 2000). An important caveat here is that body mass is
composed of separate components (e.g., body fat, overall
body size in relation to skeletal characters, and pectoral
muscle mass) that may respond independently over space
and time to various ecological circumstances; moreover,
predation risk and food predictability likely affect body
lipids and pectoral body mass (Rogers, Chap. 9, this vol-
ume). Thus body mass likely does not depend simply on
overall food abundance.



In a variety of studies foraging behavior has been used as
a surrogate for measurements of food (e.g., Lovette and
Holmes 1995; Wunderle and Latta 1998). When behavior is
used to estimate food availability, the linkage between the
predictor variable (e.g., foraging) and the population re-
sponse is even more indirect than the pathways in fig. 31.1,
and thus more tenuous. Better understanding of the link be-
tween foraging behavior and food availability is necessary
tojustify the use of foraging behavior as a surrogate for food
availability.

Prediction 3. Winter food influences population size indirectly,
via body condition and its effect on subsequent (migration, breed-
ing season) survival and/or reproductive success. Because food
abundance influences body condition in winter as reviewed
above, winter food can therefore exert delayed, indirect ef-
fects on populations that ecologists have only begun to sus-
pect (e.g., Marra et al. 1998; Sillett et al. 2000). Support of
this third prediction is sufficient, but not necessary, to sup-
port the WFLH, because a particular species could in the-
ory respond immediately in winter to concurrent changes
in food abundance (in support of predictions 1 and 2), but
show no delayed responses (prediction 3). We also rank evi-
dence in support of this third prediction of WFLH as
weaker than that for prediction 1 because the delay between
winter food abundance and subsequent population re-
sponses allows the possibility that ecological conditions sub-
sequent to winter can intervene and modify the popula-
tion’s response: to winter food (fig. 31.1). The “carry-over
effects” implicit in prediction 3 are poorly understood, in
part because of the challenge of linking migratory popula-
tions spatially during their annual travels (Webster et al.
2002). Nonetheless, these delayed population effects may be
widespread (e.g., Sillett et al. 2000; Meller and Hobson 2004;
Norris et al. 2004; Saino et al. 2004, and they certainly in-
crease the range of population responses to winter food
(Marra et al. 1998), and thus the challenge of testing such
food impacts.

Our third prediction of the WFLH converges with a de-
duction from the idea of seasonal interactions in migratory
birds (Webster et al. 2002), which in general predicts delayed
effects of ecological conditions in one season on migrants’
population and individual responses in subsequent phases
of the annual cycle (winter to summer, summer to winter,
migration to summer, and so on). The WFLH differs from
seasonal interaction predictions in specifying food as the
dominant ecological factor and in focusing on impacts of
ecological conditions arising solely in winter.

Our review of data relevant to the three predictions of
the WFLH suggests that food can be an important factor
limiting migratory bird populations, affecting their distri-
bution, year-round abundance, survival, and even repro-
duction following a migration away from the winter range.
These data come from a variety of species on most conti-
nents, and they represent different temporal and spatial
scales of study. Nonetheless, strong direct support of the
hypothesis (prediction 1) is infrequent.
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ALTERNATIVE MECHANISMS
OF POPULATION LIMITATION
IN WINTER

Despite the foregoing evidence supporting the WFLH, we
still understand only sketchily the mechanisms by which
food limits populations, for a variety of reasons. First, food
abundance influences populations in diverse and often
indirect ways, including socially constrained dispersion of
individuals among habitats (Marra and Holmes 2001), in-
teraction with predators and parasites, and time delays.
For example, resource distribution patterns can influence
bird dispersion among habitats, which can in turn differ-
entially influence survival and body condition via preda-
tion, parasitism, and other factors that vary by habitat.
Another consideration is that food availability is influ-
enced not only by prey abundance (i.e., “standing crop™),
but also by resource productivity (i.e., turnover rate), and
standing crop alone may be a poor estimate of food sup-
ply for highly renewable foods. The abundance of migra-
tory shorebirds supported by high tropical marine pro-
ductivity in the Banc d’Arguin (Zwarts et al. 1990)
exemplifies how low arthropod standing crop of small-
bodied prey may not predict abundance as well as prey
population productivity—a circumstance that may apply
to “terrestrial” habitats such as mangroves.

The relationship between food and population size can
also be obscured by competitors, including other bird
species (Greenberg 1986), other vertebrates such as lizards
and frogs, and potentially even invertebrates such as ants
and spiders (Van Bael et al. 2003). A variety of recent stud-
ies document effects of migratory species on the feeding
success and habitat choice of other migrants (Greenberg
et al. 1993; Greenberg and Salgado-Ortiz 1994; Green-
berg et al. 1994; Latta and Faaborg 2002). Resident tropical
birds can also be important competitors (e.g., Lack 1976;
Greenberg 1986). Greenberg's (1995) Breeding Currency
Hypothesis (BCH) formalizes a general mechanism of com-
petition between migrant and resident insectivorous birds.
Johnson et al. (in press) found support for the primary pre-
diction of the BCH, namely that large arthropods (“breed-
ing currency”) most suitable for the reproductive success of
resident birds tended to be proportionately more abundant
in Jamaican resident-dominated habitats, whereas smaller
arthropods in winter tended to be most abundant in the
habitats with proportionately more wintering migrants.
The implication of this relationship is that wintering terres-
trial migrant birds compete diffusely with resident birds for
subsistence or survival food, and resident species displace
migrants from the best local breeding habitats. This exam-
ple of migrant-resident avian niche partitioning is a special
case of resource partitioning among consumers in the Trop-
ics (e.g., Lack 1976), an appealing, if still inadequately un-
derstood phenomenon. An important implication of our re-
view for studies of competition is that the diverse pathways
by which winter food can influence a population (fig. 31.1)
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should lead to similarly diverse ways that competitors can
influence a population.

Predators and parasites can also obscure the relationship
of the winter population response to food both directly
through mortality and indirectly by influencing feeding be-
havior and habitat choice. For example, animals in poor
body condition, which can be the result of food shortages,
may be more susceptible to predators, as illustrated by
young Dunlin (Calidris alpina) wintering on the Banc D’ Ar-
guin, Mauritania (Bijlsma 1990). Expanded home range size
and dispersal movements of animals, which can be precipi-
tated by low food abundance, should also put individuals at
greater risk of both predation (Hubbard et al. 1999) and par-
asitism. Both predators and parasites cause mortality in
wintering migrants. Scaley-leg mite infests migrant and res-
ident birds wintering in the Caribbean region and it affects
both body condition and survival (e.g., Latta and Faaborg
2001; Latta 2003), but the quantitative impact on popula-
tions remains poorly understood. Rogers (Chap. 9, this vol-
ume) emphasizes the importance of predators to wintering
migrants by illustrating the complex ways in which preda-
tors can shape adaptive patterns of body mass variation.

Our ability to test the relationship between available food
and population responses also depends on methodological
challenges, some of which have been mentioned already, in-
cluding problems of establishing population connectivity
(Webster et al. 2002) and quantifying resource abundance.
In addition, food resources are filtered by consumers—
depending on their searching, handling, and digestive adap-
tations—which makes it challenging to quantify what foods
are effectively available to a particular population (Hutto
1990; Strong 2000). Predation and disease can also be diffi-
cult to measure because of their infrequent occurrence and
indirect effects on survival and subsequent reproduction.

IMPLICATIONS OF WINTER
FOOD LIMITATION FOR MIGRANT
LIFE HISTORY EVOLUTION

One unifying pattern for both Old and New World terres-
trial migratory systems is a decline in food resources in the
late dry season (Katti and Price 1996; Rodl 1999; Strong and
Sherry 2000; Johnson and Sherry 2001; Latta and Faaborg
2001, 2002), a simultaneous deterioration of body condition
(Sherry and Holmes 1996; Marra and Holberton 1998;
Marra et al. 1998; Strong and Sherry 2000; Latta and
Faaborg 2002), and decreased survival or persistence both in
drought-stressed habitats (Katti and Price 1996; Sherry
and Holmes 1996; Marra et al. 1998; Radl 1999; Strong and
Sherry 2000; Latta and Faaborg 2001; Marra and Holmes
2001) and in relatively dry winters (Peach et al. 1991; Baillie
and Peach 1992; Sillett et al. 2000). If ancestral, resident
species/populations were constrained to occupy similarly
seasonal, unbuffered habitats just before spring migration,
then intra- or interspecific competition combined with em-

igration could be an intermediate step in the evolution of a
long-distance migratory strategy.

Consider a hypothetical resident individual’s annual cycle
in an early successional habitat. If the lowest level of re-
source availability occurs at the end of the dry season,
despotic interactions over the winter (e.g., Greenberg 1986;
Greenberg and Salgado-Ortiz 1994; Marra 2000) may con-
strain individuals facing a negative energy balance either to
starve or to emigrate just before the breeding season begins.
If emigration leads to the location of increased food
resources, then breeding may take place in areas with more
favorable food resources. Although this hypothesis ignores
many of the intermediate steps (e.g., physiological, anatom-
ical, neurological) that are necessary for the evolution of a
completely migratory life history, it is consistent with
several of the evolutionary precursors that may have been
responsible for migration: dry-season food limitation,
despotic interactions, and increased emigration rates.

Studies of the migratory origins of parulid warblers sup-
port this hypothesis. Cox (1985) modeled the evolution of
the Neotropical migration system in parulids and con-
cluded that the Mexican Plateau, characterized by strong
seasonality and interannual variation in rainfall, was the
likely point of origin for many migratory taxa. Similar en-
vironmental conditions and subsequent forest fragmenta-
tion throughout North America during the Miocene-
Pliocene boundary may have contributed to the rapid
adaptive radiation of Dendroica (Lovette and Bermingham
1999). Thus, xeric conditions appear to be conducive to the
proliferation of migratory species. Entomological studies
corroborate the idea that drought reduces arthropod abun-
dance (e.g., Wolda 1978; Levings 1983; Pearson and Derr
1986; Frith and Frith 1990), lending credence to dry-season
declines in food availability as a driving mechanism for
migration.

Chesser and Levey (1998) argued that habitats with
poorly buffered resources in the nonbreeding season, rather
than diet per se, are most likely to favor migratory behav-
ior. They argued that although diet, specifically frugivory,
was not supported as a precursor to migration, the use of
ephemeral food resources might be a consequence of se-
lection for poorly buffered habitats. There is strong empiri-
cal evidence that many (but not all) migrants use such dis-
turbed, early successional habitats (Hutto 1980; Hagan and
Johnston 1992; Petit et al. 1995; Johnson and Sherry 2001),
and these species are generally “replaced” spatially by resi-
dent species in more buffered habitats (Keast and Morton
1980; Douglas 2002). This may occur because resident
species are not as effective as migrants in tracking resources
in space because of the constraint of defending suitable
home ranges year round with sufficient breeding currency
(sensu Greenberg 1995; Johnson et al. 2004). Many mi-
grants, by contrast, appear to track ephemeral food re-
sources spatially over the course of the nonbreeding season,
as reviewed under hypothesis 2 above. Thus, ecological con-
ditions typical of large parts of the Subtropics may have fa-



vored evolution of latitudinal migration, via patterns of
food resource distribution and abundance.

CONSERVATION IMPLICATIONS
OF WINTER FOOD LIMITATION

The mobility of migrant birds, their often opportunistic
food habits as described above, and the lack of habitat-
specific demographic data for most species make the con-
servation of migratory birds during the nonbreeding season
challenging. The fact that individuals use multiple habitats
outside the breeding season (e.g., Rappole et al. 1989; Wun-
derle and Latta 2000; Johnson and Sherry 2001) underscores
the necessity of a landscape or regional approach in winter,
just as in summer (Askins 2000). However, critical to any
conservation strategy is the need to address issues of both
habitat quantity and quality. Habitat quantity has long con-
cerned avian conservationists (e.g., Keast and Morton 1980;
Terborgh 1989). What we emphasize here is that conserva-
tion efforts need to increase consideration of habitat quality,
including factors that maintain or degrade prey abundance.
Increasing use of demographic data (birth and death rates)
in assessing avian habitat quality is a positive development,
but we nonetheless recommend greater effort to address the
ecological determinants of habitat quality, and our review
suggests that food availability merits more attention.

Humans can influence habitat quality to birds most ob-
viously by influencing the kinds and abundance of re-
sources (Greenberg 1992; Petit et al. 1995). For example,
Johnson (2000) demonstrated that the species of shade trees
used in coffee cultivation influenced the abundance of birds
via foliage arthropods. Similarly, plant species influence the
distributions of migrant and resident Jamaican birds via
fruit and nectar resources (Douglas 2002). Anthropogenic
habitat conversion and landscape changes (e.g., increased
edge vegetation) will in general alter habitat quality for birds
and other kinds of wildlife. Humans can also influence habi-
tat quality for birds indirectly via weather patterns (Sillett et
al. 2000), and potentially via effects on predators and
pathogens (such as West Nile Virus).

Migratory birds may be useful indicator species in habi-
tat restoration efforts because of their exceptional ability to
discover and use resources opportunistically. Additionally,
the ability of many migratory birds to track ephemeral re-
sources (e.g., Sherry 1984; Johnson and Sherry 2001) makes
them particularly effective consumers of some insect pests
(Greenberg et al. 2000; Van Bael et al. 2003), because an in-
crease in arthropods of the sizes and types consumed by
these birds will result in a local increase in migratory bird
populations. Such functional and numerical responses, cou-
pled with birds’ high metabolic rate, will increase con-
sumption of these arthropods. Thus, our studies of the
feeding behavior and food limitation underscore the poten-
tial of wintering migratory bird populations for arthropod
control in tropical wintering areas.
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FUTURE DIRECTIONS

Our inability to link winter food availability more strongly
to changes in migratory bird population size, that is, to test
the WFLH more rigorously, can be ascribed to several fac-
tors that indicate future research needs: paucity of dietary
data for most species, prevalence of feeding opportunism
and thus diet variability in space and time, large spatial scale
necessary for manipulative experiments, unclear relation-
ship between climate and food availability, difficulty in dis-
tinguishing between mortality and emigration as responses
to food shortage, lack of understanding of population con-
nectivity between breeding and wintering phases of the life
cycle, the need to examine alternative hypotheses, and the
need for a better understanding of the relationship between
body condition and fitness. This review of winter food
emphasizes diet as a logical link between the population dy-
namics, habitat-selection, life history evolution, and conser-
vation needs of migratory birds. Future diet studies prom-
ise to advance our understanding of migratory birds in
diverse ways, and such studies are feasible, if challenging, as
reviewed above.

Dietary opportunism can both complicate and simplify
our understanding of how food availability limits migratory
bird populations in winter. The use of small, poorly di-
gestible, abundant prey types—subsistence resources that
are inadequate as breeding currency—have been docu-
mented as prey for arboreal species, ground foragers, and
wetland species (Morton 1980; Zwarts et al. 1990; Poulin and
Lefebvre 1996; Medori 1998; Strong 2000). Such breadth of
prey types within species potentially complicates measure-
ment of food availability, but recent studies have demon-
strated the tendency for migrants to take prey in direct pro-
portion to their abundance, an observation also consistent
with dietary opportunism (Sherry 1984; Strong 2000). An
opportunistic diet has the potential to simplify the daunting
task of measuring food availability by using generalized sam-
pling techniques. Although species-tailored food-sampling
methods certainly provide better data for particular popula-
tions (e.g., R8dl 1999; Strong and Sherry 2000, 2001; Johnson
and Sherry 2001), a sampling scheme with standard method-
ology used by collaborating researchers across a broad geo-
graphic scale should also help unravel the effects of climate,
soils, and other factors influencing food availability. More-
over, more studies need to test simultaneously the impacts
of food limitation in winter versus alternative factors (e.g.,
Johnson and Sherry 2001) and interacting factors.

Measuring a population’s demographic response to re-
sources is just as challenging as measuring the resources
themselves, and this topic deserves a major review of its
own. For example, distinguishing mortality from emigra-
tion remains one of the greatest challenges to studying
these far-ranging animals (Webster et al. 2002). We need
studies of the congruence and redundancy of different
measures to assess body condition conducted under diverse
ecological circumstances. A related need is the examination
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of delayed responses of migrants to food conditions in win-
ter, that is, seasonal interactions via body condition and de-
mographic parameters. Such studies will be most feasible in
species with limited geographical ranges or in those whose
breeding and wintering population connectivity are known.

Two important conservation needs are to learn how to
improve habitat quality for wintering migratory birds and
to identify both the ecological and economic value of these
birds. This review indicates that food abundance is an im-
portant determinant of habitat quality, which suggests that
manipulating food abundance will be a fruitful experimen-
tal approach. Possible ways to do this include changing
plant species (Johnson 2000) and more generally manipu-
lating vegetation cover and habitat type. Future research
should emphasize agricultural habitats such as irrigated and
forest-based crops, because these are habitats in which hu-
mans and migratory birds potentially can coexist. Con-
versely, we need to quantify the value of the ecological and
economic services provided by migratory birds, including
their potential indirect beneficial effects on plants via the
birds’ consumption of insect herbivores (Marquis and Whe-
lan 1994; Greenberg et al. 2000; Strong et al. 2000; Van Bael
et al. 2003).
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