
CHAPTER FIVE 

BIRD MIGRATION 

Many generalizations about animal migration have been strongly biased by 
discoveries from investigations of bird migration. This undoubtedly stems from the 
tremendous interest that birds generate because of their conspicuousness and their 
remarkable abilities of flight. The ecological, physiological, and behavioral aspects of 
bird migration continue to attract considerable attention from investigators, and many 
of the new and exciting contributions from recent studies are summarized in this 
section of the proceedings. 

In my contribution, I have attempted to order the diversity of avian migration 
strategies by concentrating on climatic changes in time and space and how such 
changes influence the absolute amount of resources in the environment. The variance 
in the ability of animals to secure sufficient resources in response to different patterns 
of resource decline is related to the patterns of bird movement at different temporal 
and spatial scales. This exercise helps to relate bird migration strategies to the 
spectrum of animal migration strategies. 

The theme of intraspecific variation in bird migration is continued in the 
contribution of Kenerson and Nolan. They summarize their important work on the 
partial and differential migration of the dark-eyed junco (Junco hyemalis hyemalis) 
and report new results on how well the patterns of zugunruhe (migratory restlessness) 
in caged juncos of different sexes and ages relate to data on the actual timing and 
distance of migration in this species. The importance of endogenous and exogenous 
factors in the regulation of the seasonal migration of birds is addressed in Berthold's 
contribution. Berthold presents considerable evidence that suggests that endogenous 
programs (that are in part heritable) control migratory disposition and many other 
aspects of the migratory activity in birds. A comparison between Berthold's paper and 
that of Kenerson and Nolan offers the reader a modem day example of how earlier 
investigators were lured into the "nature" vs. "nurture" controversy that raged some 
thirty years ago. 

The orientation of birds during migration has been an area of intensive 
investigation since the seminal experimental work of Gustav Kramer in the late 1940's 
and early 1950's. The paper by Able and Cherry summarizes the recent advances in 
field observations and experimental studies and illustrates just how exciting and 
dynamic this area of research is. The role of various compass mechanisms is 
evaluated, and evidence is presented that suggests that some compass mechanisms 
have little or no role in the orientation of migratory birds . In another contribution on 
orientation, Bingman, Beck, and Wiltschko emphasize the complexity of the 



502 

development of orientation systems in migratory birds. They summarize their studies 
of the development of migratory orientation in the pied flycatcher (Fidedu/Q 

hypoleuca), a European-trans-Saharan nocturnal migrant, and demonstrate that young 

birds are able to use either the geomagnetic field or the night sky as "primary" 
sources of directional information for migration. 

Two papers in this section are based on migration data gathered with the use of 
radar. The influence of weather on the day-to-day variation in the numbers and types 
of birds migrating over southeastern Canada is discussed by Richardson. He also 
addresses the orientation of the birds in flight and the routes that birds following 
during migration in relation to wind patterns. The second paper is contributed by 
Alerstam who monitored with tracking radar the flight behavior of arctic terns (Sterna 
paradisaea) and common terns (Sterna hirundo) during migratory flights across 
Sweden. The flight behavior of both species is detailed frrst and then Alerstam 
examines the flight behavior in relation to fuel economy and energy budget. Such 
considerations must relate back to the distribution and abundance of resources, and 
having come full circle that is where we will begin. 

Sidney A. Gauthreaux, Jr. 
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ABSTRACf 

Because habitats change in suitability and resource availability through time, birds that 
have specific habitat requirements with regard to these measures must change location and seek 
new habitats elsewhere if they are to survive and reproduce. The spatial movements of birds, 
whether maintenance, dispersal, or migratory, are evolutionary strategies that express the 
expectations of temporal change in conditions at the present locality. If the resources in a 
suitable habitat can support a certain number of individuals during a period of high resource 
availability and only a fraction of that number during a period of low resource availability, than 
during the latter period, some of the individuals in the population must move and seek other 
suitable habitats or perish. The climatic and meteorological factors responsible for changing the 
suitability and resource availability of a habitat through time may be in large part the same 
factors that shape the spatial and temporal characteristics of movements from or to that habitat. 
Climatic changes can influence the spatial distribution of suitable habitats and the absolute 
resource availability within suitable habitats and by doing so influence either directly or 
indirectly the direction and distance of the movement patterns. Likewise climatic changes can 
dictate the heterogeneity of habitats in time (length of favorable and unfavorable periods, and 
length of time a location remains suitable) and influence the phenology (timing and rate) of the 
movements. The diversity of avian migration strategies can be related to the diversity of 
environmental changes that occur over different temporal and spatial scales. 

INTRODUCfiON 

Because habitats change in suitability and resource availability through time, 
birds that have specific habitat requirements with regard to these measures must 
change location and seek new habitats elsewhere if they are to survive and reproduce. 
The spatial movements of birds, whether maintenance, dispersal, or migratory, are 
evolutionary strategies that express the expectation of temporal change in conditions at 
the present locality. If the resources in a suitable habitat can support a certain number 
of individuals during a period of high resource availability and only a fraction of that 
number during a period of low resource availability, then during the latter period some 
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of the individuals in the population must move and seek other suitable habitats or 
perish. The climatic and meteorological factors responsible for changing the 
suitability and resource availability of a habitat through time may be in large part the 
same factors that shape the spatial and temporal characteristics of movements from or 
to that habitat. Climatic changes can influence the spatial distribution of suitable 
habitats and the absolute resource availability within suitable habitats and by doing so 
influence either directly or indirectly the direction and distance of the movement 
patterns. Likewise, climatic changes can dictate the heterogeneity of habitats in time 
(length of favorable and unfavorable periods and length of time a location remains 
suitable) and influence the phenology (timing and rate) of the movements. In the 
paper that follows I show how the diversity of avian migration strategies can be 
related to the diversity of environmental changes that occur over different temporal 
and spatial scales. 

RESOURCE AVAILABILITY, 
RESOURCE HOLDING POTENTIAL AND THE 

PROBABILITY OF MOVING FROM A HABITAT 

The level of resource availability in or the favorableness of a suitable habitat can 
fluctuate greatly. Resource availability can be absolute (the amount of resources in a 
habitat) or relative (the actual resources available to an individual in relation to other 
individuals in the population). Absolute resource availability (ARA) is an attribute of 
the habitat, while relative resource availability (RRA) is an attribute of the individual 
and related to its resource holding potential (RHP). For a given level of absolute 
resource availability in a habitat, the relative resource availability may be different for 
each individual in the population. The absolute resource availability within a habitat 
and the resource holding potential of an individual in a population occupying that 
habitat are important in determining the probability that an individual will have to 
move from the habitat to secure sufficient resources elsewhere. The ARA of a habitat 
and the RHP of an individual require some additional explanation. 

Absolute Resource Availability (ARA) 

The ARA lines in Figure 1 are isoquant lines, each indicating a constant 
quantity of absolute resource availability in a habitat. The slopes of the isoquant lines 
are related to the amount of resource encountered as a function of area sampled. 
Isoquant line ARAo, for example, indicates that no resources are in the habitat. 
Isoquant lines ARA0.1, ARAo.5 and ARA 1 indicate increasing amounts of resource as a 
function of area sampled. Isoquant ARAx indicates that resources are infinitely 
abundant. Although the latter case is unrealistic, it is precisely the same as saying the 
carrying capacity is unlimited. Thus the series of ARA isoquant lines in Figure 1 
illustrate a whole function of the two variables: amount of resource and size of area 
sampled. Each isoquant is associated with a particular value of absolute resource 
availability, and the array of isoquant lines represents an isoquant map. 
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Figure I 
An isoquant map of absolute resource availability (ARA) in a habitat. Each isoquant line represents 

all the possible combinations of area sampled and amount of resource found for a particular absolute 
resource availability. 

Resource Holding Potential (RHP) 

Individuals in a habitat rarely share resources equally. Given a certain level of 
absolute resource availability, some individuals acquire more resources than others. In 
other words, the relative resource availability differs from individual to individual, 
unless the absolute resource availability is unlimited. The factors responsible for one 
individual acquiring more resources than another are related to game theory (Maynard 
Smith 1976). If resources in a habitat are limited, the individuals in a population that 
occupy that habitat will compete (engage in contests) for access to the resources. 
Most contests are asymmetrical (Parker 1974), because individuals vary in fighting 
ability or resource holding potential (RHP), and the value of the resource to the 
contestants (expected payoff) often differs. The RHP of an individual depends on a 
number of factors (e.g., size, age, sex, strength, weaponry, physiological condition 
and experience). When the RHP of two individuals are similar, a contest may escalate 
for a brief period until one individual has assessed the RHP of the other. However, in 
most cases individuals are able to assess asymmetries in RHP without resorting to 
overt aggressive behavior (Gauthreaux 1981). In the latter case, the individual with 
the higher RHP acquires the resource, and the individual with the lower RHP does 
without and seeks the required resource elsewhere. Consequently, when the absolute 
amount of resources in a habitat decreases, individuals with relatively high resource 
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holding potential may be able to secure enough resources and remain in the habitat, 
but other individuals with low RHP' s may have to move from the habitat or perish 
because sufficient resources cannot be secured (see Baker 1978, pp. 68, 402-406; 

Gauthreaux 1978). 
The relationship between an individual's resource holding potential and its 

probability of moving from a habitat is presented graphically in Figure 2. Because 
this relationship is sensitive to the absolute resource availability in a habitat, the ARA 
isoquant map of Figure I has been included in the graph. The orientation of the 
isoquant map in Figure 2 is turned 90° counterclockwise relative to Figure I, because 
of the convention of having the indiependent variable (resource holding potential) 
increase along the abscissa and the dependent variable (probability of moving) increase 
along the ordinate. The relationships among the isoquants are nonetheless identical to 
those in Figure I. 

According to Figure 2, when the absolute resource availability of a habitat is 
unlimited (ARAoo), all individuals in the population can remain in the habitat 
regardless of resource holding potential. The area sampled in the habitat to obtain 
adequate resources can be infmitely small (cf. Fig 1). This situation is of course 
unrealistic. As the absolute amount of resources in the habitat declines (isoquant 
ARAv, individuals with the lowest RHP will have the highest probabilities of moving. 
When the absolute resource availability is further reduced (isoquant ARAo.s). half of 
the individuals in the population must leave the habitat to secure resources elsewhere. 
Of the individuals that remain in the habitat, even those with relatively high RHP 
must sample large areas to secure sufficient resources (cf. Fig 1 ). When the absolute 
resource availability reaches zero, no individual can remain in the habitat and survive. 
Thus the amount of resource in a habitat ultimately controls the number of individuals 
that can stay in the habitat, and the fluctuations in the absolute amount of resource 
influence the number of individuals that must move from the habitat. With this in 
mind it is possible to elaborate the various avian migration systems as a function of 
different temporal fluctuations in the environment. 

AVIAN MIGRATION STRATEGIES 

Migration in a general sense encompasses all movements in space that an 
individual makes in response to changes over time (Baker 1978, Gauthreaux 1980), 
including maintenance, dispersal, and migratory movements. In this interpretive 
overview only the last two types of movement are considered, but maintenance 
movements (e.g., foraging movements, roosting movements) could be included by 
emphasizing smaller temporal and spatial scales of environmental change. 

The type of movement pattern shown by some or all of the individuals in a 
population depends in large part on the frequency and amplitude of environmental 
fluctuations that cause variability in the absolute resource availability of a habitat. 
The variability in the absolute resource availability of a habitat can be attributed to 
two distinct sources. One source is from processes internal to the habitat that involve 
interactions of organisms with one another (biomass production and consumption), and 
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Figure2 
The graphical relationship between resource holding potential and tbe probability of moving from a 

habitat for different absolute resource availabilities (ARA's). 

the other source is from processes external to the habitat that involve environmental 
events or changes that are independent of the state of the habitat. Although the 
internal processes are important and can be evaluated when external processes are 
more or less constant, the external processes are forcing mechanisms and strongly 
control internal system variability. Consequently the time scale of external events 
(environmental changes) favors resonant amplification of internal events (changes in 
absolute resource availability) on the same time scale, with an appropriate lag. 
Mitchell (1976) has .presented a variance spectrum of climatic variability that spans all 
time scales of variability from one hour (10-4 years) to the age of the earth (4 x 109 

years). Three sharp peaks in the relative variance of climate occur at periodicities of 1 
day, 1 year and 100,000 years. These three peaks correspond to the diurnal cycle, 
annual cycle and the quaternary ice-volume cycles. With reference to avian migration 
systems, the annual climatic cycle has by far the most important influence on internal 
events within the habitat. 

Because of the overwhelming influence of the annual climatic cycle, many 
habitats show distinct annual periodicities in absolute resource availability. The 
amplitude of the fluctuations in ARA varies greatly depending on the geographical 
location of the habitat, and it is the amplitude of the annual fluctuations in absolute 
resource availability that ultimately influences the migration patterns of birds 
occupying a particular habitat (Fig 3). 
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Figure 3 
Patterns of annual fluctuation in the absolute resource availability (ARA) and the relative resource 

availability (RRA) of a breeding habitat. S = breeding period, W = nonbreeding period. See text for 
further explanation. 

Breeding and Natal Dispersal 

The distribution of a population is inevitably more patchy than the resource 
distribution, even if the resource distribution itself is random (Roughgarden 1977). 
Thus dispersal enhances the chances that an individual with a low RHP in its natal 
habitat will find a suitable habitat in which to survive and reproduce. Because 
available habitats are randomly distributed, the orientation of dispersal movements 
may be random for the population as a whole. 

The temporal pattern of dispersal movements is dependent on fluctuations in 
resource availability over time. Because birds should reproduce when their breeding 
habitat is at its maximum level of resource availability, dispersal movements occur 
just prior to breeding (breeding dispersal of adults) or just after breeding (natal 
dispersal of young). The former movements are spacing processes by which the 
available habitat is divided among potential claimants, and individuals that have found 
a place to settle may, by their behavior or by their presence alone, cause other 
individuals to look for a settling area elsewhere (Brown 1975, p. 50). The fmal 
distribution of the individuals in the occupied habitat is known as the dispersion 
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pattern of the species (Brown and Orians 1970). Natal dispersal occurs just after 
breeding as the level of absolute resource availability begins to decrease in response to 
increased population size and the annual climatic cycle (Fig 3A). In birds, dispersers 
are usually young females with comparatively little resource holding potential in their 
natal habitats (see Greenwood 1980). Through dispersal they may find new habitats 
where they can avoid intense competitive interactions, secure enough resources to 
survive, increase their resource holding potential through maturation and experience, 
and ultimately breed. Once these processes have occurred, an individual shows strong 
site tenacity (reluctance to leave the habitat). Thus once an individual has achieved 
high resource holding potential, it is unlikely that it will have to leave a habitat or a 
certain location within a habitat, unless the absolute resource availability declines to 
levels where survival is in jeopardy. If an individual with high RHP must vacate its 
breeding habitat (or nonbreeding habitat for that matter) during periods of low or zero 
ARA, it will likely return to the habitat (show site fidelity) once resource levels 
increase. For birds, return movements are not characteristic of dispersal, but they are 
quite typical for migratory movements (see Gauthreaux 1982). 

Partial Migration 

When the annual fluctuation in absolute resource availability of a habitat is 
great, but sufficient resources remain in the habitat during the nonbreeding period to 
permit the survival of a portion of the population, only those individuals with 
relatively high resource holding potential can remain in the habitat (Fig 38). Those 
individuals with lower resource holding potential must move to locations where they 
can secure enough resources to survive during the period of low ARA. This pattern of 
movement is called partial migration, and the individuals that must leave the habitat 
during the period of low ARA usually return to the habitat from which they departed 
when the level of ARA increases. Because age and sex are important determinants of 
resource holding potential, for most species the migrants are young, and in those 
species where males are dominant to females, the migrants are largely female (Lack 
1954, Gauthreaux 1978, Greenwood 1980). 

Complete Migration 

When the annual fluctuation in absolute resource availability of a breeding 
habitat is so great that resource levels reach zero during the nonbreeding period (Fig 
3C), no individuals can stay in the breeding habitat, and all must move to locations 
where resource levels permit survival. In this case the distance of movement may be 
related to the resource holding potential of an individual, such that those individuals 
with the highest RHP move the shortest distance and those with the lowest RHP move 
the longest distance (differential migration, but see Ketterson and Nolan 1982 and this 
volume). When all individuals migrate approximately the same distance, RHP may 
determine the relative quality of the nonbreeding habitat. In both of these cases 
individuals with the highest RHP would tend to arrive earliest in the breeding habitat 
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once absolute resource levels increase (see Gauthreaux 1978). 

Irruptive Migration and Nomadism 

When the annual fluctuation in absolute resource availability of a habitat is 
different from year to year (Fig 3D), the type of movement from the habitat differs 
from year to year. Only dispersal movements may occur during a year with a minor 
decline in resources, but the following year when resource levels decline sharply, a 
large portion of the population must leave the habitat to seek resources elsewhere. In 
the latter case the movement is called irruption (Lack 1954, pp. 227-242; Bock and 
Lepthien 1976), and the individuals that move from the breeding habitat are those with 
low resource holding potential (Baker 1979, pp. 634-635). The alternation of 
movement patterns is coupled with a circumboreally synchronized pattern of seed crop 
fluctuations in certain high-latitude tree species, and these fluctuations are possibly 
related to the quasi-biennial cycle of climatic variability (Mitchell 1976) that is 
harmonically related to the annual change in climate. 

In theory, when the absolute resource availability shows strong year-to-year 
fluctuations in a breeding area, site tenacity should not be adaptive, and nomadism 
should be a more profitable strategy. This situation has been examined by Andersson 
(1980), and he concludes that nomadism in birds is a better strategy with cyclic than 
with random fluctuations in absolute resource availability, and the advantage of 
nomadism increases with the interval between successive good years in an area. 

Biogeographic Migration 

Thus far the annual fluctuation in the absolute resource availability of a habitat 
has been stressed (Fig 3 A-D), but fluctuations in absolute resource availability can 
and do occur simultaneously over time periods of considerably greater length (longer 
wave lengths). The latter fluctuations affect not only the absolute resource availability 
of a habitat but also the nature of the habitat itself through long-term successional 
changes (Fig 3E). Over successive generations, maximum resource availability in a 
habitat may steadily decline so that eventually the habitat is no longer suitable for 
reproduction. Through annual dispersal movements, habitats that are more suitable 
may be found, and eventually the range of the species will shift so that long-term 
faunal migrations will track long-term floral migrations (see Gauthreaux 1980, 1982). 
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DIFFERENTIAL MIGRATION AND RELATIVE 
RESOURCE AVAILABILITY (RRA) 

Thus far the emphasis of this paper has been on the absolute resource 
availability (ARA) within a habitat and how a pattern of decline in ARA influences 
the pattern of movement of a part of or the whole population from that habitat. In this 
section, I wish to emphasize the relative resource availability (RRA) to an individual 
and how this may influence the migration strategy of that individual. The relative 
resource availability is that portion of the absolute resource availability within a 
habitat that is available to an individual because of its resource holding potential 
relative to that of other individuals occupying the habitat or location (Fig 3F). Even 
when the absolute resource availability within a habitat is high, for an individual with 
relatively low resource holding potential, relative resource availability is low. Figure 
3F illustrates the relative resource availability (RRA) to an adult and to a young bird 
of the year over successive annual climatic cycles. During the ftrst nonbreeding 
period (W) the RRA declines only slightly for the adult, but for the young of the year 
the RRA declines sharply. During subsequent breeding and non breeding periods the 
difference in RRA between the adult and the maturing immature decreases, so that 
after several annual cycles, no difference exists. This pattern is fundamentally similar 
to that found in a number of seabird species (Dunnet et al. 1979). The pattern can 
apply to other species as well, (e.g., gannet Sukl bassana, white stork CiconitJ 
ciconitJ, osprey Pandion haliaetus, Manx shearwater Puffinus puffinus), but 
depending on the species, the number of annual cycles needed before an individual 
acquires a high resource holding potential and hence a high relative resource 
availability will be less. 

-The spatial extent of movements of individuals from a breeding location are 
manifestations of the differences in relative resource availability at the breeding 
location. For many bird species during the nonbreeding season the youngest 
individuals in the population are distributed the farthest away from and the adults are 
closest to the breeding location. The distance from the breeding location that an 
individual overwinters is determined by its resource holding potential in relation to the 
absolute resource availability of a location such that it will have a high reltltive 
resource availtlbility for survival. Even though an individual may have a low 
resource holding potential, if it can ftnd a suitable habitat with few or no individuals 
with higher resource holding potential, it will enjoy a relatively high resource 
availability and be able to survive. Thus individuals with high resource holding 
potential can move relatively short distances from breeding locations (or not at all) and 
secure sufficient resources for survival during periods of reduced absolute resource 
availability, but individuals with low resource holding potential may have to move 
considerable distances before they can ftnd a location where the relative resource 
availability is high enough for survival. The data in Figure 4 are from a month-by
month analysis of banding returns of herring gulls Larus argentatus from the Great 
Lakes of the United States (Moore 1976). In November when climatic conditions are 
still relatively mild, all age classes are recovered near the breeding grounds. As 
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Figure4 
The age dependent migration distances of herring gulls in relation to monthly climatic changes. 

(Modified from Moore 1976). 

winter progresses, the age classes show greater segregation with maximum segregation 
occurring in early February. Once climatic conditions improve in March, all age 
classes move toward the breeding grounds because the amount of absolute resource 
availability within the breeding areas is increasing. The axis of movement should 
generally follow the climatic gradient and be perpendicular to the isotherms, because 
of the relationship between the severity of climate and absolute resource availability. 

CONCLUSIONS 

The amount of resource in a habitat ultimately controls the number of 
individuals that can occupy a habitat, but the fluctuations in the amount of resource 
influence the number of individuals that must periodically move from the habitat. 
Thus, the spatial movements of birds, whether maintenance, dispersal, or migratory, 
are evolutionary strategies that express the expectation of temporal changes in 
conditions at the present locality. It is the nature of the temporal changes that dictates 
the type of spatial movement that an individual will show. 

Temporal changes in resources can be attributed to processes within the habitat 
(resource production and consumption, habitat-organism feedback) and to processes 
outside of the habitat that involve environmental changes that are independent of the 
state of the habitat. Because external processes are forcing mechanisms, the time 
.scale of external events (environmental changes) favors resonant amplification of 
internal events (changes in absolute resource availability and all the co varying 
biological events) on the same time scale with an appropriate lag. Thus habitats may 
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fluctuate asynchronously in favorableness or absolute resource availability because of 
stochastic biological events (different population levels in different habitats), but 
synchronous changes in favorableness or absolute resource availability may also be 
superimposed on these habitats by widespread, deterministic climatic events (daily and 
annual climatic cycles). 

When habitats fluctuate in favorableness asynchronously, a dispersal strategy 
will be adaptive, but when synchronous fluctuations in favorableness occur, a 
migration strategy will be adaptive. The type of migration pattern (partial, irruptive, 
short- or long-distance) shown by a species will depend on the amount of decrease in 
the absolute resource availability within the habitat. The individuals that stay (if any) 
and the individuals that leave during periods of reduced resource availability within 
the habitat will depend on certain attributes of the individual and the absolute resource 
availability within the habitat. The individuals with high resource holding potential 
and high dominance status will perceive high relative resource availability and will be 
able to remain in a habitat with low absolute resource availability. Those individuals 
in the population with low resource holding potential (and consequently experiencing 
no relative resource availability) will have to move as far as necessary to locate a 
habitat where they too can experience a relative resource availability that will permit 
survival. 

Although differences in the resource holding potential of the individuals in a 
population have been emphasized as being important proximal factors in the incidence 
of migration, the same factors may be applied to differences in migratory behavior 
between species. O'Connor (1981) has shown that migrant-resident differences are 
significantly related to body size differences, such that the larger species show a high 
competitive ability to exploit resources during the breeding season and that the smaller 
migrant species are primarily exploiters of breeding season resources under-exploited 
by a resident population held down by winter mortality (see also Herrera 1978). Thus 
asymmetries in RHP such as size may be as important to species differences in 
migration as it is to individual differences in migration. 
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ABSTRACT 

This paper will review recent advances in field observations and experimental studies of 
migratory orientation in birds. Most work is based on the assumption that nocturnal migrants 
possess a sun, star and magnetic compass, but these capabilities have been certainly 
demonstrated in very few species. Visual information from clear skies around the time of 
sunset has emerged as an important cue in the orientation decision in a number of night 
migrants. Birds in orientation cages respond to manipulations of both the position of the sun 
and skylight polarization patterns, but the relationships of these cues to one another and to other 
potential directional stimuli are unknown. A growing but by no means unanimous body of 
orientation cage data supports a primary role for the magnetic compass in the selection of 
migratory directions and in the calibration of other cue systems. Field observations have 
revealed no strong evidence of magnetic involvement in the orientation of free-flying migrants 
where wind often produces strong effects on flight direction. In light of these developments, 
the role of stars in the migratory orientation process has become much less clear. 

INTRODUCilON 

Current investigations of the migratory orientation of birds are proceeding on 
several fronts: (1) radar and visual observations of free-flying migrants, (2) 
experiments employing wild-caught migrants in orientation cages and (3) experiments 
designed to reveal and manipulate the ontogeny of orientation behavior during early 
development. Elsewhere in this volume Bingman, Beck and Wiltschko discuss the 
latter area of research, whereas we will concentrate on the first two. We have made 
no attempt to provide an exhaustive review of the literature; rather we will focus on 
areas in which recent advances have been made and on problems and questions that 
seem in need of resolution. 

Over a decade ago, Emlen ( 1971) emphasized the important distinction between 
selection of a migratory direction (decision-making) and the maintenance of that 
direction once aloft during the migratory flight. Although the same stimuli might 
function in both contexts, it is useful to employ this conceptual dichotomy, and my 
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discussion will follow that scheme. It has become axiomatic, at least in the field of 
bird orientation, that multiple, sometimes redundant, cues are involved in migratory 
orientation. Much recent work has focused on the interactions among potentially 
usable orientation infonnation. Especially in migratory species, less work has recently 
been directed toward the discovery of new orientation capabilities, but we should not 
lose sight of the possibility that all pieces of the puzzle may not be before us. 

DIRECfiONAL DECISION-MAKING 

Most of us are willing to accept that at least some bird species possess a sun 
compass, star compass and magnetic compass. It is worth noting, however, that much 
of the evidence marshaled in support of a star compass was inferred on the basis of 
appropriate orientation performed by birds exposed to clear night skies. The 
demonstration of a magnetic compass rendered those results inconclusive. Thus we 
are now in the uncomfortable position of having unequivocal evidence of an 
independent star compass in only a very small group of species (the sylviid warblers 
studied initially by Sauer (1957), Sauer and Sauer (1960); and the indigo bunting 
PasseriTUJ cyanea (Emlen 1967a,b)). Indeed, only in the case of the indigo bunting 
do we have extensive data on the mechanism and development of the stellar 
orientation mechanism (Emlen 1967b, 1970). 

Ironically, documentation of the more recently discovered magnetic compass 
now exists for a considerably larger list of migrants (four species of Sylvia, European 
robin Eritluu:us rubecu/Q, indigo bunting (see Able 1980), savannah sparrow 
Passerculus sandwichensis (Bingman 1981a), pied flycatcher Ficedu/6 hypoleuca 
(Beck and Wiltschko 1981)). Thus there are two species, indigo bunting and garden 
warbler Sylvia borin, in which the present data support the existence of both star and 
magnetic compasses. Whereas many of us tend to assume that such capabilities exist 
in many species, we must recognize that such generalization is built on a very small 
foundation. 

Given these capabilities, what does a bird actually do when it sets about to make 
a decision concerning which way to fly on a given night? In orientation cages under 
clear starry skies, Wiltschko and Wiltschko (1975a,b) found that several species of 
European night migrants changed orientation in a predictable manner when magnetic 
directions within the cages were shifted by means of Helmholtz coils. Although there 
are some problems with the interpretation of these experiments (see Able 1980, p. 
331), they suggest that magnetic information is primary in this situation, overriding 
stellar cues in the choice of direction. These experiments were based on the premise 
that magnetic and stellar cues were the predominant if not the only cues involved in 
the migratory orientation of these species. In this sense, the birds may have been 
presented with an unrealistic task. 

Field observations have shown that nocturnal migration commences with an 
explosive exodus during the dusk period when other visual cues (e.g., position of 
sunset, landmarks on the ground) are available. The orientation decision may well be 
made at that time or, perhaps more likely, even earlier during the transition between 
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daylight and darkness when the bird is still. on the ground (Vleugel 1954, Emleo 

1980). A host of recent studies has revealed major effects of stimuli available around 
the time of sunset on the orientation of typical nocturnal migrants. 

One type of experiment involved testing birds in orientation cages under two 

conditions: (1) exposed to the clear sky around the time of sunset and tested until 
well after stars became visible and (2) placed in the cages only after all traces of 
sunset glow had disappeared. The first and most extensive of such experiments were 
those of Moore (1978, 1980), but the basic result bas now been replicated in several 

other species (Table 1). Two consistent effects are evident. Birds exposed only to 
stellar cues are more likely to hop less or not at all during the tests. More important, 
orientation of individuals is much poorer, the directions selected are more often 
inappropriate, and pooled means from a series of tests are usually not oriented. At 
least two of these species can perform appropriate orientation under stars alone 
(savannah sparrow (Bingman 1981b) and white-throated sparrow Zonotrichia 
albicollis (Able, unpublished)), but the difference in the quality of orientation when 
exposed to the clear sky at sunset is quite dramatic and suggests that cues available at 
that time, but not after dark, are of considerable importance in the directional 

decision. 
That the relevant information for dusk orientation is visual bas been shown by 

Moore (1982) who shifted the sunset orientation of savannah sparrows in the predicted 
manner by employing mirrors attached to windows in the sides of an octagonal 
palisade surrounding the orientation cages. Experiments with European robins tested 
indoors in the presence of a single light source suggest that the sun itself may be a 
sufficient stimulus to yield seasonally appropriate orientation (Vilks, Katz and Leipa, 
in press). However, clear sky at sunset contains patterns of polarized light that are 
directly related to the position of the sun. Pigeons bad been conditioned to 
discriminate between rotating and stationary polarized light and between widely 
separated stationary e-vectors (Kreithen and Keeton 1974; Delius, Percbard and 
Emmerton 1976), but the behavioral relevance of this ability was unknown. Able 
( 1982a) showed that the orientation of white-throated sparrows during the time 
between sunset and the frrst appearance of stars could be manipulated by altering the 
axis of skylight polarization visible to the birds in orientation cages. Similar results 
have been obtained with American tree sparrows (SpizelllJ arboreo) (Able, 
unpublished). It is as yet unclear exactly how skylight polarization interacts with 
other cues in migratory orientation-whether as an indirect means of sun compass 
orientation as in honeybees (Apis mellifera), simply as an indicator of sunset position 
for menotactic orientation, or in some other way. 

Taken together with observations of free-flying migrants described below, these 
results point to the period of time around sunset as one of major importance in the 
decision making process among nocturnal migrants. It is· appealing to think that 

information from a variety of sources is integrated at this time and that calibration of 
one orientation cue system by another might take place. As yet the precise 
relationships are unknown. Based on the results obtained later in the night by the 
Wiltschkos and experiments by Viehmann (1982) which indicated that migratory 
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Table 1 
Comparison of the pooled orientation of several species of nocturnal migrants 

tested when exposed to clear sky at sunset and stars after dark (SS/ST) and when 
exposed only to starry skies after complete darkness (ST). 

Spedes/Season Nwu~mMeanofM~ r MeanofM~ r 
Source Tests or Modes or Modes 

SS/ST, ST SS/ST ST 

Savannah sparrow, spring 66, 31 352° 0.771* 75° 0.327 ns 
(Moore 1980) 

Savannah sparrow, fall 15, 15 209 0.803* 214 0.322 ns 
(Moore 1980) 
White-throated sparrow, fall 34,17 no• 0.910* 3471 0.280 ns 
(Bingman and Able 1979) 

White-throated sparrow, fall 8, 3 174 0.898* 279 0.866 ns 
(Lucia and Osborne 1983) 
American tree sparrow, spring 81, 17 2921 0.750* 2381

•
2 0.390 ns 

(Cherry and Able, unpublished) 

European robin 37, 15 240 0.490* 65 0.195ns 
(Katz, in press) 

*Significant by the Rayleigh test. 

1 1bese values are means of the modes of individual tests of birds. All other 
values in these columns are means of individual test means. 

2 ST tests of this species were performed within a set of Rubens coils which were 
not activated. 

r = the length of the mean vector. 

directions were selected before nightfall on the basis of magnetism, it is important to 
ask how magnetic and solar information might be related. Bingman (ms) has been 
able to predictably shift the sunset orientation of dunnocks (PruneUtJ modularis) by 
altering magnetic directions with Helmholtz coils, but we have been unsuccessful in 
inducing similar shifts in American tree sparrows tested from sunset until after dark 
(Cherry, unpublished). 

Radar and visual observations of well-oriented migratory flight under solid 
overcast skies and of the response of migrants to wind direction were partly 
responsible for the development of the notion that birds must be using several 
independent cues in orientation. Recent observations of migrants in the field have 
also yielded a picture that is in many ways coincident with the results from orientation 
cages described above. 
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Emlen and Demong (1978) released and tracked white-throated sparrows during 
twilight at Wallops Island, Virginia. The sparrows headed in an appropriate 
northward, spring direction under clear skies, suggesting a possible role of sunset 
information. At the same coastal locality during a period of prolonged solid overcast, 
the flight directions of the migrants became increasingly spread. A break in the cloud 
cover late in the afternoon of the third day of continuous overcast afforded a view of 
the sun and sunset in the local area. On that night, orientation was dramatically 
improved, but tracks became more dispersed during the next two days as overcast 
solidified again (Emlen 1980). These data are consistent with the hypothesis that 
visual information present under clear skies at sunset is of crucial importance in the 
selection of migratory directions. 

Radar tracking studies of free-flying migrants in upstate New York have 
revealed relationships among celestial cues and wind direction (Able 1978, 1982b). 
Able tracked birds early in the evening on nights when winds were opposed to the 
normal direction of migration for the season. When skies were clear, affording a view 
of both sunset and stars, migrants headed in the expected direction for the season. 
When solid cloud cover prevented them from seeing both the sun in the late afternoon 
and the stars at night, they headed downwind and thus oriented in an inappropriate 
direction for the season. On a few nights when cloud cover prevented a view of either 
the setting sun or stars but not both, the behavior of the birds was indistinguishable 
from nights when skies were clear during both afternoon and early evening. This 
pattern points to a primacy of celestial cues over wind direction in this inland region 
and suggests that either sun-related cues or stars is sufficient to allow birds to make an 
appropriate directional decision. In the absence of these visual cues they rely on wind 
direction. We have obtained parallel results from white-throated sparrows released 
from balloon-borne boxes and tracked by radar. On clear nights with light but 
opposing winds, sparrows wearing frosted lenses headed downwind, whereas birds 
with unimpeded vision oriented primarily in the seasonally appropriate direction (Able, 
Bingman, Kerlinger and Gergits 1982). In addition, these data and those of Larkin 
( 1980) suggest an ability on the part of flying birds to determine wind direction even 
under conditions in which visual references are very limited or absent. 

Whereas some studies of migratory orientation in cages have suggested a 
primacy of magnetic information, there is no evidence from field observations that 
magnetism is involved in directional decision making. Richardson (1976) reported a 
statistically significant counterclockwise shift in the mean heading of migrants arriving 
over Puerto Rico in autumn with increases in the intensity of natural magnetic stonns. 
Moore (1977) found a positive correlation between dispersion in flight directions 
observed by ceilometer and K-values in the southeastern United States. The biological 
significance of these findings is not clear, and other studies have failed to reveal such 
relationships (Able 1974, Richardson 1974). The lack of strong, consistent evidence 
of magnetic involvement in the orientation of free-flying migrants remains the most 
notable inconsistency between orientation cage studies and field observations. 
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MAINTENANCE OF ORIENTATION IN FLIGHT 

Detailed observation of nocturnal migrants en route have shown that birds do 
not simply choose a direction and maintain it mechanically. On the contrary, birds 
aloft respond in complex ways to the environment around them and to the air through 
which they are moving. 

One of the most consistent conclusions to emerge from radar and visual studies 
is that random flight directions or tracks of apparently disoriented birds are very rarely 
observed. Once a directional decision has been made and birds are aloft, the presence 
of solid cloud cover above them seems to have remarkably little effect on their 
orientation (Able 1982c). Observations on other effects of overcast have been le~s 

consistent. Birds tracked while apparently flying within clouds or between cloud layers 
have sometimes been disoriented as a group and have flown significantly less straight 
than individuals under either clear or solid overcast skies (Able 1982c), but this has 
not always been the case (Griffm 1973). Likewise, long-duration unbroken cloud 
cover has sometimes been associated with disorientation among night migrants 
(Hebrard 1971, Emlen 1980) or with increased scatter in tracks (Steidinger 1968), but 
Able (l982c) did not find this to be the case in two separate instances so long as the 
birds were flying beneath the cloud deck. 

Whether and to what extent birds are drifted by lateral wind components has 
long been controversial. Alerstam (1976) has reviewed the situation and shown that 
there are cases in which birds probably experienced uncorrected drift and others in 
which complete compensation was evident. Between these extremes lies a large 
region in which distinguishing between uncorrected wind drift and selectivity of 
different winds based on different preferred track directions (pseudo-drift) involves 
several assumptions. In the northeastern United States, night migrants flying over 
inland areas often seem to be drifted from the predominant southwesterly flight 
direction observed on calm nights. By making simultaneous observations at three sites 
in upstate New York, Bingman, Able and Kerlinger (1982) showed that night migrants 
apparently responded to a major north-south river by changing their headings so as to 
compensate at least partially for wind drift when flying in strong cross-winds. In 
other wind conditions, no differences in orientation were observed near and away from 
the river. In Switzerland, Bruderer and his colleagues (Rusch and Bruderer 1981, 
Bruderer 1982) have also found selective influences of landmarks upon orientation. 
There was a tendency for birds flying over the rugged terrain of the Alps to be 
influenced by topographic features under totally overcast skies, regardless of wind 
direction. Under both cloudy and clear skies, birds migrating in potentially drifting 
winds responded to local topographic leading lines in a manner that countered wind 
drift. Alerstam and Pettersson (1976) found that several species of birds migrating 
across the Baltic Sea in autumn seemed to use waves in an attempt to compensate for 
wind drift, treating the waves as stationary landmarks and thus drifting with them. 
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This sort of variability in the responses of migrants to wind in flight is probably 

to be expected, and we should not expect a unitary answer to the wind drift question. 
Alerstam ( 1981) has outlined a variety of strategies regarding wind drift and 
compensation, including circumstances when it might be advantageous for migrmts to 
allow themselves to be drifted. Williams and Williams (1978) have explored ooe such 
situation, the trans-Atlantic migration of birds from North to South America. 
Movements made up of both waders and passerines depart from New England and the 
Maritime Provinces of Canada on northerly to westerly post-frontal winds. Data from 
shipboard and land-based radars throughout the western Atlantic indicated that the 
birds maintained an approximately constant southeastward beading throughout this vast 
journey, first drifting eastward far out over the ocean, then westward on the easterly 
trade winds into the continent (but cf. Richardson 1980 and this volume). 

TRENDS AND PROBLEMS 

What discernible trends emerge from these disparate data? The importance to 
the orientation decision of visual information which is available around the time of 
sunset and during the time period immediately prior to the initiation of noctmnal 
migration bas become a major theme. At the same time, the role of the star compass 
and its relationship to other directional cues bas become less clear. It appears at the 
moment that much of the selection of a migratory direction occurs when stars are not 
visible, and their absence rarely results in disruption of oriented flight. It may be 
premature to propose that their primary function is only that of celestial •J.andmarb • 
used to maintain a pre-selected direction, but it is apparent that a careful look at stellar 
orientation in a variety of species is in order. 

Although many of the classic criticisms still pertain (recently repeated by Griffin 
1982), a growing but by no means unanimous body of data supports a primary role for 
the magnetic compass in the selection of migratory directions and in the calibration of 
other cue systems. If the results presented by the Wiltschkos (1975a9 b, 1976) are 
relevant to other species, we may expect considerable variability in terms of bow and 
when the magnetic compass is consulted by migrants. Orientation on the basis of 
visual cues which are calibrated by the magnetic field at one time may carry over for a 
period of time during which magnetic re-evaluations are not made. An experimental 
change in the magnetic field during this period will produce no effect or perhaps a 
delayed response on the part of the birds. The existence of such time lags would 
greatly complicate the design and interpretation of experiments and introduce 

enormous variability into attempts to detect magnetic involvement in the orientation 
behavior of migrants in the field. It is discouraging, but perhaps not surprising, that 
less noisy, more easily replicated results have not been forthcoming. 
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ABSTRACT 

When one considers the available information on the physiology and genetics of avian 
migration, a typical migrant (especially a loog~ce one) can best be described as 
functioning via a series of endogenous and in part heritable programs. A fimdamentally 
endogenous system of circannual rhythms related to the entire migratory behavior initiates and 
terminates migratory events as an internal calendar. Synchronizing pbotoperiods produce 
seasonal precision. Migratory activity has actually been proven to be a heritable, species- and 
population-specific characteristic, related to the distance a bird has to travel. In this sense, 
inexperienced juvenile migrants are thought to fly in innately prescribed migratory directions as 
long as their endogenous migratory time-program dictates and as a result reach their specific 
winter quarters "automatically" (vector-navigation hypothesis). Fuel for migration seems to be 
provided in a similar way: endogenous programs control migratory disposition, hyperphagia, fat 
deposition and dissimilation along with other aspects of migratory activity. The seasonally 
appropriate amount of fuel appears to be guaranteed by an endogenous, sliding set-point 
mechanism of body weight control. Concerning partial migration, the innateness of the 
migratory urge in partial migrants has recently been demonstrated experimentally. Maintenance 
of both migratory and nonmigratory individuals within the population is therefore due to a 
balanced polymorphism. Its potential evolutionary rate appears to be fast. Although 
considerable progress has been made with respect to the formal description of endogenous and 
genetic components involved in the physiology of avian migration, our knowledge of the true 
nature of circannual rhythms and the role played by neuroendocrine systems is still limited. 

1. With support by the Deutsche Forscbungsgemeimscbuft 
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INTRODUCfiON 

Generally, the field of the physiology of avian migration includes possible 
external and internal control mechanisms, e.g., photoperiodic influences, endogenous 
rhythms of various types including endocrine cycles and specific metabolic functions, 
as well as processes of sensory physiology related to spatial orientaton. There is not 
the remotest chance to treat all these features in the space available in this paper, and 
thus I will concentrate on some selected topics that have been the focus of our 
research in Germany on Old World warblers, mainly of the genus Sylvia. I will 
concentrate on (1) the occurrence and significance of internal calendars, (2) the 
endogenous control and heritability of migratory activity, (3) the innateness of the 
migratory urge and its implications in partially migratory species, (4) the so-called 
vector-navigation hypothesis, and (5) the control of habitat preferences related to the 
~ourse of migration. 

METHODS 

The main methods on which our studies rely are: ( 1) handraising nestlings and 
the subsequent investigation of migratory events in various experimental conditions, 
(2) cross-breeding and selectively breeding birds in aviaries for about 10 years, and (3) 
studying the course of migration at three large bird trapping stations spread over 
middle Europe (Lake of Constance, southern Germany, Hamburg, northern Germany, 
and Lake Neusiedl, Austria). Measuring migratory activity displayed as nocturnal 
migratory restlessness in registration cages has also played a major role. Restlessness 
was automatically recorded with movable perches mounted on microswitches. For a 
review and more details see Berthold (1975, 1977). 

RESULTS 

Circannual Rhythms: Occurrenct, Significance, and Synchronization 

We now know that for a group of migrant species (Sylvitl), "Kaspar Hauser" 
animals, which live in constant experimental conditions without any seasonally 
changing environmental cues, are still seasonally well organized. An example is 
given in Figure 1: a young garden warbler (Sylvia borin) that hatched in May and 
was handraised and kept in a constant daily light : dark ratio of 10: 14 hours with 
constant temperature, air humidity and food supply, began its juvenile molt at the end 
of June-at the appropriate time for freeliving conspecifics. While still molting, body 
weight began to increase due to heavy fat deposition. During this period of rapid 
weight gain, nocturnal migratory activity, so-called migratory restlessness, developed. 
Hence the bird had spontaneously become a typical migrant. Later, and at about the 
right time, the following events occurred: fat dissimilation and body weight decrease, 
cessation of migratory restlessness, winter molt and later the entire sequence of events 
for homeward migration, the next autumn migration, and so on. Between the 
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Figure 1 
Circannual rythyms of four annual events in an individual garden warbler, kept in constant c:ooditioDs 

(daily light: dark ratio 10:14 hours) from the juvenile development onward during a long-term experimeut. 
AM, SM, autumn, spring migratory period. From Berthold et al. (1971). 

migratory seasons, the gonads developed and regressed. There is, however, a 
remarkable difference between the data for this individual and its freeliving 
conspecifics: the events of the 3rd and 4th migratory season occurred clearly earlier 
than in the wild, indicating that the underlying endogenous rhythms ran faster than the 
calendar year. That is the reason that this type of biological clock with a period 
length of about ten months is called 11 circannual rhythm 11 derived from circa and 
annual. 

We were able to maintain some individual warblers in constant exerimental 
conditions for a period of over ten years, proving that the observed circannual rhythms 
were true biological clocks: self-sustained, freerunning, and of life-long efficacy. 
Figure 2 shows a long-tenn body weight and molt curve in a garden warbler kept for 
10 years. Body weight cycled continuously, alternating with molt and heavy fat 
deposition up to the end of the ninth experimental year. These results of long-term 
studies demonstrate that endogenous annual clocks are basically involved in the 
control of seasonal migratory events and that they persist life-long even in "Kaspar 
Hauser" animals. 



Physiology and Genetics of Avian Migration 529 

35 

30 

25 

20 

15 

40 

35 

30 

25 

20 

15 

40 

35 

30 

25 

20 

15 

40 

1978t977 

35 

30 

25 

20 

Tome (years. mon1hs) 

Figure 2 
Body weight changes and molt (black bars) in an individual garden warbler, kept in constant 

conditions (daily dark:light ratio 10:14 hours) for a 10-year period. For details see Berthold (1978). 

Circannual rhythms as releasers for both migratory activity and migratory 
disposition have been convincingly demonstrated in 11 avian species, in detail for 
eight Sylvia species, the willow warbler (Phylloscopus trochilus), the chaffinch 
(Fringilla coelebs), and the crossbill (Loxia curvirostra). The rhythms are not 
restricted to typical migrants but are also well expressed in less typical migrants as in 
partially migratory Mediterranean warblers or in the vagrant crossbill. 

The observed circannual rhythms normally have period lengths of about ten 
months and thus run faster than the calendar year. This deviation, quite regularly 
observed in birds, means that synchronizing factors from the environment must be able 
to adjust the biological "circa-clocks" to the appropriate seasons. Photoperiod, the 
annual changes of day length, has recently been proven to be such a synchronizer, a 
so-called zeitgeber. In a beautiful set of experiments Gwinner (1977a) demonstrated 
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its importance in the starling (Stumus vulgaris), and I was able to show that 
photoperiod synchronizes migratory events, i.e., the annual cycles of migratory 
restlessness in the garden and in the Sardinian warbler (SylviLJ melanocephala). 
Details of the physiological mechanism of this synchronization are not known. For 
review and more details, see e.g., Gwinner (198la,b), Berthold (1980, 1982). 

Patterns of Migratory Disposition and Restlessness: Endogenous Control aod 
Low Sensitivity to External Inftuences 

It has been shown in the previous section that in a migratory species, circannual 
rhythms can initiate migratory disposition and activity. Possibly these rhythms do not 
only start these events but control their entire course and thus are also responsible for 
length and pattern of these processes. 

When comparing different species of Old World warblers with respect to their 
migratory activity displayed in captivity, it is striking to observe the tremendous 
species differences. Thorough investigations have shown that the amount of migratory 
activity is greater in species that normally migrate farther. In thirteen different species 
and populations (Fig 3) we found a positive correlation between the amount of 
migratory activity and the distance covered during the frrst fall migration (r = 0.8, 
p < 0.01). The amount of migratory activity would appear to be endogenously 
organized on a species level. 

In order to better understand the extent of environmental and endogenous conttol 
of these processes, we have also carried out a set of eight experiments in defined 
conditions on the garden warbler to test the environmental influences on seasonal 
changes in migratory activity and body weight which occur during the autumn 
migratory season. All data were obtained from groups of at least ten handraised 
individuals during their frrst fall migratory period, and all individuals investigated 
displayed migratory restlessness. The results are depicted schematically in Figure 4. 
Gwinner (1974) (Fig 4B) depressed restlessness almost completely by darkening 
during the night for a period of two months. Despite this treatment, the subsequent 
course of restlessness in the experimental group was parallel to that of the conttol 
group and proved to be uninfluenced by the previous treatment. In two other 
experiments, (Fig 4C and D), I reduced migratory fattening by temporary starvation. 
In the case of moderate starvation, (Fig 4C), there was no influence on the pattern of 
restlessness. Severe starvation to a greatly depressed body weight (Fig 40) resulted in 
the cessation of restlessness. But again, the subsequent course of body weight as well 
as that of restlessness in the experimental group was congruent with the control group 
and appeared to be uninfluenced by this severe experimental treatment. When we 
prevented the birds from fattening at the beginning of the migratory period (Fig 4E), 
we obtained similar negative results. The same holds true for an experiment with 
simulated weather conditions (Fig 4F) in which restlessness was almost completely 
suppressed in the experimental group on 22 completely dark and rainy nights. With 
the exception of a tendency in the experimental group to have a somewhat lower 
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Figure3 
Relationship between the amount of migratory restlessness displayed in experimental groups and the 

distance covered in free-living conspecifics in 13 Warbler species and popuiatioos of the genus Sylna. 
1 = S. conspicillata, 2 = S. sarda, 3 = S. atrialpiliD (Canary Islands), 4 = S. ~. 5 = S. 
undata, 6-8 = S. atrioopilla (S-Fnmce, S-Germany, S-Finland), 9 = S. COIJIIftUllis, 10 = S. CtJIItillmu, 
11 = S. curruca, 12 = S. borin, 13 = S. nisoria. From Berthold (1984). 

overall restlessness and a slightly higher mean body weight, both groups showed 
congruent patterns of restlessness and body weight changes. When we handraised 
south Finnish birds (from 60~ and south German birds . ( 48~ in simulated light 
conditions of their own breeding area or in those of the other population, all four 
groups of experimental birds showed almost identical patterns (Fig 4G). The only 
alterations of the endogenously controlled patterns of body weight and restlessness we 
ever found were observed when birds were kept in long-term constant, that is in 
unbiological, photoperiodic conditions. Then, as demonstrated in Figure 4H, birds 
kept in a light : dark ratio of 16:8 hours showed prolonged and flattened migratory 
patterns, and those kept in shorter days of 12:12 or 10:14 hours had short patterns 
compared with normal patterns obtained in simulated natural photoperiodic conditions. 
Also in a very recent experiment (unpublished) there were no detectable influences on 
the migratory patterns when conditions that birds would have to face when landing in 
the Sahara desert were simulated. 

From this set of experiments (for review see Berthold 1984b) it seems that, at 
least in the garden warbler, the patterns of migratory disposition, expressed by 
increased body weight and of migratory restlessness are under extremely rigid 
endogenous control. Consequently, a direct and strict genetic basis appears most 
probable for the control of these patterns. According to these results the patterns are 
supposed to be innate and highly heritable, and a "sliding set-point" (reference signal, 
based on endogenous rhythms) in the sense of Mrosovsky and Powley (1977) is 
thought to determine the seasonally required values. 
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Schematic presentation of tbe nonnal course (A) of body weight changes (above) and of migratory 
restlessness (below) in Sylvia borin. and data from seven experiments (B-H) to test tbe effects of 
environmental influences on these patterns. Broken lines: data from experimental groups, solid lines: data 
from control groups. For details, see text, from Berthold (1984b). 

Migratory Restlessness in the Blackcap: Genetic Control 

Encouraged by the results obtained from the experiments summarized in the last 
section, we planned a long-term study with the aim of demonstrating the innate 
character in the amount and pattern of migratory activity by a cross-breeding 
experiment. For these experiments the blackcap (Sylvia atrialpilla), a widespread 
species in Eurasia and northern Africa which has a strong geographical and ecological 
differentiation, appeared most suitable. We frrst considered whether populations of 
this species showed varying amounts of migratory restlessness in relation to the 
migratory distances as found in species comparisons (Fig 3). We handraised nestlings 
of three European blackcap populations and one African population. All birds were 
initially raised in identical, simulated natural light conditions. Their migratory 
restlessness was later measured in a light: dark ratio of 12.5:11.5 hours. The results 
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obtained (Fig 5A) are in accordance with the distances covered by the free-living 
populations from north to south. The degree of migratory restlessness was, as the 
patterns of restlessness show, greatest in the Finnish birds with progressively less in 
the German, French and African birds. 

To demonstrate the innateness of migratory behavior with respect to amount and 
pattern, cross-breeding was considered the quickest and most promising method. If 
the expression of migratory activity were under direct genetic control, a polygenic 
control mechanism would be assumed. An intermediate expression of restlessness in 
both amount and pattern in hybrids from two parental populations that are 
differentiated by their restlessness would be expected. For our cross-breeding 
experiment we used the birds from which the data are presented in Figure 5A. For 
practical reasons we chose the African and German birds as parental stocks. We 
successfully handraised 32 hybrids in two years and used the same methods to record 
their migratory restlessness as had been used for their parents. As Figure 5B shows, 
amount as well as pattern of the restlessness of the F1-hybrids are perfectly 
intermediate in comparison to their parental populations. Thus amount and pattern of 
migratory restlessness in the blackcap are shown to be under direct genetic control . 
With these findings in mind, it is no longer surprising that the pattern of restlessness 
in the even more typical migratory garden warbler proved highly insensitive to various 
environmental influences, as was shown above. For more details see Berthold and 
Querner (1981). 

In this cross-breeding experiment we found similar results with respect to some 
morphological and physiological features strongly associated with migration such as 
body weight, wing length, and in the course of juvenile molt, all of which are 
important to the success of migration and to migratory performance. We found 
intermediacy in the F1-hybrids in all of the above-listed traits (Berthold and Querner 
1982a). 

Migratory Restlessness: Possible Adaptive V aloe 

When considering seasonal patterns of migratory activity in different species, 
marked differences become obvious not only with respect to the amounts of activity 
(Fig 3), but also with regard to their temporal distribution. Figure 6 gives an 
example. Species comparisons (as, e.g., in Fig 3) yielded the following 
characteristics: in long-distance migrants, normally crossing the Sahara desert, we 
regularly found fairly symmetric patterns with high central values, and these central 
values are in temporal accordance with the time of the Sahara crossing. Besides the 
garden warbler (broken line, Fig 6) we found patterns of this type in the subalpine 
warbler (Sylvia cantillans) and Orphean warbler (S. hortensis), in the whitethroat (S. 
communis) and in the nightingale (Luscinia megarhynchos) (Berthold 1973 and 
unpublished). In the barred warbler (Sylvia nisoria, solid line, Fig 6), which does not 
cross the Mediterranean and Sahara but travels from its middle- and SE-European 
breeding areas probably by flying completely around the Mediterranean by land to its 
east African winter quarters, we found a more flat pattern of restlessness which was 
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Ttme course of ooctumal migratory restlessness of groups of 24-32 blactcaps from three European 

and one African population (top) and from hybrids of two populations (bottom). Mean values for 10-day 
periods and some standard errors by way of example. SFi, birds from southern Finland, SG, sootbcm 
Germany, SFr. southern Fr.mce. a. Africa, Canary lslaods. a x SG. hybrids. Berthold and Quena 
(1981). 

somewhat skewed to the right. In the Mediterranean partial migrants, Marmora's 
(Sylvia sardJJ), Sardinian and Dartford warbler (Sylvia melllnocepha/D, dotted line), 
we observed very flat patterns, and they were skewed to the left. The low overall 
restlessness and some peak activity towards the end of the migratory period are in full 
accordance with the course of migration in that group in which migratory individuals 
may leave the breeding grounds for some irregular movements during the summer but 

do not start their short-distance migration before late autumn (e.g., Blondel 1966). 
According to the data presented, the patterns of migratory restlessness seem 

generally to express species-specific peculiarities of the migratory journey. With the 
genetic control of patterns such as these in mind, as has been demonstrated in the 
blackcap, it has to be suggested that these patterns possibly represent endogenous 
adaptations to the species-specific migratory journey. 
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Figure 6 
Patterns of migratory restlessness (mean values for 10-day periods) of groups of 6-10 individuals of 

three different warbler species. Broken line, garden warbler, solid line, barred warbler, dotted line, 
Sardinian warbler. From Berthold ( 1984 ). 

In line with this hypothesis we have recently studied the marsh warbler 
(Acrocephalus palustris), stimulated by its unusual migration. According to several 
detailed studies, the marsh warbler leaves its European breeding grounds extremely 
early from mid-July onwards, crosses or surrounds the eastern Mediterranean and 
passes Ethiopia in east Africa about mid-August. Because it does not arrive before 
October in Kenya and not before late November in its winter quarters below central 
Tanzania, it has been suggested that the marsh warbler has a longer stopover period in 
Ethiopia, or that once having arrived in NE Africa, it could also move southwards 
steadily but much more slowly than before. In its southernmost winter quarters in 
South Africa it is not numerous before late December/January after a journey of about 
six months duration, but many birds may arrive even later. From our hypothesis we 
predict the following pattern of migratory restlessness: bipartite or to some extent 
biphasic, maximum values in the frrst part and of moderate size, and an extension of 
some six months. The experimental evidence from ten handraised S-German marsh 
warblers fits this assumption very well: we obtained a biphasic pattern of very long 
extension (Berthold and Leisler 1980). Thus patterns of restlessness investigated so 
far appear in fact as inherited anticipations of the migratory journey and as such are of 
extremely high adaptive value. 
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Innateness of Migratory Directions 

As I have summarized in earlier papers (e.g., 1980), there is ample evidence 
from a number of experiments performed by several authors, that in about ten bird 
species the choice and/or maintenance of the species- or population-specific migratory 
direction has to be considered as inborn. The most impressive and convincing 
evidence was published by Gwinner and Wiltschko ( 1978) for S-German garden 
warblers. From the atlas of Der Zug Europdischer Singvogel (Zink 1973), it can be 
seen that central European garden warblers leave their breeding grounds initially in a 
southwesterly direction oriented towards the Iberian peninsula. All the winter quarters 
of the garden warbler in central and southern Africa are clearly south or even 
southeast of this intermediate goal. Thus a counterclockwise shift of the migratory 
direction roughly in the area of the Iberian peninsula has to be expected since no 
wintering on the South American continent is known in the garden warbler. 

Gwinner and Wiltschko ( 1978) raised a total of 59 German garden warblers and 
kept them under constant temperature and photoperiod conditions throughout the fall 
migratory season. At regular intervals the birds were moved to circular orientation 
cages in which they were tested for directional preferences during their nocturnal 
migratory restlessness. It is evident from this experiment (Fig 7) that the caged birds 
prefered a more or less southwesterly direction during that time at which free-living 
garden warblers also fly in a southwesterly direction. The experimental birds then 
changed to S or SSE at about the time wild garden warblers perform a similar 
directional shift on the Iberian Peninsula or in northern Africa at the latest. The most 
parsimonious interpretation of these results would suggest that the changes in 
migratory direction occurring in this species are due, at least in part, to spontaneous 
endogenous changes in the preferred direction relative to external orienting cues. That 
is, directional preferences in this special case appear to be based on a 
counterclockwise endogenous "tum-table." Since the experimental birds were 
prevented from ever viewing the sky, Gwinner and Wiltschko ( 1978) believe the 
earth's magnetic field to be the most probable reference cue. 

The Vector-Navigation Hypothesis 

The results reported allow one to establish a comprehensive hypothesis for the 
control of avian migration. As shown, the available evidence favors the opinion that 
typical migratory behavior is based on a series of endogenous and heritable programs. 
In detail, the entire migratory behavior, at least in some species, appears to be related 
to a fundamental endogenous system-the circannual rhythms. These internal 
calendars initiate and terminate migratory events in connection with synchronizing 
factors, especially photoperiod. The pattern of migratory activity has to be considered 
as an inborn and heritable time-program for migration, programmed to species- and 
population-specific peculiarities of the migratory journey. The migratory direction can 
be, at least in a series of cases, understood in terms of an endogenously prescribed 
feature. Taking these fmdings together for many inexperienced migrants individually 
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Figure 7 
Germany, during those periods at which freeliving conspecifics pass through certain banding stations 

(average passage dates in brackets). Hatched: winter quarters. From Gwinner and Wiltscbko (1978). 

migrating, it can be hypothesized that such birds should be capable of performing their 
first migratory journey by flying in their innately prescribed migratory directions just 
as long as their internal time-programs provide migratory activity. In this way they 
should 11 automatically 11 reach their hitherto unknown species- or even population
specific winter quarters. Migration thus appears to be performed along a vector which 
is composed of an inborn migratory route and a time-program indicating the length of 
that route. Fuel for migration seems generally to be provided in a similar way: again, 
an endogenous program creates a migratory disposition in which fat deposition is 
generated by hyperphagia. Body · weight as well as migratory activity appear to be 
precisely controlled by special endogenous, sliding set-point mechanisms. For 
possible restrictions of the hypothesis see, e.g., Gwinner (1977b). 
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In this context it has to be emphasized that this vector-navigation hypothesis 
applies to inexperienced juveniles migrating for the frrst time. In elderly migrants, 
additional factors such as true navigation, learned environmental information and 
traditional use of breeding grounds, resting areas and winter quarters may well play an 
important role (for more details, see e.g., Schmidt-Koenig 1973). 

Partial Migration: Innateness of the Migratory Urge and Polymorphism as a 
Controlling System 

Partial migration, in my opinion, presents a unique opportunity to make progress 
in the study of many fields of bird migration. It can develop over a short period of 
time from exclusively migratory behavior, as, e.g., in the blackbird (Turdus merula), 
starling, or Canada goose (Branta canadensis). This provides a unique chance to 
conduct investigations of migratory and sedentary behavior in the status nascendi. I 
wonder if partial migration might not assume a key position in the study of the 
physiology and genetics of avian migration mainly because of excellent possibilities 
for (1) comparisons of closely related migrants and nonmigrants and (2) 
experimentation including cross- and selective breeding combined with subtle 
physiological investigations. 

With respect to the control of partial migration in birds there are two 
controversial hypotheses. Mainly on the basis of ringing recoveries Lack (1943, 
1944) proposed a genetic determination of migrants and residents that is a 
dimorphism. Kalela (1954) and recently Hilden (1982), on the other hand, 
hypothesized a behavioral-constitutional control mechanism with a facultative 
determination of migratory behavior. In Kalela's opinion, losers during autumnal 
territorial fights have to leave the breeding area as migrants, whereas winners can stay 
as residents (see Kenerson and Nolan, this volume for futher discussion of this point). 

While investigating the migratory restlessness of Mediterranean warblers and 
blackcaps of European and African populations, we obtained from 1974 onwards the 
first experimental evidence for the control of partial migration in these species. The 
findings supported Lack's hypothesis: the development of restlessness in experimental 
groups in constant experimental conditions was a fairly good reflection of the 
different, that is typical and partially migratory habits, of the parent populations. 
Thus the different migratory habits seemed to be endogenously preprogrammed or 
innate. The next and more conclusive evidence resulted from a cross-breeding 
experiment between almost nonmigratory African and migratory German blackcaps. 

Here the percentage of birds displaying restlessness increased from 23 in the African 
parental generation to 56 in the F1 offspring. The most plausible explanation for this 
finding is that an introduction of genes causing migratory restl~sness from the 
German ·parents increased the proportion of migratory individuals in the F1 hybrids or, 
in other words, that the migratory urge is innate and heritable. 
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In order to substantiate this explanation we started an experiment of selective 
breeding with southern French blackcaps in 1977. In a large sample of I 02 
experimental individuals from this population, known to be partially migratory, we 
found 77% migratory active and 23% migratory inactive birds. Assuming this 
migratory habit is based on polymorphism, selectively breeding the migrant and 
nonmigrant morphs should fulfill the following three predictions: (1) the offspring of 
migrants paired with migrants should show an increase in the ratio of migrants to 
nonmigrants compared with the original population and (2) compared with the 
offspring of nonmigrants paired with nonmigrants. Similarly (3) the offspring of 
pairing nonmigrants with nonmigrants should show an increased amount of 
nonmigrants compared to the original population. Up to 1981, we had successfully 
raised 39 birds of the F 1 generation and investigated their migratory activity in the 
same way as had been done earlier with the parental birds. Table 1 shows that the 
data obtained fulfilled two of the three predictions mentioned above: in comparison to 
the parental population, represented in the frrst row, the offspring of the nonlnigrants, 
represented in the middle row, showed a significant (30%) increase in the number of 
nonmigrants. This ratio of nonmigrants to migrants was also significantly different 
from the offspring of migrants as the comparison with the data in the last row shows. 
Moreover, although not statistically significant, there was also some evidence in favor 
of the third prediction: the number of migrants in the offspring of migrants paired 
with migrants was 8% higher than in the parental population. 

The results of this study demonstrate that in the partially migratory blackcap 
population, the characters 11 migratory 11 and 11 nonmigratory" are heritable and thus 
establish polymorphism as a controlling system of partial migration for the first time 
in birds (Berthold and Quemer 1982b). They also confmn Lack's hypothesis from 
1943/1944. 

In the cross-breeding as well as in the selective breeding experiments, the 
alteration rate from one generation of birds to the next, i.e., from the parental to the 
Ft. was in our opinion surprisingly high with approximately 30% in both cases. If 
this speed of alteration endured during continued selective breeding, it has to be 
suggested that the partially migratory blackcap populations could become exclusively 
nonmigratory or migratory on a genetic basis after a few generations. Since selective 
breeding in captivity corresponds to high selection pressure in a wild population, our 
results imply a high evolutionary rate for partial migration in the blackcap when strong 
and directed selection pressures exist. They also show that partial migration can be a 
highly sensitive and reactive system to any sort of environmental factors influencing 
fitness in the breeding grounds, in the winter quarters, and during migration. The 
diphenism of partial migration hence appears to be a genetic dimorphism, and the 
strategy of maintaining both a migratory and a nonmigratory portion of the population 
seems to be controlled quantitatively by a highly sensitive balanced polymorphism 
integrating any environmental influences from the year round living area (discussed in 
detail, e.g., by Gauthreaux 1980). 
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Table 1 
Proportions of migratory active and inactive blackcaps in the original 

southern French population and in selectively bred F1 generations. From 
Berthold and Querner 1982b. 

Original Ft Ft 
French Nonmigrants Migrants 

Population X X 

Nonmigrants Migrants 
n = 102 n = 19 n = 20 

Number of 
Migrants 

79 (77%) 9 (47%) 17 85% 

Number of 23 (23%) 10 (53%) 3 (15%) 
Nonmigrants 

p < 0.01 p < 0.025 

In the meantime, H. Schwabl and H. Biebach in our institute have investigated 
partial migration in the blackbird and in the robin (Erithacus rubecula). Schwabl 
raised nestlings from parents known to be nonmigrants from ringing and subsequent 
observation, and from obvious migrants. He then tested their migratory behavior in 
the laboratory. Biebach conducted a selective breeding experiment comparable to ours 
reported for the blackcap (for review see Berthold, in press). From both studies there 
is similar experimental evidence for the innateness of the migratory urge in these 
partially migratory species as in the blackcap. There are also corresponding fmdings 
from field data in the stonechat (Saxicola torquato) by Dhondt (1983). Thus 
polymorphism as a controlling system of partial migration seems possibly to be 
common in birds and may allow further studies on the basis of a wider scale of 
species. 

Habitat Preferences in Migrants: Preprogrammed Choice 

Migrants traveling across country are regularly faced with more or less new 
patterns of different (micro)habitats when they stop in an appropriate resting area. 

This resting area should be chosen as quickly and efficiently as possible in order to 
allow for resting, fuel replenishment, seeking shelter, etc. In a long-term ten-year 
trapping program we have studied how passage migrants do this. Analyzing the data 
from the first five years of this program of about 70,000 trapped individuals of about 
40 species of mainly songbirds at three trapping sites in central Europe, we found the 
following: trapping was characterized by clearcut species-specific "trapping figures," 
which, according to additional investigations, proved to express the habitat 
preferences. Figure 8 shows that most of the lesser whitethroats were caught in two 
small sectors. Furthermore, these figures and thus the underlying habitat preferences 
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Figure 8 
Distribution of trapped lesser wbitethroat Sylvia curruca caught during the autumn migratory period in 

52 mist nets set up in 8 different habitats (A-H) in 4 consecutive years in a resting area in south Germany . 
From Bairlein (1981 ). 

were amazingly constant from year to year. 
Using cluster analysis and principal component analysis, my coworker Bairlein 

(1981) found that these habitat preferences are primarily related to characteristic 
morphological prerequisites, above all to those of the flying apparatus. Comparisons 
of the habitat preferences of juveniles and adults indicated that the choice of these 
species-specific habitats is largely innate and is only little if at all improved or altered 
by learning. Thus passage migrants appear to be equipped with some type of 
inherited habitat conceptions (i.e., innate ideas of the appropriate habitats) which 
produce very clearcut species-specific habitat preferences even in hitherto unknown 
resting areas. It is suggested that these preferences are accomplished by visual 
inspection while airborn and during landing. This endogenously controlled system of 
habitat preferences should provide avoidance of interspecific competition during 
migration and optimum resource utilization until geographical regions with other 
competitive bird communities are reached. According to these findings, even such a 
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relatively simple behavioral trait of a migrant as the spontaneous daily choice of a 
suitable resting area is deeply anchored in the bird' s behavioral physiology. 
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ABSTRACT 

The pied flycatcher Ficedula hypoleuctJ is a European-trans-Saharan nocturnal migrant 
whose orientation behavior has been intensively studied. In this paper, we review our current 
knowledge of the ontogeny of migratory orientation in this species. The experiments we 
describe all involved manipulating the exposure of hand-reared pied flycatchers to known 
sources of directional information (i.e., the geomagnetic field, the night sky and the setting sun) 
either during the birds' first summer and/or during the time of their first autumn orientation 
tests. Collectively, the results emphasize the complexity of a young pied flycatcher's 
developing orientation system that includes both orien~tion responses to environmental stimuli 
which develop independently of experience with other directional cues and those which can be 
modified as a result of experience with other cues. 

INTRODUCfiON 

Recent advances in our understanding of how animals organize their movements 
in space have resulted in a review article on the general mechanisms of animal 
orientation and navigation (Able 1980). Regarding birds, review articles have also 
appeared on compass mechanisms (W. Wiltschko 1983) and the ontogeny of homing 
behavior in pigeons (R. Wiltschko 1983). But despite the considerable progress made 
in revealing the complexities associated with the ontogeny of the orientation behavior 
of migratory birds, a synthesis of this work has yet to appear. Instead of a general 
survey of this phenomenon, however, we have chosen to focus our review on that 
species which has been most intensively studied in our laboratory: the pied flycatcher 
(Ficedula hypoleuca). 

As in any ontogenetic analysis, an understanding of the mature behavioral form, 
whether it be fixed or still changeable, is necessary. For this purpose we will assume, 
as has been shown for other nocturnal migrants (cf., W. Wiltschko 1983), that as 
adults, pied flycatchers can use the geomagnetic field, stars and cues associated with 
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the setting sun (either the setting sun itself (Moore 1982) and/or skylight polarization 
associated with it (Able 1982) as independent orientation cues in locating their 
migratory direction. By independent, we mean that a bird can use the environmental 
stimulus in question to display an orientation response for migration in the absence of 
any other sources of known, relevant directional information. With the cautionary 
note that adult pied flycatchers have only been examined for their ability to orient by 
the earth's magnetic field during migration (Beck and Wiltschko 1981), the questions 
we will examine are: (1) what are the experimental prerequisites needed by a young 
bird to develop an independent migratory orientation response to each of the 
previously mentioned environmental stimuli, and (2) to what extent can the formation 
of an orientation response to one cue be influenced through experience with another 
source of directional information. At this point, we should emphasize that the 
experiments we will discuss all involved hand-reared, captive birds, and used various 
cage devices to determine their directional preferences (see Beck and Wiltschko 1982 
for a methodical description). The statistics applied are described by Batschelet 
(1981). 

EARTH'S MAGNETIC FIELD 

In experiments designed to examine the ability of naive migratory pied 
flycatchers to display migratory orientation with respect to an ambient magnetic field, 
Beck and Wiltschko (1982) took nestling pied flycatchers and hand-reared them in a 
windowless laboratory. During the course of the summer and the autumn testing 
season the birds were held indoors and were thus deprived of any opportunity to view 
the sky and the orientation cues associated with it. At the beginning of the migration 
season, middle August, the birds were placed in orientation cages located indoors, and 
their nocturnal activity (zugunruhe) was recorded. Figure 1 gives the orientation of 
these birds when tested in the local geomagnetic field and in an experimental magnetic 
field with magnetic north shifted 180° relative to the earth's local field. The data 
show that without ever viewing the sky, naive migratory pied flycatchers were able to 
use an ambient magnetic field to display migratory orientation as had been 
demonstrated previously for garden warblers (Sylvia borin, Wiltschko and Gwinner 
1974) and savannah sparrows (Passerculus sandwichensis, Bingman 1981a). 

Pied flycatchers, like many western European trans-Saharan migrants, are 
confronted with a variety of en route topographical barriers (e.g., the Alps, the 
Mediterranean Sea and the Sahara Desert) during migration. It is presumed that these 
barriers play some causal role in the southwesterly movement through Europe and the 
subsequent south- southeasterly movement to central Africa which characterizes their 
autumn migration. Figure 2 gives the magnetic field orientation of a group of hand
reared pied flycatchers kept and tested without their ever having seen the sky. The 
data are divided into the early and late stages of migration (Beck 1984). As can be 
seen, the test birds displayed a seasonal shift in their orientation which corresponded 
nicely to the shift in migratory direction presumed to occur in free-flying conspecifics. 
Similar findings have been obtained by Gwinner and Wiltschko ( 1978) using hand
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Figure I 
First autumn orientation of band-reared pied flycaJcbers prevented from ever viewing the sty and 

tested without celestial cues. (a) Tests in the local geomagnetic f.eld (b) Tests in a magnetic f~eld shifted 
180" relative to the local geomagnetic field (data from Bed and Wiltscbko 1982). The triangles al the 
periphery of a circle represent the mean beadings of individuals for each period tested. The mean vector is 
shown as an arrow, its length drawn proportional to the radius of the circle = I . The two imler circles 
represent the 5% (dotted) and I'l significance levels of the Rayleigh test. 

reared garden warblers. In contrast to garden warblers, however, pied flycatchers 
showed a shift in direction only if they experienced a change in magnetic intensity and 
inclination which simulated the magnetic field conditions which migrants experience 
when they reach southwestern Europe. When continually tested in a magnetic field 
simulating central Europe, the birds became disoriented in the latter part of the season 
(Beck 1984). Based on these results, it would appear that directional information 
from the geomagnetic field alone is sufficient to allow young pied flycatchers to reach 
their wintering quarters. They not only can take up an initial course by referring to 
the magnetic field, but they can display an appropriate shift in this orientation as well. 
The data are consistent with the hypothesis of a preprogrammed route to central Africa 
based on vector navigation (see Berthold 1984 and this volume). 

Unfortunately, the possible importance of exposure to a magnetic field for the 
maturation of a migratory response to the geomagnetic field remains unknown. In one 
relevant experiment (Alerstam and Hogstedt 1983), pied flycatchers were exposed to 
an altered magnetic field during the egg and nestling stage. In the following autumn 
migration season, differences were found between the orientation of these birds and 
that of untreated controls. It is not clear, however, whether the differences were 
caused by an altered reaction to the magnetic field or whether other factors which 
were also present during the tests were involved (see below). 

Remaining to be answered, however, is whether the development of a young 
bird' s orientation response to an ambient magnetic field can be influenced by 
experience with other sources of directional information. A first indication that such 
an effect exists came from experiments which showed that if hand-reared garden 
warblers were able to view the sky during the time of their frrst summer, their 
magnetic field orientation during autumn migration was worse than that of hand-reared 
birds that had never seen the sky (Wiltschko, Gwinner and Wiltschko 1980). Later, 
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Figure 2 
Fli"St autumn orientation of band-reared pied flycatchers prevented from ever seeing tbe sky. The birds 

were kept and tested in magnetic fields simulating those experienced by free-flying conspecifics during 
migration. (a) Early part of migration, 29 Aug-14 Oct. (b) Later part of migration, 15 Oct-12 Nov. 
(Data from Beck 1984.) Symbols as in Figure l. 

Bingman ( 1983a) observed that hand-reared savannah sparrows which spent their frrst 
summer in conditions that varied the relationship between an ambient magnetic field 
and geographic north showed different directional tendencies when tested in the earth's 
local magnetic field in the absence of visual cues in autumn. In fact, the orientation 
of the birds differed in a manner consistent with the hypothesis that savannah sparrows 
are able to modify their response to the magnetic field experienced during their frrst 
summer in order to maintain orientation in a fixed geographic direction. 

The extent to which first summer experience with the sky can influence the 
magnetic field orientation of pied flycatchers was studied by hand-rearing two groups 
of birds. After fledging, they were housed outdoors and given full day and night 
exposure to the natural sky. The controls lived in the local geomagnetic field, while 
the experimental group was exposed to a magnetic field which was shifted ca. 115° 
counterclockwise (magnetic total intensity and inclination were approximately the 
same as the local geomagnetic field). The orientation of both groups during autumn 
migration in the earth's local magnetic field without view to the sky is plotted in 
Figure 3. The birds that were raised in the earth's local field displayed seasonally 
appropriate, southerly orientation, while the birds raised in the shifted field, showed 
considerably poorer orientation and preferred a north-northwesterly direction. With 
respect to their rearing treabnent, the experimentals' preference of magnetic NNW 
would have corresponded to geographic E, so that the effect of rearing the birds in an 
altered magnetic field is not easily interpreted. More data will be necessary to find 
out whether the migratory direction with respect to the ambient magnetic field can be 

modified by early sky experience, as Bingman (1983a) suggested. 
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Figure 3 

First autumn orientation of band-reared pied flycatchers kept outdoors dwing tbe summer with a full 
view to the sky. The birds were tested in the loctJJ ~field without celestial cues. (left) Birds that 
spent the summer in the local geomagnetic field . (right) Birds that spent the summer in a magnetic field 
shifted by ca. 115° counterclockwise relative to the local geomagnetic field. (Data from Bingman, in 
preparaticn.) Symbols as in Figure 1. 

STARS AND NIGHT SKY 

The frrst experiments examining the role of stars in the orientation of nocturilal 
migrants were performed by Sauer (1957). His results led him to the conclusion that 
European warblers (gen. Sylvia) possess an experience-independent star compass. A 
series of experiments by Emlen (1969, 1972), however, contradicted this assumption. 
Emlen' s fmdings emphasized the important role of experience in the formation of a 
bird' s star compass. He showed that it was the rotation of the night sky around its 
axis which acted as a reference for the formation of the star compass that would be 
used by young indigo buntings (PasseriiUl cyanea) during their frrst migration. 
Examining the development of stellar orientation in garden warblers, Wiltschko (1982) 
obtained results suggesting that the rotational axis of an artificial night sky was more 
important for the formation of a star compass than the ambient magnetic field 
experienced by the birds during their first summer. 

It is not yet known how young pied flycatchers form their star compass, but that 
they have a star compass, or more properly, a night sky compass, at the time of first 
migration was demonstrated by Bingman (1984). This study, however, focused on the 
question of whether the ambient magnetic field experienced during the frrst summer 
functioned as a calibrating reference in the setting of a young pied flycatcher's 
migratory orientation response to the night sky. To test this, three groups of birds 
were hand-reared and then transferred outdoors where they were housed for the 
summer .in full view of the natural day and night sky. The control group was kept in 
the local magnetic field, a second group was exposed to a magnetic field the north of 
which was turned by ca. 105° to geographic WSW (total intensity and inclination were 
about the same as in the local magnetic field), and for the third group, the magnetic 
field was partly compensated so that the inclination was vertical, and the bifds could 
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Figure 4 
First autumn orientation of hand-reared pied flycatchers kept outdoors during the summer with a full 

view to the sky. The birds were tested under the natural night sky in a vertical magnetic field. (Left) Birds 
that spent the summer in the local geomagnetic field . (Center) Birds that spent the summei in a magnetic 
field shifted by ca. 105° counterclockwise relative to the local geomagnetic field. (Right) Birds that spent 
the summer in a vertical magnetic field. (Data from Bingman 1984.) Symbols as in Figure I. 

not derive any meaningful directional information from it. Figure 4 shows the autumn 
orientation behavior of all three groups when tested under the night sky in a vertical 
and thus meaningless magnetic field. Although the orientation of the three groups 
differed slightly, differences of the expected magnitude and direction consistent with 
the hypothesis of a magnetically based star compass failed to emerge. Thus the results 
lend no support to the hypothesis that the magnetic field serves as a calibrating 
reference in the formation of the pied flycatcher's initial night sky orientation response 
for migration. Similar results were also obtained by Rab01 and Dabelsteen (1983) who 
recorded southerly, night sky migratory orientation from hand-reared pied flycatchers 
that were continually exposed to an aberrant magnetic field of large vertical intensity. 
Results from hand-reared savannah sparrows (Bingman 198lb) also showed no 
difference in the night sky orientati~n of birds raised outdoors in different magnetic 
fields. Taken together, the results suggest that the development of a young bird's 
initial migratory orientation response to the night sky is independent of the bird' s 
previous magnetic field experience. It seems to depend on celestial rotation and the 
directional information derived from it. As a directional stimulus, the rotation of the 
night sky represents a temporally and spatially stable indicator of geographic north. 
These characteristics would also qualify it as a possible geographic reference which 
could be used by young migrants to redefine their response to the geomagnetic field, 
as suggested by the findings of Bingman (1983a). 

There is evidence, however, that during actual migration, experienced birds 
(including first year migrants captured during migration) rely on the earth's magnetic 
field as their primary source of directional information. In fact, they can use an 
ambient magnetic field to modify their stellar orientation (Wiltschko and Wiltschko 
1975a,b). Although the pied flycatcher was not among the species tested, these 
fmdings seem to run contrary to the results presented above. A possible explanation 



550 Verner P. Bingman, Willy Beck and Wolfgang Wiltschko 

might be based on the fact that the rotation of the night sky plays a crucial role as a 
source of directional information only during a sensitive period during a bird's fli'St 
summer and loses its importance with the onset of migration (Emlen 1969, 1972). 
After that, a bird's star compass, originally calibrated from the rotation of the night 
sky, could be influenced by the magnetic field. 

SETIING SUN AND CUES ASSOCIATED WITH IT 

It is in discussing sunset orientation that we are most restricted by a relative 
paucity of data. Young savannah sparrows, however, were shown to be unable to 

orient at sunset in the absence of meaningful magnetic field information (a vertical 
field) during the time of their frrst migration (Bingman 1983b) despite the ability of 
adult birds to use the setting sun as an independent orientation cue for migration 
(Moore 1982). 

Regarding pied flycatchers, Alerstam and Hogstedt (1983) recorded the sunset 
orientation of hand-reared birds in the presence of the local geomagnetic field during 
autumn migration. They tested three groups of birds that had experienced different 
magnetic fields as nestlings, and their findings were consistent with the hypothesis that 
the young birds had calibrated a secondary cue, presumably a cue associated with the 
setting sun, from the different ambient magnetic fields experienced as nestlings, and 
used it during the orientation tests. Present information from the geomagnetic field 
was thought to be ignored. If their interpretation is correct, it would lend further 
support to the idea that orientation by the setting sun, by whatever means, is first 
dependent on a calibrating reference defined by the earth's magnetic field. The 
difference between savannah sparrows and pied flycatchers might then only be a 
matter of the timing of the calibration process. Of further interest is that these results 
are in agreement with those obtained when the development of sun orientation in 
homing pigeons was studied (Wiltschko, Wiltschko, Keeton and Madden 1983). 

SUMMARY 

Young pied flycatchers (Ficedula hypoleuca) are able to use either the earth's 
magnetic field or the night sky as primary sources of directional information for 
migration. Both systems can develop independently of each other; i.e., a functional 
response to the magnetic field is found in birds that never saw the sky, and a 
functional response to the night sky is found in birds independently of their previous 
magnetic experience. The amount of experience with an ambient magnetic field or the 
night sky needed by a young bird for the proper development of its migratory 
orientation responses to these cues remains unknown. Likewise, it is not clear 
whether the directional relationship between the night sky and the ambient magnetic 
field during frrst summer has an effect on the direction selected with respect to the 
magnetic field during autumn migration. Directional cues associated with the setting 
sun do not seem to have directional significance by themselves. Existing data seem to 
suggest that the pied flycatchers' response to such stimuli is dependent on a reference 
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defined by an ambient magnetic field. 
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ABSTRACT 

When some classes of a bird population migrate and others do not, or when classes 
migrate varying distances, survivorship during the non-breeding season is likely to differ among 
the classes because they spend that season in different environments. Knowledge of 
relationships among seasonal mortality rates, annual mortality rates, and productivity of 
migratory classes contributes to understanding of the advantages and disadvantages of migration 
and of the maintenance of the behavioral differences in the populations studied. At the 
proximate level, investigation of intrageneric and intraspecific variation in migratory behavior 
has been and continues to be important for elucidating mechanisms that regulate migration. 

We have studied migratory dark-eyed juncos (Junco hyemalis hyemalis), in which 
females migrate farther southward into the winter range than males and adults farther southward 
than young of the year. These differences in winter distribution result in geographic variation in 
winter mortality of the sex-age classes, but evidently not in differences in annual mortality. We 
summarize the population dynamics by which we believe the winter distribution is maintained 
year after year and the ultimate factors that may select for the interclass differences. We also 
report results of an experiment in which the autumn and spring zugunruhe (nocturnal 
restlessness) of members of the four classes, all from a single breeding locality, was monitored. 
We asked whether quantitative differences in restlessness existed among sex-age classes and, if 
so, whether these correlated with the observed differences in distance migrated. Classes making 
longer migrations did tend to be more restless, but in most comparisons not significantly so. If 
zugunruhe reflects a physiological disposition to migrate whose duration and intensity have an 
underlying genetic basis, we conclude for the junco that conditions experienced in transit 
probably modify this disposition and therefore play an important role in determining average 
distance migrated by the sex-age classes. 
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INTRODUCfiON 

The existence of variation in migratory behavior among members of the same 
species provides unusual opportunities for probing both ultimate and proximate factors 
underlying migration (Myers, Maron and Sallaberry 1985). Among avian migrants, 
three types of intraspecific variation have been described. 

1. In some species there are migratory and non-migratory populations; all 
individuals migrate from some regions of the breeding range, but all are sedentary 
in others. 

2. In partially migratory populations, a portion of the individuals from a given 
population migrates, while the other portion remains sedentary. 

3. Finally, in differential migrants all individuals migrate, but they differ predictably 
from one another in distance traveled (or, some would add, in direction and/or 
timing of movement; Gauthreaux 1982). All types of variation can occur within 
a single species. For example, high-latitude breeding populations may be entirely 
but differentially migratory, middle-latitude populations partially migratory, and 
low-latitude populations resident, as seems to be the case with Sylvia atricapil/Q 
(Mead 1983, p. 57). 

In birds the intraspecific migratory differences that have been most often 
described (Gauthreaux 1982, Ketterson and Nolan 1976, 1983a) are associated with 
sex and/or age. When the difference is sexual, males are more likely than females to 
be the resident .class or the class that migrates the shorter distance. When age bias 
occurs, the pattern is less clear. In partial migrants the tendency to migrate usually 
decreases with age, but in differential migrants, adults may travel either longer or 
shorter distances than young (in addition to citations in Gauthreaux 1982, see Spaans 
1977, Ketterson and Nolan 1983a, p. 366, Morton 1984). Whether predictable 
variation also occurs commonly among members of a single sex-age class is not 
known. Across-class differences in migratory tendency can be relatively easily 
identified by studies at the population level, i.e. , either (1) by detecting at one or 
more points in the winter range, deviations from the expected sex or age ratio of the 
population as a whole or (2) by observing variation among ratios in different parts of 
the range. On the other hand, determination that differential migration occurs within a 
single sex-age class usually (but not invariably) requires knowledge of the breeding 
and non-breeding locations of specific, marked individuals of that class, and 
information of this kind is scanty. 

In this paper we first review hypotheses that have been advanced to account for 
the long-term maintenance of intrapopulation differences in distance migrated, i.e., to 
explain why selection has not eliminated the variation. We then focus on the 
differentially migratory population of the dark-eyed junco (Junco h. hyemalis), a 
bunting of the north-temperate zone. Our purposes are (1) to summarize the 
geographic variation in the junco's winter population structure, which we view as the 
product of a differential autumn migration; (2) to consider the population dynamics 
that maintain the geographic differences over the years; (3) to describe ultimate factors 
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that we believe underlie differences in distance migrated; and ( 4) to present results of 
an experiment investigating physiological mechanisms that may regulate the variation 
in the junco's migratory behavior. Data on points (1), (2) and (3) are summarized 
from work. already published (Kenerson and Nolan 1976, 1982, 1983a); data on point 
(4) appear for the frrst time. 

EVOLUTION AND MAINTENANCE OF INTRASPECIAC 
VARIATION IN MIGRATORY BEHAVIOR 

General Hypotheses 

If all members of a species are migratory because the probable benefits of 
seasonal movement exceed (or, historically, exceeded) the probable benefits of 
remaining sedentary, then it follows that when only certain individuals migrate (or 
migrate farther), for them the advantages of migration (or prolonged migration) should 
outweigh the advantages of remaining sedentary. For their non-migratory or less 
migratory conspecifics the reverse should be true. These generalizations are, of 
course, idealized. Environments change, phylogenetic constraints limit the precision 
of selection, and chance may play a powerful role. Further, the individual is probably 
rarely in a position (or physiological state) that lets it first assess the full range of 
options available and then adopt the optimal course of behavior. Still, we would 
argue that assumptions of the general efficiency of selection and of the malleability of 
migratory behavior may be more justified when applied to the migrations of birds than 
to those of animals that are less mobile. Many birds, because they can cover long 
distances at high speed, are exposed within a single lifetime to a wide choice of 
environments in which to settle. It seems likely that each generation gives rise to 
some individuals that lack the mechanisms responsible for departing on the 
population's usual schedule, or for departing at all, others that settle between the 
normal breeding and wintering ranges, and still others that move entire Iy beyond the 
limits of one or both ranges. (Thus in a sample of migratory prairie warblers 
Dendroica discolor found outside the winter range of the species, all that could be 
aged were young individuals that were making or had just made the frrst migration of 
life (Nolan 1978, pp. 449-451; see also De Sante 1983).) If any of these deviations 
in migratory behavior were genetically based, and if it improved reproductive success, 
it would appear that in birds, unusually favorable and frequent opportunities exist for 
selection to increase the frequency of such variants (see Berthold and Quemer 1982, 
Berthold, this volume). 

When variation in the migratory behavior of a bird population is assumed to be 
stable over time, questions like the following arise: Do migrants and non-migrants, or 
long- and short-distance migrants, whatever their genetic distinctness, represent 
equally adaptive alternative strategies? If so, is that because environmental variation 
and unpredictability makes neither alternative consistently more advantageous than the 
other, or would the variation persist in the absence of environmental differences from 
year to year? Can alternatives be maintained even if they are not equally adaptive? 
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Various authors have addressed these problems and proposed models designed to 
answer one or more of them. We summarize these here but note in advance that data, 
particularly demographic and population-genetic data, are too scanty to test them in 
most cases (Myers et al. 1985). 

Two hypotheses (Lack 1954, p. 224, 1968, von Haartman 1968)--both 
advanced to explain how a sedentary element and a migratory element can persist 
indefinitely and thus maintain a partially migratory population-assume that the 
elements are genetically differentiated forms. Although von Haartman (1968, p. I) 
did not emphasize this, it is clear that his model requires a genotypic difference. Both 
authors also assumed that fitness of the migrant and non-migrant morphs must be 
equal over the long term or one would be eliminated. The equality must derive from 
some combination of compensatory trade-offs in (1) probability of surviving to 
adulthood, (2) annual productivity, and (3) annual survivorship while reproductive. 
Lack focused on survivorship alone and on the unpredictability of temperate-zone 
winters: more migratory individuals survive in years of unusual severity; in moderate 
winters mortality associated with migration exceeds the mortality of sedentary 
individuals. Over the years, annual survivorship balances out. Von Haartman 
proposed no equality of survivorship. In his view, non-migrants might always suffer 
greater winter (and therefore annual) mortality; but if competition for breeding 
resources was intense and sedentary individuals were more successful competitors, 
their greater productivity might compensate for their higher mortality. Thus, for 
cavity-nesting birds, nest sites may be limiting, and year-round residency may confer 
priority of access to these (Lundberg 1979). 

More recently, Greenberg (1980) extended and modified von Haartman's 
argument, noting that among new-world passerines higher annual survivorship and 
lower productivity are associated with longer migrations; long-distance migrants live 
longer but produce fewer young per breeding season (Table 1). In Greenberg's view, 
however, greater productivity of sedentary species and short-distance migrants does 
not stem from prior access to resources. Rather, such species have more time to 
devote to breeding and are more productive as a consequence. Consistent both with 
von Haartman's and with Greenberg's views is a recent report by Schwabl (1983) that 
sedentary male European blackbirds Turdus merula are more productive than 
migrants, evidently because they become territorial before migrants return to breed and 
therefore are able to occupy better breeding territories and also to begin breeding 
earlier, when nest success is high. Migratory blackbirds, Schwabl suggests (citing 
Lack), may compensate for their loss of productivity by higher annual survivorship. 

For the junco's differential migration, we proposed (1983a) a hypothesis that, 
like Lack's (1954, 1968), both emphasized differences in winter mortality according to 
location of the winter residence and also treated migration as an important cause of 
mortality. But whereas Lack emphasized that survivorship of migrants and non
migrants balances out only over the years, we proposed for juncos that equalization 
between the survivorship of long- and short-distance migrants might occur over the 
winter and migration seasons, i.e., within a single year. This argument is developed 
below. 
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Table 1 
The effects of migration distance and wintering latitude on 

passerine population dynamics (after Greenberg 1980).a 

Adult Annual Annual 
Survivorship Productivityb 

xof (n spp) xof (n spp) 

Long-distance migrants 
overwintering in subtropics 
or tropics 

57% (14) 2.68 (13) 

Residents, partial migrants 
overwintering in temperate 

47% (14) 5.14 (5) 

zone 

a= Data summarized from Tables 1 and 2, Greenberg (1980). Where 
Greenberg listed several estimates for the same species, we averaged 
these to produce a single estimate. 

b = Number of young leaving nest, on season-long basis, per female 
adult. 

Finally, Baker (1978), drawing on ideas of Fretwell (1972), reasoned that 
variation in the migrations of population classes may continue indefmitely despite 
inequality of fitness among the classes. H winter occupancy of a certain region leads 
to greater productivity without associated decil",ase in probability of survival, and if the 
winter resources of the region are insufficient to support the entire population, one or 
more classes may be more successful than the other( s) in controlling these resources. 
In this despotic situation (Fretwell 1 972), the less successful birds will migrate if to 
do so raises their expected fitness above the level that is probable if they do not 
migrate. This model may account for cases in which adults are dominant over young 
and are sedentary or make short migrations while young make longer movements (see 
Gauthreaux 1982 and this volume). Thus Hilden (1982) found that in the partially 
migratory Finnish goldcrest (Regulus regulus), adults, which are dominant over 
young, tended not to migrate and young to migrate. Winter mortality of migrants and 
non-migrants was equal, but non-migrants were more productive because they were 
able to occupy the best territories, doing so before migrants returned in spring. 
Because migratory behavior differences were associated with age (an individual's 
behavior changed as it grew older), Hilden regarded genetic polymorphism as an 
unlikely mechanism to account for his data. The age difference in migratory behavior 
could be proximately caused (Pulliam and Parker 1979; Gauthreaux 1978, 1982); e.g., 
young might migrate only as the result of direct interactions with adults (Hilden 
1982). Or, if it were almost invariably advantageous for young to migrate, selection 
may have produced a developmental program having that obligate result. 
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Figure I 
Dales of fi.J'St capture in southern Indiana of 4550 individual juncos, according to approximately teo

day intervals, four years pooled. Capture efforts were approximately equal at all dates in all years. 

Sexual differences in migratory behavior would seem to provide the special 
case. Because fitness of the sexes is equal by definition, any sexual differences in 
average survivorship (e.g., PrYs-Jones 1977) would have to be made up in average 
productivity. Males, if despotic over females, might be more likely than females to 
survive winter, but their chances of obtaining a mate might then be decreased, and 
differences in migratory behavior could persist. 

Because of the rarity of demographic data relevant to these hypotheses, we 
summarize data for the dark-eyed junco, despite their gaps, and describe our view of 
the evolution and maintenance of differential migration in that species. 

DIFFERENTIAL MIGRATION IN THE 
DARK-EYED JUNCO 

The dark-eyed junco breeds principally in Canada and winters in the United 
States. In the eastern United States where our field work has focused, autumn 
migration is first detected in September, reaches its peak at the middle latitudes of the 
winter range in November, and concludes by about 1 December (Fig 1). Spring 
migration takes place between about 1 March and early May (Fig 1). 

In· winter, female juncos are found, on average, farther from the breeding 
ground than males, and within each sex, adults (birds in the second or later winter of 
life) tend to be located south of young produced in the preceding breeding season (Fig 
2). Males dominate females at food sources in winter, and adults dominate young of 
their sex (Balph 1978, Baker and Fox 1978, Ketterson 1979). Body size varies in the 
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same order, and the differences in body size appear to cause the correlation between 
dominance rank and sex and age (Kenerson 1979). Juncos are monogamous, and our 
field observations (unpublished) indicate that individuals of both sexes regularly breed 
as yearlings. 

The breeding origins of winter populations are unknown, but we conclude from 
the winter distribution that (1) females make longer migrations, on average, than 
males, and (2) adults make longer migrations than young. Conclusion (1) assumes 
either that the adult sex ratio in the breeding range is invariant with latitude or, if it is 
not, that the proportion of breeding adult females does not decrease toward the north. 
Conclusion (2) assumes either that the ratio of young to adults just preceding fall 
migration is invariant with latitude or, if southern breeding populations produce more 
young per adult, that the migration of juncos is not of the leap-frog type. Evidence to 
date is against the possibility that breeding populations tend to remain intact in the 
winter range, which would be the effect produced by leap-frog migration. Reasons for 
thinking instead that breeding populations intermingle in winter are detailed elsewhere 
(Kenerson and Nolan 1982). Figure 1 thus reveals, we believe, that the junco is a 
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differential migrant according to both sex and age and also that individuals within a 
class differ considerably in distance migrated. 

The winter distribution is repeated year after year, and we have considered 
(Ketterson and Nolan I982, I983a) whether either Lack's or von Haartman's 
arguments, extended to differential migration, could account for this annual stability. 
That is, does the annual mortality rate of long- and short-distance migrants fluctuate 
around a mean that is the same for both migratory categories (Lack)? Or is mortality 
consistently higher in either short- or long-distance migrants, suggesting that 
productivity varies in a compensatory way to produce equal fitness (von Haartman)? 
Or, as described by Fretwell (1972) and Baker (1978), is mortality density-<iependent 
and the situation, despotic, such that the fitness of the migratory categories need not 
be equal? Because our long- and short-distance migrant populations (i.e., southern 
and northern winterers) differ in sex and age composition, the first step in seeking the 
answer to these questions is to ask whether sex and age affect survivorship among 
southern and northern winterers. Therefore we begin our analysis by making within
population sex and age comparisons. 

Comparison of Sex-Age Classes Wintering at the Same Location 

H young juncos that winter at higher latitudes were to survive the period from 
December to December at the adult rate (ca. 50%, Table 2) and if in the second 
December of life all survivors from the preceding year returned to their first-year 
wintering latitudes, the observed annual surplus of young juncos in the north could not 
be maintained. Instead, the proportion of adults to young would be 50:50 throughout 
the range. Since the proportions do vary year after year from north to south, either 
(I) annual survivorship is lower among northern-wintering first-year juncos than 
among northern-wintering adults, or (2) survivors among northern-wintering first-year 
juncos tend to travel farther southward in their second autumn migration when they 
are adults, or (3) both. The annual rate of return to (recapture in) the north by juncos 
banded there as young is lower than the rate of return there by those banded as adults 
(Table 3, point AI). This could be seen as support for either possibility (1) or (2), 
but for several reasons we believe that northern-wintering young probably survive the 
period December-to-December as well as do northern-wintering adults. First, in each 
of two winters at northern, midrange, and southern latitudes, the sex-age ratios of 
samples of junco populations (n ca. I300) caught in early winter remained constant 
until winter's end (Table 3, point A2). This absence of overwinter change suggests 
strongly that frrst-year birds, regardless of sex, survive winter (a season when young 
birds might still be at special risk because of inexperience and probably the limiting 
season for juncos) as well as do adults at the same place. Second, in two winters and 
at two locations (northern and southern), the likelihood that a bird captured and 
banded in early winter (n = 335) would be recaptured at the same site in late winter 
was independent of sex and age (Table 3, point A3). This too points to equal 
overwinter survivorship among the sex-age classes. As for possibility (2) above-that 
some individuals migrate farther southward when adult than when young-U.S. Fish 
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and Wildlife Service data on juncos banded throughout the eastern United States in 
one winter and recovered at a different location in a later winter, reveal a tendency for 
the recovery location in the later winter to lie south of the location in the first, 
sometimes much farther south (Table 3, point B4). Although the sex and age of these 
birds were unknown, this observation is also consistent with the possibility that some 
young birds that spend the winter in the north form no bond to the frrst winter site, 
i.e., do not develop fidelity that would cause the survivors among them to return in 
the following year. 

Comparisons of Populations at Northern and Southern Locations 

The· apparent absence of sex -age associated differences in survival of juncos at 
the same location (above) permits us to pool data from each location without respect 
to sex or age, then to compare populations across locations. That is, we are in a 
position to ask what the demographic consequences of long- as opposed to short
distance migration may be. 

Within-Winter Mortality-The recapture rate in late winter of juncos banded early in 
that same winter is considerably greater in the south (n = 136) than in the north 
(n = 198; Table 3, point B1). This suggests that overwinter survival of southern 
juncos is higher than that of northern, but it is also consistent with the possibilities 
that dispersal from the banding site is lower in the south or that both survival and 
dispersal vary with latitude. U.S. Fish and Wildlife Service records indicate no lower 
within-winter dispersal in the south (Table 3, point B2), although these records are 
summarized in a way that would not reveal geographic differences in movement over 
very short distances. We suspect that northern-wintering juncos are, in fact, likely to 
have larger home ranges than those in the south, because food is more patchily 
distributed when snow and ice cover the ground, as is more frequently the case in the 
north. But this climatic difference also makes it highly probable, and there is 
anecdotal evidence, that winter mortality is greater in the north. 

Annual Mortality-Despite the geographic difference in within-winter recapture rates, 
annual rates of return (year-to-year recapture rates) of adults to the north (n = 279) 
and the south (n = 171) are statistically invariant (Table 3, point B3). This leads us 
to propose that annual mortality is independent of latitude of the wintering site. A 
corollary hypothesis is then that mortality rates at some season( s) other than winter 
also vary with wintering latitude, i.e., that compensating seasonal rates account for the 
geographical equality among annual rates. If southern-wintering juncos suffer high 
non-winter losses that balance out their greater survivorship during winter, it is most 
probable that these losses occur during and as a result of their longer migrations. It 
follows that all sex-age classes, regardless of wintering location, could survive equally 
well in the 12 months between one December and the next. Further, it is unnecessary 
to hypothesize, as the basis for the winter distribution, either variation in productivity 
correlating with distance migrated or the existence of a despotic situation. In offering 
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Table 2 
Independent estimates place annual survival of adult juncos 

at approximately 50% 

1. Based on return rate of 
of male juncos to former 
breeding territories, 
Wawa, Ontarioa 

2. Based on return rate of 
juncos already known to 
be site-faithful to 
wintering area, males 
and females, in 
Bloomington, Indiana. b 

3. Based on interval between 
banding and recovery among 
birds banded in one winter 
and recovered in a later 
winter, USFWS data. c 

4. Based on proportion of adult 
birds present at beginning 
of winter.d 

53% 
n = 49 

53% 
n = 128 

54% 
n = 85 

~46% 

a = Kenerson and Nolan 1983a, plus additional data. Included were 
birds known to be territorial in one year and to have returned in the 
following year. Data were gathered in summers of 1981 , 1982, and 
1983. 

b = Kenerson and Nolan 1982, p. 250. 

c = Kenerson and Nolan 1982, Table 5. 

d = Kenerson and Nolan 1983a, planimetry of Figure 2. 
We summed the areas under the sex-age curves and computed the 
percentage of that sum contributed by adults. In a stable population, 
the age structure would correspond to survivorship. 

this view, we emphasize two points. First, we expect that the mortality of young 
between attaining independence and beginning fall migration exceeds that of adults 
(Perrins 1980) and that their death rate continues to be higher during migration 
(Greenberg 1980). But those still alive in December, at the conclusion of migration, 
appear to have passed beyond the period of special risks stemming from youth 
(compare the similar fmdings for the great tit Parus major, Perrins 1980). Second, 
we do not argue that populations from different wintering latitudes invariably 
experience equal annual mortality, i.e., that seasonal mortality rates of winter 
populations balance out every 12 months. We wish only to point out that equalization 
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Table 3 

Summary of junco population dynamicsa 

A. Within population comparisons at wintering sites: 

1. Annual return rates differ geographically and, at a single location, according 
to age. In the north, adults are more likely than young to return the 
following year. In the south, return rates are equal. 

2. Sex-age ratios differ geographically, but at a single location they do not 
change from early to late winter. 

3. Frequency of recapture at end of winter of individuals marked in early 
winter differs geographically, but at a single location it is independent of 
sex and age. 

B. North-south comparisons across wintering populations: 

1. Late-winter recapture of birds banded early in same winter are significantly 
greater in south than in north. 

2. USFWS recovery data do not indicate geographic variation in mid-winter 
dispersal. 

3. Annual return rates to north and south are equal among adults. 

4. USFWS recovery data indicate that northern-wintering juncos are more 
likely to move between seasons; moves tend to be southward. 

5. Annual return rates among young are lower to north than to south. 

C. Interpretation: 

1. Beginning in early winter, survival at a wintering site is sex- and age
independent. 

2. Southern-wintering juncos survive winter at a higher rate than northern
wintering juncos. 

3. Southern-wintering juncos apparently experience higher migration mortality 
than northern-wintering juncos. 

4. Annual survival from one early winter to the next does not differ north to 
south. 

a After Ketterson and Nolan 1982, 1983a. 

of mortality rates appears, among juncos, to be capable of taking place over shorter 
time intervals than the long periods proposed by Lack (1954, 1968). 

Interspecific Comparisons--Is there inconsistency between this hypothesis and that 
of Greenberg (1980), who also emphasizes variation in overwinter survivorship but 
finds compensation in countervailing variation in productivity rather than mortality 
associated with distance migrated? Given that Greenberg was concerned with 



564 Ellen D. Ketterson and Val Nolan Jr. 

Temperate Zone 1 Tropical Zone 

I /// 

..,.MIGration .................. 
...................... I 

/ 
/ 

/................. 
Suvivorship __,---'I 

-- _..,--- I 
Non- breeding s-on 

I 
I 

Low 

Long 

Distance Migrated 

Figure 3 
Schematic hypothetical representation of the manner in which temperare- and tropical-wintering 

passerine bird species that breed in the temperate zone might differ with fespect to the interaction of winter 
and migration mortality resulting in variation in annual survival among species. 

interspecific differences and therefore could not control for many variables that are 
automatically controlled for in within-species comparisons, there is no necessary 
tension between the two models. Nevertheless, because of the importance we attach to 
the relationship between migration distance and migration mortality, we ask how 
tropical-wintering passerines that make longer migrations than juncos can exhibit 
higher annual survivorship. If the slope relating migration distance to migration 
mortality is shallow, whereas the function relating migration distance to winter 
survival is steep or sharply curvilinear (as depicted hypothetically in Figure 3), 
tropical migrants could experience higher annual survivorship than temperate-zone 
migrants, even though the two groups suffered comparable mortality per unit distance 
traveled during migration. 

WHY SEX-AGE DIFFERENCES IN TENDENCY TO MIGRATE 
OR IN DISTANCE MIGRATED? 

If male and female juncos, young and adult, survive equally well from winter to 
winter regardless of distance separating breeding and wintering sites, what ultimate 
factors might be responsible for the observed sex-age differences in migratory 
distances? If we assume that average survivorship or productivity of the members of 
the various classes would decrease were they to behave other than they do (Ketterson 
and Nolan l983a), then the question is not only what the ultimate factors are, but how 
they may differ in their impact according to class. Recent reviews addressing these 
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questions (Gauthreaux 1978, 1982 and this volume; Baker 1978; Greenwood 1980; 
Myers 1981; Ketterson and Nolan 1983a) have proposed as ultimate factors a number 
of social and other environmental variables, among them: (l) breeding-season social 
organization, including whether males defend territories (i.e. , resources) or mates 
(Greenwood 1980), and degree of intrasexual competition for breeding resources 
(Myers 1981); (2) non-breeding-season social organization, including the extent to 
which family units remain together, thus precluding partial or differential migration 
(Emlen 1978), and the impact of any interclass differences in competitive status 
arising out of dominance (Gauthreaux 1978, 1982, this volume); (3) sex- or age
related differences in physiological tolerance of severe weather or in costs of migrating 
(Ketterson and Nolan 1983a); or (4) some combination of the above (Baker 1978, 
Ketterson and Nolan 1983a). For example, in an effort to account for a sexual 
difference in a species' migratory behavior, it might be supposed that something about 
the breeding social organization (e.g., a monogamous mating system, with males 
territorial) would cause the productivity of the average male to decline if he were to 
winter farther from the breeding ground. To females, non-breeding social organization 
might be of paramount importance. If females suffered dominance-related 
disadvantages when overwintering with males, selection might favor longer migrations 
by females. 

Applying these notions to the junco, we have identified (Ketterson and Nolan 
1983a) as the selective factors most likely to have affected the sex-age classes 
differentially: (1) the likelihood of death during migration, (2) the importance of early 
return to the breeding ground, and (3) the advantage of avoiding high densities of 
conspecifics (Fig 4). Factors (l) and (2) would favor shorter migrations, and factor 
(3), because the winter range apparently fills from north to south, would favor 
continuation of migration southward (Pulliam and Parker 1979). Shorter migrations 
by young are probably primarily attributable to factor ( 1) because the probability of 
death per unit distance migrated is doubtless higher during their first autumn than ever 
again in their lives (Ralph 1971, Nolan 1978, Greenberg 1980). On the other hand, 
factor (3) may have been predominant in the evolution of the adult pattern. That is, 
individuals of any class moving southward would be likely to experience the 
advantages stemming from escaping high population densities (Pulliam and Parker 
1979); but if the costs of extending the migration were lower for adults, it is they that 
would be expected to keep moving. Factor (l) probably accounts for the sexual 
differences observed. Young males, never having occupied a territory and soon to 
require one if they are to breed, are likely to benefit most from early return. But 
males, regardless of age, must have territories before females arrive, or they will at 
best have abbreviated opportunities to reproduce. 

What of the role of dominance? In the present state of knowledge, dominance 
alone cannot account for the junco's migration pattern. Adults are dominant to young, 
yet they tend to make longer migrations, and at none of the sites we studied did the 
dominant sex or age class appear more likely than the subordinate ones to survive 
winter. It is possible, however, that those adults that settle south of young did in fact 



566 Ellen D. Ketterson and Val Nolan Jr. 

MORTALITY PER UNIT GAIN IN REPRODUCTIVE 
DISTANCE MIGRATED SUCCESS ATTRIBUTABLE TO 

EARLY SPRING ARRIVAL 

I 
c5chQQ 

YOUNG >ADULTS 

I 
YOUNG > ADULT aa aa 

1 
SELECTS FOR SHORTER SELECTS FOR SHORTER 
MIGRATIONS BY YOUNG MIGRATIONS BY 00 . 

OF BOTH SEXES PARTICULARLY YOUNG CO 

~/
SETTLEMENT IN NORTH BY 

THESE CLASSES RAISES 
POPULATION DENSrTY THERE 

I 
SELECTS FOR LONGER MIGRATIONS 

BY REMAINING CLASSES. 
PARTICULARLY ADULTQQ 

Figure 4 
Selective factors proposed to account for the differential winter distribution of the dark-eyed junco in 

eastern North America (from Kettersoo and Nolan 1983a; reprinted by permission from Current Ornithology, 
Volume 1, Copyright 1983, Plenum Publishing Company). 

extend their rpigrations because they were unable to dominate those young. That is, 
investigations of sex- and age-related dominance rarely consider the histories of 
individuals making up the population sampled, and the young members of the sample 
may already have excluded some potential adult settlers before the investigation 
began. Alternatively, the distribution of adult males might be explained as the 
hyperdispersion of those individuals that are a priori most likely to be at the top of a 
dominance hierarchy. However, in our opinion, until more is known of the 
relationships between rank in a hierarchy, ability to defend resources, and tendency to 
disperse or migrate, further speculation would be premature. 

REGULATION OF DISTANCE MIGRATED 

Introduction 

The importance of an endogenous program in regulating the distance traveled by 
frrst-time migrant European warblers (Phylloscopus spp.) was frrst suggested (Gwinner 
1968) by the discovery of a correlation between (1) levels and proportions of 
zugunruhe (migratory restlessness) in caged, inexperienced birds and (2) distance 
covered toward the winter range during the same time interval by migrating 
conspecifics. Since that discovery, comparative studies and more recently breeding 
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experiments have made a persuasive case for the endogenous nature of inter- and 
intraspecific variation in the duration, intensity and orientation of zugunruhe in a 
number of sylviids and in several other species as well (Berthold 1973, 1977 and this 
volume; Gwinner and Wiltschko 1978, 1980; Berthold and Quemer 1981, 1982; 
Biebach 1983; Schwabl 1983). The endocrine basis of these differences is still not 
well understood, though a report by Schwabl, Wingfield and Farner (1984) represents 
recent progress. 

Thus, in some species, distance migrated may be determined largely by a 
genetically defmed time period during which the individual is in the migratory 
physiological state. During this period, the bird moves in the seasonally appropriate 
direction at the rate of speed typical for the species, and when the period expires, it 
quits migrating-at a latitude to which it is adapted, assuming that its program has 
functioned properly. 

In other species, migratory behavior evidently is more strongly modified by 
experience during previous migrations or by conditions met in the migration then in 
progress. For example, experience in migrating into the normal winter range was 
found to play a major part in determining both direction of flight and distance traveled 
by European starlings (Stumus vulgaris) captured during fall migration and displaced 
from their normal pathway. Young of the year did not correct for the displacement, 
whereas many adults did correct and headed back to the winter destination appropriate 
for the population, where presumably they had spent the previous winter(s) (Perdeck 
1958, 1967). Food abundance along the route of migrating sparrows has been shown 
to affect winter distribution; some migrants travel farther into the winter range under 
certain food conditions than under others (Pulliam and Parker 1979), with a 
consequent effect on winter population densities. If food supplies of yellow-romped 
warblers (Dendroica coronata) fail in midwinter, migration may resume (Terrill and 
Ohmart 1984). Gauthreaux (1978, 1982, this volume) has argued that dominance 
relations among transients play a proximate role in determining distance migrated. 
That is, individuals that are the frequent butt of aggression may experience food 
deprivation, become hyperactive (Merkel 1966, Ketterson and King 1977, Stuebe and 
Ketterson 1982, Terrill, personal communication), and migrate farther toward a more 
favorable social environment. Even among species that migrate a distance fixed 
within fairly narrow limits set by endogenous mechanisms, it seems likely that toward 
the end of the individual's migration the site selected as the stopping point is 
influenced to some degree by external environmental conditions (see also Terrill and 
Ohmart 1984). 

Curious about the extent to which the junco's winter distribution is the result of 
endogenous as opposed to exogenous factors, we measured zugunruhe in young and 
adults of both sexes taken from a single breeding population. Our rationale was that 
if sex-age differences in the duration and intensity of nocturnal restlessness correlated 
with differences in distance migrated, i.e., if adults were more active than young of 
their sex and females more active than males of their age in both autumn and spring, 
then some role for an endogenous program would be indicated. Such an observation 
would open the possibility of a sex-linked genetic basis for the differential migration 
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Figure 5 
Median nightly zugunruhe score (number of 30-secood intervals with activity between 2100 and 0430) 

according to date (activity determined two nights per week), season, and sex-age class. (Young males, 
n = 19 in autumn, 9 in spring, circles; young females, n = 14 in autumn, 7 in spring, diamonds; adult 
males, n = 8 in autumn, 3 in spring, squares; adult females, n = 9 in autumn, 6 in spring, triangles.) (A) 
upper, facing page: young in autumn; (B) lower, facing page: adults in autumn; (C) upper, above: young 
in spring; (D) lower, above: adults in spring. 
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of this species and/or of a genetically based developmental program. If the classes did 
not differ, we might conclude that external factors were the important ones in 
determining the winter distribution. To our knowledge, this is the frrst effort to 

address this question in a differential migrant. 

Methods 

Because our methods have already been described (Kenerson and Nolan 1983b), 
we refer to them only briefly. Breeding adult juncos and still-dependent or newly 
independent young in juvenile plumage (hereafter, adults and young) were captured at 

Wawa, Ontario, Canada (48°()()'N, 84°SO'W), between 21 July and 28 July I980, 
transported to Indiana (39°SO'N, 87°30'W), and throughout autumn I980 were 
individually caged outdoors in visual isolation from each other. Subjects then spent 
January-February I98I together in large outdoor aviary cages, after which they were 
returned to individual cages. Each such cage was equipped with a single perch 
attached to a microswitch connected to an Esterline-Angus event recorder. During two 
nights each week in the periods September-December and March-June, we counted 
the number of 30-second intervals during which an individual was active (i.e., left or 
landed on its perch at least once) between 2IOO and 0430 hours. These values 
constituted nightly zugunruhe scores, and the sums of nightly scores in autumn and 
spring yielded seasonal scores. In each season we counted the number of nights on 
which an individual's nightly score was equal to or greater than 60, treating such 
nights as active nights. An individual's average activity per night was determined, 
again in each season, by dividing the total of its nightly scores on all active nights by 
the number of its active nights. To relate zugunruhe to calendar date in autumn, we 
noted for each bird the dates of its frrst and last active nights and the date by which it 
had accumulated half its total seasonal score. Because captive juncos, like many other 
species (Gwinner and Czeschlik I978), prolong nocturnal restlessness beyond the 
normal dates of migration in spring, in that season we established only each 
individual's starting date (its first active night). 

Results 

The median nightly zugunruhe scores of each sex-age class according to date 

(Fig S) indicate that in general the timing of zugunruhe corresponded to the timing of 
migration of free-living birds (Fig I). Day-to-day variation in nightly totals correlated 
with varying weather conditions that are generally accepted as facilitating or 
suppressing migration, e.g., zugunruhe was reduced or absent on rainy and stormy 
nights. Inspection of Figure SA and B, reveals several trends in autumn: 

I. young juncos (SA) appear to have begun and ended zugunruhe at earlier dates 
than adults (SB), 

2. nightly totals appear to have been greater in adults than in young, and 
3. sexual differences were slight, with females tending to be more active than males 

early in the season and males more active than females later in the season. 
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Table 4 
Three measures of zugunruhe; median values according to sex, age 

and season. 

Autumn• Spring• 

Number of Active Nightsb 
Young 
Adults 

Activity per Nightc 
Young 
Adults 

Seasonal Totald 
Young 
Adults 

Males 

23.7 
21.0 

247 
272 

5,594 
6,314 

Female 

21.0 
23.0 

292 
361 

5,754 
9,417 

Males 

15.8 
23.0 

229 
453 

4,072 
10,861 

Females 

18.3 
20.5 

272 
432 

4,522 
8,842 

•sample sizes in autumn were 19 young males, 14 young females, 9 
adult males, 8 adult females; in spring there were 9 young males, 7 
young females, 3 adult males, 6 adult females. 

"'n autumn, 35 nights were scored; in spring, 29. Given is median 
number according to class, of nights when nightly score ~ 60. 

~aximum possible nightly score is 900. Given is median score, 
according to class, of average activity on active nights. 

'Maximum possible in autumn was 31 ,500 (35 nights x 900 possible 
per night), maximum possible in spring was 26,100 (29 x 900). Given 
is median value, according to class, of seasonal total. 

In spring (Fig 5C and D), adults (5D), particularly males, became restless earlier than 
young (5C), and nightly totals were again greater in adults than young. 

Table 4 presents, for both seasons and according to class, the median values of 
number of active nights, of average activity per night, and of total seasonal scores. In 
this paragraph we refer only to the autumn data. Recognizing that the seasonal score is 
not independent of the number of active nights and activity per night, we compared 
for each of these three variables the median values of young males vs. young females, 
adult males vs. adult females, young males vs. adult males, and young females vs. 
adult females. In these twelve comparisons, results of ten were in the direction 
predicted by the winter sex-age distribution. Despite this, few statistical tests permit 
rejection of the null hypothesis that the classes did not differ (Table 5). For number 
of active nights, classes were statistically indistinguishable. For average activity per 
night, adult females were more active than adult males, but other comparisons showed 
no differences. For seasonal scores, adult females accumulated higher totals than 
young females. One pattern was clear (Table 6): age determined the calendar 
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TableS 
Results of statistical comparisons according to sex and agea.b. 

Number of Nights Activity/Night Seasonal Total 

Autumn 1980 

Age Young male/adult male 
Young female/adult female 

n.s. 
n.s. 

n.s. 
p < 0.10 

n.s. 

* 
Sex Young male/Young female 

Adult male/ Adult female 
n.s. 
n.s. 

p < 0.10 

* 
n.s. 

p < 0.10 

Spring 1981 

Age Young male/ Adult male 
Young female/adult female 

* 
p < 0.10 

* 
n.s. 

* 
* 

Sex Young male/young female 
Adult male/ Adult female 

n.s. 
n.s. 

n.s. 
n.s. 

n.s. 
n.s. 

~ann-Whitney U; * signifies one-tailed p < 0.05; n.s. signifies one
tailed p > 0.10. 

bSee text for definitions of variables. 

schedule of restlessness, with young birds, regardless of sex, beginning and ending 
their autumn restlessness some two weeks ahead of adults. 

Turning to spring, nine of twelve comparisons were in the predicted direction 
(Table 4), and despite the small samples, several comparisons were statistically 
significant (Table 5). Adults became active significantly earlier (Table 6) and therefore 
tended to accumulate more active nights than young, and among males, adults were 
more active per night. In both sexes, adults had higher seasonal scores. None of the 
sexual comparisons produced statistically significant differences. 

Interpretation 

If zugunruhe reflects a state of readiness to migrate, in autumn that state lasts 
approximately 85 days among juncos from the Wawa, Ontario, breeding population, 
regardless of sex-age class (Table 6). During this period these birds would probably 
migrate only on nights when weather conditions are favorable (Muller 1976, 
Richardson 1978) and energy stores adequate. Temporal variation in the occurrence of 
zugunruhe suggests that first-time migrants may begin and end migrating earlier i.e., 
may arrive at the winter site before adults. Thus adults, which undergo a complete 
molt after reproducing, may delay departure from the breeding range longer than 
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Table 6 
Onset and termination of zugunruhe according to sex-age class. a 

Autumn Spring 

First 50% Last First 
Date 2!: 60 Date Date 2!: 60 Date 2!: 60 

Young males 7 Sept 18 Oct 9 Dec 29 Mar 
Adult males 20 Sept 5 Nov 16 Dec 12 Mar 

Young females 7 Sept 18 Oct 30 Nov 26 Mar 
Adult females 19 Sept I Nov 16 Dec 26 Mar 

~edian date, according to class, of individuals' first and last nights 
when nightly score 2!: 60 and date by which 50% of the seasonal total 
score had been accumulated. Age classes differed significantly (sexes 
combined, Mann-Whitney U, one-tailed p < 0.001 for starting date in 
autumn; p < 0.05 for ending date and 50% date in autumn and for 
starting date in spring). Sample sizes as in Table 4. 

young (particularly early-brood young), which do not molt the remiges or the rectrices 
in acquiring the first basic plumage. H adults do migrate later, young might have the 
opportunity to establish some measure of site-related dominance on their winter home 
range based on their earlier arrival, i.e., prior residence (Balph 1979, Yasukawa and 
Bick 1980). Later-arriving adults may possess mechanisms that enable them to assess 
population densities and resources which are likely to be available in the coming 
winter at stop-over points and to react, either by migrating farther or by settling 
(Pulliam and Parker 1979). Alternatively, the earlier zugunruhe of young may 
correspond to late-summer and early-autumn movements having no southward 
orientation among free-living young of the year (Baker 1978, p. 630); in that case it 
would not translate into earlier arrival in the winter range. 

Preliminary analysis of first-capture dates of juncos in relation to date does not 
indicate that the bulk of early-autumn arrivals in Indiana are made up of young (data 
not shown). However, when we compare dates of frrst capture of the year among 
individuals caught in two different autumns (no later than December), initially as 
young and later as adults, we obtain the following results (Table 7). Among 41 cases, 
28 juncos were caught at an earlier date when they were young than when adult (sign 
test, z = 2.19, two-tailed, p = 0.028). When the same comparison is made of 16 
cases of birds caught in two autumns in both of which they were adult, the date in the 
first year was earlier in eight instances and later in the other eight. Further, in both the 
sample of 41 and the sample of 16, the median and mean frrst dates for the capture of 
young were at least one week earlier than the median and the mean frrst dates for 
adults (Table 7). These results are consistent with our data showing earlier onset and 
termination of zugunruhe in young, and priority in arrival time may play an important 
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Table 7 

Initial capture datesa of juncosb caught in Indiana during more than 
one autumn, according to age in autumn of frrst capture. 

Date of First Capture 

Autumn of Autumn of 
Age in autumn first capture subsequent capture' 
of first capture mdn x mdn x 

Young (n = 41) 24 Nov 25 Nov 3 Dec 2 Dec 
Adult (n = 16) 18 Dec 10 Dec 17 Dec 12 Dec 

a = Only individuals caught for the ftrst time no later than December in both 
the ftrst and later year are included. 

b = Both males and females are included. 

c = In a few cases the year of subsequent capture was separated from the year 
of ftrst capture by a winter in which the individual was not caught at all. 

role in determining the structure of winter populations. However, the results could be 
explained in other ways. Adults may be harder to catch than young and may escape 
capture for a longer time after settling in their winter quarters. Also, the rate of 
fidelity of juncos to winter sites is low. Therefore, site-faithful birds are not 
representative of the full population, and they may differ in other aspects of their 
migratory behavior as well, including its timing. 

Whatever the significance of the age difference in the timing of autumn 
zugunruhe, the role of endogenous factors in determining differences in distance 
migrated is apparently not great. As indicated, the duration of the migratory state did 
not differ among classes, but there was a tendency toward greater activity per night by 
classes making longer migrations, and this might translate into earlier take-offs and 
longer flights by members of those classes. Greater activity per night might also 
reflect greater motivation to migrate under any particular set of weather conditions and 
therefore a higher probability that the individual will fly under those conditions. 
Collectively or alternatively, these tendencies could foster longer migrations by both 
females and adults, and further study of these possible mechanisms seems warranted. 

Possible interpretations of the spring data are clouded by the persistence of 
restlessness beyond the normal dates for termination of migration (compare Figs 1 and 
5). In addition, our samples were small. For either or both reasons, the differences 
in spring seasonal scores may be meaningless. The two tendencies in caged adults to 
become restless at earlier dates and to engage in more activity per night might 
represent, respectively. either an earlier initiation of migration or a longer migration 



Intraspecific Variation in Avian Migration 575 

by free-living adults and longer flights per night. However, field evidence from 
Indiana has as yet revealed no earlier start of migration by adults than by young, when 
comparison is made of juncos known to have been members of the winter population 

(Kenerson and Nolan 1983a, Table 3). 

CONCLUSION 

Clearly, our results are inconclusive as to the importance of endogenous factors 
in regulating distance migrated by the junco's sex-age classes. We are reluctant to 
ignore the fact that in both autumn and spring the interclass variation in zugunruhe 
scores tended to be consistent with expectations derived from the winter distribution, 
even though few differences were significant. On the other hand the data are 
equivocal at best, and it is reasonable to think that selection may have favored 
exogenous regulation in the junco. Weather varies greatly and unpredictably from 
year to year throughout eastern North America, affecting seed production in summer 
and food availability in winter (Pulliam and Parker 1979). The capacity to respond 
flexibly to this variation would have its advantages. Rabenold and Rabenold (1985) 
have found that members of the non-migratory mountain race of the dark-eyed junco 
disperse to different elevations from year to year, depending upon winter conditions. 
We might therefore expect in the migratory junco the ability to abbreviate migration 
distance when conditions predict favorable winter foraging conditions, at least to the 
extent of curtailing movement after completing some initial leg(s) of the migration. 

Even if interclass differences are in some measure the product of endogenous 
regulation, we now believe that this would be difficult to detect in the junco. 
Monitoring of zugunruhe yields only an imprecise measure of the underlying 
physiological state, and in differential migrants all individuals are, by definition, in 
that state. Unlike the qualitative differences that distinguish migratory categories in 
partially migratory species like the European robin Erithacus rubecula and p~obably 
other partial migrants (Biebach 1983), any differences among differential migrants 
would be quantitative. Furthermore, winter populations of juncos at all latitudes are 
made up of all four sex-age classes. Only the ratios differ, and this suggests 
considerable variance in the distance migrated by members within the same sex-age 
class. For these reasons, even among juncos from a single local breeding population, 
detection of the existence of any endogenous regulatory component and of interclass 
differences in that component would require larger samples than we studied. 

We conclude that our data provide some support for the hypothesis that an 
endogenous mechanism may affect the distance juncos migrate, but it seems unlikely 
that it supplies migrants with sufficient information to account for the differential 
distribution shown in Figure 2. 
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ABSTRACT 

The arctic tern is probably the most famous of all migrant birds, by merit of its amazing 
migrations between northern tundras and fiords, and the Antarctic pack ice zone. A short-range 
tracking radar has been used to record migratory flights of arctic and common terns across land, 
mainly during late July in Sweden. The terns climb to cruising altitudes 1000 to 3000 m above 
sea level and probably even higher. Their average rate of ascent of + 1.2 m·s-• in compact 
flock formations is possibly determined by a balance between the benefit of quickly reaching 
higher altitudes with relatively favorable winds and the cost of a reduced horizontal distance 
covered during the ascending phase. In level flight across land the terns fly faster than 
predicted by aerodynamic models. Such a rapid flight speed may be preferable if the time 
saved facilitates efficient restoration of energy reserves at the destination. The terns appear to 
travel on fixed headings without compensating for wind drift . As strong headwinds increase 
with altitude, they abort their overland departure and return to migrate at lower altitudes over 
the sea along coastlines. At marine resting places the terns store large amounts of fat; arctic 
terns may complete their migratory journey in four or five long-distance flights which 
sometimes extend over continental areas. Migratory expenditures may account for almost one 
quarter of the total energy budget in this species, being considerably more than the energy 
expenditure for breeding and molt. 

INTRODUCfiON 

Along with the A de lie penguin Pygoscelis adeliae, Antarctic petrel Thalassoica 
antarctica, and snow petrel Pagodroma nivea, the arctic tern Sterna paradisaea is 
one of the dominant bird species in the Antarctic pack ice environment during the 
austral summer (Salomonsen 1967a; Cline, Siniff and Erickson 1969; Pannelee 1977; 
Zink 1981a,b). After a migratory flight of nearly 20,000 kilometers from their 
northern breeding grounds, the arctic terns stay in Antarctica for about three months 
from December to March to forage and fatten on krill ( euphausiids) and to undergo a 
rapid molt; molting seriously hampers the terns' flight capability, requiring them to 
land frequently on the ice. The common tern Sterna hirundo is slightly larger than 
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the arctic tern and, during the nonbreeding season, lives on small fish caught in 
coastal waters rather than on offshore plankton as does the arctic tern. The common 
terns, which breed on the Great Lakes and the interior of North America, winter on 
the Gulf of Mexico and the Pacific coast of Central America and northern South 
America, while common terns which breed in coastal New England migrate across the 
western Atlantic Ocean to the West Indies and northeastern South America (Austin 
1953). Common terns breeding in the North Sea region winter mainly along the coast 
of tropical west Africa, while Scandinavian terns, especially those from Finland, 
extend their journey up to 15,000 km to South African waters (Glutz von Blotzheim 
and Bauer 1982). The loss and replacement of primaries occurs slowly and 
successively on the nonbreeding grounds thereby enabling the terns to maintain an 
efficient flight capability throughout the protracted molting period. 

Arctic and common terns have light-weight and long slender wings designed for 
energy-saving flight at low speeds, including hovering (a fat-free mass at 0.11 kg and 
a wing span at 0.8 m are characteristic of both species--the common tern is on 
average about 10% heavier than the arctic tern, although there is considerable 
individual variation; cf. Glutz von Blotzheim and Bauer 1982, Brough 1983 and J. 
Rayner, unpublished). The estimated power curve (power in relation to flight 
velocity) for the above-mentioned mass and wing span (Pennycuick 1975) is shown in 
Figure 1. According to Pennycuick' s flight mechanics model, the flight speed 
associated with the minimum cost of transport, V mn with no/neutral winds is estimated 

1to be about 9.7 m·s- at sea-level (about 10.2 m·s- 1 at 1000 m above sea level 
according to the power curve calculated in Fig 1). That common terns fly slowly is 
substantiated by various field observations which give estimates of flight speed 
ranging from 6 to 13 m·s- 1 (Glutz von Blotzheim and Bauer 1982) with typical mean 
values of 11 m·s- 1 (Austin 1953) and 10 m·s- 1 (Hatch 1975). The most accurate 
velocity measurements have been made by Doppler radar for common terns on feeding 
flights to and from their breeding colonies and give average speeds of 11.6 m·s- 1 

(Schnell 1965) and 9.1 m · s - 1 (Schnell and Hellack 1979) under calm wind conditions. 
Adaptations for migration include flight speed and behavior in relation to wind, 

altitude, thermals, fat load, flocking, etc., (cf. the fifteen testable predictions about 
adaptations in bird flight by Pennycuick 1978). Furthermore, the birds' choice of 
flight direction and route in different winds, and their choice of departure time and 
weather conditions are also important components of their migratory strategy 
(Alerstam 1981). I will try to illustrate some of these aspects of the flight behavior of 
the arctic and common terns based on radar and field observations of tern migration in 
Sweden. 
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Figure I 
Aight power P (watts) in relation to air speed Va<m·s- 1g), estimated for the arctic and common terns 

(mass = 0.11 kg, wing span = 0.8 m, air density 1.11 k.g·m- 3g corresponding to approximately 1000 m 
above sea level, Pennycuick. 1975). The total mechanical power divided by the mechanical efficiency yields 
the corresponding chemical power input. Hovering power (V1 = Og) represents a rough estimate. The 
power curve is U-shaped with a minimum Pmin g at flight speed Vmp g (mp = minimum power). Under 
calm conditions the tangent from the origin to the power curve, 

dP p 
dV = Va g,

1 

defmes the point of minimum cost of transport, 

prm 
v_ g, 

for which the maximum range is achieved on a given amount of energy. (Vrm g is decreasing with tailwinds 
and increasing with headwinds according to the condition, 

dP p
dV = v g, 

a g 

where V8 denotes the ground speed, cf. Pennycuick. 1978). The maximum power continuously available to 

the terns, P3 g, as limited by their muscular capacity (cf. Weis-Fogh and Alexander 1977), is tentatively 
calculated from radar records of terns (Table I) climbing for more than ten minutes at climbing rates 

1Vz > 1.1 m·s- 1g (mean for seven flocks Vz = + 1.2 m·s- , V3 = 9.5 m·s- 1g), assuming that these terns 
were flying at maximum sustained power. P3 g calculated in this way, indicates that the terns are capable of 
continuous hovering in calm weather (as also concluded by Rayner 1979) and that their maximum air speed 
in horizontal flight Vmax g is about 16 m · s- I. 
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FLIGHT BEHAVIOR 

Radar and Field Observations 

Tern migration proceeds both along the coastlines and across the mainland of 
Sweden. Because arctic and common terns are difficult to distinguish in the field 
(from a distance they are often impossible to tell apart), and their migratory flight 
behavior is probably more or less the same, they are treated together in the following 
account of radar and field observations. That both species are involved in the 
movements discussed herein has been confirmed at all sites, but proportions remain 
uncertain. 

ATLANTIC 

OCEAN 
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0 300k 

Figure 2 
Sites of radar (circles) and field observations of tern migration. Arrows indicate concentrations of 

migrating terns at the south Baltic coast and at Lake Vanern (cf. text) . The graph at the bottom shows the 
seasonal pattern of arctic/common tern migration in southern Sweden on the basis of field counts conducted 
by Ottenby Bird Station at Kalmarsound (site K) from 1958-1972. The average number of migrating terns 
(northwards in April-June and southwards in July-September) is calculated for five-day periods including 
all days with more than four hours of observation. 
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Field counts at Kalmarsound (K in Fig 2), where a few thousand arctic and 
common terns pass northward through the sound in spring and southward in the 
autumn, form the basis of the seasonal migration pattern shown in Figure 2. During 
the autumn migration at Falsterbo (F) the terns fly almost due W, or even WNW, and 
arrive along the southern coast of Scania. Large concentrations of autumn-migrating 
terns have been reported along the southern Baltic coast (Neubauer 1979) and at the 
southwesternmost bay of Lake Vanern in western Sweden where 16,000 terns were 
counted during July-September 1982 ascending over land towards the west coast of 
Sweden (Johansson 1982). 

Ringing recoveries show that baltic terns leave on a broad front across the 
Scandinavian peninsula, common terns migrate mainly towards the North Sea coast, 
and to a large extent arctic terns also migrate across central and northern Scandinavia 
towards the Atlantic Ocean off Norway (Saurola 1978). The latter route involves the 
crossing of 450-700 km of land over the Scandinavian mountains which average 
about 1500 m above sea level. 

Migratory flights of terns were monitored by a small tracking radar at Vitemolla 
(V in Fig 2) in July and September 1982 and at Norberg (N) in July 1983. The 
former site is located at a gently curving bay on the east coast of Scania, where large 
numbers of migrating terns depart inland in a westerly direction traversing Scania and 
Denmark in a direct flight from the Baltic to the North Sea, a distance of about 380 
km. The Norberg site is dominated by coniferous woodland with many small lakes 
(situated at a strong magnetic anomaly). 

Data about the range, elevation and bearing of the target were read by computer 
(HP-85) every ten seconds from the radar which was operated in automatic tracking 
mode. Position, altitude, flight direction and velocity were calculated and plotted. 
Hydrogen balloons with reflectors of aluminum foil were released and tracked by 
radar to obtain wind velocity data at different altitudes. Wind direction and speed 
were averaged over 30-sec tracking intervals which corresponded to altitude strata of 
about 75 m. Heading and air speed of bird flocks were calculated from wind data at 
the altitude stratum in which the birds were flying. Hence mean air speed for a flock 
ascending or descending through a series of altitude/wind strata is the average of 
successive calculations for each such stratum traversed by the birds. Winds were 
measured at frequent intervals within an hour before or after radar registration of a 
bird target. For the tern data presented in this paper, winds were measured 14-62 
min before or after the radar registrations of the birds, with a median time difference 
of 36 min. 

The maximum range of the radar (3 em wavelength, 40 kW peak power, pulse 
duration 0.3 f.LS, pulse rep. frequency 1800 Hz, antenna diameter 1 m, pencil beam) 
for tracking birds is 4-15 km, depending on the size of the bird(s) flocks and their 
angle of aspect. Accuracy of the estimated position is usually within ± 25 m. The 
radar is equipped with 9 x and 18 x binoculars which permit the two operators to 
identify the targets and report the birds' flight behavior to a tape recorder 
simultaneously with the computer registrations. 
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Table 1 
Radar registrations of arctic/common tern flocks migrating across land in Sweden. 

Tern flocks were tracked by radar in the period from four hours before sunset until half 
an hour after sunset (number of terns in the latest flock could not be definitely 
established because of the dusk and high altitude). The overall speed of climb or 
descent, Vz, and ground speed Vg is given for each flock together with the mean air 
speed v. (based on calculations for different wind/altitude strata as described in the text; 
all speeds in m·s- 1

) . A few brief intervals of circling flight were excluded from speed 
calculations and are listed in Table 2. 

Radar site Date Time Aock Duration Height (m asl) vz vg va 
±sunset size from to 

v 
(30m asl) 

1 18 July + 18m 2 11m 188 786 +0.91 8.3 9.5 
2 19 -lh 11m 12 14m lOs 730 1697 + 1.14 10.0 10.5 
3 20 -2h 28m 12 17m 50s 133 1517 +1.29 5.5 8.7 
4 -1h 37m 5 13m 50s 742 1660 +1.11 8.3 8.6 
5 22 04m 2 2m 40s 2618 2818 +1.25 15 .6 11.1 
6 23 14m 7 13m 20s 2051 2565 +0.64 8.2 9.9 
7 26 -3h 04m 25 24m 40s 64 1831 + 1.19 6.9· 10.9° 

(+1.15") 

8 19m 3 8m 30s 74 693 + 1.21 10.8 8.9 
9 27 -4h OOm 7 5m 40s 101 519 +1.23 11 .8" 9.7· 

(+0.81") 

10 -3h 38m 15 11m 58 453 +0.60 13.1. 10.6" 
(+0.27.) 

11 28 + 19m 2 8m lOs 546 1284 + 1.51 9.8 9.0 
12 29 -2h 49m 26 16m 30s 104 1411 +1.32 11.0 9.9 
13 26m 4 lOrn 50s 768 1579 +1.25 12.0 8.2 
14 + 30m ? 5m 1684 1991 +1.02 14.2 10.0 
15 30 -2h 52m 21 27m 92 1809 +1.06 9.5· 10.6· 

( + 1.00") 
16 -lh 31m 21 18m 40s 467 1793 + 1.18 8.6 10.0 
17a II Sept + 15m 6 9m lOs 970 1574 +1.10 5.6 12.5 
17b 5m 30s 1574 883 -2.09 10.0 16.0 
18 12 21m 12 14m 30s 328 991 +0.76 7.0 12 .0 

N 
(185m asl) 

19 21 July -3h Olm 2 3m 1762 1769 +0.04 12.0 15.1 
20 -2h 55m 7 2m 2088 2118 +0.25 12.0 12.6 
21 -1h 41m 9 2m 40s 1390 1220 -1.06 18.3 16.9 
22 22 25m 2 4m 30s 1419 1391 -0.10 17.6 13.9 

• excluding circling in thermals 
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Radar registrations of migrating tern flocks (all visually identified) are listed in 
Table 1 and comprise 22 different flocks continuously tracked during a total time of 4 
h and 10 min. To a large extent the terns depart across land in the afternoon and 
evening, completing the main part of their flights at night. At coastal sites, like 
Otten by and Falsterbo, tern migration may be observed at all times of the day, but 
distinct peaks usually occur early in the morning shortly after sunrise and in the 
evening before and at sunset (Edelstam 1972; G. Roos, unpublished). 

Terns registered at site V were ascending inland in a WSW direction in compact 
flock formations, often vee or echelon. All but two of the flocks were still climbing 
when radar tracking was discontinued . One of the two exceptions was flock 17 which 
climbed into increasing headwinds up to 1600 m above sea level, after which the terns 

descended rapidly and returned towards the Baltic Sea (cf. below and Figs 10 and 11). 
The other was flock 18 which faced a similar although not quite so unfavorable wind 
situation. Headwinds increased from 4-5 m·s- 1 in the altitude interval 300-800 m 
above sea level, to 10 m · s - 1 at 1400 m above sea level. The terns stopped their 
climb at 1000 m above sea level (with a headwind at 7 m · s - 1) and continued inland 
on level flight for the final three and a half minutes of this radar registration. 

At site V, terns arrived at low altitude in scattered parties over the sea along the 
shoreline. They flew in a slow easy-going style, sometimes swooping towards the 
water's surface, or diving and catching fish as they went. Juveniles would occasionally 
alight on the water surface to be fed by adults. At the innermost part of the bay, their 
flight behavior changed drastically as they began climbing inland. Their flight became 
intent, with continuous and vigorous deep wing beats, and the birds aggregated into 
flock formations (large flocks could be divided into interchanging formation groups). 
Sometimes the terns started their climb far offshore as indicated by flocks which pass 
the shoreline at site V at altitudes from about 1000 m (flocks 2, 11, 13) to 1800 m 
(flock 14) or even 2300 m (flocks 5, 6). The latter two flocks probably started to 
climb at least 20 km offshore. 

The terns passing overhead at site N flew in a jerking manner, with a reduced 
wingstroke amplitude and wings flexed backwards (reduced wing span), a flight style 
obviously adapted for relatively rapid flight. The birds were spaced some distance 
apart in the flocks and were not flying in formation, except in flock 22, where the two 
birds arrived in rather close pair formation. However, they suddenly banked, dove 
rapidly and separated completely, one of them disappearing far below the other 
(continued to be tracked by the radar). This reaction, as well as the unexpected 
descent by flock 21, is possibly related to the strong anomalous geomagnetic 
conditions in the area (to be evaluated elsewhere). 
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Figure3 
Mean air speed v. in relation to vertical speed v. in arctic/common terns (42 sequenes of a uniform 

v. in 22 tern flocks, cf. Table 1). Open symbols denote flocks in level flight. The line shows the upper 
speed limit for terns flying at maximum sustained flight P•• calculated according to the theoretical power 
curve and estimated P. in Fig l. The highest rate of climb recorded, +2.18 m ·s -I. was achieved by flock 
15 during two minutes, soon after two flock fractions bad merged in active circling flight (Table 2), and all 
birds together headed inland in a very compact flock formation. After this speU of exceptional climb rate, 
the flock changed to a rate of climb about +0.95 m·s- 1

, steadily maintained for at least twelve minutes 
(indicated by arrow). The climbing sequences of flocks 17 and 18 are also indicated by arrows. Flock 17 
achieved an exceptional air speed of 13.3 m·s -I during at least seven minutes full climb ( + l.31 m ·s -I) into 
very strong headwinds, whereafter the birds slowed down (exhausted ?) for two minutes and finally 
descended rapidly in return flight ( cf. Fig 10 and 11 ). Flock 18 climbed steadily at + I.64 m · s -I during 
four minutes, reduced Vz to +0.65 m·s-t during the following seven minutes, before assuming level flight. 

Flight Speed and Climb Rate 

Changes in ascent rate by the terns were often relatively abrupt, between which 
they flew with a uniform rate of ascent. Such intervals of uniform ascent rate, of 2 
min to over 12 min in duration, were distinguished, and mean air speed is plotted in 
relation to vertical speed in Figure 3. As expected, the air speed is highest for 
descending terns (flocks 17b and 21), 16.0-16.9 m·s- 1, intermediate for flocks in 
level flight (flocks 19, 20, 22 and final sequence of flock 18), 12.6-15.1 m·s- 1, and 
lowest for the climbing flocks. The overall means and standard deviations for 36 

1climbing sequences were: Va = 9.9 ± 1.1 m·s- 1 ,Vz = 1.2 ± 0.4 m·s- . 
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Energy accumulation rate at destination (W) 
Figure4 

Optimal air speed Va for arctic/common terns in rei..ltion to energy accumulation rate (given as tbe 
equivalent mechanics power) upon arrival at the destinatioo. Calculations have been made for different wind 
conditions according to the cooditioo 

~ = P+E 
dVa V1 

(cf. Fig I) where E = energy accumulation rate. An energy accumulation rate equivalent to 1 watt of 
mechanical power corresponds to the storage of about 0.4 g of fat per hour or a daily increase of mass due 
to fat storage in the terns of about 4% (about 12 b of day-time feeding and fat accumulation). This estimare 
is probably not unrealistic at rich feeding waters . 

The terns in level flight were traveling faster than the predicted Vmr• and also 
faster than terns flying at low altitude over the sea, or at their breeding colonies (cf. 
Fig 1 and speed measurements reported by various sources mentioned above). One 
possible explanation may be that terns on high-altitude overland flight increase their 
air speed in order to arrive more quickly at the sea, where they can efficiently restore 
their energy reserves. By increasing their speed > Vmr• their flight will expend more 
energy, but this may still be the most favorable option, provided they can more than 
compensate for this extra cost by foraging at their destination. The faster the rate of 
energy accumulation at their destination, the greater will be the optimal flight speed. 
With th.e prospects of energy loss upon arrival at the destination, e.g., a nighttime 
arrival with no foraging possibilities, or in cold weather, the optimal flight speed will 
be < Vmr· The predicted relationship between the optimal flight speed and the energy 
accumulation rate upon arrival at the destination is given in Figure 4. This is the same 
type of argument as used by Norberg ( 1981) who predicted optimal flight -speeds in 
birds when feeding young. 
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Figure 5 
Optimal climbing rate in arctic/common terns in relation to wind gain at the cruising altitude relative 

to that at lower altitudes (W). It is assumed that the birds climb at maximum sustained flight. power P1 . 

Calculations are based on the theoretical power curve and the estimated P1 in Figure I, according to the 
condition: 

dVz Vz 

d¥1 V1 - Vmax- W. 

Of course, there are other possible advantages associated with a high air speed 
> Vmr that may offset the extra energy costs, such as competitive dominance at the 

destination or a reduced risk of wind drift during the flight journey. 
Furthermore, one should be aware that the predicted Vmr (and Vmp) may be 

inaccurate due to imperfections in the present flight mechanics theory for birds which 
is based upon preliminary approximations adopted from aircraft aerodynamics. 

For the climbing terns, there was no significant correlation between Va and Vz 
(r = -0.14, 36 climbing sequences shown in Fig 3). However, Va was significantly 
correlated with both altitude (r = +0.34, p < 0.05) and wind speed, as measured by 
the variable W = Vg - V 8 (r = -0.34, p < 0.05), although not with flock size 
(r = +0.29, ns, n = 17 climbing tern flocks). The linear multiple regression 
equation of Va in climbing terns in relation to these variables was 
Va = 8.8 + 0.8 H - 0.15 W (H = mean altitude in km, R = 0.55, n = 36 climbing 
sequences). Similar calculations for Vz revealed a statistically significant effect of 
altitude only (r = -0.40, p < 0.05, n = 36) according to the equation Vz = 1.4 
0.25 H. That the rate of climb usually became reduced with increasing altitude was 
also indicated by changes in climb rate observed in the flocks at site V (excluding 
flock 17 and the level flight of flock 18). Out of 19 changes in climb rate with 
increasing altitude, climb rate increased in only 5 but decreased in 14 instances 
(p = 0.03). 

The maximum rate of climb is achieved by terns flying at Vmp air speed of 
about 5.8 m·s- 1 according to the theoretical prediction (Fig 1). However, observed air 
speeds of the climbing terns were faster, averaging close to 10 m · s -I. What is the 
optimal rate of climb, and the associated air speed? Assuming that climbing terns fly 
with the maximum sustained power (PJ to reach a cruising altitude with a mean 
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Table 2 
Radar registrations of circling flight in thermals by arctic/common terns 

Aock Position Height (asl) Duration vz Circling Behavior 
Number from to (seconds) 

7 I. 2 km inland 141 301 80 +2.00 Aapping flight, 
soaring 

9 0. 8 km inland 132 463 220 +1.50 Soaring, some 
flapping flight 

10 2. 0 km inland 142 495 250 + 1.41 Soaring, some 
flapping flight 

15 shoreline 92 163 70 + 1.01 Aapping flight, 
some soaring 

0.4 km offshore 134 276 200 +0.71 Soaring 

0.9 km inland 496 688 80 +2.40 Aapping flight 

expected wind gain, + W, relative to conditions at lower altitudes, their optimal 
climbing rate is calculated in Figure 5. By climbing steeply they will quickly reach 
their cruising altitude at the cost of a reduced horizontal distance covered. A steep 
climb is favorable if wind gain provides a sufficient cruising speed (Vmax + W) in the 
climbing time saved to more than compensate for the horizontal distance lost during 
the climbing phase. The more favorable the upper winds are in relation to the winds 
at lower altitudes, the steeper will be the optimal climb rate. For the climbing flocks 
at site V, the relative wind gain at the most favorable altitude between 1500 and 4000 

1 1 1m asl ranges from about -3 m·s- to +7 m·s- with a mean about +3 m·s- , 

according to rough estimates . According to Figure 5, this average wind gain is 
associated with an optimal Vz slightly above +1 m·s- 1, and Va about 11 m·s- 1, 

values not very different from the speeds observed in the climbing terns. 

SOARING 

Terns that depart inland in the afternoon when there are still rising thermal 
currents over land, stop to circle in thermals close to the coastline (Table 2). They 
circle by gliding, mixed with flapping flight, sometimes by almost pure soaring with 
their wings and tail fully spread. Flocks become totally disorganized and individuals 
circle simultaneously in different directions (like the soaring behavior in flocks of, for 
example, common and blackheaded gulls Larus canus and L. ridibundus and the 
white stork Ciconia ciconia, cf. Pennycuick 1972). The final instance of circling by 
flock 15 was an exception, where the terns circled by vigorous flapping flight in a 
compact flock to join a group of terns circling overhead. Unlike many soaring birds 
such as gulls, raptors, storks and cranes, the terns cross land mainly at night and do 
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Track and heading directions of flocks of arctic/common terns migrating over land at sites V and N 
(open symbols). The mean heading is 259" (angular deviation = 13°) and the mean track is 235° (angular 
deviation = 25j. The graph to the right shows the heading and track directions plotted in relation to the 
difference between these directions, track minus heading direction. The calculated regression coefficients at 
0.0 and + l.O respectively (both with 95% confidence interval ± 0.28) indicate that there is no 
compensation at all for wind drift (Alerstarn 1976). This conclusion holds even if the two flocks with the 
greatest difference between their track and heading direction are excluded, since wind speed in these cases 
exceeded the birds' air speed, giving regression coefficients of -0.08 and +0.92. respectively (95% 
confidence interval ± 0.44). However, note that, considered alone, the four flocks at site N do indicate 
compensation for wind drift; this may be due to chance. 

not migrate by cross-country soaring but use thermals only as a temporary lift 
assistance to reach their desired cruising altitude. The same behavior has been noted in 
curlews Numenius arquata, bar-tailed godwits Limosa lapponica, arctic skuas 
Stercorarius parasiticus, and cormorants Plullacrocorax carbo departing inland at site 
V ( cf. also the occasional use of thermals by migrating European starlings Sturnus 
vulgaris, as described by Cone 1968). By stopping to circle in thermals, the birds 
will lose some ground, but in return they will save energy costs for the climb. 

A major part of tern migration takes place over the sea where the terns could 
adopt soaring flight close to the sea waves, a strategy used by many ocean birds as an 
economical means of flight (Wilson 1975, Pennycuick 1982). Still, field observations 
indicate that the terns are not likely to do this, probably because their low wing 
loading does not permit a fast enough gliding speed (cf. Alexander 1982). The terns 
normally travel by flapping flight 30-150 m from the surface (Wynne-Edwards 1935). 
However, in head-winds they fly close to the wave crests and many save some energy 
by intermittent slope soaring at the waves (field observations needed). 
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Figure7 
A. Flight route of tern flock 7 with its initial position immedialely to tbe north of tbe radar station 

(plus sign) and curving westwards. Position is plotted in 10 sec intervals (excluding invalid radar data), 
with squares for each successive minute. The radar is situated at the shoreline bordering tbe Baltic Sea to 

the east, with the outflow of a small river a few kilometers to the north. 50, 100, and 150m contour lines 
are indicated. B. Flight route in relation to the air ("air route"), calculated by subtracting the effect of wind 
from the above successive 10-sec tracking intervals. Tbe starting point of the air route in relation to the 
radar station (plus sign) is the same as above. Hence tbe air route shows how tbe flight route would have 
appeared without wind. During the first three minutes tbe terns flew inland on a southwesterly beading. 
After a brief period of circling, with intermittent flapping flight into the wind, they headed straight into the 
strong WNW wind, climbing steadily but with very little forward progress. After eleven minutes, the terns 
reached an altitude of approximately 800 m asl. At this altitude, the headwind velocity was relatively low, 
and the birds adopted a constant beading almost due west (cf. Fig 8). 

WIND DRIFf 

Analyzing track and heading directions of the 22 tern flocks (Table 1; using the 
final heading directions over land at site V) as in Figure 6, indicates that the terns fly 
on fixed headings and do not compensate for wind drift. This is substantiated by 
comparing the birds' tracks and calculated headings as they climb through altitudinal 
strata with different winds. The flight behavior of flock 7 is illustrated in Figures 7 
and 8. After eleven minutes, when the terns had climbed through the strongest 
headwinds, they maintained a virtually constant heading towards due west, with their 
track gradually approaching the same direction, as they successively climbed through 
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Altitude (above radar level) of tern flock 7 (right) and wind conditions prevailing at different altitudes 
(left) according to radar measurements of a hydrogen balloon. Arrows show the average wind direction in 
200m-height intervals. Note that favorable tailwinds prevail about 2200 m asl (cf. Fig 7). 

B 

Figure 9 
(A) Flight routes of flocks 4, 3, and 12 (top to bottom); (B) Their calculated "air routes." The 

radar site is indicated by a plus sign. Flock 4 flew on an almost constant WSW heading, with the resulting 
track curving as northwest winds became weaker at higher altitudes. Flock 3 initially headed SW, until after 
about nine minutes, and at 770 m asl it reoriented towards Wand showed a flight pattern similar to flock 4 . 
Flock 12 initially flew over the shoreline towards southeast. After two minutes and at 230 m asl, it changed 
beading from almost 200° to 238° and climbed inland. Five minutes later, at 690 m asl, the heading was 
fmally adjusted to about 254° with a concomitant slight shift in the track direction. 



594 Thomas Alerstam 

altitudinal strata with decreasing wind speed. Similar conditions, with a relatively 
constant heading direction and a curving track as the birds climbed through changing 
winds, are illustrated for flocks 3 and 4 in Figure 9. Compensation for wind drift 
would be manifested by a straight track but a changing heading, as the birds 
encountered different winds as they climbed. However, this situation does not apply to 

any of the tern flocks registered. The straightest track was exhibited by flock 12 (Fig 
9), but wind was rather constant throughout the altitudinal interval traversed by the 
birds and, consequently, so was the birds' heading. 

Being far away from their final migratory destination and having no narrowly 
defined resting goals, an increase in the rate of their migratory progress at the cost of 
wind drift may be beneficial to the terns (Alerstam 1981). 

Aocks crossing the shoreline at site V at low altitudes under head- or 
crosswinds initially flew on southwesterly headings (with resulting track directions 
towards S-SSW), and they did not reorient to their final constant W-WSW beadings 
(cf. flocks 3, 7 and 12 in Figs 7-9, also flocks 1, 8, and 15) until reaching 
500-800 m asl, 2-4 km inland. This did not occur in flocks crossing the shoreline 
at higher altitudes ( > 400 m asl), as they had already established their final heading, 
nor did it occur in flocks climbing low over the shoreline with easterly tailwinds 
(flocks 9 and 10). The reason for the initial southwesterly headings is unclear; the 
terns may refrain from straying away from the coast until they determine if the winds 
are more favorable for an overland flight than a low altitude coastal flight around 
Scania. 

FLIGHT ALTITUDE 

The radar data show that the terns fly across land at altitudes of 1000-3000 m 
asl, and probably even higher. A possible method for locating the most favorable 
cruising altitude might be for the terns to ascend upon departure over land, 
"sampling" the winds at different altitudes as they go, and to choose the altitude 
where winds are found to be most beneficial. The possible rewards for climbing 
through altitudes with strong headwinds are evident for the case of flock 7 (Figs 7 and 
8). Aocks 3 and 4 climbed past the altitude with the most favorable wind at about 
1400 m asl, and flock 18 also overshot the best cruising altitude in the interval 
300-900 m asl. 

If headwinds prevail and increase in speed with increasing altitude, the terns will 
ultimately give up their attempt at overland flight, as illustrated in Figures 10 and 11. 
Under such unfavorable wind conditions the terns will choose to migrate at low 
altitude over the sea. Using the extensive fifteen-year field counts at Kalmarsound to 
investigate the relationship between daily intensity of tern migratory passage and 
weather, I found that headwinds promote low-altitude migration through this sound. 
In spring, tern migration was significantly associated with E and NE winds. There 
were no significant correlations between number of terns and wind speed, except on 
days with SW winds when a significant negative correlation was found (the stronger 
the tailwinds, the fewer terns are observed). In autumn, tern migration was primarily 
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SKM + 
Figure 10 

Aight route and calculated 11 air route 11 of flock 17. The air route (to the left) is plotted from the same 
initial position (large square) as the registered flight route (to the right). The radar site is indicated by a plus 
sign. For altitude and wind data see Figure II. The terns were climbing on a steady WSW heading, with a 
resulting southward track 1-2 km inland from the coastline. Encountering strong and increasing headwinds 
as they climbed, they became drifted to an increasing extent, with their resulting track changing from SSW 
to SSE. After seven minutes, at 1520 m asl and a west wind of 13.5 m·s- 1

, they decreased in air speed 
(from 13.3 to 10.0 m·s- 1

) and rate of climb (from + 1.31 to + 0.40 m·s- 1
) for two minutes. During this 

time they were overpowered by the wind and carried backwards towards east and northeast. At 1600 m asl 
they descended steeply in a NNE return flight, with a northwesterly heading. They fmally crossed the 
shoreline in a continued steep descent towards the surface of the sea. 
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Altitude (above radar level) of tern flock 17 (right) and prevailing winds (left). Note that the scales of 

height are different for the two diagrams. 
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associated with SW winds At Falsterbo a correlation was also found between the 
number of terns migrating at low altitude and the occurence of headwinds (Fig 12). 
Note that some terns flew past Falsterbo into surprisingly strong headwinds. The 
record occurred on 27 August 1979, when 28 flocks composed of a total of 324 
arctic/common terns (the second highest daily, 04-14 h, count of terns recorded in 
the latest ten years), were recorded heading W or WNW into a headwind of 17 m·s- 1 

(measured 10 m asl). The terns were able to cover ground by flying very low over 
the sea waves, where wind speed is reduced due to friction. However, on 22 August 
1980 a WNW wind of 20 m·s- 1 prevailed, and not a single tern passed by, although 
several were counted on the preceding and following day with WNW winds of 10-13 
m·s- 1 (all Falsterbo data from Gunnar Roos in litt.). Hence, a 20 m·s- 1 headwind, 
corresponding to 10-15 m·s- 1 at the sea's surface, seems to be just above the 
threshold for suppressing migratory flights in terns. 

FLOCKING 

Flying in compact flocks, particularly in formations, is probably 
aerodynamically efficient, thereby reducing flight energy costs (Lissaman and 
Shollenberger 1970, Hummel 1973, Higdon and Corrsin 1978). Terns gather into 
compact formations when climbing inland and to some extent in fast level flight. 
When some flocks of terns begin to climb inland at site V, other flocks may be seen 
to follow suit, sometimes gathering together into compact flocks comprising as many 
as 50-80 individuals. For the climbing flocks tracked by radar, there was no 
statistically significant difference among Va or Vz for the nine small flocks, 2-7 

1individuals (mean ± s.d., Va = 9. 7 ± 1.3 m·s- , Vz = 1.1 ± 0.3 m·s- 1) and the 
eight larger ones, with 12-26 individuals (Va = 10.3 ± 0.8 m·s- 1, 

Vz = 1.1 ± 0.3 m·s- 1
). However, the tendency towards a somewhat higher air speed 

in large as compared to small flocks may be worth noting in light of Noer's (1979) 
finding of a positive correlation between air speed and flock size in migrating 
oystercatchers HaelfUJtopus ostralegus, red knots Calidris canutus, and dunlins 
Calidris alpina. 

FUEL ECONOMY AND ENERGY BUDGET 

Upon arrival at their breeding colonies at Kandalaksha Bay, in the White Sea, 
the average weight of arctic terns is 110 g. Their mass gradually declines during the 
breeding season to about 100 g at departure time in July/August (Bianki 1977). 
During the fall migration, the arctic terns from Finland (Lemmetyinen 1968, Saurola 
1978) and other parts of NW Europe stop at their first important staging area in the 
northeastern Atlantic Ocean off Norway and Britain. Here the arctic terns arrive at the 
peak of zooplankton abundance (Colebrook and Robinson 1961), and store fat before 
undertaking a rapid and direct flight to the waters off west Africa, their next refueling 
area. (This is indicated by a paucity of ringing recoveries from SW Europe, cf. 
below.) Such a direct flight of 3000-5000 km would require a fuel ratio at 30-40% 
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Figure 12 
Daily (04-14 h) numbers of migrating arcticlcommon terns at Falsterbo in relation 10 wind direction 

and speed (measured at Falsterbo lighthouse, 10m asl). Data refer 10 the period 11-31 Aug 1973-1982. 
Filled symbols indicate days with> 50 migrating terns counted (up 10 a maximum of 325 individuals), and 
open symbols indicate days when no terns were counted at all (a great number of days with 1-50 migrating 
terns, scattered over all wind directions, are excluded from the figure). Based on data from Gunnar Roos in 
lilt. 

(of a total body mass 0.15-0.19 kg at departure) according to flight mechanics theory 
(Pennycuick 1975). Terns are efficient flyers with a predicted fat consumption 
corresponding to about 0.4% loss in body mass per flying hour. 

Arctic terns from eastern Canada and western Greenland forage pelagically in 
Davis Strait during August, where they become very fat (Salomonsen 1950). At the 
end of the month they set out on a direct flight across the north Atlantic towards 
western Europe, a distance of at least 3000 km, when "they stop to feed only on the 
rarest occasions (once seen) and never by any chance settle on the water" (Wynne-

Edwards 1935). 
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A Spring (summer) 
• Autumn (winter) 

Figure 13 
Recoveries of arctic terns ringed at breeding places in west Greenlaud (only recoveries outside 

Greenland are shown). Encircled recoveries refer to birds older than one year. Recoveries from Europe and 
west Africa are from Sept-Nov. Recoveries in Africa, dated as early as 20, 24 and 25 Sept are from 
Nigeria, Sierra Leone and Senegal, respectively. Two recoveries from South Africa refer to autumn 
migration (30 Oct and 17 Nov), while the others are dated 26 Dec-20 Jan indicating that some arctic terns, 
mainly juveniles, may winter in South African waters (cf. Elliott 1971). Spring recoveries come from tbe 
Colombian Andes above 2000 m asl (a ten-year old tern shot on 16 June), the Brazilian Highlands 400 km 
from the Atlantic coast (three-year old, reported 4 May) and from Dakar, Senegal (one and a half-year old, 
reported 20 March). Furthermore, a one-year old bird was shot on 4 July at James Bay in Canada (cf. 
Salomonsen 1967b). Ringing data were received by courtesy of the Zoological Museum, University of 
Copenhagen (Kaj Kampp in litt.). 
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The Benguela current and South African waters (Rudebeck 1957, Elliott 1971) 
probably constitute the final major refueling area before the arctic terns traverse the 
Southern Ocean towards Antarctica. Assuniing that their goal is to reach the 
circumpolar pack ice belt, irrespective of longitude (site fidelity within the irregularly 
fluctuating pack ice seems unlikely), their optimal strategy should be to persistently 
head due south throughout the oceanic crossing and allow themselves to be drifted by 
the winds. Hence, the energy costs will roughly correspond to a 3000 km active 
flight journey in neutral winds (approximate distance from Cape Town to the pack ice 
at 60°S in November), even if strong westerly winds displace the terns a far greater 
distance over the Southern Ocean before they reach the pack ice at easterly longitudes 
(Salomonsen 1967a). Before their return journey across the Southern Ocean, the 
arctic terns store fat at their wintering waters. Although still in molt, eleven birds 
from the Weddell Sea in February, weighed on average 130 g, with the heaviest at 

154 g (probably with fat enough for a 3000 km nonstop flight, cf. Zink 1981a). 
Scandinavian common terns travel closely along the shorelines of the east 

Atlantic Ocean towards South Africa. SauroIa ( 1978) compared the probabilities of 
autumn ringing recoveries in different countries between common and arctic terns, 
based on the extensive Finnish ringing data. For Norway this probability is 7.4 : 1 in 
favor of the arctic tern, with supplementary recoveries of arctic terns from Iceland, 
Shetland, and the mainland of Scotland, where there are no common terns. However, 
along the coasts of Holland, Belgium and France the probability is 6.3 : 1 in favor the 
common tern, increasing to 20 : 1 in Spain and Portugal. For west and south Africa 
the probability is about 3 : 1 in favor of common terns, probably mainly because of 
the more inaccessible and offshore flight routes of arctic as compared to common 
terns. Common terns store fat at the North Sea coasts in August and September, e.g., 
at the mouth of Elbe, where several heavy weights, in the interval 150-163 g, have 
been recorded (Peters 1933). This indicates that long nonstop flights, up to 3000 km 
or longer, are regularly undertaken not only by the arctic but also by the common 
tern. (Note also the flight across the west Atlantic Ocean from North to South 
America/West Indies by common terns, Austin 1953.) 

The unprecedented one-way migration of the arctic tern may, with some wind 
assistance, be completed in four or five such long-distance flights. The observations 
of large numbers of arctic terns, not only in the pack ice at easterly longitudes but 
also at westerly longitudes such as the Amundsen, Bellingshausen and Weddell Seas 
(Parmelee 1977, Zink 1981 b), may indicate that at least certain populations of arctic 
terns migrate around or across Antarctica, perhaps returning to the northern 
hemisphere by a different route from that used during the autumn. This may be 
reflected in the distribution of ringing recoveries of western Greenland arctic terns (Fig 
13), where all autumn recoveries occur along the eastern Atlantic route, while two 
spring recoveries come from South America (plus one spring recovery from Senegal 
and one tern recovered during its first summer at James Bay). These two South 
American recoveries are particularly remarkable because they originate from areas far 
inland from the coast, one of them from high up in the Colombian Andes. The radar 
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observations described above show that the terns are readily prepared for high-altitude 
flights across land, and it may tum out that their long-distance flights, more often than 
heretofore suspected, extend across continental areas (cf. also recoveries of White Sea 
arctic terns from Ukraine and the Ural River, Bianki 1977). 

The cost of transport for an arctic tern is at least 500 joules (J) of net energy 
input per kilometer of active flight (Fig 1 and Pennycuick 1975). With a total annual 
migratory journey extending over 40,000 km, the flight cost will be 20,000 kJ. With 
an additional cost of about 50% involved in the process of fat accumulation 
(Kendeigh, Dolnik and Gavrilov 1977), the total annual energy expenditure for 
migration in the arctic tern may be estimated at about 30,000 kJ. This is to be 
compared with the other major costs in the annual energy budget (very roughly 
estimated according to Kendeigh et al. 1977), 9000 kJ for breeding and feeding the 
young, 3000 kJ for molt, and probably nearly 100,000 kJ for free-living existence 
because of extensive flying (cf. Utter and LeFebvre 1973). Of the total annual energy 
budget, at most a quarter is expended at the northern breeding places (costs for 
breeding and 2-3 months of living), while the rest is associated with the roaming 
marine life of the arctic tern. This is a telling illustration of the surplus of survival 
resources, a rich food supply and relative safety from predators that is afforded sea 
birds in their oceanic habitats. In comparison, resources that can be used for breeding 
are much more restricted (Alerstam and Hogstedt 1982). The competition for these 
limited resources has led to a variety of adaptations for breeding in the sea birds. The 
flight journey by the arctic tern from Antarctica to the desolate northern nmdras and 
fiords is one of them. 
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ABSTRACT 

This paper reviews the effects of weather on numbers of birds aloft, and on bird 
orientation and flight routes over southeastern Canada. New data concerning responses of 
different types of avian migrants to weather are given. 

Each category of migrants tended to fly on occasions when winds were more or less 
following relative to its own direction of travel. However, many birds flew under calm 
conditions and some in cross or even opposing winds. Numbers aloft tended to be reduced 
under cloudy skies, but flight directions under overcast seemed little different from those under 
clear skies. There was no greater tendency for downwind flight under overcast than under clear 
skies. 

Routes of migrants can be affected by proximate responses to weather, such as dawn 
reorientation when winds are unfavorable for continued flight in the original direction. Also, 
routes of some migrants are adapted to prevailing winds. For example, in autumn many birds 
fly over water, with following winds, from SE Canada to the West Indies. In spring they 
apparently return along a more westerly route where winds are more favorable. 

INTRODUCfiON 

Weather can influence migrating birds in various ways. Average wind speeds 
are a substantial fraction of a bird's airspeed, such that a bird will make faster progress 
over the ground and use less energy to travel a given distance if it flies with following 
rather than opposing winds. A moderate crosswind will strongly influence track over 
the ground unless the bird makes a corresponding major adjustment in its heading 
through the air. In areas where there is a prevailing wind direction, wind patterns 
may influence migration routes; it will be easier to fly in some directions than in 
others. The occurrence of fog, cloud or precipitation has major implications for visual 
orientation mechanisms that use either celestial cues or landmarks. 
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Figurel 
The main groups of migrants over SE Canada in (A) spring and (B) aununn. 

This paper examines the effects of weather on numbers, orientation and routes 
of avian migrants by reviewing data from Nova Scotia and New Brunswick, Canada. 
I emphasize comparisons of the ways in which the various groups of migrants respond 
to weather. The detailed characteristics of migration in this area have been described 
elsewhere and are only summarized here. 

Most spring data were obtained from two long-range surveillance radars, one in 
southwest Nova Scotia and one in New Brunswick (Fig lA). In spring the 
predominant directions of migration are to the northeast, parallel to the coast, and to a 
lesser degree to the north (Richardson ·1971). Reverse migration to the south and 
southwest involves far fewer birds, but occurs intermittently throughout the spring 
(Richardson, in preparation). During spring, birds are not seen arriving from the 
south, the direction of the West Indies. 

Most autumn data were from three surveillance radars in Nova Scotia and one in 
New Brunswick (Fig 1B). More birds go SW, parallel to the coast, than in any other 
direction (Richardson 1972). However, small reverse movements to the NE occur 
intermittently throughout autumn (Richardson 1982a). In addition, there are SE flights 
of shorebirds and southward flights of passerines on certain dates; these birds are 
beginning nonstop flights to the West Indies or South America (Richardson 1979, 
1980). 

NUMBERS ALOFT VS. WEATHER 

Numbers of migrants aloft over eastern Canada, as elsewhere, can differ by a 
factor of 100X or even 1000x from one day to the next and are strongly correlated 
with weather. A detailed review appears in Richardson (1978a); this section 
summarizes the main relationships in SE Canada. 
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Pressure Systems, Fronts, and Wind 

Weather patterns in eastern Canada are similar to those at any north temperate 
latitude (Fig 2). Low and high pressure areas move generally west to east. Winds are 
clockwise around highs and counterclockwise around lows. Thus winds are southerly 
when there is a high to the east, a low to the west, or both. Winds are northerly 
when there is a low to the east, a high to the west, or both. Winds are near calm near 
the center of a high. Precipitation and thick cloud are most likely when a low is near 
or when a front between air masses passes overhead. 

Many studies in North America and Europe have shown that most bird species 
tend to migrate when winds are more or less following, relative to the preferred 
direction of those particular birds (Richardson 1978a). This is true in eastern Canada 
as well. 

Far more birds fly N and NE over eastern Canada in spring on nights and days 
when there are following winds from the S or SW than on dates when winds are 
opposing. The association with following S and SW winds is even closer for the 
small number of birds that engage in NE reverse migration in autumn (Fig 3). 
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Figure 3 . 
Amount of noctumal migration of five types of birds detected over SE Canada with three categories of 

winds. Each circle shows the proportion of evenings when amount of migratioo was none or low, 
intermediate, and high. 

In contrast, far more birds fly SW and S in autumn when there are following N 
and NE winds than with opposing southerly winds. Similarly, S and SW reverse 
migration in spring is strongly associated with following northerly winds. 

In eastern Canada, as elsewhere (Richardson 1978a), groups of birds that travel 
in slightly different directions tend to fly with slightly differing weather. Shorebirds 
initiating SE flights toward the West Indies are significantly more likely to take off 
with NW following winds than with NE crosswinds (Fig 3; Richardson 1979). The 
predominantly SW flights of passerines, in contrast, tend to be denser on nights with 
NE following winds than with NW crosswinds (Fig 3). Furthermore, passerines that 
depart S toward the West Indies are more likely to fly with NW winds than are 
passerines that travel SW along the coast (Table 1). Thus, even excluding the extreme 
case of reverse migration, each group of migrants apparently prefers following winds 
relative to its own direction of travel. 

Winds tend to be northwesterly soon after a cold front passes but often change 
to N or NE a day or so later as a high pressure area approaches. Thus, in both 
eastern Canada and elsewhere, SE migration often peaks immediately after a cold front 
passes, and SW migration peaks a day or so later (Richardson 1978a, p. 237). 
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Table 1 
Occurrence of SW and SSE passerine migration over SW 

Nova Scotia in relation to broad-scale wind direction, autumn 
1971. 

Wind Number of nights when predominant 
Direction migration direction was 

sw SSE 

NW 7 8 
NE 18 

x2 = 9.95, df = l, p < o.oo5 

The association with following winds is by no means complete. Many birds fly 
under calm conditions, and some birds fly in cross and even opposing winds (Fig 3). 
Some categories and species of migrants show stronger preferences for following 
winds than do others (e.g., Alerstam 1978). Possible reasons for this variation in 
selectivity are discussed by Alerstam (l979a). Following winds will be especially 
important for birds that fly nonstop over inhospitable habitat, e.g., over the Atlantic 
Ocean from Nova Scotia to the West Indies in autumn. Without following winds, 
small landbirds probably could not complete this flight (Tucker 1975). Following 
winds may be less important for migrants flying short distances over habitat where 
they can land at any time. 

Temperature and Pressure 

Southerly winds tend to be accompanied by falling pressure and rising 
temperature as a high pressure area moves away to the east, a low approaches from 
the west, or both. It is not surprising that N and NE migrations, which are associated 
with southerly winds in both spring and autumn, tend to occur with falling pressure 
and rising temperature (Table 2). Conversely, northerly winds tend to be accompanied 
by rising pressure and falling temperature as a low moves away to the east, a high 
approaches from the west, or both. South and SW migrations also tend to occur with 
rising pressure and falling temperature. 

Because of the close correlations among wind, temperature trend, and pressure 
trend, it is difficult to determine from uncontrolled field observations whether birds 
respond directly to pressure or temperature. Multivariate analyses sometimes indicate 
that numbers aloft are related to these variables even after the dominating correlations 
with wind have been taken into account (Richardson 1978a). This does not prove that 
birds respond to temperature and pressure, but it is suggestive. Direct responses to 
these variables might occur because they can be indicators of future food supply (e.g., 
insect availability), habitat suitability (e.g., freeze/thaw cycles), or winds aloft en 
route. Homing pigeons, at least, are remarkably sensitive to pressure change 

(Kreithen and Keeton 1974). 



Weather and Avian Migrants over Eastern Canada 609 

Table 2 
Direction and significance of association between four weather variables 

and various categories of migrants over SE Canada during night (N) and day 
(D). Pluses (or minuses) indicate that the variable tended to assume higher 
(or lower) values when the specified type of migration was present1• 

Type of Migration 24-hour 6-hour Amount Precipitation 
and Main Flight Temperature Pressure Opaque 
Directions Trend Trend Cloud 

N D N D N D N D 

Spring 
Forward (NNW-ENE) +++ ns ns ns -----
Reverse (SE-SW) ------ +++ +++ ns 

Autumn 
Reverse (N-E) +++ +++ ------ + ns **2. ns 
Forward (SSE-W) ------ +++ +++ ------ ns 
Shorebirds (ESE-SSE) ns ns + ++ ns (*)2 

1 ns ifp > 0.1, (±) if 0.1 2:: p > 0.05, ± if 0.05 2:: p > 0.01, ± ± if 0.01 2:: 

p > 0.001, and ±±± if p ~ 0.001. Based on Kruskal-Wallis tests of 
weather when amount of migration was zero vs. low vs. high, or below- vs. 
near- vs. above-normal. 
2 Nonlinear 

Cloud and Precipitation 

In general, fewer birds migrate when it is cloudy or raining than when it is clear 
(Richardson 1978a). However, this relationship is more precise for some categories of 
migrants than others. In some cases, especially for the variety of species migrating by 
day, no significant relationship was evident in SE Canada (Table 2). 

A voidance of flight with cloud or rain is probably advantageous for several 
reasons. Cloud may impair orientation by obscuring celestial or terrestrial cues. 
Also, cloud often occurs with low pressure areas, fronts, precipitation, and changeable 
winds. These conditions may require increased energy expenditure during or after 
flight, or may increase the probability of being blown off course or forced to the 
ground. 

Able (1982) found that reverse migrations in the northeastern U.S.A. occur 
when prolonged overcast coincides with winds blowing toward seasonally 
inappropriate directions. In eastern Canada, NE reverse migration in autumn was the 
one type of movement positively associated with cloudy conditions (Table 2; 
Richardson 1982a). However, the correlation was weak, and cases of reverse 
migration occurred with every sky condition from overcast to completely clear. 
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Southward reverse migration in spring, like most other types of migration, was 
slightly less frequent under overcast than under clear skies (fable 2; Richardson, in 
preparation). Thus, impairment of visual orientation mechanisms by cloud cannot 
account for many of the cases of reverse migration in eastern Canada. 

ORIENTATION VS. WEATHER 

Flight Directions vs. Wind 

Because most migrants in SE Canada tend to fly when winds are following 
relative to their usual flight directions, the overall distribution of tracks usually 
includes a large downwind component (Fig 4). This is so even when winds are 
blowing from the north in spring or the south in fall; reverse migration is a major 
component of total migration on those occasions. Some birds do move crosswind or 
even upwind, especially when winds are blowing in ·seasonally inappropriate 
directions. However, total numbers aloft in these latter situations are generally low 
(Fig 4). 

The downwind tendency is not as strong in SE Canada (Fig 4) as in the SE 
U.S.A., where there is consistent downwind orientation by landbirds flying at night 
(Gauthreaux and Able 1970, Able 1974). In SE U.S.A. the few birds that take off 
when winds blow toward seemingly inappropriate directions orient downwind, as do 
the larger numbers flying with more favorable winds. In contrast, in SE Canada (Fig 
4) and in the NE U.S.A. (Able 1982), some of the few birds taking off with 
seasonally inappropriate winds orient downwind, but many do not. Interpretation is 
hindered because there is little information about the species involved in the various 
types of flights detected by radar. 

To further assess whether birds are actually orienting downwind using wind as a 
cue, I analyzed the tracks of various distinct categories of migrants over SE Canada 
(Richardson 1975, 1979, 1982a, in preparation). Daily mean tracks for each category 
of migration were significantly but usually weakly correlated with wind direction 
(e.g., Fig 5). Daily mean tracks usually were not precisely downwind, and tracks of 
individual birds were, of course, even more widely scattered. The slope of the 
regression of daily mean track vs. wind direction was always significantly less than 
1.0 (fable 3). A slope of 1.0 would be expected if tracks were consistently 
downwind. Thus for each category of migrants, crosswinds seemed to deflect mean 
track from its average direction, but by only 36 to 66% of the deviation of the wind 
direction from following. 

There are at least two possible explanations for such a pattern: uncorrected wind 
drift from fixed headings and "pseudodrift. " The track over the ground is the vector 
sum of the bird's heading vector through the air plus the wind vector. Uncorrected 
drift occurs when birds fly on constant headings regardless of wind direction. 
Pseudodrift occurs when, even within a particular category of migrants, birds with 
slightly different preferred tracks fly selectively with winds that favor flight in their 
individual preferred directions. 
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A. SPRING NOCTURNAL 

B. AUTUMN NOCTURNAL 

Figure 4 

DirectiODS of noctumal migration over SE Canada with various types of synoptic weather. Each 
vector diagram is appropriately positioned with respect to pressure system and froot locations and broad
scale wind patterns. Each vector diagram shows tbe percentage distribution of tracks of individual radar 
echoes. Total numbers aloft varied greatly among weather categories, as coded at tbe center of each vector 
diagram. 

In the SE Canada study, there was insufficient information about winds aloft to 
distinguish between these two alternatives. In some studies, uncorrected wind drift 
has been found (e.g., Richardson 1976, 1982b) whereas in others the correlation 
between tracks and wind direction apparently represented pseudodrift (Alerstam 1976). 
Besides these two flight strategies and the "downwind flight" exhibited by many 
landbirds in the SE U.S.A., a fourth strategy has occasionally been found: 
maintenance of fixed tracks in a variety of winds through compensatory adjustments of 
heading (e.g., Drury and Nisbet 1964). Alerstam (l979a,b) has discussed the reasons 
why it may be advantageous for birds to drift in some situations and to correct for 
drift in others. 
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Figure 5 
Mean tracks of migraDls over Nova Scotia on aunmm nights vs. gcostropbic wind direction. <>Pen 

symbols represent nights with 100% opaque cloud cover. Each symbol represents at least 10 radar echoes. 
Continuous lines were fitted by tbe geometric mean (GM) method (Ricker 1973). Only nights with winds in 
a 180" range were used in fiaing tbe lines and in calculating Spearman rank correlations. The GM method 
is appropriale when tbe predictor variable is tnmcared (here to a 180" range) and subject to measuremcot 
error. 

Orientation vs. Overcast 

Birds flying over SE Canada on overcast occasions were not disoriented, and 
there was little evidence of deterioration in orientation. These results were similar to 
those of many earlier studies (Emlen 1975). Even under overcast, most birds moved 
along straight lines, at least within the limits of resolution of the radars used. 

For most categories of migrants, variance among tracks was no greater under 
overcast than clear skies. The one category for which variance was greater with 
overcast was shorebirds departing SE on autumn nights (p < 0.01, Richardson 1979). 
Many of these shorebirds were probably above the clouds, and thus terrestrial rather 
than celestial cues may have been obscured. On the other hand, in spring the tracks 
of both forward and reverse migrants tended to be less variable on overcast than on 
clear occasions (Richardson 1975 and in preparation). 

Perhaps we should not be surprised by reduced variance in tracks under 
overcast. Reduced variance might indicate deterioration, not improvement, in 
orientation. For example, birds with a variety of preferred directions and orientation 
mechanisms might switch to a single mechanism, e.g., downwind flight, when flying 
under overcast. 

Nocturnal landbird migrants over the NE U.S.A. apparently tend to orient 
downwind when under overcast (Able 1982). H so in SE Canada, one would expect 
the deviation of track from downwind to be reduced on overcast occasions. However, 
multiple regression analyses for each category of migrants showed no strong tendency 
for this (Richardson 1975). Instead, mean tracks were correlated with wind direction 
in a similar manner under cloudy and clear skies (e.g., Fig 5). Furthermore, reverse 
migration (RM) over SE Canada cannot be fully explained as downwind flight with 
overcast and seasonally inappropriate winds (see above). RM in both spring and 
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Table 3 
Regression of mean tracks of various categories of migrants over SE 

Canada on geostrophic wind direction 1• 

Type of Migration and Wind Direction Night Day 
Main Flight Directions (from) Considered Slope1 fs2 n Slope rs n 

Spring 
All Forward (NNW-ENE) 
Passerines (NNE-ENE) 
Reverse (SE-SW) 

Autumn 
Reverse (N-E) 
Forward (SSW-WNW) 
Shorebirds (ESE-SSE) 

ESE-SSW-WNW 
SE-SW-NW 

W-N-E 

SE-SW-NW 
NW-NE-SE 
SW-NW-NE 

0.51 
0.36 
0.66 

0.60 
0.43 
0.44 

0.61 
0.45 
0.51 

0.46 
0.51 
0.42 

46 0.50 
27 
29 0.57 

42 0.51 
36 0.38 
47 0.40 

0.63 

0.61 

0.25 
0.35 
0.57 

37 

31 

70 
41 
43 

1 The geometric mean method (see Fig 5) was applied to occasions when 
winds were following or side. All slopes are significantly more than 0.0 but 
significantly less than 1.0 (a = 0.05). 
2 Spearman rank correlation. 

autumn occurred on both clear and overcast occasions. 
Overcast had a more conspicuous effect on numbers aloft than on orientation. 

The reduced tendency to fly under overcast may be partly a result of the reduced range 
of orientation mechanisms usable when celestial or terrestrial cues are obscured. 
However, orientational problems are probably only one of several factors causing 
selection against individual birds that fly on cloudy occasiClns (see above). 

ROUTES VS. WEATHER 

Results from SE Canada illustrate (I) adjustments in routes of individual 
migrants in response to current weather, and (2) adaptation of large-scale migration 
patterns to prevailing wind patterns. 
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Dawn Reorientation of Landbirds 

Landbirds that take off from Newfoundland and eastern Nova Scotia in the 
evening and fly SW may be over water east or south of Nova Scotia at dawn (Fig 
I B). Around dawn, these birds sometimes tum to the NW, the direction likely to 

return them to land most quickly (Baird and Nisbet 1960, Murray 1976). However, 
on other mornings they continue SW (Richardson 1978b). Birds continuing SW, 
generally parallel to the coast, will not reach land for at least several hundred 
kilometers (no closer than Cape Cod, MA; possibly not until Cape Hatteras, NC). 

On mornings when landbirds continue SW over the ocean, the wind is from the 
north or NE-favorable for continued SW flight and less favorable for NW flight back 
to land (Richardson 1978b). On mornings with other winds, especially opposing SW 
or W winds, the birds reorient from SW to NW and attempt to return to land. A 
bird's route will be quite different depending whether it continues SW or reorients NW 
at dawn. The route followed by these migrants seems largely determined by the winds 
encountered over the sea around dawn. 

Migration from SE Canada to the West Indies 

Some shorebirds and landbirds fly SE or S from Nova Scotia and New England 
toward the West Indies in autumn, but there is little or no reciprocal flight in spring. 
This is apparently an adaptation to prevailing wind patterns (Richardson 1974, 1976; 
Gauthreaux 1980). Weather over the western Atlantic is dominated by the so-called 
Bermuda high, which results in prevailing northerly winds east of Bermuda and 
southerly winds closer to the coast (Fig 6). Near the West Indies, the wind is almost 
always easterly. 

Birds leave the coast in NW winds behind cold fronts (see above). Post-frontal 
following winds usually persist along the ftrst 114-113 of the overwater route to the 
West Indies. Thereafter the birds are in the zone of prevailing following winds east of 
the Bermuda high, or in the light winds near the center of the high (Fig 6). South of 
Bermuda, mean tracks shift to S or SSW, and the birds usually arrive at the West 
Indies with side or partly following easterly winds (Richardson 1976, Williams and 
Williams 1978). Thus these birds usually encounter following or partly following 
winds throughout the nonstop flight to the West Indies. Flight altitudes range from 
low to extremely high ( > 6 km). Some birds may select altitudes with optimum 
winds (Richardson 1976, Alerstam 1981), although evidence on this point is 
inconclusive (Williams 1985). 

Birds that fly SW down the coast to Florida and then SE along the West Indies 
avoid the long overwater flight but must travel much farther, largely against the 
prevailing winds (Fig 6). Many landbirds do fly SE along the West Indies 
(Richardson 1976). However, the disadvantages of this route apparently are sufficient 
to make it adaptively advantageous for many birds to fly along the "downwind" 
overwater route from SE Canada to the West Indies. 
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H 

Figure 6 
Typical weather over the western Atlantic wben birds depart from SE Canada toward the West Indies 

in aublmn. 

Winds over the western Atlantic in spring are similar to those in autumn. These 
winds are favorable for NW flights from the West Indies toward Aorida, and then for 
Nand NE flights over the mainland and coast (Fig 6; Gauthreaux 1980). In contrast, 
winds do not favor northward flight over the ocean directly to eastern Canada. Radar 
observations in Puerto Rico show that spring migrants do indeed depart mainly to the 
NW; very few depart to the north (Richardson 1974). 

This paper summarizes some but not all ways in which weather can affect the 
timing, orientation and routes of migration. Other influences not discussed here 
include the effects of weather in concentrating or dispersing birds at leading lines, the 
importance of updrafts to soaring birds, and weather-induced mortality during 
migration. I have also mentioned only a few of the important theoretical analyses and 
experimental studies that have been done. However, the data from eastern Canada do 
demonstrate that weather can influence avian migrants profoundly. 
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