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Summary. Evolutionary aspects of avian migratory orientation and navigation are reviewed. A theoretical approach 
to the evolution of complex (endogenously programmed) migratory behavior is presented using the comparative 
method of ordering a progression in existing behavioral characteristics from dispersal, to facultative migration, to 
obligate migration. 
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Introduction 

The constant interactions between organisms and their 
environment represent fundamental exchanges essential 
for survival and reproduction. Orientation processes 
have to do with the spatial and temporal aspects of these 
interactions 64. Each movement an organism makes has 
its associated costs and benefits 41 and thus, natural se- 
lection should select for mechanisms that enhance the 
ability to orient correctly within these dimensions. 
In a sense, every behavior is oriented in some way simply 
because the behavior is organized relative to spatial and 
temporal aspects of the environment 64. For the purpose 
of reviewing natural selection and oriented movements 
by birds, however, I will be primarily concerned with a 
more restrictive sense of orientation as a behaviorally 
mediated process that results in a nonrandom pattern of 
locomotion. Thus, I will be omitting an entire category of 
orientation behavior involving stationary placement of 
body axis relative to the environment 8. 
In recent decades, the emphasis of research on avian 
orientation, navigation, and migration has focused pri- 
marily on mechanistic aspects 3o which, of course, is quite 
appropriate. Nevertheless, our understanding of these 
complex behaviors would be enhanced by studies of evo- 
lutionary and ecological aspects as well 27, 30, 72, 77, and 
relatively more research in this direction has recently 
been initiated. 
I have organized this overview along two fundamental 
lines of evolutionary inquiry with respect to migration: 1) 
the evolution of orientation mechanisms and the ability 
to use specific cues to orient and, 2) the selective factors 
that led to movements that necessitated use of these 
mechanisms. 
In no way is this contribution intended to be an exhaus- 
tive review. Because the majority of the contributions 
contained within this issue are concerned, in detail, with 
mechanisms of orientation, I will confine my discussion 
to a brief overview of evolutionary aspects of avian ori- 
entation, and devote relatively more theoretical treat- 
ment to the evolution of migratory behavior. Where ap- 
propriate, I refer the reader to more exhaustive reviews of 
relevant subject matter. 

Evolutionary aspects of avian orientation 

General overview 
Because orientation is a fundamental necessity of mobile 
life, the ability to orient is found in even the most prim- 
itive organisms 8. Organisms at the simplest known orga- 
nizational level have been shown to possess two function- 
ally distinct subcellular systems, one for dealing with 
resources, the other for dealing with information. The 
latter system detects chemical gradients and controls 
movements in space 8. 
The earliest forms of life were probably limited to using 
chemical and energy gradients for orientation (taxis)8. 
As organisms became increasingly complex, more so- 
phisticated locomotion was necessarily coupled with an 
increased ability to orient. More complex orientation 
behavior, including navigation and homing, is often di- 
vided into three categories 1, 9.35: 1) piloting, the ability 
to use fixed, known reference points ('landmarks') to 
orient or navigate; 2) compass orientation, which repre- 
sents orienting in a given compass direction without ref- 
erence to known landmarks; and 3) true navigation 
(which has been demonstrated in only a few species 1), 
referring to the ability of an organism to select the appro- 
priate direction to a particular goal in completely unfa- 
miliar territory without any form of sensory contact with 
the goal 1 
In some cases, these categories have been considered a 
reflection of increasing levels in complexity through evo- 
lutionary time 12. Other authors, however, have pointed 
out that this may not be the case 8s. For example, com- 
pass orientation may wetl have preceded the ability to 
memorize and utilize landmark information. 
At this time, we can only speculate about the evolution 
of orientation abilities and, of course, the acquisition and 
development of orientation mechanisms may have varied 
considerably between taxa. Indeed, it is often assumed 
that functional similarities in orientation mechanisms be- 
tween taxonomically distant groups are the result of con- 
vergence. On the other hand, we should not dismiss the 
possibility that such similarities occur because they repre- 
sent phylogenetically ancient traits 4. A general approach 
to this problem involves three levels of inquiry: a) theory; 
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i.e., what cues were, and are, available and how might 
they be used to determine direction, and what are the 
selection pressures for using particular cues; b) use of 
behavioral assays to determine which cues are used, and 
in the case of multiple cue usage, establishment of the 
relationships between the cues, including the ontogeny 
and development of cue usage in individuals; and c) es- 
tablishment of the neurophysiological basis for the detec- 
tion and processing of cue information. The second level 
is necessary, but not sufficient, to make strong inferences 
concerning the phylogeny of orientation mechanisms. 
This level is necessary to establish which cues are being 
used and, to a certain extent, how they are being utilized. 
However, even in the case of  identical cues being used in 
the same manner by two or more distinct taxa, if it turns 
out that different integrating centers are involved, or 
different receptors are used, then the commonality may 
well be the result of analogy rather than homology. Thus, 
the third level of inquiry (c) is quite important in con- 
structing an accurate picture of  the evolution and phy- 
logeny of orientation mechanisms. 
For the most part we are still involved in levels (a) and 
(b), and even the most basic studies of orientation are 
entirely lacking for the huge majority of animal species. 
Level (b) is a long and tedious process, especially in light 
of the complexities that have arisen due to multiple cue 
usage, but based on the studies that have been undertak- 
en (primarily on birds) several common themes are 
emerging 1,,, 85, 86: 1) many of the same orientation cues 
are utilized by distantly related groups, and characteris- 
tics of these cues are being utilized in the same manner; 
2) orientation is a highly complex system of multiple cue 
integration and apparent redundancy; 3) a great deal of 
learning and plasticity is involved in integrating and cal- 
ibrating the usage of these various cues, and; 4) at least 
in birds, the basic information for orientation utilizing 
one or more cues is transmitted genetically. This infor- 
mation is then used as a baseline for learning and inte- 
grating information concerning those and other cues. 
All the known compass mechanisms, including those in- 
volving heritable information concerning direction, are 
subject to a greater or lesser degree of environmental 
modification during the first few months of life 6. 
The adaptive significance of this redundancy and plastic- 
ity is probably somewhat complex. It has been suggested 
that pooling information from multiple cues would result 
in improved directional performance 4 and, indeed, ex- 
posure to multiple cues, both in the laboratory and in 
nature, substantially reduces variance around the direc- 
tional mean 86. A second adaptive aspect is that cue re- 
dundancy hedges against spatial and temporal variability 
in access to cue information and in spatial and temporal 
changes in aspects of the cues themselves. The integration 
and ontogeny of multiple cue usage is discussed in more 
detail elsewhere 4' s. 

Adaptive aspects of spatial orientation and memory 
Spatial orientation refers to all movements and states that 
are actively ordered in space. The concept refers to the 
ability of organisms to relate the position and movement 
of their bodies, body parts, and even foreign objects to 
spatial cues 64. Spatial memory is memory for places and 
spatial relationships between them 68. 
Complex spatial orientation and memory are of  funda- 
mental importance to all birds, from life-time residents to 
long-distance migrants. Although migrant birds have of- 
ten been considered to possess more advanced mecha- 
nisms for spatial orientation and memory az than nonmi- 
grants, or short-distance migrants, there is no real basis 
of support for this concept. On the contrary most of the 
evidence (albeit sparse) indicates that birds in general 
(regardless of  the presence or absence of migratory be- 
havior) have highly sophisticated spatial orientation and 
memory systems 42, 46, 54, 61, 69 and rapid learning of spa- 
tial memory tasks suggests that birds are 'biologically 
prepared' to process complex spatial information 83. Al- 
though many more species groups need to be examined, 
the data currently indicate that abilities to interpret, pro- 
cess and store complex spatial information is widely dis- 
tributed among the class Aves and, if this is indeed the 
case, probably represent phylogenetically ancient mecha- 
nisms. Thus, migrants may not possess special adaptal 
tions for orientation and navigation, only complex re- 
quirements for their use. 
In nature, spatial orientation within the familiar area 
(e.g,, home range) is a basic and fundamental necessity 
for an animal to track its position relative to the position 
of important aspects of the environment (such as the 
location of resources s~) and to determine the location of 
resources relative to one another 9' ~0,85. Thus, spatial 
memory is used to construct 'mental maps'  of familiar 
areas 1~ and such an ability appears to be relatively 
widespread among animals 1,4.9, 32. It is important not 
only to remember relative locations of significant sites 
within the familiar area, it is also advantageous to use the 
spatial map to calculate the fastest (and safest) routes 
between sites without necessarily retracing previous 
routes 9,10, 80. This ability has obvious implications for 
conserving travel time and energy and thus would en- 
hance efficient utilization of resources within the familiar 
area. Overall then, selection should promote the develop- 
ment of mental maps that comprise 1) the location of 
important sites; 2) the landmarks by which the sites can 
be recognized; 3) the spatial relationships between the 
sites; and 4) the ability to calculate the most efficient 
routes between sites lo, 8~, 85. 
In addition to utilizing landmarks for orientation, many 
animals, from a large variety of phyla, are known to be 
capable of using a 'compass'  (e.g., solar compasses, stel- 
lar compass, magnetic compasses; see under 'cues' be- 
low) for orientation. Biological compasses have been de- 
fined as any mechanism that tells an animal a constant 
direction and provides it with a nonchanging directional 
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reference system 85. The selective advantages of using a 
compass (with or without landmarks) have been previ- 
ously described in detail 9, 10, 80, 81, s ~, 86. One of the basic 
advantages is that a compass can be used independently 
of landmarks. It also would reduce the number of sites 
and site relationships that would have to be memorized 
to construct a mental map. Such an ability would greatly 
reduce the amount of time and energy necessary to devel- 
op cognitive spatial maps and allow an organism to more 
easily return to its familiar area should it be displaced. 
Finally, mental 'mosaic' maps utilizing compasses and 
landmarks might be supplemented with (or even replaced 
by) 'gradient maps'  utilizing not landmarks, but environ- 
mental factors that assumed gradient qualities 85 (e.g., 
magnetic field, olfactory gradients, etc.). In the case of 
two or more gradients at sufficiently large angles to one 
another, 'bicoordinate navigation' 81.85 would be theo- 
retically possible (see recent reviews 1 o, 86 for discussions 
of the evidence for navigational maps in birds). Such a 
map would have the following advantages: 1) it would 
allow orientation within the home range (if the gradient 
is detectable over short distances); 2) it would enable the 
organism to orient outside tl~e home range in completeIy 
unfamiliar territory which would greatly facilitate effi- 
cient exploration and rapid return to the home territory; 
and 3) selection should favor a navigation system that is 
functional on a large scale, rather than being restricted to 
a local level. Of course, in long-distance migrants, the 
problem of orientation is global and cues must be avail- 
able and reliable over vast distances 4. 
The Wiltschkos 8s argue that an early evolutionary step 
from a mosaic map of landmarks to a gradient map 
utilizable in bicoordinate navigation is theoretically more 
plausible than the assumption that more complex naviga- 
tional capabilities evolved independently, numerous 
times, for example, as distance of migration increased in 
a particular lineage 12. More experimental work is neces- 
sary to address this question, but initial results tend to 
support the Wiltschkos' hypothesis. For example, the 
sedentary rock dove, Columba livia (ancestor of the arti- 
ficially selected homing pigeon) shows homing abilities 
that are as sophisticated as those of homing pigeons 78 
indicating that the capacity for long-distance orientation 
is present in nonmigratory as well as migratory species. 
Rapid, long-distance homing has been found in nonmi- 
gratory dark-eyed juncos (Junco hyema[is)5~. Dispiaced 
neotropical residents showed homing abilities similar to 
those of displaced neotropical migrants 58, 59. Finally, 
one of the arguments that resident birds lack the naviga- 
tional abilities of migrants is based on slower return rates 
following displacement generally found for nonmi- 
grants 12. Several studies have demonstrated that homing 
ability appears to be independent of homing rates 7,10, 7 s 

Orientation cues 
Since the use of orientation and navigation cues is dis- 
cussed in detail in other contributions in this issue, I will 

only briefly summarize adaptive aspects of the major 
cues that birds use for migratory orientation. For more 
detailed information, the reader is also referred to recent 
reviews elsewhere 1,4, 5,10, 86. Although, in the interest of 
brevity, I often discuss the use of these cues in a general 
sense, the information available is extremely limited. 

A) Landmarks. The use of landmarks is widely distribut- 
ed among animal groups 8, and is often considered to be 
the most primitive means of orientation 12.85; however, 
as was mentioned previously, there is no a priori reason 
that landmark usage should have preceded c.ompass ori- 
entation or the use of nonvisual gradients. Landmarks 
are utilized by birds that also use other means for orien- 
tation (e.g., sun and magnetic compasses) including pi- 
geons 63 and even nocturnal migrants z2. 

B) Sun compass. The use of a time-compensated sun 
compass has been demonstrated in a wide variety of 
animals 1'8. Recent experiments involving scrub jays 
(Aphelocoma coerulescens) have produced some very in- 
teresting results 84. These birds preferentially use their 
sun compass to relocate food caches (storage sites) even 
when conspicuous landmarks arc visible. A similar phe- 
nomenon has been observed in homing pigeons that ig- 
nore familiar landmarks and instead use their sun com- 
pass to home if the sun is visible ~3. Both scrub jays and 
pigeons have been demonstrated to be fully capable of 
using landmarks for these tasks as well. These findings 
indicate that the sun compass may indeed play an impor- 
tant role in fundamental spatial orientation and not just 
in special cases like homing and migration. The reason 
for the preferential use of the sun for orientation, even 
over very short distances in familiar areas (cages!), is 
unctear. It may be that the birds consider the sun com- 
pass to be more reliable, or it may be easier to encode, or 
recall, or both ~,t. The widespread presence of a time- 
compensated sun compass in a diversity of animals, cou- 
pled with its use in very fundamental tasks, indicate that 
this compass ability may be very basic and phylogeneti- 
cally quite old within Vertebrata (because sun-compass 
ability appears in organisms that have independently 
evolved visual systems, e.g., Arthropoda and Chordata, 
it has apparently evolved independently within Ani- 
malia). 
It appears that no animal inherits an ability to compen- 
sate for the sun's movement *, ~ o. Rather it is the predis- 
position to learn the path of  the sun as it relates to 
compass directions and integrate this information with 
the animal's circadian clock that is passed on genetically. 

C) Polarized light. The ability to perceive polarized 
light is widespread among animals, both vertebrates 
and invertebrates 1. The widespread use of polarized 
light in vertebrates may be an example of analogy since 
amphibians use extraoptical intracranial receptors for 
detection of polarized light. The ability to utilize polar- 
ized light for orientation is adaptive because it (the 
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e-vector) can be used as an axis of orientation and as a 
reference to determine the position of the sun (for sun- 
compass orientation) when the sun is not directly visible. 
The majority of experimental work on polarized light as 
an orientation cue has been performed on nocturnal mi- 
grants during sunset 2, 3, 52, a time of day that seems to be 
particularly important in migratory decision making 50. 
Results of some of these experiments indicate that mi- 
grants preferentially use sunset position over skylight 
polarization for directional information when presented 
with conflicting cue information 52 

D) Stars. In spite of the fact that a wide variety of ani- 
mals are mobile at night, stellar orientation has been 
demonstrated only in birds and thus, may be an avian 
phenomenon 1. The star compass of birds is not based 
upon an innate knowledge of directional relationships of 
stellar configurations per se, as was initially believed 62. 
Rather, it appears that star configurations as directional 
cues are learned using the axis of stellar rotation as the 
polar direction, which is innate 4, 28. Thus, in this aspect 
it is fundamentally similar (in terms of inherited propen- 
sity to develop directional information based on celestial 
rotation) to diurnal compass (sun and/or polarized light) 
development. 
One question of evolutionary interest is why birds (which 
are generally diurnal and have access to other functional 
cues) have a stellar compass at all. This question is, in 
turn, associated with perhaps the larger question of why 
most migrants migrate nocturnally in the first place. In a 
few cases the answer is rather obvious: some species 
migrate over vast distances where they are unable to land 
for a prolonged period which requires flight during the 
night. This explanation, however, is not applicable in the 
majority of cases. Kerlinger and Moore 44 determined 
that several factors involving atmospheric structure 
should select for nocturnal migratory behavior because 
they promote a faster, and more energetically favorable, 
migration. These factors take into account that: I) less 
energy is required to fly in cool, dense air (night) than in 
warm air (day); 2) horizontal winds at night are slower 
than during the daytime, so birds are less likely to be 
blown off course or to have to fight crosswinds; 3) there 
is decreased variation in wind direction at night; and 
4) there is decreased turbulence in vertical winds at night. 
Kerlinger and Moore find little support in the oft-cited 
hypothesis that avoidance of predation during migratory 
flight is a primary selective force underlying nocturnal 
migration. They do find theoretical merit in 'the diurnal 
feeding hypothesis' which simply states that the extreme 
energetic demands of migration necessitate feeding en 
route, which can only take place (for many, but not all 
nocturnal migrants) during daylight hours. They con- 
clude that the diurnal feeding hypothesis coupled with 
the energetic savings associated with migrating at night 
would be a potent selective force for nocturnal migration. 
It should be noted, however, that some species migrate 

exclusively during the daytime and many species are 
known to migrate day and night, even when not forced 
to. Thus, there appears to be a great deal of flexibility in 
the system, and a complex of selective factors leading to 
diel timing of migratory flight. 

E) Magnetic field. The possibility that organisms might 
use the magnetic field of the earth for orientation was 
initially proposed by Middendorff during the middle of 
the last century and for many years this possibility was 
entirely dismissed by the scientific community 86. We 
now know that the use of the magnetic field for orienta- 
tion is extremely widespread in animals, from the most 
primitive prokaryotes on up through Vertebrata s6, and 
the large number of organisms with the ability to biolog- 
ically precipitate magnetite (the likely contender for mag- 
netic receptivity) suggests that this ability, and perhaps 
perception of the magnetic field, is phylogenetically 
primitive, probably evolving prior to the major radiation 
of animal phyla in the late Precambrian .8. 
In terms of natural selection for a magnetic compass, the 
following factors are noteworthy. First, the earth's mag- 
netic field provides a very reliable, global orientation 
cue 86. Second, compass orientation using celestial cues 
requires sophisticated mechanisms to compensate for 
temporal changes in the position of cues, whereas percep- 
tion of a (basically) constant field provides animals with 
a complete and unchanging reference system 85. The 
magnetic compass represents, in this respect, the simplest 
functional compass sS' 86. This aspect of the magnetic 
compass may be a major contributing factor to its being 
the genetically transmitted (primary), directional infor- 
mation source in birds 86. Third, magnetic cues can be 
used both day and night regardless of weather condi- 
tions, so there are no restrictions on the time of day 
during which oriented movements can take place (and 
this benefit should extend from home-range use on up to 
long-distance migration). 
A magnetic compass has been found in all avian species 
examined, and birds have developed systems based on 
perception of inclination, rather than polarity, for migra- 
tory orientation 86. Such a system would appear to have 
disadvantages, for example, a loss of functional usage 
near the equator 10, and migrants crossing the equator 
would have to reverse their inclination goal 180 degrees, 
or switch to some other cue entirely. On the other hand, 
use of inclination, rather than polarity, should be strong- 
ly selected for because the polarity of the earth has re- 
versed itself frequently in evolutionary time l o. Thus, for 
example, each time a reversal occurs, northern hemi- 
sphere migrants using a polar compass in autumn would 
migrate north, an obviously disadvantageous trait, 
whereas migrants with an inclination compass would 
continue to migrate towards the equator. It is, perhaps, 
of evolutionary interest that the same magnetic orienta- 
tion rules would apply to both northern hemisphere and 
southern hemisphere temperate migrants (i.e., 'poleward' 
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for breeding, 'equatorward' for wintering rather than 
'north' or 'south' per se). 
Of considerable current interest is the possibility that 
migrant birds may use different magnetic systems for 
migratory orientation and homing ss' 86. Migrants often 
return to the same exact breeding and wintering sites 
after traveling thousands of kilometers s3 and they may 
switch from migratory orientation to goal-area naviga- 
tion (which would require completely different levels of 
receptive sensitivity 86). Homing pigeons become disori- 
ented when exposed to magnetic anomalies where the 
magnetic field is distorted from its normal values for the 
region 86 which indicates that there may be a distinct 
magnetoreception pathway involved in homing. Radio 
tracking of displaced wood thrushes, Hylocichla musteli- 
na (a migrant species), during the breeding season indi- 
cated that these birds use true navigational ability to 
home, even under total overcast 7. Of interest are the 
results of recent experiments on newts (Notophthalmus 
viridescens) 57. Migrating newts use an axial (inclination) 
compass for simple-compass orientation similar to that 
used by migrating birds; however, a distinct receptive 
system with polar response may be involved in homing. 
This result, coupled with work done on birds, suggests 
the possibility that two distinct magnetoreceptive path- 
ways might be evolutionarily widespread. 

F) Wind. Because prevailing wind patterns often season- 
ally covary with meteorological cues, it has been suggest- 
ed that birds might be able to predict, faMy accurately, 
wind direction based on these cues 1. Thus, a bird might 
be able to select a particular time for migration based 
only on meteorological cues and have a relatively high 
probability of migrating in the seasonally appropriate 
direction. The observation that the same species of mi- 
grants fly downwind regardless of the direction at some 
localities, but not in others 1, indicates that there is geo- 
graphic variability in the degree to which birds use wind 
direction as an orientation device. The majority of data 
indicates that it is generally the case that birds wait for 
favorable tailwinds to migrate in seasonally appropriate 
directions 60. Thus, migrants utilize tailwinds to conserve 
energy, but apparently do not frequently use winds per 
se, to orient. Of evolutionary interest is the likely possi- 
bility that prevailing wind patterns have played an im- 
portant role in the evolution of migratory routes, the 
distribution of migrants, and in the establishment of new 
populations. 

Physiological mechanisms of orientation 
Because the same basic orientation problems are com- 
mon to all animals, it may be that the fundamental neu- 
rophysiological mechanisms involved in many aspects of 
spatial memory, spatial orientation and the construction 
of spatial maps, are phylogenetically ancient, but at this 
time much more experimental work is necessary to ad- 
dress this problem. Recent experiments with pigeons in- 
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dicate that it is likely that homologous regions of the 
central nervous system (i.e., the hippocampal complex) 
are involved in spatial orientation in pigeons and ro- 
dents 21. The hippocampus plays an important role in 
complex spatial memory in the tits (Paridae)67. 
As was mentioned earlier, the ability to precipitate mag- 
netite is widespread in animals and this substance is con- 
sidered a contender for magnetoreception 79. Magneti- 
cally sensitive materials have been found in the head 
regions of both mammals lo, s7 and birds 11,79 Current 
evidence suggests that detection of the magnetic field 
may occur within the visual system s6. 

Evolutionary aspects of migratory behavior 

General 
Bird migration is usually defined as a movement from the 
breeding (natal) grounds followed by subsequent return 
to the same breeding area for the next reproductive ef- 
fort. Most recent theories consider migration an adaptive 
response that allows birds to exploit high levels of food 
for reproduction in areas that offer low probabilities of 
survival between reproductive efforts 75. Some of these 
movements are quite spectacular, taking birds thousands 
of kilometers each year. Just as amazing, perhaps, is that 
the timing, distance and direction of these journeys are, 
at least in some species, transmitted genetically 15, 16. 
How did natural selection shape these complex behav- 
ioral systems? 
Whereas orientation and navigational abilities, and 
mechanisms, may not have evolved independently many 
times in birds 85, migratory behavior has probably 
evolved independently in numerous avian lineages and is 
being constantly modified by natural selection. For ex- 
ample, variation in migratory orientation in blackcaps 
(Sylvia atricapilla) has provided the raw material for the 
very recent development of a new wintering population 
that is growing rapidly in size 18. Other examples include 
situations in which species that are normally resident 
may develop migratory populations when expanding 
their range 82 (e.g., the serin, Serinus canarius in Europe), 
or when members of a resident species are introduced 
into a new region (e.g., the house finch, Carpodacus mex- 
icanus in eastern North America). 
Current theories of the evolution of migration (for recent 
summaries of historical and current theories of the evo- 
lution of migration see reviews by Gauthreaux 30 and 
Dingle 27) often invoke an ordered sequence of evolu- 
tionary steps proceeding from residency and relatively 
local movements, to partial migration (only a portion of 
a population migrates), to short-distance migration (by 
an entire population) and finally, to long-distance migra- 
tion z4'25,al. This order seems to make intuitive sense, 
and the scenario probably accurately summarizes the 
evolution of many migratory patterns. It should be not- 
ed, however, that this evolutionary sequence is not unidi- 
rectional and that steps may be skipped. It has been 
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recently demonstrated empirically that partial migrant 
populations can be artificially selected to become entirely 
migratory or entirely resident in a very few genera- 
tions 16, and residency has developed in previously mi- 
gratory populations innature 82. For example, formerly 
migratory fieldfares (Turdus pilaris) have recently be- 
come residents on Greenland. Thus, habits of migration 
and residency may vacillate within a lineage, in both 
directions, through evolutionary time as a function of 
changing spatial and temporal characteristics of resource 
availability. The potential for complex migratory behav- 
ior may be quite primitive in Ayes. Indeed, the ability to 
explore large areas offered by powered flight, and hence 
the opportunity to more efficiently exploit ephemeral, 
patchy resources on a large scale, may have been a selec- 
tive factor in the evolution of flight itself. 
In the following section, I outline a theoretical sequence 
of evolutionary events leading to endogenously pro- 
grammed, long-distance migration. I follow with a brief 
summary of the evidence, based on both field and ex- 
perimental studies, for such a sequence. Finally, I close 
with the suggestion that research into the regulation of 
intratropical movements may help to further test the 
model. 
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Evolution and the regulation of migratory behavior 
One way to address evolutionary questions about behav- 
ior is by the 'comparative method'. When comparative 
studies indicate that species can be arranged in such a 
way that they form a progression in a behavioral charac- 
teristic, it can be theoretically assumed that since inter- 
mediate forms are possible (and still exist), evolution 
might have proceeded through a similar progression 23. 
Indeed, lacking a fossil record of behavioral characteris- 
tics, or the neurophysiological mechanisms underlying 
them, comparative studies may comprise the most accu- 
rate (albeit indirect) information available for construct- 
ing the evolutionary sequence of behavior. In this respect 
we have a convenient comparative situation in avian mi- 
gration, and that is a continuum in the degree to which 
endogenous and exogenous factors regulate migratory 
behavior between species, populations and even within 
individuals v4. This continuum ranges from highlyfacul- 
tative migratory behavior that represents proximate re- 
sponses to immediate changes in ecological factors, to 
obligate migratory behavior in which the fundamental 
stimulus to migrate is not environmental but pro- 
grammed endogenously 13, 36, 3s, 71, 72, 77. It may be that 
the relative degree to which migratory behavior is regu- 
lated by exogenous and endogenous stimuli can tell us 
something about the evolution of complex migratory be- 
havior, it  is important to keep in mind, throughout this 
discussion, the assumption that natural selection should 
result in migratory behavior that maximizes the proba- 
bii[ty of overwinter survival while minimizing migratory 
distance 3 l, 45, 73 

When discussing movements by birds, it is useful to make 
a distinction between the concepts of dispersal and mi- 
gration al. The distinction is simply this: 'dispersal' is 
movement away from a particular locality without re- 
turning to the point of origin, while 'migration' involves 
a return movement to the original location. Another im- 
portant difference is that dispersal is often random in 
direction, while migration usually comprises consistently 
oriented movements in a given direction 31. Adaptive as- 
pects of dispersal are varied, but often cited factors in- 
clude: a) exploration (finding the best habitats); b) 
avoidance of inbreeding; and c) escape from detrimental 
ecological or social conditions. Dispersal is highly rele- 
vant to population genetics and evolutionary theory be- 
cause it can affect gene flow, the colonization of new 
areas, genetic drift and speciation 33, The majority of 
animals, including birds, disperse during some period (or 
periods) of the life cycle, although relative degrees of 
dispersal within populations may vary greatly between 
years or seasons, between populations, or (prominently) 
between different age, sex or social classes within a pop- 
ulation or group. In birds, the dispersal of young is 
greater than that of adults, and females disperse farther 
than males (and the same patterns are often characteris- 
tic of migration as well 31). A very interesting question is 
why selection has favored the opposite pattern (i.e., 
males disperse more than females) in mammals 34. For a 
comprehensive review of dispersal in birds and mammals 
see Greenwood 34. 
If resource availability changes more or less continuous- 
ly, or unpredictably, in space and time, dispersal can be 
relatively continuous and involve entire populations 26 
In these cases, the term 'nomadism' is probably more 
appropriate. Examples include species that more or less 
wander continuously in Africa and stop long enough to 
breed if the conditions become lush enough to support 
reproduction 26. If spatial and temporal changes in re- 
source availability become relatively predictable (cyclic), 
and are within an appropriate time frame (i.e., cycles 
occur within the reproductive lifespan of the organism), 
the selective conditions for migration are met. Dispersal 
and nomadism are typically treated as evolutionary pre- 
cursors to migratory behavior. 
Facultative migration is probably the most primitive type 
of migratory behavior. It begins as movement away from 
an area in direct response to a decrease in the probability 
of survival if the bird remains at that locality. Examples 
of factors that induce the outward journey include de- 
creases in resources, increased resource demand due to 
harsh climatic conditions, increased population size, and 
restricted access to resources as mediated through social 
dominance 31, 70. If decreased resource availability at the 
point of origin is short-term, and the benefits of returning 
to the original area outweigh the costs of staying at 
the dispersal site, or dispersing further, then migratory 
behavior is selected for. In any case, an importan t char- 
acteristic of facultative migration is that the total dis- 
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tance of migration is apparently a function of resource 
availability during the entire outward journey. Faculta- 
tire migrations range from short-distance movements, 
for example, downslope in elevation 55' 58 to relatively 
large-scale movements 31. Classic examples of the latter 
include 'irruptive' migrations, where large numbers of 
individuals of particular species, or groups of species, will 
appear far outside the normal range. 
Facultative migration is more complex than typical dis- 
persal due to the return trip, which is usually delayed 
until resources on the breeding grounds are renewed. 
Short-distance facultative migrants, for example, eleva- 
tional migrants, may be able to assess the favorability of 
the breeding areas more or less directly and return ac- 
cordingly. Migrants traveling relatively long distances 
would find it difficult to accurately assess conditions on 
remote breeding grounds and therefore, timing of the 
return trip in these birds may be related to some indirect 
measure of resource availability, such as increasing day- 
length, or consistently increasing temperatures. For tem- 
perate migrants, photoperiod is the most reliable cue of 
seasonality 36 and thus, a return trip fundamentally 
timed by changes in photoperiod, and perhaps fine- 
tuned by other factors, such as temperature, would offer 
a selective advantage. Although, I believe, the question of 
which stimuli are actually used by facultative migrants to 
time their return to the breeding grounds is entirely open, 
photoperiod has been repeatedly demonstrated to be of 
basic importance in the timing of initiation of both vernal 
and autumnal migration in obligate migrants (see below). 
This observation, coupled with the fact that even resident 
birds rely heavily on photoperiod in the temporal organi- 
zation of their annual cycles (including reproduction), 
suggests that vernal migration synchronized by photope- 
riodic cues in facultative migrants may provide an impor- 
tant evolutionary step toward obligate migration. 
It appears that, although the initial stimulus to migrate 
is triggered exogenously, the direction of the outward 
journey may be programmed endogenously (inherited) in 
many facultative migrants (another important step in the 
evolution of obligate migratory behavior). This prospect 
would make sense if resources were more consistently 
available in one general direction relative to others. Indi- 
viduals that tended to move in the favorable direction in 
response to stress would be at a selective advantage rela- 
tive to individuals that dispersed in other directions. 
The persistence of facultative migratory behavior in a 
population should be a function of high variance in re- 
source availability during the nonreproductive period, 
either between years, or between members of the popula- 
tion. Thus, for example~ if the probability of any partic- 
ular winter being a good winter is approximately equal to 
it being a poor winter, it would be advantageous to re- 
main at the breeding grounds unless exogenous factors 
indicated that staying would be more costly than moving 
during that particular winter 49 Underlying this concept 
is the assumption (and in some cases demonstration 6s) 

that, when it is possible to do so, remaining on the breed- 
ing area is reproductively advantageous over leaving (due 
to access to better territories, an early start on breeding, 
etc.). If the costs and benefits for staying vary for differ- 
ent members of the population, for example if subordi- 
nates are less likely to obtain resources than domi- 
nants 31, then facultative partial migration 76 may occur. 
Decreases in resource availability may be of a nature that 
individuals which spontaneously leave the breeding 
grounds in the preprogrammed direction before re- 
sources diminish may be at an advantage relative to indi- 
viduals that attempt to remain in the area (post-breeding 
dispersal may be an evolutionary precursor to this behav- 
ior because it often appears to be undertaken while re- 
sources are still generally abundant). For example, if 
sudden, severe, prolonged crunches in resource availabil- 
ity occur, individuals that had emigrated while food was 
still plentiful during such years would be at an advantage 
relative to those that attempted to remain on the breed- 
ing grounds and were unable to secure the resources 
necessary to migrate. If nonreproductive periods that 
select for this type of behavior are interspersed with more 
benign periods, obligate partial migration, in which the 
migratory impetus is endogenous, might come about. 
That is, if years in which obligate migratory behavior 
is favored over facultative migratory behavior (or resi- 
dency) are regularly interspersed between years that fa- 
vor the latter behavior(s), obligate migratory behavior 
may persist in partial migratory populations (for a de- 
tailed discussion of obligate partial migration see 
Berthold 14, 16). 
There is ample evidence for both facultative partial mi- 
gration 7o and obligate partial migration 14. In fact, there 
is evidence for partial migrant populations comprising 
both facultative and obligate migrants; central European 
populations of the European blackbird (Turdus meru- 
la) 6 6  are an example. Complex situations involving par- 
tial migration may be the reflection of very dynamic 
evolutionary processes, for example, populations chang- 
ing from migratory to resident (or vice versa) as appears 
to be happening in the central European populations 
of the European blackbird (Berthold, pets. comm.). Or, 
it might be possible that such complexes are the result 
of cycles in resource availability that are too short, or 
too variable, to allow fixation of resident or particular 
migratory behaviors. The possibility of variations in as- 
pects of resource availability selecting for different mi- 
gratory behaviors (i.e., facultative and obligate) in partial 
migrant populations would be a worthwhile area of re- 
search. 
If the unsuitability of the breeding area during the nonre- 
productive period increases enough in frequency and/or 
severity, then entire populations will begin to migrate 
annually. If the area the birds need to traverse to reach 
favorable regions increases in extent (for example, due to 
long-term climatic changes) selection should favor indi- 
viduals that move through these regions as quickly and 
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efficiently as possible; i.e., obligate migratory behavior. 
Contrary to facultative migrants then, obligate migrants 
generally migrate from the breeding area (and migratory 
stopover sites) when resource availability is still extreme- 
ly favorable, at least in the short term 29. This would 
seem to be a rather unusual situation, at least in terms of 
optimal foraging theory. How was this behavior selected 
for? 
Obligate migrants generally leave, and travel across, re- 
gions in which in the probability of survival between 
reproductive efforts is consistently very low 73-75. They 
perform these movements while food is still plentiful 
enough to sustain the high energetic demands of such a 
journey. Simply put, individuals within this region that 
had waited for environmental cues to indicate an ('in- 
evitable' seasonal) decrease in resource availability to 
stimulate further migration may have waited too long to 
obtain the resources necessary to arrive at more favor- 
able regions. Thus, the behavior of utilizing fat stores and 
available resources to continue movement in a particular 
direction was selected over utilizing resources to remain 
in a given area as long as possible. In addition, there may 
be other selective pressures to traverse, as rapidly as pos- 
sible, an area that will be uninhabitable between repro- 
ductive seasons; one example is the establishment of ter- 
ritories in the wintering area. 
Experiments, primarily with Sylvia warblers, have de- 
monstrated that the fundamental stimulus for the timing, 
distance and direction of obligate migration is endoge- 
nous 13, 15, 36 The migratory program is organized with- 
in the framework of an endogenous, circannual rhythm 
that is entrained to the natural year by annual cycles in 
photoperiod 36. Hand-raised birds that have access to 
unlimited food and are held under constant conditions 
display spontaneous migratory activity (Zugunruhe). 
Zugunruhe is oriented in a seasonally appropriate direc- 
tion during both outward and return migratory periods, 
and temporal patterns (e.g., initiation in autumn and 
spring and duration in autumn) correlate significantly 
with relevant aspects of migratory behavior in freeliving 
conspecifics 13,15, 16, 36. Furthermore, these elements of 
migratory behavior have been shown to be highly herita- 
bletS-17. 
I have attempted to outline, theoretically, how long-dis- 
tance obligate migration might be an evolutionary exten- 
sion of facultative migration and dispersal. The basic 
aspects of these behavioral "links' have, for the most part, 
been demonstrated in nature, and/or experimentally, uti- 
lizing a species-level, or population-level approach 74. 
Of further evolutionary interest is the observation 
that characteristics of facultative migratory behavior 
have been found in several species of obligate mi- 
grants 20, 37, 39, 40, 4-7, 71 - 77. In these birds, the relative 
importance of ecological and endogenous stimuli in re- 
leasing overt migratory behavior appears to change with 
time and distance of the autumnal migration. More 
specifically, the fundamental stimulus for migration 

changes from primarily endogenous (the 'obligate 
phase') to primarily environmental (the 'facultative 
phase')39'56'71-77. Theoretically, the obligate phase 
takes birds from, and across, regions where the probabil- 
ity of overwinter survival has been consistently low for 
generations (see above). The distance and duration of the 
obligate phase should be a function of the probability of 
overwinter survival along the migratory route 73-75. As 
this probability increases, the birds switch to a facultative 
mode in an attempt to track variable resource availability 
(between years) along the migratory route and minimize 
migratory distance in any given year. 
Based on several field 19'2~ and experimental stud- 
ies 19, 37, 39, 56 it appears that in some species the change 
from an obligate migratory phase to a facultative migra- 
tory phase involves the dropping of a single decission rule 
that is superimposed over basic facultative migratory 
rules: migration from areas with favorable resource 
availability. The results of these studies suggest that dur- 
ing the obligate phase the impetus to migrate is 1) ex- 
pressed when migrants are in an energetic state favorable 
for meeting the metabolic demands of migration and 
conditions (e.g., climatic conditions) are appropriate for 
migration; 2) expressed, or enhanced, when birds are 
confronted with poor prospects for maintaining or im- 
proving energy budgets; and 3) inhibited when migrants 
are in a poor energetic state, but wind up in an area 
favorable for gaining weight - and, upon doing so, the 
birds return to condition (i) above. The facultative mode 
is expressed when condition (1) is somehow switched off 
with time and distance of migration while decision rules 
(2) and (3) remain operational. Recent experiments, how- 
ever, on blackcaps (Terrill and Berthold, in prep.) indi- 
cate that early in the autumn migration (the 6bligate 
phase), whether the birds show normal, increased, or 
decreased migratory activity in response to food depriva- 
tion depends on several factors such as severity of food 
deprivation, time of day food is available, and experi- 
ence. Dark-eyed juncos have failed to show evidence of 
condition (2) during the obligate phase (Holberton, un- 
published data). Although much work is still needed in 
this area, it appears that the relative roles of obligate and 
facultative migratory behavior probably vary greatly be- 
tween populations and species depending on the distance 
of migration i3, stability of resource base 73 and other 
factors. 
In closing, I would like to suggest, as have others 26, 5s. 59 
that intratropical movements may represent a productive 
testing ground for further research concerning basic reg- 
ulation and evolutionary aspects of migratory behavior. 
Although we know relatively little of intratropical move- 
ments by tropical species or wintering migrants, it is 
becoming apparent that much more movement than was 
previously thought to be the case is occurring 26'59 
These movements span the spectrum from highly irregu- 
lar to very predictable 26. Of particular interest is the 
observation that at least some of these movements are 
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not only highly predictable with respect to timing and 
direction, but are nocturnal as well, at least in Africa 26 
(as far as I know, no comparable data exist from other 
major tropical regions). Thus, it would be of interest to 
examine, for example, to what degree these movements 
are environmentally regulated versus endogenously pro- 
grammed (inherited) for timing, direction, and distance, 
and how these aspects relate to spatial and temporal 
characteristics of resource availability and perhaps to 
taxonomic groupings. Finally, it would be very interest- 
ing, from an evolutionary perspective, to discover what 
orientation cues are used for the various levels of move- 
ment. 
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