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Abstract Migrant species express wide varieties of

movement strategies that closely mirror patterns of

resource distribution. Resources can vary predictably in

space and time (e.g., seasonal peaks of productivity in

temperate regions) or can be unpredictable in one or both

dimensions. Evolution of migration strategies and the

underlying physiological and behavioral mechanisms are

therefore diverse, but similarities have been noted. To

understand how migrants respond to environmental cues,

we focus on species that represent extremes along a con-

tinuum between obligate versus facultative migratory

behavior and address the physiological mechanisms regu-

lating these movements. Obligate migrants, which travel on

highly predictable schedules, generally rely on the annual

change in daylength and circannual rhythms to initiate the

vernal and, where known, the fall phases of migration.

Facultative species may show similar seasonal preparations

in cases where resources are temporally predictable, but

appear to rely more heavily upon local supplementary cues

in the environment to initiate migrations. In general, the

physiological response mechanisms to environmental cues

that coordinate migratory movements include perception of

the environmental cue and transduction to neuroendocrine

and endocrine systems. Clearly, there are huge gaps in our

knowledge in this area, but published studies of each of the

migratory types suggest striking parallels. Based on a

comparison of the physiological aspects of the divergent

migratory patterns, we emphasize that the migratory

types are not completely distinct. Instead, the differences of

migration patterns and responsiveness to cues reflect dif-

ferences in the relative contributions of common physio-

logical mechanisms that underly the control of movements.

A more complete understanding of migratory physiology

requires continued descriptive studies, particularly in a

greater diversity of model systems, in addition to experi-

mental methods that utilize innovative tracking technology

as well as behavioral and physiological innovations to draw

attention to different levels of organization. Comprehend-

ing the physiological mechanisms underlying migratory

patterns will be vital for knowing how migrants respond to

current environmental cues and anticipating their reactions

to future conditions.
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Unpredictable cues � Obligate migrants �
Facultative migrants � Hypothalamic-pituitary axis

Introduction

Migrants experience a broad spectrum of environmental

conditions throughout their annual cycle, including changes

in habitat, type, and availability of resources, predation,

weather, social conditions, photoperiod, and levels of

illumination (e.g., Newton 2008, 2011). To maintain

Communicated by Cristina Yumi Miyaki.

M. Ramenofsky (&)

Neurobiology Physiology Behavior, University of California,

Davis, CA 95616, USA

e-mail: marramsky@gmail.com

J. M. Cornelius � B. Helm

Vogelwarte Radolfzell Max Planck Institute for Ornithology,

Schlossallee 1 a, 78315 Radolfzell, Germany

e-mail: cornelius@ucdavis.edu

B. Helm

Universität Konstanz, 78457 Konstanz, Germany

e-mail: helm@orn.mpg.de

123

J Ornithol

DOI 10.1007/s10336-012-0817-3



homeostasis across such varieties of conditions, birds and

other organisms undergo dynamic adjustments of physio-

logical and behavioral states (i.e., phenotypic flexibility).

Migrants are thereby better equipped to meet the demands

of dynamic conditions than if a fixed phenotype is main-

tained (Piersma and Van Gils 2011). To time such adjust-

ments correctly, migrants must filter relevant environmental

stimuli from random fluctuations and maintain a balance

between programmed and flexible schedules. Importantly,

responses to environmental factors must be fitted to par-

ticular ecologies of migratory populations. Birds show a

wide range of movement strategies that reflect diverse

patterns of resource distributions. These resources can vary

predictably or unpredictably in space and time and, there-

fore, migration strategies and the underlying physiological

and behavioral mechanisms that control them are varied.

Thus, migration comprises a spectrum of types, with pre-

cisely timed long-distance movements at one extreme, and

facultative and nomadic at the other, and many intermediary

forms inbetween, with large overlap of strategies sometimes

even within populations (Chan 2005; Newton 2008, 2011).

Here, we highlight different strategies focusing on two

general types from the extremes of migratory patterns.

These include obligate migrants, which carry out seasonal

movements each year at similar times, and facultative

species, which show great variability in timing and loca-

tions of their movements (Newton 2008, 2011). Comparing

responses of different types of migrants to environmental

conditions and their mechanistic basis is the central theme

of this review as well as an attempt to reassess the dis-

tinctions across these apparent groupings.

Environmental factors influence migration

Cues in the environment guide organisms in synchronizing

the onset, progression, and termination of life history stages

throughout the annual cycle with conditions that typically

can support them (Ramenofsky and Wingfield 2007;

Wingfield 2008a, b; Visser et al. 2010; Newton 2011).

Patterns of food abundance and weather are considered

ultimate factors that select individuals which migrate and

breed when conditions are most suitable (Baker 1938;

Perrins 1970; Wingfield 2008a, b). If organisms coordinate

their activities with these conditions, they can breed suc-

cessfully and secure survival until the next reproductive

opportunity. However, matching life-cycle stages to suit-

able conditions requires that phenotypic adjustments be

made in anticipation of later events. Onset of such prepa-

rations may be initiated by environmental cues, often in

combination with circannual (from Latin circa = about and

annus = year) clocks (Farner 1955; Gwinner 1996; Helm

et al. 2009). The use of environmental cues involves

perception by the CNS followed by transduction to neuro-

endocrine and endocrine signals that regulate specific

morphological, behavioral, and physiological systems.

Cues can be divided into several general categories

(Wingfield et al. 1990; Ramenofsky and Wingfield 2007).

Initial predictive information includes permanent and reli-

able cues that possess both proximate (immediate) as well

as predictive (long-term) values. The annual change in

daylength or photoperiod supplies immediate and seasonal

information to which the hypothalamic–pituitary–gonad

axis (HPG) responds. While this axis is mainly responsible

for seasonal activation of the reproductive system, the

various life-cycle stages are linked to each other and, con-

sequently, cues that act on the HPG are also relevant for the

timing of migration. The cue can act directly as a driver or

as a Zeitgeber, time giver, to entrain underlying circannual

rhythms (Wingfield et al. 1990; Gwinner 1996; Ramenofsky

2011). Local supplementary cues provide information about

the current conditions to either promote or slow the progress

of migration. For example, some local supplementary cues

upon which migrants rely include climatic conditions,

social interactions, resource availability, habitat alterations,

and predator density (Helm et al. 2006, Newton 2008, 2011;

Both 2010; Végvári et al. 2011; Wingfield and Ramenofsky

2011). The availability and usefulness of these various cues

depend on habitat type, resource use, and ecology of

migrant species. There are also differences in the mecha-

nisms by which information from these cues is processed by

birds.

Predictability of cues and response mechanisms

The most predictable cue, at least during part of the annual

cycle, is the change in daylength to which the HPG

responds. Responses of migrants to this cue are highly

specific, so that species and populations differing in

migration phenology also show differences in cue respon-

siveness (Gwinner 1988; Helm et al. 2009). Furthermore, a

migrant’s response to cues is not static but varies over the

annual cycle. The alternating states described as pheno-

typic flexibility involve changes in many physiological

processes (Piersma and van Gils 2011), including percep-

tion, transduction, and response to cues (Wingfield 2008a,

b; Visser et al. 2010). In the annual cycle, the vernal

increase in daylength is perceived by the migrant and

promotes development of several life-cycle stages: often

prenuptial molt, then vernal migration and breeding, each

with its attendant physiological and behavioral changes

(Ramenofsky and Wingfield 2006). As the season pro-

gresses, daylengths commensurate with those that initiated

the cycle are no longer perceived as stimulatory, a condi-

tion that has been termed photorefractoriness (Moore et al.
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1982; Nicholls et al. 1988; Hahn et al. 2009). Breeding is

terminated, indicating that exposure to environmental

conditions (i.e., long days) that initiated the endocrine and

behavioral responses in the vernal stage are no longer

effective in the fall (Dawson et al. 2001). Ensuing fall

events are related to the prior vernal stimulation of the

HPG, but species differ in the interplay between long-term

timing and effects of further environmental and behavioral

factors (Hahn et al. 1997). In some species, physiological

coupling between life-cycle stages appears to be so strong

that fall processes follow suit despite variation in envi-

ronmental conditions or individual experiences. This is

suggested by experiments in the laboratory as well as by

observations from free-living migrants that indicate extre-

mely tight coupling between spring and fall migration (e.g.,

Conklin et al. 2010). Vernal activation acts as a ‘‘remote

timer’’ for the termination of breeding, which for some

species is followed by postnuptial molt then migratory

fattening and fall migration (King and Farner 1963; Farner

et al. 1980; Moore et al. 1982; Helm and Gwinner 2005).

Other species show renewed photoperiodic sensitivity in

the fall, a time when events are accelerated by shortening

photoperiods (Hahn et al. 1997, 2009; Noskov et al. 1999;

Dawson et al. 2000; Helm et al. 2009). These examples

demonstrate that a given cue may be interpreted in specific

and opposing ways depending on current stage of the life

cycle (Visser et al. 2010). Furthermore, owing to this

specificity, responses to cues can be fine-tuned by natural

selection to achieve precise timing for a given species or

population of migrants (Coppack and Pulido 2004; Helm

et al. 2009).

In addition to initial predictive cues, local supplemen-

tary cues are more temporally and spatially variable, and

can act to modulate the rate of progression through a life-

history stage (Wingfield et al. 1990; Ramenofsky and

Wingfield 2007). Such supplementary cues include tem-

perature, rainfall, food resources, social conditions, etc. all

of which fall within the prescribed range to which a species

is able to respond within the given life-history stage

(Wingfield et al. 1996, 2003). In both migratory types,

supplementary cues can activate the HPG (Hahn et al.

1997; Hau et al. 2004; Voigt et al. 2007). In contrast,

responses to unpredictable cues involve a second neuro-

endocrine pathway, the hypothalamic–pituitary–adrenal

axis (HPA). The HPA is associated with the emergency life

history stage, which is regarded as a process of redirecting

behavior and physiology away from the immediate life-

history stage to reduce the impact of immediate negative

conditions (Wingfield and Ramenofsky 1999; Wingfield

and Romero 2001). The neuroendocrine and endocrine

mediators of the HPA include neuropeptides (CRF), pitu-

itary proteins and peptides (ACTH, endorphins, enkepha-

lins), and adrenal glucocorticoids to name a few (Claes

2004; Wingfield and Romero 2001). In particular, corti-

costerone, an adrenal glucocorticoid, is known to influence

the acute behavioral and physiological responses to

unpredictable conditions that migrants may employ. These

include increased foraging behavior, fattening to fuel

impending movement, metabolic adjustments to maintain

homeostasis, and initiation of escape or irruptive move-

ments (Wingfield 2003). As described below, both the HPG

and HPA may contribute to the precise timing and type of

migration.

Migration strategies and cues responses as a continuum

Obligate and facultative migrants have traditionally been

distinguished by the ecology of their movements and,

correspondingly, their presumed use of predictive and local

cues for timing life-cycle stages (Newton 2008, 2011). For

obligate migrants, food resources are predictable on a

seasonal basis—temporally available during the breeding

stage but quickly become scarce thereafter. Thus, migrants

move to overwintering locations where resources are suf-

ficiently plentiful to support life, but are distant from where

breeding occurs. Accordingly, obligate migrants predomi-

nantly rely on initial predictive cues and circannual clocks

to initiate the preparatory phases for movement to perma-

nent breeding or overwintering sites. Some obligate

migrant species are so punctual that they show almost

complete consistency in timing between years (e.g., Battley

2006; hence called ‘‘calender birds’’, Newton 2011). In

many others, however, actual departure may be influenced

by local supplementary cues, the nature of which is not

well understood. For example, birds time departure from

the breeding grounds when resources still abound, utilizing

cues such as weather, social environment, physiological

condition, etc. (Richardson 1990; Gauthreaux 1991; Mor-

ton 1992; Jenni and Kéry 2003; Jenni and Schaub 2003;

Helm et al. 2006; Newton 2008). Furthermore, reduction in

the availability of food has been shown to modify the

migration programme during spring departure (Studds and

Marra 2011) and en route in fall (Fusani et al. 2011). Such

reliance on both initial predictive and local supplementary

cues suggests that obligate migrants show facultative

components within their annual movements (Newton

2011), a point raised earlier by Helms (1963) and Terrill

(1990). For example, though initiation of fall and vernal

migration may be obligate (Morton 2002; Newton 2008,

2011), subsequent phases often become more facultative as

birds adjust to changing conditions during flight and

stopovers. Such facultative aspects in at least some obligate

migrant species make the timing, orientation of flight, and

distance traveled variable (Helms 1963; Terrill and Ohmart

1984; Newton 2008, 2011). The physiological mechanisms
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regulating these movements are reminiscent of more fac-

ultative species.

One distinction that particularly defines facultative

migrants is that they show a greater responsiveness to local

supplementary cues. Their movements are a response to

resources that are unpredictably available in space and/or

time. Facultative migrants must, therefore, perceive and

assess current conditions and respond by either remaining

in an area or moving to a distant and more profitable

location. The greater responsiveness to environmental

conditions is particularly apparent in the fall when many

irruptive species make decisions to migrate or remain

resident at the breeding grounds. This temporal flexibility,

in combination with generally shorter migration distances,

allows for more precise matching of arrival time to local

conditions in a given year (hence the term ‘‘weather birds’’;

Newton 2011). Orientation, distance, and timing of fall

departure of facultative migrants can be much more vari-

able than in obligate migrants (Newton 2011). Because of

their less defined nature, facultative migrations are not as

well understood as those of obligate species. Existing work

suggests that migratory decisions depend on combination

of a genetic window of ‘‘readiness’’ to move and sensitivity

to environmental and social factors, which in turn may vary

between individuals within populations (Adriaensen and

Dhondt 1990; Chan 2005; Helm and Gwinner 2006;

Palacı́n et al. 2011; Newton 2011). Among the best-

explored taxa are species that reside on the extreme end of

facultative migration, i.e., nomadic and irruptive Red

Crossbills, Loxia curvirostra and L. leucoptera (Hahn

1998; Deviche and Sharp 2001). On an annual basis, Red

Crossbills respond, as do obligate migrants, to the initial

predictive increase in daylength that affects the develop-

mental phases of migration and breeding (Berthold 1977;

Hahn 1998; Deviche and Sharp 2001; Newton 2008).

During breeding, Red Crossbills feed almost exclusively

upon coniferous cone seeds, whose availability and abun-

dance in any given year are unpredictable in space and, to

some extent, time. In winter and spring, if the local cone

crop remains abundant and if individuals are paired, birds

will remain in an area and breed (Hahn et al. 2008).

However, new seed crops begin to develop in the late

spring and early summer in many conifer species. Thus, if

the local cone crop proves insufficient and/or population

density is high, individuals will move nomadically during

the summer to a distant site of which the dates of arrival,

orientation of flight, distance covered, and number of

individuals involved are both variable and largely unde-

scribed, particularly in North America (Hahn et al. 2008;

Newton 2008; Cornelius 2009). However, nomadic

movements can transition into irruptive movements if large

numbers of Crossbills fail to locate newly developing

cone crops in their typical habitat range, leading to their

appearance in atypical habitats. Although data remain

limited, similarly hybrid, dynamic migration systems may

exist in Australian and African nomadic species (Dingle

2008).

Proposed physiological mechanisms

Obligate migrants

From a breeding-range perspective, a migration cycle is

initiated in the fall when a bird prepares to leave the

breeding area. However, from a physiological perspective,

the fall functions are coupled with vernal events, the latter

of which have been most rigorously studied in obligate

migrants. In these cases, species rely on initial predictive

cues to time arrival at the breeding areas. These may

include a direct response of photoperiod on the wintering

grounds and/or entrainment of circannual rhythms to a

decreased or constant photoperiod, both of which precip-

itate the onset of the developmental phases of vernal

migration and breeding (Fig. 1). The physiological

mechanisms regulating this phase of migration are known

in part for a number of obligate migrants including Dark-

eyed Junco, Junco hyemalis (Rowan 1926), Zonotrichia

sparrows (Weise 1967; Morton and Mewaldt 1962; Stet-

son and Erickson 1972; Schwabl and Farner 1989,

Wingfield et al. 1990), Garden Warbler, Sylvia borin

(Gwinner 1988; Bluhm et al. 1991), Bobolink, Dolichonyx

oryzivorus (Hamner and Stocking 1970), Red-headed

Bunting, Emberiza bruniceps (Thapliyal et al. 1983),

Black-headed Bunting, Emberiza melanocephala (Tewary

and Kumar 1981), and European Quail, Coturnix coturnix

(Boswell et al. 1993). Generally, what is known is that in

species wintering in the northern hemisphere, daylength

either preceding or following winter solstice acts as the

initial predictive cue. In contrast, for cross-equatorial

migrants, days are long upon arrival on the winter grounds

and start to shorten after the solstice. In these species, the

photoperiodic response mechanism is modified, and acti-

vation is initiated under shortening or constant daylength

(Hamner and Stocking 1970; Bluhm et al. 1991; Gwinner

1988). The initial predictive cue activates release of

androgen, the source of which is thought to be either

adrenal gland or possibly brain, as its secretion is associ-

ated without an increase in pituitary luteinizing hormone

(LH) (Wingfield and Farner 1978; Boswell et al. 1995a)

(Fig. 1a). Androgens at this time influence the brain by

organizing orexigenic neurons in the ventral medial

hypothalamus (Deviche 1992; Boswell 2005), in essence

serving to increase sensitivity of these neurons to central

prolactin (PRL), neuropeptide Y (NPY), peptide YY, and

possibly thyroid hormones (Yokoyama 1976; Denbow
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et al. 1988; Kuenzel and McMurtry 1988), while reducing

sensitivity to the anorexic effects of cholecystokinin

(CCK) (Boswell et al. 1995a, b; Richardson et al. 1995).

Once the increasing vernal photoperiod reaches the critical

daylength for a particular species, the HPG axis is acti-

vated (Fig. 1b). At the central level, prolactin and neuro-

peptides bind to the sensitized hypothalamic receptors and

affect hyperphagia and fattening. In the periphery, gonadal

androgen enhances further fattening, increased body mass,

and flight muscle hypertrophy (Wingfield et al. 1990;

Tonra et al. 2011; Z. Neméth, unpublished data). Associ-

ated with the muscle hypertrophy is the deposition of lipid

by enhanced fatty acid transport proteins in the membrane

and increased heart type fatty acid binding protein within

the sarcolemma (McFarlan et al. 2009). The enhanced

lipid within the muscle provides necessary substrates for

b oxidation of fatty acids and ATP production for sus-

tained flight (Marsh 1984; Price et al. 2011). Some other

developmental facets include erythropoiesis, resulting in

increased hematocrit to enhance the oxygen-carrying

capacity of the blood, and changes in diel patterns of

activity in those species that become night active for

nocturnal migratory flight (Piersma et al. 1996; Morton

2002; Ramenofsky et al. 2008). Once the developmental

phase is complete, birds achieve migratory disposition and

are ready to depart. Actual departure, progression to

breeding grounds, and final termination of the spring

migratory phase are influenced mainly by local supple-

mentary factors that include weather, food availability, and

specific conditions on the ground (Fig. 1c). The physio-

logical mechanisms of these phases are poorly understood,

but there is evidence that the relative importance of dif-

ferent cues varies between species and over the course of

the migration season (Duriez et al. 2009).

For most species, the physiological preparation for fall

migration resembles that of the vernal phase. As suggested

above, in obligate migrants, fall events appear to be closely

coupled to vernal processes, although the physiological

basis of the coupling is not well understood. Studies sug-

gest that the degree of coupling and the importance of

timers differ between species. According to laboratory

studies, some migratory species resume fall processes after

termination of reproduction regardless of photoperiodic

manipulations, indicating that endogenous circannual

clocks suffice to drive the transition between life-cycle

stages (Gwinner 1988, 1996; Helm 2006; Piersma et al.

2008). In these and other species, photoperiodic exposure

during spring can influence the scheduling of subsequent

breeding, molt, and fall migratory events (King and Farner

1963; Farner et al. 1980; Moore et al. 1982). For example,

Stonechats (Saxicola torquata) respond to subtle differ-

ences in daylength during spring migration and thereby set

schedules for the events leading up to the initiation of fall

migratory restlessness (Helm and Gwinner 2005; Helm

Hypothalamus

a
Circannual

Clock
Autumn/Winter

Photoperiod

Hypothalamus

Anterior
Pituitary

Gonads

Spring Photoperiod 
b

gonadal androgens 

orexigenic
neuropeptidesGnRH

LH, FSH 

non-gonadal androgens

Hypothalamus

Anterior
Pituitary

Adrenal cortex 

CRF

ACTH

c
Local Conditions 

(e.g., resource availability, climatic conditions,
social interactions) 

corticosterone

Fig. 1 Sequential steps for the proposed mechanisms underlying the

developmental phase of vernal migration in obligate species. Blue
lettering refers to environmental cues, black lettering represents the

physiological and behavior responses. a Initial predictive factors (e.g.,

fall or winter photoperiod) and/or the circannual clock trigger the

preparatory phases of migration. Secretion of androgen from either

the adrenal cortex or the brain acts by organizing the hypothalamic

neurons in feeding centers within the brain (Boswell et al. 1993).

b Photoperiod reaches critical daylength in spring and enhances

release of orexigenic neuropeptides that induce hyperphagia that is

followed by fattening. Photoperiodic stimulation of the hypotha-

lamic–pituitary–gonad axis (HPG) results in secretion of gonadal

androgen. This may stimulate enhanced feeding, flight muscle

hypertrophy, erythropoiesis, and attainment of migratory disposition.

c Actual departure of birds in migratory disposition is influenced by

local supplementary cues that include availability of food resources,

weather, social interactions, etc. Note parallels to facultative move-

ments (see Fig. 2) (color figure online)
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et al. 2009). In a display of further flexibility, some species

remain sensitive to photoperiodic cues later in the breeding

season to adjust the timing and speed of fall processes. For

example, many species accelerate or interrupt molt and

advance migratory preparations when photoperiod and

other predictors indicate imminent deterioration of envi-

ronmental conditions (e.g., Jenni and Winkler 1994; Hahn

et al. 1997; Noskov et al. 1999; Kullberg et al. 2003).

Annual schedules can be further influenced by modifi-

cation of life-cycle events, e.g., by late breeding, which in

turn has been shown to delay fall processes in migratory

birds via endocrine mechanisms (e.g., Wingfield and Far-

ner 1979). However, the degree to which such modifica-

tions occur appears to be associated with migratory

programming. In various species of long-distance migrants,

spring and fall migration dates are closely linked, indicat-

ing little flexibility in timing. For example, in Bar-tailed

Godwits (Limosa lapponica baueri) order of departure in

vernal and fall migrations correlate with a coefficient of

0.74 (Conklin et al. 2010). Based on such observations, the

argument has been made that long-distance migrants are

more physiologically constrained in their ability to take

advantage of a lengthening breeding season, while shorter-

distance migrants show greater sensitivity to environmental

cues and are able to increase the number of annual clut-

ches, thus delaying onset of postnuptial molt and migration

(Jenni and Kéry 2003; Jenni and Schaub 2003).

Facultative migrants

By comparison, the physiological mechanisms that regu-

late movements of facultative migrants are less well

described than those of obligate migrants. Facultative

movements that are seasonally predictable may nonethe-

less include similar preparatory mechanisms as those of

obligate migrants (Fig. 2). For example, free-living Red

Crossbills show a seasonal vernal peak in fat that exceeds

winter fattening and coincides with the seasonal devel-

opment of new cone crops, suggesting that the predictive

cues might be utilized to prepare for spring facultative

movements (J. Cornelius, unpublished data). In support of

this hypothesis, captive Red Crossbills held on the con-

stant photoperiod of a 12L:12D (light:dark cycle) express

a circannual endogenous rhythm of fattening which peaks

in the spring (Berthold 1977). It remains unknown if other

physiological preparations occur seasonally or if local

conditions must stimulate further migratory preparations,

as is almost certain to be the case for the decisions

regarding migratory departure. African Red-billed Que-

leas (Quelea quelea) have robust annual cycles in cap-

tivity but can be nomadic and even itinerant breeders in

the wild. Queleas deposit migratory fat reserves after

breeding, but whether or not they initiate migration may

depend on factors that vary unpredictably (Dallimer and

Jones 2002). Australian Silvereyes, Zosterops lateralis,

display a range of behaviors extending from resident to

facultative even nomadic migratory movements. Each

strategy is inherited with specific thresholds to social

stimuli and demonstrating differential degrees of migra-

tory fattening (Chan 2005). Thus, a variety of species that

display facultative to irruptive migratory patterns none-

theless show underlying seasonal changes in fattening

similar to obligate migrants.

Although movements may occur throughout the year, in

most species they are concentrated in either the vernal or

fall phase. Breeding can immediately follow facultative

movements if the movement brings individuals into ade-

quate resources (Hahn et al. 1997; Perfito et al. 2007; Hahn

and MacDougall-Shackleton 2008). The HPG axis must, in

those cases, be responsive and the gonads in near ready

condition for breeding, particularly if breeding opportuni-

ties are otherwise limited. In any case, the mechanisms

underlying facultative movements are probably quite

diverse, depending upon both the life-cycle context of the

movement and on the spatial or temporal predictability of

the contingent resources surrounding the movement.

Hypothalamus

Anterior
Pituitary

Adrenal glands 

CRF

ACTH

corticosterone

Local Conditions 
-Resource availability 
-Population density 
-Public information 

Photoperiod

HPG
(see figure1)

?

Fig. 2 Proposed mechanisms for regulation of both stages of

migratory activity of a facultative migrant. Blue lettering refers to

environmental cues and black lettering represents the physiological

and behavioral responses. Preparatory mechanisms may be similar to

those described for the obligate migrant if resources are predictable.

Actual departure decisions, however, may rely more heavily upon the

hypothalamic–pituitary–adrenal axis (HPA) and release of cortico-

sterone with its central effects on behavior and physiology. Reduction

in available food or observations of feeding activity of flock mates

activates the HPA causing an increase in production and secretion of

plasma corticosterone, which in turn affects the departure from a local

site. Note that both migratory categories share physiological mech-

anisms, the distinctions of which are dependent upon the life-cycle

context of the movement and predictability of resources in time and

space (color figure online)
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Facultative movements that occur in response to sudden

or unpredictable fluctuations in environmental conditions

are thought to be linked to the stress response systems.

Adrenal glucocorticoids and, specifically, corticosterone in

birds play a regulatory role in metabolism, energy balance,

behavior, and the emergency life-history stage (Wingfield

2008a, b; Romero et al. 2009). Many studies have identi-

fied a relationship between elevated plasma levels of cor-

ticosterone and variable conditions of weather, social

interactions, food availability, and predators (Terrill 1987;

Astheimer et al. 1992; Silverin 1997; Landys-Ciannelli

et al. 2002; Hahn et al. 2004). Food restriction, unpre-

dictable food delivery, or prolonged dim light conditions

that resulted in sustained migratory restlessness were

associated with increased levels of baseline corticosterone

in captive birds (Pravosudov et al. 2001; Reneerkens et al.

2002b; Lynn et al. 2003; Ramenofsky et al. 2008). A

number of studies of obligate migrants have similarly

identified elevated levels of baseline corticosterone at

departure as well as during long-distance flight, circum-

stances where birds face conditions of uncertainty and high

energy demand (Falsone et al. 2009; Landys-Ciannelli

et al. 2002; Piersma et al. 2000; Reneerkens et al. 2002a;

Lohmus et al. 2003). Taken together, these findings suggest

that conditions that are unpredictable and/or convey a

measurable degree of uncertainty induce a neuroendocrine

response resulting in elevated corticosterone. The resulting

elevated levels may help to redirect behavioral and phys-

iological processes to reduce the impending negative

impact of the unpredictable event (Fig. 2). Often, this

includes changes in movement behavior, including poten-

tial induction of emergency or escape migrations (Wing-

field 2003). For example, experimentally elevated

corticosterone increases the activity range of free-living

Mountain White-crowned Sparrows (Zonotrichia leucoph-

rys oriantha) as much as 800%, and increases the proba-

bility that individuals will make facultative altitudinal

migrations to lower elevations during spring storms

(Breuner and Hahn 2003). Irruptive migratory behavior

may similarly be influenced by corticosterone during low

or declining food conditions, though experimental field

studies remain lacking (Cornelius et al. 2010).

In some species of migrant, social aggregation can be

important determinants of departure under given environ-

mental conditions (Helm et al. 2006; Newton 2008). Social

cues can further influence coordination, direction, and

timing of movements. New studies are beginning to shed

light on the ways that information spreads from one indi-

vidual to another within the flock. For example, behavioral

studies suggest that Red Crossbills make decisions

informed by observations of other foraging individuals.

Information spread across members of the flock, called

public information, influenced departure rates from the

current foraging location (Smith et al. 1999). Such a pro-

cess can effectively improve the assessment of an unpre-

dictable resource and coordinate pair or flock movements.

A similar phenomenon may occur in captive Australian

Silvereyes where migratory behavior in one individual can

stimulate the development of migratory behavior in

neighboring individuals (Chan 2005). One physiological

mechanism has recently been tested. Food restriction in

captive Red Crossbills resulted in decreased deposits of fat,

elevation of baseline corticosterone, and increased loco-

motor activity. However, public information may have

influenced the degree of behavioral and physiological

response: birds with food-restricted neighbors showed

higher corticosterone levels and a trend for higher activity

during food restriction than those with neighbors who had

food ad libitum (controls) (Cornelius et al. 2010). This

suggests that public information may be used as a proxy or

estimate of the productivity of a local site and that corti-

costerone may serve as an endocrine mediator aiding in

synchronizing movements between individuals (Fig. 2).

Conclusions

Two migratory forms—obligate and facultative—are rec-

ognized as residing at each end of a spectrum (see Newton

2011). Separation of these types is largely explained by

degree of obligation to move, arising from timing and

predictability of the ultimate selective factor, namely the

availability of food. In general, obligate species tend to

move on regular bases of timing, direction, and distance

flown, whereas facultative migrants vary in some or all of

these regards. However, these patterns are not mutually

exclusive, so that a given migrant can sequentially show

different types of movement. Accordingly, there appears to

be overlap in the physiological mechanisms employed. For

obligate migrants, the endocrine mechanisms that regulate

the developmental phases of migration largely consist of

androgenic effects on the brain and pituitary, in relation to

photoperiod and endogenous oscillators. Actual departure

and subsequent movement decisions are then influenced

more heavily by local conditions, which may be coordi-

nated through the brain, pituitary, and adrenal axis remi-

niscent of the mechanisms observed in more facultative

species. Migrants that move facultatively must undergo

preparations for seasonal movements at particular times

that are driven by the HPG and therefore reminiscent of

obligatory migrants. Irruptive movements of facultative

migrants, induced by declining local resources, probably

involve activation of the HPA, which in turn may coordi-

nate departure. Mechanisms controlling decisions of ori-

entation, distance, and timing of these movements remain

obscure.
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Although our physiological understanding of these sys-

tems remains remarkably incomplete, it is becoming

apparent that the distinctions between these migratory

strategies may be less clear-cut then previously assumed

(Newton 2011). Many species employ combinations of

movement types and are responsive to many of the same

environmental cues, but with differing degrees of sensi-

tivity and/or timing of cue use. Furthermore, given our

current understanding of the underlying control mecha-

nisms, we suggest that the regulation of movements

involves similar pathways in different types of migrants

(i.e., the HPG and HPA), which differ in the relative impact

of their contribution. We suspect that further description of

the physiological mechanisms regulating how organisms

respond to environmental cues in relation to migration will

help to more accurately relate these migratory types to

ecology, and lend insight into their evolutionary relation-

ships. It is our hope that this contribution provides a

stimulus for future studies. Deeper insights into the regu-

latory mechanisms of migration are critically important, as

it remains unclear whether the behavior and physiology of

migrants can keep pace with the rapidly changing phe-

nologies of the planet (Wingfield 2008a, b; Knudsen et al.

2011; Visser et al. 2010).
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