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Abstract The developmental stress hypothesis posits that

the honesty of bird song is maintained by costs incurred

during development, rather than at the time of adult song

production. Song is learned, and the neural systems

underlying song learning and production develop early in

life at a time when nutritional and other stressors are

prominent. Thus, adult song may reflect the early devel-

opmental conditions of a male and/or how well that male

was able to cope with developmental stressors. Substantial

evidence in support of the developmental stress hypothesis

has accrued over the last decade, but much remains to be

done. Here, we review the current evidence in support of

the hypothesis and highlight future directions. With few

exceptions, there is now solid evidence that a variety of

developmental stressors impair development of song and

the brain. We note that birdsong is potentially an example

of a larger class of sexually-selected indicators of devel-

opmental conditions. Future issues include examining the

effects of stress on females, resolving whether song indi-

cates developmental stability or developmental environ-

ment, exploring the neuroendocrine mechanisms by which

stress modifies song development, determining whether

stressed birds are subject to phenotypic programming, and

determining the effects of stressors on song in adult birds.

The developmental stress hypothesis thus provides a rich

framework for future integrative studies of birdsong and

development.

Keywords Birdsong � HVC � Developmentally correlated

traits � Glucocorticoids

Birdsong as an indicator

There is a general consensus that the evolution of birdsong

among many species is due, at least in part, to sexual

selection (Searcy and Andersson 1986; Searcy 1992;

MacDougall-Shackleton 1997; Catchpole and Slater 2008).

One challenge, however, is explaining the tremendous

variation in song among species. In some species, such as

the Zebra Finch (Taeniopygia guttata), individual males

sing a unique stereotyped song that differs between males.

In other species, such as the White-crowned Sparrow

(Zonotrichia leucophrys), individual males sing a single

song similar to most other males in their area, with distinct

dialect regions (Marler and Tamura 1964). In about 75% of

songbird species, males sing repertoires of multiple song

types, ranging from a few song types to thousands (Mac-

Dougall-Shackleton 1997). If song is under strong sexual

selection, how can this variation be maintained within and

between populations?

Nowicki and Searcy (2005a) have summarized three

main kinds of song features that may be subject to inter-

and intra-sexual selection: song output (e.g., singing rate,

song length), song complexity (e.g., song or syllable rep-

ertoire size), and geographic origin (e.g., local dialect). If

these song features have evolved as indicator signals, an

important question is how the honesty of the signal can be
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maintained. One widespread way that sexually selected

signals can evolve to be, more or less, honest indicators of

signaler quality is if they impose conditional handicaps

(Zahavi 1975; Grafen 1990; Andersson 1994; Searcy and

Nowicki 2005). In the case of song output, it seems a safe

assumption that singing for 2 h per day would be more

costly than singing 1 h per day due to increased energy

expended, time spent, and increased conspicuousness to

potential predators. In the case of responding differentially

to songs of greater or lesser complexity, or to songs from

different geographic regions, the costs that could maintain

signal honesty are less clear.

The developmental stress hypothesis

Nowicki et al. (1998) proposed an innovative hypothesis to

explain how features such as song dialects and song

complexity could be maintained as honest signals. Their

nutritional stress hypothesis posited that the costs associ-

ated with these song features are incurred early in life. Both

song complexity and song dialects are a product of song

learning, typically early in life. Catchpole (1996) pointed

out that the costs of birdsong may involve the costs of

having the brain regions that produce it. The brain regions

critical for song learning develop early in life at a time

when young birds typically face limited nutritional

resources and other stressors (e.g., Sullivan 1989). These

stressors could impair brain development, as well as song

learning and development, and have a long-term effect on

adult song. Thus, adult song has the potential to honestly

reflect a singer’s developmental conditions and quality.

Because environmental stressors other than limited nutri-

tion have the potential to impair brain development and

song learning, the hypothesis has been more recently

renamed the developmental stress hypothesis (Nowicki

et al. 2002; Buchanan et al. 2003).

Support for the above hypothesis has rapidly accrued

over the last decade. A variety of stressors experienced

early in life—including food restriction, sibling compe-

tition, and disease—have been shown to affect both the

development of song-control brain regions and adult song

in a variety of songbird species (Table 1). Both experi-

mental data and observed correlations indicate that the

developmental stress hypothesis is a plausible process by

which learned features of song could evolve as honest

signals, but many questions remain. In this review, we

first provide a survey of the experimental and observa-

tional tests of the developmental stress hypothesis. We

then discuss several outstanding issues with the hypoth-

esis, including considering the effects of developmental

stress on both males and females, distinguishing between

good developmental conditions versus good genes

versions of the hypothesis, and considering physiological

mechanisms.

Evidence for the hypothesis

Substantial evidence has been gathered in support of the

developmental stress hypothesis, including observational

studies in the field and experimental studies in the labo-

ratory. In the field, features of song have been correlated to

other indicators of developmental quality. In experimental

studies, a variety of stressors during development have

been demonstrated to impair the development of song-

control brain regions as well as song learning and adult

song (reviewed in Spencer and MacDougall-Shackleton

2011).

Observational studies

Several studies have found correlations between song

characteristics and male quality. For example, in great tits

(Parus major) song repertoire size is related to adult sur-

vivorship, and production of more and larger young

(McGregor et al. 1981). In an island population of Western

Song Sparrows (Melospiza melodia morphna), song rep-

ertoire size has been observed to correlate with longevity,

territory tenure, initial mating success, immune function,

and number of offspring and grand-offspring produced and

recruited into the population (Hiebert et al. 1989; Reid

et al. 2004, 2005a, b). Similarly, Eastern Song Sparrow

(M. m. melodia) males with larger repertoires tend to be in

better physiological condition (Pfaff et al. 2007). In Great

Reed Warblers (Acrocephalus arundinaceus), the extra-

pair offspring of males with larger repertoires have higher

post-fledging survival (Hasselquist et al. 1996).

There is also evidence that song features related to

geographical location may be correlated to male quality.

For example, males that sing local dialects suffer lower

parasite loads in Mountain White-crowned Sparrows

(Zonotrichia leucophrys oriantha; MacDougall-Shackleton

et al. 2002). Similarly, Eastern Song Sparrows that sing a

greater number of local song elements had fewer parasites

and were in better condition than males that sing fewer

local song elements (Stewart and MacDougall-Shackleton

2008). Thus, in many species of songbirds, males with

larger repertoires or geographically local songs appear to

have higher quality in a variety of ways, consistent with the

idea that song is an indicator signal.

It is clear that, in many species of birds, features of song

such as song complexity or song dialect correlate to aspects

of male quality predictive of fitness. However, if we are to

relate these findings to the developmental stress hypothesis,

we need to determine if these indicators of male quality
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and song are correlated due to the conditions experienced

during development. Some data indicate that this is the

case. In Great Reed Warblers, the quality of feather growth

during early development correlated with male repertoire

size in adulthood (Nowicki et al. 2000). This is consistent

with the hypothesis that both feather growth and repertoire

were affected by developmental conditions. In Blue Tits

(Parus caeruleus), tarsus length is affected by develop-

mental conditions. In at least some populations of Blue

Tits, tarsus length correlated with repertoire size during the

dawn chorus (Doutrelant et al. 2000). Once again these

data provide evidence in favour of the hypothesis that early

developmental conditions have persistent effects on song

and other traits such as tarsus length. Soma et al. (2006)

similarly observed effects of early conditions on adult song

in Bengalese Finches (Lonchura striata). Males from larger

broods were smaller in size, and both brood size and brood

sex ratio were related to male song complexity. Song

complexity was lower with increasing male-biased brood

sex ratio, and this effect was greater in larger broods (Soma

et al. 2006). The endocrine response to stress in adult

vertebrates is influenced by developmental conditions,

including in birds (Pravosudov and Kitaysky 2006; Spencer

et al. 2009) and this stress response has been correlated to

song complexity in Song Sparrows (MacDougall-Shackl-

eton et al. 2009). Gorissen et al. (2005) have used a natural

experiment to test how environmental stressors affect

birdsong. Great Tits (Parus major) living at a site heavily

polluted with lead had less complex songs than those from

less polluted sites nearby, with 30% fewer song types in

their repertoires. The above studies thus provide correla-

tional evidence that early developmental conditions can

influence a variety of phenotypic characters, including

song.

Experimental studies

The developmental stress hypothesis proposes that stress

during development imposes trade-offs that result in less

investment in the neural regions controlling song learning

and production, and thus impair song learning and adult

song. Several experimental studies have tested this idea by

manipulating developmental conditions and then measur-

ing song and/or the song-control brain regions (Table 1).

Experimental manipulations have included food restriction,

food predictability, increased brood size, parasite infection,

and direct treatment with glucocorticoid hormones.

Experimental studies measuring song and song learning

Song learning in songbirds has been extensively studied

(Kroodsma 1978; Catchpole and Slater 2008). Experi-

mental studies have demonstrated a variety of effects on

adult song. One of the first experimental tests of the

developmental stress hypothesis directly measured the song

learning process. Food restriction during the nestling and

fledgling stages in Swamp Sparrows (Melospiza georgi-

ana) resulted in birds beginning to produce subsong earlier,

and thus extended the duration of the sensorimotor phase of

song learning (Nowicki et al. 2002). In addition, the food

restricted sparrows’ crystallized songs were less accurate

copies of the tutor songs than birds those of birds fed

ad libitum (Nowicki et al. 2002). Thus, in Swamp Spar-

rows, nutritional stress in development results in changes in

the song learning process—potentially a shortened sensory

phase and extended sensorimotor phase. The consequence

of this alteration in song learning is less accurate vocal

imitation.

Most other experimental tests of the developmental

stress hypothesis have measured adult song, following

some sort of stressor experienced during the nestling,

fledgling and/or post-fledgling phases (Table 1). For

example, in several studies nestling Zebra Finches exposed

to either elevated glucocorticoid hormone levels (cortico-

sterone), food restriction or enlarged brood sizes during

early postnatal development showed significantly altered

song in adulthood (de Kogel and Prijs 1996; Spencer et al.

2003; Holveck et al. 2008; Brumm et al. 2009; but see Gil

et al. 2006; Tschirren et al. 2009). The particular effects on

song and song learning (if any) have been variable

(Table 1), likely due to varied manipulations used in dif-

ferent laboratories (see below). Mate choice studies have

also shown that females preferred songs from control males

over developmentally stressed ones (Spencer et al. 2005a).

In another study, Zebra Finches reared under food restric-

tion exhibited some degree of reduced copying accuracy

and sang adult songs with lower frequencies, and tended to

sing syllables at a slower rate than those from unrestricted

developmental conditions (Zann and Cash 2008). Open-

ended song learners also appear to be sensitive to detri-

mental developmental conditions. European Starlings

(Sturnus vulgaris) exhibit reduced song bout lengths and

repertoires when exposed to unpredictable food availability

during the post-fledging period (Buchanan et al. 2003;

Spencer et al. 2004).

Experimental studies measuring the song

control brain regions

In songbirds, a specialized network of brain regions

referred to as the song-control system mediate song

learning and song production (Nottebohm 2005). This

song-control system is a relatively late-developing neural

system, with much development occurring during the

period of song learning (reviewed in Nowicki et al. 1998,

2002). It is thus plausible that stressors experienced early in

S108 J Ornithol (2012) 153 (Suppl 1):S105–S117

123



development could impair the development of this system,

and thus impair song learning. Food restriction during

nestling and early fledgling stages resulted in reduced

volume of the song-control nucleus HVC at 3 weeks of age

in Song Sparrows (MacDonald et al. 2006). At this age,

Song Sparrows are just beginning the sensory phase of

song learning (Marler and Peters 1987) and, based on

studies of the congeneric Swamp Sparrow, HVC is rapidly

growing (Nordeen et al. 1989). It has yet to be determined

if early food restriction leads to long-term changes adult

HVC size and song in song sparrows. However, in several

other songbird species, exactly that has been found.

In many songbirds, stress during development has been

shown to result in smaller song control regions in adults

(Table 1). In Swamp Sparrows, food restriction during the

nestling and fledgling stage resulted in smaller HVC and

RA (robust nucleus of the arcopallium) size in adults

(Nowicki et al. 2002). In addition, food-restricted birds had

a smaller overall brain size. Only RA remained signifi-

cantly smaller in food-restricted birds when the effects of

overall telencephalon size were controlled. In contrast,

other studies have found that HVC is specifically impacted

by developmental stress. In Zebra Finches, food restriction

or corticosterone treatment specifically affected adult HVC

size, but neither overall brain size nor the size of some

other song-control regions (Buchanan et al. 2004). In

juvenile Song Sparrows, food restriction also specifically

affected HVC size, even when controlling for effects on

overall telencephalon size (MacDonald et al. 2006). In

Domestic Canaries (Serinus canaria), infection with avian

malaria (Plasmodium spp.) during development resulted in

smaller adult HVC size; RA size and brain mass were

unaffected (Spencer et al. 2005b). Although further work is

clearly warranted, it appears that HVC is particularly sus-

ceptible to developmental stressors. Given that HVC is

critical for both song learning and production, and is at the

top of the hierarchical organization of motor control during

singing, it is notable that it is this brain region that appears

most sensitive to early environmental conditions.

Weighing the evidence

Not all experimental manipulations have supported the

developmental stress hypothesis. For example, Gil et al.

(2006) manipulated brood size in Zebra Finches as a test of

the developmental stress hypothesis. Although the manip-

ulations did have effects on physiological condition, there

were no effects on brain mass, the size of song control

regions, or on song learning, adult song features or

attractiveness to females (Naguib et al. 2006, 2008). There

are several potential reasons for these null results. First,

manipulations of brood size are an indirect developmental

stressor, and the level of stress experienced by a chick in an

enlarged nest will be affected by a variety of housing

conditions. Interestingly, brood size effects have impaired

song learning in other studies of Zebra Finches and Ben-

galese Finches (Soma et al. 2006; Holveck et al. 2008).

Moreover, exactly opposite effects on singing rate have

been observed following brood size manipulations (de

Kogel and Prijs 1996; Tschirren et al. 2009). Thus, it

appears that brood size manipulations in particular have

produced a range of results, some of which support the

developmental stress hypothesis, and some that do not. As

noted above, the extent to which a stressor will have an

impact on neural development and song learning will

depend both on the magnitude of the stressor and on the

timing of it relative to the schedule of song learning.

Although brood size manipulations have high external

validity, mimicking processes that would occur in free-

living birds, these manipulations have lower internal

validity than food restriction or hormone treatment because

the amount of the stressors applied is less controlled. How

parents respond to brood size manipulations likely depend

on other aspects of husbandry that may vary from labora-

tory to laboratory, and it is thus difficult to make controlled

comparisons across studies, or indeed to determine the

extent to which an enlarged brood creates a developmental

stressor.

In a study of non-domesticated Zebra Finches, Zann and

Cash (2008) found some reduced song imitation in some

food-restricted birds but not others, differing from earlier

work (Spencer et al. 2003). Once again, the impact of a

developmental stressor may affect song learning differen-

tially depending on the relative timing of the stress. This is

important to note in comparing studies across species.

Future work would be required to determine if and how

these two strains differ in the timing of phases of song

learning, or the timing of development of the stress

response itself.

It is important to note that not all seemingly adverse

early experiences may act as developmental stressors and

disrupt song development. For example, Starlings exposed

to a cocktail of endocrine disruptors mimicking those

found in a sewage lagoon had impaired immune function,

but larger HVC, longer song bouts, and a larger repertoire

size (Markman et al. 2008). In this case, the estrogenic

contaminants were unlikely to act as a stressor per se, but

clearly had impact on the development of the brain and

immune system.

On the whole, most published studies that have tested

whether a developmental stressor can affect song and/or

the development of the song control system have found

results supporting the developmental stress hypothesis,

particularly when the developmental stressors are con-

trolled directly by the researchers (food restriction,
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hormone treatment) rather than indirectly via brood size

manipulation (Table 1). The variation among studies is

likely a result of differences in the timing of song learning

and the application of different stressor types that can

affect more than one physiological system. An important

future direction will be to apply stressors at different time

points in the same species in order to determine how the

timing of stress affects adult song. That said, it is clear

from the experimental data that developmental stressors

can impair neural development and song learning. In

addition, correlations between song and indicators of

developmental stress (reviewed above) suggest that this

process does occur in the wild, at least in some species of

songbirds.

Outstanding issues

There is a growing body of evidence in support of the

developmental stress hypothesis and its importance in our

understanding of the general principles of evolutionary

processes. That said, there are a number of issues that

remain unanswered and, in some cases, unasked. Below,

we review several of these issues and indicate directions

for future research.

Effects on females

Nowicki et al. (1998) noted that their hypothesis had the

potential to apply to females as well as to males, but few

data have been collected in this regard. Presumably

females experience the same environmental stressors as

males during development. Indeed in some cases they may

experience more stress if they are less able to compete for

limited resources than their brothers (Zanette et al. 2005;

Rowland et al. 2007). In species where females sing, the

developmental stress hypothesis provides a mechanism by

which song can be an indicator signal for females as well as

males. Less clear is what effect stressors during develop-

ment have on female song perception and preferences? In

at least some species, song preferences have clearly been

shown to be learned via experience (Clayton 1990; Her-

nandez et al. 2009). Thus, early stressors could have an

impact on female preferences as well as female song.

The neural systems underlying song perception and song

preferences are less well understood than those underlying

learning and production. A few studies suggest that lesions

to song control brain regions disrupt normal song percep-

tion in some species (Brenowitz 1991; Del Negro et al.

1998; Burt et al. 2000) but not others (MacDougall-

Shackleton et al. 1998). A large number of studies have

indicated that the caudomedial mesopallium (CMM) and

caudomedial nidopallium (NCM) are specialized for

auditory processing and memorization of song (Bolhuis

and Gahr 2006). Because CMM and NCM do not have

distinct cytoarchitecture like the song control regions it is

more difficult to quantify their size. As yet, no studies have

examined changes in CMM or NCM structure or func-

tioning as a result of developmental stress. One study of

Song Sparrows found that HVC growth was impaired fol-

lowing food restriction in females (MacDonald et al. 2006).

Although the timing of development of CMM and NCM

relative to the song control regions is unknown, it is

plausible that developmental stressors could impact both

systems.

Few studies have examined the effects of stress during

development on females’ behavioral responses to song.

Riebel et al. (2009) found that development in an enlarged

brood did not affect song preferences of female Zebra

Finches for their tutor’s song. However, when choosing

among unfamiliar songs, females from small broods had

stronger preferences than other females. Holveck and

Riebel (2010) found that females from enlarged broods

preferred the songs of males from large broods over those

of males from small broods. This intriguing result suggests

that rather than impairing a female’s ability to discrimi-

nate among songs, early stress may shift a female’s pref-

erences to males who have experience similar stressful

conditions (see ‘‘Making the Best of a Bad Situation?’’

below). In another study of Zebra Finches, females were

raised under control or nutritionally restricted conditions.

Food restriction impaired growth, and led females to be

less active during mate choice trials (Woodgate et al.

2010). However, there was no effect on which males were

preferred. In addition, there was no effect on preferences

for more complex songs as compared to less complex

songs (Woodgate et al. 2011). There is thus no current

evidence that early developmental stress alters female

perception of songs, and only limited evidence that song

preferences are affected. Clearly more research in this area

is required.

Good genes, or good upbringing?

Individual differences in a trait such as birdsong could arise

due to differences in environmental conditions experienced

during development, or due to differences in individual

ability to cope with those conditions, or an interaction of

both. That adult song likely reflects both genotypic varia-

tion as well as developmental experience was articulated in

the initial proposal of the developmental stress hypothesis

(Nowicki et al. 1998, 2002). In the experimental studies

reviewed above (Table 1), individuals are typically ran-

domly assigned to treatment groups. Thus, between-group

differences reflect differences in experience. It remains

unclear what proportion of individual variation in song in
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the wild results from developmental experience versus

individual differences in developmental stability. There are

different experimental approaches that could be used to

address this issue, such as a behavioral genetics approach

to partition variation into genetic and environmental

components or testing whether offspring of known indi-

viduals are better or less able to cope with standardized

developmental stressors. To date, however, no such studies

have been published.

One may ask if it matters whether adult song reflects

good genes or good developmental conditions. In one

sense, as long as acoustic traits reflect either good genes,

or direct benefits that result from a benign development,

then song could act as an indicator signal. There are

several reasons, however, that it might be important to

distinguish these processes. First, the extent to which song

reflects genes versus experience would influence extra-

pair mating strategies. To the extent that song features

reflect only a benign early ontogeny, those features should

be discounted by females selecting extra-pair mates

compared to within-pair mates (since extra-pair mates

typically provide no direct benefits). In Great Reed

Warblers, females select as extra-pair mates males who

have song repertoires larger than their own mate, and the

resultant offspring are more likely to survive (Hasselquist

et al. 1996). In this species, then, it would appear that

song repertoires should reflect individual variation in the

ability to cope with developmental stressors to a greater

extent than variation in rearing conditions. This has yet to

be experimentally determined.

A second reason that it is important to distinguish

between good genes versus good upbringing versions of the

developmental stress hypothesis is that the predictive value

of the signal in relation to the spatial and temporal stability

of the environment differs for the two hypotheses. In

environments with a high degree of variation in quality

from territory to territory, or from year to year, the

developmental stress hypothesis would predict greater

individual variation in song. In stable environments, song

variation should be lower, but what variation there is

should more accurately predict genetic variation and indi-

rect benefits to a female. In variable environments, song

variation should less accurately predict genetic variation,

and song preferences should switch to features that are

more predictive of direct benefits. This idea has yet to be

tested.

Another reason that it is important to distinguish

between good genes and good upbringing versions of the

developmental stress hypothesis is that this allows an

evaluation of the relative importance of direct and indirect

benefits in mate choice. Many studies, including those

reviewed above, assess only direct or indirect benefits. It is

likely that many, if not most, mate choice decisions are

influenced by both. If we are to understand the relative

importance of direct and indirect benefits in mate choice,

and hence the process that underlies the evolution of

complex sexual signals, then we need to take an integrative

approach and evaluate both genetic and direct benefits. The

developmental stress hypothesis provides a framework to

do this.

Mechanisms: stress response or differential investment

One major outstanding issue for the developmental stress

hypothesis is that of mechanism. The physiological and

cellular processes by which food restriction or other

stressors impair development of HVC are currently

unknown, and there are many possibilities. More broadly,

however, it is unknown if the reduced HVC size is a result

of differential resource allocation or is a consequence of an

adrenal stress response.

Stress response or differential resource allocation?

One view of the developmental stress hypothesis is that

there are adaptive priorities set during development

(Nowicki and Searcy 2005a, b). In the face of limited

resources, priorities should be set that allow growth and

survival over investment in ornamental traits. Thus,

resources should be allocated to brain regions critical for

survival before being invested in regions for song learning.

Such adaptive priorities in neural development could

explain the observed effects of developmental stress on

HVC size and subsequent song learning.

An alternative model, however, is that the reduction in

HVC size following a stressor is a pleiotropic effect of the

stress response. (Here, we refer to pleiotropic effects of

hormones as analogous to pleiotropic effects of genes.) The

stress response is a conserved neuroendocrine reaction to

stressors that move animals into an emergency life history

stage (Wingfield 2005; Wingfield et al. 1998). Within

minutes of experiencing real or perceived stress, the hy-

pothalamo–pituitary–adrenal (HPA) axis is upregulated,

resulting in secretion of glucocorticoids such as cortisol or

corticosterone from the adrenal cortex. Glucocorticoids

result in mobilizing energy from storage to circulation and

inhibition of processes such as growth and reproduction

in the longer term. The stress response is an adaptive

response, allowing organisms to cope with immediate

threats. Prolonged elevated glucocorticoids, however,

have many deleterious effects, mainly due to an increase in

allostatic load, including fatigue, neuronal cell atrophy, and

immunosupression (de Kloet 2000; Sapolsky 2000a;

Wingfield 2005).

When stressors such as food restriction lead to impaired

HVC development, is this a result of adaptive differential
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investment of energy and resources, or a pleiotropic effect

of the stress response? Some experimental data support a

role for glucocorticoids. First, activation of the HPA axis is

the final common pathway in the stress response to a wide

range of physical and psychological stressors. Thus, the

variety of stressors shown to affect HVC size and song

learning could all potentially be mediated by glucocorti-

coids. Second, in Zebra Finches, direct treatment with

corticosterone produced effects on HVC size and song that

directly paralleled the effects of food restriction (Spencer

et al. 2003, 2005b; Buchanan et al. 2004). It is plausible

that stressors such as food restriction affect glucocorticoid

levels in nestling and fledgling songbirds (Pravosudov and

Kitaysky 2006). The stress response appears to develop

prior to song learning and the development of the song-

control system, and several studies have shown that nest-

ling birds can respond to external stressors (Blas et al.

2005; Sockman and Schwabl 2001; Kitaysky et al. 1999;

Sims and Holberton 2000; Williams et al. 2008; Wada et al.

2007). Thus, it appears likely that many of the experi-

mental stressors tested, such as food restriction, have their

effects mediated through glucocorticoids.

If the experimental stressors that impair HVC devel-

opment and song learning can be demonstrated to have

their effects via the HPA axis, does this eliminate the

adaptive priority hypothesis? Not necessarily. One of the

important functions of hormones such as the glucocorti-

coids is to mediate transitions between physiological

states, for example between a growth or maintenance state

and an emergency state (Wingfield et al. 1998). Elevated

corticosterone could thus act as the mechanism that

implements adaptive priorities in development, shifting

resources from long-term investment in neural develop-

ment to short-term survival. This is a refinement of the

idea that adaptive priorities in brain development result

from differential investment in different systems (Now-

icki and Searcy 2005b). Here, corticosterone could

mediate trade-offs between physiological states, between

development of the song control system and somatic

growth, and short-term survival. On the other hand,

impaired HVC growth due to elevated glucocorticoids

could be a non-adaptive developmental constraint. Much

further data are required to determine whether adaptive

priorities in brain development are dependent on, or

independent of, glucocorticoids. Testing this idea requires

a far better understanding of the physiological and cellular

mechanisms that mediate the effects of development

stress in songbirds.

Potential physiological and cellular mechanisms

To date, we know very little about the mechanisms that

result in reduced HVC size as a result of food restriction

or other stressors. The fact that a variety of stressors, and

corticosterone itself, can affect HVC size implicates

glucocorticoids as part of the process. However, current

data cannot eliminate the possibility that differential

resource allocation results in impaired HVC growth, even

in the absence of HPA activation. For example, cell

division requires energy, and it is possible that mitotic

activity in general is reduced when energy is limited. It is

possible that the timing of such down-regulated mitosis

could lead to fewer cells in HVC if the energy limitations

occurred at a time that HVC was developing but other

systems had more or less fully developed. Such a mech-

anism is possible, but we find it unlikely. Food restrictions

that reduce song learning and HVC size have multiple

effects, often including reduced growth rate. These food

restrictions may occur throughout an extended period of

growth and development. Yet, HVC can be specifically

reduced in size, with no differences in overall brain size,

or in other song control regions (Buchanan et al. 2004;

MacDonald et al. 2006; Spencer et al. 2005b). It thus

seems unlikely that smaller HVC results from a general

reduction in mitotic activity. The mechanism requires

some way that HVC is affected more by a stressor than

other brain regions. The glucocorticoid stress response is

a likely candidate.

Growth and plasticity in the brain involves several

processes including neurogenesis (birth and migration of

new neurons to specific brain regions) and apoptosis

(programmed cell death). Steroid hormones can affect

these processes, and brain regions rich in steroid receptors

can thus respond to endocrine signals differentially

compared with other brain regions. In mammals and birds,

the hippocampus contains glucocorticoid and mineralo-

corticoid receptors and has been shown to be particularly

sensitive to prolonged stress, as it represents one of the

main sites for glucocorticoid negative feedback mecha-

nisms (Sapolsky 2000a, b). It is possible that HVC is

similarly sensitive to glucocorticoids. A prolonged stress

response during development could thus result in

decreased neurogenesis, increased apoptosis, or both in

HVC. This mechanism is entirely plausible; however,

there are few data to address it. Recent work suggests that

the song-control system does express receptors for corti-

costerone (Suzuki et al. 2011). However, it remains

unknown whether impaired HVC size due to develop-

mental stressors results from fewer cells being recruited to

HVC, increased apoptosis, or neither of theses mecha-

nisms. Clearly, much further work is required to address

these hypotheses. That said, based on a large literature on

the effects of hippocampal development in mammals

(McEwen 1999; Sapolsky 2000a, b), it seems likely to us

that glucocorticoids play a central role in the develop-

mental stress hypothesis.
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Making the best of a bad situation?

The developmental stress hypothesis was proposed to

explain how learned features of song could be honest

indicators of male quality. According to the hypothesis,

low quality males or males in a poor environment can-

not afford the costs of developing the song-control

regions of the brain, and prioritize growth and survival

over the development of a sexual signal (song). In this

view, males with poor songs are making the best of a

bad situation. Their song quality is the best they can

afford. Whether through adaptive resource allocation

and/or pleiotropic effects of corticosterone, HVC size

and song are sacrificed for survival. Presumably, it is

better to be alive with low quality song, than to not be

alive at all.

An alternative view of the development effects of

corticosterone is that there may be an adaptive value to

stress-induced phenotypes (Monaghan 2008). Love and

Williams (2008) found that female Starlings in poor

condition might benefit by depositing corticosterone in

the yolks of their eggs, thus matching offspring demand

with the mother’s ability to provide. This raises the

possibility that birds experiencing stress during develop-

ment are not reducing HVC to make the best of a bad

situation, but are adaptively altering their phenotype to be

suitable in a stressful environment. Birds developing in

stressful conditions may develop on a ‘‘live fast, die

young’’ trajectory, with smaller body size and/or higher

metabolic rates (Metcalfe and Monaghan 2001), and

reduced song learning could be part of this phenotype.

There are few data to address this. As reviewed above,

Holveck and Riebel (2010) found that female Zebra

Finches from large broods preferred song from males also

from large broods. Perhaps in stressful environments

females should select males who are well suited to

stressful conditions.

Although the idea that songs could indicate males as

being well suited to a stressful environment is intrigu-

ing, it does not have much support. First it is unclear

that conditions early in life would be predictive of

conditions for years to come in a songbird. The adaptive

matching observed by Love and Williams (2008) was on

a much shorter time scale. Second, apart from the study

by Holveck and Riebel (2010), female preferences for

songs of males in poorer condition have not been

observed. That said, detecting condition- and context-

dependent mate choice such as this in the wild would be

difficult and may have been unobserved. Distinguishing

between the hypotheses that males with a stressful

development are making the best of the situation or are

adaptively programming their phenotype requires fur-

ther study.

Seasonal stress and open-ended song learning

Nowicki et al. (1998) noted that not all birds are closed-

ended learners who would thus have a life-long signal of

early developmental conditions. Although only conclu-

sively demonstrated for Starlings (Chaiken et al. 1994),

several species such as Canaries and other cardueline fin-

ches appear to be able to add new songs to their repertoire

each year and are referred to as open-ended learners (e.g.,

Nottebohm et al. 1986). We still know very little about the

song learning strategies of many species, however, as

experimental work has focused on a few models (Spencer

et al. 2007). How would the developmental stress

hypothesis apply to open-ended learning species? One

possibility is that song may provide a signal of more recent

environmental stressors in such species (Nowicki et al.

1998). That is, song may indicate conditions or a male’s

ability to cope with them during the most recent period of

song learning (such as the fall). Alternatively, it is possible

that, even in open-ended song learners, conditions during

the first months of life have a lasting impact on song. Males

may be able to modify their songs through learning in

adulthood, but those with poor developmental conditions

may be on a lower trajectory than those with good devel-

opmental conditions. Thus, the residual song repertoire for

a given male’s age may indicate early development rather

than absolute repertoire size. There are no data available to

address this hypothesis.

In terms of somatic growth, it appears that many

organisms can accelerate growth to make up for slower

earlier development. This form of catch-up growth can

have long-term costs, such as higher basal metabolic rate

(Criscuolo et al. 2008). This principle may also apply to

song learning in open-ended song learners. That is, males

with impaired learning in their first year may be able to

catch up by accelerating song learning in adulthood.

However, there may be potential costs to this accelerated

song development in terms of song quality. Again, there

are no data available to address the hypothesis that com-

pensatory nuclei growth can have long-term deleterious

effects on subsequent song and neural development.

A feature of the song-control system that appears

widespread, if not ubiquitous, is seasonal plasticity

(Tramontin and Brenowitz 2000). The song-control regions

undergo tremendous seasonal changes in size, with the

largest size observed in the breeding season. These changes

in region size derive from changes in neurogenesis, apop-

tosis, cell size, and cell spacing. Even in closed-ended

learners, HVC undergoes tremendous annual variation in

neuron number with thousands of neurons dying and being

replaced each year. In these closed-ended learners, the

annual change in HVC is not associated with annual

learning of new songs but rather with the ability to produce
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songs well in a highly stereotyped way (Smith et al. 1995,

1997). Thus, just as stressors in adulthood could affect song

quality in an open-ended learner, stressors could have the

potential to affect seasonal plasticity of HVC and therefore

song production. Consistent with this, prolonged exposure

to corticosterone reduces HVC size in adult Song Sparrows

(Newman et al. 2010). However, the effects of prolonged

adult stress on song stereotypy remain unknown.

Open-ended song learners and seasonal plasticity of the

song system and song open the possibility that the devel-

opmental stress hypothesis can be broadened. Song could

signal not only conditions and neural development in early

life but more recent conditions in adulthood. It is possible

that different aspects of song, such as song repertoire

or dialect versus song stereotypy, could signal a male’s

experience with stress in early development versus

adulthood.

Developmentally correlated traits

Prolonged stress during development can affect a host of

physiological and behavioral systems resulting in outcomes

such as decreased growth, impaired immune function,

sexual dysfunction, and propensity to mental disorders

(Kent et al. 1997; Ward et al. 1994; Dubovicky et al. 1999;

Weinstock 2008). Indeed, it is rare to find a system that is

not affected by exposure to stress during development.

Given that the effects of developmental stress are so

widespread, it is probable that a stressor at any given stage

during development will affect several aspects of the adult

phenotype. This will give rise to correlations in adulthood

among traits that may be functionally independent of each

other. We refer to these as developmentally correlated

traits (Spencer and MacDougall-Shackleton 2011). Two

traits that are independent in the adult animal may be

correlated due only to the fact that the same environmental

stressors affected them both at the same time. For example,

there may be no causal link between skeletal asymmetry

and immune function, but if both had similar critical

periods of development, then differential developmental

conditions could give rise to correlated traits in the adult

population. Thus, developmentally correlated traits would

allow any sexually selected signals that are indicators of

development to be predictive of other aspects of the

phenotype.

There are few data to document the existence of traits

that are developmentally correlated with birdsong. As

noted above, one study found correlations between song

complexity and HPA function in Song Sparrows (Mac-

Dougall-Shackleton et al. 2009). In addition, performance

on a foraging task was found to be correlated to song in

Zebra Finches (Boogert et al. 2008). Both HPA function

and spatial cognition are known to be affected by

developmental stress (e.g., Pravosudov et al. 2005; Prav-

osudov and Kitaysky 2006). It is thus plausible that bird-

song may be developmentally correlated to a variety of

previously unsuspected traits.

Conclusions

In this review, we have traced the evolution of the

developmental stress hypothesis, and evaluated the evi-

dence in its favor. We have also highlighted several

important directions for future research. Further work is

required to understand the effects of developmental stress

on females, and the effects of seasonally varying stress on

open- and closed-ended song learners. Whether stress acts

to constrain the development of song, or acts to pheno-

typically engineer song to match a stressful environment,

remains untested. Future studies need to distinguish

between good genes and good upbringing versions of the

developmental stress hypothesis. Finally, our under-

standing of the physiological mechanisms related to this

hypothesis requires a tremendous amount of further work.

Corticosterone is likely a clear player, but much remains

to be done.

One of Niko Tinbergen’s greatest legacies was pointing

out a central role for the development for our understand-

ing of behavior (Tinbergen 1963). The developmental

stress hypothesis follows this by highlighting the impor-

tance of ontogeny, and provides the best hypothesis to date

as to how song learning can result in an honest signal of

quality.

Acknowledgments Our research programs have been supported by

NSERC Canada (S.A.M.-S.) and BBSRC David Phillips Research

Fellowship (K.A.S.).

References

Andersson M (1994) Sexual selection. Princeton University Press,

Princeton

Blas J, Baos R, Bortolotti GR, Marchant T, Hiraldo F (2005) A multi-

tier approach to identifying environmental stress in altricial

nestling birds. Funct Ecol 19:315–322

Bolhuis JJ, Gahr M (2006) Neural mechanisms of birdsong memory.

Nat Rev Neurosci 7:347–357. doi:10.1038/nrn1904

Boogert NJ, Giraldeau L-A, Lefebvre L (2008) Song complexity

correlates with learning ability in zebra finch males. Anim Behav

76:1735–1741. doi:10.1016/j.anbehav.2008.08.009

Brenowitz EA (1991) Altered perception of species-specific song by

female birds after lesions of a forebrain nucleus. Science

251:303–305

Brumm H, Zollinger SA, Slater PJB (2009) Developmental stress

affects song learning, but not song complexity and vocal

amplitude in zebra finches. Behav Ecol Sociobiol 63:1387–1395

Buchanan KL, Spencer KA, Goldsmith AR, Catchpole CK (2003)

Song as an honest signal of past developmental stress in the

S114 J Ornithol (2012) 153 (Suppl 1):S105–S117

123

http://dx.doi.org/10.1038/nrn1904
http://dx.doi.org/10.1016/j.anbehav.2008.08.009


European starling (Sturnus vulgaris). Proc R Soc Lond B

270:1149–1156

Buchanan KL, Leitner S, Spencer KA, Goldsmith AR, Catchpole CK

(2004) Developmental stress selectively affects the song control

nucleus HVC in the zebra finch. Proc R Soc Lond B 271:2381–

2386

Burt JM, Lent KL, Beecher MD, Brenowitz EA (2000) Lesions of the

anterior forebrain song control pathway in female canaries affect

song perception in an operant task. J Neurobiol 42:1–13

Catchpole CK (1996) Song and female choice: good genes and big

brains? Trends Ecol Evol 11:358–360

Catchpole CK, Slater PJB (2008) Bird song: biological themes and

variations, 2nd edn. Cambridge University Press, Cambridge

Chaiken M, Bohner J, Marler P (1994) Repertoire turnover and the

timing of song acquisition in European starlings. Behaviour

128:25–39

Clayton NS (1990) Subspecies recognition and song learning in zebra

finches. Anim Behav 40:1009–1017

Criscuolo F, Monaghan P, Nasir L, Metcalfe NB (2008) Early

nutrition and phenotypic development: ‘catch-up’ growth leads

to elevated metabolic rate in adulthood. Proc R Soc Lond B

275:1565–1570

de Kloet ER (2000) Stress in the brain. Eur J Pharmacol 405:187–198

de Kogel CH, Prijs HJ (1996) Effects of brood size manipulations on

sexual attractiveness of offspring in the zebra finch. Anim Behav

51:699–708

Del Negro C, Gahr M, Leboucher G, Kreutzer M (1998) The

selectivity of sexual responses to song displays: effects of partial

chemical lesion of the HVC in female canaries. Behav Brain Res

96:151–159

Doutrelant C, Blondel J, Perret P, Lambrechts MM (2000) Blue tit

song repertoire size, male quality and interspecific competition.

J Avian Biol 31:360–366

Dreiss A, Richard M, Moyen F, White J, Møller AP, Danchin E

(2006) Sex ratio and male sexual characters in a population of

blue tits, Parus caeruleus. Behav Ecol 17:13–1

Dubovicky M, Skultetyova S, Jezova D (1999) Neonatal stress alters

habituation of exploratory behavior in adult male but not female

rats. Pharmacol Biochem Behav 64:681–686

Gil D, Naguib M, Riebel K, Rutstein A, Gahr M (2006) Early

condition, song learning, and the volume of song brain nuclei in

the zebra finch (Taeniopygia guttata). J Neurobiol 66:1602–1612

Gorissen L, Snoeijs T, Van Duyse E, Eens M (2005) Heavy metal

pollution affects dawn singing behaviour in a small passerine

bird. Oecologia 145:504–509

Grafen A (1990) Biological signals as handicaps. J Theor Biol

144:517–546

Hasselquist D, Bensch S, vonSchantz T (1996) Correlation between

male song repertoire, extra-pair paternity and offspring survival

in the great reed warbler. Nature 381:229–232

Hernandez AM, Pfaff JA, MacDougall-Shackleton EA, MacDougall-

shackleton SA (2009) The development of geographic song

preferences in female song sparrows Melospiza melodia. Ethol-

ogy 115:513–521

Hiebert SM, Stoddard PK, Arcese P (1989) Repertoire size, territory

acquisition and reproductive success in the song sparrow. Anim

Behav 37:266–273

Holveck MJ, Riebel K (2010) Low-quality females prefer low-quality

males when choosing a mate. Proc R Soc Lond B 277:153–160.

doi:10.1098/rspb.2009.1222

Holveck MJ, Vieira de Castro AC, Lachlan RF, ten Cate C, Riebel K

(2008) Accuracy of song syntax learning and singing consistency

signal early condition in zebra finches. Behav Ecol 19:1267–1281

Kent S, Tom C, Levine S (1997) Effect of interleukin-1beta on

pituitary-adrenal responses and body weight in neonatal rats:

Interaction with maternal deprivation. Stress 1:213–230

Kitaysky AS, Piatt JF, Wingfield JC, Romano M (1999) The

adrenocortical stress-response of black-legged kittiwake chicks

in relation to dietary restrictions. J Comp Physiol B Biochem

Syst Environ Physiol 169:303–310

Kroodsma DE (1978) Aspects of learning in the ontogeny of

birdsong. In: Burghardt GM, Bekoff M (eds) The development

of behavior: comparative and evolutionary aspects. Garland,

New York, pp 215–230

Love OP, Williams TD (2008) Plasticity in the adrenocortical

response of a free-living vertebrate: the role of pre- and post-

natal developmental stress. Horm Behav 54:496–505

MacDonald IF, Kempster B, Zanette L, MacDougall-Shackleton SA

(2006) Early nutritional stress impairs development of a song-

control brain region in both male and female juvenile song

sparrows (Melospiza melodia) at the onset of song learning. Proc

R Soc Lond B 273:2559–2564

MacDougall-Shackleton SA (1997) Sexual selection and the evolu-

tion of song repertoires. Curr Ornith 14:81–125

MacDougall-Shackleton SA, Hulse SH, Ball GF (1998) Neural bases

of song preferences in female zebra finches (Taeniopygia
guttata). Neuroreport 9:3047–3052

MacDougall-Shackleton EA, Derryberry EP, Hahn TP (2002) Non-

local male mountain white-crowned sparrows have lower

paternity and higher parasite loads than males singing local

dialect. Behav Ecol 13:682–689

MacDougall-Shackleton SA, Dindia L, Newman AEM, Potvin DA,

Stewart KA, MacDougall-Shackleton EA (2009) Stress, song

and survival in sparrows. Biol Lett 5:746–748. doi:10.1098/

rsbl.2009.0382

Markman S, Leitner S, Catchpole C, Barnsley S, Müller CT, Pascoe

D, Buchanan KL (2008) Pollutants increase song complexity and

the volume of the brain area hvc in a songbird. PLoS ONE

3:e1674

Marler P, Peters S (1987) A aensitive period for song acquisition in

the song sparrow, Melospiza melodia—a case of age-limited

learning. Ethology 76:89–100

Marler P, Tamura M (1964) Song ‘‘dialects’’ in three populations of

white-crowned sparrows. Science 146:1483–1486

McEwen BS (1999) Stress and hippocampal plasticity. Annu Rev

Neurosci 22:105–122

McGregor PK, Krebs JR, Perrins CM (1981) Song repertoires and

lifetime reproductive success in the great tit (Parus major). Am

Nat 118:149–159

Metcalfe NB, Monaghan P (2001) Compensation for a bad start:grow

now, pay later? Trends Evol Ecol 16:254–260

Monaghan P (2008) Early growth conditions, phenotypic develop-

ment and environmental change. Philos Trans R Soc Lond B

363:1635–1645

Naguib M, Nemitz A, Gil D (2006) Maternal developmental stress

reduces reproductive success of female offspring in zebra

finches. Proc R Soc Lond B 273:1901–1905

Naguib M, Heim C, Gil D (2008) Early developmental conditions

and male attractiveness in zebra finches. Ethology 114:255–

261

Newman AEM, MacDougall-Shackleton SA, An Y-S, Kriengwatana

B, Soma KK (2010) Corticosterone and dehydroepiandrosterone

have opposing effects on adult neuroplasticity in the avian song

control system. J Comp Neurol 518:3662–3678. doi:10.1002/

cne.22395

Nordeen KW, Marler P, Nordeen EJ (1989) Addition of song-related

neurons in swamp sparrows coincides with memorization, not

production, of learned songs. J Neurobiol 20:651–661

Nottebohm F (2005) The neural basis of birdsong. PLoS Biol

3:759–761

Nottebohm F, Nottebohm ME, Crane L (1986) Developmental and

seasonal changes in canary song and their relation to changes in

J Ornithol (2012) 153 (Suppl 1):S105–S117 S115

123

http://dx.doi.org/10.1098/rspb.2009.1222
http://dx.doi.org/10.1098/rsbl.2009.0382
http://dx.doi.org/10.1098/rsbl.2009.0382
http://dx.doi.org/10.1002/cne.22395
http://dx.doi.org/10.1002/cne.22395


the anatomy of song-control nuclei. Behav Neural Biol

46:445–471

Nowicki S, Searcy WA (2005a) Adaptive priorities in brain devel-

opment: theoretical comment on Pravosudov et al. (2005). Behav

Neurosci 119:1415–1418

Nowicki S, Searcy WA (2005b) Song and mate choice in birds: how

the development of behavior helps us understand function. Auk

122:1–14

Nowicki S, Peters S, Podos J (1998) Song learning, early nutrition and

sexual selection in songbirds. Am Zool 38:179–190

Nowicki S, Hasselquist D, Bensch S, Peters S (2000) Nestling growth

and song repertoire sire in great reed warblers: evidence for song

learning as an indicator mechanism in mate choice. Proc R Soc

Lond B 267:2419–2424

Nowicki S, Searcy WA, Peters S (2002) Brain development, song

learning and mate choice in birds: a review and experimental test

of the ‘‘nutritional stress hypothesis’’. J Comp Physiol A Sens

Neural Behav Physiol 188:1003–1014

Pfaff JA, Zanette L, MacDougall-Shackleton SA, MacDougall-

Shackleton EA (2007) Song repertoire size varies with HVC

volume and is indicative of male quality in song sparrows

(Melospiza melodia). Proc R Soc Lond B 274:2035–2040

Pravosudov VV, Kitaysky AS (2006) Effects of nutritional restric-

tions during post-hatching development on adrenocortical func-

tion in western scrub-jays (Aphelocoma californica). Gen Comp

Endocrinol 145:25–31

Pravosudov VV, Lavenex P, Omanska A (2005) Nutritional deficits

during early development affect hippocampal structure and

spatial memory later in life. Behav Neurosci 119:1368–1374

Reid JM, Arcese P, Cassidy A, Hiebert SM, Smith JNM, Stoddard

PK, Marr AB, Keller LF (2004) Song repertoire size predicts

initial mating success in male song sparrows, Melospiza melodia.

Anim Behav 68:1055–1063

Reid JM, Arcese P, Cassidy A, Hiebert SM, Smith JNM, Stoddard

PK, Marr AB, Keller LF (2005a) Fitness correlates of song

repertoire size in free-living song sparrows (Melospiza melodia).

Am Nat 165:299–310

Reid JM, Arcese P, Cassidy A, Marr AB, Smith JNM, Keller LF

(2005b) Hamilton and Zuk meet heterozygosity? Song repertoire

size indicates inbreeding and immunity in song sparrows

(Melospiza melodia). Proc R Soc Lond B 272:481–487

Riebel K, Naguib M, Gil D (2009) Experimental manipulation of the

rearing environment influences adult female zebra finch song

preferences. Anim Behav 78:1397–1404

Rowland E, Love OP, Verspoor JJ, Sheldon L, Williams TD (2007)

Manipulating rearing conditions reveals developmental sensitiv-

ity in the smaller sex of a passerine bird, the European starling

Sturnus vulgaris. J Avian Biol 38:612–618

Sapolsky RM (2000a) Glucocorticoids and hippocampal atrophy in

neuropsychiatric disorders. Arch Gen Psychiatry 57:925–935

Sapolsky RM (2000b) Stress hormones: good and bad. Neurobiol Dis

7:540–542

Searcy WA (1992) Song repertoire and mate choice in birds. Am Zool

32:71–80

Searcy WA, Andersson M (1986) Sexual selection and the evolution

of song. Annu Rev Ecol Syst 17:507–533

Searcy WA, Nowicki S (2005) The evolution of animal communi-

cation. Princeton University Press, Princeton

Sims CG, Holberton RL (2000) Development of the corticosterone

stress response in young northern mockingbirds (Mimus poly-
glottos). Gen Comp Endocrinol 119:193–201

Smith GT, Brenowitz EA, Wingfield JC, Baptista LF (1995) Seasonal

changes in song nuclei and song behavior in Gambel’s white-

crowned sparrows. J Neurobiol 28:114–125

Smith GT, Brenowitz EA, Beecher MD, Wingfield JC (1997)

Seasonal changes in testosterone, neural attributes of song

control nuclei, and song structure in wild songbirds. J Neurosci

17:6001–6010

Sockman KW, Schwabl H (2001) Plasma corticosterone in nestling

American kestrels: effects of age, handling stress, yolk andro-

gens, and body condition. Gen Comp Endocrinol 122:205–212

Soma M, Takahasi M, Ikebuchi M, Yamada H, Suzuki M, Hasegawa

T, Okanoya K (2006) Early rearing conditions affect the

development of body size and song in Bengalese finches.

Ethology 112:1071–1078

Spencer KA, MacDougall-Shackleton SA (2011) Indicators of

development as sexually selected traits: the developmental stress

hypothesis in context. Behav Ecol 22:1–9. doi:10.1093/beheco/

arq068

Spencer KA, Buchanan KL, Goldsmith AR, Catchpole CK (2003)

Song as an honest signal of developmental stress in the zebra

finch (Taeniopygia guttata). Horm Behav 44:132–139

Spencer KA, Buchanan KL, Goldsmith AR, Catchpole CK (2004)

Developmental stress, social rank and song complexity in the

European starling (Stumus vulgaris). Proc R Soc Lond B

271:S121–S123

Spencer KA, Buchanan KL, Leitner S, Goldsmith AR, Catchpole CK

(2005a) Parasites affect song complexity and neural develop-

ment in a songbird. Proc R Soc Lond B 272:2037–2043

Spencer KA, Wimpenny JH, Buchanan KL, Lovell PG, Goldsmith

AR, Catchpole CK (2005b) Developmental stress affects the

attractiveness of male song and female choice in the zebra finch

(Taeniopygia guttata). Behav Ecol Sociobiol 58:423–428
Spencer KA, Harris S, Baker PJ, Cuthill IC (2007) Song development

in birds: the role of early experience and its potential effect on

rehabilitation success. Anim Welf 16:1–13

Spencer KA, Evans NP, Monaghan P (2009) Postnatal stress in birds:

a novel model of glucocorticoid programming of the hypotha-

lamic-pituitary-adrenal axis. Endocrinology 150:1931–1934.

doi:10.1210/en.2008-1471

Stewart KA, MacDougall-Shackleton EA (2008) Local song

elements indicate local genotypes and predict physiological

condition in song sparrows Melospiza melodia. Biol Lett

4:240–242

Sullivan KA (1989) Predation and starvation: age-specific mortality in

juvenile juncos (Junco phaenotus). J Anim Ecol 58:275–286

Suzuki K, Matsunaga E, Kobayashi T, Okanoya K (2011) Expression

patterns of mineralocorticoid and glucocorticoid receptors in

Bengalese finch (Lonchura striata var. domestica) brain suggest

a relationship between stress hormones and song-system devel-

opment. Neuroscience (in press). doi:10.1016/j.neuroscience.

2011.07.073

Tinbergen N (1963) On aims and methods in ethology. Z Tierpsychol

20:410–433

Tramontin AD, Brenowitz EA (2000) Seasonal plasticity in the adult

brain. Trends Neurosci 23:251–258

Tschirren B, Rutstein AN, Postma E, Mariette M, Griffith SC (2009)

Short- and long-term consequences of early developmental

conditions: a case study on wild and domesticated zebra finches.

J Evol Biol 22:387–395

Wada H, Hahn TP, Breuner CW (2007) Development of stress

reactivity in white-crowned sparrow nestlings: total corticoste-

rone response increases with age, while free corticosterone

response remains low. Gen Comp Endocrinol 150:405–413

Ward IL, Ward OB, Winn RJ, Bielawski D (1994) Male and female

sexual behavior potential of male rats prenatally exposed to the

influence of alcohol, stress, or both factors. Behav Neurosci

108:1188–1195

Weinstock M (2008) The long-term behavioural consequences of

prenatal stress. Neurosci Biobehav Rev 32:1073–1086

Williams CT, Kitaysky AS, Kettle AB, Buck CL (2008) Corticoste-

rone levels of tufted puffins vary with breeding stage, body

S116 J Ornithol (2012) 153 (Suppl 1):S105–S117

123

http://dx.doi.org/10.1093/beheco/arq068
http://dx.doi.org/10.1093/beheco/arq068
http://dx.doi.org/10.1210/en.2008-1471
http://dx.doi.org/10.1016/j.neuroscience.2011.07.073
http://dx.doi.org/10.1016/j.neuroscience.2011.07.073


condition index, and reproductive performance. Gen Comp

Endocrinol 158:29–35. doi:10.1016/j.ygcen.2008.04.018

Wingfield JC (2005) The concept of allostasis: coping with a

capricious environment. J Mammal 86:248–254

Wingfield JC, Maney DL, Breuner CW, Jacobs JD, Lynn S,

Ramenofsky M, Richardson RD (1998) Ecological bases of

hormone-behavior interactions: The ‘‘emergency life history

stage’’. Am Zool 38:191–206

Woodgate JL, Bennett ATD, Leitner S, Catchpole CK, Buchanan KL

(2010) Developmental stress and female choice behaviour in the

zebra finch. Anim Behav 79:1381–1390. doi:10.1016/j.anbehav.

2010.03.018

Woodgate JL, Leitner S, Catchpole CK, Berg ML, Bennett ATD,

Buchanan KL (2011) Developmental stressors that impair song

learning in males do not appear to affect female preferences for

song complexity in the zebra finch. Behav Ecol 22:566–573

Zahavi A (1975) Mate selection—selection for a handicap. J Theor

Biol 53:205–214

Zanette L, MacDougall-Shakleton E, Clinchy M, Smith JNM (2005)

Brown-headed cowbirds skew host offspring sex ratios. Ecology

86:815–820

Zann R, Cash E (2008) Developmental stress impairs song complex-

ity but not learning accuracy in non-domesticated zebra finches

(Taeniopygia guttata). Behav Ecol Sociobiol 62:391–400

J Ornithol (2012) 153 (Suppl 1):S105–S117 S117

123

http://dx.doi.org/10.1016/j.ygcen.2008.04.018
http://dx.doi.org/10.1016/j.anbehav.2010.03.018
http://dx.doi.org/10.1016/j.anbehav.2010.03.018

	Developmental stress and birdsong: current evidence and future directions
	Abstract
	Birdsong as an indicator
	The developmental stress hypothesis
	Evidence for the hypothesis
	Observational studies
	Experimental studies
	Experimental studies measuring song and song learning
	Experimental studies measuring the song control brain regions


	Weighing the evidence
	Outstanding issues
	Effects on females
	Good genes, or good upbringing?
	Mechanisms: stress response or differential investment
	Stress response or differential resource allocation?
	Potential physiological and cellular mechanisms

	Making the best of a bad situation?
	Seasonal stress and open-ended song learning
	Developmentally correlated traits

	Conclusions
	Acknowledgments
	References


