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Abstract Females may choose between prospective

mates based on signals that reflect male quality. In song-

birds, variation in male song can be such a signal. Females

can adjust their choosiness according to the prevalence of

preferred song, presumably because environmental varia-

tion can influence the availability of preferred phenotypes.

Studies using induction of the immediate early gene ZENK

(also called zif-268, egr-1, NGFI-A, and Krox-24) as an

indicator of neuronal activity have revealed that the cau-

domedial mesopallium (CMM) and caudomedial nidopal-

lium (NCM) of the female auditory forebrain are sensitive

to song quality and respond proportionally to the strength

of the female’s choosiness. In European starlings (Sturnus

vulgaris), long songs are preferred by females and induce

higher ZENK expression in the CMM and NCM compared

to short songs. Experimentally reducing the perceived

prevalence of long songs in the environment reduces this

forebrain sensitivity to song length, raising the possibility

that the songbird auditory forebrain integrates information

about the social environment that enables the female to

adjust her choosiness according to the availability of pre-

ferred phenotypes. In some songbird species, the norad-

renergic system modulates mate-choice behavior,

modulates song-induced auditory forebrain activity, and

itself is modulated by the prevailing song environment,

suggesting a possible role for this system in mediating the

effects of social environment on forebrain and behavioral

sensitivity to mate-choice cues. The presence of such a

system would seem beneficial when the availability of

preferred mates varies.
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Introduction

Mate-choice is among the most important decisions a

sexually reproducing organism can make, because it affects

the genetic constitution of the offspring and, in some

species, the quality and quantity of parental care. Females

may make mate-choice decisions based on variation among

males in traits that reflect male quality (e.g., Hill 1991;

Nowicki et al. 2000; Duffy and Ball 2002), which can be

influenced by genetic and environmental factors (Anders-

son 1994; Gil and Gahr 2002). As the physical or ecolog-

ical environment changes temporally or spatially, the mean

perceived quality of prospective mates from which females

choose may change due to changes in the distribution or

abundance of preferred traits that are constrained by the

environment. Therefore, females should possess the plas-

ticity to adjust choosiness according to the unpredictable

availability of preferred traits (Ball et al. 2006). Female

songbirds assess the quality of prospective mates and

choose between them based in part on variation in their

courtship songs (Searcy and Yasukawa 1996; Gil and Gahr

2002). Here, I review what we currently know regarding

how the female songbird brain integrates information about

the distribution and abundance of male song traits and

precipitates the programs that culminate in choosiness

adjusted to this prevailing song environment.
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Song variation as a mate-choice cue

Within many songbird species, there is considerable vari-

ation between the song complexity, song performance,

song length, or song type (e.g., dialect) of different males.

Females attend to this between-male variation in song be-

cause it may reflect constraints males faced during devel-

opment (Nowicki et al. 1998, 2000, 2002a, 2002b;

Buchanan et al. 2003, 2004; Nowicki and Searcy 2004) and

thus serve as an honest signal of male quality. In wild, free-

living European starlings (Sturnus vulgaris), for example,

male mating success and female choice and reproductive

success are associated with the length of the male’s song

(Eens et al. 1991; Mountjoy and Lemon 1996; Eens 1997),

and, in lab contexts mimicking natural mate-choice situa-

tions, female starlings demonstrate robust preferences for

long songs over short songs (Gentner and Hulse 2000). In

male European starlings, song length positively correlates

with immunocompetence (Duffy and Ball 2002), which

itself is likely influenced by developmental constraints.

Thus, this long-song preference results in the female’s

affiliation with and choice of mates of higher immuno-

competence and higher quality in general (for a review of

male song, female preferences, and neural responses to

song exposure and song production in European starlings,

see Ball et al. 2006).

Modulation of mate-choice decisions by the song

environment

Females will likely face variation in the perceived propor-

tion of preferred traits being expressed (i.e., variation in the

prevailing song environment) because resources (Johnson

and Geupel 1996), habitat-effects on signal degradation

(Blumenrath and Dabelsteen 2004), and the degree to which

costs of song production (Eberhardt 1994; Catchpole and

Slater 1995; Oberweger and Goller 2001; Gil and Gahr

2002; Thomas et al. 2003; Ward et al. 2003) constrain song

signaling can vary between and within populations both

seasonally and between years. Using mate-sampling expe-

rience with these variable population-densities of song

traits—a process requiring the neural integration of the local

song environment prior to breeding—females should ex-

press some plasticity in the phenotypic threshold they set

for their mate-choice decision (Wiegmann et al. 1996;

Jennions and Petrie 1997; Badyaev and Qvarnström 2002).

In the absence of this plasticity, they may spend periods

without mating due to the inability of some males to meet

their high demands for song quality (Ball et al. 2006).

Several species exhibit this type of frequency-dependent

mate-choice behavior. For instance, female white-crowned

sparrows (Zonotrichia leucophrys) normally prefer their

natal song dialect. However, if they experience a more

prevalent foreign dialect during preceding months, females

exhibit no choice-bias toward either song type (MacDou-

gall-Shackleton et al. 2001). This suggests that when the

prevailing song environment is lacking in the preferred

song type, females adjust the threshold for choosing a male

as a mate. Female cowbirds (Molothrus ater) (Freeberg

et al. 1999) and canaries (Serinus canaria) (Nagle and

Kreutzer 1997) also exhibit choice biases toward the pre-

ferred male song-type when it is prevalent but not when the

less-preferred song-type is prevalent. In fact, frequency-

dependent mate-choice plasticity even occurs in arthropods

(van Gossum et al. 2001; Hebets 2003), suggesting how

taxonomically widespread this phenomenon may be.

Neural integration of mate-choice cues

In the songbird brain, the caudomedial mesopallium

(CMM) and caudomedial nidopallium (NCM) are central

to the high-order acoustic processing of conspecific song

and possess reciprocal, ipsilateral connections (Vates et al.

1996). One hallmark of these areas that enabled the dis-

covery of their important roles is their stimulus-specific

expression of immediate early genes (IEGs) (Clayton 2000;

Mello 2002; Bolhuis and Eda-Fujiwara 2003; Mello 2004;

Ball et al. 2006). In the white-crowned sparrow, CMM and

NCM expression of the IEG ZENK (the avian homolog of

and an acronym for zif-268, egr-1, NGFI-A, and Krox-24)

is greater in females exposed to the preferred local dialect

than in those exposed to the less preferred foreign dialect

(Maney et al. 2003). ZENK induction in both the CMM

and NCM positively correlates with the level of sexual

receptivity to a particular song type (Maney et al. 2003).

Female European starlings, which prefer long song over

short song, have greater ZENK induction in the CMM and

NCM in response to long songs than in response to short

songs, even when the total song exposure is held constant

(Sockman et al. 2002). Male canaries (Serinus canaria)

sometimes produce song elements known as ‘‘sexy’’ syl-

lables, which are characterized by their complex spectro-

temporal structure, rapid frequency modulation over a wide

bandwidth, and high repetition rate (Vallet et al. 1998).

Female canaries express stronger sexual displays (Vallet

et al. 1998) and higher levels of ZENK in the auditory

forebrain (Leitner et al. 2005) in response to songs with

‘‘sexy’’ syllables than to songs without such syllables.

Females of the non-oscine budgerigar also show a similar

auditory forebrain sensitivity toward more complex male

budgerigar song (Eda-Fujiwara et al. 2003). These studies

raise the hypothesis that auditory processing in the CMM

and NCM is associated with the decision of mate-choice in

female oscine and possibly some non-oscine birds.
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If the female’s forebrain ZENK-response reflects the

strength of her choice toward a particular song phenotype,

as it does in the white-crowned sparrow, then one means by

which the brain might enable the modulation of choice

according to the prevailing song environment is by making

the forebrain ZENK-response sensitive to song type after

experience with the preferred song type but less sensitive to

song type after experience with the less-preferred song

type. Recently, my colleagues and I found evidence for

such a neural system mediated by induction of ZENK

(Sockman et al. 2002, 2005). In these studies, we exposed

pairs of female European starlings to one week of either

long or short male song played 5.5 h/day. We then exposed

each female of each pair to 30 min of either novel long- or

novel short-songs and quantified forebrain ZENK expres-

sion. We found that, in both the CMM and NCM, the

ZENK response-bias toward the long-song stimulus oc-

curred after recent experience with long but not short songs

(Fig. 1). Thus, song environment modulates this measure

of forebrain sensitivity to a preferred trait. These findings

also demonstrate a previously unknown type of adult

neuroplasticity. Because stimulus songs were always novel,

neural responses to the stimuli were modulated by expe-

rience with the category of stimulus to which they are

sensitive, not by experience with the stimulus itself.

In some cases, habituation processes might explain re-

duced neural (Mello et al. 1995) and behavioral (Searcy

1992) responses to song, but they could not explain the

results shown in Fig. 1. That is, the song sets used in this

experiment retained across treatments their categorical

distinctions (long or short), while they varied across

treatments in their spectro-temporal features. Although it

might still be possible for females to habituate to song

features shared across males or treatments, feature sharing

between experience and stimulus songs in our experiment

would be greatest for treatment combinations of the same

category (long experience with novel long stimulus or short

experience with novel short stimulus). However, the lowest

and highest responses occurred when treatment combina-

tions were, respectively, different and the same in category,

exactly the opposite pattern predicted by habituation pro-

cesses. Thus, these neural responses illustrate a perceptual

sensitivity that would require cognitive processes beyond

simple habituation (Sockman et al. 2002, 2005). Further,

these findings raise the possibility that as the prevalence of

the less-preferred trait-type increases, neural sensitivity for

discriminating between preferred and less preferred traits

decreases (Fig. 2). The question now is: how does the

prevailing song environment modulate the sensitivity of the

female auditory forebrain to song type?

Noradrenergic integration of the song environment

The forebrain neurons of most sensory systems exhibit

some form of experience-dependent representational plas-

ticity (Gilbert et al. 2001; Calford 2002), and in the

mammalian auditory system, this plasticity is linked to the

400

500

600

Z
E

N
K

 (
co

un
t i

n 
41

2 
x 

30
9 

  m
 a

re
a)

P  < 0.05

600

800

1000

1200

n.s.

Long
Stimulus

n=5

Long Environment
Song Treatments

Environment X Stimulus Interaction: P < 0.05

C
M

M
N

C
M

Short Environment

Short
Stimulus

n=5

Long
Stimulus

n=5

Short
Stimulus

n=5

Fig. 1 Modulation of forebrain (CMM and NCM) sensitivity to song

length by the prevailing song environment. Forebrain sensitivity is

measured as the difference between ZENK induction (mean ± SE) in

response to the preferred long song and ZENK induction in response

to the less-preferred short song. Forebrain sensitivity is greater when

the prevailing song environment is long song than when it is short

song. Modified from Sockman et al. (2002) with permission
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Fig. 2 Hypothesis that forebrain sensitivity to mate-choice cues

(width of gray shaded region) varies with social environment. In the

European starling, the social environment could vary in the perceived

prevalence of preferred or less-preferred male trait-types in the

population (x axis). Forebrain sensitivity to mate-choice cues is

measured by ZENK induction in response to preferred mate-choice

cues (solid line: response to long songs) relative to less-preferred

mate-choice cues (dotted line: response to short songs)
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activation of catecholaminergic neurotransmitter systems

(Bao et al. 2001). It has been suggested that one of these

catecholaminergic systems, the noradrenergic system,

controls forebrain plasticity by directly modulating IEGs

known to play a role in this plasticity (Cirelli et al. 1996;

Yamada et al. 1999; Cirelli and Tononi 2004; Castelino

and Ball 2005). In the songbird HVC (Dave et al. 1998)

and nucleus interfacialis of the nidopallium (Cardin and

Schmidt 2004), norepinephrine secretion regulates state-

dependent responses to song. In the rat (Cirelli and Tononi

2004) and songbird (Castelino and Ball 2005), chemical

lesion of noradrenergic input to the forebrain with N-(2-

chloroethyl)-N-ethyl-2-bromobenzylamine (DSP-4) reveals

that noradrenergic projections mediate context- or state-

dependent forebrain ZENK expression.

Recent evidence implicates a role for the noradrenergic

system specifically when it comes to the mediation of

mate-choice decisions based on song variation in song-

birds. The auditory forebrain of songbirds is richly inner-

vated with noradrenergic input, much of which probably

arises from the avian homolog of the locus coeruleus

(Mello et al. 1998; Ribeiro and Mello 2000; Appeltants

et al. 2001, 2004). This system comes in close contact with

song-responsive neurons in the auditory forebrain, and

interference of noradrenergic signaling by alpha-adrenergic

receptor blockade abolishes song-induced ZENK induction

in the NCM of zebra finches (Ribeiro and Mello 2000).

DSP-4 lesion of forebrain noradrenergic projections in fe-

male canaries reduces their mate-choice bias toward the

preferred male song when compared to control-lesioned

females (Appeltants et al. 2002). Because both forebrain

sensitivity and this behavior can arise from experience with

a particular song environment, and because both are altered

by manipulating some aspect of noradrenergic signaling in

this area, the intuitive hypothesis is that information about

the song environment is integrated by a socially sensitive

noradrenergic system, which innervates the forebrain and

influences its sensitivity to song type.

The mechanism by which the prevailing song environ-

ment might modulate noradrenergic activity in the auditory

forebrain is not clear, but representations of the song

environment may feed either directly or indirectly into the

locus coeruleus or the auditory forebrain and exert effects

on norepinephrine secretion. The locus coeruleus receives

input from many forebrain, midbrain, and hindbrain

structures, including the amygdala, hypothalamus, and ra-

phe nuclei, each of which might be modulated by the song

environment due to their auditory responses (Berridge and

Waterhouse 2003). Noradrenergic activity could then

change in several ways. For example, noradrenergic axons

might change in their connectivity with the forebrain.

Alternatively, axonal connections may not change, but

biochemical changes within noradrenergic cell bodies or

axons could affect norepinephrine secretion. My colleague

and I have recently collected some evidence that song

environment can modulate noradrenergic activity in the

songbird forebrain (Sockman KW, Salvante KG, unpub-

lished data). We exposed individual female starlings to

one week of either long or short song (5.5 h/day), using a

protocol similar to that described above (Sockman et al.

2002). Then, blind to the treatment of each female, we

assessed by immunocytochemistry the presence in the

auditory forebrain of immunoreactivity for dopamine beta-

hydroxylase (DBH-ir), the enzyme that synthesizes nor-

epinephrine from dopamine (Cooper et al. 2003). With

higher norepinephrine secretion rates in the auditory fore-

brain predicted under the long-song environment, one

would expect higher rates of norepinephrine synthesis to

keep pace and thus higher DBH-ir in the auditory forebrain.

This is exactly what we found (Sockman KW, Salvante

KG, unpublished data). We did not find evidence that the

song environment affected DBH-ir in the stratum cellulare

internum or stratum cellulare externum, regions that are not

expected to change in DBH-ir. Thus, the effects of the

prevailing song environment on DBH-ir are at least

somewhat specific to the auditory forebrain. However,

presuming that the DBH specificity of the antibody is high,

DBH-ir may be, at best, a proxy for norepinephrine syn-

thesis. Still, the DBH-ir results are consistent with the

prediction that the prevailing song environment modifies

some aspect of the forebrain noradrenergic system in fe-

male starlings, such as norepinephrine secretion. We are

now conducting studies aimed at more precisely charac-

terizing the effects of song environment on forebrain nor-

epinephrine secretion, forebrain sensitivity to song type,

and mate-choice decisions. Due to the role mate-choice

plays in the process of sexual selection and the role of

sexual selection in the evolution of sexual traits and in

speciation as a whole (Andersson 1994), research in this

area may help to reveal part of a mechanistic basis for a

number of evolutionary processes.

Broader implications

In the recent past, one might have assumed that the inte-

gration of social information prior to decision-making is so

complex that understanding its neural architecture might

extend beyond the province of modern neuroscience (Insel

and Fernald 2004). However, progress has been made on

how the vertebrate brain processes social cues during

decision-making tasks and what implications variation in

neural processing might have for the causes, consequences,

prevention, and treatment of several human behavioral

disorders (Adolphs 1999, 2001, 2003; Blakemore and Frith

2004; Ferguson and Bargh 2004; Insel and Fernald 2004).
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As research progresses, the need for invasive, manipulative

approaches and therefore the need to use vertebrate models

amenable to these approaches has increased. Considerable

advances have occurred in our understanding of the neural

mechanisms for social cognition and behavior in a variety

of species (Insel and Fernald 2004; Jarvis 2004), and these

advances help us to better understand how the human brain

processes social cues due to the importance of social

behavior in most vertebrates, and the fact that many of the

perceptual mechanisms are likely to be highly conserved

across diverse species. Science benefits from model sys-

tems in which the natural history of the social behavior is

well characterized, in which the social environment is

easily controlled and manipulated in an experimental

context, in which a clear decision-making task can be

measured efficiently and precisely as a dependent outcome

of social processing, and in which the neural basis for

integrating social information and for precipitating the

motor outcomes are well understood. Research on the song

biology of songbirds exemplifies such a system with which

we can begin to answer questions about the underlying

neuroplasticity of socially modulated decision-making

processes, how they are influenced at the level of the single

cell by neuromodulatory systems, and how this, in turn, has

shaped the evolution of social behavior.

Acknowledgments I thank Gregory F. Ball, Timothy Q. Gentner,

and Katrina G. Salvante, with whom I conducted much of the work on

European starlings. I also thank Andrew Troyer for capturing the

European starlings used in some of the research reported in this paper.

Experiments described herein comply with the laws of the USA,

where the research was conducted.

References

Adolphs R (1999) Social cognition and the human brain. Trends Cogn

Sci 3:469–479

Adolphs R (2001) The neurobiology of social cognition. Curr Opin

Neurobiol 11:231–239

Adolphs R (2003) Cognitive neuroscience of human social behavior.

Nat Rev Neurosci 4:165–178

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

Princeton, NJ

Appeltants D, Ball GF, Balthazart J (2001) The distribution of

tyrosine hydroxylase in the canary brain: demonstration of a

specific and sexually dimorphic catecholaminergic innervation

of the telencephalic song control nuclei. Cell Tiss Res 304:237–

259

Appeltants D, Del Negro C, Balthazart J (2002) Noradrenergic control

of auditory information processing in female canaries. Behav

Brain Res 133:221–235

Appeltants D, Ball GF, Balthazart J (2004) Catecholaminergic inputs

to aromatase cells in the canary auditory forebrain. Neuroreport

15:1727–1730

Badyaev AV, Qvarnström A (2002) Putting sexual trait into the

context of an organism: a life-history perspective in studies of

sexual selection. Auk 119:301–310

Ball GF, Sockman KW, Duffy DL, Gentner TQ (2006) A neuroe-

thological approach to song behavior and perception in European

starlings: interrelationships among testosterone, neuroanatomy,

immediate early gene expression, and immune function. Adv

Stud Behav 36:59–121

Bao S, Chan VT, Merzenich MM (2001) Cortical remodelling

induced by activity of ventral tegmental dopamine neurons.

Nature 412:79–83

Berridge CW, Waterhouse BD (2003) The locus coeruleus-noradren-

ergic system: modulation of behavioral state and state-dependent

cognitive processes. Brain Res Rev 42:33–84

Blakemore S-J, Frith U (2004) How does the brain deal with the

social world? Neuroreport 15:119–128

Blumenrath SH, Dabelsteen T (2004) Degradation of great tit

(Parus major) song before and after foliation: implications for

vocal communication in a deciduous forest. Behaviour

141:935–958

Bolhuis JJ, Eda-Fujiwara H (2003) Bird brains and songs: neural

mechanisms of birdsong perception and memory. Anim Biol

53:129–145

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

Song as an honest signal of past developmental stress in the

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

Calford MB (2002) Dynamic representational plasticity in sensory

cortex. Neuroscience 111:709–738

Cardin JA, Schmidt MF (2004) Noradrenergic inputs mediate state

dependence of auditory responses in the avian song system. J

Neurosci 24:7745–7753

Castelino CB, Ball GF (2005) A role for norepinephrine in the

regulation of context-dependent ZENK expression in male zebra

finches (Taeniopygia guttata). Eur J Neurosci 21:1962–1972

Catchpole CK, Slater PJB (1995) Bird song. Cambridge University

Press, Cambridge, UK

Cirelli C, Tononi G (2004) Locus ceruleus control of state-dependent

gene expression. J Neurosci 24:5410–5419

Cirelli C, Pompeiano M, Tononi G (1996) Neuronal gene expression

in the waking state: a role for the locus coeruleus. Science

274:1211–1215

Clayton DF (2000) The genomic action potential. Neurobiol Learn

Mem 74:185–216

Cooper JR, Bloom FE, Roth RH (2003) The biochemical basis of

neuropharmacology. Oxford University Press, New York

Dave AS, Yu AC, Margoliash D (1998) Behavioral state modulation

of auditory activity in a vocal motor system. Science 282:2250–

2254

Duffy DL, Ball GF (2002) Song predicts immunocompetence in male

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

269:847–852

Eberhardt LS (1994) Oxygen consumption during singing by male

Carolina wrens (Thryothorus ludovicianus). Auk 111:124–130

Eda-Fujiwara H, Satoh R, Bolhuis JJ, Kimura T (2003) Neuronal

activation in female budgerigars is localized and related to male

song complexity. Eur J Neurosci 17:149–154

Eens M (1997) Understanding the complex song of the European

starling: an integrated ethological approach. Adv Stud Behav

26:355–434

Eens M, Pinxten R, Verheyen RF (1991) Male song as a cue for mate

choice in the European starling. Behaviour 116:210–238

Ferguson MJ, Bargh JA (2004) How social perception can automat-

ically influence behavior. Trends Cogn Sci 8:33–39

J Ornithol (2007) 148 (Suppl 2):S225–S230 S229

123



Freeberg TM, Duncan SD, Kast TL, Enstrom DA (1999) Cultural

influences on female mate choice: an experimental test in

cowbirds, Molothrus ater. Anim Behav 57:421–426

Gentner TQ, Hulse SH (2000) Female European starling preference

and choice for variation in conspecific male song. Anim Behav

59:443–458

Gil D, Gahr M (2002) The honesty of bird song: multiple constraints

for multiple traits. Trends Ecol Evol 17:133–141

Gilbert CD, Sigman M, Crist RE (2001) The neural basis of

perceptual learning. Neuron 31:681–697

Hebets EA (2003) Subadult experience influences adult mate choice

in an arthropod: exposed female wolf spiders prefer males of a

familiar phenotype. Proc Natl Acad Sci USA 100:13390–13395

Hill GE (1991) Plumage colouration is a sexually selected indicator of

male quality. Nature 350:337–339

Insel TR, Fernald RD (2004) How the brain processes social

information: searching for the social brain. Annu Rev Neurosci

27:697–722

Jarvis ED (2004) Brains and birdsong. In: Marler P, Slabberkoorn H

(eds) Nature’s music: the science of birdsong. Elsevier, New

York, pp 239–275

Jennions MD, Petrie M (1997) Variation in mate choice and mating

preferences: a review of causes and consequences. Biol Rev

72:283–327

Johnson MD, Geupel GR (1996) The importance of productivity to

the dynamics of a Swainson’s thrush population. Condor

98:133–141

Leitner S, Voigt C, Metzdorf R, Catchpole CK (2005) Immediate

early gene (ZENK, Arc) expression in the auditory forebrain of

female canaries varies in response to male song quality. J

Neurobiol 64:275–284

MacDougall-Shackleton SA, MacDougall-Shackleton EA, Hahn TP

(2001) Physiological and behavioural responses of female

mountain white-crowned sparrows to natal- and foreign-dialect

songs. Can J Zool 79:325–333

Maney DL, MacDougall-Shackleton EA, MacDougall-Shackleton

SA, Ball GF, Hahn TP (2003) Immediate early gene response to

hearing song correlates with receptive behavior and depends on

dialect in a female songbird. J Comp Physiol A 189:667–674

Mello CV (2002) Mapping vocal communication pathways in birds

with inducible gene expression. J Comp Physiol A 188:943–959

Mello CV (2004) Gene regulation by song in the auditory telenceph-

alon of songbirds. Front Biosci 9:63–73

Mello C, Nottebohm F, Clayton D (1995) Repeated exposure to one

song leads to a rapid and persistent decline in an immediate early

gene’s response to that song in zebra finch telencephalon. J

Neurosci 15:6919–6925

Mello CV, Pinaud R, Ribeiro S (1998) Noradrenergic system of the

zebra finch brain: immunocytochemical study of dopamine-b-

hydroxylase. J Comp Neurol 400:207–228

Mountjoy DJ, Lemon RE (1996) Female choice for complex song in

the European starling: a field experiment. Behav Ecol Sociobiol

38:65–71

Nagle L, Kreutzer ML (1997) Adult female domesticated canaries can

modify their song preferences. Can J Zool 75:1346–1350

Nowicki S, Searcy WA (2004) Song function and the evolution of

female preferences: why birds sing, why brains matter. Ann NY

Acad Sci 1016:704–723

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 size 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 (2002a) Brain development, song

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

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

188:1003–1014

Nowicki S, Searcy WA, Peters S (2002b) Quality of song learning

affects female response to male bird song. Proc R Soc Lond B

269:1949–1954

Oberweger K, Goller F (2001) The metabolic cost of birdsong

production. J Exp Biol 204:3379–3388

Ribeiro S, Mello CV (2000) Gene expression and synaptic plasticity

in the auditory forebrain of songbirds. Learn Mem 7:235–243

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

32:71–80

Searcy WA, Yasukawa K (1996) Song and female choice. In:

Kroodsma DE, Miller EH (eds) Ecology and evolution of

acoustic communication in birds. Cornell University Press,

Ithaca, NY, pp 454–473

Sockman KW, Gentner TQ, Ball GF (2002) Recent experience

modulates forebrain gene-expression in response to mate-choice

cues in European starlings. Proc R Soc Lond B 269:2479–2485

Sockman KW, Gentner TQ, Ball GF (2005) Complementary neural

systems for the experience-dependent integration of mate-choice

cues in the European starling. J Neurobiol 62:72–81

Thomas RJ, Cuthill IC, Goldsmith AR, Cosgrove DF, Lidgate HC,

Proctor SLB (2003) The trade-off between singing and mass gain

in a daytime-singing bird, the European robin. Behaviour

140:387–404

Vallet E, Beme I, Kreutzer M (1998) Two-note syllables in canary

songs elicit high levels of sexual display. Anim Behav 55:291–

297

van Gossum H, Stoks R, De Bruyn L (2001) Reversible frequency-

dependent switches in male mate choice. Proc R Soc Lond B

268:83–85

Vates GE, Broome BM, Mello CV, Nottebohm F (1996) Auditory

pathways of caudal telencephalon and their relation to the song

system of adult male zebra finches. J Comp Neurol 366:613–642

Ward S, Speakman JR, Slater PJB (2003) The energy cost of song in

the canary, Serinus canaria. Anim Behav 66:893–902

Wiegmann DD, Real LA, Capone TA, Ellner S (1996) Some

distinguishing features of models of search behavior and mate

choice. Am Nat 147:188–204

Yamada Y, Hada Y, Imamura K, Mataga N, Watanabe Y, Yamamoto

M (1999) Differential expression of immediate-early genes, c-

fos and zif268, in the visual cortex of young rats: effects of a

noradrenergic neurotoxin on their expression. Neuroscience

92:473–484

S230 J Ornithol (2007) 148 (Suppl 2):S225–S230

123


	Neural orchestration of mate-choice plasticity in songbirds
	Abstract
	Introduction
	Song variation as a mate-choice cue
	Modulation of mate-choice decisions by the song environment
	Neural integration of mate-choice cues
	Noradrenergic integration of the song environment
	Broader implications
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


