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Complex birdsong is a classic example of a sexually selected ornamental trait. In many species, females

prefer males with large song repertoires, possibly because repertoire size is limited by the size of song

control nuclei which reflect developmental success. We investigated whether song repertoire size was

indicative of brain area and male quality in song sparrows (Melospiza melodia) by determining if repertoire

size was related to the volume of song control nucleus HVC, as well as several morphological,

immunological and genetic indices of quality. We found that males with large repertoires had larger HVCs

and were in better body condition. They also had lower heterophil to lymphocyte ratios, indicating less

physiological stress and a robust immune system as measured by the number of lymphocytes per red blood

cell. Song repertoire size also tended to increase with neutral-locus genetic diversity, as assessed by mean

d 2, but was not related to internal relatedness. Our results suggest several mechanisms that might explain

the finding of a recent study that song sparrows with large song repertoires have higher lifetime fitness.
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1. INTRODUCTION

Song repertoires are a classic example of an ornamental

trait produced by sexual selection (Searcy 1992; Andersson

1994). Numerous laboratory (Searcy 1984; Baker et al.

1986) and field studies (Hasselquist et al. 1996; Reid et al.

2004) have demonstrated a female preference for large

song repertoires. An adaptive explanation for this female

preference is that repertoire size reliably signals male

quality whereby males with large repertoires may provide

direct benefits to females, such as superior parental care or

territorial defences and/or indirect benefits in the form of

good genes for their offspring (Searcy 1992). Indeed, song

repertoire size has been correlated positively with several

phenotypic traits important for survival and reproduction

such as body size and mass (Lampe & Espmark 1994;

Doutrelant et al. 2000). Furthermore, sedge warbler

(Acrocephalus schoenobaenus) males with small song reper-

toires were more likely to be parasitized by blood

protozoans (Buchanan et al. 1999).

Nowicki et al. (1998) suggested that song repertoire

complexity may reliably indicate male quality if males that

experience more developmental stress or that are less

resilient to this stress produce poor phenotypes overall

coupled with specific deficiencies in the volume of song

control nuclei that are required to learn and produce

complex song repertoires. Recent experimental evidence

shows that birds under less developmental stress grow

larger song nuclei, particularly HVC (Nowicki et al. 2002;

Buchanan et al. 2004), the volume of which is associated

with song repertoire size both between songbird species

(DeVoogd et al. 1993; Szekely et al. 1996) and between
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males within species (Garamszegi & Eens 2004). More-

over, nutritionally stressed European starling (Sturnus

vulgaris) fledglings had a suppressed humoral immune

response and developed smaller song repertoires as adults

(Buchanan et al. 2003).

Genetic factors such as inbreeding and heterosis can

have strong effects on developmental stability whereby

genetically diverse individuals often undergo more stable

and successful phenotypic development (reviewed in

Møller & Swaddle (1997)). Therefore, if repertoire size

is indicative of developmental stability, males with large

repertoires should be more genetically diverse. Recent

studies have supported this hypothesis. In an island

population of song sparrows, inbred males had the

smallest song repertoires (Reid et al. 2005a), and song

repertoire size was positively correlated with genetic

diversity in sedge warblers (Marshall et al. 2003).

Song sparrow females prefer males with large reper-

toires (Searcy 1984; Reid et al. 2004) and in this species

song repertoire size predicts male lifetime reproductive

success (Reid et al. 2005b). If song complexity is indicative

of developmental success then males with large repertoires

should have large song nuclei (Nowicki et al. 1998). In

song sparrows, a recent study found that HVC volume was

selectively reduced in juveniles given a food-restricted diet

during their early development (MacDonald et al. 2006).

The researchers, however, had no data to determine if

HVC volume was associated with song repertoire size in

adults. In this paper, we examine song repertoire size and

HVC volume in adult male song sparrows. Next, we

examine whether song repertoire size was related to

several morphological and physiological indices of male

quality including body size, body condition, and immuno-

logical and haematological profiles. Finally, we examine if
This journal is q 2007 The Royal Society
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several indices of individual genetic diversity are related to

song repertoire size, which is expected if genetic diversity

promotes developmental homeostasis and song complex-

ity is a reliable signal of developmental quality.
2. MATERIAL AND METHODS
(a) Study area and species

We studied a breeding population of song sparrows at the

Queen’s University Biological Station in eastern Ontario.

Data were collected from late April to mid-August in 2002–

2004. All territorial males and most females were captured in

potter traps or mist nets and given unique colour-band

combinations for individual recognition.
(b) Song repertoires

Song sparrow song repertoires comprise several distinct and

highly stereotyped song types. Territorial males typically

repeat each song type numerous times before switching to a

bout of a different song type. Singing males were recorded

using a Marantz PMD222 or a Sony TCM 5000 EV portable

cassette recorder and a Sennheiser ME66 microphone. We

considered a repertoire recorded in full when either 300 or

more continuous songs or more than 18 song bouts were

sampled (nZ75), or when we compiled 425 or more songs

from non-continuous recording sessions (nZ5; following

Cassidy 1993). All recorded songs were digitized and

classified into song types by visual inspection of their

spectrograms using SYRINX ( John Burt, www.syrinxpc.com).
(c) HVC volume

Brains were collected in July 2003 from 20 adult males. Each

male was captured immediately after his repertoire was

recorded, anesthetized with isoflurane vapours and killed by

rapid decapitation. Whenever possible, unpaired males were

chosen as subjects to minimize effects on dependant off-

spring. We immediately removed the brain, froze it in

powdered dry ice and then stored it at K808C upon return

to the laboratory. Frozen brains were cut in 40 mm coronal

sections and every second section that contained the nucleus

HVC was thaw-mounted onto a microscope slide. Slides were

fixed by methanol immersion for 10 min, Nissl stained with

thionin, dehydrated in a graded series of ethanol and then

protected with cover slips affixed with Permount (Fisher

Scientific). For each slide, we took an image of the HVC in

both brain hemispheres using a bright field microscope

equipped with a digital camera. The boundary of the HVC

was traced in each image and its area determined using Spot

Insight imaging software. The HVC volume was estimated by

combining the area measurements using the formula for a

truncated cone. We were unable to measure HVC volume for

two males due to improper alignment of the brain during

sectioning, and song repertoire size could not be determined

for two additional males due to malfunction in the recording

apparatus during sampling.
(d) Morphology

Morphological measurements were collected from 39 males

in 2002, 67 males in 2003 and 33 males in 2004. We

measured tarsus length and wing chord to the nearest 0.1 mm

using dial callipers, and body mass to the nearest 0.2 g using a

spring scale. Body fat in the furcular depression was scored

using a five-point scale (following Helms & Drury 1960).
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(e) Immunological profile

We obtained haematological and immunological profiles from

22 adult male birds in 2002. Blood smears were prepared in

the field using a small blood sample (approx. 20 ml) taken

from each male’s brachial vein. The smears were fixed in

100% methanol for 1 min then stored at room temperature

for several months before applying Wright–Giemsa stain

(Leukostat; Fisher Scientific). Slides were examined with a

light microscope using a 100!oil immersion objective lens.

For each slide, blood cell counts were taken from 20 digital

images of adjacent rectangular fields of view (150!112 mm)

in the centre of the microscope’s field of view. The total

numbers of normal red blood cells (RBCs, meanGs.e.Z
3293.86G75.41), polychromatic (immature) RBCs (83.18G

10.07), lymphocytes (Z6.86G0.86) and heterophils

(Z3.68G0.71) in the 20 images were counted. Less

prevalent white blood cells such as eosinophils and mono-

cytes were not included in analyses. White blood cell counts

were measured as a ratio to RBCs to control for volume of

blood used in each smear. The number of polychromatic

relative to normal RBCs (polychromasia) was measured as an

index of RBC regeneration (Campbell 1995). We also

calculated the heterophil to lymphocyte (H/L) ratio for each

slide. The H/L ratio is a widely used indicator of physiological

stress in birds (Maxwell 1993), which increases with heat

shock proteins (Moreno et al. 2002) and with exposure to a

variety of stressors in many different avian species (Ilmonen

et al. 2003; Souorsa et al. 2004).

(f ) Genetic diversity

We collected small blood samples (less than 50 ml) from 70

adult male sparrows and blotted each onto a square of high

wet-strength filter paper. A drop of 0.5 M EDTA was added

immediately after collection as a preservative. The blots

were dried and stored desiccated in airtight containers for

several months. Genomic DNA was extracted using an

ammonium acetate-based protocol to salt out proteins

(Laitinen et al. 1994). Microsatellite alleles were amplified

by polymerase chain reaction (PCR) at the loci Mme 2,

Mme 7 (Jeffery et al. 2001) and Escm 1 (Hanotte et al.

1994); one primer at each locus was dye labelled, and PCR

products were analysed on a Beckman Coulter CEQ 8000

according to the manufacturer’s protocol.

Genetic diversity was measured using two complementary

indices. Internal relatedness (IR; Amos et al. 2001) estimates

the degree of recent inbreeding in an individual’s pedigree. IR

assesses parental similarity based on each individual’s degree

of allele sharing (homozygosity), taking into account the

allele frequencies in the population (Amos et al. 2001).

A second metric of genetic diversity, mean d 2, attempts to

measure diversity resulting from longer-term processes due

to past population history (Coulson et al. 1998; but see

Tsitrone et al. 2001). Mean d 2 was calculated as the squared

difference in repeat units of the two alleles at each locus,

averaged across all loci.

(g) Statistical analyses

We used a Pearson correlation to test whether song repertoire

size increased with HVC volume and a multiple linear

regression to determine whether morphological size or body

condition was related to song repertoire size. Male

morphology differed significantly between years after con-

trolling for Julian date (MANCOVA, Wilks’ l8,250Z0.85,

pZ0.01) and subsequent post hoc tests (Tukey’s HSD)

http://www.syrinxpc.com
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Figure 1. Relationship between song repertoire size and HVC
volume for 16 adult males (rZ0.59, pZ0.017).
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showed that males had significantly more body fat in 2002

than in 2003 ( pZ0.012). To control for these year effects, we

regressed mass then fat scores on Julian date for each year

separately, using linear or quadratic regressions (following

Sokal & Rohlf 2001). A separate principal components

analysis (PCA) for each year was conducted using standar-

dized z-scores of the four morphological variables. Each PCA

extracted two components accounting for 37.1 and 25.7% of

the morphological variability (62.8% cumulative) among

individuals in 2002, 41.7 and 22.6% (64.3% cumulative) in

2003 and 43.2 and 31.6% (74.8% cumulative) in 2004. In

each year, mass and tarsus length had very high loadings on

PC1 (mass: all loadings greater than 0.73; tarsus length: all

loadings greater than 0.74) and fat had very high loadings on

PC2 (all loadings greater than 0.88). PC1 and PC2 were thus

interpreted as representative of body size and body condition

in each year, respectively. PC1 and PC2 scores from each year

were pooled. If an individual male was in the dataset for more

than 1 year, morphological data were randomly selected for

one year to avoid pseudoreplication. A multiple linear

regression was used to determine whether song repertoire

size was related to relative lymphocyte or heterophil counts,

and Spearman rank order correlations were used to

determine if repertoire size was related to polychromasia or

the H/L ratio. We used Pearson correlation to test whether

song repertoire size changed with mean d 2 and IR.

Non-parametric tests were used only when residuals were

not normally distributed. All multiple regressions used

sequential backward elimination of predictors with pO0.1.

Statistics concerning eliminated variables are based on their

reintroduction to the final models. Morphological and genetic

analyses were conducted on data collected from all males

used in this study. Blood cell counts and HVC volumes were

measured on a subset of these males in 2002 and 2003,

respectively. Analyses were conducted using SPSS v. 13.0 and

STATISTICA v. 5.5 and all tests were two-tailed.
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Figure 2. Relationship between song repertoire and
morphology from 73 adult male birds. Song repertoire size
was (a) significantly related to body condition but (b) not
body size.
3. RESULTS
Song repertoire sizes ranged from 5 to 13 song types and

averaged 8.5G0.20 s.e. song types for our 74 recorded

males and did not differ across years (one-way ANOVA,

F2,71Z1.6, pZ0.21). Our sampling effort captured the

complete song repertoires of males since sampling more

than 300 consecutive songs (we sampled up to 528 songs)

or more than 18 song bouts (up to 56 bouts) did not lead

to an increase in estimated repertoire size (Spearman rank

order correlations, rsZ0.03, nZ35, pZ0.85 and rsZ0.13,

nZ41, pZ0.41, respectively).

The volume of the song control nucleus HVC (meanZ
0.91G0.83 mm3) was positively correlated with song

repertoire size (rZ0.59, nZ16, pZ0.017; figure 1).

Song repertoire size also was significantly related to male

condition. Males with larger song repertoires were in

better condition (multiple regression, R2Z0.14, F1,71Z
11.1, pZ0.001; bZ0.7, tZ3.3, nZ73, pZ0.001;

figure 2a) but of similar size (bZK0.1, tZK0.9, nZ73,

pZ0.35; figure 2b) than those with small repertoires. In

addition, males with large repertoire sizes had immuno-

logical profiles consistent with them possessing robust

immune systems. Specifically, males with larger song

repertoires had more lymphocytes (multiple regression,

R2Z0.24, F1,20Z6.26, nZ22, pZ0.02; figure 3a) and

polychromatic RBCs (rsZ0.47, nZ22, pZ0.03;
Proc. R. Soc. B (2007)
figure 3b), but had a similar number of heterophils

(bZK0.24, tZK1.26, nZ22, pZ0.22; figure 3c). Males

with larger song repertoires had lower H/L ratios,

indicating that they suffered less from physiological stress

(rsZK0.48, nZ22, pZ0.03; figure 3d ). More genetically

diverse males as measured by mean d 2 tended to have

larger song repertoires (rZ0.22, nZ70, pZ0.066;

figure 4), but IR did not vary with song repertoire size

(rsZ0.053, nZ70, pZ0.66).
4. DISCUSSION
We demonstrate that song repertoire complexity is related

to the size of song control nuclei and the overall

physiological condition of adult male song sparrows.

MacDonald et al. (2006) showed previously that food
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Figure 3. Relationship between song repertoire size and white blood cell counts per normal RBC from blood smears collected
from 22 adult male sparrows in 2002. (a) relationship between relative lymphocyte count and song repertoire size (bZ0.49,
tZ2.5, pZ0.02), (b) relationship between relative polychromasia and song repertoire size (rsZ0.47, pZ0.03), (c) relationship
between relative heterophil count and song repertoire size (bZK0.24, tZK1.26, pZ0.22) and (d ) relationship between H/L
ratio and song repertoire size (rsZK0.48, pZ0.03).
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Figure 4. Relationship between song repertoire size and log10

transformed mean d 2 for 70 adult male birds (rZ0.22,
pZ0.066).
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restriction of developing song sparrows had a negative

effect on HVC volume in this species. Our findings in

conjunction with MacDonald et al. (2006) support the

developmental stress hypothesis, wherein the develop-

ment of a critical song control nucleus can be impaired by

stressors experienced early in life thereby curtailing the

degree of song complexity a male can produce as an adult.

Female song sparrows prefer males with large song

repertoires in laboratory (Searcy 1984) and field studies

(Reid et al. 2004). Reid et al. (2005b) have recently

supported an adaptive explanation for this preference by

showing thatmaleswith larger repertoires successfullyfledge

a higher proportion of young over their lifetime. Our results

mechanistically link song repertoire size with the fitness

benefits discovered by Reid et al. (2005b) by demonstrating

that song repertoire size is indicative of HVC volume and

general phenotypic quality in male song sparrows as

predicted by the developmental stress hypothesis.

Nestling and fledgling birds undergo development of

much of their general phenotype, including morphology

and many physiological systems, concurrently with song

system development (Nowicki et al. 1998). Therefore,

song complexity should correlate with male phenotypic

quality in general because stressors experienced early in

life should affect the entire organism. In song sparrows,

developmental stress in the form of food restriction affects

many morphological and physiological traits, producing

structurally smaller fledglings with reduced mass and fat

deposits, as well as increased levels of plasma corticoster-

one and blood glucose than ad libitum fed birds

(Kempster et al. 2007). Theoretically, resources should

first be allocated to traits critical for survival before making

a significant investment in an ornamental trait (Andersson

1986). It follows then that only individuals who have

developed a strong overall phenotype should have robust

song nuclei, which enable them to learn a large number of
Proc. R. Soc. B (2007)
song types. Our results concur with this idea. We found

that males with large song repertoires had larger HVCs,

were in better body condition and experienced fewer

symptoms of physiological stress, which was evident in

their lower H/L ratios, higher lymphocyte numbers and

higher rate of RBC regeneration.

To our knowledge, a relationship between song

repertoire size and adult male body condition has not

previously been investigated, though males with large

repertoires were heavier in pied flycatchers (Ficedula

hypoleuca, Lampe & Espmark 1994). Several mechanisms

could explain this relationship. One possibility is that song

repertoire size may signal the successful development of

neural systems in general, song control nuclei comprising

one such system. Neural systems responsible for foraging

and prey detection or learning to forage efficiently also

may be superior in males with large song repertoires.

Nutritional stress during development impairs associative

learning for food rewards in red-legged kittiwakes (Rissa
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brevirostris, Kitaysky et al. 2005) and spatial learning of

food cache sites in western scrub-jays (Aphelocoma

californica, Pravosudov et al. 2005). Although develop-

mental stress can have a pronounced negative effect

specifically on HVC development (Buchanan et al.

2004), it also reduces the volume of the entire tele-

ncephalon (Nowicki et al. 2002). In western scrub-jays,

developmental stress reduced the volume and number of

neurons in the hippocampus, a brain region important for

spatial memory (Pravosudov et al. 2005). Therefore,

males that experience a great deal of developmental stress

or that are particularly susceptible to it probably will have

smaller brains overall in addition to a diminished song

system incapable of supporting a large song repertoire.

Males with large song repertoires had more lymphocytes

per RBC, which may indicate one of two things. First, the

elevated lymphocyte levels in males with large repertoires

may be indicative of parasitic infection in these males as

lymphocytosis is often the most significant and immediate

haematological effect of endoparasitic infection (Garvin

et al. 2003). Second, males with large repertoires may have a

more robust immune response. Several lines of evidence

support the latter interpretation. First, song repertoire size

was greatest among males in the best body condition, which

would not be expected if these males were more heavily

infected with parasites. Second, males with large repertoires

had lower heterophil to lymphocyte (H/L) ratios, suggesting

that they suffered less physiological stress. The positive

correlation between polychromasia and song repertoire size

indicates that males with large song repertoires were able to

replace RBCs lost to infection and natural cell death at a

higher rate (Campbell 1995). Reid et al. (2005a) previously

found that smaller song repertoires were associated with an

impaired cell-mediated immune response in an isolated

island song sparrow population, presumably as a conse-

quence of inbreeding depression. Our results from a

migratory and outbred population support their finding of

a relationship between song repertoire size and immune

function and suggest that this relationship is not confined to

inbred insular populations.

Inferences about the strength of heterozygosity/fitness

correlations based on a small number of loci are at best

problematic (Tsitrone et al. 2001; Slate et al. 2004).

Nonetheless, the positive trend between song repertoire

size and mean d 2 described here corroborates several recent

studies demonstrating a relationship between genetic

diversity and the expression of sexually selected traits (e.g.

Foerster et al. 2003; Marshall et al. 2003). Such findings

support recent models of sexual selection stressing the

importance of non-additive genetic variance (Neff & Pitcher

2005). Moreover, it is interesting that repertoire size in this

population tended to increase with mean d 2 but not IR.

These measures of genetic diversity are thought to reflect

processes operating on different temporal scales (Coulson

et al. 1998; Tsitrone et al. 2001). In this large, migratory and

non-isolated population of song sparrows, the observed

relationship between genetic diversity (mean d 2) and

repertoire size may thus stem from relatively ancient events

rather than from current levels of inbreeding.

Although the precise developmental mechanism under-

lying the relationship between genetic diversity and

repertoire size is beyond the scope of this study,

developmental stability may be implicated in linking

genetic diversity to song repertoire size (Reid et al.
Proc. R. Soc. B (2007)
2005b). In many species, heterozygosity has been linked

to developmental stability (as inferred by bilateral

symmetry, reviewed in Brown (1997)). In songbirds

then, genetic diversity may improve developmental

homeostasis in the face of nutritional or other stressors,

permitting development of larger brain nuclei and more

complex song as well as many other fitness-critical traits.

All procedures were conducted in accordance with Canadian
Council on Animal Care guidelines and were approved by the
University of Western Ontario Council on Animal Care.
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