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Sex Difference in the Size of the Neural Song Control Regions
in a Dueting Songbird with Similar Song Repertoire Size of

Males and Females

Manfred Gahr, Edith Sonnenschein, and Wolfgang Wickler

Max-Planck-Institut fiir Verhaltensphysiologie, 82319 Seewiesen, Germany

Previous studies have suggested a causal relation between sex
differences in behavior such as singing and sex differences in
the size of brain areas such as the forebrain song control areas
of songbirds. In the present study we show that the size of the
forebrain vocal control areas nucleus hyperstriatalis ventrale
pars caudale (HVC) and nucleus robustus archistriatalis (RA)
and its neuron numbers are about twice as large in males as in
females of the African dueting bush shrike Laniarius funebris.
However, song types are of similar complexity (number of
elements per song type, physical properties of elements) in
both sexes, and repertoire size does not differ between males
and females. Furthermore, in captivity male and female shrikes
are able to learn the same song types. This demonstrates for
the shrike that sex differences in the size of vocal control areas
and in its neuron numbers do not predict the type of sex-typical
vocal behavior. This result is supported by a statistical compar-
ison of the sex differences in HVC size, RA size, and song

repertoire size of all songbird species studied to date. Sex
differences in species in which only the males sing are indeed
larger than in species in which the females also sing; in song-
bird species with singing females, however, the sex differences
in HVC and RA volume appear to be independent of the vocal
repertoire size of females. The songbird model therefore does
not support the notion that sex differences in area size and
neuron number explain sex differences in a behavior that occurs
in both sexes. Furthermore, in the shrike, neuron soma size is
similar in males and females in the song motonucleus hypo-
glossus pars tracheosyringealis (nXllts) and in the premotor
nucleus RA, but is sexually dimorphic in the higher vocal center
HVC. Thus, male and female shrikes produce songs of similar
complexity with different neuron phenotypes.

Key words: sexual dimorphism; singing;, males; females;
songbirds; brain space-behavior correlation

Sex differences in behavior, in particular in the realm of repro-
duction, are common in all vertebrates. Males display, mount, and
deposit sperm, and females select a male, solicit copulations, and
donate eggs. Such clear-cut behavioral differences between the
sexes have led many investigators to hypothesize that males and
females must differ fundamentally in the construction of the
CNS. Subsequently, since the pioneering work of Raisman and
Field (1971), many reports on structural sexual dimorphisms at
various organizational levels of CNS of vertebrates have been
published (for review, see Arnold and Gorski, 1984; Kelley and
Brenowitz, 1992; Gahr, 1994; Francis, 1995).

The notion that these structural sex dimorphisms are indeed
causally linked to sex differences in behavior has been supported
in part by comparative neuroanatomical work on the vocal control
network of songbirds (Nottebohm and Arnold, 1976; Arnold et
al., 1986; Ball et al., 1994). In songbirds, a chain of forebrain areas
such as nucleus hyperstriatalis ventrale pars caudale (HVC) and
nucleus robustus archistriatalis (RA) is required for the produc-
tion of learned vocal pattern (Nottebohm et al., 1976; Wild,
1994a; Vu et al., 1994). Activity pattern of the forebrain vocal
control nuclei HVC and RA appear to be uniquely associated
with song syllable and song element identity, respectively (Yu and
Margoliash, 1996). These areas seem to differ between males and
females in size and neuron numbers in those songbird species in
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which males and females differ in their vocal behavior. Across
several dueting species of wrens, the degree of sex difference of
the size and number of neurons of forebrain vocal control areas
and even of the neuron soma size seems to correlate with the
degree of sex difference in their song repertoire (Arnold et al.,
1986; Brenowitz and Arnold, 1986); female zebra finches do not
sing, and their forebrain song nuclei HVC and R A are 5-14 times
smaller compared with the singing males (Nottebohm and
Arnold, 1976).

This work on songbirds (Nottebohm and Arnold, 1976; Arnold
et al., 1986; Brenowitz and Arnold, 1986) has inspired work on
many other sexual dimorphic behaviors of vertebrates and led to
the notion that size and neuron number correlate with the degree
of differentiation of the behavior controlled by that area in the
vertebrate brain (for review, see Kelley and Brenowitz, 1992).
Here we report now for the first time that brain space and neuron
numbers of the song nuclei HVC and RA and even neuron size
of the HVC are sexually dimorphic in a dueting species, the
African bush shrike Laniarius funebris, with similar song com-
plexity (similar size of song type repertoire, similar numbers of
elements per song type, similar physical properties of elements
such as degree of frequency modulation and element length) and
sound volume in males and females. The singing behavior of this
songbird was studied extensively in the field and in captivity
during the last 25 years (Wickler, 1972; Sonnenschein and Reyer,
1983; Wickler and Seibt, 1988; Wickler and Sonnenschein, 1989).
Additionally, we did a statistical analysis of the correlation of sex
differences in HVC size, R A size, and song repertoire size of the
bush shrike and of all other songbird species from which these
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Figure 1. Sonograms and power spectrums of song types of
male and female bush shrikes. Males and females are able
to produce song type elements of similar physical complex-
ity and even the same song types. A and B show duets that
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are started by either male (A4) or female (B) birds. These
song types consist of three elements in the males and one
element in the females. In C, the song type of a hand-raised
female is depicted. This song type consists of five elements;
the last three elements are similar to the elements of the
males in 4 and B. D shows a song type that is composed of
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data were available. This comparison revealed that the shrike is
not an exception among songbirds: there is no correlation be-
tween sex differences in the size of vocal areas and singing in
species in which females do sing.

MATERIALS AND METHODS

Animals. Altogether we used 13 birds for the analysis: one wild-caught
adult male from a Tanzanian population, two hand-reared birds (one
male, one female) that were offsprings from wild pairs in Kenya, and six
males and four females raised in captivity in aviaries. All birds had
individual repertoires of three to six song types. The birds with the
smallest (three) and largest (six) song repertoires were both males. The
song behavior and the anatomy of the vocal control areas were studied in
the same animals.

Song analysis. We used laparotomy to determine the sex of each bird.
To assess the entire repertoire size, it was necessary to observe and
record individual birds over a long period of time because the singing
rate is seasonal and differs in the sexes. Most of the birds were under
observation for several years, e.g., >10 years for the wild-caught Tanza-
nian bird. Repertoire size remained stable once the bird had reached 1
year of age.

Vocalizations were recorded with a UHER 4200 stereo tape recorder
and an AKG D900C directional microphone. Song types were analyzed
with the AVISOFT- SONOGR APH Pro for WINDOWS and compared
using sonograms and power spectrums.

Song in both sexes is built from distinct vocal song types. Each song
type consists of one or a few elements (Fig. 1). A definite number of song
types constitutes the repertoire of the individual bird. Song types are
generally uttered in serial repetitions by either one bird alone or by two
birds in a duet. Duets result from well timed call-answer sequences of
both birds; they last 1-2 sec and contain usually one song type of each
partner. In all populations studied in the field, repertoires were clearly
sex-specific, but neither the physical characteristics of the song types
(elements) nor the number of elements per song type allows a prediction
of which will be male or which female (Fig. 1). Furthermore, in captivity,
females and males learn to produce song types that are typical of the
opposite sex under natural conditions (Fig. 1).

Histology. For the estimation of the volume of the forebrain song areas
HVC and RA, of their neuron numbers, and of the soma size of HVC
and R A neurons, we used cytoarchitectural criteria in Nissl-stained brain
sections. In addition, for the volumetric measurements of the HVC we
used a biochemical marker (androgen receptor mRNA) because HVC is
difficult to delineate in Nissl stainings, which therefore may result in
ambiguous volumetric results (Gahr, 1997). The distribution of androgen
receptor mRNA in the caudal neostriatum defines the HVC (Nastiuk
and Clayton, 1995; Gahr et al., 1996).

Brain sections were prepared as follows. Animals were killed with an

two elements. This song type is sung only by males in wild

1.0 sec populations; in captivity, females learn these song types.

overdose of Equithesin and perfused transcardially with 4% phosphate-
buffered paraformaldehyde, and the brains were stored in RNase-free
20% phosphate-buffered sucrose until they were sectioned. Brains were
cut with a freezing microtome alternating in two 20 and two 40 um
parasagittal sections under RNase-free conditions. Sections were col-
lected in RNase-free PBS and mounted onto Fisher Superfrost Plus
Slides. Each series of 20 and 40 wm sections was mounted onto different
slides so that we obtained four series of adjacent sections. The two 20 um
series were used for in situ hybridizations for androgen receptors (ARs),
and one 40 um series was stained with the Nissl dye Thionin.

In situ hybridization. AR-expressing cells were localized in brain sec-
tions with cRNA probes of the zebra finch AR by means of in situ
hybridization. Details of the cloning of the zebra finch AR are given
elsewhere (Gahr and Metzdorf, 1997). This AR fragment has a 96.4%
homology with the AR of the canary (Nastiuk and Clayton, 1994) and a
92% homology with the AR of the ring dove (Streptopelia risoria) (J.
Cao and M. Gahr, unpublished data) and therefore appears to identify
AR of the forebrain song nuclei in many songbird species, including the
shrike.

For transcription of the antisense or sense probes, the plasmid con-
taining the AR sequence was linearized with Nsil or Xhol and tran-
scribed from the T7 or SP6 promotor, respectively. The synthesis and
labeling of the probes with **S-CTP (DuPont NEN, Boston, MA) was
performed using the Riboprobe System (Promega, Madison, WI) accord-
ing to the manufacturer’s instructions. The sense probes served as con-
trols in the in situ hybridization studies.

An in situ hybridization procedure previously described by Whitfield et
al. (1990) was followed with modifications. Brains were cut into 20 wm
sagittal sections and mounted onto Fisher Superfrost Plus Slides. Sec-
tions were mounted onto different slides so that we obtained three series
of adjacent sections that were stained for ARs and with the Nissl dye
Thionin. Sections were hybridized under coverslips for 15 hr at 55°C,
using **S-labeled sense or antisense probes (2 X 107 cpm/ml) in 50%
formamide, 600 mm NaCl, 10 mm Tris-HCI, pH 7.5, 0.02% Ficoll, 0.02%
BSA, 0.02% polyvinylpyrrolidone, 1 mm EDTA, 0.01% salmon testicular
DNA, 0.05% total yeast RNA, 0.005% yeast transfer RNA, 10% dextran
sulfate, 0.1% SDS, 0.1% sodium thiosulfate, and 100 mm dithiothreitol.
After hybridization, slides were immersed in 2X SSC for 30 min at room
temperature to float off the coverslips. The slides were first treated with
RNase-A (20 pg/ml) in RNase buffer (0.5 m NaCl, 10 mm Tris-HCI, pH
8.0, 1.0 mm EDTA) for 30 min at 37°C and washed in the same buffer for
30 min at 37°C. The slides were then washed in 2X SSC for 1 hr at 50°C,
0.2x SSC for 1 hr at 55°C, and 0.2X SSC for 1 hr at 60°C, and then
dehydrated sequentially before air drying. To detect autoradiographic
silver grains, the slides were dipped into Kodak NTB-2 nuclear track
emulsion diluted 1:1 with 0.1% Aerosol 22 (Sigma, St. Louis, MO) at
42°C and then exposed at 4°C for 7-14 d. The slides were developed in
Kodak D19 for 2 min at 16°C, rinsed in deionized water for 30 sec, fixed
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in Kodak fixer for 5 min, and then washed in deionized water. Sections
were counterstained with Thionin and examined using bright- and dark-
field illumination.

Morphometric analysis. Because there was no sex difference in the
weight of the forebrain, which contains HVC and RA, we did not need
to correct the anatomical measurements for brain size. For each animal
(six females, eight males), the AR mRNA-defined HVC, the Nissl-
defined HVC, and the RA were measured with an image analysis system
(Imatec, Munich, Germany). The borders of the HVC and RA are
defined in general by the cytoarchitecture of the HVC and RA, respec-
tively, which differs from the surrounding tissue (see Fig. 3). These
cytoarchitectural differences were used to measure the size of the HVC
and RA in one series of 40 um sections. The sections were viewed on a
computer screen, the outlines of HVC or RA were drawn, and the size
of the drawn areas were measured with the image analysis system. The
volume of HVC and RA, respectively, was the sum of these measure-
ments multiplied by the section thickness multiplied by 3. Because the
HVC was difficult to delineate in some of the Nissl-stained sections,
particularly in females, we used in addition the distribution of androgen
receptors (AR mRNA-defined HVC) to delineate and measure the HVC
(see Fig. 3C,D). The AR mRNA-defined HVC was measured in the two
series of 20-um sections. These measurements were performed as de-
scribed for the Nissl-stained sections.

The number of neurons of the HVC and RA was counted in the
Nissl-counterstained sections under high power (1000X) with the help of
the image analysis system on a video screen. Six 2000 wm? counting
frames were analyzed in every third section of each animal using the
optical dissector technique (Coggeshall, 1992), and the total number of
cells was derived from these cell densities and the HVC volume. The size
of neuron somatas was measured with the above image analysis system
under high power (1000X). Kruskal-Wallis nonparametric ANOVA
(Conover, 1980) was used for all statistical comparisons of the morpho-
metric measurements.

RESULTS

The volumes of the HVC and RA of a wild-caught male, a male
offspring from a wild pair, and aviary-bred males were in the
same range. Likewise, the volumes of a female, originating from
a wild pair, and of females bred in captivity were similar (Fig. 2).
Therefore, we analyzed together birds that were originally wild
and birds bred in captivity.

The volumes of the HVC and RA were 1.8 and 2.0 times larger
(p < 0.01 for both areas), respectively, in male compared with
female shrikes (Figs. 2, 3): The size of the HVC (defined by AR
mRNA distribution) was 0.16 = 0.008 mm? for the males and
0.086 = 0.009 for the females. Because the borders of the HVC
were ambiguous in females in Nissl-stained material (calculated
size: 0.045 * 0.02 mm?), we used only the AR mRNA-defined
HVC for statistical comparisons to avoid an underestimation of
the female HVC size. The size of the RA was 0.151 = 0.005 for
the males and 0.075 = 0.004 mm? for the females. The size of the
Nissl-defined nucleus hypoglossus was 1.3 larger in males (0.03 =
0.007 mm?) compared with females (0.023 = 0.005 mm?). The
neuron number of the male HVC (21,050 = 2765) and RA
(5547 = 825) was 1.5 and 1.4 times larger (p < 0.01 for both
areas), respectively, compared with the neuron number of the
HVC (13,820 = 3016) and RA (3880 = 396) of females (Fig. 2).
The repertoire sizes, however, do not differ between males and
females. Thus, the number of song types produced by the shrikes
does not correlate with either the HVC or R A size or the neuron
numbers of these vocal control areas. The soma size of hypoglos-
sus pars tracheosyringealis (nX1Its) neurons was 250 * 32 um? in
males and 245 = 45 um? in females (p > 0.05). The soma size of
RA neurons was not statistically different (p > 0.05) between
males (89.2 = 18.9 um?) and females (78.6 = 19.4 um?) (Figs. 2,
3). In contrast, HVC neurons of males (51.7 *= 5.6 um?) are
significantly (p < 0.01) larger compared with those of females
(37.4 = 5.9 um?) (Fig. 2).

Gabhr et al. «+ Monomorphic Singing and Dimorphic Song Control Nuclei in Birds

The vocal areas of masculinized female zebra finches and
female canaries are smaller compared with those of the males,
although these females sing complex songs (Gurney, 1980, 1982;
Gurney and Konishi, 1980; Nottebohm, 1980). In particular, in
female canaries it was shown that such masculinization does not
just induce male-like song pattern but these song patterns are
functionally masculinized, i.e., sexually attractive to receptive
female canaries (Vallet et al., 1996). Even in the “monomorphic”
(concerning song repertoire) bay wren, HVC is still 30% larger in
males compared with the females (Arnold et al., 1986). Because
of these observations, the statistical analysis of the correlation of
sex differences in HVC size, RA size, and song repertoire size
was performed with all species for which these data are available
at present (see Table 1). This kind of statistical analysis has not
been performed previously.

First, there was no correlation between the repertoire size
(measured as song type or syllable repertoire size) and the degree
of sex difference (expressed as the maximum recorded for a
species, as the midpoint of all measured sex differences for a
species, or as the minimum sex difference measured for a species)
for either HVC or RA on the data set as a whole (see Table 1)
using the Pearson product-moment correlation coefficient (para-
metric correlation), Kendall’s tau, or Spearman’s rho (nonpara-
metric correlations) (p > 0.25 in all cases), whether or not the
comparisons included male-only singers. Because there was no
correlation between the sex differences in the volume of brain
areas and the vocal repertoire in the data set as a whole, we
subdivided the species into four categories based on the sex
difference in vocal behavior (Table 1): category I = male-only
singers; category II = singing females, but the size of the female
song repertoire is different from the male repertoire; category
III = song repertoire size is similar in males and females; and
category IV = hormone-induced male-like singing of females.
The canary was placed in category II, although Nottebohm (1980)
claimed that female canaries do not sing; Pesch and Giittinger
(1985) and Vallet et al. (1996), however, demonstrated clearly
that female canaries do sing spontaneously. For the white-
throated sparrow we used the data of the tan-striped male and the
white-striped female color morph (DeVoogd et al., 1995). The use
of white-striped male and tan-striped female pairs does not affect
the results, assuming that these females, although they rarely sing
(Falls and Kopachena, 1994), have on average one song type like
the males.

Second, we ran the correlations (Pearson product-moment
correlation coefficient, Kendall’s tau, or Spearman’s rho) between
the repertoire size (measured as song type or syllable repertoire
size) and the degree of sex differences for either HVC or RA
within the categories I-I'V. Because all tests were not significant
(p > 0.2 in all cases) before correcting for multiple comparisons,
they certainly would not be significant after such corrections.

Third, using parametric ANOVA we calculated whether sex
differences of HVC or RA were related to whether the birds
belonged to one of the four categories. There is significant het-
erogeneity in both cases. Post hoc tests (Bonferroni/Dunn) for
HVC and RA show that the male-only singers have larger sex
differences than the other three categories (for HVC: L II, p <
0.0001; I, III, p < 0.0001; I, IV, p = 0.0003; for RA: I, II, p =
0.038; I, III, p = 0.022; I, IV, p = 0.073), which are not different
from each other (for HVC: II, IIL, p = 0.6641; 11, IV, p = 0.9009;
IIL IV, p = 0.8173; for RA: I IIL, p = 0.7463; 11, IV, p = 0.8742;
IIL IV, p = 0.9159; significance level 5% if p value < 0.0083).
Because female white-crowned sparrows sing primarily outside
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Figure 2. The volume, neuron number, and neuron soma size of HVC and RA of the shrike do not correlate with the repertoire size. Scatterpools
relating the volumes of HVC (A4) and RA (B), the neuron number of HVC (C) and RA (D), and the neuron soma size of HVC (E) and RA (F) to
repertoire size of male (V) and female (+) shrikes. There is, however, a clear sex difference in the volume and neuron content of HVC and RA.
Concerning neuron soma size, there is a sex difference in HVC but not in RA.

and at the beginning of the breeding season (Baptista et al., 1993)
and because the anatomical study of this species (Baker et al.,
1984) was performed in summer (breeding season), one could
argue that this species should be placed in category I. In this case,
and if canaries are put into category I according to Nottebohm
(1980), there are no more differences between the male-only
singers and the other categories.

This statistical analysis demonstrates that (1) the sex differ-
ences of song areas in species in which only males sing are larger

than in species in which both sexes sing but (2) the sex differences
of song areas and song repertoire are independent in species with
singing females.

DISCUSSION

Despite the lack of sex differences in the repertoire size between
male and female African bush shrikes, the forebrain vocal control
areas HVC and RA are about twice the size and contain about
twice as many neurons in males compared with females (Fig. 2).
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Figure 3. The total volume of both HVC and RA of all males was larger compared with all females. Photomicrographs of the Nissl-stained HVC (4,
B), the androgen receptor expressing HVC (C, D), and the Nissl-stained RA (E, F) of male (4, C, E) and female (B, D, F) shrikes. Arrows indicate the
ventral borders of HVC and the outlines of RA in the Nissl-stained sections. For the HVC, we used the distribution of AR mRNA to delineate and
measure the volume of this nucleus. The AR mRNA distribution (area of dense white silver grains in the dark-field image) clearly defines the HVC,
whereas HVC is difficult to delineate in the Nissl stainings in some cases. The diameter of RA of the males was larger compared with the females
throughout the entire nucleus. The dorsoventral diameter of HVC is almost similar in both sexes, but HVC of males is about twice as large in its

mediolateral extension.

In contrast to the notion that brain space correlates with song
complexity in songbirds, the present results suggest that the
repertoire size does not correlate with the size of HVC and RA
in the shrike. This conclusion is supported by the following
observations.

First, physical characteristics of the song types do not allow a
prediction of which will be male or which female, although birds
in the field recognize and differentiate between the song types of
the other sex (Wickler, 1972; Sonnenschein and Reyer, 1983).
Second, although adult birds in the field as well as in captivity
were never heard to produce the repertoire of their partners

(Wickler, 1972), aviary-raised birds at the song-learning stage
pick up song types produced by a conspecific of the other sex, thus
demonstrating that they are able to learn and produce song types
of the opposite sex (Wickler and Sonnenschein, 1989). Thus there
seems to be no sex difference in the complexity of song types
(Wickler, 1972; Wickler and Seibt, 1988), despite the sex differ-
ences in the anatomy of HVC and RA. This result agrees with
findings from male marsh wrens and zebra finches in which HVC
and RA size develop independently of vocal learning (Burek et
al., 1991; Brenowitz et al., 1995).

It was suggested previously that the size of the song nuclei
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Table 1. Sex differences in the size of vocal control areas do not
correlate with sex differences in song

Repertoire
Species RA HVC Male Female
I. Only the male sings
Zebra finch™"™* 11.9-55 13.6-50 12 0
Marsh wren™ 5 10 536 0
Orange bishopbird" 29 >29 1 0

II. Female song repertoire size
differs from the male

Canary"-<k 3.0-2.7  4.3-2.7 30-20 35-5
Red-winged blackbird®* 4.7 32 59 2
White-browed robin chat™¢ 24 2.9 40 35
Rufous and white wren"® 2.2 1.7 14 6
Starling®" 1.7 1.6 464 24
III. Similar repertoire size in male
and female
Red-checked cordon blue/™ 1.4 1.5 1.3 12
White-crowned sparrow™d 3.7 2.4 1 1
White-throated sparrow® 1.5 1.9 1 1
Buff-breasted wren'® 1.5 1.3 13 11.7
Bay wren"® 1.1 1.5 16.5 152
Bush shrike (this study) 2.0 1.8 46 45
IV. Hormone-induced male-like
singing of females
Masculinized canary*<* 2.1-19  2.3-2.0 30-20 35-5
Masculinized zebra finch®" 1.9-16 18-16 12 1.2

Listed is the male-to-female ratio of the volume of the HVC and the RA. Reper-
toire size (means of real values) comprises number of song types in each species
except for the starling and the canary, in which syllable repertoire is given as the
song type repertoire of females in these species is unknown. For the canary and the
zebra finch the range of values is given, because these species have been studied in
several investigations with quite different results. Statistical comparisons (see Re-
sults) demonstrate that sex differences in species in which only the males sing are
greater than in species in which females also sing, but sex differences in HVC and
RA are independent of the vocal behavior in species with singing females. The data
originate from the following sources: a, Nottebohm and Arnold, 1976; b, Gurney,
1980; c, Nottebohm, 1980; d, Todt et al., 1981; e, Farabaugh, 1982, 1983; f, Baker et
al., 1983; g, Beletsky, 1983; h, Canady et al., 1984; i, Brenowitz et al., 1985; j, Gahr
and Giittinger, 1985; k, Pesch and Giittinger, 1985; 1, Brenowitz and Arnold, 1986;
m, Gahr and Giittinger, 1986, and unpublished data; n, Arai et al., 1989, and
personal communication; o, Kirn et al., 1989; p, Bernard et al., 1993; q, Baptista et
al., 1993; r, Brenowitz et al., 1994; s, DeVoogd et al., 1995; t, Hausberger et al., 1995;
u, M. Gahr, unpublished data.

limits the amount of vocalizations that could be maximally
learned and that laboratory work leads to abnormally small rep-
ertoires (Brenowitz et al., 1995). Thus, we need to compare the
vocal behavior of wild and captive shrikes.

In free-living bush shrikes, the repertoire size of different
geographic populations is different. In several Kenyan popula-
tions, females sing fewer song types than males do, whereas in
some Tanzanian populations and in a population at Lake Victo-
ria, males and females have repertoires of similar size that are
both larger than those of the other Kenyan populations (Wickler,
1972; Sonnenschein and Reyer, 1983; E. Sonnenschein and U.
Reyer, unpublished data). In captivity, however, male and female
shrikes learn to produce songs different from those of their
parental population with regard to number of song types, i.e.,
females may have larger repertoires than their parental popula-
tion (Wickler and Sonnenschein, 1989). In captivity, female off-
spring of the Kenyan population learned to sing as many song
types as the males. Thus the population differences in the degree
of sex-specific repertoire size in the bush shrike reflect population
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differences in vocal learning but not neural limitations of the
learning capabilities. The factors that guide sex-specific song
learning under natural conditions in the shrike are unknown
(Wickler and Lunau, 1997). Furthermore, the repertoire size of
the wild-caught male included in this study is in the range of the
males raised in captivity. We conclude, therefore, that female and
male bush shrikes are able to learn the same repertoire.

Do the present results mean then that the shrike is an exception
to the rule that sex differences in the size of song areas correlate
with sex differences in song repertoire size or complexity of
songbirds? Statistical analysis of the sex differences of the song
complexity and the size of forebrain vocal control areas among
songbirds gives a rather surprising result (Table 1). The sex
difference in brain area size in species in which only the males
sing is larger than in species in which females also sing, but the sex
differences in brain area size is independent of the vocal behavior
in species with singing females. This literature analysis suggests
that the shrike is not the exception to the rule but that there is no
rule, i.e., no correlation between repertoire size and the degree of
sex difference in HVC and RA size if females do sing. Conse-
quently, similar to the shrike, neuron numbers of forebrain vocal
areas should not correlate with sex differences in the song reper-
toire of other songbirds in which females sing. Furthermore, the
statistical analysis suggests that HVC and R A need to obtain an
adequate size to allow song production. Beyond this point, the
size and neuron number of forebrain vocal areas HVC and RA
do not predict the singing behavior.

In the following discussion we examine the possibility that sex
differences in the anatomy of the forebrain vocal control areas
correlate with other features of singing, such as loudness and song
activity. We can exclude loudness in the shrikes, but song rates are
always higher in male than in female bush shrikes, independent of
their individual repertoire size (Sonnenschein and Reyer, 1983; E.
Sonnenschein and U. Reyer, unpublished data). The correlation
between the rate of singing and the morphology of vocal control
areas was studied recently in a comparative analysis using two color
morphs (white-striped and tan-striped) of the white-throated spar-
row (DeVoogd et al., 1995). Tan-striped males and their white-
striped females have similar song behavior with regard to both
quality and quantity of song. White-striped males sing frequently,
but their tan-striped mates sing rarely, if ever (Falls and Ko-
pachena, 1994). HVC and RA as well as the other forebrain vocal
control areas, however, are sexually dimorphic in both pairs of
color morphs, despite monomorphic singing of the tan-striped
male/white-striped female pair (Table 1). Only the motonucleus
hypoglossus (nXIIts) correlates with the singing rate because it is
similar in size in the tan-striped male/white-striped female pair
(similar singing rate) and sexually dimorphic in the pair with the
sexually dimorphic singing activity (white-striped male/tan-striped
female) (DeVoogd et al., 1995). Similar to that of the white-
throated sparrow, the nXIIts of the shrike is slightly larger in males
than in females. Thus the singing rate might correlate with features
of the nXIIts, which controls the sound-producing syringeal mus-
cles (but see below). It is unlikely, however, that the number of
neurons in a sensorimotor integration area such as the HVC
(which is at least three synapses upstream from the sound-
producing muscles) correlates with the frequency of motor activity.
This view is further supported by the finding that the development
of the size of the forebrain vocal control nuclei HVC and RA of
the zebra finch is independent from the development of the syrinx
and the nXIIts (Lohmann, 1997).

A further possibility is that the sex difference in the size of



1130 J. Neurosci., February 1, 1998, 78(3):1124-1131

HVC and RA of the shrike and of other songbirds is related to
sound perception rather than to sound processing. Vocal areas
are important for the perception of song. In correlation, some of
the most complex auditory neurons known are contained in the
HVC (e.g., Margoliash and Fortune, 1992; Lewicki and Arthur,
1996). In particular, there is a substantial increase in the auditory
temporal context sensitivity between field L (the highest, purely
auditory center of birds) and HVC (Lewicki and Arthur, 1996).
In dueting species such as the bush shrike or the bay wren, such
auditory neurons are required in both sexes to sing the duet.
Thus, we cannot assume that perceptual properties of males and
females are different in the shrike, because the passive song
repertoire must be similar in male and female of dueting species.
Last, in female marsh wrens that do not sing, the size of vocal
areas of females that perceive large repertoires and of females
that perceive small repertoires during development and adult-
hood is similar (Brenowitz et al., 1994).

If area size and neuron numbers do not, then do neuronal
features correlate with the song repertoire? In species with mono-
morphic singing behavior, the ultrastructure of neurons was re-
ported to be quite similar between the sexes (DeVoogd et al.,
1988). In the shrike, soma size of RA and nXIIts neurons is
similar between sexes and therefore seems to correlate with the
similar size and physical characteristics of the vocal repertoire of
males and females. In contrast to the RA, the soma size of HVC
neurons is sexually dimorphic, and therefore HVC soma size
does not correlate with the monomorphic size and physical char-
acteristics of the vocal repertoire. Thus females produce a similar
vocal pattern with fewer and smaller neurons in their HVC but
with similar-sized neurons in the RA. In summary, the most
parsimonious explanation for the shrike data as well as for pre-
vious work on sex differences in other songbird species is that
there is no simple relation between area size, neuron number,
neuron soma size of forebrain vocal control areas, and the vocal
complexity in songbirds.

A possible explanation for this lack of a simple relationship
between brain area size, neuron number, neuron phenotype, and
singing is that the forebrain vocal control areas are multifunc-
tional and that some of these functions, in addition to song
control, differ in males and females; e.g., all of the forebrain vocal
control areas contain auditory neurons (Doupe and Konishi,
1991). In addition to the auditory input, HVC seems to receive
visual (Bischof and Engelage, 1985) and somatosensory informa-
tion via the thalamic nucleus uvaeformis (Wild, 1994b). Further-
more, neurons in many song areas process endocrine information
(Gahr and Kosar, 1996; Gahr and Metzdorf, 1997). Conse-
quently, the comparative (male to female comparison) approach
for the study of neural mechanisms of vocal control should focus
on sex differences between functionally defined neuron popula-
tions within the vocal control areas rather than on brain area size
and neuron numbers. A further possibility to explain the lack of
a correlation between brain area size and behavior is that the
evolution of the size and physical complexity of the vocal reper-
toire is attributable to the evolution of the complexity of neurons
rather than the evolution of brain space and neuron numbers. To
solve this problem, experimental approaches are necessary to
define the anatomical units of sound generation in male and
female birds.

In summary, in the bush shrike as well as in all other songbird
species in which females sing, there is no correlation between sex
differences in the song repertoire and size of song control areas.
We cannot rule out that there are sex differences in vocal properties
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that were not studied and that would correlate with the sex differ-
ences in size and neuron numbers of the vocal control areas. These
vocal properties, however, must be different from song repertoire
size, physical properties of elements, song loudness, and singing
frequency. At present, the songbird model does not support the
notion that sex differences in brain area size and neuron number
explain sex differences in a behavior that occurs in both sexes.
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