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Seasonal variation in the size of song nuclei in the brains of
male songbirds may be related to the ability to learn to sing
new songs as adults. This hypothesis was tested with the
rufous-sided towhee (Pipilo erythrophthalmus), a species in
which song repertoires are stable after 1 yr of life. Towhees
were hand raised in the laboratory and tutored with normal
towhee songs. After song repertoires were recorded at 1 yr
of age, photoperiods were manipulated so that 10 male tow-
hees experienced short days and 10 males experienced long
days. Circulating hormone concentrations and anatomical
attributes of song nuclei were then measured. Photoperiod-
related differences in the song nuclei of these towhees were
as large as those seen in “open-ended learners” (i.e., spe-
cies that continue to learn new songs as adults). Seasonal
changes of the adult song system may thus occur without
disrupting existing song repertoires and without the devel-
opment of new songs. The synaptic plasticity provided by
such seasonal variation, however, may enable song learning
by adult birds.

In temperate and subtropical bird species, reproduction is sea-
sonal, with breeding generally restricted to the spring and early
summer. In oscine birds, song behavior is a critical feature of
reproduction. Song acts in the contexts of territorial defense and
courtship and, together with other reproductive behaviors, is
seasonal in occurrence. It is produced most frequently early in
the breeding season, when birds establish territories and attempt
to attract and stimulate mates. Song is produced much less often
outside of the breeding season.

In songbirds, song production is controlled by a network of
discrete brain nuclei (reviewed by Nottebohm, 1987; Konishi,
1989). Of main importance in the motor control of song are the
caudal nucleus of the ventral hyperstriatum (HVc) and its ef-
ferent target, the robust nucleus of the archistriatum (RA). RA
projects to the hypoglossal nucleus (nXII) in the hindbrain. The
muscles of the syrinx, the sound-producing organ, are inner-
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vated by motor neurons from the tracheosyringeal portion of
nXII. HVc also projects to area X in the parolfactory lobe of
the forebrain. Different regions of the magnocellular nucleus of
the anterior neostriatum (MAN) project to HVc and RA. Both
area X and MAN are essential for song learning (Bottjer et al.,
1984; Scharf and Nottebohm, 1989; Sohrabji et al., 1990; Suter
et al., 1990). Neurons in HVc, RA, MAN, and nXII accumulate
testosterone (T) or its estrogenic and reduced androgenic me-
tabolites (Arnold et al., 1976, 1986; Gahr et al., 1987; Brenowitz
and Arnold, 1989).

Song must be learned in oscine birds (reviewed by Marler and
Peters, 1982; Nottebohm, 1987; Bohner et al., in press). Con-
siderable variation among species exists in the timing of song
learning, but two general developmental patterns emerge: In
“age-limited” species (Marler and Peters, 1987), such as the
zebra finch (Poephila guttata, Eales, 1985) and the white-crowned
sparrow (Zonotrichia leucophrys, Marler, 1970; Cunningham
and Baker, 1983; Petrinovich and Baptista, 1987), song learning
is usually restricted to the first year of life. In “open-ended”
species, such as the canary (Serinus canarius; Nottebohm and
Nottebohm, 1978) and the red-winged blackbird (4gelaius
phoeniceus;, Marler et al., 1972; D. E. Kroodsma, unpublished
observations), substantial song learning continues into the sec-
ond year and potentially beyond.

The best-studied open-ended learner is the canary (reviewed
by Nottebohm, 1987). At the end of the breeding season, song
becomes plastic in structure; some song syllables are deleted,
and others are modified or added. By the start of the next breed-
ing season, song becomes stable again. A net increase in rep-
ertoire size occurs between successive breeding seasons.

Seasonal changes in male canary song behavior correlate with
seasonal changes in circulating T levels. The postbreeding period
of plastic song coincides with low circulating T levels (Notte-
bohm et al., 1987). The modification and addition of song syl-
lables reaches its maximum when T levels start to rise after
being low for several weeks.

The ability of male canaries to modify song in successive adult
years suggests that there is plasticity in the neural substrate
underlying song behavior. Nottebohm (1981) found that HVc
and RA in male canaries, measured in Nissl-stained sections,
decrease after the breeding season to only 50% and 56%, re-
spectively, of their volumes during breeding. He hypothesized
that the shrinkage in the fall results in the “forgetting” of song
syllables as dendrites retract and synapses are disrupted. Ac-
cording to this model, dendrites grow, new synapses are formed,
and males learn to produce new song syllables in the spring.
Seasonal changes in circulating T levels may be the proximate
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mechanism for seasonal changes in song nuclei (Nottebohm et
al., 1987), given that exogenous T induces dendritic growth and
synaptogenesis in adult female canary RA (DeVoogd and Not-
tebohm, 1981; DeVoogd et al., 1985).

This model of seasonal change in male canary song nuclei
was extended by Gahr (1990). He confirmed that HVc, as de-
fined by Nissl stain, changed in size with seasons. Gahr found,
however, that if the borders of HVc were defined by the distri-
bution of neurons that projected to area X and were labeled by
a monoclonal antibody raised against the human estrogen (E)
receptor, then there was no seasonal change in the size of this
nucleus.

If seasonal changes in song nuclei are related to the learning
and forgetting of a song repertoire each year, then it was pre-
dicted that such seasonal variation will not occur in the brains
of age-limited song learners (Nottebohm, 1981, 1989). When
we began our study (1987), this prediction had been tested for
only one such species. Baker et al. (1984) did not observe sea-
sonal changes in the volumes of HVc and RA in male white-
crowned sparrows, a species in which males sing only one song
type. An adequate test of the proposed relationship between
seasonal variation in song nuclei and adult song learning, how-
ever, requires that other age-limited (and open-ended) learners,
in a variety of taxa, also be analyzed.

In the present study we asked if there are seasonal changes in
the structure of song nuclei in an age-limited learning species,
the rufous-sided towhee (Pipilo erythrophthalmus), in which males
have sizeable repertoires of songs. This towhee is common in
North America; breeding is seasonal, as is song behavior. Males
defend breeding territories and use a repertoire of one to six
song types (Ewert, 1978). The onset of song behavior in spring
correlates with an increase in the number of Leydig cells (a major
source of T) in the interstitial tissue of the testis. The termination
of song behavior in summer correlates with gonadal regression
(Davis, 1958). Ewert (1978) recorded the full song repertoires
of 17 wild color-banded males in New York for two or more
years and found no evidence that these towhees modified their
song repertoires in successive adult years.

Materials and Methods

Subjects and housing conditions. As part of a study of song development
(D. E. Kroodsma and D. N. Ewert, unpublished observations), 20 male
towhees were collected as nestlings in either western (near Amherst) or
eastern (near Plymouth and Buzzard’s Bay) Massachusetts during the
spring of 1987. They were hand reared in the laboratory of one of us
(D.E.K.). Eighteen of these birds were tutored with tapes of normal
adult towhee song recorded in Massachusetts. Each bird heard its tutor
tape of eight different towhee song types on 45 d during the hatching
summer. Nine of the 18 birds were reared in isolation in individual
sound chambers, and the other nine birds were reared in trios in three
separate rooms. The remaining two birds were untutored and kept to-
gether in still another room. Birds from the three different rearing con-
ditions (isolation tutored, social tutored, and untutored) were distributed
between the long-day and short-day photoperiod groups in a balanced
fashion.

All birds were kept on long-day photoperiods [light : dark cycle (L:
D), 15:9 hr] through the summer of 1987. The photoperiod was then
shifted gradually to a short-day schedule (L:D, 9:15 hr) and maintained
there through January 31, 1988. To induce vernal song behavior, we
gradually changed the photoperiod to L:D, 15:9 hr during February and
March and maintained it there until May 15, 1988.

After tape recording the songs of all males, we manipulated the pho-
toperiod once again so that we could simulate spring and late fall seasons
for our two experimental groups of same-age males. From May 15 to
July 15, 1988, all birds were maintained on short days (L:D, 9:15 hr).
To induce another reproductive cycle, we then placed 10 birds on long

days (L:D, 15:9 hr) for 4 weeks from July 15 to August 14. The other
10 birds were kept on short days until August 14.

On August 14, when all birds were 15 months old, blood samples
were collected from the alar vein of all birds for hormone analysis (see
below). They were then anesthetized immediately with Metafane and
perfused through the left ventricle of the heart with saline followed by
10% formalin. The brains and testes were removed and placed in neutral
buffered formalin for at least 2 weeks.

Song behavior. Between January 31 and May 15, 1988, we made
extensive recordings of the song repertoires of the 18 birds that received
song tutoring as juveniles (nine birds per experimental group). A male’s
repertoire was considered to be sufficiently sampled when several ex-
amples of most syllable types were recorded, without new syllable types
appearing in successive days. These recordings were analyzed on a Kay
DSP sonagraph.

In both wild and hand-reared towhees, the overall duration of song
and the sequence of song syllables may vary under situations of agonistic
arousal, such as during vocal interactions with other birds (Harding and
Follet, 1979). The repertoire of song syllables, however, remains highly
stereotyped for individual towhees. Estimates of repertoire size derived
from counts of song syllables therefore reflect the vocal abilities of
different birds more accurately than do estimates based on the number
of song types (for a discussion of the comparability problem, see Kroods-
ma, 1982). Accordingly, we estimated repertoire size for each male as
the number of different song syllables observed in the full sample of his
recorded songs.

Hormone analysis. Blood samples were collected from the alar vein
into heparinized capillary tubes immediately prior to death. Samples
were centrifuged at 1000 rpm for 5 min, and the plasma was removed
and stored at —20°C. Circulating concentrations of T and 178-estradiol
(E,) were measured by radioimmunoassay (RIA) as in Wingfield and
Farner (1975) and Ball and Wingfield (1987). Briefly, 2000 cpm of each
3H-labeled steroid was used to equilibrate each plasma sample for later
measurement of percentage recovery after chromatography. After sam-
ples were extracted in § ml of dichloromethane, the dried extract was
transferred to the top of microchromatography columns containing di-
atomaceous earth, propylene glycol, and ethylene glycol. Increasing con-
centrations of ethyl acetate in isooctane were used to elute each steroid
fraction. Purified fractions were dried and taken up in phosphate-buf-
fered saline with 2% gelatin and 2% sodium azide. Separate RIAs for
each hormone were used to estimate the unknown hormone concentra-
tions. Plasma levels of T and E, are presented as nanograms per mil-
liliter.

The testes of birds typically change in size dramatically with changes
in photoperiod. We therefore measured the combined weight of both
testes for each male after perfusion.

Neural attributes. We weighed the brains and embedded them in
gelatin. The gelatin block was trimmed and placed in a 20% sucrose/
formalin solution for 48 hr. Transverse frozen sections were cut serially
ata thickness of 50 um and collected into avian saline. Alternate sections
were mounted and stained with thionin.

We measured the volumes of five song-control nuclei (HVc, RA, area
X, MAN, and nXII) and of three midbrain nuclei unrelated to vocal
control [the rotund nucleus (Rt), the pretectal nucleus (Pt), and the
medial spiriform nucleus (SpM)]. Our measures of HV¢ included the
caudalmost portion, which extends medially and ventrally along the
ventricle and contains large, densely packed cells (Fig. 1). These mea-
surements correspond to the “inclusive” measures of Kirn et al. (1989).
In most birds, we were unable to distinguish separately the lateral and
medial portions of MAN (Nottebohm et al., 1982) reliably from the
Nissl-stained sections (Fig. 2). We therefore measured the volume of
the entire MAN for all birds. A magnified image of stained sections was
projected on paper at 46 x, the perimeter of the relevant nucleus was
traced, and the area was calculated using a digitizing tablet and micro-
computer. We multiplied the area of each section by the sampling in-
terval of 100 um. To obtain the total volume for each nucleus, we
summed the volumes of all individual sections taken through the nucleus
for both sides of the brain. The observer was blind to treatment group
for this procedure and for all other measurements.

Using a calibrated computerized image analysis system (Imaging Re-
search, Inc.), we measured the area of somata of neurons in HVc, RA,
area X, nXII, and Rt. To ensure that we examined only neurons of the
target nucleus, we placed the visual field on the video monitor well
within the Nissl-defined borders of each nucleus. The perimeters of
individual neuronal cell bodies, viewed at a total microscopic magni-
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Figure 1. A, HVc in male rufous-sided towhees exposed to short-day (eft) and long-day (right) photoperiods. Arrows indicate the Nissl-defined
borders. Note that HVc in the short-day towhee does not extend medially as far as it does in the long-day towhee. B, RA in short-day and long-
day male towhees. Note the greater cell size in RA of the long-day bird. C, Area X in short-day and long-day towhees. Note the greater cell size
in area X of the long-day bird. Maximum cross-sectional areas are shown for each nucleus. Scale bar, 1.0 mm for A-C.

fication of 250 x, were traced on screen with a computer mouse. The
area of each outlined cell body was automatically determined by the
imaging system.

In HVc, RA, and Rt, at least 100 neurons per individual were mea-
sured throughout the full extent of the median section of each nucleus

for five representative males from each of the two treatment groups. In
area X and nXII, at least 50 neurons per individual were measured for
five representative males per group. The smaller number of neurons
measured in these two nuclei reflects the selective sampling of large
neurons in area X (see below) and the relatively small size of nXII.
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Figure 2. MAN in long-day male towhee. This nucleus did not differ
in size between long-day and short-day towhees. MAN is shown in
relation to position of area X. Scale bar, 1.0 mm.

Cells with a relatively large soma, with a clear nucleus generally con-
taining only one large, darkly stained nucleolus, and with a uniform,
nongranular cytoplasm were judged to be neurons. Small cells that did
not have a distinct nucleus, had multiple nucleoli, and had a granular
cytoplasm were considered to be glia and were not measured. By these
conservative criteria, small neurons may be interpreted falsely as glia.
Our measures of neuronal density and number in song nuclei (below)
may therefore be underestimates.

Area X contains cells of several different size and morphological
classes in Nissl-stained sections, and we used a selective sampling pro-
cedure to ensure that we measured only neurons. We restricted our
measures of neuron size, density, and number (see below) to the largest
class of cells, which had somal areas on the order of 100-200 um?. This
class of cells was qualitatively distinct from others in area X and could
be identified unambiguously as consisting of neurons. Identification of
the other cells in this nucleus as neurons was less certain.

Neuronal density was measured in HVc, RA, area X, and Rt by

counting the number of neuronal nucleoli in a sample volume of 1.568
% 10~* mm? at a magnification of 1000x. In HVc and RA, 10 such
volumes per individual were sampled throughout different regions of
each nucleus for all males. For area X, data were collected for 9 long-
day males and 10 short-day males; the histology did not permit accurate
measurement of the size of area X for the remaining long-day male. We
limited our measures of neuronal density in Rt to five males from each
photoperiod group, because there was relatively low variance between
males in this trait (see Fig. 5). Ten volumes per individual were sampled
in Rt. Nucleoli were small relative to the section thickness of 50 ym,
and we therefore made no correction for nucleolar splitting (Cammer-
meyer, 1967; Konigsmark, 1970).

The total numbers of neurons within the Nissl-defined borders of
HVc, RA, area X, and Rt were estimated. We multiplied measures of
neuronal density by the total volumes of these nuclei.

Results
Song behavior

The 18 song-tutored towhees produced many song syllables that
were clear copies of what they had heard on the tutor tapes. The
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Figure 3. Volumes (right plus left, £ + 1 SD) of five brain nuclei
involved in song behavior (HVc, RA, area X, MAN, and nXII) and of
three nuclei not involved in song (Rt, Pt, and SpM) in towhee males
exposed to short-day (n = 10) and long-day (n = 10) photoperiods. ***,
p < 0.001, ¢ test.

males usually used their song syllables in highly stereotyped,
repeatable sequences that were similar to wild towhee songs and
that recurred from one day to the next. Full descriptions of song
development in these birds will be presented at a later date
(Kroodsma and Ewert, unpublished observations). Song rep-
ertoires of birds assigned to the long-day group did not differ
in size from the repertoires of birds assigned to the short-day
group (Table 1).

Hormone analysis

Our manipulations of photoperiod were highly effective at in-
ducing the two groups of towhees into different physiological
conditions. The combined weight of both testes was 50 times
greater in long-day than in short-day towhees (Table 1). Cir-
culating T levels were greater in long-day than in short-day
males (Table 1). E, levels, however, did not differ between long-
day and short-day males (Table 1).

Neural attributes

The photoperiods that we used did not alter overall brain size.
Brain weight did not differ between long-day and short-day birds
(Table 1).

In both long-day and short-day towhees, the borders of the
brain regions sampled in this study were well defined in Nissl-
stained sections (Fig. 1). The perimeter of MAN was easily

Table 1. Measures of behavioral, hormonal, and gross structural attributes in long-day and short-day

towhees (£ + SD)

Long day Short day Ratio
Song repertoire (number of syllables)” 149 + 4.7 (8-22) 15.6 + 7.2 (8-28) 0.96
Testes weight (mg) 180 = 70 3.6 +09 50%**
Testosterone (ng/ml) 4,51 £ 3.11 0.31 £0.19 14,5%*
Estradiol (ng/ml) 0.54 + 0.65 0.31 +0.28 1.76
Brain weight (gm) 1.37 £ 0.18 1.40 + 0.06 0.98

« Range for song repertoires is shown in parentheses.
** p < 0.01 (¢ test on absolute data); ***, p < 0.001.
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Figure 4. Somal area (x + 1 SD) of neurons in four song nuclei (HVc,
RA, area X, and nXII) and one nucleus not involved in song behavior
(Rt) in towhee males exposed to short-day (n = 5) and long-day (n =
5) photoperiods. *** p < 0.001, ¢ test.

distinguished in towhee brains, unlike that of several other spe-
cies studied (Fig. 2; E. A. Brenowitz, unpublished observations).

HVc, RA, and area X were larger in long-day than in short-
day birds (Figs. 1, 3; Table 2). MAN, nXII, Rt, Pt, and SpM
did not differ in volume between treatment groups (Fig. 3, Table
2).

In the nine long-day towhees, there was no correlation be-
tween song repertoire size (number of syllable types) and the
volumes of either HVc (r = 0.06; p = 0.88) or RA (r = 0.26; p
= 0.50). No correlation was evident for short-day towhees, ei-
ther (HVc: r = 0.13; p = 0.73; RA: r = —0.23; p = 0.56).

We also asked whether there were photoperiod-related changes
in the size, spacing, or number of neurons in brain nuclei. In
three nuclei (HVc, nXII, and Rt), we found no difference be-
tween long-day and short-day birds in the somal area of neurons
(Fig. 4, Table 2). In two other nuclei (RA and area X), somal
area was greater for long-day than for short-day birds (Fig. 4,
Table 2).

The density of neurons in HVc and Rt did not differ between
the treatment groups (Fig. 5, Table 2). In area X there was no
difference between the two photoperiod groups in the density
of the subpopulation of large neurons that we sampled. Neuronal
density in RA was less for long-day birds than for short-day
towhees.

Long-day towhees had more neurons within the Nissl-defined
borders of HV¢ and area X than did short-day birds (Fig. 6,
Table 2). Neuronal number did not differ between treatment
groups in RA and Rt.
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Figure 5. Density (x + 1 SD) of neurons in three song nuclei (HVc,
RA, and area X) and one nucleus not involved in song behavior (Rt)
in towhee males exposed to short-day and long-day photoperiods. Sam-
ple sizes: HVc and RA, » = 10 males per photoperiod group; area X,
n = 9 long-day and 10 short-day birds; Rt, #» = 5 males per group. ***,
p < 0.001, ¢ test.

Discussion
Size of song nuclei
Exposure to long-day versus short-day photoperiods for 1 month
produced dramatic differences in the size of three song nuclei
(HVc, RA, and area X), as defined by Nissl stain, in the fore-
brains of towhee males. The magnitude of these differences is
comparable to that reported for the canary (Nottebohm, 1981).
Regions of towhees’ brains not involved in song production did
not differ in size between the photoperiod treatment groups.

These differences in the size of song nuclei observed between
long-day and short-day towhees cannot be explained by differ-
ences in song repertoire size, because the mean number of song
syllables produced in repertoires did not differ between groups.
Also, as has been reported for red-winged blackbirds (Kirn et
al., 1989), there was no correlation between song repertoire size
and the volumes of HVc or RA. The results for towhees and
blackbirds differ from those for canaries and marsh wrens (Cis-
tothorus palustris), however, in which correlations between song
repertoire size and the volume of song nuclei have been reported
(Nottebohm et al., 1981; Canady et al., 1984). These observa-
tions may reflect true species differences in the encoding of song
by brain nuclei, or may result from methodological differences
between studies, such as how song repertoires and/or song nuclei
were measured. Additional research is needed to resolve this
issue.

The observed differences in the size of song nuclei between
long-day and short-day towhees cannot be attributed to differ-

Table 2. Long day to short day ratios for neural attributes

HVce RA Area X MAN nXII Rt Pt SpM
Volume 1.68*** 1.54%%* 1.62%** 1.01 1.19 0.96 1.07 1.01
Somal area 1.04 1.36%** 1.28%* 1.07 1.02
Neuron density 1.03 0.65%* 0.80 1.12
Neuron number 1.62%* 0.98 1.33* 1.14

* p < 0.05;*, p <0.01; *** p < 0.001 (¢ tests performed on absolute data).
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Table 3. Comparison of five songbird species in which seasonal
variation of song attributes has been studied

Seasonal Song

changes in  Open-ended repertoire

song nuclei learner size
White-crowned sparrow® - - 1
Red-winged blackbird” + + >1
Canary* + + >1
Orange bishop? + - 1
Rufous-sided towhee + - >1

Number (x 104 neurons)

Hvc RA X Rt

Figure 6. Total number (¥ + 1 SD) of neurons estimated in three song
nuclei (HVc, RA, and area X) and one nucleus not involved in song
behavior (Rt) in towhee males exposed to short-day and long-day pho-
toperiods. Sample sizes are same as in Figure 5. *, p < 0.05; **, p <
0.01; ¢ test.

ences in overall brain size, because total brain weight did not
differ between groups. In this respect, the towhees differed from
laboratory-reared canaries, wild female red-winged blackbirds,
and laboratory-reared male blackbirds. In these groups (but not
in wild male blackbirds), individual brain weight increased up
to 15% during the breeding season (Nottebohm, 1981; Kirn et
al., 1989).

Of the forebrain song nuclei measured, only MAN did not
differ in size between long-day and short-day towhees. The lat-
eral portion of MAN by itself did not differ in volume between
five long-day and four short-day towhees in which we could
reliably measure just this part of the nucleus. MAN plays an
important role in juvenile song learning by male zebra finches
(Bottjer et al., 1984) and in seasonal song learning by adult male
canaries (Suter et al., 1990). The lack of seasonal size change in
towhee MAN may be related to the absence of adult song learn-
ing in this species. A comparison of seasonal variation in the
structure and effect of lesions of MAN between age-limited and
open-ended song learning species would help to resolve this
issue. We know of no published data on seasonal measurements
of MAN in any other species.

Cellular attributes of song nuclei

The cellular attributes associated with the photoperiod-related
changes in volumes differed among the song nuclei. We will
therefore discuss the cellular attributes separately for HVc, RA,
and area X.

The increased volume of HVc in long-day towhees compared
to short-day towhees was accompanied by an increase in the
number of neurons within the Nissl-defined borders of this nu-
cleus. The size and spacing of neurons in HV¢ did not change
with photoperiod. From the present data, we cannot determine
whether the increased number of neurons resulted from neu-
rogenesis, cell migration, or a photoperiod-related change in the
Nissl-staining characteristics of HVc neurons. Newly generated
neurons are recruited into canary HVc¢ year round (Nottebohm,
1985; Alvarez-Buylla et al., 1990). Whereas the borders of ca-
nary HVc vary with season when defined by Nissl staining, this
nucleus remains constant in size when defined by the distri-
bution of E receptor-containing neurons that project to area X

+ or — indicates presence or absence, respectively, of a trait.
2 Data are from Baker et al. (1984).

5 Data are from Kirn et al. (1989).

< Data are from Nottebohm (1981).

4 Data are from Arai ei al. (1989).

(Gahr, 1990) or the distribution of RA-projecting neurons (F.
Nottebohm, personal communication). Even if the ovcrall vol-
ume of HVc¢ does not change seasonally, however, these results
suggest that there is a fundamental seasonal change in at least
one subpopulation of neurons that is reflected in differences in
staining properties.

Associated with the increased size of RA in long-day towhees
was an increase in the size of neurons and a resulting decrease
in their density. This increase in neuronal size may be a direct
consequence of the increased circulating levels of T in the long-
day birds. Increased T levels produce dendritic growth of RA
neurons in adult female canaries (DeVoogd and Nottebohm,
1981).

The heterogeneous cellular composition of area X makes it
difficult to sample all neurons reliably from Nissl-stained sec-
tions alone. For this reason, we restricted our analysis of this
nucleus to the largest class of cells, which we could identify
unambiguously as consisting of neurons. In this subpopulation
of cells, both the size of neurons and the number of neurons
within the Nissl-defined borders of area X increased in long-
day towhees. This increase may have resulted from the recruit-
ment of newly generated, large neurons into this nucleus.
Alternatively, the increased size of area X may have been as-
sociated mainly with an increase in the size of existing neurons.
As small neurons increased in size, they could have been re-
cruited into the subpopulation of large neurons that we selec-
tively sampled. We cannot resolve this question with the present
data. Area X also increased in volume in the brains of labora-
tory-reared male blackbirds in breeding condition (Kirn et al.,
1989). There are, however, no measures of seasonal variation
in neuronal size, spacing, or number within area X of other
species with which to compare the data from towhees.

Observations of 17 individually identified wild birds indi-
cated that towhees are age-limited song learners: males do not
develop new song types as adults (Ewert, 1978). It therefore
appears that dramatic seasonal changes in cellular attributes of
the song nuclei HVc, RA, and area X can occur without dis-
rupting existing song repertoires or leading to the learning of
new songs by adult male towhees.

Comparative synthesis

The issue of seasonal variation in song nuclei has now been
investigated explicitly in three species in addition to canaries
and towhees (see Table 3 for summary). The white-crowned



sparrow is an age-limited song learner in which males typically
sing one song type during the breeding season (Marler, 1970).
A white-crown male generally shows little, if any, change in his
song in successive breeding seasons (Cunningham and Baker,
1983; Petrinovich and Baptista, 1987). Baker et al. (1984) did
not observe seasonal variation in the volumes of HVc and RA
in laboratory-reared white-crown males.

The red-winged blackbird is an open-ended learner; males
can develop new songs as adults, without forgetting existing
songs (Marler et al., 1972; Yasukawa et al., 1980; D. E. Kroods-
ma, unpublished observations). HVc¢, area X, and nXII were
significantly larger in laboratory-reared male blackbirds on a
long-day, as opposed to a short-day, photoperiod. Seasonal
changes in HVc, RA, and nXII as large as those reported in
males were also observed in wild female blackbirds (Kirn et al.,
1989). There is no evidence, however, that female blackbirds
learn to sing (T. Armstrong, unpublished observations). The
orange bishop (Euplectes franciscanus) is an age-limited learner
in which males sing the same single song type each year. In this
species, HVc and RA were larger in breeding-condition males
(Arai et al., 1989). These studies of sparrows, blackbirds, and
bishops did not measure circulating hormone concentrations or
cellular attributes of song nuclei.

Although it is necessary to use caution in comparing the re-
sults of these different studies, comparisons among the five spe-
cies discussed above nonetheless reveal that seasonal variation
in song nuclei is not limited to species with open-ended song
learning (Table 3). The towhee and orange bishop are both age-
limited learners, yet both species show pronounced seasonal
variation in song nuclei. Also, this comparison indicates that
seasonal variation in brain nuclei cannot be explained readily
by whether birds have repertoires of song types. Both the white-
crowned sparrow and the orange bishop sing only one song type,
but differ in the absence or presence, respectively, of seasonal
changes in song nuclei. Of the five species listed in Table 3, only
laboratory-reared white-crowned sparrows fail to show seasonal
changes in the size of song nuclei. To verify this observation,
it is important that song behavior, circulating hormone levels,
and song nuclei be analyzed in wild white-crown males of the
nuttalli subspecies, during and after the breeding season.

Comparison of the five species studied thus far leads to a
modified view of the relationship between seasonal changes in
song nuclei and the ability to learn songs as an adult. Seasonal
variation in brain nuclei may arise in a species initially for
reasons unrelated to song learning. Changes in the size or num-
ber of hormone-sensitive neurons, for example, might occur in
response to seasonal changes in the circulating concentrations
of gonadal steroids associated with reproduction. It has been
suggested that persistent learning/memory involves long-term
modifications of synaptic structure and function (e.g., Kandel
and Schwartz, 1982). Learning to produce or perceive new songs
may require the formation of entirely new synapses (Notte-
bohm, 1989). The synaptic plasticity associated with seasonal
changes in song nuclei (DeVoogd et al., 1985) may therefore be
necessary for the learning of new songs by adult birds. From
this perspective, seasonal variation in song nuclei may enable
open-ended song learning, but seasonal neural changes may oc-
cur in birds without leading to the modification of song by
adults. According to this scenario, seasonal changes in song
nuclei should be observed in all open-ended song learners, but
need not be restricted to such species. Studies of a greater variety
of bird species will be necessary to test this hypothesis.
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