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GEOGRAPHIC VARIATION OF SONG FORM WITHIN AND AMONG

CHESTNUT-SIDED WARBLER POPULATIONS

BRUCE E. BYERS
Department of Biology, University of Massachusetts, Amherst, Massachusetts 01003, USA

ABSTRACT.—Chestnut-sided Warbler (Dendroica pensylvanica) song repertoires include both
accented-ending (AE) and unaccented-ending (UE) songs, and the two song categories are
used in different behavioral contexts. To determine if the song categories also differ in patterns
of spatial distribution, I analyzed local geographic variation in song form within a Massa-
chusetts population and also compared songs from this local population with songs from
other geographic regions. I found that: (1) UE repertoires of individuals were more similar
to those of nearby individuals in the local population than to those of more distant birds;
(2) most UE song types and song elements tended to cluster on groups of adjacent territories;
and (3) UE songs from geographically distant sites tended not to match types from the main
study site. In contrast, my findings indicate that: (1) AE-repertoire similarities were not
significantly related to local interindividual distances; (2) AE song types were dispersed at
random over the local area; and (3) nearly all AE song types from distant sites were identical
to the AE types found at the main study site. The contrast between variable, geographically
clustered UE songs, and stereotyped, geographically dispersed AE songs suggests that the
two song categories serve different communication functions. Received 21 December 1994,

accepted 28 June 1995.

THE STUDY OF GEOGRAPHIC VARIATION has long
played a prominent role in evolutionary biol-
ogy, because “the foundation of most evolu-
tionary theory rests upon inferences drawn from
geographic variation” (Gould and Johnston
1972:457). Analysis of morphological or bio-
chemical variation over geographic space is a
classic and productive approach to questions of
phylogeny and evolutionary mechanism. Be-
haviors also can vary geographically, and such
variation in behavioral expression can likewise
serve to reveal biological processes and mech-
anisms. For example, analysis of geographic
variation of bird songs has been used to ex-
amine indirectly the process of cultural evolu-
tion (e.g. Lynch and Baker 1993), the functional
significance of song forms (e.g. Rothstein and
Fleischer 1987), and mechanisms of song de-
velopment (e.g. Marler and Pickert 1984).

The interplay of song function, song devel-
opment, and geographic variation of song form
is especially intriguing among the North Amer-
ican wood-warbler (Parulinae) species whose
song repertoires are partitioned into discrete
categories. In these species, songs from differ-
ent categories are used in different contexts (for
review, see Spector 1992) and may follow dif-
ferent developmental pathways (Byers and
Kroodsma 1992). One might expect that such
differences in communication function and

mode of song acquisition would be reflected in
differences in geographic variation. Indeed, ev-
idence of such intercategorical differences has
been found in patterns of macrogeographic song
variation in the Blue-winged Warbler (Vermi-
vora pinus) and the Chestnut-sided Warbler
(Dendroica pensylvanica; Kroodsma 1981). In par-
ticular, the form of these parulines” first-cate-
gory songs (sensu Spector 1992) appears to be
more stereotyped across regions than is the form
of second-category songs.

Any such pattern of macrogeographic song
variation must arise from processes that occur
on alocal level. If one wishes to infer the causes
of patterns that are apparent at larger scales of
organization, one must first try to understand
how variability is created in populations of in-
teracting individuals. As a step towards gaining
that understanding, I analyzed geographic vari-
ation in song form within a local population of
Chestnut-sided Warblers, and compared songs
from that population with those of birds from
other geographic regions.

METHODS

Microgeographic variation.—My analysis of local geo-
graphic distribution of song forms was designed to
determine whether the spatial distribution of song
types and song element types was structured. This
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assessment was based on a sample of 62,335 songs
recorded over three breeding seasons (1988-1990) from
80 different color-banded individuals, 17 of which
were recorded over two years, and 3 of which were
recorded in all three years. All recording was done
at a 2-km? study site in the Savoy State Forest, Town
of Florida, Berkshire County, Massachusetts (42°40'N,
73°3'W). Within the mostly forested study area, Chest-
nut-sided Warblers were concentrated on two power
line rights-of-ways that provided shrubby habitat
suitable for breeding. All recorded song elements (de-
fined operationally as discrete sounds represented by
continuous traces on a sonagram) and songs were
classified into types by a visual comparison of printed
sonagrams. The classification of songs into types was
confirmed by a naive observer.

Prior analysis of the relationship between sampling
intensity and recorded repertoire size (Byers 1995)
suggested that most, but not all, of the song types
occurring in the study area were included in the sam-
ple. Measured repertoire sizes for accented-ending
(AE) songs were not dependent on sampling inten-
sity, but sample size did affect measurement of un-
accented-ending (UE) repertoire sizes. Thus, recorded
AE repertoires were probably complete for almost all
birds, but some rarely-sung UE types of the least-
intensively-sampled birds were probably omitted from
the sample.

Repertoire similarity was defined as the extent to
which song types were shared between repertoires,
and was measured as 2s/(r, + r,), where s is the num-
ber of types shared by two birds and r, + 7, is the
sum of the two birds’ repertoire sizes (McGregor and
Krebs 1982). Values were calculated for all possible
pairs of individuals in each of the three study years,
and separate values were calculated for AE and UE
song-type repertoires so that comparisons between
the two song categories could be made. To determine
if patterns of microgeographic variation were differ-
ent when songs were analyzed at a finer level of
structural detail, I also calculated similarity values for
repertoires of introductory song elements of UE songs.

Analysis at this second level of song organization
was undertaken because different levels of analysis
might reveal different aspects of song-pattern distri-
bution. For example, although measurement of sim-
ilarities between repertoires of individual song ele-
ments ignores the information on sequential orga-
nization that is incorporated in measurements of sim-
ilarity among whole-song types, it can detect new
information on similarities between songs that share
some, but not all elements. UE introductory elements
in particular were chosen for the analysis because
certain UE introductory-element types can occur in
multiple song types and, in theory, could be cultur-
ally propagated and distributed independently of
whole song types. Almost all AE song-element types,
in contrast, are strictly bound to particular AE song
types, so a separate analysis of AE elements would
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have added no additional information to the existing
analysis of AE songs.

Geographic distance between individuals was mea-
sured as the number of territorial boundaries crossed
by the most direct path between two birds. The dis-
tance between immediate territorial neighbors was
assigned a value of 1, between neighbors once-re-
moved a value of 2, and so on. Geographic distance
thus was encoded in a minimum-path connectivity
matrix (Sokal 1979) designed to incorporate a distance
metric that had biologically interpretable meaning.

The study area was divided by an area of unsuitable
habitat (forest) that contained no Chestnut-sided
Warblers. Birds on opposite sides of this divide were
not connected by any direct series of contiguous ter-
ritories, so distances between them were assigned an
arbitrarily high distance value of 30 (the maximum
measured value between any two birds within an area
of contiguous territories was 17), as suggested by So-
kal (1979) for situations in which some elements of a
connectivity matrix lack connections.

I assessed the relationships between geographic
distance and the three similarity measures (AE songs,
UE songs, and UE introductory elements) with Man-
tel’s randomization test (Manly 1991). This test pro-
vides a method for determining the statistical signif-
icance of the association between matrices of pairwise
distance or similarity measurements. For each pair of
matrices in the analysis, I calculated the matrix cor-
relation and tested the significance of the correlation
by direct comparison with a randomization distri-
bution (i.e. with an empirical distribution generated
by calculating the correlation on 1,000 random per-
mutations of one of the matrices). The SIGNAL soft-
ware package (Beeman 1993) was used to compute the
randomization tests.

After this assessment of the overall relationship
between distance and repertoire similarity, I exam-
ined the contribution of individual song types and
song elements to the overall microgeographic distri-
bution of types. In particular, each type of AE song,
UE song, and UE introductory element that was sung
by more than one bird in a given year was tested for
evidence of spatial autocorrelation. Spatial autocor-
relation was measured by a join-count statistic (Sokal
and Oden 1978, Cliff and Ord 1981) that compared
the observed number of joins (in this case, the number
of territorial boundaries) separating unlike songs or
elements to the number expected under a null hy-
pothesis of no spatial autocorrelation (i.e. of random
spatial distribution). The join-count statistic was con-
structed by analyzing joins between territories on
which a particular song or element type occurred and
those on which that type was absent. For example, if
song type X were being analyzed, a map was drawn
on which the territories of all birds that sang type X
were shaded, and those territories that lacked X were
left unshaded. Boundaries (joins) between shaded and
unshaded territories were counted, and the count was
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TaBLE 1. Chestnut-sided Warbler AE songs from distant sites tended to match local songs, but UE songs did
not. Each song in a sample of 224 songs from distant sites was classified as matching or not matching any
of the songs in a library of 246 local songs recorded 1988-1990.

No. songs Matches (percent of songs)
Sample Proximity (km) AE UE AE UE
Minnesota 1990 1,600 17 15 82 47
Ohio 1951-1959 850 12 19 92 0
Ohio 1960-1972 850 12 27 92 0
Ohio 1973-1984 850 11 15 73 0
Virginia 1990 650 14 1 86 0
Maine 1953-1962 300 24 9 88 0
New Hampshire 1977 150 1 0 100 NA-
Maine 1977 300 2 0 100 NA
Leverett, Massachusetts 1989 60 6 9 100 22
Shelburne, Massachusetts 1990 40 7 7 100 29
Charlemont, Massachusetts 1989 10 7 9 100 33
Total 113 111 89 13

* Not available.

compared to that expected by chance alone, given the
total number of joins on the map and the observed
frequency of type X among the study population.
Thus, the join-count statistic can be viewed as a mea-
sure of whether a type is more (or less) clustered in
space (i.e. is involved in fewer or more shaded-un-
shaded joins) than is expected by chance. Clustering
is identified, however, relative to a quite conservative
standard, because shared songs on nearby, but non-
contiguous territories are not detected. Only direct
connections between like types are counted by the
statistic.

Macrogeographic variation.—Variation in song form
over larger distances was assessed by comparing AE
and UE songs recorded at distant sites to the collection
of song types recorded at the main study site in 1988,
1989, and 1990. The songs of the main study site were
represented by a library of 246 printed sonagrams of
154 different song types from both song categories.
Types sung by several members of the local popula-
tion were represented by multiple sonagrams so that
the range of within-type variation was incorporated.

Distant sites were represented by printed sona-
grams of 224 different songs recorded at sites whose
proximity to the main site ranged from 2 km to about
1,600 km (Table 1). Songs recorded in the Itasca region
of Minnesota in 1990 and in the Clinch Mountain
National Wildlife Refuge, Virginia, were provided by
collaborators. The remaining distant songs used in
this analysis were obtained from the collection of the
Borror Laboratory of Bioacoustics, and included songs
from Ohio, Maine, and one from New Hampshire.
Recording dates of the Borror tapes ranged from 1951
to 1984.

To compare local and distant songs, a naive ob-
server was asked to classify each distant song as either
a “match” or “no match” to each local song, or as not
matching any local song. Criteria for a match were

specified to include the form (shape) and sequence
of song elements, but not the number of repetitions
of any element. If the entire song did not match, the
observer was asked to determine if any individual
song elements of the distant song were also found in
the local library.

In addition, a separate pool of AE songs drawn from
two different regions was analyzed to determine if
AE song form was tied to the geographic origin of
songs. The analyzed sample consisted of unlabeled
sonagrams of 208 different AE songs, of which 123
were recorded in Berkshire County, Massachusetts,
in 1986 and 1987, and 85 were recorded in Shenan-
doah National Park, Virginia, in 1987. I determined,
by visual inspection, the song type of each sonagram.
The sonagrams were also classified by two naive ob-
servers who were familiar with bird songs and with
the concept of song types. These observers were asked
to sort the sonagrams into groups of the same type,
although no definition of “type” was supplied.

RESULTS

Microgeographic variation.—The relationship
between repertoire similarity and local geo-
graphic distance differed strikingly between AE
and UE songs (Table 2). AE-repertoire similar-
ities were not significantly associated with geo-
graphic distance, and birds separated by small
distances were no more likely to share AE types
than were birds separated by larger distances.
In contrast, similarity between the UE reper-
toires of individuals at the main study site was
significantly related to the distance between
birds in all three years, and similarity between
UE introductory element repertoires was sig-
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TABLE 2. Matrix correlations (r) between repertoire
similarity and interindividual distance within a
population of Chestnut-sided Warblers, showing
that repertoires of UE songs and UE introductory
elements are more similar among geographically
closer birds, but that repertoire similarity and geo-
graphic distance are not related for AE songs. Two-
tailed significance of associations was tested with
Mantel’s randomization test.

UE intro-
ductory
Year n  AE songs UE songs elements
1 3¢ —0.0023 —0.168** —0.0411
2 42 0.0025 —0.314***  —0.1640***
3 27  —0.0015 —0.400***  —0.1984***

**, P < 0.01; ***, P < 0.001; others P > 0.05.

nificantly related to interindividual distances
in two of three years.

The contrast between the local distribution
patterns of AE and UE songs also was apparent
in the analysis of individual song types and
song-element types. AE song types appeared to
be dispersed at random over the study area (Ta-
ble 3). The normalized join-count statistics for
all AE types tended to cluster around zero, and
no type had a statistically significant value in
any year. Thus, no AE type was either signifi-
cantly clustered or over-dispersed (e.g. alter-
nating or checkerboard pattern) relative to
chance expectation.

I also did not find any evidence of clustering
when only predominant AE types were consid-
ered. Individual Chestnut-sided Warblers use
only one (or rarely two) of the AE types in their
repertoires for most AE singing (Byers 1995),
and these predominant songs might have ex-
hibited a pattern of distribution that was masked
when other, less frequently sung types were
included in the analysis. Even when uncom-
monly sung types were excluded from the anal-
ysis, however, the join-count statistic for each
AE type remained nonsignificant and generally
near zero. The predominant AE type of a male
thus typically did not match the neighboring
males” predominant AE type.

Many UE song types, however, did cluster
geographically (Fig. 1). UE types were very like-
ly to have negative join-count z-scores, indi-
cating clustering of songs in space, and values
for many types were highly significant. The
clustering was most pronounced among types
that were shared by more than five birds, and
was weaker in year 3 than in the prior two years.
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TaBLE 3. Lack of spatial patterning among accented-
ending songs within a population of Chestnut-
sided Warblers, as shown by nonsignificant values
of standard normal deviate (z) of the join-count
statistic for each type (all P > 0.05).

Year 1 Year 2 Year 3
Song
type n* Fad n z n z
All songs
AE-1 11 053 18 0.63 6 —024
AE-la 9 1.28 9 —0.62 6 0.11
AE-2 25 —-063 24 -—067 14 —041
AE-3 6 —054 12 -023 15 0.47
AE-4 9 009 14 -—-062 13 1.24
Predominant songs only*
AE-1 6 —010 11 1.14 5 0.18
AE-la 5 —0.55 7 —1.07 2 0.90
AE-2 18 —045 14 0.12 8 0.11
AE-3 4 0.36 8 -022 9 -—158
AE-4 3 0.20 5 —0.39 3 1.29

* Number of individual Chestnut-sided Warblers singing each ac-
cented-ending song type.

* Negative values of z indicate that a type was more clustered than
expected by chance; positive values that a type was more evenly dis-
persed.

¢ Most birds used a single AE type for 70% or more of AE singing. A
few individuals (two in year 1 and three in year 2) used two copre-
dominant types.

A similar pattern was observed among UE in-
troductory element variants (Fig. 2). Again, var-
iants used by several individuals were likely to
be clustered. For variants of many elements,
clustering was pronounced, indicating that
neighboring males were copying the fine struc-
ture of each others’ songs.

Macrogeographic variation.—AE songs from the
distant sites usually matched very closely the
song types found at the main study site (Table
1). Regardless of the spatial or temporal distance
between sites, almost all of the AE songs from
distant sites were of one of the five forms iden-
tified at the local site (Fig. 3).

The few distant AE songs that did not pre-
cisely match a local type were clearly related to
local AE types. Of the 13 AE songs classified as
not matching closely, 11 differed only subtly
from songs in the local library, and were clearly
variants of the 4 main AE types (Fig. 3; G, K,
O, H, L). Although these variants did not occur
in the local library, they matched AE songs re-
corded at diverse locations in 1962 and 1963,
and archived at the Cornell Laboratory of Or-
nithology. For example, Kroodsma (1981),
working with these archived tapes, published
sonagrams of: an AE-2a song recorded in Wis-
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Spatial clustering of unaccented-ending song types. Negative values of z indicate that type more

clustered than expected by chance; positive values that type more evenly dispersed than expected. Values
above 1.96 or below —1.96 (dotted lines) indicate P < 0.05.

consin; AE-2b songs recorded in Michigan, New
York, West Virginia, and New Hampshire; and
AE-1b songs from Maine, New Hampshire, New
York, Maryland, Ohio, Virginia, Tennessee, and
North Carolina.

Only a single exception was found to the
overall correspondence in form between the AE
types in the local and distant samples. AE songs
recorded from two territorial neighbors in Min-
nesota (AE-5; Fig. 3; P) did not match any song
in the local library. These songs did not appear
to be variants of any of the main AE song types,
and were the only AE songs in the distant sam-
ple that had no introductory song elements in
common with the local sample.

The general stereotypy and invariance of form
among AE songs was confirmed by the separate
examination of AE songs from Massachusetts
and Virginia. The two naive observers both clas-
sified the songs into four types, and assigned
songs to types without respect to geographical

origin. All identified song types were identical
to the main AE types found at my main study
site in western Massachusetts. The types were
so distinctly different from one another that the
two independent observers were in 100% agree-
ment in the songs that were assigned to each
group.

Unlike AE songs, UE songs from distant sites
usually did not match types from the main study
site (Table 1). Nonmatching songs constituted
the large majority of UE distant songs, most
remote sites had no matching UE types, and the
few samples that contained matching UE songs
had more nonmatching than matching types.
UE type matches did occur, however. I identi-
fied 14 examples of matching UE songs at four
remote sites. Three of these sites were those
closest to the main site (i.e. <100 km); this prox-
imity between matched UE songs suggests that
close sites were more likely to share UE types
with the main site than were distant ones. The
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fourth site with UE-type matches, however, was
Minnesota, the site farthest from the main site.
Despite its remoteness, the Minnesota sample
had a proportion of UE song matches that was
higher than the three nearby sites.

Although 97 of the 111 UE songs in the dis-
tant samples did not fully match the song types
found at the main site, most of the nonmatching
songs had a least one song element in common
with UE songs at the main site. Matches be-
tween local and remote song elements were
mostly among termination, rather than intro-
ductory, elements. In 71 of 77 cases in which
matching elements were incorporated in non-
matching songs, the element match was due
exclusively to one or more of the elements in
a particular termination sequence. This five-el-
ement sequence, or some portion of it, formed
the ending of a large portion of the UE songs
recorded at the main study site, and also com-
monly formed the termination of UE songs in

Introductory elements of UE songs also cluster geographically. For interpretation of z-values, see

the remote samples (Fig. 4). Matching intro-
ductory elements, in contrast, were found in
only six of the nonmatching UE songs from
remote sites.

DiIsCUSSION

Patterns of geographic variation in the form
of Chestnut-sided Warbler songs differ sharply
between the two categories of songs. AE song
types and the elements that compose them are
few in number, highly stereotyped over both
time and distance, and distributed at random
locally and (with some possible exceptions)
among regions. UE song and song element types
have a more complex distribution pattern that
is characterized by a much larger number of
types, a diverse and variable array of forms,
local clustering of some song and element types,
and widespread distribution of some element
types and features of song organization. Be-
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sided Warbler accented-ending song types and their variants. Except for type AE-5, all illustrated forms were
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(OH) Ohio; and (VA) Virginia.

cause the two song categories vary in such dis-
tinct fashions, I discuss them separately below
before considering the song system as a whole.

Unaccented-ending songs.—Patterns of UE geo-
graphic variation fit easily into the continuum
of different patterns documented among other
species of songbirds. For example, the local re-
lationship between song similarity and inter-
bird distance that this study found for UE songs
is a common phenomenon among songbirds. A
literature review by Krebs and Kroodsma (1980)
found 63 oscine species in which “songs of
neighbors are more similar to one another than
they are to the songs of more distant conspe-
cifics.” This kind of structured microgeographic
variation in song form often is interpreted as
evidence of song copying, either at the natal
site by young birds that subsequently breed close
to the natal site (Slater and Ince 1982, Cun-
ningham et al. 1987), or at the breeding site by
adult birds (McGregor and Krebs 1989).

Extensive neighbor sharing, like that appar-
entin Chestnut-sided Warbler UE songs, is most
likely to occur when breeding adults copy songs
from their territorial neighbors. If the birds in-
stead memorized UE songs as nestlings or fledg-
lings at their natal site, it is unlikely that in-
dividuals would reliably settle, after a long-dis-
tance migration, as the immediate territorial
neighbors of their tutors (Thompson 1970). Such
predispersal song learning might, if birds re-
turned to their natal areas to breed, lead to a
microgeographic pattern in which nearby birds
sang more similar songs than did distant birds,
but would not generate the observed bias to-
wards sharing with direct neighbors.

Other lines of evidence also indicate that
Chestnut-sided Warblers probably acquire their
shared songs and elements as adults. For ex-
ample, it appears that nestlings rarely return to
breed at their natal site. Of 87 nestlings banded
over the course of my study, none was observed
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3.

in the study area in subsequent years; Chestnut-
sided Warblers show no tendency to breed near
the singers that they heard as nestlings. Also,
laboratory studies (Byers and Kroodsma 1992)
have shown that Chestnut-sided Warblers are
at least capable of learning new songs during

their second spring (i.e. 10-12 month after
hatching), and field evidence suggests that
adults can add new songs to their repertoires
(Spector and Byers unpubl. manuscript). Even
if new arrivals to a breeding population already
have some UE songs in their repertoires, the
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shared portion of the UE repertoire probably is
acquired after arrival.

UE song-type sharing is apparently not con-
nected to a function, such as signaling social
status (Payne 1982, O’Loghlen and Rothstein
1993) or directing signals at particular individ-
uals (Falls 1985), that would require birds to
make extensive use of their ability to match the
songs other birds. In fact, individual Chestnut-
sided Warblers use shared UE songs only rarely,
even during territorial conflicts. Although ev-
ery UE repertoire at the main study site con-
tained at least one song that matched another
local bird, singing males generally did not use
a type that their neighbors would be likely to
sing. For example, relatively few birds had pre-
dominant UE types that matched those of their
direct neighbors. Only 1 of 33 possible neigh-
boring pairs in year 1 shared the same predom-
inant UE type, 3 of 41 pairs in year 2, and 1 of
27 in year 3. Furthermore, males do not seem
to reserve the shared songs in their repertoires
for the kind of matched countersinging—dur-
ing conflicts or when otherwise close to other
males—that characterizes some other species
with repertoire sharing among neighbors (e.g.
Marsh Wrens, Cistothorus palustris; Verner 1976).
For example, in singing by 10 pairs of year 1
territorial neighbors whose repertoires con-
tained UE song types in common, both males
used the same song type in only 13 of 285 sam-
ples, even though 97 of those samples also con-
tained fighting or chasing.

Alternative interpretations of the clustered
portion of UE repertoires include the possibility
that use of matching songs is reserved for un-
common but important situations in which the
sudden “emergence” of a matching song would
be an especially potent signal. Another possi-
bility, suggested by the observed clustering of
UE element variants, is that the important func-
tional unit for matching is actually the individ-
ual song element and that matching between
different song types that contain matching el-
ements is more common in day-to-day singing
than is matching of whole songs. Alternatively,
clustering might be a functionless consequence
of a stochastic process in which new song com-
ponents arise and spread through a population.

Although the widely scattered point samples
used in my macrogeographic analyses do not
allow for a precise description of regional vari-
ation patterns among UE songs, some intrigu-
ing aspects of UE-song and song-element dis-

BruCE E. BYERS

[Auk, Vol. 113

tribution were observed. UE songs were char-
acterized by both a general geographic vari-
ability and by some particular features that were
conserved over time and distance. For example,
most UE introductory elements, even those in
the nearby Massachusetts samples, were unique
to the geographic sample in which they oc-
curred. Despite this regional distinctiveness,
however, some introductory element types were
found in more than one location and, in a few
cases, whole UE songs matched across large dis-
tances (although not across long times). None
of the long-distance matches, however, ap-
proached the precise matching often found
within the main local study site (Fig. 4).

UE termination elements likewise combined
variability with a certain degree of interregion-
al consistency. The five elements of the stan-
dardized UE termination sequence that oc-
curred in all geographic regions are rather vari-
able in form, but these elements recur, with
syntax (element sequence) intact, across all geo-
graphic samples, and are no more variable in
form between than within samples. Although
this ending sequence occurred frequently in all
sampled regions, it was not universal among
UE songs. Songs lacking it also occurred in all
regions.

Given the overall geographic diversity of UE
songs, the common threads among UE songs
from diverse locales are puzzling, especially be-
cause the shared aspects are present in only a
portion of the songs at each locality. The UE
macrogeographic pattern thus differs from that
in species (e.g. Swamp Sparrow, Melospiza geor-
giana; Marler and Pickert 1984) in which all
songs share common song elements across all
regions, with individuals constructing songs by
variously recombining a finite set of species-
universal song elements. UE songs also differ
from those of species (e.g. Greenfinch, Chlioris
chloris; Giittinger 1976) in which song element
forms are geographically variable, but other
features of song organization remain consistent
across all songs. Songs systems like those of the
Swamp Sparrow and the Greenfinch allow in-
dividual song variability while preserving spe-
cies distinctiveness. UE songs of Chestnut-sided
Warblers might incorporate a kind of partial
version of this system, in which a few universal
elements and/or syntax rules are maintained
within a set of more plastic elements and song
construction rules. This explanation, however,
is difficult to reconcile with the many UE songs
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that contain neither the elements nor the syntax
that are widely shared among other UE songs.

Accented-ending songs.—Structured geograph-
ic variation does not emerge among AE songs,
regardless of the scale of analysis. AE songs
assume the same few, geographically wide-
spread forms across the range of the species.
Similarly, AE songs lack structured microgeo-
graphic patterning; song types in local popu-
lations are distributed at random. Birds do not
incorporate their neighbors’ AE songs into their
own repertoires and do not select a predomi-
nant AE song that matches that of their neigh-
bors. Whatever advantage might be gained by
sharing UE songs with neighbors apparently
does not extend to AE songs. Chestnut-sided
Warblers likewise do not appear to settle on
territories or to adjust their singing such that
AE matches with neighbors are avoided, as has
been suggested for the Darwin’s Large Cactus-
Finch (Geospiza conirostris; Grant 1984).

The absence of geographic variation in song
form is relatively uncommon among birds
(Mundinger 1982). The songs of some species
(e.g. Short-toed Treecreeper, Certhia brachydac-
tyla; Thielcke 1973) do not vary within local
populations, but the songs of different localities
are different. Other species seem to lack any
kind of local or regional patterning. Most song
types of Wood Thrushes (Hylocichla mustelina),
for example, are widespread over the breeding
range of the species, among-locality variation
in a song type is no greater than that within a
locality, and local song sharing among individ-
uals is not related to interindividual distance
(Whitney and Miller 1987, Whitney 1989). Pro-
thonotary Warbler (Protonotaria citrea) songs are
geographically uniform; song forms recur with
random probability among widespread geo-
graphic samples (Bryan et al. 1987).

AE songs of Chestnut-sided Warblers show
the lack of geographic structure exemplified by
Wood Thrush and Prothonotory Warbler songs,
but are further distinguished by having only a
small number of types. A similarly limited range
of possible song types is found in island pop-
ulations of Darwin’s ground finches (Geospi-
zinae; Millington and Price 1985), but the geo-
graphic scale of this system is small. The few
AE song forms, in contrast, are very widely dis-
tributed (with the exception of type AE-5, so
far found only in Minnesota). Thus, AE songs
are perhaps more analogous to the whistle song
of the Black-capped Chickadee (Parus atricapil-
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lus), which has only a single form that is in-
variant over most of the range of the species
(reviewed in Hailman 1989).

The persistence of particular song forms over
long stretches of time and space raises questions
about the mechanism for maintaining such rig-
id stereotypy in a culturally transmitted signal.
Copying errors and innovations during song
development would quickly introduce vari-
ability in the absence of some mechanism to
prevent it. Thielcke (1987) suggested that song
uniformity could be maintained across gener-
ations if young birds memorized all of the dif-
ferent adult songs that they heard and then
somehow “averaged” those songs during de-
velopment. Marler (e.g. 1990) has presented ev-
idence that, even in song-development systems
that require auditory experience of conspecific
song, genetically controlled factors can guide
and limit expressed vocal behavior. This pos-
tulated “extensive pre-encoding of information
about song in the brain of naive male song-
birds” (Marler and Nelson 1992) is an intrigu-
ing possibility, as it provides not only a mech-
anistic explanation for the persistence of ste-
reotyped song forms, but also a potential means
by which aspects of signal form could be in-
herited and, therefore, subject to modification
by natural selection.

Coexistence of two distinct patterns of variation.—
If the breeding biology and cultural evolution-
ary history of Chestnut-sided Warblers led to
repertoires partitioned into stereotyped and
variable components, what other species’ song
systems show a similar outcome? Other paru-
line warblers with two-category repertoires also
seem to have geographically conserved first cat-
egory songs (sensu Spector 1992; AE songs are
in this category). Both Blue-winged Warblers
(Kroodsma 1981) and Golden-winged Warblers
(Vermivora chrysoptera, Highsmith 1989) use the
same first category song type across their ranges
(unlike Chestnut-sided Warblers, these two
Vermivora species have only a single first-cate-
gory song type), but have geographically vari-
able second category songs. Outside of the Pa-
rulinae, Black-capped Chickadee repertoires
contain both geographically stereotyped whis-
tle songs and geographically variable “gargle”
vocalizations (Ficken et al. 1987). In both the
chickadees and the Vermivora warblers, the ste-
reotyped form is more associated with inter-
sexual behavior, while the variable form is as-
sociated with aggression (Otter and Ratcliffe
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1993, Ficken et al. 1987, Highsmith 1989). Scar-
let Rosefinches (Carpodacus erythrinus) also sing
two kinds of songs, one of which varies micro-
geographically and one of which is “similar
among all males” (Bjérklund 1989). The use and
functions of the two types have not been sys-
tematically investigated, but Bjorklund report-
ed that the variable form is “a loud, advertising
song” and the stereotyped form is “used only
in...aggressive encounters between two males,
[or] at the first approach of a female.” If these
observational impressions of song use in the
Scarlet Rosefinch are accurate, the relationship
between stereotypy and song use seems to be
somewhat different than that found in the wood-
warblers and the Black-capped Chickadee.

Viewed separately, AE and UE songs behave
so differently that they might have been re-
corded from two different species. The evidence
indicates that the two song categories have dis-
tinct communication functions (Kroodsma et al.
1989) and modes of ontogeny (Byers and
Kroodsma 1992). It is clear that the divergence
in the patterns of geographic variation of AE
and UE songs is related to the distinctions in
communicative function and ontogeny be-
tween the two song categories. In particular,
the stereotype of AE songs must be related to
their role in male-female interactions, and the
variability of UE songs to their role in male-
male interactions. For example, if female Chest-
nut-sided Warblers assess sustained bouts of AE
singing as part of their process of mate choice,
a male whose signal deviated from the estab-
lished standard might be at a disadvantage.
Conversely, in interactions between socially fa-
miliar neighboring males, the important com-
parison is not between the signaler and other
members of the species, but between the sig-
naler’s current motivational state and his past
motivational states. This kind of communica-
tion might not require a stereotyped signal, and
UE songs, freed from the need for stereotypy,
might proceed towards a more plastic and vari-
able song that can encode finer gradations of
meaning.
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