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Abstract

Although bird song has been an important model for investigating questions
of behavior development\ cultural evolution and population di}erentiation\ the
quantitative methods of analysis have been problematic[ Here we develop and
apply quantitative randomization methods to test hypotheses about these processes
in a natural population of birds[ Songs of the African brood!parasitic straw!tailed
whydahs "Vidua _scheri# and songs of their host species\ the purple grenadier
"Granatina ianthinogaster#\ were compared in audiospectrograms for similarity to
test the following hypotheses] Whydahs mimic the songs of their host species\ they
have local song dialects\ neighboring males match their song themes\ local males
match the songs of local hosts\ remote populations have di}erent songs according
to their geographic distance\ and songs undergo cultural evolution over time across
generations[ Randomization analyses were completed using "0# Mantel matrix
statistics and "1# tree!based measures employing Sanko} optimization of Man!
hattan matrices and approximate randomizations[ Our results provide evidence
for song mimicry\ local song dialects\ matching song themes between neighboring
males\ song matching of local whydah mimics and grenadier song models\ cor!
respondence of song di}erences and geographic distance\ and cultural continuity
with change in song traditions within a local population[ These randomization
methods may be useful in other studies of animal communication\ and they are
su.ciently general for use both with distance matrices derived either from natu!
ralistic impressions of song similarity as in our example or from acoustic measure!
ments[
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Introduction

Bird songs are of interest not only as a parallel for human language and
cultural evolution\ but also in their signi_cance in determining species limits and
evolutionary relationships\ in their importance in social interactions\ and as time
markers of restricted periods of learning "Nicolai 0853\ 0862^ Marler 0869^ Mund!
inger 0879^ Payne 0870\ 0874\ 0885^ Payne et al[ 0870^ Kroodsma + Baylis 0871^
Kroodsma et al[ 0874^ Slater 0875^ Beecher et al[ 0885^ Kroodsma + Miller 0885#[
In all these instances\ it is critical to detect similarities and di}erences among songs[
Because of the di}erences among species in song structure\ no single set of acoustic
criteria allows a naive investigator to identify a particular song or to describe all
its detail\ nor is there a reason to describe a particular song in full detail[ Yet\ an
experienced naturalist has no di.culty determining songs of di}erent species or
one song from another within a species[ And though acoustic parameters can be
measured\ the visual representations of the same bird songs may be at least as
consistent in conveying the distinctiveness of the songs[ Even though the cor!
responding song themes among individual birds may vary\ the overall similarities
and di}erences in songs may be apparent in a visual representation of a complex
vocal signal[ In some studies where visual classi_cations of audiospectrograms of
songs were compared with results of multivariate analysis of acoustic parameters
of these songs\ the results agreed well "Clark et al[ 0876^ Nowicki + Nelson
0889^ Helweg et al[ 0887#[ In other studies\ independent observers agreed between
themselves in their classi_cations of audiospectrograms "Waser + Marler 0866^
Payne et al[ 0870^ Baptista + Petrinovich 0875^ Hughes et al[ 0887#[ These studies
encouraged us to explore the use of visual comparisons of songs in a songbird
whose behavior is of both special and general interest to test the development\
geographic variation and cultural evolution of song\ and to develop analytical
methods that would allow us to make inferences about the signi_cance of the
patterns observed[

Straw!tailed whydahs "Vidua _scheri# are brood!parasitic _nches in East
Africa "Zimmerman et al[ 0885#[ Male whydahs mimic the songs of their host
species\ the purple grenadier "Granatina ianthinogaster#\ which rear the young
whydahs along with their own young[ But in spite of experiments on their song
development "Nicolai 0862#\ it is not clear whether in natural conditions they copy
the songs of their individual foster parents or the songs of older whydahs in the
same area[ However\ in the related and closely studied village indigobirds "V[
chalybeata#\ males match their mimicry songs with their neighbors\ and these local
song dialects correspond with the set of neighboring birds that interact socially
over a few km1[ The males modify each of their songs fromyear to year\ each male
revising its songs in the same way as its neighbors\ in a continuing process of
cultural evolution "Payne 0874\ 0889#[ In both the indigobirds and whydahs\ the
mimicry songs in males and the mating and species!speci_c parasitism preferences
in females that are attracted to these mimicry songs are responsible for the origin
and maintenance of the di}erent species "Nicolai 0853^ Payne et al[ 0887\ in press#[
Finally\ because straw!tailed whydahs "together with shaft!tailed whydahs\ V[
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regia# are the sister group to the indigobirds "Klein + Payne 0887#\ it is of interest
to determine their song development and variation in order to trace which patterns
of song behavior and development are shared between species because of common
ancestry\ and which are adaptations to the lifestyle of each species[

We carried out a _eld study to determine the local and regional geographic
variation in song mimicry in straw!tailed whydahs and the matching of songs
among local neighboring male whydahs[ We sampled local neighborhoods and
remote populations to determine the geographic scale of song matching[ We also
tested whether songs change over time in a process of cultural evolution by com!
paring populations over space and by sampling songs across years[ We used two
analytical methods of randomization to address the following hypotheses] "0#
Whydah songs mimic the songs of their host species\ "1# whydahs within a region
have songs more similar than whydahs in di}erent regions\ "2# whydah songs vary
with geographic distance\ "3# whydah songs are more similar to each other than
they are to songs of their local grenadier hosts\ and neighboring male whydahs
match their songs with each other\ and "4# whydah song continues as a cultural
tradition across generations but undergoes divergence in a process of cultural
evolution[ We also used the results of these randomization methods to compare
their application in studies of behavior[

Methods

Field Populations and Song Recordings

Fieldwork with straw!tailed whydahs and purple grenadiers was carried out
by R[ B[ Payne and L[ L[ Payne for three weeks in 0877 in Kenya on the west side
of Lake Baringo "9>27?N\ 25>94?E#[ R[ B[ Payne had recorded songs of whydahs
and grenadiers in 0865 in the same locality[ In both years\ the whydahs and
grenadiers were observed and their songs recorded within 09 km of Kampi!ya!
Samaki "�Kampi# from Loruk south to Chemeron[ Songs of whydahs and grena!
diers were also recorded at Kacheliba "0>29?N\ 24>99?E# in western Kenya in 0865\
and 03 km SW of Voi "at 2>15?S\ 27>31?E# and Olorgesailie "0>23?S\ 25>16?E# in
southern Kenya in 0856 "Fig[ 0#[ In addition\ captive grenadiers\ thought to have
originated near Dodoma\ Tanzania\ were recorded[ Within each study area\ we
recognized individual male whydahs by variations in the wear of their long tail
feathers\ we determined the nearest neighboring male whydahs\ and we plotted the
position of each bird on a _eld map[ Distances between birds were measured from
maps "Bartholomew + Son[ 0882# and in the Lake Baringo region from 0 ] 49 999
scale maps and on!site surveys[ We recorded the song of each male whydah over a
period of days or weeks during 35 h of focal!animal observation in 0877 and during
shorter periods in the other years[

Songs were recorded using either a Uher 3999!L tape recorder and Uher
M403 microphone\ or a Marantz PMD110 cassette recorder and Sennheiser ME!
79 microphone mounted in a Sony 229mm parabolic re~ector[ The sample recorded
at Lake Baringo in 0877 was 6027 songs from 04 male whydahs[ The sample
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Fig[ 0] Map of recording localities of straw!tailed whydahs and purple grenadiers

recorded in the earlier years was 839 songs from 07 male whydahs[ All songs
recorded were audiospectrographed[ The sample available and used for visual
examination was thus the entire sample that was tape recorded in all years[

For the 0877 Lake Baringo recordings\ songs were _rst visually inspected with
a Uniscan II "Multigon Industries\ Mt[ Vernon\ NY# and then were documented on
24mm _lm strips of all 0877 whydah songs\ using a PAR!3401 real!time analyser
"Princeton Applied Research\ Princeton\ NJ#\ Tektronix oscilloscopes "Tektronix\
Beaverton\ OR# and a Grass kymograph camera "Grass Instruments\ West
Warwick\ RI^ Hopkins et al[ 0863^ Payne 0874#[ The _lm strips were examined for
matching songs and groups of phrases within the songs[ Because we found that
songs were often repeated in nearly identical structure within a bout of a few
hundred songs for each bird\ we used a match!to!sample method of determining
song types and phrase types[ We photocopied each successive song that di}ered
from any previous one in the _lm strips[ We arranged the photocopies in plastic
envelopes and physically moved the array of photocopies along the _lm strips until
we either found one that matched\ or we added a copy to the array[ A similar
approach is often applied to avian vocalizations for species that have standardized
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songs and song elements "e[g[ Slater et al[ 0879^ Payne et al[ 0870\ 0887^ McGregor
+ Krebs 0871^ Marler + Pickert 0873^ Payne 0874\ 0885^ Farabaugh et al[ 0877^
Lynch et al[ 0878^ Beecher et al[ 0885^ Hughes et al[ 0887^ Hansen 0888#[

In the present study\ spectrograms of representative songs _rst identi_ed on
the _lm strips were made with a Kay DSP!4499 Sona!graph "Kay Elemetrics\ Pine
Brook\ NJ# for the 0877 songs[ Kay spectrograms were also generated for all songs
recorded in the earlier years[ We saw no evidence that our view of whydah song
repertoires based upon the 0877 data could not also be applied to these other years[

Selection of Song Samples

Straw!tailed whydahs include in their song repertoire the mimicry of the
songs and calls of the host species as well as chatters and complex nonmimetic
vocalizations that are unlike those of the host "Nicolai 0858\ 0862#[ For male
whydahs the songs we selected were the longest and most complex songs\ with a
variety of whistled notes interspersed with short soft notes\ the {loud song| or
{Rufstrophe| as described by Nicolai "0862#^ and for grenadiers they were the
corresponding songs of males and the most complex songs of females[ We focused
on the mimicked loud songs because they are thought to be learned "Nicolai 0862#
and so are appropriate for a test of hypotheses related to song learning[ We also
focused on these songs because they are complex in acoustic structure\ and we
reasoned that if neighboring birds have similar complex songs\ this is more likely
to be the result of song copying and learning than any similarity that would be
indicated by simpler vocalizations[ Finally\ we regard these songs as most likely to
correspond both to a functional class of songs used to attract females "and so to
be functionally equivalent among the whydahs# and to a cultural lineage[ In the
same way\ the corresponding or homologous songs can be traced among popu!
lations of other species of Vidua both by their functional context and by their
structural detail "Payne 0868\ 0874#[ We found that the mimicry loud songs of a
male whydah varied with recombinations of elements\ and the songs generally fell
into three versions or themes[ When more than one variation of a song theme
appeared in the _lm strips\ we used the modal variant and we avoided shorter
versions of whydah songs where longer versions were available "whydah mimicry
of loud song is often shorter than the loud song as given by grenadiers#[

Spectrograms of mimicked loud songs were selected from birds for which we
had the most complete and acoustically clean recordings for their spatial category
and "grenadiers# their sex[ The total number of songs to be compared "n�12# was
determined from our estimates of "0# the minimum number needed to compare
each of the hypotheses of interest in at least one set of songs\ and "1# the number
of audiospectrograms that an observer could compare and score within two hours[
Pairwise comparison of songs increases with the number of songs\ in the form n
pairs� ð"n songs−0# exp 1Ł:"1#\ or 131 song dyads for 12 songs[ So\ including an
additional six songs would involve 281 song dyads\ or 0[5 times the number of
song dyads from the 12 songs[ We found that an observer|s enthusiasm in scoring
songs decreased after about two hours[
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We selected song samples to provide a diversity of geographic distances
between birds and at least one example to compare for each hypothesis[ This
sample allowed comparison of songs within a bird\ between neighbors\ variation
within a few km and variation across a large geographic region\ the songs of the
brood parasite and its host within localities and across localities\ and the variation
across years[

We sampled whydah songs as follows] "0# The two themes of mimicked loud
song for the male with the largest sample of songs in the Lake Baringo area in
0877 and the most frequent mimicry loud song theme for his nearest neighbor were
selected "both at Chemeron#^ the samples allowed a comparison of song diversity
within a male and between neighboring males[ "1# The three most diverse versions
of mimicry loud songs from Loruk and from Kacheliba were selected\ with each
song from a di}erent male^ the samples allowed comparisons of songs of neigh!
boring males[ These songs were from three of the four males recorded at Kacheliba
"excluding the male with the fewest songs recorded# and from three of the six males
recorded at Loruk "including the three males at the north end of the sample area\
and excluding a male that arrived late in the season and his two neighbors#[ "2#
The three most di}erent versions of mimicked loud song were selected from the
male at Kampi in 0865 "for comparison with later year songs at Lake Baringo#
and the male at Voi^ the Lake Baringo and Voi males allowed comparison of songs
within an individual\ only one male was recorded in each of these sites[ Whydahs
were not seen at Kampi in 0877\ where the habitat had degraded in the years since
0865[ "3# Whydahs "n�6# at a site 4 km south of Kampi at Lake Baringo were
excluded in order to limit the song sample[ We excluded this sample because it was
located between the Chemeron site and the Kampi and Loruk sites\ and the Kampi
and Loruk sites were the same distance apart "4 km# as Kampi and 4 km south of
Kampi\ so the sample would not add to the range of geographic distances that we
had sampled already[ "4# The most frequent mimicry loud song theme at Olor!
gesailie "where only one male was recorded# was selected for comparison of loud
songs with the other localities[ For the grenadiers\ we selected seven songs to
represent the two areas in which we also had the local songs of the whydah\ captive
birds from another area to represent geographic variation over a broader scale\
two variants of song from one bird "male from Chemeron^ one was recorded at
this site#\ and a song from two females "Chemeron and captive^ no female song
was recorded at Olorgesailie#[

Song Comparisons\ Similarity Scores and Distance Matrices

There are multivariate methods to describe variations on sets of acoustic
measures "Clark et al[ 0876^ Gaunt et al[ 0883^ Khanna et al[ 0886#\ and multivariate
scores have been applied successfully to compare vocal behavior of birds with
simple calls and songs with few kinds of song elements or notes "Payne 0867^
Trainer 0872^ Shackell et al[ 0877^ Gaunt et al[ 0883^ Bell et al[ 0887#[ The reason
that multivariate descriptions of acoustic measurements were not indicated as
appropriate in our analysis is that the songs of these whydahs and grenadiers
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were much more complex than the simple songs where the major features can be
recognized and comparable units can be measured[ For example\ not all songs had
whistles that corresponded in shape or in number or position within a song and
thus the elements of song were incommensurable in the songs of whydahs and
grenadiers[ On the other hand\ the overall features of pattern of complex song that
are used in simpli_ed verbal or onomatopoeic descriptions of these songs suggest
an auditory pattern "for the grenadier\ one such pattern of notes that vary in time
and frequency is a high thin {cheerer cheet tsee!tsee sur!chit| and another is {chit!
cheet!tsereea!eee tsit tsit| with a long whistle "{tsee| or {tsereea|# that glides upwards
or down in pitch\ Zimmerman et al[ 0885#[

We suspected that these complex auditory patterns as visualized in the audio!
spectrograms can be recognized with agreement among observers and that the
observers can agree in their assessment of similarity among these complex patterns[
We reasoned that although di}erent naturalists may focus upon di}erent features
of song\ much as naturalists have independently attributed di}erent words as
mnemonics to describe the songs of birds\ each naturalist can detect pattern features
that are useful in comparing songs[ While the method introduces its own biases\ it
avoids biasing the choice of acoustic parameters to be measured and compared[ In
our results\ we found a high degree of correspondence between observers using
this method of complex pattern recognition[

Others have validated the method of visual pattern recognition of songs[
Visual classi_cations of audiospectrograms correspond closely with those of multi!
variate analysis of acoustic parameters[ Clark et al[ "0876# determined that a visual
classi_cation of song elements of swamp sparrows Melospiza georgiana "Marler +
Pickert 0873# gave the same results as a computer!based method for sound com!
parison and averaging\ and Nowicki + Nelson "0889# determined that visual
classi_cation of the simple song elements of black!capped chickadees "Parus atrica!
pillus# agreed with results of a cross!correlation computer!based method and with a
principal components analysis of acoustic measurements of the same song elements[
Similarly\ a visual classi_cation of song elements of humpback whales "Megaptera
novaeangliae# agreed well with the results of acoustic parameters in a resonance
model of a self!organized neural network "Helweg et al[ 0887#[ On the other
hand\ the generally available computer!based methods for pattern recognition
are insensitive to time and frequency shifts of the elements\ and are particularly
insensitive to re!ordering of elements in complex bird songs "Khanna et al[ 0886#\
and human visual pattern recognition performed better than the available com!
puter!based methods in other studies "Janik 0888#[ Moreover\ the choice of speci_c
features to measure can a}ect the outcome of song studies\ as Kroodsma et
al[ "0874# found for geographic variants of songs of white!crowned sparrows
"Zonotrichia leucophrys#\ and Shackell et al[ "0877# found for songs of neighboring
American redstarts "Setophaga ruticilla#[

For our study\ a matrix of scores was determined by pairwise comparisons
of the sample songs[ DSP audiospectrograms for the 12 song exemplars were
presented independently to six observers who were experienced as naturalists\ were
able to identify local birds to species by their songs\ and had experience with
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audiospectrograms of other songbirds "Fig[ 1#[ Each was instructed to assess the
similarity of these songs pairwise\ rating each pair by the following ranking scheme]
{0�either very similar or identical\ 1� similar\ 2� somewhat similar\ 3�a little
bit similar\ or 4�not similar[| The other instruction was to ignore song length[
Each observer was informed that the sample included songs by grenadiers and
song mimicry by whydahs\ but not the proportion of grenadiers and whydahs\ the
time or place of recording\ or whether a bird was represented by more than one
song[ Identity of birds was concealed by code numbers unrelated to locality and
species\ and the observers worked independently to score a set of similarity between
songs[ Observers varied in their knowledge of the hypotheses under test] Three
were informed and three were naive[

We used these pairwise scores\ as assessed by independent observers\ rather
than pairwise scores determined from a set of measured acoustic parameters[ In
principle\ either method can generate dyadic comparisons that can be analysed in
randomization methods[ Because randomization tests do not depend on the method
of construction of the score matrices\ we expect the same results of randomization
tests to follow in acoustic parameters[ Because we scored song dyads that were
more similar with the lower score and song dyads that were more di}erent with
the higher score\ we refer to the score matrices as {distance matrices| to facilitate
verbal comparisons[

Randomization Methods

Quantitative analyses of songs were carried out with the statistical package
SAS "System for Solaris\ version 5[00\ Cary\ North Carolina\ USA#\ PAUP� 3[9
"Swo}ord 0888#\ a Mantel matrix randomization program written by J[ L[ Woods\
and contingency randomization programs written by M[ E[ Siddall[

The Mantel statistic is a measure of association between the ordered elements
in two matrices "Manly 0886#[ We computed Mantel statistics to compare the
scores of the observers[ We also used the statistics to compare the probability that
the data on song similarities were predicted to a signi_cant degree by each of our
speci_ed hypotheses[ In these tests\ the hypothesis matrix and each observer|s song
distance matrix were used to calculate a Mantel statistic[ The signi_cance of the
statistic was evaluated with a Monte Carlo randomization procedure\ in which the
rows and columns of one matrix were permuted randomly and the Mantel statistic
was re!calculated[ This permutation was repeated 4999 times to create a distribution
of Mantel statistics[ The one!tailed probability of the observed Mantel statistic
was evaluated with this distribution and was the probability that the two original
matrices were more similar than would be expected by chance[ Iterated ran!
domization avoids the problem of nonindependence of song comparisons] Within
a single matrix each bird is represented many times\ once in comparison with each
other bird^ so the correlation scores are not independent\ and statistical inference
in a single matrix is problematic "Schnell et al[ 0874^ Shackell et al[ 0877^ Gaunt et
al[ 0883#[

To examine spatiotemporal variation in songs and other hypotheses\ we used
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Fig[ 1] Audiospectrograms of 12 songs of straw!tailed whydahs "aÐp# and their host species
the purple grenadier "qÐw#[ whydahs\ aÐc\ Loruk "three males in 0877#^ dÐf\ Baringo "three
songs of one male in 0865#^ g\ h\ Chemeron "two songs of one male in 0877#^ i\ Chemeron
"a second male in 0877#^ jÐl\ Kacheliba "three males#^ mÐo\ Voi "three songs of one male#^
p\ Olorgesailie in 0856^ grenadiers\ q\ Chemeron\ male^ r\ Chemeron\ female^ s\ t\ Olorgesailie
"two songs of one male in 0865#^ uÐw\ captives ex Tanzania "Dodoma# "u\ v^ two males^ w\

female#
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two randomization approaches[ First\ the Mantel method was used to compare
the song distance matrices with each other "distance scores as determined by
di}erent observers#[ We then used this method to compare these song distance
matrices with map distances of the song sites[ In addition\ we used the method to
test whether songs of the host were more alike\ and songs of whydahs were more
alike\ than songs of hosts were to songs of whydahs[ To test this we used a
hypothesis matrix "Schnell et al[ 0874^ Gaunt et al[ 0883#\ where the hostÐhost or
whydahÐwhydah song pairs were given a score of 9 "similar# and hostÐwhydah
song pairs were given a score of 0 "di}erent#[ This hypothesis matrix then was
compared to each song distance matrix using the randomization procedure
described above[ In the same way\ we tested whether songs di}ered between the
0865 and 0877 samples "0865Ð65 and 0877Ð77 song pairs were scored 9\ and 0865Ð
77 song pairs were scored 0#[ The similarity of host and parasite songs within an
area was compared to the similarity among areas using a third hypothesis matrix\
where song pairs from the same site had a score of 9 and song pairs from di}erent
sites had a score of 0[ In these tests\ we assumed that the mechanisms which
generate the distributions in the assessed song di}erences\ and the distributions in
the song di}erences and their map distances\ were independent "Manly 0886#[ For
these comparisons we used either the full data set of 12 songs\ or a restricted data
set of 08 songs "excluding songs of female and captive male grenadiers#\ or other
restricted data sets as de_ned later\ according to the hypothesis of interest[

In a parallel analytic approach\ Manhattan!distance!based tree measures were
used to determine the optimal solution to relatedness of songs based on the infor!
mation in song distance matrices from each observer[ These solutions were deter!
mined in unconstrained tree searches in PAUP� "Swo}ord 0888# under a Sanko}
optimization criterion "Sanko} + Rousseau 0864^ Sanko} et al[ 0865#[ The degree
of nonrandomness of any agreement found was determined by comparing the opti!
mal tree length "Lo# from the original data with the tree length found when observers|
scores were randomized among birds "Lr#[ The frequency with which tree lengths as
short or shorter than with the original data were found was the one!sided p!value of
random association of scores[ Modi_cations of this procedure were employed for
testing the departure from randomness for speci_c hypotheses[ The signi_cance of
di}erences between song model "grenadier# and mimic "whydah# was determined by
searching for the optimal Sanko} tree under the constraint that model songs and
mimic songs represent separate sets and comparing the score of that tree with optimal
trees obtained from 099 randomly determined constraining sets equivalent in size to
the observed sets "i[e[ 6 and 05 songs each#[ An equivalent procedure was used for a
data set restricted to songs in the Lake Baringo area with a constraint of temporal
partition between 0865 and 0877 songs\ followed by random constraining partitions
of the same sizes "i[e[ 2 and 5 songs each#[ The association of song and geographic
distances also was reassessed in the Sanko} procedure by _nding the shortest span!
ning tree for pairwise geographic separations amongbirds\ searching for the ensemble
_t of observers| song!distance matrices using this geographic tree as a constraint\
and determining the signi_cance by re!evaluation of this _t with birds randomly
reallocated to geographic sites[
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The generation of random associations of scores and cases was applied to the
two sets of matrices to be compared for the hypotheses under test\ one where the
primary matrices were observed sets "Mantel randomizations# and the other where
the primary matrices were constrained in a series of prescribed sets "Sanko}
optimizations#[ Because these randomizations and the primary matrices are quite
di}erent mathematically\ agreement in results would give us con_dence in drawing
conclusions about song behavior[

The di}erence in perspective between the Mantel and Sanko} approaches is
that the Mantel approach considers each pairwise similarity "or dissimilarity# of
song type to be independent of the next one\ whereas the Sanko} approach sees
these as interrelated[ That is\ in the Sanko} approach\ the di}erences between
songs A\ B and C are not seen as independent\ and part of the di}erence between
A and B may also be part of the di}erence between A and C without fully explaining
the di}erence between B and C[ It is not\ however\ necessary to be able to specify
exactly what part of these di}erences explain the others\ only the degree of di}er!
ence\ and that is what the Sanko} method takes into account[ Similarly with
geography\ where if we know the distance from point X to Y and from X to Z\
then we then know something about Y to Z "i[e[ that it is not greater than the sum
of X to Y and X to Z#[ So the Sanko} approach\ arguably\ may carry more
information content than the Mantel approach[ However\ the Mantel approach is
more conservative[ There is no way to combine the di}erent observers| scores in
the Mantel analyses[ The matrices must be assessed pairwise "or averaged with a
huge loss of power#[ But the Sanko} procedure allows all of the scores to be used
together in a composite analysis\ thus increasing the power of the question "and
this implies a higher composite signi_cance than any of the parts#[

We tested each hypothesis against a null model using the randomization
methods described above[ We note that the hypotheses we test are complementary
rather than mutually exclusive\ and we credit more than one biological process for
the observed patterns of song similarities[

Results

Agreement between Observers| Scores

Each pair of the six matrices "one for each observer#\ when compared pairwise
with 4999 randomizations\ was signi_cantly associated "Mantel statistics\ all
p³ 9[90\ range 9[21³ r1 ³ 9[38#[ The results indicate a high degree of cor!
respondence in song comparisons by the observers[ The details in di}erences among
observers re~ect their criteria of scoring similarity among categories[ Two observers
used the information that the songs were conspeci_cs or mimics to approach a
median score of 2\ whereas others were more sceptical and tended to score songs
as less similar than 2[ For the two categories of most similar "0 and 1\ {very similar
or identical| and {similar|# there was very good agreement\ with each individual
applying this score to 03Ð29 cells[ Of the 142 total cells in the pairwise triangular
matrix ð""12×12#!12#:1 cellsŁ\ 59 cells were scored 0 or 1\ with 0Ð5 observers so
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scoring these cells "mean\ 1[14 observers#\ and 8 of 59 cells were so scored by 4 or
5 observers[ In all\ 13) of the cells were scored as {similar| or {very similar or
identical[| We repeated the procedure with the restricted set of 08 songs\ excluding
the female and captive male grenadiers of uncertain origin\ to compare a more
homogeneous set of songs[ Within this set\ we obtained consistent and parallel
results "p³ 9[990\ 9[38³ r1 ³ 9[53 for all pairs of observers#[

We also determined the minimum number of steps needed to describe the
relationships among songs in a minimal tree using the Sanko} procedure[ Using
each observer as a character "a total of 5 characters for the 12 songs#\ we found 09
equally optimal minimal!length trees[ Each tree had an observed length Lo �212
steps and the trees had a consistency index CI�9[833\ which indicated a high
degree of agreement among the observers[ To test whether this agreement was
di}erent than one would expect by chance\ the assignments were randomly real!
located to songs for all six observers over 099 iterations and the minimal lengths
Lr then were computed for each iteration[ The results Lr �248Ð261 were all longer
than the number of steps in the original tree\ indicating a signi_cant "p³ 9[90#
nonrandom agreement among observers[

The majority!rule consensus tree of those optimal solutions "Fig[ 2# illustrates
several features of song behavior in the whydahs[ All observers agreed that certain

Fig[ 2] Sanko} tree analysis of audiospectrograms of songs of brood!parasitic straw!tailed
whydahs and their host species\ the purple grenadier\ as compared by six observers[ H\ host^
P\ parasite^ Voi � Voi^ Olo � Olorgesailie^ Bar � Baringo "0865#^ Lor � Loruk "0877#^
Ch � Chemeron "0877#^ Kac � Kacheliba^ F � female "others are male#^ lower!case letters

indicate the songs in Fig[ 1
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songs were more like each other than any one was like another song\ in the
following sets]

"0# PCh*g¦PCh*i\

"1# PCh*g\ PCh*h¦PCh*i\

"2# PCh*g\ PCh*h\ PCh*i¦HCh*q\

"3# PVoi*m\ PVoi*n¦ PVoi*o\ and

"4# PKac*j¦ PKac*k[

These sets indicate "0\ 4 above# that neighboring male whydahs share songs
with each other\ whereas males in di}erent geographic regions do not\ "3# that
songs of a male are more similar to other mimicry songs in his repertoire than to
songs of males in di}erent regions "1# that neighboring males have similar songs\
and the similarity among males is greater than the similarity between some songs
in the repertoire of an individual male\ and "2# that local whydahs have songs that
are more similar to their local host species\ the grenadier\ than they are to whydahs
or grenadiers in other neighborhoods[

Finally\ in set "PBar*d\ PBar*e\ PBar*f#\ most observers agreed that the
songs of a male whydah "PBar# were more similar to each other than to other
whydahs[ All observers scored two of the songs "PBar*d and PBar*e# as more
similar to the other than either was to any other songs[ The third song was
considered by all observers to be more like one or more songs of the Loruk birds\
which was the neighborhood closest to the 0865 recording site at Kampi\ and one
likely to share a recent cultural ancestry with the Kampi neighborhood[ Two
observers scored PBar*f song as most similar to a grenadier song\ tied for score
"with PBar*f# with another whydah song[ The few other pairs of songs scored
high "score 0 or 1# by the observers indicate that the songs of the Baringo male are
similar to other whydah songs\ not only in the nearby Kampi and Chemeron areas
but also at Kacheliba and Olorgesailie over a broad geographic region[

Regional and Local Variation in Song

To determine whether songs vary among geographic regions\ we used the
Mantel statistic to compare the song di}erence matrices of each observer with the
geographic map matrix[ Each observer scored songs as more di}erent when the
songs were from a more remote site "for 12 songs\ all p³ 9[90\ range
9[990³p³ 9[997\ 9[02³ r1 ³ 9[13^ for the 08 songs excluding female and captive
male grenadiers\ all but one had p³ 9[90\ range 9[990Ð9[996^ 9[03³ r1 ³ 9[20^ the
other had p�9[19\ r1 �9[97#[ The probability that all six by chance would estimate
a trend in the expected direction is 9[905 "binomial test#\ indicating that the increase
in song di}erence with geographic distance was signi_cant[

In the Sanko} procedure\ we tested whether model grenadier and mimic
whydah songs were more similar to each other within an area than were model
and mimic in di}erent areas[ We determined the length of the tree that was
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consistent with geographic distance among birds[ We then permuted the geographic
assignments of individual birds and their songs\ and reassessed the best _t in the
geographically constrained model "Fig[ 3#[ In 099 random iterations of geographic
area\ the permutations for the restricted set of 08 songs gave tree lengths Lr �132Ð
147 steps\ and all of these trees were longer than the original tree length Lo �131
where distances were not randomized "p³ 9[90#[ The results suggest that songs of
host and parasite together are more di}erent with increasing geographic distance\
and that they are more similar within an area than among areas[ This is consistent
with the interpretation that whydahs mimic the local songs of their hosts[

When songs were restricted to those in the area at Lake Baringo\ Mantel
comparisons yielded mixed results[ Excluding the song of female grenadier\ four
observers had a signi_cant association of song di}erence and map distance "n�09
songs\ p³ 9[92\ r1 × 9[14# and two had no close association "p× 9[19\ r1 ³ 9[02#[
In a Sanko} analysis\ randomized songs gave tree lengths Lr �001Ð026 steps\ all
of them longer than the original tree length Lo �091 "p³ 9[90#\ indicating a
signi_cantly higher similarity among songs within a local neighborhood than
among neighborhoods[ We attribute the di}erence in results to the greater power
of the Sanko} test to di}erentiate between the null hypothesis and the hypothesis
of a nonrandom negative association of song similarity with geographic distance[

The results show regional di}erences in song[ Mimicry songs near Lake
Baringo di}ered from mimicry songs in more remote populations[ At Olorgesailie\
songs ended with three whistles rising stepwise in pitch\ each punctuated by a short

Fig[ 3] Sanko} tree analysis of songs of whydahs and purple grenadiers\ constrained to the
geographic distances between singing birds[ For legend to labels\ see Fig[ 2 caption
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higher note[ At Voi\ songs were similar to those at Lake Baringo\ but they di}ered
in detail[ At Kacheliba\ songs ended with a descending note rather than an ascend!
ing note "Fig[ 1#[ We conclude that the songs of whydah and the songs of their host
grenadiers vary over geographic distance\ both on a local scale of neighboring song
dialect populations and on a large scale of several hundred km[

Song Mimicry

The audiospectrograms "Fig[ 1# support the interpretation of song mimicry
"Nicolai 0853\ 0862# by the whydahs of their host species\ and we address the
question of song mimicry further by comparing the song similarity and diversity
within and between parasite and host\ and the geographic variation in songs of
parasite and host[ The issue of song mimicry and its developmental origin includes
two questions] "0# Do the parasites and hosts di}er from each other in their songs\
as expected if the whydahs copy their songs from other whydahs rather than
copying the songs of their foster parents< "1# Are parasites and hosts more similar
to each other within a local population than expected on the basis of song variation
across a broad geographic region<

"0a# In the individual Mantel comparisons\ the songs were not clearly more
similar within a species than between species[ For four observers there was no
signi_cant trend for the two species to di}er in their songs\ and for the other two
the results were marginally signi_cant "n�08\ p�9[93\ r1 �9[995#[

"1a# A more sensitive test of whether the whydahs mimic the songs of their
host is whether they are more similar within a population than between popu!
lations[ To test for local mimicry\ the songs of parasite whydahs and host grenadiers
were compared within and between the two areas "Lake Baringo and Olorgesailie#
where song samples were available for both species[ In the individual Mantel
comparisons\ three observers scored the songs of parasites and hosts more similar
within an area than between areas "n�02\ p³ 9[92\ r1 × 9[08#\ and the trends
observed were in the same direction in the other three tests "r1 �9[97\ p�9[95\
9[09\ 9[19#[

"0b# To ascertain whether the songs of parasite and host di}er in Sanko}
optimization\ we constrained a tree to a parasite!host split and found a tree
length Lo �221[ In 099 randomized iterations we found tree lengths Lr �222Ð266
"p³ 9[90#[ In contrast to the results of the Mantel comparisons\ the whydahs had
songs more similar to conspeci_c whydahs than to their host species[

"1b# To test for the occurrence of parasite mimicry of the local songs of their
host\ we constrained a tree to include the songs of birds at Lake Baringo "PBar\
PLor\ HCh\ PCh# to be in one set\ and the birds at Olorgesailie "HOlo\ POlo# to
another set[ In the Sanko} optimization we found a minimum Lo�062[ This was
less than in 099 randomizations based on the same number of songs for each set
with tree lengths Lr �062Ð190 "p�9[93#[ As in the Mantel test\ we conclude that
songs of parasite and host vary together from region to region[

The Mantel and Sanko} tests gave the same results in showing a signi_cantly
greater similarity between local songs of host and parasite than expected from the
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variation in song recorded over a broader geographic region[ Only the Sanko} test
showed a signi_cant di}erence between host and parasite\ suggesting that the songs
of the whydahs were derived from their host species and then were modi_ed by the
whydahs in a series of accumulations of improvisations on the host theme in a
process of cultural evolution[ The di}erent result may re~ect the greater power of
the Sanko} test[

Two main _ndings appear[ First\ whydah songs mimic the songs of their local
host grenadiers[ Within areas where songs of both whydah and grenadier were
recorded\ mimicry songs of whydahs were more similar to the local songs of their
host grenadiers than to whydahs or grenadiers in another population "Figs 1\ 2
and 3#[ Second\ mimicry songs vary within a male whydah "Fig[ 1dÐf\gÐh\ mÐo#[ A
mimicry song of a male and his neighbors sometimes was more like mimicry song
in another song neighborhood than like the male|s other mimicry songs[ The
variation among mimicry songs of a male whydah and his neighbors may parallel
the song variation among the grenadiers\ though we do not know the amount of
song variation among grenadiers[

Cultural Evolution] Song Change over Time

To test whether songs di}ered across years\ we compared observed map
distances among mimicry songs at Lake Baringo "Kampi in 0865\ Loruk and
Chemeron in 0877# with Mantel matrix randomizations for these mimicry songs[
We found a marginally signi_cant association between sample year and song dis!
tance for three observers "n�7\ p�9[94\ 9[18³ r1 ³ 9[22# and a nonsigni_cant
association in the same direction for the other three observers "p× 9[0\ r1 ³ 9[13#[
A binomial test comparing the chance that all observers would _nd the same trend
"p�9[91# indicates that this trend for change across years is signi_cant[

In a parallel Sanko} test\ we determined the number of steps required to
describe the minimal tree for whydah songs in the Lake Baringo area when com!
pared between di}erent years[ We found a minimum Lo �70[ This was marginally
lower than those found in 099 permutations "p�9[94#\ but was signi_cantly lower
than them after 0999 permutations "p�9[923#[

We conclude that songs within a year are more alike than are songs 01 yr
apart in time in the same area[ Because these birds at sites within 09 km of
each other at Lake Baringo are likely to be members of a single interdispersing
population\ the songs appear to have changed more in time than they di}er in
space on a scale of 09 km[ We do not know the date of divergence of these songs
into distinct dialects in the whydahs[ Continuous real!time _eld data are necessary
to calibrate the rate of song divergence[ In a _eld study of indigobirds "Payne
0874#\ a population on one side of a ridge had split into two di}erent song
neighborhoods within 1 yr of the time the birds colonized the valley on the other
side of the ridge[ In the same study\ song themes that continued from year to year
changed in the detail and naturalist observers were not able to score them as the
same over a period of 4 yr unless information was available on the intermediate
songs in the intervening years[
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Discussion

Song Mimicry and its Development

The songs of a Vidua brood parasite and its host species are similar "Nicolai
0853#\ yet the songs of a male do not match precisely the songs of his foster parents\
either in the _eld or in experiments where the time scale resembles that of foster
parental care in natural conditions[ Because each singing male Vidua has only one
set of foster parents\ but has more than one loud mimicry song theme\ the variations
among males could be due to either improvisation\ learning error\ or song sharing[

In the best studied hostÐparasite association to date\ the host red!billed
_re_nches "Lagonosticta senegala# are parasitized and their songs mimicked by
village indigobirds "Payne 0862\ 0874\ 0889#[ Each _re_nch has one song theme
and is individualistic[ In contrast\ each indigobird has a repertoire of _re_nch
songs "2 or 3# and all males in a local neighborhood match the same set of _re_nch
songs[ These male indigobirds copy their songs from other male indigobirds\ as
opposed to their recalling and singing the songs of the individual foster parents
that reared them[ In experimental studies\ the males copy their songs from other
male indigobirds "Payne 0874^ Payne et al[ 0887#[ When males are forced to live
with their foster father for much longer than the time when they would become
independent and disperse in nature\ they copy the song of their foster father^ but
when they are separated from their foster father at a normal age\ they do not sing
the song of their foster father[ Instead\ they sing the mimicry songs of other adult
indigobirds that they hear "Payne et al[ 0887#[

In our _eld study\ male straw!tailed whydahs have the same songs as neigh!
boring male whydahs\ rather than each male having its own songs as expected if it
copied its own individualistic foster grenadier[ The variations in song might be due
to di}erences in the songs of their individual foster parents\ but in our captive
birds each male grenadier varies less in his song than the songs vary in the repertoire
of a single male whydah[ Neither improvisation nor learning error is likely to lead
to the same songs being shared by di}erent males[ The mimicry loud songs of male
whydahs were more alike than songs of the whydahs were like the songs of
grenadiers in the same area "Fig[ 1^ randomization results#[ That is\ the observed
pattern of neighboring male whydahs that matched mimicry songs with each other
at Lake Baringo suggests that neighboring males learn from each other[

In an experimental study\ Nicolai "0862# reported that male straw!tailed
whydahs developed the individualistic songs of their own foster parents[ However\
in that study the young whydahs were kept together with their foster parents for
an unnaturally long period of time "01 months#\ well after the age when the young
whydahs would disperse in the _eld\ about 1wks after ~edging as it is in the
indigobirds "Payne et al[ 0887#[ On the other hand\ Nicolai found that yearling
whydahs learned mimicry song from older adult Vidua males] Although no adult
male whydahs were present in the experiment\ the yearlings copied the mimicry
songs of the normal host of the indigobirds V[ chalybeata from the indigobird
mimics of _re_nches\ after the whydahs were more than 01 months old and _rst
heard the indigobird songs[ Nicolai|s observations on song development in captive
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straw!tailed whydahs are consistent with our idea\ derived both from the exper!
imental work with indigobirds and our _eld observations\ that under natural
conditions of independence and dispersal the whydahs do not simply copy the
songs of their individual foster parents\ rather the whydahs normally learn their
mimicry songs from other adult Vidua[

Scale and Rate of Cultural Evolution

The time scale of change in whydah song could include both innovations by
a male from year to year and also accumulations of copy errors in song learning
across generations[ No direct evidence of change within a male is available as the
birds were not marked and observed from year to year[ However\ demographic
comparison suggests that generations of birds were involved\ insofar as the life
expectancy of small _nches in Africa is low "9[4 annual survival\ Morel 0862^
Woodall 0864^ Payne + Payne 0866#\ and the 01!year period at Baringo "0865Ð77#
was su.cient time for changes to accumulate in a process of cultural evolution[

The geographic scale of variation in bird songs ranges from broad continental
regions in species such as in pine grosbeaks Pinicola enucleator "Adkisson 0870#
and red crossbills Loxia curvirostra "Groth 0882#\ to populations of 19Ð199 birds
in village indigobirds Vidua chalybeata "Payne 0874# and white!crowned sparrows
Zonotrichia leucophrys nuttalli "Baptista 0864#\ or local neighborhoods of 1Ð5 birds
in indigo buntings Passerina cyanea "Payne 0885# and song sparrows Melospiza
melodia "Beecher et al[ 0885#[ In some cases the macrogeographic scale suggests
di}erent species\ whereas in others the microgeographic scale points more towards
individual birds styling their songs after a certain neighbor[ The ecological and
social signi_cance of such variation in song themes varies with historical\ environ!
mental\ dispersal and social factors "Payne 0870\ 0885^ Kroodsma + Baylis 0871^
Adret!Hausberger 0877#[ In Vidua _nches\ the indigobird males that live within a
few square km and visit each other share their song repertoires[ Also\ females visit
the males with the same set of songs and choose one of these males as a mate
"Payne 0874^ Payne + Payne 0886#[ The microgeographic scale of song variation
in the straw!tailed whydahs over a few km "the distance between Loruk\ Kampi
and Chemeron# is about the same scale as that in the indigobirds\ where birds
within an area of about 09 km1 shared their song types with each other\ and birds
only a few km beyond had another set of song types "Payne 0874#[ The social
organization of these two species may be similar as well[

The change in songs of straw!tailed whydahs over time in East Africa is
similar to that observed in more detail in village indigobirds in Zambia\ where
songs undergo a continuing process of change both within an individual male and
between the generations of males that culturally transmit a song tradition within
a population "Payne 0874#[ The change in songs in the whydahs is also consistent
with a process of demographic replacement through extinction and immigration
or dispersal between populations[

Rates of cultural evolution within a song lineage may be rapid\ as in village
indigobirds where all males modify each of their 13 song themes every year "Payne
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0874#[ Continuity within a tradition sometimes has been assumed when songs were
compared from one year to a much later year "Slater 0875#[ However\ song themes
may undergo local extinctions when birds disappear before their songs are copied\
and when the old songs are replaced by immigrants that introduce new songs[
Estimates of rates of cultural change may be exaggerated if local extinctions and
the immigration by birds and replacement by songs from other populations is
superimposed on a more gradual accumulation of change within a song tradition
"Payne 0874\ 0885#[ As straw!tailed whydahs were seen at Lake Baringo in the
intervening years "Stevenson 0870#\ it is likely that cultural change has occurred
within a continuing song lineage[

Randomization Models and Bird Songs

As expected from the earlier general comparison of the Mantel and Sanko}
approaches\ the Sanko} optimization showed statistically signi_cant di}erences in
some comparisons where the Mantel test did not[ We interpret this di}erence in
results as the di}erence in the power of the two models[ First\ we note that the
hypothesis matrices in the Mantel tests were constrained to binary codes\ whereas
the Sanko} test was able to retain the graded di}erence between the elements\ and
this gradation contributed to the power di}erence of the two tests[ Second\ the
Sanko} procedure allows the scores of all observers to be used together in an
analysis\ and this increases the power of the question "hence the higher composite
signi_cance than any of the parts in our Results#[ The drawback of this approach
is that even if the composite shows a strong relationship\ it does so at the expense
of knowing whether any observers disagreed with each other "if this is of interest#[
If the question of interest is whether observers agree on an issue\ then the Mantel
approach is appropriate\ and if one is interested in whether the collective infor!
mation of observers speaks to some empirical pattern or process "in spite of
any disagreements between observers#\ then the Sanko} approach is the more
appropriate[ Because our goal was to test biological processes\ we consider the
Sanko} approach to be the better method[

In another application of randomization methods\ Shackell et al[ "0877#
measured a set of acoustic features to compare the single song elements of neigh!
boring birds\ used principal components analysis to describe song variation within
a population\ and used randomization tests to compare the correlation in observed
PCA scores of song elements between neighboring birds with the correlations in
randomized matrices[ They found that some song elements were more similar
between neighbors than expected by chance[

The randomization methods applied to the whydah songs were useful in
con_rming that di}erent observers recognize the audiospectrogram patterns and
assess the same similarities between complex songs[ Randomization methods also
are useful where the songs are compared with measured acoustic parameters to
compare the similarity among neighboring birds "Gaunt et al[ 0883#\ and the
methods should be just as useful for complex sets of acoustic parameters[ More
importantly\ the methods are useful in testing multiple biological hypotheses about
social\ spatial and temporal variations in bird song[
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