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males differed significantly at syllable type rates 1 to 5 syllable types/s. A non-parametric
multiple comparison test determined which pairs of syllable rates differed significantly in their
median values (Siegel & Castellan 1988).

Hypotheses 3 and 4 - Males differ in element, inter-element, syllable and inter-syllable durations
and syllable and syllable type rates: Kruskal-Wallis one-way ANOVA tested whether males
differed significantly in each type of duration and rate in the particular 10-min. song samples that
were analysed. A non-parametric multiple comparison test determined the pairs of males among

males 1, 4, 5 and 9 that differed significantly in their median values (Siegel & Castellan 1988).

Results

General

Sedge Warbler song was composed of long, continuous sequences of syllables (Fig. 1; Appendix
2). Syllables were discrete units of sound, had complex and variable temporal and frequency
structure with amplitude and frequency modulation, were generally composed of smaller
temporal units called elements and usually were repeated in varying numbers of the same syllable

type before changing to another type (Fig. 1; Appendix 2).

Hypothesis 1 - Elements, syllables and songs are basic, discrete vocal units

The first prediction that songs, syllables and elements are separated by three distinct peaks in a
frequency distribution of the intervals between vocal units in a long natural sequence of song was
not supported for males 1, 4, 5 and 9. Examination of the frequency distributions of consecutive
inter-syllable durations in the song of four males at 0.1 s resolution revealed a log-normal
distribution with one distinct peak at <0.1 s that separated syllables, but no peak at ca. 1 s that
separated songs (Fig. 2a). Furthermore, this figure indicates that there is no clear interval defining
a song in these males in the range of durations shown. A finer scale analysis at 0.01 s resolution
also revealed one distinct peak that separated syllables with modes for males 1 and 5 at 0.03 s,
and for males 4 and 9 at 0.04 s (Fig. 2b). The considerable range of almost continuous variation
of inter-syllable duration, as well as the irregular nature of this variation as occurring in a 10-min.
natural sequence of song, was clearly evident for each of the four males (Figs. 1-4 in Appendix

3). Examination of the frequency distributions of inter-element durations of the four males at
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modulation rate and relatively narrow frequency band structure (Appendix 6). The repeatability of
syllable assignments to PSTs in the song samples of both males was checked after 30 days.

A modification of Catchpole’s (1976) method for determining syllable repertoire size in the
Sedge Warbler was used by plotting the number of new PSTs against the duration of continuous
song. An asymptote was formed at approximately 12.5 min. of continuous song and hence this
dura:tion was used as a representative sample for determining estimated syllable repertoire size

and composition in each male (Fig. 2).

Quantitative Analysis

PSTs comprising the estimated repertoires of the two males were identified in the qualitative
analysis and 10 representative syllables of each PST were analysed spectrographically. Syllables
of a particular PST (Appendix 5) were randomly selected for measurement from different phrases
(Brackenbury 1978) in the 12.5 min. of song of each male, to satisfy the condition of
independence of cases necessary for uni- and multivariate analyses (Sokal & Rohlf 1981;
Morrison 1990; Hair, Anderson, Tatham & Black 1995). Seven accurate measurements that could
be applied to all Sedge Warbler syllables were identified (Fig. 1) and the entire set of 1980
syllables was measured. Accuracy of the seven syllable measurements was checked by repeating
each one 30 times for one syllable from each of the six PST groups. No significant differences
were found for the different syllable measurements for each of the six groups (ANOVA: P>0.05),

indicating a low measurement error.

Statistical Methods

General: Uni- and multivariate analyses were performed on each of the six and five groups of
PSTs in males | and 4 respectively, using Unistat (Toker 1994). The confidence level for
rejecting the Null Hypothesis was set at 0.05 and all univariate tests were 2-tailed unless
otherwise stated. Infrequently or solitary occurring PSTs were not included in these analyses
because they did not satisfy sample size requirements, which left 73 and 64 PSTs to be analysed
for males 1 and 4 respectively (Table 2; Appendix 5). The PST groups were well represented in
these analyses except male 4’s group 6 which was omitted due to sample size criteria (Table 2;

Appendix 35). Elements, the smaller temporal units comprising many syllables (Fig. 1), occurred
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4’srepertoires respectively (Fig. 2; Appendix 5). Male 1 produced new PSTs at a higher rate than
male 4 for the first 57 types after which there was convergence and similarity in rate, with male 4
ultimately overtaking male 1 (Fig. 2). Syllable assignments to the wide range of PSTs were found
to be consistent and repeatable for most of the syllables examined in each male’s song sample.
Repeatability of 100% was obtained for PSTs in syllable type groups 1 to 4 and 6 and 98% for
PSTs in syllable type group 5. However, extensive comparison of syllables from the large library
of PSTs often was necessary due to complexity, variability and similarity of syllable frequency
and temporal structure, especially for group 5 syllables which constituted the biggest group
{Appendices 5, 6). In both males, 79% of PSTs in groups ! to 4 were composed of one temporal
unit, whereas all PSTs in groups 5 and 6 were composed of two or more elements (Appendix 6).
Most PSTs covered a broad acoustic frequency range and showed amplitude and frequency
modulation, harmonics and repetition of elements (Appendix 6).

In the quantitative analysis, the following points were evident from each male’s PST
groups. PCs used in MANOVA explained a high percentage of the variance (Table 2), and eigen-
vector loadings were significant. MANOVA showed significant differences in 98% (N=745) and
95% (N=503) of the pairwise comparisons of PSTs in males 1 and 4 respectively. MDA showed
high mean classification accuracies, only two PSTs with low classification accuracies (<50%, Fig.
3) and no PSTs with high mutual misclassification (>50%). DMRTs revealed significant
differences between the means of PC coordinates in 99.6% (N=760) and all (N=528) of the
pairwise comparisons of PSTs in males 1 and 4 respectively (Table 2). PSTs that differed mainly
in the number of elements in the qualitative analysis (Appendix 6) were well supported by multi-
and univariate analyses except for those that did not differ significantly in MANOVA (Table 2).
PSTs not split- Male 4°s type 2 (group 1) received a low classification accuracy (Fig. 3) and was
misclassified as type 10 by 41%. Misclassified type 2 syllables were not re-assigned to type 10
because significant differences were found (MANOVA: P<0.05; DMRTs: PCs 2, 3, P<0.05).
These two types were very different in acoustic frequency and temporal structure (Appendix 6).

Male 4’s type 40 (group 4) was classified with 43% accuracy (Fig. 3) and was misclassified
as type 42 by 29% and as types 39 and 41 by 14%. Misclassified type 40 syllables were not re-
assigned because DMRTs showed significant differences between the types in two PCs that had
significant loadings for syllable duration and maximum acoustic frequency (Table 2, Appendix

6).
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Table 2. Summary PCA, MANOVA and DMRT results for six syllable type groups in two male Sedge Warblers.
Numbers of syllable types are shown that were a) identified in the qualitative analysis (Qualitative), b) included
in (Incl) and determined by (Det.) the quantitative analysis, and ¢} determined by synthesis of both analyses
(Final). The following also are shown: (i) The number of variables (No. vars.) included in each PCA.
{ii) Principal components (PC) with their cumulative variance (cum. var.) used in each MANOVA. (iii) PSTs not
differing significantly in MANOVA after sequential Bonferroni correction (P20.05). {iv) Principal components
whose means differed significantly between types in DMRTs {(P<0.05). (v) PSTs that were merged (M) and kept
separate (S}. (vi) PSTs (*) in each pairwise comparison that differed mainly in the number of elements in the

qualitative analysis are indicated.
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PSTs kept separate although not differing significantly in MANOVA: These PSTs were kept
separate for the following reasons: For most of them (Table 2), MDA showed strong support
(=80%, Fig. 3) and mutual misclassification was low (<15%). For all of them, DMRTs revealed
significant differences between the means of the coordinates of PCs that had significant loadings
for temporal and/or acoustic frequency variables (Table 2). In addition to these reasons, male 1’s
types 13 and 14 differed significantly in frequency modulation rate (t test: tgs=-11.2, P<0.00001;
Appendix 6).

PSTs merged: Although male 1's types 87, 89 and 91 received strong support in the MDA (Fig.
3), they were merged because MANOVA and DMRTs found no significant differences (Table 2).
These three types were very similar in acoustic frequency and temporal structure, but differed in
the number of elements (Appendix 6).

Repertoire size: The 111 PSTs identified in male 1's repertoire by qualitative analysis were
reduced by quantitative analysis to 109 syllable types. Quantitative analysis indicated that no
changes should be made to the 114 PSTs that were identified in male 4's repertoire by qualitative

analysis.

Discussion

The size and composition of the syllable repertoires of two male Sedge Warblers were determined
by qualitative and quantitative analyses, which produced very similar results. Most syllable types
differed significantly in temporal and acoustic frequency measures in multi- and univariate
analyses and were strongly supported by MDA. Repertoire size in both males was appreciably
higher than previous qualitative estimates.

Qualitative analysis and the influence of subjectivity: In this analysis, syllables occurring in long
natural sequences of song were assigned to types within each male according to shape, acoustic
frequency and temporal pattern, maximum and minimum acoustic frequency and number of
elements using a rigorous comparative method. Assignment, however, often was difficult due to
complexity, variability and similarity of syllable frequency and temporal structure and involved
extensive comparison of syllables from the large library of PSTs (Appendix 6). There are
problems associated with subjective assessments of similarity that distort the real relationships
among syllables in unpredictable ways, and assessments can vary according to stringency of
criteria (Marler & Pickert 1984; Martindale 1982; Podos et al. 1992; Jones et al. 2001). The
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Table 2. Structural differences within syllable types in syllable type groups 1 to 5 between 11
males that sang in the same season (Male), and in particular males that sang at different times of
the season (Season) and in different years (Year). MANOVAs were conducted on principal
component coordinates of syllable types that were generated by PCA (See Table 1 for summary
PCA results). For differences in a particular syllable type between samples of different males, the
number of pairwise comparisons conducted between males and differing significantly are shown.
For differences in a particular syllable type between samples taken at different times of the
season and in consecutive years in particular males, the number of males tested and significant

differences found are reported. MANOVA results include sequential Bonferroni adjustments.

Male Season Year
Syllable
Type Syllable  Total no. No. male pairs No. MANOVA No. MANOVA
Group type male pairs  MANOVA: P<0.05  males P<0.05 males P<0.05

1 1 1 0 - - - -
1 2 45 14 P4 ! 2 0
1 3 1 0 - - -
1 4 5 0 ] ] - -
1 5 J 0 - - - -
! 7 | 0 - - - -
! 8 28 0 2 0 2 0
i 9 3 0 i 0 - -
2 12 15 6 { 0 - -
2 14 21 7 2 0 | 0
2 16 45 16 2 ! 1 0
2 19 {0 0 - - 1 0
3 21 10 0 2 0 i 0
3 22 ] 0 - - - -
3 24 28 4 3 0 2 i
3 25 { 1 - - - -
3 27 1 0 - - - -
3 28 21 14 2 0 - -
3 30 36 17 3 1 2 1
3 3z ] 0 - - - -
4 38 10 2 ! 1 - -
4 39 15 0 | ! - -
4 40 l 0 - - - -
4 43 1 0 - - - -
4 45 6 2 - - - -
4 46 21 g J 0 - -
4 47 I5 7 3 0 ]

4 48 - - 1 G - -
4 50 I 0 - - - -
5 63 21 1 - - 2 {
S 64 10 3 2 0 2 0
5 67 15 6 2 0 2 1
5 68 21 11 l G 2 0
3 73 15 1 2 ] 1 0
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