
ARTICLE IN PRESS
1439-6092/$ - se

doi:10.1016/j.od

$Results of t

No. 257, see: Z
�Correspondi

Dresden, Muse

01109 Dresden,

E-mail addre
Organisms, Diversity & Evolution 8 (2008) 305–324
www.elsevier.de/ode
Evolutionary history of treecreeper vocalisations (Aves: Certhia)$

Dieter Thomas Tietzea,b,�, Jochen Martensa, Yue-Hua Sunc, Martin Päckertb
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Abstract

Since the vocalisations of passerine birds are in general a good means to separate taxa when external morphological
differences are few, song and call recordings of 33 treecreeper (Certhia) taxa were sonagraphed and their parameters
analysed. The vocalisations show low intra-individual and intra-population variation. Phylogenetic evolutionary units
at the population level were delimited by time, frequency and syntax parameters by means of principal-component and
discriminant analyses. Traits of territorial song were traced on a phylogenetic tree based on cytochrome b sequences,
and a mean acoustic character difference was calculated. All presently recognised nine species could be distinguished
clearly from one another by their vocalisations. Subspecies not included in the molecular phylogeny are affiliated with
the correct species based on statistical analysis. The obvious subdivision of Certhia species into two groups according to
the syntax of their song verses, trill and motif singers, is corroborated by different findings: a high phylogenetic signal in
the characters concerned (highest homoplasy index values for trill characters), discriminant analyses for song and call
measurements, and a cladistic analysis based on song characters. Innate calls turned out to be less suitable for studies at
a low taxonomic level than learnt territorial songs, which require social interactions for their species-specific formation.
r 2008 Gesellschaft für Biologische Systematik. Published by Elsevier GmbH. All rights reserved.
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Introduction

Treecreepers (Certhia) comprise a morphologically
and genetically clearly defined group of passerine birds
characterised by a suite of adaptations to foraging and
nesting on and behind tree bark: long bill and hind claw,
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stiff rectrices and camouflaging plumage. Consequently,
within-group differentiation in external morphology is
often slight (Harrap and Quinn 1996). Due to the lack of
distinct morphological characters separating the taxa
and despite the small number of species, the phyloge-
netic relationships within the genus have been difficult
to ascertain.

Tietze et al. (2006) presented a comprehensive mole-
cular phylogeny, which covered all described species and
a number of subspecies (according to Dickinson 2003)
from throughout the Holarctic range of the genus, and
detected several levels of differentiation, thereby uncover-
ing two cryptic species. Of the nine species recognised by
ik. Published by Elsevier GmbH. All rights reserved.
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Tietze et al. (2006), eight were grouped into four
superspecies (allopatric sister species pairs or pairs of
allospecies) according to the concept of superspecies
(Amadon 1966); the ninth was regarded as an isospecies
(Amadon and Short 1992; see also Martens et al. 2004).
The resulting classification is reproduced here.

Superspecies Certhia [familiaris]
1.
 Certhia familiaris Linnaeus, 1758 with ten subspecies
(from Britain and France east to the Pacific including
Japan, southern distribution limit through Corsica,
the Caucasus, Azerbaijan, the Tian Shan and the
Qinling range in China).
2.
 Certhia hodgsoni Brooks, 1871 with three subspecies
(Himalayas, W Chinese mountains south of the
Qinling range); formerly included in Palaearctic
C. familiaris s.l.

Superspecies Certhia [brachydactyla]
3.
 Certhia americana Bonaparte, 1838 with 15 subspe-
cies (N and C America from Alaska south to
Nicaragua); formerly included in one of the Palaearc-
tic species, C. brachydactyla or C. familiaris s.l.
4.
 Certhia brachydactyla Brehm, 1820 with six subspe-
cies (W Palaearctic including NW Africa and the
Caucasus).

Isospecies
5.
 Certhia himalayana Vigors, 1832 with four subspecies
(from the Tian Shan east through the Himalayas to
the W Chinese mountains, W Myanmar).

Superspecies Certhia [nipalensis]
6.
 Certhia tianquanensis Li, 1995 (only few localities in
the Chinese provinces of Sichuan and Shaanxi);
treated as allospecies of C. discolor s.l. by Martens
et al. (2002).
7.
 Certhia nipalensis Blyth, 1845 (C and E Himalayas).

Superspecies Certhia [discolor]
8.
 Certhia discolor Blyth, 1845 (C and E Himalayas).

9.
 Certhia manipurensis Hume, 1881 with four disjunct

subspecies (Assam/Myanmar, Shan Mountains, Laos,
Dalat Plateau); formerly included in C. discolor s.l.

Treecreepers are restricted to the Holarctic realm with
local extensions to the tropics. In the larger parts of the
genus’ range there is only one species present, but in Europe
C. brachydactyla and C. familiaris occur together. In the
Himalayas up to four species can be found sympatrically,
but a tendency towards vertical segregation of species is
obvious in all areas of sympatry (Martens 1981).

Because of the faint differences between Certhia taxa
as regards external morphology, there has been a long
tradition of applying bioacoustics to their classification
(Brehm 1820; Stresemann 1919; Mayr 1956; Thielcke
1961, 1962, 1964, 1965a; Martens 1981; Martens and
Geduldig 1988; Baptista and Krebs 2000), as Alström
and Ranft (2003) demonstrated for several other bird
taxa, too. This is facilitated by the facts that a single
treecreeper male almost invariably utilises the same
verse of song and that even across larger distributional
areas territorial songs remain extremely uniform.
The last occasion on which Certhia vocalisations helped
to discriminate two forms was the upgrading of
C. tianquanensis to species level (Martens et al. 2002).
All previous studies have in common that they
compared the acoustic impressions or analysed the
sonagrams of the calls and songs of different treecreeper
forms, but did not undertake statistical comparisons of
sonagraphic measurements or syntax parameters.

Here, we intend to test the hypotheses that (i)
vocalisations as a behavioural trait are suitable to delimit
taxonomic units (species groups and species) within
Certhia, and that (ii) there is a phylogenetic signal in
treecreeper songs. Phylogenetically informative vocal
characters should be least prone to homoplasy when
mapped on a given phylogenetic tree. In this study, the
degree of homoplasy was inferred from consistency (CI),
retention (RI), and rescaled consistency indices (RC),
respectively. If the two hypotheses are supported,
treecreeper vocalisations should be helpful for a pre-
liminary affiliation of taxa that were not incorporated
into the recent phylogenetic reconstructions (Tietze et al.
2006). The present study tries to reconstruct the evolution
of the genus Certhia by opposing results from bioacous-
tics on the one hand to those from molecular systematics
on the other hand. In addition, it investigates whether
inborn calls or partially learnt territorial songs are more
suitable for taxonomic studies. Avian vocalisations have
been tested for phylogenetic signal in herons (McCracken
and Sheldon 1997) and the passerine genera Psarocolius

(Price and Lanyon 2002), Regulus and Seicercus (Päckert
et al. 2003, 2004). Multivariate statistics have become a
widespread means for the discrimination of closely
related songbirds (e.g. Martens et al. 2004; Zhang et al.
2006), after Sparling and Williams (1978) recommended
their application to the field of avian bioacoustics.

Material and methods

Definitions of terms

Call

Tends to be shorter and simpler than song and is
produced by both sexes throughout the year (Catchpole



ARTICLE IN PRESS
D.T. Tietze et al. / Organisms, Diversity & Evolution 8 (2008) 305–324 307
and Slater 1995, p. 10); innate vocalisation, not always
of territorial significance. In the present paper, ‘‘call’’
refers to aggression calls uttered in a territorial context.

Song (territorial song)

Long and complex vocalisation mainly produced by
males in the breeding season (Catchpole and Slater
1995, p. 10), composed of verses.

Verse

Unit of territorial song, discrete part of complex
vocalisation of males consisting of different elements
given within territorial song performance; verses are
separated by pauses.

Element

Particular sound event, continuous line in a sonagram
(Catchpole and Slater 1995, p. 10).

‘‘sreeh’’

Frequency-modulated song element at approx.
7–8 kHz and of ca. 0.3 s duration; typical call of
C. familiaris, C. hodgsoni and most C. americana

(in C. brachydactyla not in territorial context, but long-
distance contact call as in C. familiaris), incorporated
into territorial song of most C. familiaris, C. hodgsoni,
C. americana and C. brachydactyla populations.

‘‘tyt’’

L-shaped song element of ca. 0.2 s duration, less
modulated than ‘‘sreeh’’ element, rather a pure whistle;
typical call of C. brachydactyla (and sometimes also call
of C. americana) used in various contexts, incorporated
into territorial song of most C. brachydactyla and a few
C. americana and C. familiaris populations.

Syntax

Order of elements or element groups within territorial
song.

Trill

Fast repetition of elements or element groups of the
same element type; is given as part of a verse or even
makes up the entire verse.

Trill speed

Number of trill elements per time unit; is higher, the
closer the elements are arranged to one another in each
time unit.

Repertoire

Comprises the different verse types used by a given
male or within a given population.
Dialect

Vocalisations limited to groups of individuals; can be
regarded as temporal or spatial variants of the acoustic
system. Several dialects may occur in one population.
Species-specific characters of dialects remain stable
throughout the species’ area (Wickler 1986; Martens
1996).
Regiolect

Distinct song repertoire usually extending over a large
distributional range of a given species. In contrast to
dialects, there is no geographic overlap between
regiolects (except in contact or hybrid zones), and song
parameters used in species recognition differ markedly
between regiolect populations (Martens 1996). Regio-
lects are close to species-specific songs and denote
populations close to species rank (or hitherto misclassi-
fied biological species).
Motif group

Monophyletic group of Certhia species (C. americana,
C. brachydactyla, C. familiaris, C. hodgsoni; Tietze et al.
2006), which use complex song types mostly charac-
terised by the ‘‘sreeh’’ element; for details see Results.
Trill group

Set of Certhia species (C. discolor, C. himalayana,
C. manipurensis, C. nipalensis, C. tianquanensis), which
use simple song types mainly characterised by a trill; for
details see Results.
Material

1155 song verses from 302 males, and 758 calls
produced by 176 different individuals were analysed
(398 analysed recordings in total; see Table 1 for number
of analysed individuals per taxon). Equipment used for
field recordings up to 1998 is listed in Martens et al.
(1999), that used until 2002 in Päckert et al. (2004). In
2003 and 2004, J.M. used a NAGRA SN tape recorder
with a Telinga Pro III microphone in a 60-cm plastic
reflector, in 2005 a SONY WM-6DC stereo cassette
recorder with a Sennheiser K6 directional microphone.
In 2003 and 2004, D.T.T. used a SONY MZ-N707
Portable Minidisc Recorder with a Sennheiser K6
directional microphone, in 2005 a SONY WM-6DC
stereo cassette recorder with a Telinga Pro4 PIP
microphone in a 60-cm plastic reflector, and in 2006 a
Marantz PMD660 solid-state recorder with a home-
made microphone in a 60-cm plastic reflector. Equip-
ment data for recordings other than those of the authors
can be retrieved from the appropriate sound archive’s
database (if available).
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Table 1. Taxon-wise numbers of males analysed for song

verses, and numbers of individuals analysed for calls

Taxon Singing males Calling individuals

C. f. britannica 22 28

C. f. macrodactyla 4 3

C. f. familiaris 1 3

C. f. corsa 3

C. f. tianschanica 3

C. f. bianchii 31 8

C. f. daurica 2 1

C. familiaris 63 46

C. h. hodgsoni 1 1

C. h. mandellii 16 13

C. h. khamensis 21 15

C. hodgsoni 38 29

C. a. montana 1 1

C. a. occidentalis 3 5

C. a. zelotes 11 10

C. a. albescens 2 2

C. a. alticola 2

C. a. pernigra 1

C. a. americana 20 13

C. a. nigrescens 1 1

C. americana 39 35

C. b. mauritanica 9 1

C. b. megarhynchos 25 8

C. b. brachydactyla 1 2

C. b. stresemanni 1 1

C. b. dorotheae 4 2

C. brachydactyla 43 14

C. h. taeniura 1

C. h. himalayana 29 10

C. h. yunnanensis 16 9

C. h. ripponi 3

C. himalayana 49 19

C. tianquanensis 21 2

C. nipalensis 16 6

C. discolor 15 18

C. m. manipurensis 12 4

C. m. shanensis 5 3

C. m. meridionalis 1

C. manipurensis 18 7

Genus Certhia 302 176

Species sensu Tietze et al. (2006), subspecies sensu Dickinson (2003).

‘‘Incorrect’’ sums are due to cases of uncertain subspecies affiliation.
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Sonagraphic analysis

For sonagraphic measurements, all recordings were
converted to a sampling rate of 22.1 kHz/16Bit. Avisoft
SASLab Pro 4.36 (Specht 2005) was used to produce
sonagrams. Since the repertoire of a single individual is
mostly limited to one type of verse, a maximum of five
verses per bird were measured sonagraphically. The
following verse parameters were examined for all taxa:
verse length (Dt), minimum frequency (Fmin), maximum
frequency (Fmax), frequency range (DF), mean frequency
(arithmetic mean of minimum and maximum frequen-
cies; Fmean), number of elements, and number of ‘‘sreeh’’
elements. Additional parameters analysed for relevant
taxa only were: frequency increase/decrease of trill
elements (frequency change per time), number of trill
elements (n), trill duration (t1) and trill speed (n/t1). The
following parameters were taken from up to five call
sonagrams per individual: call length (Dt), minimum
frequency (Fmin), maximum frequency (Fmax), frequency
range (DF), mean frequency (arithmetic mean of
minimum and maximum frequencies; Fmean), number
of ‘‘sreeh’’ elements, and – in C. tianquanensis and
C. nipalensis only – frequency increase of broadest call
element. For all further analyses, mean per individual
values of all parameters were used. Acoustic differentia-
tion between taxa was verified by pairwise Mann–
Whitney U-tests (significance level of po0.05), discri-
minant analyses and principal component analyses
with varimax rotation and Kaiser normalisation, per-
formed in SPSS 13. Significance levels in multiple non-
parametric tests were adjusted in order to protect against
type I errors (a errors). Depending on the number of
multiple tests carried out, Bonferroni-corrected signifi-
cance levels ranged from po0.0045 to po0.0083.
Character tracing

Sixteen characters of Certhia song (verse, syntax or
element features; data matrix in Table 2) were traced on
the maximum-likelihood haplotype tree of Certhia

species presented by Tietze et al. (2006), using Mesquite
1.05 (Maddison and Maddison 2004). One branching
that had only weak bootstrap support was collapsed and
the outgroup was excluded. MacClade 3.0 (Maddison
and Maddison 1992) was used in order to hypothesise
ancestral states and to test for a presumed phylogenetic
signal. Most traits have multiple states; for example, trill
elements can be missing, falling, rising, first falling and
then rising, or alternately falling and rising (Tables 2
and 3). Whenever a trait was polymorphic for a single
taxon, all states were included in the data matrix. As an
estimate of acoustic homoplasy, we calculated the
consistency index (CI; Kluge and Farris 1969), the
retention index (RI; Farris 1989) and the rescaled
consistency index (RC ¼ CI�RI; Farris 1989) for
each character, using MacClade 3.0 (Maddison and
Maddison 1992). Low values of these indices indicate
that little phylogenetic information is derivable from an
investigated character. Simulations with random data-
sets of ten taxa and 14 characters (which approximately
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Table 2. Data matrix for 16 acoustic traits (A–P) of Certhia song used for character tracing with Mesquite/MacClade,

reconstruction of an acoustic tree with PAUP, and for estimating mean character divergence with PAUP; multiple character states

of polymorphic taxa separated by commas

A B C D E F G H I J K L M N O P

C. americana 2 1 1 2 2 0 0 1 2 0 1 1 0 1 1, 3 1

C. brachydactyla 2 2 3 1 2 0 0 1 2 0 1 1 0 1 3 2

C. discolor 3 0 2 1 1 2 1 3 1 0 1 0 0 0 0 0

C. familiaris 4 1 3 3 2 1 0 2 2 1 1 1 1 1 1, 2, 3 1

C. himalayana 3 0 2 1 1 2 4 2 1 1 1 0 1 0 0 0

C. hodgsoni 3 1 3 2 2 0 0 1 2 0 1 1 1 2 1 1

C. manipurensis 3 0 2 1 1 4 1 2 1 0 1 0 0 0 0 0

C. nipalensis 1 0 1 1 2 2 2 1 1 1 0 0 0 0 0 0

C. tianquanensis 2 1 1 1 2 3 3 3 1 1 1 0 0 0 0 0

Traits and character states. (A) Verse length [s]: 1 ¼ 0.5–1, 2 ¼ 1–1.5, 3 ¼ 1.5–2, 4 ¼ 2–2.5. (B) Verse increase: 0 ¼ no change, 1 ¼ negative

(decrease), 2 ¼ positive. (C) Frequency course: 1 ¼ narrow, 2 ¼ medium, 3 ¼ wide. (D) Frequency range: 1 ¼ narrow, 2 ¼ medium, 3 ¼ wide.

(E) Mean frequency: 1 ¼ less than 5 kHz, 2 ¼ more than 5 kHz. (F) Trill: 0 ¼ none, 1 ¼ rarely at end, 2 ¼ single elements repeated, 3 ¼ twice single

elements repeated, 4 ¼ double elements repeated. (G) Trill-element increase: 0 ¼ no trill, 1 ¼ falling, 2 ¼ rising, 3 ¼ rising, then falling,

4 ¼ alternating up- and downstrokes. (H) Number of elements: 1 ¼ low, 2 ¼ medium, 3 ¼ high. (I) Element types: 1 ¼ few, 2 ¼ many. (J) Rising

elements: 0 ¼ no, 1 ¼ yes. (K) Falling elements: 0 ¼ no, 1 ¼ yes. (L) V-shaped elements: 0 ¼ no, 1 ¼ yes. (M) A-shaped elements: 0 ¼ no, 1 ¼ yes.

(N) Number of ‘‘sreeh’’ elements. (O) ‘‘sreeh’’ position: 0 ¼ no ‘‘sreeh’’, 1 ¼ beginning, 2 ¼ middle, 3 ¼ end. (P) Number of ‘‘tyt’’ elements:

0 ¼ none, 1 ¼ low (exceptional), 2 ¼ at least two.

Table 3. Character status of various acoustic traits

Acoustic trait Ontogeny Structure States Steps CI RI RC

Verse length l v 4 4 0.75 0.50 0.38

Verse increase l v 3 3 0.67 0.67 0.44

Frequency course n v 3 3 0.67 0.75 0.50

Frequency range n v 3 3 0.67 0.00 0.00

Mean frequency n v 2 2 0.50 0.50 0.25

Trill i v 5 4 1.00 1.00 1.00

Trill-element increase i e 5 4 1.00 1.00 1.00

Number of elements n v 3 5 0.40 0.00 0.00

Element types i v 2 1 1.00 1.00 1.00

Rising elements i e 2 3 0.33 0.33 0.11

Falling elements i e 2 1 1.00 0.00 0.00

V-shaped elements i e 2 1 1.00 1.00 1.00

A-shaped elements i e 2 2 0.50 0.50 0.25

Number of ‘‘sreeh’’ elements ia v 3 2 1.00 1.00 1.00

‘‘sreeh’’ position l v 4 5 1.00 1.00 1.00

Number of ‘‘tyt’’ elements ia v 3 2 1.00 0.00 0.00

Ontogeny of trait: i ¼ innate, l ¼ learned, n ¼ no information. Structure of trait: e ¼ element structure, v ¼ verse syntax. States: number of character

states of respective trait. Steps: number of state changes of respective trait. CI: consistency index. RI: retention index. RC: rescaled consistency index.

For details see Material and methods section.
aPresence of ‘‘sreeh’’ and ‘‘tyt’’ elements is inborn, since they derive from calls (Thielcke 1964), but their exact number in a verse is due to learning.
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equals the size of our study) yielded CI values between
0.350 and 0.438 (Klassen et al. 1991); thus, CI values for
phylogenetically informative acoustic characters should
notably exceed this range.

Additionally, the character matrix (Table 2) was used
for the reconstruction of an acoustic tree based on the
16 discrete song characters via UPGMA with PAUP
4.0b10 (Swofford 2003). The same character matrix was
used in order to estimate the acoustic divergence
between Certhia species. We calculated a mean character
difference (Dac) between species with PAUP 4.0b10
(Swofford 2003) for unweighted characters and char-
acters reweighted by CI, RI and RC. The correlation of
mean acoustic character difference and genetic distances



Table 4. Means7S.D. of several parameters taken from sonagrams of territorial song verses in Certhia species (n ¼ number of

males investigated)

Parameter Certhia species (n)

familiaris

(63)

hodgsoni

(38)

americana

(39)

brachydactyla

(43)

himalayana

(49)

tianquanensis

(21)

nipalensis

(16)

discolor

(15)

manipurensis

(18)

Verse length (s) 2.270.3 2.070.2 1.370.2 1.470.2 1.770.3 1.270.2 0.770.1 1.770.3 1.870.3

Minimum frequency (kHz) 3.270.3 4.070.4 3.870.4 4.370.4 3.270.3 4.170.2 4.870.6 2.970.2 2.570.2

Maximum frequency (kHz) 8.270.5 8.370.4 7.870.4 7.570.5 6.670.6 7.570.4 7.770.2 6.270.8 5.970.4

Frequency range (kHz) 5.070.5 4.370.5 4.070.6 3.270.8 3.470.7 3.470.4 2.970.7 3.370.8 3.570.4

Mean frequency (kHz) 5.770.3 6.170.3 5.870.3 5.970.2 4.970.3 5.870.2 6.270.3 4.670.4 4.270.2

Elements 13.872.6 7.671.3 7.471.4 7.772.4 12.672.6 21.173.3 9.171.7 25.775.7 16.574.3

‘‘sreeh’’ elements 1.271.4 1.870.8 1.370.7 0.970.3

Increase (kHz/0.1 s) 3.971.8 4.971.4 5.071.2

Decrease (kHz/0.1 s) 4.871.2 2.971.1 4.870.8 4.770.9

Trill elements 10.972.8 20.773.3 7.272.0 25.475.5 16.073.9

Trill duration (s) 1.570.3 1.270.2 0.570.1 1.770.3 1.870.3

Trill speed (1/s) 7.371.5 17.872.5 14.471.4 15.072.6 8.971.5
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(uncorrected p-values as given in Tietze et al. 2006) was
tested with SPSS 13.
Results

Treecreeper songs

Territorial song in Certhia is organised in distinct
verses. A single male almost invariably presents only one
type of verse. Variation within the investigated popula-
tions is also relatively low. For mean values of all
sonagraphic parameters see Table 4.
Motif species group

In general, this monophyletic species group (accord-
ing to the published cytochrome b phylogeny) is
characterised by a ‘‘sreeh’’ element, a larger number of
different elements, by trills only in a few populations as
a minor part of a verse, but therefore V- and A-shaped
elements (Table 2, Fig. 1). Most members display a
larger frequency range within the song verse than the
remaining species (Table 4).
Fig. 1. Sonagrams of territorial songs in Certhia species. (a) C

(b) C. familiaris familiaris (Russia, Ryazanskaya oblast; B.N. Vep

Hokkaido, vol. 6, Birds of Sapporo, Music Anton, AO-697S-20). (d

bianchii (China, Qinghai; JM). (f) C. hodgsoni khamensis (Chi

(h) C. hodgsoni hodgsoni (Pakistan, North-West Frontier Provin

D.C. Moyer). (k) C. americana americana (Canada, Ontario; T. C

M.R. Plymire). (m) C. brachydactyla megarhynchos (France, Dombe

Rheinland-Pfalz; JM). (o) C. brachydactyla mauritanica (Morocco, M

mauritanica (Morocco, Middle Atlas, Ras el Ma; DTT). (q) C. him

yunnanensis (China, Yunnan; JM). (s) C. tianquanensis (China, Sic

C. nipalensis (Nepal; JM). (w) C. discolor (Bhutan; B.C.R. Be

(y) C. manipurensis manipurensis (Myanmar, Chin State; DTT). (z) C

Recordist abbreviations: DTT ¼ D.T. Tietze, JM ¼ J. Martens.
C. familiaris: Most verses start with one to four
‘‘sreeh’’ elements (first elements in Fig. 1a) and fall in
frequency. Verses from individuals in the western
Palaearctic end with a trill of descending notes,
followed by a V-shaped element (Fig. 1a, b), whereas
those from the eastern Palaearctic are terminated
by a downstroke and an upstroke (Fig. 1c, e) or a
‘‘sreeh’’-like element (Fig. 1d). Mostly falling elements
with a wide frequency range are located in the
central part of a verse. Geographic variation: In some
males of ssp. britannica, the first element is much
less frequency-modulated than usual in a ‘‘sreeh’’
element, or the trill part at the end of the verse is
reduced. A few individuals of W European ssp.
macrodactyla start the central part with a bend
opening downwards. From the song of NE European
individuals of ssp. familiaris and those further east
the initial ‘‘sreeh’’ part is omitted. The verse of ssp. corsa

falls less clearly and has a U-shaped element in the
middle part. While one male of ssp. daurica from
the mainland Russian Far East does not utter the
typical end part, another one from Hokkaido
(Fig. 1c) sings similarly to Chinese males of ssp. bianchii

(Fig. 1e). Acoustically, the latter is the most variable
. familiaris britannica (UK, Buckinghamshire; W. Pedley).

rintsev). (c) C. familiaris daurica (Japan, Hokkaido; Voice of

) C. familiaris bianchii (China, Shaanxi; JM). (e) C. familiaris

na, Sichuan; JM). (g) C. hodgsoni mandellii (Nepal; JM).

ce; P. Alström). (i) C. americana zelotes (USA, California;

osburn). (l) C. americana nigrescens (USA, North Carolina;

s; J.C. Roché). (n) C. brachydactyla megarhynchos (Germany,

iddle Atlas, Dayet Hachlaff; J.C. Roché). (p) C. brachydactyla

alayana himalayana (India, Kashmir; JM). (r) C. himalayana

huan; JM). (t) C. tianquanensis (China, Shaanxi; JM). (u, v)

rtram). (x) C. discolor (India, Uttar Pradesh; P.I. Holt).

. manipurensis meridionalis (Viet Nam, Lâm�ông; C. Robson).
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subspecies – without trill or with trill in the beginning or
middle of the verse and even sometimes a ‘‘sreeh’’(-like)
element at the end (Fig. 1d). But also these variations
are population-bound.

C. hodgsoni: Almost all verses start with one to three
‘‘sreeh’’ elements (first elements in Fig. 1f–h) or their
equivalents, whistled ‘‘tseeh’’ notes, and gently fall in
frequency. From the second ‘‘sreeh’’ onwards, the
elements continuously decline in frequency and become
less frequency-modulated, thus becoming simple up-
and downstrokes. Geographic variation: The songs of
all three subspecies (hodgsoni, mandellii and khamensis)
are very similar to each other. It is hardly possible to
assign a single sonagram correctly to the appropriate
subspecies (Fig. 1f–h).

C. americana: Almost all verses start with one (rarely
two) ‘‘sreeh’’ element (first elements in Fig. 1i–l) and
gently descend in frequency. The remaining elements are
short and diverse notes. Many element types are
uniquely found in this species. Some are notably
complex with several ascendant and descendant parts
or steeply fall in the beginning and steeply rise at the
end, connected by a frequency-constant part. Geo-
graphic variation: A further ‘‘sreeh’’ element at the end
of the verse is only found in ssp. zelotes from California
(USA). The song of C. americana is highly variable, but
further discrimination as to geographic origin is not
possible at present.

C. brachydactyla: All verses start with at least two
‘‘tyt’’ elements (first two to three elements in Fig. 1m–p),
are rising and terminate with a ‘‘sreeh’’ element.
Between one and several elements of wide frequency
range, which are simple downstrokes or combined up-
and downstrokes, are located in the middle part of a
verse. Geographic variation: Subspecies mauritanica

from northern Africa (Fig. 1o, p) has a song clearly
different from European ones (Fig. 1m, n): the last two
elements differ in shape (both not typical ‘‘sreeh’’
elements), the frequency span is significantly larger
(by 1.5 kHz), the verses last longer and consist of more
elements. In European subspecies, the penultimate
element (shank) ascends in frequency with frequency
modulation. Within the NW European ssp. mega-

rhynchos, a few males utter extraordinarily long verses,
up to 1.7 s. However, the majority share the typical
European song with SE European ssp. brachydactyla,
whereas that of the Turkish ssp. stresemanni differs in
the final elements. A downstroke of wide frequency
range is inserted between the last two elements of most
Cypriot ssp. dorotheae songs.
Trill species group

Songs in this group are dominated by trill elements.
Consequently, they exhibit only few element types and
especially lack ‘‘sreeh’’, ‘‘tyt’’ and V-shaped elements
(Table 2; Fig. 1). Rising trill elements can be found in
C. himalayana, C. tianquanensis and C. nipalensis, falling
elements in C. himalayana, C. tianquanensis, C. discolor

and C. manipurensis. Except for C. himalayana and
C. tianquanensis (its falling part) with less steep
elements, ca. 5 kHz are covered within 0.1 s. The average
number of trill elements per verse in a given species
ranges from 7 to 25 (see species accounts). Since
there are only a few cases of verse types with
introductory notes, trill duration is mostly identical
with verse length. Certhia himalayana and C. manipur-

ensis utter slower trills (7 and 9 elements per second,
respectively), the remaining species produce up to twice
as many per time unit.

C. himalayana: Trills consist of a single element
(or rarely an element pair) and are preceded by one
(to three) introductory notes (Fig. 1q, r). The single
element (pair) is composed of one (to two) ascending
and one (to two) descending shanks. Geographic
variation: Constitution and frequency bandwidth vary
slightly between males, independently of their geo-
graphic origin.

C. tianquanensis: The verse normally consists of a
barbell-shaped double trill, often connected by an
S-shaped element (Fig. 1s, t). In the first part, which
mostly has the larger frequency range, only rising
elements occur; in the second part, which often lasts
longer, only falling ones are present. Geographic
variation: not found.

C. nipalensis: The verse is a short trill at high
frequency (Fig. 1u, v). All elements except the intro-
ductory note(s) are rising. They cover a wide frequency
range and end up in a hook bent downwards.
Geographic variation: not found.

C. discolor: The verse is quite a long trill at low
frequency and high speed (12–21 elements/s; Fig. 1w, x).
All elements besides the exceptional introductory notes
are falling. They are all similarly formed and rarely have
a slight ‘‘knee’’ in the centre of the individual element.
Geographic variation: not found.

C. manipurensis: The verse is quite a long trill at low
frequency and low speed (6–12 elements/s; Fig. 1y, z).
All elements besides the exceptional introductory notes
are falling. They are alternately similarly formed: one
element is even, the other has a slight ‘‘knee’’ and is less
steep. Geographic variation: In the song of Vietnamese
ssp. meridionalis (Fig. 1z), the elements vary in their
frequency bandwidth and form element pairs more
clearly than in the song of ssp. manipurensis from
Myanmar (Fig. 1y). Song of ssp. shanensis either lacks
the species-specific inhomogeneity of the trill elements
(Yunnan, China) or it is even more pronounced than in
the other subspecies (Thailand). Only few recordings of
this species are available; the song of ssp. laotiana from
Laos is unknown.
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Statistical analysis

Three discriminant analyses (DA) were used to test
whether Certhia species can be separated according to
song parameters, and one principal component analysis
(PCA) each was used to determine to which allospecies a
certain subspecies within a superspecies is affiliated
according to song parameters. Songs of the nine species
can be distinguished from each other by DA 1 using the
parameters verse length, minimum and maximum
frequencies, frequency range, mean frequency, and
numbers of all and of ‘‘sreeh’’ elements (Fig. 2a).
Frequency range and mean frequency failed the
tolerance test. Five discriminant functions were used in
the analysis (Table 5). The highest correlations occurred
between number of elements and function 1, and
between minimum frequency, mean frequency and
function 2. For all functions, w2 was 1558, df was 40
and Wilks’ Lambda was 0.005 (po0.01). 86.1% of all
males could be correctly assigned to the appropriate
species.
Fig. 2. Scatterplots from discriminant analyses incorporating all nin

(b). Parameters: (a) verse length, minimum frequency, maximum freq

number of ‘‘sreeh’’ elements for song; (b) call length, minimum freq

number of ‘‘sreeh’’ elements for calls.

Table 5. Percentages of explained variance and eigenvalues of the t

analyses (DA)

Function DA 1 DA 2 DA 3

% of var. Eigenvalue % of var. Eigenvalue % of va

1 46.2 6.654 66.4 3.556 68.5

2 39.3 5.652 27.2 1.459 28.1

3 11.3 1.628 6.4 0.342 2.9

4 2.5 0.353 0.6

5 0.7 0.105
Motif species group: The four species can be
distinguished from each other by DA 2 using the
parameters verse length, minimum and maximum
frequencies, frequency range, mean frequency, and
numbers of all and of ‘‘sreeh’’ elements (Fig. 3).
Frequency range and mean frequency again failed the
tolerance test. Three discriminant functions were used in
the analysis (Table 5). The highest correlations occurred
between verse length, number of elements, minimum
frequency and function 1, and between mean frequency
and function 2. For all functions, w2 was 481, df was 15
and Wilks’ Lambda was 0.067 (po0.01). 85.8% of all
males could be correctly assigned to the appropriate
species. The superspecies Certhia [familiaris] unites the
closely related allospecies C. familiaris and C. hodgsoni.
Songs of these two species differ significantly in six out
of seven parameters (Mann–Whitney U-test, po0.05;
Table 6). Certhia familiaris has the longer and lower-
frequency song with wider frequency range, more
elements in general, but fewer ‘‘sreeh’’ elements
(Table 4; Fig. 1). 93.1% of all C. familiaris and
e Certhia species and various parameters for song (a) and calls

uency, frequency range, mean frequency, number of elements,

uency, maximum frequency, frequency range, mean frequency,

hree to five discriminant functions used in the five discriminant

DA 4 DA 5

r. Eigenvalue % of var. Eigenvalue % of var. Eigenvalue

12.555 87.5 15.130 81.6 14.082

5.145 8.6 1.494 18.1 3.127

0.531 3.8 0.658 0.3 0.049

0.110
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C. hodgsoni males in DA 2 performed for the motif
species group could be correctly assigned to the
appropriate species. In a PCA which incorporated the
seven parameters used in DA 1 and 2 and all species,
two principal components could be extracted which
together explain 77.3% of the total variance. PC 1 is
mainly loaded by mean and maximum frequencies, PC 2
by verse length and frequency range. The scatterplots
for the two species C. familiaris and C. hodgsoni are
better separated from each other than are the scatter-
plots for the investigated subspecies (except for some
C. f. britannica dots within C. hodgsoni; Fig. 4a).

Trill species group: The five species can be distin-
guished from each other by DA 3 using the parameters
verse length, minimum and maximum frequencies,
frequency range, mean frequency, numbers of all and
of trill elements, trill duration and trill speed (Fig. 5).
Mean frequency failed the tolerance test. Four discri-
minant functions were used in the analysis (Table 5).
The highest correlations occurred between minimum
and mean frequencies and function 1, and between
Fig. 3. Scatterplot from discriminant analysis incorporating

the four species of the motif group and the parameters verse

length, minimum frequency, maximum frequency, frequency

range, mean frequency, number of elements and number of

‘‘sreeh’’ elements.

Table 6. Number of pairwise Mann–Whitney U-tests with signific

Certhia species versus total number of parameters tested within the

familiaris hodgsoni americana brachydactyla h

familiaris – 4/6 3/6 6/6 3

hodgsoni 5/7 – 3/6 5/6 4

americana 5/7 4/7 – 6/6 4

brachydactyla 6/7 6/7 4/7 – 4

himalayana 4/6 6/6 6/6 5/6 –

tianquanensis 5/6 5/6 4/6 2/6 9

nipalensis 6/6 5/6 5/6 3/6 9

discolor 6/6 5/6 6/6 5/6 5

manipurensis 5/6 5/6 6/6 5/6 8

Below diagonal: tests of verse parameters. Above diagonal: tests of call para
number of trill elements, number of elements, trill speed
and function 2. For all functions, w2 was 552, df was 32
and Wilks’ Lambda was 0.007 (po0.01). 99.2% of all
males could be correctly assigned to the appropriate
species. The superspecies Certhia [discolor] unites the
closely related allospecies C. discolor and C. manipuren-

sis. Songs of these two species differ significantly in six
out of eleven parameters (Mann–Whitney U-test,
po0.05; Table 6). Certhia discolor has higher-frequency
song with more (trill) elements, and the trill is faster
(Table 4; Fig. 1). 97.0% of all C. discolor and
C. manipurensis males in DA 3 performed for the trill
group could be correctly assigned to the appropriate
species. In a PCA incorporating the nine parameters
used in DA 3 and all trill-group species, three principal
components could be extracted which together explain
95.0% of the total variance; the first two explain 78.9%.
PC 1 is mainly loaded by mean and minimum
frequencies and verse length, PC 2 by numbers of trill
and all elements, PC 3 by frequency range. The
scatterplots for the two species C. discolor and
C. manipurensis are better separated from each other
than are the scatterplots for the investigated subspecies
(despite the larger scattering of C. discolor; Fig. 6a).
Character tracing

Song syntax in most Certhia species is constant and
representative for all populations of a given species. In
most cases, sonagrams from each species in Fig. 1 show
the only taxon-wide song structure (for details see
above). Several acoustic traits are highly consistent with
the molecular data. The highest values of CI, RI and RC
(1 or close to 1) indicate a strong phylogenetic signal
(Table 3) and were calculated for presence/type of trill
(Fig. 7a), increase of trill-elements, number of element
types, presence of V-shaped elements, number of
‘‘sreeh’’ elements and ‘‘sreeh’’ position (Fig. 7b). These
traits clearly discriminate the two species groups.
ant (po0.05; with Bonferroni correction) differences between

pair

imalayana tianquanensis nipalensis discolor manipurensis

/5 0/5 4/5 5/5 5/5

/5 0/5 4/5 5/5 5/5

/5 0/5 4/5 5/5 4/5

/5 0/5 4/5 3/5 3/5

0/5 4/5 4/5 5/5

/11 – 0/6 0/5 0/5

/11 8/11 – 4/5 4/5

/11 8/11 9/11 – 1/5

/11 10/11 10/11 5/11 –

meters.
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Fig. 4. Scatterplots of first two principal components of (a) song and (b) call parameters for the investigated subspecies of

C. familiaris and C. hodgsoni. Subjectively placed lines separate the two species.

Fig. 5. Scatterplot from discriminant analysis incorporating

the five species of the trill group and the parameters verse

length, minimum frequency, maximum frequency, frequency

range, mean frequency, number of elements, number of trill

elements, trill duration and trill speed.

D.T. Tietze et al. / Organisms, Diversity & Evolution 8 (2008) 305–324 315
The numbers of falling elements and of ‘‘tyt’’ elements
have a high CI but RI and RC of zero, consequently
indicate a low phylogenetic signal of these traits. Such
conflict between homoplasy index values is typical for
autapomorphic characters like ‘‘tyt’’ elements (only a
compulsory part of C. brachydactyla song) and plesio-
morphic characters like falling elements (missing only in
C. nipalensis). Other song parameters are less consistent
with the molecular results according to CI and reach low
values of RI and RC as well (Table 3; cf. Fig. 7c).

Tree reconstruction based on the 16 acoustic char-
acters resulted in a UPGMA tree tracing all major
splits between Certhia species in accordance with the
molecular phylogeny. Moreover, the new tree resolves a
trichotomy in the old one to a topology in which
C. himalayana is sister taxon to C. discolor and
C. manipurensis and to polytomy within the motif group
(Fig. 8). Mean acoustic character difference (Dac)
increases with genetic distances between Certhia species
(Fig. 9). This correlation is as significant for unweighted
characters as for characters reweighted by CI, RI and
RC. Less acoustic difference (Daco0.13) and thus very
similar song types are found between C. discolor and
C. manipurensis. The greatest acoustic divergence occurs
between C. americana and C. himalayana (Dac40.9).
A closer look at the four scatterplots (Fig. 9) reveals
three agglomerations of dots (marked in Fig. 9b): on
level 1 there are three species pairs with low genetic and
low acoustic differentiation (discolor/manipurensis, nipa-

lensis/tianquanensis, familiaris/hodgsoni); on level 2 there
are 13 species pairs with high genetic and comparatively
low acoustic differentiation (the remaining species pairs
within trill and motif species groups, respectively); and
on level 3 there are 20 species pairs with high genetic and
high acoustic differentiation (pairwise comparisons
between trill- and motif-group species).
Treecreeper calls

In territorial context, treecreepers normally use high-
frequency calls like ‘‘sreeh’’, ‘‘tyt’’ or a sharp upstroke
(Fig. 10). Only C. discolor and C. manipurensis utter
short trills. Variation within a given species is quite low
(but see below). For mean values of all sonagraphic
parameters see Table 7.
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Fig. 6. Scatterplots of first two principal components of (a) song and (b) call parameters for the investigated subspecies of

C. discolor and C. manipurensis. Subjectively placed lines separate the two species.
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Characterisation of the specific calls

Certhia familiaris, C. hodgsoni and most populations
of C. americana share the ‘‘sreeh’’ call type. It is
also used by C. brachydactyla, but the context differs.
In the former three species these calls are homologous
to ‘‘sreeh’’ elements, however with constant frequency
modulation in C. familiaris (Fig. 10a, b), with
rather irregular frequency modulation in C. hodgsoni

(Fig. 10c, d; Martens 1981, fig. 11), and of slightly
different shape in C. americana (Fig. 10e). Relatively
wide frequency ranges are caused by several
facts: ‘‘sreehs’’ can be found at slightly different
frequencies or with different frequency bandwidths,
and some calls are in the form of bends opening
downwards.

The ‘‘tyt’’ or L-shaped call type is characteristic for
C. brachydactyla, but C. americana from NE, NW and
Californian populations utter ‘‘tyt’’-like calls (Fig. 10f)
as well; C. himalayana calls also come close to this
pattern. Most C. brachydactyla calls are ‘‘tyt’’ calls
(Fig. 10g, h), some are ‘‘sreeh’’ calls. The mean
frequency of a ‘‘tyt’’ call is not fixed – not even within
a single individual’s repertoire. Certhia himalayana calls
are simple whistles which consist of a downstroke and
an upstroke (Fig. 10i) and of a further downstroke
(Fig. 10k). Some C. himalayana calls even tend to be
almost constant in frequency.

Certhia tianquanensis and C. nipalensis share the click
call type: their calls are sharp upstrokes immediately
followed by a weaker downstroke, and cover a wide
frequency range. Certhia nipalensis (Fig. 10m) and
C. tianquanensis (Fig. 10l) calls are separated mainly
by a marked frequency shift; the former are also slightly
steeper.
Finally, a composite call type exists in C. discolor and
C. manipurensis. Certhia discolor calls consist of at least
two elements: the first is a downstroke with wide
frequency range, followed either by a second element
(hook-shaped or downstroke) or by a fast series of
up to eight downstrokes of smaller bandwidth
(Fig. 10n, o). Certhia manipurensis calls consist
of two to three elements similar to those in C. discolor:
the first is a downstroke with medium frequency
range, followed either by a second element (hook-
shaped or downstroke) or two trill-like downstrokes
(Fig. 10p, q).
Statistical analysis

Two discriminant analyses (DA) were used to test
whether Certhia species can be separated according to
call parameters, and one principal component analysis
(PCA) each was used to determine to which allospecies a
certain subspecies within a superspecies is affiliated
according to call parameters. In general, call parameters
separate closely related species to a lesser degree
than songs. The number of significantly different
parameters per species pair is lower for calls than for
songs (Table 6). Only the trill-group species can be
distinguished in DA 4 for all nine species, using
the parameters call length, minimum and maximum
frequencies, frequency range, mean frequency and
number of ‘‘sreeh’’ elements (Fig. 2b). Frequency
range and mean frequency failed the tolerance test.
Three discriminant functions were used in the analysis
(Table 5). The highest correlations occurred between
minimum frequency, mean frequency and function 1,
and between call length and function 2. For all
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Fig. 7. Evolution of single acoustic traits mapped onto the molecular phylogeny according to Tietze et al. (2006). (a) Presence/type

of trill. (b) Presence/position of ‘‘sreeh’’ element. (c) Verse length.

Fig. 8. Cladogram inferred from the reconstruction of an

acoustic tree based on 16 acoustic characters of territorial

songs of all nine Certhia species (Table 2) via UPGMA with

PAUP (bootstrap values for 1000 replicates).
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functions, w2 was 710, df was 24 and Wilks’ Lambda
was 0.015 (po0.01). Only 65.9% of all individuals
could be correctly assigned to the appropriate
species.

Motif species group: Only 62.9% of all motif-group
individuals in DA 4 performed for all species could be
correctly assigned to the appropriate species. Calls of
C. familiaris and C. hodgsoni are very similar (Fig. 10).
All differing parameters have slightly larger values in
C. hodgsoni (Table 7). In a PCA incorporating the six
parameters used in DA 4 except number of ‘‘sreeh’’
elements, two principal components could be extracted
which together explain 83.2% of the total variance. PC 1
is mainly loaded by maximum and mean frequencies, PC
2 by frequency range and minimum frequency; after
rotation PC 1 is mainly loaded by frequency range and
maximum frequency, PC 2 by minimum and mean
frequencies. The scatterplots for the two species
C. familiaris and C. hodgsoni are better separated from
each other than are the scatterplots for the investigated
subspecies (except for some C. f. britannica dots and
one C. f. bianchii dot within C. hodgsoni, and some
C. h. khamensis and mandellii dots within C. familiaris;
Fig. 4b).

Trill species group: 73.1% of all trill-group indivi-
duals in DA 4 performed for all species could be
correctly assigned to the appropriate species. This could
be improved in a separate DA 5 without the number
of ‘‘sreeh’’ elements. Frequency range and mean
frequency again failed the tolerance test. Three dis-
criminant functions were used in the analysis (Table 5).
The highest correlations occurred between minimum
frequency and function 1, and between call length
and function 2. For all functions, w2 was 196, df was 12
and Wilks’ Lambda was 0.015 (po0.01). 92.3% of
all individuals could be correctly assigned to the
appropriate species (only C. discolor and C. manipur-

ensis overlap). Calls of C. discolor and C. manipurensis

are very similar (Fig. 10). All differing parameters
have slightly larger values in C. discolor (Table 7). In a
PCA incorporating the five parameters used in
DA 5 for the trill group, two principal components
could be extracted which together explain 85.1%
of the total variance. PC 1 is mainly loaded by
maximum frequency, frequency range and mean fre-
quency, PC 2 by minimum frequency and call length.
The scatterplots for the two species C. discolor and
C. manipurensis are well separated from each other
(except for some C. discolor dots within C. manipurensis;
Fig. 6b).
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Fig. 9. Linear correlation of acoustic divergence (Dac, y-axes) and genetic distances (cytochrome b, uncorrected p-values; x-axes)

between taxon pairs of Certhia. Scatterplots for unweighted acoustic characters (a), and for characters reweighted by the respective

maximum values of CI (b), RI (c) and RC (d). (a) r2 ¼ 0.22, F ¼ 9.40, po0.01. (b) r2 ¼ 0.22, F ¼ 9.35, po0.01. (c) r2 ¼ 0.25,

F ¼ 11.37, po0.01. (d) r2 ¼ 0.24, F ¼ 10.54, po0.01.
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Discussion

Species delimitation by acoustic methods

Work on treecreeper vocalisations of Old World
species is quite abundant. However, most publications
have focussed on the sibling species C. familiaris and
C. brachydactyla in the western Palaearctic (Thielcke
1961, 1964, 1965a, b, 1971, 1972, 1984a, b, 1986, 1988,
1992; Chappuis 1976; Thielcke and Wüstenberg 1985;
Thielcke and Thielcke 1986; Bauer 1988, 1989; Bauer
and Nagl 1992; Gil 1997; Osiejuk and Kuczyński 1997,
2000a, b, 2003). Only a few have treated C. americana or
even compared its vocalisations with those of its
European congeners (Thielcke 1962; Baptista and
Johnson 1982; Baptista and Krebs 2000). Löhrl and
Thielcke (1969) presented the first sonagram of Afghan
C. himalayana and proposed a closer relationship to
C. familiaris rather than to C. brachydactyla. Not until
the 1980s was the first analysis of the songs and calls of
all treecreeper species from the genus’ diversity hotspot,
the Himalayas, published by J.M., who then extended
his research to western Chinese mountains (Martens
1981; Martens and Geduldig 1988; Martens et al.
2002). Martens (1981) depicted the first C. nipalensis

vocalisations and proposed an evolutionary history
of Certhia based on vocal characters. Martens et al.
(2002) described tianquanensis songs, the knowledge
of which facilitated the revalidation of this taxon
from a C. familiaris subspecies to a distinct species,
closely related to another East Asian species with trill
song.
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Table 7. Means7S.D. of several parameters from sonagrams of calls of Certhia species (n ¼ number of individuals investigated)

Parameter Certhia species (n)

familiaris

(46)

hodgsoni

(29)

americana

(35)

brachydactyla

(14)

himalayana

(19)

tianquanensis

(2)

nipalensis

(6)

discolor

(18)

manipurensis

(7)

Call length (s) 0.370.1 0.370.0 0.370.1 0.270.1 0.370.0 0.070.0a 0.070.0a 0.270.1 0.270.1

Minimum frequency (kHz) 6.770.3 6.870.2 6.970.4 5.370.6 6.070.5 3.670.6 5.070.5 3.070.2 2.470.3

Maximum frequency (kHz) 7.770.3 8.270.3 8.070.4 6.970.5 7.670.5 8.670.4 9.570.8 6.970.9 6.471.0

Frequency range (kHz) 1.070.3 1.470.3 1.270.3 1.670.4 1.670.4 5.070.2 4.570.9 4.071.1 3.971.2

Mean frequency (kHz) 7.270.2 7.570.2 7.470.4 6.170.5 6.870.5 6.170.5 7.270.5 4.970.4 4.470.4

Number of ‘‘sreeh’’ elements 1.070.0 1.070.0 0.870.3 0.370.4 0.070.0 0.070.0 0.070.0 0.070.0 0.070.0

Increase (kHz/0.1 s) 10.070.5 11.672.1

aIn C. tianquanensis and C. nipalensis, calls last a little less than 0.05 s.

Fig. 10. Sonagrams of ‘‘sreeh’’ calls (a–e), ‘‘tyt’’ calls (f–h) and other calls (i–q) in Certhia species. (a) C. familiaris britannica (UK,

Hampshire; P. Riddett). (b) C. familiaris macrodactyla (Germany, Hessen; DTT). (c) C. hodgsoni khamensis (China, Sichuan; JM).

(d) C. hodgsoni mandellii (Nepal; JM). (e) C. americana americana (Canada, Ontario; T. Cosburn). (f) C. americana albescens (USA,

Arizona; M. Braun). (g) C. brachydactyla megarhynchos (Germany, Rheinland-Pfalz; JM). (h) C. brachydactyla dorotheae (Cyprus;

A. Knox). (i) C. himalayana himalayana (Nepal; JM). (k) C. himalayana yunnanensis (China, Yunnan; JM). (l) C. tianquanensis

(China, Sichuan; P. Alström). (m) C. nipalensis (Nepal; JM). (n) C. discolor (Bhutan; P.I. Holt). (o) C. discolor (Nepal; JM).

(p) C. manipurensis manipurensis (Myanmar, Chin State; DTT). (q) C. manipurensis shanensis (China, Yunnan; P.I. Holt). Recordist

abbreviations: DTT ¼ D.T. Tietze, JM ¼ J. Martens.
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The results of PCA and DA confirm the taxonomic
suggestions made by Tietze et al. (2006) on a molecular
basis, since each of the nine species is represented by a
corresponding acoustic cluster. Correct assignment of
males to the respective taxon is still relatively reliable
among closely related taxa, where the simple measured
data or syntax characters of verses are similar or those
of calls are almost identical. Consequently, we are able
to support our hypothesis that vocalisations as a
behavioural trait are suitable to delimit taxonomic
units within Certhia. Furthermore, bioacoustic analyses
corroborate a subdivision of Certhia in two species
groups, which were already pointed out by Martens
(1981) and Tietze et al. (2006): the monophyletic ‘‘motif
group’’ and the exclusively southeast Asian ‘‘trill group’’.
Acoustic species determination at a low

taxonomic rank

On the other hand, it is worth taking a closer look
at the three youngest species pairs, which diverged
only recently: C. nipalensis and C. tianquanensis

(ca. 2.9Mya), C. familiaris and C. hodgsoni (ca. 2.7Mya),
C. discolor and C. manipurensis (ca. 2.6Mya) (according
to the distance values in Tietze et al. 2006, and to the
‘‘2% rule’’ discussed by Lovette 2004).

C. [nipalensis]: Songs of C. nipalensis and
C. tianquanensis are at first sight not very similar to
each other. Nevertheless, they cover a similar frequency
range, and C. nipalensis song and the first part of
C. tianquanensis song both consist of rising elements.
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We know of one aggressive call series from C. nipalensis

(Martens 1981; fig. 4n) that was like a short verse,
followed by elements in which frequency and frequency
range were slightly reduced element by element – as in a
C. tianquanensis songs; however, those last elements
were still upstrokes. Therefore, C. nipalensis might
have lost the second half of the trill, rather than
C. tianquanensis elongating the verse by another element
type. Calls of C. nipalensis and C. tianquanensis, on the
other hand, are very similar and justify the subsumption
of both taxa under a common superspecies (Tietze et al.
2006). Due to the small number of call recordings, only
a frequency shift can be postulated as evolutionary
change.

C. [familiaris]: Tietze et al. (2006) did not analyse
samples of ssp. britannica from Britain and Ireland or of
ssp. corsa from Corsica (France). Both are island
populations at the northwestern and southwestern limits
of the superspecies’ range, respectively. They are
regarded as subspecies of C. familiaris on morphological
grounds and also according to their song characteristics
and call parameters. The many outlying britannica dots
in both scatterplots can be explained by a generally
greater variability of island dialects. Thielcke (1986)
explained the differences between British and Central
European C. familiaris songs by copying errors during
tradition. The few recordings of males from Corsica hint
at the same phenomenon. Baptista and Johnson (1982)
also found a larger individual variability in the isolated
C. americana population of the Californian Angel
Island. Thielcke and Wüstenberg (1985) explained the
atypical C. brachydactyla songs from Cyprus and
Morocco by founder effects. This phenomenon is also
known from kinglets (genus Regulus) on the Azores
(Päckert and Martens 2004), where cultural drift plays a
crucial role beside founder effects.

The songs of the three C. hodgsoni subspecies are
more similar to each other than are those of the
C. familiaris subspecies, although the former genetic
lineages are more deeply split, whereas there is almost
no genetic substructuring within C. familiaris (Tietze
et al. 2006). A possible explanation is that the effective
population sizes of the three Sino-Himalayan
C. hodgsoni subspecies were quite stable during the
last several hundred thousand years, while C. familiaris

was subject to several range oscillations caused by the
ice ages within the last one hundred thousand years.
Therefore, in C. familiaris dialects could develop on
islands and in isolated areas that sometimes stabilised to
regiolects, although genetic divergence of the carriers
is low. Certhia familiaris also appears to be a more
flexible learner than C. brachydactyla, because a larger
number of the known mixed singers among Central
European treecreepers turned out to be of the former
species (for review see Osiejuk and Kuczyński 2000b).
Interestingly, Central European C. familiaris reacted
to the playback of C. hodgsoni mandellii, but not
vice versa (Martens and Geduldig 1988). The initial
‘‘sreeh’’ element (close to the call) as well as the rest of
the verse are sufficient to provoke the territorial
behaviour.

C. [discolor]: This superspecies has a patchy distribu-
tion in Southeast Asia. All allopatric forms are
morphologically clearly distinct (Harrap and Quinn
1996; Martens and Tietze 2006), which is quite excep-
tional for Certhia. This should coincide with distinct
regiolects. However, this is not the case: all males
investigated perform a more or less uniform simple trill
of downstrokes. This is an indication of either a high
constancy of learnt vocalisations or a small contribution
of learning to the territorial song in these taxa. Becker
et al. (1980) showed for chiffchaffs (Phylloscopus

collybita s.l.) that the frequency course (the inclination)
of a single element is crucial for species recognition.
Although mean values for element increase in C. discolor

and C. manipurensis are almost the same, element shape
mostly differs and might – along with the clearly
different element repetition rate – contribute to (pre-
sumed) vocal isolation. In spite of these similarities, the
songs and calls of C. discolor and C. manipurensis can be
affiliated to the appropriate species based on sona-
graphic measurements. Subspecies meridionalis from
Viet Nam and ssp. shanensis in the Shan Mountains in
southern Yunnan (China), eastern Myanmar and north-
ern Thailand – both not incorporated into the phyloge-
netic reconstructions of Tietze et al. (2006) – can be
regarded as subspecies of C. manipurensis because of
their grouping of song and call parameters. Nothing is
known about the vocalisations of ssp. laotiana

from Laos. We recommend keeping it preliminarily
in C. manipurensis rather than in C. discolor due to its
distribution between meridionalis and shanensis – all
at the forefront of Certhia’s overall range. More
acoustic data from all C. manipurensis populations are
desirable.
Phylogenetic signal in song characters

Besides the statistical support (see above), the obvious
subdivision of Certhia into a trill and a motif species
group is corroborated by (i) the results of a cladistic
analysis based on 16 acoustic song characters, and (ii) a
strong phylogenetic signal in the concerned characters
(highest CI, RI and RC values for trill and trill-element
increase). Character ‘‘trill’’ is a fundamental syntax trait
of the verse, and ‘‘trill-element increase’’ (frequency
change per time unit) is an element trait. Syntax traits of
the verse are also phylogenetically informative in
Regulus and Seicercus (Päckert et al. 2003, 2004). On
the other hand, it is not surprising that in the case of
treecreepers – especially in trill singers that have only
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one element type in their verse – phylogenetic informa-
tion can be found in single elements.

Strong phylogenetic signal is indicated by high values
of homoplasy indices (CI, RI, RC). Thus, the corre-
sponding phylogenetically informative characters
underwent little or no parallel or convergent evolution
on different branches of the molecular tree (no homo-
plasy). This seems to contradict the fact that territorial
song is learnt from a tutor (Thielcke 1977). However,
treecreepers learn song within a narrow scope, so
that one can expect that characters important for
species recognition were retained. Existence of phyloge-
netic signal is only possible in the case of marked
conservatism of the songs. This can be evaluated by
the temporal axis according to the ‘‘2% rule’’. In
passerines, the mitochondrial cytochrome b gene
mutates somewhat more slowly, leading to greater ages
than given in the following (Lovette 2004). The three
most recent lineage separations (see above) took place
2.6–2.9 million years ago (Mya), all others 4–6Mya.
Within these large periods, we can observe only
relatively few changes in the acoustic traits under
discussion.

UPGMA analysis of the song characters led to a tree
topology that is in overall accordance with the
molecular one and even resolves the only trichotomy
of the cytochrome b topology in a plausible way:
C. himalayana as a trill singer is now integrated into the
trill group. The calls of C. himalayana are similar to
those of C. brachydactyla (and other motif singers), but
this might be a symplesiomorphy.

In addition, the acoustic divergence is significantly
positively correlated with the mitochondrial DNA
sequence divergence for both unweighted and weighted
acoustic characters. Unfortunately, the coefficient
of determination never exceeds 0.25. This might be
due to the fact that bird song is influenced not only
by genetic predisposition (anatomy as well as behaviour)
and cultural transmission (learning and errors during
the imprinting process), but also by selectional forces
that habitat exerts on song evolution (McCracken
and Sheldon 1997; Rheindt et al. 2004). Furthermore,
pairwise taxon comparisons within each of the two
Certhia subgroups (trill and motif species group)
coincide with high genetic and comparatively low
acoustic differentiation. Apparently song syntax is a
conservative vocal trait within each of the two groups,
while intra-group differences refer to element characters,
repetition rate and others. Likewise, the contrast
between the trill and the motif species group was even
intensified during the estimated evolutionary time
span of approximately 5Mya to their most recent
common ancestor. According to this scenario, the
hypothesis that trill songs are derived and a secondary
character displacement (Bauer 1989) is likely to be
rejected.
Impact of learning processes

With respect to the results of his own ethological
studies on treecreepers, Thielcke (1970) discussed
‘‘learning of song as a pacemaker of evolution’’. The
tradition of song does not take place without copying
errors. Although they occur only rarely, because
learning also reduces the variability of song in order to
maintain its effectiveness as a species-specific signal
(Thielcke 1970; Becker 1990), they create dialects and
even regiolects through hundred thousands of years.
Dialects in C. brachydactyla have changed remarkably
within only twenty years (Thielcke 1992)! Geographic
isolation of populations reinforces diversification, and
premating isolating mechanisms might be established,
although the regiolect carriers might still be genetically
compatible (Martens 1996).

In all analyses performed for both call and song
parameters, it is striking that the taxa can be separated
from each other more clearly by song than by
call parameters. Especially in the case of closely
related species pairs (discolor/manipurensis, nipalensis/
tianquanensis, familiaris/hodgsoni), more significant
differences have been found in learnt songs than in
innate calls. It seems that inborn calls are less suitable
for the study of (recent) differentiation processes
than are the more plastic territorial songs. This might
stem from the fact that these shorter and simpler
vocalisations provide us with fewer characters. Never-
theless, the main reason evidently is that calls are
fully innate vocalisations and therefore evolve more
slowly than territorial songs, which are subject
to various processes like learning errors, cultural
drift or bottleneck effects such as founder effects (see
above).

In Certhia [discolor], also the songs of the two
allospecies are quite difficult to separate statistically.
Perhaps the percentage of inborn parts is very high in
these enormously stereotypic songs. This has not been
investigated yet. Becker (1990) reared Grasshopper
Warblers (Locustella naevia) and demonstrated which
parameters of their trill-like song are innate or learnt.
He concluded that the simplicity of a song type does not
tell us anything about the function of learning for
passing the song on to the next generation.

Thielcke (1961, 1964) showed that in the two western
Palaearctic Certhia species inborn calls are integral
components of the song. This has played a role in the
evolution of song characters. Nevertheless, in many
hitherto investigated oscine passerine birds (among
them treecreepers) learning of song is necessary for the
crystallisation of their species-specific song (Thielcke
1977). This seems to have evolved on account of several
advantages: learning of song is a good mechanism for
the transmission of complex information and allows
social, genetic and habitat adaptations (Catchpole and
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Slater 1995). On the other hand, learning can only
take place within the limits of the morphological
constraints provided by the vocal apparatus (Marler
and Slabbekoorn 2004).
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Vögel, 1. Wagner, Neustadt an der Orla.

Catchpole, C.K., Slater, P.J.B., 1995. Bird Song, Biological

Themes and Variations. Cambridge University Press,

Cambridge.

Chappuis, C., 1976. Quelques données acoustiques sur les
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Gartenbaumläufers (Certhia brachydactyla) im Hinblick

auf das Artbildungsproblem. Z. Tierpsychol. 22, 542–566.

Thielcke, G., 1965b. Die Ontogenese der Bettellaute von Garten-
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chydactyla). J. Ornithol. 133, 43–59.

Thielcke, G., Thielcke, H., 1986. Constant proportions of

mixed singers in tree creeper populations (Certhia famili-

aris). Ethology 72, 154–164.
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