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ABSTRACT

Question: Are phylogenetic relationships the major determinant of vocal relationships in
non-oscine birds (birds that do not have a learning component in the vocalization)?

Background: Both environmental variables and phylogenetic affinities can affect vocalizations.
Unlearned vocalizations are characteristics of most non-oscine bird families, which have a
relatively less-complex syrinx and vocalizations.

Organism: A monophyletic group of underground-nesting seabirds (auklets: Aethiini,
Alcidae, Charadriiformes) from the Aleutian Islands, Alaska, USA.

Methods: We mapped vocal characters (28 acoustic and 10 syringeal) from total repertoires
of all members of the tribe Aethiini onto a molecular phylogeny to compare the relative
influence of phylogeny and breeding habitat on vocal divergence.

Conclusion: Phylogeny, visual display, and ecological factors have contributed to vocal
divergence in this clade. Temporal attributes and syringeal attributes of the acoustics of
vocalization showed high congruence with phylogeny. Frequency attributes, which are affected
by environmental variables, showed low congruence, and therefore high homoplasy.

Keywords: Alcidae, auklets, character reconstruction, display evolution, non-oscine birds,
phylogeny, vocalization.

INTRODUCTION

Vocalizations are sensitive indicators of speciation and population divergence (Lanyon, 1969;

Payne, 1986; Martens, 1996; Price and Lanyon, 2002; Isler et al., 2007; Miller and Baker, 2009), and are used routinely
in modern species-level systematics (Cuervo et al., 2005; Athreya, 2006; Alström et al., 2007). Vocal
behaviour has also been studied to elucidate the phylogenetic history of species groups
(e.g. Irwin, 1996; Price and Lanyon, 2002). In birds, vocalizations that are not learned are likely to
be especially informative phylogenetically (Miller and Baker, 2009). Such vocalizations are
widespread in non-oscine birds (whose vocalizations do not have a learned component),
and are characteristic of most bird groups [27 of 30 orders, excluding Passeriformes,
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Psittaciformes, and Apodiformes (Nottebohm, 1972; Baptista and Schuchmann, 1990; Bradbury and Vehrencamp,

1998; Jarvis, 2006)].
Vocal learning is a main driver of speciation in birds, generating pre-zygotic isolation

through local dialects (Baptista and Trail, 1992; Edwards et al., 2005). For example, order Passeriformes
(songbirds), which includes the oscines (suborder Passere, which has a complex syrinx) and
the sub-oscines (suborder Tyranni), represents about half of all known bird species. In the
absence of vocal learning, non-oscine birds might have a slower rate of vocal divergence and
a higher phylogenetic component to the vocalization signal. Conversely, certain aspects of
oscine vocal displays are also evolutionarily conservative (Kroodsma and Candy, 1985; Payne, 1986;

Baptista and Trail, 1992; Irwin, 2000; Päckert et al., 2003). Thus, vocal properties have a genetic basis,
and vocal similarities between species may depend on their phylogenetic relatedness
(Catchpole, 1980; Kroodsma and Candy, 1985; Payne, 1986; Price and Lanyon, 2002; Päckert et al., 2003; Miller and Baker,

2009).
The physical environment shapes the properties of vocal signals (McCracken and Sheldon, 1997)

and similarities may result from convergence (Seddon, 2005; Nicholls and Goldizen, 2006). Calls of
distantly related species that live in similar habitats may be more similar than calls of closely
related species that live in different habitats (Endler, 1993; Badyaev and Leaf, 1997; Tobias et al., 2010).
Properties of vocal signals vary with their signalling context as well, resulting in homoplasy
in vocal traits that serve specific functions in specific acoustic environments (Marler, 1955).
Similarly, the influence of morphology such as the beak (Podos and Nowicki, 2004) and body size
(Bertelli and Tubaro, 2002) can contribute to vocal divergence in birds. Irwin (2000) showed that
stochastic changes alone could lead to vocal divergence. As a result of the mechanical origin
of the vocal signal, certain sound properties can be linked with the physical properties of
the syrinx (Bertelli and Tubaro, 2002).

Several studies have compared vocal divergence in sub-oscines (e.g. antbirds) or non-
oscines (e.g. pigeons and doves). These comparative studies, however, used a single or a
few selected display types for comparison across individuals or lineages. For example,
Slabbekoorn et al. (1999) and Kort and ten Cate (2004) studied the phylogenetic affinities of
the ‘coo’ songs of doves. Seddon (2005) looked at song as a species-recognition device in
antbirds. Use of one or a few types of vocal display (mostly the most prominent song) is
useful to elucidate the phylogenetic history but does not explore the divergence of the vocal
repertoire. On the other hand, comparative analysis of diverse sets of sound classes should
be more informative in elucidating the evolutionary processes of vocal divergence in
groups with complex vocalizations and large repertoires (Catchpole, 1982; Irwin, 1996; Isler et al., 2007).
We undertook such a study for a tribe of five species of underground-nesting seabirds –
the auklets (tribe Aethiini, family Alcidae, order Charadriiformes). We used comparable
information on the complete vocal repertoires of each species.

In Alcidae, the tribe Aethiini is a monophyletic lineage (Paton et al., 2003; Thomas et al., 2004;

Paton and Baker, 2006; Pereira and Baker, 2008; Humphries and Winker, 2010) (Fig. 1). Cassin’s auklet
(Ptychorhamphus aleuticus) is the sister species to the remaining four species of Aethia
(Strauch, 1985; Moum et al., 1994; Friesen et al., 1996; Thomas et al., 2004; Pereira and Baker, 2008; Humphries and Winker,

2010). Auklets are highly vocal at the breeding colony (Seneviratne et al., 2009). Most species attend
their colony during daytime, whereas Ptychorhamphus and whiskered auklets (Aethia
pygmaea) visit their colonies only at night (Gaston and Jones, 1998). Breeding habitats vary:

• Ptychorhamphus breeds in soft soil in slopes covered with grass or trees (Thoresen, 1964;

Manuwal and Thoresen, 1993);
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• crested auklets (A. cristatella) and least auklets (A. pusilla) breed in rock crevices (Jones,

1993a, 1993b);
• Aethia pygmaea breeds in rock crevices, and soil and grassy slopes embedded within rocks

(Zubakin and Konyukhov, 1999; Hunter et al., 2002);
• parakeet auklets (A. psittacula) breed in rock crevices, natural cavities in soil, and

self-excavated burrows (Jones et al., 2001).

Here, we use both acoustic characters from total repertoires and syringeal characters
(which, together, we call ‘vocal characters’) to identify correlates with vocal divergence.

We test three competing hypotheses:

Hypothesis 1: Since Aethiini comprises a group of non-oscine birds, phylogenetic
relationships largely determine vocal evolution in auklets.
Prediction: The vocalization of the sister pair cristatella and pygmaea is more similar to
each other than those of pusilla, psittacula, and Ptychorhamphus.

Hypothesis 2: If vocalization reflects adaptations to the breeding habitat, then vocal
divergence should reflect the divergence of breeding habitats.
Prediction: Crevice-dwelling auklets share a set of similar vocal display characters and
grassland nesters share a different set.

Fig. 1. Phylogenetic relationships of the Aethiini based on (A) morphology (Strauch, 1985), (B)
mitochondrial DNA and allozymes (Friesen et al., 1996), (C) mitochondrial and nuclear DNA (Pereira and

Baker, 2008), and (D) mitochondrial DNA [ND2 (Humphries and Winker, 2010)]. The numbers on branches
represent posterior probability values for two models of evolution, and broken lines indicate less
defined branches.
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Hypothesis 3: The complexity of visual ornamentation reduces the (sexual) selection pres-
sure on the vocal display, reducing the complexity of vocalization.
Prediction: Since the complexity of the visual display increases along the phylogenetic tree
in Aethiini, the vocal complexity diminishes along the tree.

The molecular phylogeny adopted here uses genetic markers that we assume are neutral
with respect to the vocal traits that we compared (Humphries and Winker, 2010) (Fig. 1). Those
neutral markers give us phylogenetic relationships that do not have a direct influence on the
traits that we examined or the parameters that we compared. We test whether the vocal
traits correlate with the phylogenetic relationships. If so, then the traits in question follow
parameters similar to that of molecular phylogeny – and the habitat parameters do not
contribute to the explanation.

METHODS

Study sites and display recordings

Vocal recordings were made at Buldir Island (52�22�N, 175�54�E) and Egg Island (53�52�N,
166�03�W), Aleutian Islands, Alaska, during times of peak colony attendance of each
species. Both islands are talus- and grass-covered, treeless volcanic islands with large
breeding colonies of auklets (Byrd and Day, 1986; Bradstreet and Herter, 1990). We recorded
vocalizations with a Sony TCD-D10PROII Digital Audio Tape recorder (sampling rates 32,
44.1, and 44.2 kHz) or Fostex FR-2 solid-state recorder (sampling rate 48.1 kHz), with
Senheiser MKH 70 or MKH 816 directional microphones. Our recording sessions totalled
∼80 hours. We used Raven 1.2.1 (Bioacoustics Program, Cornell Lab of Ornithology,
New York) to characterize the vocal repertoire using a combination of audible differences
on spectrograms (Hailman and Ficken, 1996; Marler and Slabbekoorn, 2004; Seddon, 2005) and explicit
measurements of physical properties. We referred to different kinds of basic sound elements
(the shortest sound sections in the spectrogram isolated from sections of silence) as ‘notes’
following Marler and Pickert (1984), Marler and Slabbekoorn (2004), and Seneviratne et al.
(2009). Acoustic measurements included:

• Duration
• Frequency
• Modulation of the carrier frequency
• Harmonic structure
• F, Frequency: Fn, frequency of nth harmonic; F0, fundamental frequency; Fµ, frequency

of the harmonic that has the highest intensity in the power spectrum; CFn, carrier
frequency of nth harmonic; FM, frequency modulation (for methods and analysis, see Seneviratne

et al., 2009).

Selection and scoring of acoustic characters

Following Miller (1996), McCracken and Sheldon (1997), and Price and Lanyon (2002), we
hypothesized 28 probable homologies from the repertoires above. Continuous characters
were assigned to discrete categories (character states 0, 1, and 2) by the method of Price and
Lanyon (2002). For each continuous character, we determined 95% confidence intervals from
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three representative individuals, and considered the non-overlapping regions of character
distribution as a character state. Continuous characters that could not be subdivided by this
method were excluded from the analysis. Other characters were characterized as ‘present’ or
‘absent’. Character states that represent Ptychorhamphus were assigned the ‘0’ state except
when it represented the middle state of three non-overlapping states (‘1’). Auklets are
sexually monomorphic, thus we were unable to assign acoustic characters to a sex.

Selection and scoring of syringeal characters

Sound production differences may be directly linked with the structural differences of
the syrinx (King, 1989; Baptista and Trail, 1992). Therefore, syringeal characters might reflect
phylogenetic affinities. Following Cannell (1988), the syrinx (the vocal tract up to mid-trachea
and proximal parts of the bronchi) was removed from fresh specimens of all species of
Aethia from Buldir Island and stored in 70% ethanol. Three specimens from each species
were used for the measurements. Because of the limited specimens available, we used
syrinxes of both sexes (no information is available on sexual dimorphism in auklet syrinxes).
We measured the preserved syrinx and syringeal muscles under a dissecting microscope with
an ocular micrometer (calibrated with a stage micrometer) with 10× magnification. The
following variables were measured (± 0.1 mm):

• dorsoventral depth of the syrinx, on left and right sides;
• breadth of the syrinx, from the dorsal aspect;
• maximal diameter of the m. tracheolateralis and m. sternotrachealis on left and right

sides (see Table 1).

After measurements, we stained vocal tracts for cartilage and calcium phosphates with
Alcian blue and Alizarin red, and then stored them in 90% glycerin (Cannell, 1988). Using the
same microscope set-up, we qualitatively measured the amount of calcification in the
syringeal rings, bronchial semirings and pessulus, and amount of ring fusion in calcified
rings on stained specimens (see Table 1). Correlation of syringeal size with body mass was
determined with JMP 7.0 (SAS Institute Inc., Cary, NC). Data for mean body mass were
taken from Jones (1993a, 1993b) and Gaston and Jones (1998).

Reconstruction of character changes

Using the program PAUP 4.10b (Swofford, 2002) with the exhaustive search option, we esti-
mated the most parsimonious vocal (acoustic and syringeal) phylograms. All 38 characters
were assigned equal weight. We mapped vocal characters (see Appendix) onto the most
recent molecular phylogeny proposed by Pereira and Baker (2008) and Humphries and
Winker (2010) (Fig. 1D) with PAUP (with MulTrees option). We calculated the consistency
index, CI (Kluge and Farris, 1969) and retention index, RI (Farris, 1989) of each character to evaluate
overall congruence between the molecular tree and the vocal phylogeny (Burns, 1998; Omland and

Lanyon, 2000; Price and Lanyon, 2002). Simple parsimony with delayed character transformation
(DELTRAN) was used to map and compare putative apomorphies (Maddison and Maddison, 1992).
We used MacClade 3.5 (Maddison and Maddison, 1992) to estimate character changes based on
molecular topology.
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RESULTS

Vocal repertoire

The vocal repertoire of auklets is complex and large (22 total display types), and is
characterized by 1–5 frequency modulated and harmonically rich note types (28 types
across species) arranged sequentially in varied combinations (Seneviratne et al., 2009). The
characteristics of notes and their appearance in displays were intra-specifically consistent.
We have identified two groups based on syntactical arrangement of note types (Fig. 2):
(1) an alternate-element arrangement in Ptychorhamphus and psittacula; and (2) an
arrangement of sequentially graded notes throughout the display in pygmaea and pusilla.
The repertoire of cristatella was close to that of pygmaea, except that one display type
showed an alternate arrangement of notes (Seneviratne et al., 2009).

Syringeal anatomy

The structure and general appearance of syrinxes were similar among all auklet species,
and were similar to other alcid syrinxes (Warner, 1969; Miller et al., 2008). Tracheal rings were
cartilaginous and separated from the elastic membrane. Rings were notched in dorsal and
ventral median lines. The syrinx of cristatella was the largest, followed by those of
Ptychorhamphus, psittacula, pygmaea, and pusilla (Table 1). Syringeal size (PC1 of syringeal
width, mean depth, mean width of m. sternotrachialis and that of m. tracheolateralis)
was positively correlated with average body weight (F1,12 = 13.63, P = 0.003, R2 = 0.53).
However, syringeal musculature varied little among species and did not reflect the pattern of
variation present in syringeal dimensions across species (Table 1). Calcification of tracheal
rings was limited to the posterior portion of the trachea. Ptychorhamphus had the greatest
degree of calcification (∼7 calcified rings). Aethia had ∼5 calcified rings (Table 1).

Fig. 2. Minimum length tree for the vocal (acoustic and syringeal) character matrix generated by
simple parsimony. Numbers on each branch indicate number of character changes. A representative
display type; advertisement display for each species is also shown.
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Acoustic and syringeal (vocal) character matrix

The Appendix summarizes the 38 vocal characters used for the vocal phylogram.
Characters 1–10 (basic sound envelopes) and 18–20 represent the structural information
of auklet acoustics, and the complexity and sound production capacity of the syrinx.
Characters 11–28 represent temporal variation of the display, and characters 29–38 describe
syringeal anatomy. Characters 1, 5, 7, 11, 14, and 16–38 each had two alternative character
states (0, 1), and each of the others had three non-overlapping states (0–2). Of the 38
characters used (see Appendix and Table 2), 19 were parsimony-informative. The shortest
tree obtained from simple parsimony required 56 character changers. In the rooted tree
(Fig. 2), psittacula was basal to Aethia, and cristatella and pygmaea were placed as a sister
group. The length of the remaining trees varied from 57 to 66.

Reconstruction of vocal character change

Disagreement between the vocal characters and molecular phylogeny was evident from the
low CI and RI values (Table 3). The overall CI and RI value was 0.76 and 0.33 respectively.
The temporal and syringeal characters had a higher CI and RI (Table 3), but frequency-
related characters showed a lower CI and RI (Table 3). Only 25% of the temporal and 10%
of the syringeal characters had low CI values, whereas 58% of frequency-related characters
had low CI (Table 4).

The smaller number of character changes in some branches and among nodes (Fig. 3)
further reflects a poor fit between trees. About 30% of character changes are concentrated at
the branch leading to A. pusilla, but only 2% of the changes found in the node separated the
rest of the Aethia from pusilla (Fig. 3). When pusilla was removed from the analysis, the
topology of the tree matched the molecular phylogeny (CI = 0.98, RI = 0.91). Similarly, in
the absence of psittacula, the overall CI and RI value increased to 0.86 and 0.50 respectively
(Table 3). Therefore, the position of either pusilla or psittacula constitutes the difference
between the vocal and molecular trees.

DISCUSSION

The Aethiini auklets have undergone a striking diversification of visual displays, yet the
pattern of their vocal display diversity remains enigmatic. We have sought to elucidate some
of the evolutionary forces that determine vocal diversity in these highly vocal, burrow-
nesting seabirds to understand patterns of divergence in non-oscine vocalization. Overall,
11 characters (29%) showed evidence of character reversal, convergence or both. These
include six frequency-related characters (50%), four temporal characters (25%), and one
syringeal character (10%). The lower overall CI and RI values that we observed in vocal
traits (CI = 0.76 and RI = 0.33) indicate higher homoplasy, especially in the frequency-
related characters. Therefore, the evolution of acoustic display and vocal apparatus has
not proceeded in a completely parsimonious manner with the molecular phylogeny in
Aethiini (Table 3). However, both temporal and syringeal characters reflected a lower
homoplasy.

We used the anatomy of the sound production organ, the complete vocal repertoire of
the clade, and the acoustic properties of the habitat to test the patterns of vocal diversity.
To our knowledge, just one other study used a large body of vocal information in

Auklet vocal divergence 101



T
ab

le
 1

.
Su

m
m

ar
y 

of
 d

es
cr

ip
ti

ve
 s

ta
ti

st
ic

s 
on

 s
yr

in
ge

al
 c

ha
ra

ct
er

s 
of

 a
uk

le
ts

 (
A

et
hi

in
i)

M
ea

n 
di

m
en

si
on

s 
(

.
.)

 (
m

m
)

N
o.

 o
f 

ca
lc

if
ie

d 
ri

ng
s 

(r
an

ge
)

Sp
ec

ie
s

29
30

31
32

33
34

35
36

37
38

P
ty

ch
or

ha
m

ph
us

4.
9 

(0
.7

)
4.

6 
(0

.3
)

0.
8 

(0
.0

)
1.

2 
(0

.1
)

7 
(6

–7
)

3 
(0

–3
)

5 
(4

–5
)

7 
(6

–7
)

7 
(3

–7
)

pa
rt

ia
l

A
. c

ri
st

at
el

la
5.

1 
(0

.1
)

5.
5 

(0
.1

)
0.

9 
(0

.0
)

2.
2 

(0
.0

)
5 

(4
–5

)
0 

(0
)

0 
(0

)
5 

(4
–5

)
0 

(0
)

pa
rt

ia
l

A
. p

us
ill

a
3.

8 
(0

.1
)

4.
1 

(0
.2

)
0.

9 
(0

.0
)

1.
5 

(0
.0

)
5 

(4
–5

)
2 

(2
)

3 
(3

)
4 

(4
)

4 
(2

–4
)

co
m

pl
et

e
A

. p
si

tt
ac

ul
a

4.
4 

(0
.3

)
4.

7 
(0

.3
)

0.
9 

(0
.1

)
1.

5 
(0

.2
)

5 
(4

–5
)

2 
(0

–2
)

4 
(3

–4
)

4 
(4

)
4 

(0
–4

)
co

m
pl

et
e

A
. p

yg
m

ae
a

3.
9 

(0
.3

)
4.

0 
(0

.2
)

0.
9 

(0
.0

)
1.

4 
(0

.3
)

5 
(4

–5
)

1 
(0

–1
)

5 
(3

–5
)

5 
(3

–5
)

3 
(0

–3
)

pa
rt

ia
l

N
ot

e:
 T

he
 n

um
be

rs
 in

 t
he

 h
ea

de
r 

ro
w

 in
di

ca
te

 t
he

 c
ha

ra
ct

er
 n

um
be

rs
 in

 t
he

 A
pp

en
di

x.

T
ab

le
 2

.
C

ha
ra

ct
er

 m
at

ri
x 

fo
r 

th
e 

vo
ca

l p
hy

lo
gr

am

C
ha

ra
ct

er
 s

ta
te

1
1

1
1

1
1

1
1

1
1

2
2

2
2

2
2

2
2

2
2

3
3

3
3

3
3

3
3

3
Sp

ec
ie

s
1

2
3

4
5

6
7

8
9

0
1

2
3

4
5

6
7

8
9

0
1

2
3

4
5

6
7

8
9

0
1

2
3

4
5

6
7

8

P
ty

ch
or

ha
m

ph
us

0
1

1
1

1
0

0
1

0
1

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

A
. c

ri
st

at
el

la
0

2
1

0
0

2
1

0
0

0
1

1
1

0
1

1
0

1
1

1
0

0
0

0
1

1
0

1
0

1
1

1
1

1
1

1
1

1
A

. p
us

ill
a

0
0

0
2

2
2

0
1

1
2

0
1

1
0

1
0

1
0

1
1

0
1

1
1

1
1

1
1

1
0

0
0

1
0

0
1

0
0

A
. p

si
tt

ac
ul

a
0

1
2

0
1

0
1

2
0

2
0

1
1

0
0

0
0

0
0

0
1

0
0

0
1

1
0

0
1

0
0

0
1

0
0

1
0

0
A

. p
yg

m
ae

a
1

1
1

2
2

1
1

0
0

1
1

1
1

1
0

1
0

0
1

1
0

1
1

1
1

1
0

1
0

0
0

0
1

1
0

1
1

1

N
ot

e:
 C

ha
ra

ct
er

 n
um

be
rs

 a
nd

 s
ta

te
s 

ar
e 

as
 in

 t
he

 A
pp

en
di

x.



a comparative analysis that studied the phylogenetic signal (Price and Lanyon, 2002) – in
Oropendolas, a group with vocal learning (oscine). Here, we assessed the phylogenetic and
environmental factors that contribute to vocal divergence in a non-oscine bird group.
Results of our study confirm McCracken and Sheldon’s (1997) observations. We showed that
divergent selection of social and ecological factors could act on vocal repertoires. Such
forces could mask the phylogenetic signal even in non-oscines.

We compared vocal displays of each species in the group in relation to molecular
phylogeny, an approach that has proven effective in elucidating evolutionary patterns
(e.g. Burns, 1998; Slabbekoorn et al., 1999; Price and Lanyon, 2002; Päckert et al., 2003; Kort and ten Cate, 2004), although

Table 3. Summary of character analysis for the different vocal attributes

No. of characters CI RI

Total 38 0.76 0.33
Acoustic characters 28 0.73 0.24

temporal 16 0.82 0.33
frequency 12 0.65 0.18

Syringeal characters 10 0.91 0.75
Tree without psittacula 38 (4 taxa) 0.86 0.50
Tree without pusilla 38 (4 taxa) 0.98 0.91

Note: CI = consistency index, RI = retention index.

Table 4. Measures of homoplasy for vocal characters mapped on to the molecular phylogeny

Character CI Character CI

Temporal characters
1 Number of note types 1.0 7 F0 1.0
2 Minimum note length 1.0 8 Largest number of peaks in a note 1.0
3 Maximum note length 1.0 9 Lowest range FM 1.0

11 Number of vocalization types 1.0 10 Highest range FM 0.7
13 Minimum length of vocalization 1.0 18 Pure tones 1.0
12 Maximum length of vocalization 1.0 19 Trills 0.5
14 Number of note types in a vocalization 1.0 20 Broadband noise 0.5
15 Minimum note spacing 0.5 21 FM in vocalization 1.0
16 Structural organization of vocalization 1.0 23 Sequentially graded note types 0.5
17 Pulse 1.0
22 Alternate arrangement of note types 0.5 Syringeal characters
24 Clustered arrangement of note types 0.5 29 Syringeal width 0.5
25 Formation of rafts 1.0 30 Mean syringeal depth 1.0
26 Aerial vocalization 1.0 31 Mean width of m. tracheolateralis 1.0
27 Sychronous vocalization 1.0 32 Mean width of m. sternotrachealis 1.0
28 Duet 0.5 33 Number of calcified rings 1.0

34 Completely calcified rings 1.0
Frequency characters 35 Ventral syringeal calcification 1.0
4 Minimum Fµ 0.5 36 Dorsal syringeal calcification 1.0
5 Maximum Fµ 0.7 37 Fused syringeal rings 1.0
6 Harmonic level of Fµ 0.5 38 Calcification of pessulus 1.0
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weaknesses have been outlined by Atz (1970), Frumhoff and Reeve (1994), Westoby et al. (1995),
Price (1997), Cunningham et al. (1998), and Masters (2007). The CI is inversely proportional to
the number of characters used for the analysis (Wimberger and Queiroz, 1996). Since our analysis
encompassed a large number of characters, CI might have been expected to be smaller.
However, RI, which does not correlate with the number of characters used (Price and Lanyon,

2002), reflected a similar pattern (Table 3).
The overall incongruence of two phylogenies is due to the placement of pusilla and

psittacula (Figs. 2, 3). Despite the position of psittacula as the sister species to the pygmaea
and cristatella pair in the molecular phylogeny (Fig. 1D), the arrangement of notes and
some of the display types of Ptychorhamphus and psittacula are remarkably similar (Senevi-

ratne et al., 2009). For example, Ptychorhamphus’s Kree-er and Kut-I-er displays are acoustically
similar to psittacula’s Raft-whinny and Whinny displays, respectively (Seneviratne et al., 2009). They
are, however, delivered in different contexts (Seneviratne et al., 2009). Aethia pusilla’s repertoire
consists of highly graded note types with rapid, frequency-modulated trills, which is closest
to the repertoires of pygmaea (Seneviratne et al., 2009). The highest number of character changes
(31%) also took place at the branch leading to pusilla, causing conflict between the two
phylogenies (Figs. 2, 3). This could be (a) vocal convergence of pusilla to the pygmaea and
cristatella pair (as suggested in the molecular topography), (b) reversal of psittacula to the
ancestral type (making its vocalization similar to that of Ptychorhamphus), or (c) a low
resolution of the molecular phylogeny [caused by a polytomy (Walsh et al., 1999; Seneviratne, 2009;

Humphries and Winker, 2010)] that prevents capturing the true phylogenetic relationships.
Placement of pygmaea and cristatella as a sister pair in the molecular phylogeny agrees

with the vocal relationships, which also supports our hypothesis (1) – that is, phylogenetic

Fig. 3. Evolutionary changes of vocal characters reconstructed on the molecular phylogeny (Humphries

and Winker, 2010) (Fig. 1D). Unambiguous character changes are shown as arrows along the branches
(up arrows for gain/increase and down arrows for loss/decrease) with the character numbers as in the
Appendix. Spectrograms of advertisement display are also aligned as in Fig. 2.
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relationships are a major determinant of vocal evolution in Aethiini. Vocal homologies were
evident in the repertoire of this pair, which is characterized by sequential gradation
of element complexity, the characteristics of carrier frequency (CF), and the lack of
broadband noise. Aethia cristatella’s Trumpet, Cackle, and Bark displays are structurally
and functionally analogous to pygmaea’s Staccato Beedoo, Duet Beedoo, and Bark displays
respectively (Seneviratne et al., 2009).

The importance of habitat for vocal diversification has been previously suggested. Open
habitats transmit sounds better than densely vegetated habitats (Morton, 1975; Marten and Marler,

1977; Blumenrath and Dabelsteen, 2004; Nicholls and Goldizen, 2006). Natural selection favours signals
with optimum signal transmission (Endler, 1992; Bradbury and Vehrencamp, 1998). Therefore, habitat
characteristics such as vegetation cover, density, and the amount of reverberation from
rocks and sound-absorptive loose soil should be able to alter both frequency (Wiley, 1991;

Badyaev and Leaf, 1997; Bertelli and Tubaro, 2002) and temporal attributes of the vocal signal (Wiley, 1991;

Nicholls and Goldizen, 2006). In auklet vocalization, temporal attributes do not appear to be
related to habitat, whereas frequency attributes appear to be (see also McCracken and Sheldon, 1997).
Such habitat-enforced selection could partly explain the similarity observed between the
vocal repertoires of Ptychorhamphus and psittacula (Fig. 4B), supporting our hypothesis (2)
that vocal divergence reflects the divergence of breeding habitats. Both species had
higher frequency (Fµ; see Methods), which might be selected for close-to-ground vocal
display (Marten and Marler, 1977; Marten et al., 1977), because both breed in grassy slopes with
soft soil and vocalize in front of the burrow (see Introduction). Vocally similar pusilla,
pygmaea, and cristatella breed in talus slopes (see Introduction). These three species
vocalize in the rafts, from the boulders, and inside the rocky crevices (Gaston and Jones, 1998;

Seneviratne et al., 2009).
Facial ornamentation (visual display) differences are congruent with molecular

phylogeny in Aethiini (Jones, 1999; Pereira and Baker, 2008; Humphries and Winker, 2010). Ptychorhamphus,
with the least ornamentation, is the outgroup to more ornate Aethia, and the similar
patterns of cristatella and pygmaea are the most recently evolved. The unique feather odour
(Hagelin and Jones, 2007), forward curving long crest, dark throat, belly, and elongated facial
feathers are shared by these most recent species of Aethia. Aethia pusilla and psittacula are
similar in appearance; they have a pale belly and throat, and similar body proportions (Jones,

1999). Their vocal characteristics follow this same pattern of visual and chemical display
(Fig. 4A). However, contrary to our hypothesis (3) that complexity of visual ornamentation
reduces the complexity of vocalization, we noticed no reduction or gain in complexity in
vocalization along the tree.

Elaborate visual display in Aethia is a product of both sexual and natural selection (Jones

and Hunter, 1993; Jones, 1999; Seneviratne and Jones, 2008, 2010). These same selection forces that have acted
on ornamental traits could have acted on vocal traits and led to the observed parallel
patterns (Fig. 4A). Sexually selected displays can evolve rapidly, thus they are sensitive
indicators of low-level divergence (Kaneshiro, 1988; Uy and Borgia, 2000). However, homoplasy would
prevail when the options for change are limited (Atz, 1970; Masters, 2007). In such circumstances,
behaviours that are subjected to sexual selection might suffer a higher level of homoplasy
(Omland and Lanyon, 2000; Masters, 2007), which, in turn, might partly explain our lower CI values.

The nocturnal colony attendance behaviour of colonial seabirds can affect vocal
divergence (Park et al., 1940; Jones et al., 1989a), and nocturnal alcids show greater complexity in
their vocal repertoires than do diurnal alcids (Jones et al., 1987, 1989b; Drost and Lewis, 1995; Nelson, 1997).
However, we did not observe any difference in the complexity of repertoires of nocturnal
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auklets from that of their diurnal congeners (Seneviratne et al., 2009). Nor did we find a clear effect
of colony attendance behaviour on vocal divergence (Fig. 4C).

Summary

The temporal and syringeal attributes of the vocal relationships agreed with phylogenetic
affinities in auklets. The frequency attributes were less congruent with the molecular
phylogeny but did reflect the divergence of breeding habitats in the group. Vocal divergence
closely followed the divergence of visual display. The vocalizations of most ornamented
cristatella and pygmaea were most similar to each other compared with those of distantly
related species. The vocalizations of basal species were most similar to that of a much-
derived species of Aethia. Therefore, together with phylogenetic relatedness, a combination

Fig. 4. Some speculations for vocal divergence in Aethiini: (A) the level of ornament expression –
highly ornamented (dotted line), ornamented (broken line), and sparsely ornamented (solid line);
(B) breeding habitat – vegetated soft soil (solid line) and rock crevices (broken line); (C) colony
attendance behaviour – nocturnal (dotted line) and diurnal (solid line).
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of ecological and social factors appears to have produced the vocal affinities in these
non-oscines.
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APPENDIX

Summary of vocal characters (both acoustic and syringeal characters) and character states
used in the phylogenetic comparison

Acoustic characters

1. Number of note types in the repertoire: 0 = ≤5, 1 = >5
2. Minimum note length: 0 = <20 ms, 1 = 20–30 ms, 2 = >30 ms
3. Maximum note length: 0 = <500 ms, 1 = 500–1500 ms, 2 = >1500 ms
4. Minimum Fµ: 0 = <1.0 kHz, 1 = 1.0–1.5 kHz, 2 = >1.5 kHz
5. Maximum Fµ: 0 = <2.5 kHz, 1 = 2.5–4.0 kHz, 2 = >4.0 kHz
6. Most expressed harmonic: 0 = F0, 1 = F1, F2 or F3, 2 = variable
7. Minimum F0: 0 = >1.5 kHz, 1 = <1.5 kHz
8. Greatest number of frequency peaks in a note: 0 = <20, 1 = 20–40, 2 = >40
9. Minimum frequency modulation (FM) in a note: 0 = <0.6 kHz, 1 = >0.6 kHz

10. Maximum FM in a note: 0 = <1.5 kHz, 1 = 1.50–2.25 kHz, 2 = >2.25 kHz
11. Number of vocalization types in repertoire: 0 = ≤4, 1 = >4
12. Maximum length of vocalization: 0 = >22 s, 1 = <22 s
13. Minimum length of vocalization: 0 = >2.2 s, 1 = <2.5 s
14. Maximum number of note types in a vocalization: 0 = <5, 1 = >5
15. Minimum note spacing in a vocalization: 0 = >10 ms, 1 = <10 ms
16. Level of structural organization in vocalization: 0 = lengthy, continuous, poorly

defined, 1 = brief and differentiated into introduction, body, end
17. Presence of pulses (brief note types) in vocalization: 0 = present, 1 = absent
18. Presence of pure tones: 0 = absent, 1 = present
19. Presence of trills (note types with very rapid FM): 0 = absent, 1 = present
20. Presence of broadband noise: 0 = present, 1 = absent
21. Presence of FM along carrier frequency in the display: 0 = high, 1 = low
22. Alternate and repeated arrangement of several note types in vocalization: 0 = present,

1 = absent
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23. Sequentially graded note type arrangement in vocalization: 0 = present,
1 = predominant

24. Clustered arrangement of notes in vocalization: 0 = present, 1 = absent
25. Formation of rafts and associated vocalization at sea: 0 = absent, 1 = present
26. Aerial vocalization: 0 = present, 1 = absent
27. Synchronous vocalization by several birds at the colony: 0 = predominant, 1 = rare
28. Duet (display delivered by two individuals where each participant contributes to a

specific section): 0 = present, 1 = absent

Syringeal characters

29. Syringeal width: 0 = <4.4 mm, 1 = ≥4.4 mm
30. Mean syringeal depth: 0 = <4.8 mm, 1 = ≥4.8 mm
31. Mean width of m. tracheolateralis: 0 = <0.9 mm, 1 = ≥0.9 mm
32. Mean width of m. sternotrachealis: 0 = <1.6 mm, 1 = ≥1.6 mm
33. Number of calcified tracheal rings: 0 = >5 rings, 1 = ≤5 rings
34. Completely calcified tracheal rings: 0 = present, 1 = absent
35. Ventral syringeal calcification: 0 = present, 1 = absent
36. Dorsal syringeal calcification: 0 = >5 rings, 1 = ≤5 rings
37. Fused calcified rings: 0 = present, 1 = absent
38. Calcification of pessulus: 0 = complete, 1 = partial
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