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The common paradise-kingfisher, Tanysiptera galatea, species complex comprises 19 taxa distributed across New
Guinea and Wallacea. Owing to its highly conserved morphological features, the lineage has been taxonomically
confused, with 15 similar-plumaged taxa currently treated as conspecific. To shed light on species limits, we analysed
eight bioacoustic parameters across 107 sound recordings using principal component analysis and the Isler criterion,
among other methods. Our results show that multiple geographical entities of Tanysiptera paradise-kingfishers
form discrete bioacoustic clusters across several vocal parameters, suggesting that species diversity of the common
paradise-kingfisher complex has been greatly underestimated. Based on our results, we propose splitting 7. galatea
into six species: (1) Obi paradise-kingfisher, Tanysiptera obiensis; (2) Rossel paradise-kingfisher, Tanysiptera
rosseliana; (3) Papuan paradise-kingfisher, T. galatea; (4) Halmahera paradise-kingfisher, Tanysiptera margarethae;
(5) Morotai paradise-kingfisher, Tanysiptera doris; and (6) Amboyna paradise-kingfisher, Tanysiptera nais. Our work
highlights that the non-invasive collection of avian vocal data is a crucial taxonomic tool and adds to increasing
evidence that bioacoustic analyses are effective in elucidating cryptic diversity.
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INTRODUCTION them an interesting subject of biodiversity research;
generations of biologists have dedicated decades of
effort into resolving their taxonomy, opening up doors
to explore topics such as biogeography and cryptic
diversification (Sharpe, 1868; Mayr, 1942, 1954, 1963,
1970; Diamond et al., 1976; Moyle, 2006; Fry & Fry,
2010; Andersen et al., 2018; McCullough et al., 2019).
There has been a comparatively large amount of
evolutionary research into some species complexes
of kingfishers, such as the collared kingfisher,
Todiramphus chloris (Boddaert, 1783), and variable
dwarf kingfisher, Ceyx lepidus Temminck, 1836
(Andersen et al., 2013, 2015). Despite the highly
conserved plumage features within these complexes,
molecular work has revealed their rapid diversification
across Australasia, underscoring the presence of
genomic divergence among insular taxa, even those
separated by short water gaps (Andersen et al., 2013,
2015). Genomicdifferentiation has evenbeen discovered
*Corresponding author. E-mail: dbsrfe@nus.edu.sg in the similar looking but elevationally separated

With their extravagant plumage and behaviour,
kingfishers (families Alcedinidae and Halcyonidae)
are among the most well-known bird families in the
world. Not only are they well studied by evolutionary
biologists and ornithologists, but their unique foraging
behaviour has also attracted attention in fields of
science such as physics (Crandell et al., 2019) and
engineering (Snell-Rood, 2016). This diverse family has
>130 species distributed across all continents except for
Antarctica (Gill et al., 2021). Their global distribution
is highly skewed; only six species are found in the New
World, whereas more than half of the species are found
in Australasia, owing to their likely Indomalayan
origin (Andersen et al., 2018; McCullough et al., 2019).
Many taxa are geographically restricted, making
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yellow-bellied kingfisher, Syma torotoro Lesson,
1827, and mountain kingfisher, Syma megarhyncha
Salvadori, 1896, from New Guinea, highlighting that
gene flow can be limited even after secondary contact.
Given that such convoluted evolutionary histories are
prevalent across kingfishers, we can expect diversity
to be high in other kingfisher lineages.

Among the taxonomically confusing groups within
the Halcyonidae are the paradise-kingfishers of the
genus Tanysiptera Vigors, 1825, which comprise
nine species distributed from north-east Australia
through New Guinea to Wallacea (Gill et al., 2021).
They are characterized by having elongated central
tail feathers, unlike other kingfishers, with variable
amounts of blue and black on their upperparts and
head (Fry & Fry, 2010). The genus can be divided
into two main groups based on coloration (orange vs.
white) of the underparts, and molecular work has
shown that the white-bellied paradise-kingfishers are
monophyletic (Andersen et al., 2018; McCullough et al.,
2019). The core white-bellied paradise-kingfishers
constitute a taxonomically challenging radiation of
19 taxa, ascribed to five species in almost all modern
taxonomies (Fry & Fry, 2010; Dickinson & Christidis,
2014; Billerman et al., 2020; Gill et al., 2021), 15 of
which are included as subspecies under the common
paradise-kingfisher, Tanysiptera galatea Gray, G.R.,
1859 (Table 1). The other four species in the complex

are separated from the common paradise-kingfisher
based on plumage coloration (Table 1; Billerman et al.,
2020). All taxa in the species complex are insular and
parapatric, with the exception of the little paradise-
kingfisher, Tanysiptera hydrocharis Gray, G.R., 1858,
which is sympatric but does not interbreed with
Tanysiptera galatea minor Salvadori & D’Albertis,
1875, in southern New Guinea (Fig. 1).

Musings about the mosaic distribution of this white-
bellied paradise-kingfisher complex have featured
widely in the literature on evolution and species
concepts (Mayr, 1942, 1954, 1963). Their insular
distribution makes them particularly relevant,
given that genomic and bioacoustic analyses have
revealed unexpected diversity on deep-sea islands
(Rheindt et al., 2020; Yue et al., 2020). Moreover,
various Australasian species groups with a strong
dependence on dense forests exhibit deep genomic
divergences across insular populations (Irestedt
et al., 2013; Marcaigh et al., 2021). The white-bellied
paradise-kingfishers are primarily inhabitants of
monsoon forests and lowland rainforest, typically with
a sedentary lifestyle (Fry & Fry, 2010), making them
an excellent study system in which to examine cryptic
diversity.

Given that plumage characteristics in this species
complex are conserved in comparison to many other
kingfishers (Eliason et al., 2019), accounting for the

Table 1. Traditional taxonomic treatment of the white-bellied Tanysiptera paradise-kingfisher species complex (following
Gill et al., 2021) and the taxonomic revision proposed on the basis of the present work, with sample sizes of sound

recordings used for each taxon

Common name Scientific name Revised common name Revised scientific name Sample
size
Common paradise-kingfisher T. galatea galatea  Papuan paradise-kingfisher T. galatea galatea 6
Common paradise-kingfisher 7. g. minor Papuan paradise-kingfisher T. g. minor 6
Common paradise-kingfisher T. g. meyeri Papuan paradise-kingfisher T. g. meyeri 1
Common paradise-kingfisher T. g. vulcani Papuan paradise-kingfisher T. g vulcani 0
Common paradise-kingfisher T. g. margarethae Halmahera paradise-kingfisher 7. margarethae 1
margarethae
Common paradise-kingfisher T g. sabrina Halmahera paradise-kingfisher 7T m. sabrina 0
Common paradise-kingfisher T. g. browningi Halmahera paradise-kingfisher 7. m. browningi 13
Common paradise-kingfisher T. g. brunhildae Halmahera paradise-kingfisher 7. m. brunhildae 0
Common paradise-kingfisher T g. nais Amboyna paradise-kingfisher T. nais nais 7
Common paradise-kingfisher T. g. acis Amboyna paradise-kingfisher T n. acis 1
Common paradise-kingfisher T. g. boanensis Amboyna paradise-kingfisher T. n. boanensis 3
Common paradise-kingfisher T. g. doris Morotai paradise-kingfisher T. doris doris 10
Common paradise-kingfisher T. g. emiliae Morotai paradise-kingfisher T. d. emiliae 0
Common paradise-kingfisher 7. g. obiensis Obi paradise-kingfisher T. obiensis 4
Common paradise-kingfisher 7. g. rosseliana Rossel paradise-kingfisher T. rosseliana 1
Biak paradise-kingfisher T. riedelii Biak paradise-kingfisher T. riedelit 4
Kofiau paradise-kingfisher T. ellioti Kofiau paradise-kingfisher T. ellioti 1
Little paradise-kingfisher T hydrocharis Little paradise-kingfisher T hydrocharis 5
Numfor paradise-kingfisher T carolinae Numfor paradise-kingfisher T carolinae 3
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Figure 1. Range map of all 19 taxa within the white-bellied Tanysiptera paradise-kingfisher species complex. Asterisks
indicate taxa for which sound recordings were not obtained. During the Last Glacial Maximum, the global sea level decreased
by ~120 m, leading to a coastline expansion (Voris, 2000), illustrated by the —120 m isobath in lilac-blue. Grey shades represent
the ocean depth. Species and subspecies rank are shown according to taxonomic baseline treatment (Gill et al., 2021).

potential of cryptic species diversity through non-
visual but reproductively important traits is crucial
in taxonomic assessments. In birds, song structure
can be governed by various factors, including
cultural drift, sexual selection and morphological
adaptation (Rheindt et al., 2004; Huber & Podos,
2006; Potvin, 2013; Potvin & Clegg, 2015; Derryberry
et al., 2018). Although bioacoustic differences have
rarely been found not to be reflected in population
divergence (Potvin et al., 2013), avian song serves
overwhelmingly as a crucial pre-mating isolation
mechanism, creating barriers to gene flow among
diverging populations, even those separated by short
distances (Diamond, 1998; Uy et al., 2009; Cibois et al.,
2019). Work in our study region has corroborated a
congruence between bioacoustic differences of insular
populations with deep, often species-level genomic
divergence (O’Connell et al., 2019; Rheindt et al.,
2020). Bioacoustic data have proved to be useful
phylogenetic indicators in morphologically cryptic
complexes across both passerine (Isler et al., 1998,
2008; Rheindt et al., 2008; Hungnon et al., 2017,
Gwee et al., 2019a, 2021; Alstrom et al., 2020) and
non-passerine birds (Sangster & Rozendaal, 2004; Ng
et al., 2016; Ng & Rheindt, 2016; Gwee et al., 2017,
2019b). In the present study, we assess species limits
within the white-bellied paradise-kingfisher complex
by using bioacoustic data.

MATERIAL AND METHODS

We obtained 203 sound recordings from a total of 75
individuals from 15 taxa spanning all five traditional
species of the white-bellied paradise-kingfisher
complex, primarily sourced from online repositories
(Xeno-Canto, AVoCet and Macaulay Library;
Supporting Information, Tables S1 and S2). Vocal data
for the following taxa could not be obtained (Table 1):
Tanysiptera galatea emiliae Sharpe, 1871, Tanysiptera
galatea brunhildae Jany, 1955, Tanysiptera galatea
sabrina Gray, G.R., 1861 and Tanysiptera galatea
vulcani Rothschild & Hartert, 1915. Sonograms were
analysed using RAVEN PRO v.1.5 (Bioacoustics Research
Program, Cornell Laboratory of Ornithology, Ithaca,
NY, USA), with consistent contrast and brightness (50)
and sharpness (1024) settings across all recordings.
All taxa had songs characterized by a distinct
introductory note followed by a trill with similar-
shaped notes throughout the rest of the song (Fig. 2).
A note is defined here as one unbroken segment of the
song, and a motif refers to one repetition of the song. To
ensure that vocalizations analysed were homologous
across taxa, we only included recordings of single birds
singing. Other calls, often in the form of down-slurred
whines, were removed because they were variable
and limited in sample size. Duets were also excluded
despite their similar bioacoustic structure because
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Figure 2. Sonograms of typical song renditions of all 15 taxa examined. Taxa in coloured boxes are treated as full species
by most modern taxonomies, and the rest are treated as subspecies of Tanysiptera galatea (Fry & Fry, 2010; Dickinson &
Christidis, 2014; Billerman et al., 2020; Gill et al., 2021). Sound library accession numbers for each recording are given in
the grey box in the lower right corner (also see Supporting Information, Table S1).

they were frequently curtailed abruptly, and it was
sometimes not possible to ascribe motifs to particular
individuals.

We measured a total of eight bioacoustic parameters
based on their discernibility within our dataset, which
included three frequency parameters (Fig. 3): (1) centre
frequency (a horizontal band that divides the energy
of the vocalization into two); (2) frequency bandwidth
of introductory note (where bandwidth refers to the
difference between the highest and lowest frequency);
and (3) ratio of frequency bandwidths between second
note and last note; and five temporal parameters: (4)
ratio of durations between second note and last note;

(5) duration of introductory note; (6) shape of second
note; (7) total number of notes; and (8) position of
note with lowest centre frequency. Parameter 6 was
quantified by taking the duration elapsed for the
second note to reach its highest frequency as a fraction
of the duration of the entire note (Fig. 3). Parameter 8
was calculated in a similar manner by taking the
duration elapsed for the song to reach the note with
lowest centre frequency as a fraction of the duration
of the trill (Fig. 3). For taxa in which the second note
peaked at either the beginning or the end of the note
(i.e. not n-shaped), parameter 6 was defined as zero
or one, respectively. For every individual, parameters
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Figure 3. Illustration of vocal parameters analysed for a typical sonogram, where ¢ = time. Parameters: (1) centre frequency
(i.e. frequency band that splits the energy of the vocalization into two); (2) frequency bandwidth of introductory note; (3)

ratio of frequency bandwidths between second note and last note; (4) ratio of durations between second note and last note;
(5) duration of introductory note; (6) shape of second note; (7) total number of notes; and (8) position of note with lowest

centre frequency.

were derived from the means of all motifs available
in the recording or for a maximum of seven motifs if
more were available. A minimum of two motifs were
measured for all except eight individuals.

Statistical analyses were conducted using R v.3.6.1
(R Development Core Team, 2019). To account for
multicollinearity, we checked that all vocal parameters
had a Pearson correlation score < 0.8 before further
statistical analysis (Isler et al., 2008; Supporting
Information, Table S3).

We conducted principal component analysis (PCA)
for all measurements using the ‘prcomp’ function,
with variable means centred and rescaled to explore
the vocal dataset. We confirmed that all eight
parameters could be used appropriately in a PCA by
performing Bartlett’s test on the correlation matrix
of the vocal parameters using the ‘psych’ package
(P < 0.001; Bartlett, 1951; Revelle & Revelle, 2015).
The ‘ggplot2’ package was used to visualize our
PCA results (Wickham, 2011). Diagnosable groups
were inferred from the PCA plots, and we performed
analysis of variance (ANOVA) and Tukey’s post hoc
comparison on the relevant principal components
(PCs; eigenvalues > 1) of groups with sample sizes of
at least three to test their differences.

Additionally, we examined the vocal diagnosability
of each taxon using a formula devised by Isler et al.
(1998). This diagnosability test was devised originally
to examine vocal differentiation among Neotropical
suboscines and has since been used successfully to
distinguish species complexes of various families
of birds across both passerines and non-passerines
(Sangster & Rozendaal, 2004; Ng et al., 2016, 2020;
Cros & Rheindt, 2017; Gwee et al., 2017, 2019a). This

conservative formula (henceforth, the Isler criterion)
requires two conditions to be met: (1) vocal parameters
compared between two taxa must not overlap; and
(2) means (x) and standard deviations (SD) of the
two taxa must meet the following requirement:
Xq + taSD, < Xp — t,SDyp, where a is the taxon with
smaller measurements, b is the taxon with larger
measurements, and ¢, is Student’s ¢-score at the
97.5th percentile at N — 1 degrees of freedom of the ¢
distribution. We define Isler diagnosability as two taxa
having at least one vocally diagnosable trait. The Isler
criterion was only applied to taxa with a sample size
of at least three. Given that the Isler criterion cannot
be applied to parameters derived from ratios, we
conducted a non-parametric bootstrap simulation to
test their differences (parameters 3 and 4; Isler et al.,
2007). Specifically, the differences between means

(DBM; measured by Student’s unpaired ¢-tests) of

the focal pair were compared against the distribution
of DBMs of 10 000 simulated populations with the
same sample size, sampled with replacement (Isler
et al., 2007). We used the ‘boot.t.test’ function from
the package ‘MKinfer’ to conduct this bootstrapping
approach (Kohl, 2020).

RESULTS

After filtering out poor recordings and duplicate files,
107 recordings from 75 individuals were retained
for analysis (Supporting Information, Tables S1
and S2). Visual inspection of the PCA showed that
T. hydrocharis and Tanysiptera galatea obiensis
Salvadori, 1877 exhibited a high degree of vocal
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divergence from the rest of the T. galatea species
complex (Fig. 4). These two taxa were also vocally
distinct from all other taxa in at least one diagnosable
parameter (Table 2). To improve spatial resolution
of bioacoustic data, we re-ran the PCA with samples
belonging to these two taxa removed. The results
indicated that vocal differentiation of Tanysiptera
galatea rosseliana Tristram, 1889 from other taxa was
also pronounced, although it was represented by only a
single sample (Fig. 5). To obtain a further improvement
of spatial resolution, we ran a final PCA conducted
after the removal of T. g. rosseliana. The resulting
PCA spatially isolated the bioacoustic samples of two
taxa currently recognized as full species (Tanysiptera
carolinae Schlegel, 1871 and Tanysiptera riedelii
Verreaux, 1866), whereas another widely recognized
species (Tanysiptera ellioti Sharpe, 1870) remained
embedded within the cloud of 7. galatea samples (Fig.
6). The taxa widely classified as subspecies of T. galatea
formed four main groups: a New Guinean cluster and
three insular clusters (Fig. 6).

A one-way ANOVA demonstrated that clusters
identified by PCA showed significant differences for
all three relevant PCs (P < 0.001). Tukey’s post hoc
comparison revealed that all the clusters differed from
one another by at least one PC, except for T riedelii
and T carolinae (Table S5).

Diagnosability tests revealed at least two differences
between most taxa assigned as species in our PCA
and Tukey’s post hoc test (Table 2). The exception to
this was T. doris Wallace, 1862 and T. g. minor, which
differed by one diagnosable difference, although this
was probably attributable to their limited sample size
and slight variability of vocal samples as inferred from
the PCA and boxplots (Figs 6, 7). Although the ratio of
frequency bandwidths between the second note and the
last note (parameter 3) often corroborated diagnosable
differences, temporal parameters were generally more
effective in distinguishing taxon pairs (Table 2; Table
S4). The shape of the second note (parameter 6), for
instance, emerged as a crucial character for diagnosing
taxa, especially T. carolinae, which otherwise did
not differ from Tanysiptera boanensis Mees, 1964,
T. galatea and Tanysiptera nais Gray, G.R., 1861.

DISCUSSION

The highly conserved plumage features across white-
bellied paradise-kingfishers of the genus Tanysiptera
have led to the treatment of most taxa as members of
a single species, T. galatea. Nonetheless, field workers
have been aware of the great magnitude of geographical
differentiation in the territorial songs of these forest-
inhabiting kingfishers for approximately a decade now
(Eaton et al., 2021). This vocal mosaicism is considered

to go beyond the level of bioacoustic differentiation
within single forest kingfisher species (Eaton et al.,
2021), hinting at the likelihood of cryptic species-level
diversity. Our vocal analyses demonstrate pronounced
bioacoustic differences among songs of Tanysiptera
taxa from different islands. Importantly, our data show
that some taxa hitherto treated at the subspecies level
exhibit more pronounced vocal differentiation than
other taxa which have, for a long time, been treated
as distinct species because of their differences in
plumage. These results call for a taxonomic revision.

Some Tanysiptera kingfishers live on remote islands
that have not been visited by ornithologists for years
or even decades; hence, vocal material was lacking for
four obscure small-island forms. To account for this
lack of bioacoustic samples for a number of taxa, we
adopt a biogeographical approach in the interpretation
of our results. Quaternary sea-level fluctuations have
had an all-important impact on the build-up of biotic
differentiation in Australasia; the frequent presence
of land-bridges between some islands facilitates gene
flow and reduces the potential for endemism, and
vice versa (Weigelt et al., 2016; Norder et al., 2019;
Rheindt et al., 2020). Although most Tanysiptera taxa
are endemic to their respective islands today, the
level of isolation and opportunity for gene flow with
neighbouring taxa would have differed among islands.
For instance, during the Last Glacial Maximum (LGM)
~20 000 years ago, the global sea level was ~120 m
lower than the present-day sea level (Bintanja et al.,
2005; Lambeck et al., 2014; Fig. 1). Some islands
would have expanded during the LGM in comparison
to today, therefore reducing the shortest overwater
distance between islands, while land-bridges would
have become exposed between other islands to form
larger palaeo-islands, facilitating conduits for genetic
exchange (see the —120 m isobaths in Fig. 1, showing
the coastline during the LGM; Voris, 2000; Becker
et al., 2009).

TAXONOMIC IMPLICATIONS

The systematics of Tanysiptera kingfishers has been
based primarily on morphology to date (Sharpe, 1868;
Beehler & Pratt, 2016; Woodall, 20204, ¢; Woodall &
Sharpe, 2020a, b). Three taxa have been classified
unanimously as monotypic species distinct from the
common paradise-kingfisher, 7. galatea: the Numfor
paradise-kingfisher, T. carolinae, stands out from all
other taxa through its remarkably different plumage
by having blue instead of white underparts, whereas
the Biak paradise-kingfisher, T riedelii, has a bright
cobalt head and scapulars, unlike the remaining taxa
(Pratt & Beehler, 2016; Woodall, 2020a, c¢). The little
paradise-kingfisher, T. hydrocharis, while having
similar plumage characteristics to T galatea, is
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Figure 4. Principal component analysis plot of vocal parameters analysed for all 15 taxa of the white-bellied Tanysiptera
paradise-kingfisher species complex. Ellipses represent 95% confidence intervals of the displayed principal component (PC)

scores, with the points clustered according to our revised taxonomy.
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Table 2. Results of pairwise diagnosability test for all eight vocal parameters of Tanysiptera kingfishers with sample size
of at least three.

o]
3
(0]

Pairwise comparisons 1 2 3 4 5 Total

T. boanensis vs T. nais

T. boanensis vs T. carolinae
T. carolinae vs T. galatea

T. carolinae vs T. nais

MM

T. carolinae vs T. riedelii

T doris vs T. minor X
T. galatea vs T. minor X
T. minor vs T. riedelit

T. boanensis vs T. galatea
T. boanensis vs T. minor
T. browningi vs T. carolinae X X
T. browningi vs T. minor

T. carolinae vs T. hydrocharis

T. carolinae vs T. minor X

olie
M

o
o

sRolsl

T. doris vs T. galatea
T. galatea vs T. nais

olia

T. galatea vs T. riedelii

T. hydrocharis vs T. obiensis
T. hydrocharis vs T. riedelii

T. minor vs T. nais

T. nais vs T. riedelii

T. boanensis vs T. browningi
T. boanensis vs T. doris

olie

T. boanensis vs T. riedelii

T. browningi vs T. doris

T. browningi vs T. galatea

T. carolinae vs T. doris X

Sl

T. doris vs T. nais
T. doris vs T. riedelii
T. hydrocharis vs T. nais

sl
sRaRala e

T. minor vs T. obiensis

T. boanensis vs T. hydrocharis

T. boanensis vs T. obiensis

T. browningi vs T. obiensis

T. browningi vs T. riedelit X X
T. carolinae vs T. obiensis X

R I e Rl A I B B Sl il S B S
il
>
PR K

M M

T. doris vs T. obiensis

T. galatea vs T. hydrocharis

T. galatea vs T.obiensis

T. hydrocharis vs T.minor

T nais vs T. obiensis X
T. obiensis vs T. riedelii X
T. browningi vs T. hydrocharis

e Ra e

SRRl
SRRl Nl

>

T. browningi vs T. nais X X

b
OUOT O B B B R R R R R 0 00 GO 000 W W WNNNNNNNNMNMNMNDNODNDER R R RHHRRBO

T. doris vs T. hydrocharis
Total number of differences 6 4 32

SRR
=
SRR
4
5 X

Parameters are denoted by numbers 1-8. Diagnosability is denoted by X’. The column headed ‘Total’ refers to the total number of diagnosable param-
eters. Vocal parameters assessed were as follows: (1) centre frequency; (2) frequency bandwidth of introductory note; (3) ratio of frequency bandwidths
between second note and last note; (4) ratio of durations between second note and last note; (5) duration of introductory note; (6) shape of second note;
(7) total number of notes; and (8) position of note with lowest centre frequency. The last row, ‘Total number of differences’, denotes the number of pairs
that each vocal parameter distinguished.
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significantly smaller and does not interbreed with the
latter where they overlap (Fig. 1; Woodall & Sharpe,
2020Db). Our results support the species status of these
three taxa by confirming their vocal distinctness,
both in PCA and through the presence of diagnosable
vocal parameters. Intriguingly, the two species with
most distinct plumage features, T. carolinae and
T. riedelii, were the only two taxa not significantly
different in bioacoustic terms based on our Tukey’s
post hoc comparison. They were also the taxa with
the lowest number of diagnosable characters from
others, with vocal differences mainly being their note
shape (Table 2).

A fourth taxon that is widely considered a monotypic
species is the Kofiau paradise-kingfisher, T. ellioti: its
plumage differences from 7! galatea are more modest
in comparison to the previous three species (Beehler
& Pratt, 2016; Pratt & Beehler, 2016; Woodall &
Sharpe, 2020a), and this similarity is reflected in its
greater bioacoustic resemblance to T. galatea (Fig.
6). Although a firm judgement on the species status
of T. ellioti cannot be made at present owing to our
limited vocal sample size, at a minimum our results
call for a re-evaluation of its taxonomic rank in future
analyses based on more vocal and genomic data points.

With respect to the polytypic common paradise-
kingfisher, T. galatea, our analyses reveal one New
Guinean bioacoustic clade and multiple insular ones
(Fig. 6; Table 2). Based on this evidence, we recommend
that the common paradise-kingfisher, T galatea, should
be split into six species, namely: (1) Papuan paradise-
kingfisher, T. galatea (includes subspecies 7. g. galatea,
T. g. minor, Tanysiptera galatea meyeri Salvadori, 1889
and T. g. vulcani); (2) Morotai paradise-kingfisher,
T. doris Wallace, 1862 (includes subspecies T. doris
doris and Tanysiptera doris emiliae); (3) Halmahera
paradise-kingfisher Tanysiptera margarathae
(includes subspecies T. m. margarathae Heine, 1860,
T. m. sabrina, T. m. brunhildae and T. m. browningi
Ripley, 1983); (4) Obi paradise-kingfisher, T. obiensis
(monotypic); (5) Amboyna paradise-kingfisher, T nais
(includes subspecies T. n. nais, T. n. acis Wallace,
1863, and T. n. boanensis Mees, 1964); and (6) Rossel
paradise-kingfisher, T. rosseliana (monotypic).

Among traditional subspecies of T. galatea, the Obi
paradise-kingfisher, T. obiensis, is the most vocally
divergent. Along with 7. hydrocharis, it is the first
taxon to form a bioacoustic cluster in PCA, even ahead
of traditional species-level taxa, such as T. carolinae
and T. riedelii (Fig. 4). The Obi paradise-kingfisher is
also the only former subspecies of T. galatea to have a
descending trill (Figs 2, 7) and consistently to exhibit at
least two diagnosable parameters in comparison with
all other taxa (Table 2). Morphologically, the plumage
of T. obiensis is less distinct from 7. galatea when
compared with traditional species, such as T. carolinae

and T. riedelii (Fry & Fry, 2010), which probably
accounts for its overlooked distinctness, underscoring
the pitfalls of relying solely on plumage in bird
systematics. The deep differentiation of 7. obiensis is
perhaps less surprising when considering that the Obi
island group is among the most geographically isolated
archipelagos in the Moluccas; this deep-sea island
group has been separated permanently by at least
~30 km of open water from Bacan, where the nearest
Tanysiptera population (7. margarethae) resides (Fig.
1). The geographical separation of this island is likely
to have produced conditions for the evolution of this
endemic species, along with multiple other avian
endemics (Mittermeier et al., 2013; Rheindt & Eaton,
2018).

The taxonomic status of the Rossel paradise-
kingfisher, T. rosseliana, has been contentious; most
treat it as a subspecies of T. galatea (Fry & Fry, 2010;
Woodall, 2020b; Gill et al., 2021), whereas others have
adopted a species-level treatment based on multiple
plumage traits, including its mostly white (not blue)
tail coloration (Beehler & Pratt, 2016), rendering
it one of the more distinctly plumaged taxa in the
complex. Our bioacoustic results, although restricted
to a sample size of one recording, highlight the vocal
uniqueness of T. rosseliana (Fig. 5). Unlike all other
taxa, T. rosseliana is characterized uniquely by having
a very short introductory note, immediately succeeded
by a rapid trill with level pitch (Fig. 2). Molecular works
have revealed evidence of avian species complexes with
deeply diverged lineages in the Louisiade Archipelago
(Kearns et al., 2013; Andersen et al., 2014, 2021;
Jonsson et al., 2014; McCullough et al., 2021). Rossel
Island, the home of the Rossel paradise-kingfisher, is
a deep-sea island almost 400 km east of the nearest
Tanysiptera population on Papua New Guinea. This
isolated range is likely to restrict the opportunity for
regular gene flow with its Papuan counterparts, and
we support the taxonomic treatment by Beehler &
Pratt (2016) in designating this taxon as a full species.

The Halmahera paradise-kingfisher, T. margarethae,
differs from the rest of the complex in its descending
introductory note, uniquely succeeded by a second
introductory note, followed by a consistently paced
trill that gradually increases in pitch (Fig. 2). We here
include taxa from Halmahera (T. m. browningi) and
three satellite islands (T. m. sabrina, T. m. brunhildae
and 7. m. margarethae) as subspecies of the Halmahera
paradise-kingfisher, although we lacked vocal material
from two of them (7. m. sabrina and T. m. brunhildae)
because they are remote and rarely visited, and
we had only one sample of the third satellite taxon
(margarethae). Although T. m. margarethae from
Bacan seems to differ slightly in PCA space from
Halmahera T. m. browningi (Fig. 6), a separation of
the two is premature based on the sample size of one
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T. m. margarethae. Although T. m. brunhildae remains
vocally unknown at present (Eaton et al., 2021), the
islet of Doi, where it resides, has been connected
to Halmahera by a land-bridge during the LGM

(Fig. 1; Becker et al., 2009), and we can expect vocal
resemblance to 7. m. browningi. Conversely, Kayoa
(where T. m. sabrina resides) is a deep-sea island,
suggesting a lack of land connection to Halmahera
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or Bacan. Although future genomic or bioacoustic
research might reveal T. m. sabrina to be distinct, it
is justified, on the basis of geographical proximity, to
keep it under the Halmahera paradise-kingfisher at
present.

Likewise, in our delimitation of the Morotai
paradise-kingfisher, T. doris, we treat T. d. emiliae
conservatively as a subspecies owing to the lack of
vocal samples. Although T. d. emiliae is unknown
vocally (Eaton et al., 2021), the island of Rau (where
T. d. emiliae resides) and Morotai (where 7. doris
resides) formed a palaeo-island during the LGM
(Fig. 1; Becker et al., 2009), suggesting a close vocal
resemblance between T. d. emiliae and T. doris. We
found only one diagnosable character between T. doris
and T g. minor, which is attributable to the variability
of the latter (Fig. 6; Table 2). Yet in PCA space, T doris
is offset from the cloud comprising Papuan samples
(Fig. 6). Depending on which vocal parameters and
PCA axes are considered, the Morotai paradise-
kingfisher, T. doris, appears to be more diverged
from Halmahera, T. m. browningi, than it is from the
Papuan samples (Fig. 6). Given the short distance of
Morotai from Halmahera (~17 km), this bioacoustic
outcome lends support to the separation of 7. doris
as a species separate from 7. margarethae, although
Morotai has always been severed by deep sea and has
never had a land connection with Halmahera. This
species joins an ever-increasing list of taxa on Morotai
being recognized as endemic species (Besson, 2012;
Rheindt & Eaton, 2018; Eaton et al., 2021).

Songs of the three subspecies attributed to the
Amboyna paradise-kingfisher, T. nais, are structurally
similar to Papuan populations, but the trill notes in
this species are deflected downwards instead of being
n-shaped towards the end of the song (Fig. 2). Taxa
from the central Moluccan islands form a tight clade
in PCA space that is set apart from other traditional
subspecies of T. galatea and is, unexpectedly, closest
to the clusters formed by the two traditional species
from the New Guinean satellite islands, T. carolinae
and T. riedelii, along PC1 (Fig. 6). A lack of diagnosable
features between T. boanensis and T. nais supports
their vocal similarity (Table 2). In the Moluccan
islands, a north vs. south faunal divide has been
documented across multiple animal groups (De
Boer & Duffels, 1996; Michaux, 1998; Heads, 2001;
Rheindt & Hutchinson, 2007; Carstensen & Olesen,
2009) and is also reflected in our analysis (Fig. 6).
The north and central/south Moluccan islands have
a different geological history; the former originated
in the Pacific region before moving westwards along
the northern coast of New Guinea and reaching their
current position ~5 Mya, whereas the latter originated
from the Australian continent before drifting to their
present-day position (Hall, 1998).

The Papuan paradise-kingfisher, T. galatea, now of
reduced composition, is characterized by an extended
introductory note, followed by a trill with n-shaped
notes at increasing pitch and pace, both of which level
out halfway through the song (Fig. 2). We include the
Papuan taxa T g. galatea, T. g. meyeri and T. g. minor
in this species, which form a tight PCA cluster (Fig. 6).
They are the only taxa in the species complex adjacent
to one another via terrestrial contact zones, which
presumably permit gene flow, hence the maintenance
of a single species (Mayr, 1970). In our delimitation
of the Papuan paradise-kingfisher, T. galatea, we
treat T. g. vulcani from the satellite island of Manam
conservatively as a subspecies owing to its geographical
proximity to 7. g. meyeri, although we lack vocal
recordings of it (Fig. 1). Manam is separated from New
Guinea by only a ~15 km water crossing at its shortest
distance but is a deep-sea island that would not have
been connected to New Guinea by land even during
the LGM. The taxon T. g. vulcani is characterized by
having a primarily white tail, similar to the distinct
Rossel paradise-kingfisher, 7. rosseliana (Woodall,
2020b). Future vocal and genomic data from this
remote deep-sea island will be beneficial in elucidating
the true status of this endemic taxon, which might well
be a monotypic species.

ROLE OF BIOACOUSTIC ANALYSES IN TAXONOMIC
INQUIRY

Temporal parameters have been shown to carry a
strong phylogenetic signal in non-passerine birds
in general (Rheindt et al., 2011; Ng et al., 2016; Ng
& Rheindt, 2016). For example, they are known to
be more effective in differentiating territorial calls
between different individuals of the woodland
kingfisher, Halcyon senegalensis (Linnaeus, 1766),
than are frequency parameters (Taylor & Perrin,
2008). Likewise, in our analyses of Tanysiptera
kingfishers, temporal characteristics made larger
contributions to species delimitation based on
the Isler criterion than did frequency parameters
(Table 2). Using a large dataset of vocalizations, we
uncovered substantial unrecognized species-level
diversity in this visually cryptic species complex.
At the same time, multiple Tanysiptera kingfishers
remain vocally unknown owing to the remote
nature of their distribution (Eaton et al., 2021),
and future additions of new vocal and genomic data
will be important to revise our conservative species
delimitation approach and add in-depth knowledge
on relationships and evolutionary diversification
scenarios. Additional details regarding the size and
morphometrics of each taxon will also be beneficial to
elucidate relationships between their vocalizations
and morphology.
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Vocalizations provide reliable phylogenetic
information in avian systems (McCracken & Sheldon,
1997; Gonzalez-Voyer et al., 2013; Arato & Fitch, 2021)
and even in other animal groups, such as anurans
(Koehler et al., 2017). In recent years, an increased
availability of high-quality sound recordings has
facilitated a surge in the integration of bioacoustic
data in taxonomic work (Cadena & Cuervo, 2010; Gwee
et al.,2019a; Ng et al., 2020; Yue et al., 2020; Marcaigh
et al., 2021; Niranjana & Praveen, 2021), and increased
screening of online bioacoustic databases could propel
further discoveries of cryptic diversity throughout the
region. Previous genetic work revealed 7. carolinae and
T. riedelii as sister species, with T. galatea sister to
them and T. hydrocharis sister to those three (Andersen
et al., 2018; McCullough et al., 2019). However, the
widespread and polytypic T. galatea was represented
only by samples from Papua New Guinea, precluding
a fine-scale taxonomic revision within the species
complex. Our results underscore the inadequacy
of relying solely on morphology and reinforce the
importance of considering vocal cues in taxonomy.

ACKNOWLEDGEMENTS

We thank the numerous recordists who have
contributed their recordings to public sound archives
and Phil Gregory for sharing additional sound
collections with us. We are grateful to M. Andersen and
one anonymous reviewer for their constructive review,
and to J. A. Allen for editorial feedback. We are grateful
to E. Ng, W. X. G. Lee, M. Y. Wu, N. Movin and H. Z. Tan
for advice and support with this research. This research
was funded by a Singapore Ministry of Education Tier
2 grant to F.E.R. (WBS R-154-000-C41-112). We have
no conflicts of interest to declare.

DATA AVAILABILITY

The data underlying this article are available in the
article and in its online Supporting Information.
Additional vocal samples are available upon
reasonable request. R script containing relevant codes
for analyses is available on Github: https:/github.com/
dbssyck/tanysiptera/.

REFERENCES

Alstro6m P, Rasmussen PC, Sangster G, Dalvi S,
Round PD, Zhang R, Yao C-T, Irestedt M, Manh HL,
Lei F, Olsson U. 2020. Multiple species within the Striated
Prinia Prinia crinigera—Brown Prinia P. polychroa complex
revealed through an integrative taxonomic approach. Ibis
162: 936-967.

Andersen MdJ, McCullough JM, Gyllenhaal EF, Mapel XM,
Haryoko T, Jgnsson KA, Joseph L. 2021. Complex
histories of gene flow and a mitochondrial capture event in
a nonsister pair of birds. Molecular Ecology 30: 2087-2103.

Andersen MdJ, McCullough JM, Mauck WM III, Smith BT,
Moyle RG. 2018. A phylogeny of kingfishers reveals an
Indomalayan origin and elevated rates of diversification on
oceanic islands. Journal of Biogeography 45: 269-281.

Andersen MdJ, Nyari AS, Mason I, Joseph L,
Dumbacher JP, Filardi CE, Moyle RG. 2014. Molecular
systematics of the world’s most polytypic bird: the
Pachycephala pectoralis/melanura (Aves: Pachycephalidae)
species complex. Zoological Journal of the Linnean Society
170: 566-588.

Andersen MdJ, Oliveros CH, Filardi CE, Moyle RG. 2013.
Phylogeography of the variable dwarf-kingfisher Ceyx
lepidus (Aves: Alcedinidae) inferred from mitochondrial and
nuclear DNA sequences. The Auk 130: 118-131.

Andersen MJ, Shult HT, Cibois A, Thibault J-C,
Filardi CE, Moyle RG. 2015. Rapid diversification and
secondary sympatry in Australo-Pacific kingfishers (Aves:
Alcedinidae: Todiramphus). Royal Society Open Science 2:
140375.

Arato J, Fitch WT. 2021. Phylogenetic signal in the
vocalizations of vocal learning and vocal non-learning birds.
Philosophical Transactions of the Royal Society B: Biological
Sciences 376: 20200241.

Bartlett MS. 1951. The effect of standardization on a y?
approximation in factor analysis. Biometrika 38: 337-344.
Becker J, Sandwell D, Smith W, Braud J, Binder B,
Depner J, Fabre D, Factor J, Ingalls S, Kim S-H,
Ladner R, Marks K, Nelson S, Pharaoh A, Trimmer R,
Von Rosenberg J, Wallace G, Weatherall P. 2009. Global
bathymetry and elevation data at 30 arc seconds resolution:

SRTM30_PLUS. Marine Geodesy 32: 355-371.

Beehler BM, Pratt TK. 2016. Birds of New Guinea:
distribution, taxonomy, and systematics. Princeton: Princeton
University Press.

Besson L. 2012. The collecting history and distribution of
Dusky Friarbird Philemon fuscicapillus (Morotai, Indonesia)
elucidated from museum data. Bulletin of the British
Ornithologists’ Club 132: 236—249.

Billerman SM, Keeney BK, Rodewald PG, Schulenberg TS,
eds. 2020. Birds of the world. Ithaca: Cornell Laboratory of
Ornithology.

Bintanja R, Van De Wal RS, Oerlemans J. 2005. Modelled
atmospheric temperatures and global sea levels over the
past million years. Nature 437: 125-128.

Cadena CD, Cuervo AM. 2010. Molecules, ecology,
morphology, and songs in concert: how many species is
Arremon torquatus (Aves: Emberizidae)? Biological Journal
of the Linnean Society 99: 152-176.

Carstensen DW, Olesen JM. 2009. Wallacea and its
nectarivorous birds: nestedness and modules. Journal of
Biogeography 36: 1540-1550.

Cibois A, Thibault J-C, Friedman NR, Omland KE,
Desutter-Grandcolas L, Robillard T, Pasquet E. 2019.
Reed warblers in the Marquesas Islands: song divergence

© 2022 The Linnean Society of London, Biological Journal of the Linnean Society, 2022, 136, 489-505

202 UoIB 9Z U0 1s0nB Aq £G0/6G9/68/¥/9€ L/9121LE/UESUUI0IG/WO0"dNO"0lWapEede//:SANY WOy papeojumoq


https://github.com/dbssyck/tanysiptera/
https://github.com/dbssyck/tanysiptera/

SPECIES LIMITS OF CRYPTIC KINGFISHERS 503

and plumage convergence of two distinct lineages. Emu -
Austral Ornithology 119: 251-263.

Crandell K, Howe R, Falkingham P. 2019. Repeated
evolution of drag reduction at the air—water interface in
diving kingfishers. Journal of the Royal Society Interface 16:
20190125.

Cros E, Rheindt FE. 2017. Massive bioacoustic analysis
suggests introgression across Pleistocene land bridges in
Mixornis tit-babblers. Journal of Ornithology 158: 407-419.

De Boer A, Duffels J. 1996. Historical biogeography of the
cicadas of Wallacea, New Guinea and the West Pacific: a
geotectonic explanation. Palaeogeography, Palaeoclimatology,
Palaeoecology 124: 153-177.

Derryberry EP, Seddon N, Derryberry GE, Claramunt S,
Seeholzer GF, Brumfield RT, Tobias JA. 2018. Ecological
drivers of song evolution in birds: disentangling the effects of
habitat and morphology. Ecology and Evolution 8: 1890-1905.

Diamond JM. 1998. Geographic variation in vocalisations of
the white-eye superspecies Zosterops [griseotinctus] in the
New Georgia Group. Emu - Austral Ornithology 98: 70-74.

Diamond JM, Gilpin ME, Mayr E. 1976. Species-distance
relation for birds of the Solomon Archipelago, and the
paradox of the great speciators. Proceedings of the National
Academy of Sciences of the United States of America 73:
2160-2164.

Dickinson EC, Christidis L, eds. 2014. The Howard and
Moore complete checklist of the birds of the world, 4th edition,
volume 1: non-passerines. Eastbourne: Aves Press.

Eaton JA, van Balen S, Brickle NW, Rheindt FE. 2021.
Birds of the Indonesian Archipelago: greater Sundas and
Wallacea, 2nd edn. Barcelona: Lynx Edicions.

Eliason CM, Andersen MJ, Hackett SJ. 2019. Using
historical biogeography models to study color pattern
evolution. Systematic Biology 68: 755—-766.

Fry CH, Fry K. 2010. Kingfishers, bee-eaters and rollers.
London: Helm.

Gill F, Donsker D, Rasmussen P. 2021. I0C world bird list
(v.11.2). Available at: https://doi.org/10.14344/I0C.ML.11.2
Gonzalez-Voyer A, den Tex RdJ, Castell6 A, Leonard JA.
2013. Evolution of acoustic and visual signals in Asian

barbets. Journal of Evolutionary Biology 26: 647—-659.

Gwee CY, Christidis L, Eaton JA,Norman JA, Trainor CR,
Verbelen P, Rheindt FE. 2017. Bioacoustic and multi-
locus DNA data of Ninox owls support high incidence of
extinction and recolonisation on small, low-lying islands
across Wallacea. Molecular Phylogenetics and Evolution 109:
246-258.

Gwee CY, Eaton JA, Garg KM, Alstrom P, Van Balen S,
Hutchinson RO, Prawiradilaga DM, Le MH,
Rheindt FE. 2019a. Cryptic diversity in Cyornis (Aves:
Muscicapidae) jungle-flycatchers flagged by simple
bioacoustic approaches. Zoological Journal of the Linnean
Society 186: 725-741.

Gwee CY, Eaton JA, Ng EY, Rheindt FE. 2019b. Species
delimitation within the Glaucidium brodiei owlet complex
using bioacoustic tools. Avian Research 10: 36.

Gwee CY, Lee QL, Mahood SP, Le Manh H, Tizard R,
Eiamampai K, Round PD, Rheindt FE. 2021. The

interplay of colour and bioacoustic traits in the differentiation
of a Southeast Asian songbird complex. Molecular Ecology
30: 297-309.

Hall R. 1998. The plate tectonics of Cenozoic SE Asia and the
distribution of land and sea. In: Hall R, Holloway JD, eds.
Biogeography and geological evolution of Southeast Asia.
Leiden: Backhuys, 99-131.

Heads M. 2001. Birds of paradise, biogeography and ecology in
New Guinea: a review. Journal of Biogeography 28: 893-925.

Huber SK, Podos J. 2006. Beak morphology and song features
covary in a population of Darwin’s finches (Geospiza fortis).
Biological Journal of the Linnean Society 88: 489—498.

Hungnon C, Khudamrongsawat J, Manawattana S,
Pierce AJ, Round PD. 2017. Distinguishing between
Sakhalin Leaf Warbler Phylloscopus borealoides and Pale-
legged Leaf Warbler P. tenellipes on call. Forktail 33: 77-80.

Irestedt M, Fabre P-H, Batalha-Filho H, Jognsson KA,
Roselaar CS, Sangster G, Ericson PG. 2013. The
spatio-temporal colonization and diversification across
the Indo-Pacific by a ‘great speciator’ (Aves, Erythropitta
erythrogaster). Proceedings of the Royal Society B: Biological
Sciences 280: 20130309.

Isler ML, Isler PR, Whitney BM. 1998. Use of vocalizations
to establish species limits in antbirds (Passeriformes:
Thamnophilidae). The Auk 115: 577-590.

Isler ML, Isler PR, Whitney BM. 2008. Species limits
in antbirds (Aves: Passeriformes: Thamnophilidae): an
evaluation of Plumbeous Antvireo (Dysithamnus plumbeus)
based on vocalizations. Zootaxa 1726: 60—68.

Isler ML, Isler PR, Whitney BM, Zimmer KdJ. 2007. Species
limits in the ‘Schistocichla’ complex of Percnostola antbirds
(Passeriformes: Thamnophilidae). The Wilson Journal of
Ornithology 119: 53-70.

Jgnsson KA, Irestedt M, Christidis L, Clegg SM, Holt BG,
Fjeldsa J. 2014. Evidence of taxon cycles in an Indo-Pacific
passerine bird radiation (Aves: Pachycephala). Proceedings
of the Royal Society B: Biological Sciences 281: 20131727.

Kearns AM, Joseph L, Cook LG. 2013. A multilocus
coalescent analysis of the speciational history of the
Australo-Papuan butcherbirds and their allies. Molecular
Phylogenetics and Evolution 66: 941-952.

Koehler J, Jansen M, Rodriguez A, Kok PJ, Toledo LF,
Emmrich M, Glaw F, Haddad CFB, Rédel M-O,
Vences M. 2017. The use of bioacoustics in anuran taxonomy:
theory, terminology, methods and recommendations for best
practice. Zootaxa 4251: 1-124.

Kohl M. 2020. Package ‘MKinfer’.

Lambeck K, Rouby H, Purcell A, Sun Y, Sambridge M.
2014. Sea level and global ice volumes from the Last Glacial
Maximum to the Holocene. Proceedings of the National
Academy of Sciences of the United States of America 111:
15296-15303.

Marcaigh F(), Kelly DJ, O’Connell DP, Dunleavy D,
Clark A, Lawless N, Karya A, Analuddin K, Marples NM.
2021. Evolution in the understorey: the Sulawesi babbler
Pellorneum celebense (Passeriformes: Pellorneidae) has
diverged rapidly on land-bridge islands in the Wallacean
biodiversity hotspot. Zoologischer Anzeiger 293: 314-325.

© 2022 The Linnean Society of London, Biological Journal of the Linnean Society, 2022, 136, 489-505

202 UoIB 9Z U0 1s0nB Aq £G0/6G9/68/¥/9€ L/9121LE/UESUUI0IG/WO0"dNO"0lWapEede//:SANY WOy papeojumoq


https://doi.org/10.14344/IOC.ML.11.2

504 Y.C.K.SINETAL.

Mayr E. 1942. Systematics and the origin of species, from the
viewpoint of a zoologist. New York: Columbia University
Press.

Mayr E. 1954. Change of genetic environment and evolution.
In: Huxley J, Hardy AC, Ford EB, eds. Evolution as a process.
London: George Allen & Unwin, 157-180.

Mayr E. 1963. Animal species and evolution. Harvard
University Press.

Mayr E. 1970. Populations, species, and evolution: an
abridgment of animal species and evolution, Vol. 19.
Cambridge, Massachusetts: Harvard University Press.

McCracken KG, Sheldon FH. 1997. Avian vocalizations and
phylogenetic signal. Proceedings of the National Academy of
Sciences of the United States of America 94: 3833—-3836.

McCullough JM, Gyllenhaal EF, Mapel XM, Andersen MdJ,
Joseph L. 2021. Taxonomic implications of recent molecular
analyses of Spectacled (Symposiachrus trivirgatus) and Spot-
winged (S. guttula) Monarchs (Passeriformes: Monarchidae).
Emu - Austral Ornithology 121: 365-371.

McCullough JM, Moyle RG, Smith BT, Andersen MdJ. 2019.
A Laurasian origin for a pantropical bird radiation is supported
by genomic and fossil data (Aves: Coraciiformes). Proceedings
of the Royal Society B: Biological Sciences 286: 20190122.

Michaux B. 1998. Terrestrial birds of the Indo-Pacific. In:
Hall R, Holloway JD, eds. Biogeography and geological
evolution of Southeast Asia. Leiden: Backhuys, 361-391.

Mittermeier JC, Cottee-Jones HEW, Purba EC,
Ashuri NM, Hesdianti E, Supriatna J. 2013. A survey
of the avifauna of Obi Island, North Moluccas, Indonesia.
Forktail 29: 128-137.

Moyle RG. 2006. A molecular phylogeny of kingfishers
(Alcedinidae) with insights into early biogeographic history.
The Auk 123: 487-499.

Ng EY, Eaton JA, Verbelen P, Hutchinson RO, Rheindt FE.
2016. Using bioacoustic data to test species limits in an Indo-
Pacific island radiation of Macropygia cuckoo doves. Biological
Journal of the Linnean Society 118: 786-812.

Ng EY, Yue AY, Eaton JA, Gwee CY, van Balen B,
Rheindt FE. 2020. Integrative taxonomy reveals cryptic
robin lineage in the Greater Sunda Islands. Treubia 47:
39-52.

Ng NSR, Rheindt FE. 2016. Species delimitation in the
White-faced Cuckoo-dove (Turacoena manadensis) based on
bioacoustic data. Avian Research 7: 2.

Niranjana C, Praveen J. 2021. Vocalisation of Mountain
Imperial Pigeon Ducula badia and its taxonomic implications.
Indian BIRDS 17: 70-72.

Norder SJ, Proios K, Whittaker RJ, Alonso MR,
Borges PA, Borregaard MK, Cowie RH, Florens FBV,
de Frias Martins AM, Ibanez M, Kissling WD,
de Nascimento L, Otto R, Parent CE, Rigal F,
Warren BH, Fernandez-Palacios JM, van Loon EE,
Triantis KA, Rijsdijk KF. 2019. Beyond the Last Glacial
Maximum: Island endemism is best explained by long-
lasting archipelago configurations. Global Ecology and
Biogeography 28: 184-197.

O’Connell DP, Kelly DJ, Lawless N, O’Brien K,
Marcaigh FO, Karya A, Analuddin K, Marples NM.

2019. A sympatric pair of undescribed white-eye
species (Aves: Zosteropidae: Zosterops) with different
origins. Zoological Journal of the Linnean Society 186:
701-724.

Potvin DA. 2013. Larger body size on islands affects silvereye
Zosterops lateralis song and call frequency. Journal of Avian
Biology 44: 221-225.

Potvin DA, Clegg SM. 2015. The relative roles of cultural drift
and acoustic adaptation in shaping syllable repertoires of
island bird populations change with time since colonization.
Evolution; international journal of organic evolution 69:
368-380.

Potvin DA, Parris KM, Mulder RA. 2013. Limited genetic
differentiation between acoustically divergent populations of
urban and rural silvereyes (Zosterops lateralis). Evolutionary
Ecology 27: 381-391.

Pratt TK, Beehler BM. 2016. Birds of New Guinea, 2nd edn.
Princeton: Princeton University Press.

R Development Core Team. 2019. R: a language and
environment for statistical computing. Vienna: R Foundation
for Statistical Computing. Available at: https://www.R-
project.org/

Revelle W, Revelle MW. 2015. Package ‘psych’. The
Comprehensive R Archive Network 337: 338.

Rheindt FE, Eaton JA. 2018. Notes on the taxonomy of
Cream-throated White-eye Zosterops atriceps and the
biogeography of the Northern Moluccas. BirdingASIA 30:
48-53.

Rheindt FE, Eaton JA, Verbelen F. 2011. Vocal trait
evolution in a geographic leapfrog pattern: speciation in the
Maroon-chinned Fruit Dove (Ptilinopus subgularis) complex
from Wallacea. The Wilson Journal of Ornithology 123:
429-440.

Rheindt FE, Grafe TU, Abouheif E. 2004. Rapidly evolving
traits and the comparative method: how important is testing
for phylogenetic signal? Evolutionary Ecology Research 6:
377-396.

Rheindt FE, Hutchinson RO. 2007. A photoshot odyssey
through the confused avian taxonomy of Seram and Buru
(southern Moluccas). BirdingASIA 7: 18-38.

Rheindt FE, Norman JA, Christidis L. 2008. DNA evidence
shows vocalizations to be a better indicator of taxonomic
limits than plumage patterns in Zimmerius tyrant-
flycatchers. Molecular Phylogenetics and Evolution 48:
150-156.

Rheindt FE, Prawiradilaga DM, Ashari H, Gwee CY,
Lee GW, Wu MY, Ng NS. 2020. A lost world in Wallacea:
description of a montane archipelagic avifauna. Science 367:
167-170.

Sangster G, Rozendaal F. 2004. Systematic notes on Asian
birds. 41. Territorial songs and species-level taxonomy of
nightjars of the Caprimulgus macrurus complex, with the
description of a new species. Zoologische Verhandelingen
350: 7-45.

Sharpe RB. 1868. A monograph of the Alcedinidae: or, family
of kingfishers. London: the author.

Snell-Rood E. 2016. Interdisciplinarity: bring biologists into
biomimetics. Nature News 529: 277.

© 2022 The Linnean Society of London, Biological Journal of the Linnean Society, 2022, 136, 489-505

202 UoIB 9Z U0 1s0nB Aq £G0/6G9/68/¥/9€ L/9121LE/UESUUI0IG/WO0"dNO"0lWapEede//:SANY WOy papeojumoq


https://www.R-project.org/
https://www.R-project.org/

SPECIES LIMITS OF CRYPTIC KINGFISHERS 505

Taylor S, Perrin MR. 2008. Evidence for individual vocal
differences in Woodland Kingfishers Halcyon senegalensis
cyanoleuca. Ostrich - Journal of African Ornithology 79:
215-218.

Uy JAC, Moyle RG, Filardi CE. 2009. Plumage and song
differences mediate species recognition between incipient
flycatcher species of the Solomon Islands. Evolution;
international journal of organic evolution 63: 153—164.

Voris HK. 2000. Maps of Pleistocene sea levels in Southeast
Asia: shorelines, river systems and time durations. Journal
of Biogeography 27: 1153-1167.

Weigelt P, Steinbauer MdJ, Cabral JS, Kreft H. 2016.
Late Quaternary climate change shapes island biodiversity.
Nature 532: 99-102.

Wickham H. 2011. ggplot2. Wiley Interdisciplinary Reviews:
Computational Statistics 3: 180-185.

Woodall PF. 2020a. Biak Paradise-Kingfisher (Tanysiptera
riedelii), version 1.0. In: del Hoyo J, Elliot A, Sargatal J,
Christie DA, de Juana E, eds. Birds of the World. Ithaca:
Cornell Lab of Ornithology.

Woodall PF. 2020b. Common Paradise-Kingfisher
(Tanysiptera galatea), version 1.0. In: del Hoyo J, Elliot A,
Sargatal J, Christie DA, de Juana E, eds. Birds of the world.
Ithaca: Cornell Lab of Ornithology.

Woodall PF. 2020c. Numfor Paradise-Kingfisher (Tanysiptera
carolinae), version 1.0. In: del Hoyo J, Elliot A, Sargatal J,
Christie DA, de Juana E, eds. Birds of the world. Ithaca:
Cornell Lab of Ornithology.

Woodall PF, Sharpe CdJ. 2020a. Kofiau Paradise-Kingfisher
(Tanysiptera ellioti), version 1.0. In: del Hoyo J, Elliot A,
Sargatal J, Christie DA, de Juana E, eds. Birds of the world.
Ithaca: Cornell Lab of Ornithology.

Woodall PF, Sharpe CdJ. 2020b. Little Paradise-Kingfisher
(Tanysiptera hydrocharis), version 1.0. In: del Hoyo J,
Elliot A, Sargatal J, Christie DA, de Juana E, eds. Birds of
the world. Ithaca: Cornell Lab of Ornithology.

Yue AY, Ng EY, Eaton JA, Rheindt FE. 2020. Species limits
in the Elegant Pitta (Pitta elegans) complex from Wallacea
based on bioacoustic and morphometric analysis. Avian
Research 11: 42.

SUPPORTING INFORMATION

Additional Supporting Information may be found in the online version of this article at the publisher’s web-site:

Table S1. Details and vocal parameters of sound recordings analysed.

Table S2. Details of sound recordings excluded from analyses.

Table S3. Pearson correlation table of vocal parameters analysed.

Table S4. Factor loadings of the eight vocal parameters on the principal components (PCs).

Table S5. Summary statistics from Tukey’s post hoc comparison after performing a one-way ANOVA on principal
components PC1, PC2 and PC3 of the eight vocal parameters.

© 2022 The Linnean Society of London, Biological Journal of the Linnean Society, 2022, 136, 489-505

202 UoIB 9Z U0 1s0nB Aq £G0/6G9/68/¥/9€ L/9121LE/UESUUI0IG/WO0"dNO"0lWapEede//:SANY WOy papeojumoq



