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A B S T R A C T   

Several cryptic avian species have been validated by recent integrative taxonomic efforts in the Sino-Himalayan 
mountains, indicating that avian diversity in this global biodiversity hotspot may be underestimated. In the 
present study, we investigated species limits in the genus Tarsiger, the bush robins, a group of montane forest 
specialists with high species richness in the Sino-Himalayan region. Based on comprehensive sampling of all 11 
subspecies of the six currently recognized species, we applied an integrative taxonomic approach by combining 
multilocus, acoustic, plumage and morphometric analyses. Our results reveal that the isolated north-central 
Chinese populations of Tarsiger cyanurus, described as the subspecies albocoeruleus but usually considered 
invalid, is distinctive in genetics and vocalisation, but only marginally differentiated in morphology. We also 
found the Taiwan endemic T. indicus formosanus to be distinctive in genetics, song and morphology from T. i. 
indicus and T. i. yunnanensis of the Sino-Himalayan mountains. Moreover, Bayesian species delimitation using 
BPP suggests that both albocoeruleus and formosanus merit full species status. We propose their treatment as 
‘Qilian Bluetail’ T. albocoeruleus and ‘Taiwan Bush Robin’ T. formosanus, respectively.   

1. Introduction 

A major breakthrough in species-level systematics was the premise 
that species are best considered as segments of population lineages 
(Mayden, 1997; de Queiroz, 1998, 1999). Species are populations that 
have evolved segregated phenotypic traits and molecular characters that 
can be measured and are diagnosable using an integrative approach 

(Dayrat, 2005; Will et al. 2005). The main tenets of integrative taxon-
omy are that (i) any type of data is potentially relevant to documenting 
differences among species, (ii) different types of data are complemen-
tary and highlight different aspects of the speciation process, (iii) tax-
onomists should obtain as many lines of independent data as possible, 
(iv) taxonomic data should be integrated, and (v) taxonomic evaluations 
should be revisited when novel data become available (Padial et al., 
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2010; Yeates et al., 2011; Sangster, 2018). Integrative taxonomy has 
become a promising research framework in modern systematic biology, 
facilitating new understanding about speciation, biogeography and 
biodiversity conservation (Sangster, 2018). 

The past two decades of molecular phylogenetic studies have shown 
that the taxonomic rank of an unexpectedly high number of Asian bird 
taxa was in need of revision. This may in part be due to the fact that 
ornithological studies are traditionally more geographically centred in 
Europe and North America. Some remote areas in Asia, such as its 
massive mountain ranges and large number of islands, harbour a high 
magnitude of avian diversity, but are difficult to access (Price et al., 
2014). One such ‘hotspot’ of avian diversity is the Sino-Himalayan re-
gion and its adjacent mountains (Hawkins et al. 2007; Jetz et al., 2012). 
The geographical range consists of the Himalayas, eastern edge of the 
Qinghai-Tibetan Plateau, and adjacent montane regions of the northern 
Indochinese Peninsula, as well as the mountains of south-central China. 
These areas are characterized by sharp elevational gradients and com-
plex topography (Wu et al., 2013; Pan et al., 2016). The interaction 
between its topographic heterogeneity and associated environmental 
factors, as well as intricate evolutionary and ecological processes, may 
have contributed to the creation of this global biodiversity hotspot 
(Johansson et al., 2007; Päckert et al., 2012; Price et al., 2014; Qu et al., 
2014; Lei et al., 2015; Zhang et al., 2017; Cai et al., 2018). The complex 
topology of mountain ranges and river valleys in this area may act as 
geographical isolation barriers, and hence promote vicariant diversifi-
cation of various taxonomic groups (Dong et al., 2020; He et al., 2019; 
Wan et al., 2021). In addition, drastic environmental turnover under 
climatic oscillations as well as locally more climatically stable condi-
tions, and the strong elevational gradient may have provided unique 
dynamics that facilitated speciation and ecological divergence (van Els 
et al., 2021; Wu et al., 2013, 2017). 

Several recent integrative taxonomic studies on Sino-Himalayan 
birds have proposed treatment of certain allopatric or parapatric 

subspecies as full species (Alström et al., 2007, 2008, 2018, 2020; Liu 
et al., 2016a), while other studies have described cryptic new taxa 
(Alström et al., 2015, 2016). Based on reconstruction of evolutionary 
histories and relationships of forest songbird species in the region, one of 
the emerging biogeographical patterns is that lineage splits may be a 
consequence of colonization events from other biotas, e.g. from the 
northern Palearctic boreal regions and subtropical regions of southeast 
Asia (Johansson et al., 2007; Päckert et al., 2012; Price et al., 2014). 
However, recent comparative analyses also indicate that radiations in 
some species-rich lineages were caused not only by colonization but also 
by in situ diversification within the Sino-Himalayan region (Liu et al., 
2016b; Cai et al., 2020). These analyses underscore the likelihood of 
potential lineage splits among closely related taxa within and outside of 
such global biodiversity hotspot areas. 

With six currently recognized species in the Sino-Himalayan region, 
Eurasian Arctic, and the island of Taiwan, the Tarsiger bush robins 
(Dickinson and Christidis, 2014; del Hoyo and Collar, 2016; Clements 
et al., 2021; Gill et al., 2021) comprise an ideal group for the study of 
biogeographical patterns of diversification and speciation. Bush robins 
are small (12–15 cm in body length), insectivorous and sexually 
dimorphic songbirds with distinctive male plumage and songs. The 
breeding range of Tarsiger species varies significantly (Fig. 1), from Red- 
flanked Bluetail T. cyanurus, which has a trans-Siberian breeding dis-
tribution, to Collared Bush Robin T. johnstoniae, which has a restricted 
breeding range in the Central Mountain Range of Taiwan, and the 
Rufous-breasted Bush Robin T. hyperythrus, which has a relatively small 
breeding range in the central and eastern Himalayas. Three species have 
a mid-sized breeding range: Golden Bush Robin T. chrysaeus, Himalayan 
Bluetail T. rufilatus and White-browed Bush Robin T. indicus; the ranges 
of these species extend from the Himalayas to the mountains of central 
China and northern Indochina, with T. indicus also occurring on the is-
land of Taiwan. Bush robins breed from lowland temperate-zone forests 
near sea level (T. cyanurus) to high-elevation forests and alpine scrub up 

Fig. 1. Map of breeding ranges of taxa in Tarsiger, with sampling sites indicated for songs (blue squares) and DNA (orange circles). Drawings of Tarsiger taxa are 
courtesy of Bai Xiao. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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to 4600 m (T. chrysaeus), with the subtropical taxa being montane. Most 
species in the Sino-Himalayan region and Taiwan are elevational mi-
grants with range shifts from high altitude to mid-elevation or foothills 
during the non-breeding season (DuBay et al., 2020; Liang et al., 2021; 
Tsai et al., 2021). The only long-distance migrant in the genus, 
T. cyanurus, breeds from Finland to eastern Asia and migrates to 
southwest and south China and adjacent parts of Southeast Asia in the 
non-breeding season, although the population in Japan also undertakes 
altitudinal migration (del Hoyo and Elliott, 2006). 

The phylogeny of the bush robins was long controversial (Howard 
and Moore, 1991; Sharpe, 1903) until molecular phylogenetic analyses 
confirmed the monophyly and circumscription of the genus Tarsiger 
(Sangster et al., 2010; Zuccon and Ericson, 2010). Subsequently, a 
recent phylogeographic study (Luo et al., 2014) proposed treating 
T. cyanurus rufilatus as a distinct species, T. rufilatus. Three or four (if 
T. cyanurus included) of the currently recognized Tarsiger species are 
polytypic, with two or three subspecies each (Fig. 1), while 
T. hyperythrus and T. johnstoniae are considered monotypic. However, 
none of the taxa of polytypic species in this genus have been studied 
using an integrative taxonomic approach. For example, the highly 
disjunct Taiwanese subspecies formosanus of T. indicus seems a likely 
candidate for elevation to full species status, as shown by other bird 
species groups with similar biogeographic patterns (Chu et al., 2013; 
Dong et al., 2020). Tarsiger cyanurus is usually treated as monotypic (e.g. 
Wolters, 1975–1982; Dickinson and Christidis, 2014; del Hoyo and 
Collar, 2016; Clements et al., 2021; Gill et al., 2021), but the taxon 
‘albocoeruleus’ breeding in mountain ranges in northeast Qinghai, north 
Gansu, Shanxi and Beijing (Townshend, 2021), described by Meise in 
1937 as a subspecies of T. cyanurus but not generally recognized, has 
recently (Shirihai and Svensson, 2018) been considered valid (Meise, 
1937). 

In the present study, we carried out an integrative taxonomic study 
of the Tarsiger bush robins based on mitochondrial and nuclear DNA 
markers, using both phylogenetic methods and coalescent-based species 
delimitation, and analyses of plumage, morphometrics and bioacoustics. 
Together, this study provides multiple lines of evidence of the existence 
of hidden species in the genus Tarsiger and gives new insights into the 
evolutionary history of bush robins. 

2. Materials and methods 

2.1. DNA sample collection and sequence data preparation 

A total of 53 blood, muscle, feather or toepad samples were included 
in the current study, including representatives of all eleven subspecies of 
the six currently recognized species in the genus Tarsiger (Dickinson and 
Christidis, 2014; del Hoyo and Collar, 2016; Clements et al., 2021; Gill 
et al. 2021). Some of the samples were collected specifically for this 
study but most were acquired from collaborators (Fig. 1, Table S1), and 
we included sequences from published studies (Fig. 1, Table S1). DNA 
was extracted using TIANamp Genomic DNA kit (TIANGEN, China), 
following the protocol recommended by the manufacturers. Extraction, 
PCR amplification, and sequencing protocols for the few toepad samples 
followed the procedures described in Irestedt et al. (2006). We amplified 
and sequenced four genes, comprising the mitochondrial cytochrome b 
(cytb) gene, and three nuclear introns, myoglobin (MYO) intron 2, 
ornithine decarboxylase (ODC) introns 6 and 7 and lactate dehydroge-
nase (LDH) intron 3 using published primers (Allen and Omland, 2003; 
Olsson et al., 2005). We sequenced cytb for all of the samples, while the 
other three loci were only sequenced for a subset of the samples. The 
sequences were then checked manually in CodonCode Aligner (Codon-
Code Corporation, Dedham, MA, USA), and aligned with Clustal W 
(Thompson et al., 1994) in MEGA 6.0 (Tamura et al., 2013). 

2.2. Phylogenetic analysis 

Phylogenetic relationships were analysed in BEAST 2.5.1 (Drum-
mond and Bouckaert, 2015). Two datasets were analysed: (1) a single- 
locus analysis including cytb sequences of all samples, and (2) a sub-
set of samples comprising individuals that were genotyped at more than 
three genes. We selected the best substitution models in jModeltest 2.1 
(Darriba et al., 2012) based on the Bayesian information criterion (BIC). 
However, for cytb we used a HKY + I + G model instead of the best 
model (GTR + I + G) due to problems with mixing and convergence in 
the subsequent analyses. The two robin species Siberian Rubythroat 
Calliope calliope and White-tailed Robin Myiomela leucura, which are 
now known to be closely related to Tarsiger (Sangster et al., 2010), were 
used as outgroups. 

A standard BEAST analysis was run on both the cytb dataset and the 
concatenated four-locus dataset, and *BEAST was run on the four-locus 
dataset. Each taxon was treated as a population in the *BEAST analysis. 
We used a log normal relaxed model as the clock model. The substitution 
rate of the cytb gene was set to 0.01035 per site per million years (Weir 
and Schluter, 2008), and the rates of other genes were estimated. A 
secondary calibration with a mean of 13.5 million years (Price et al., 
2014) and one unit of standard deviation was set at the root node. A 
coalescent constant population model was set as the tree prior in the 
standard BEAST analysis, while a Yule model was used in the *BEAST 
analysis. MCMC chain length was set to 10 million for the cytb-only 
analysis and to 50 million for the other analyses. For each run 10,000 
genealogies were saved. For each configuration of the analysis at least 
two independent runs were carried out from independent starting 
points. Convergence was confirmed by checking that ESS was >200 
using the program Tracer v1.6 (Rambaut et al., 2013). The first 25% of 
the generations were discarded as “burn-in”, well after stationarity had 
been reached. Trees were summarized using TreeAnnotator version 
1.8.2 (Rambaut and Drummond, 2015), choosing “maximum clade 
credibility tree” and “mean heights”, and displayed in FigTree version 
1.4 (Rambaut, 2012). 

2.3. Bayesian species delimitation 

A coalescent-based species delimitation analysis was implemented in 
BPP 4.0 (Rannala and Yang, 2013, 2017; Yang, 2015; Yang and Rannala, 
2010, 2014). We implemented the unguided tree method, according to 
which the species phylogeny and the species delimitation were inferred 
jointly. The four-loci dataset was used and each subspecies was assigned 
as a basic unit. We used a uniform rooted tree as the species model prior. 
Previous studies have shown that the population size parameter θ is 
likely to impact the results of delimitation (Leaché and Fujita, 2010; 
McKay et al., 2013). To account for this, two sets of inverse gamma prior 
distributions of population size parameter θ and the ancestral root age τ 
was used in our analyses: 1) θ ~ inv. gamma (3, 0.04), τ ~ inv. gamma 
(3, 0.002); 2) θ ~ inv. gamma (3, 0.004), τ ~ inv. gamma (3, 0.002). 

2.4. Plumage comparisons 

Plumages of all available adult study skin specimens were examined 
in the American Museum of Natural History, New York, New York, USA 
(AMNH), Field Museum of Natural History, Chicago, Illinois, USA 
(FMNH), Natural History Museum, Tring, UK (NHMUK), University of 
Michigan Museum of Zoology, Ann Arbor, Michigan, USA (UMMZ), 
National Museum of Natural History, Smithsonian Institution, Wash-
ington, D.C., USA (USNM) and Museum für Naturkunde, Berlin, Ger-
many (ZMB) by P.C.R. and L.S. Among the specimens checked, we also 
checked the type specimen of the taxon ‘albocoeruleus’ (ZMB27/512). 
Based on previous phylogenetic results (Sangster et al., 2010), the taxa 
were divided for analysis and clarity into two clades that show major 
differences in character sets: Clade A (the T. cyanurus complex) 
comprising the taxa T. cyanurus cyanurus, T. c. albocoeruleus, T. 
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hyperythrus, T. rufilatus rufilatus and T. r. pallidior and Clade B (the 
T. indicus complex), comprising the taxa T. c. chrysaeus, T. c. whistleri, T. 
indicus formosanus, T. i. indicus, T. i. yunnanensis and T. johnstoniae. 
Plumage characters differing between adult males of any taxon within a 
clade and likewise those differing among adult females were first 
determined from inspection and were then evaluated for between-taxon 
diagnosability and within-taxon variation using all the available study 
skins. Diagnosability was defined as those characters that differed 
consistently between all adults of the same sex of two taxa being 
compared. Numerous additional characters that were non-diagnostic 
but that usually differed between same-stage members of different 
taxa and that thus may also be important were also presented. However, 
plumage color scoring was conducted without color standard, and hence 
results must be interpreted with caution in the context of color 
perception biases by humans. Between two (and usually many more) 
and over 50 specimens were examined for each taxon. 

2.5. Morphometric data collection and analysis 

A total of 388 specimens were measured by P.C.R. and L.S. in the 
above-mentioned museums. The following characters were measured: 
wing length (flattened, stretched); tail length (from base of tail between 
central rectrices); tarsus length; bill length to skull; and length of the first 
(p1), second (p2), sixth (p6), seventh (p7) and tenth (p10) primaries 
(numbered ascendently). As with the plumage analysis, data were par-
titioned into two groups based on phylogenetic relationships, and par-
titioned by sex. A discriminant function analysis was run to assess the 
morphometric divergence between the taxa in PASW 18.0 (SPSS, IL, 
USA). 

2.6. Acoustic data collection and analysis 

A total of 95 recordings of songs of 10 of the 11 taxa were obtained 
(no recordings of T. chrysaeus whistleri were available). Care was taken to 
avoid sampling the same individuals more than once. Most recordings 
were made by the authors, but others were obtained from Macaulay 
Library of Natural Sounds, Cornell University (macaulaylibrary.com), 
xeno-canto (xeno-canto.org), and AVoCet (avocet.integrativebiology.na 
tsci.msu.edu), from other recordists, and from commercially available 
recordings (Mild, 1987; Palmér and Boswall, 1981; Scharringa, 2005; 
Ueda et al., 1998; Yushan National Park, 1995; Veprintsev, 1966; 
Schubert, 1982). Sonograms (Fig. S1)were generated using Raven soft-
ware Pro 1.4 (Charif et al., 2010) by G.S., and for each individual, 
thirteen characters were measured on five consecutive strophes per in-
dividual: (i) song duration (s); (ii) duration of longest pause within song 
(s); (iii) maximum frequency (Hz); (iv) minimum frequency (Hz); (v) 
frequency range (Hz); (vi) mean frequency (Hz); (vii) number of notes; 
(viii) note rate (s-1); (ix) number of long notes (>0.1 s); (x) proportion of 
long notes (>0.1 s); (xi) number of peaks (the number of high points of 
notes or elements in notes); (xii) peak rate (s-1); and (xiii) number of 
stereotypical notes at end of song (the number of identical or nearly 
identical notes at the end of the song). Data were partitioned into two 
groups based on phylogenetic relationships. We then ran principal 
component analysis to evaluate the divergence of the songs. To further 
understand the diagnosiblity of songs between focal sister taxa, a linear 
discriminant analaysis was done on two subsets of the data, i.e. songs of 
albocoeruleus/cyanurus/rufilatus/pallidior/hyperythrus, and songs of for-
mosanus/indicus/yunnanensis/chrysaeus/johnstoniae. Statistical analyses 
were carried out in R 3.3.2 (R Core Team, 2016). 

Fig. 2. Mitochondrial cytochrome b tree. Posterior probabilities of major nodes are shown near the nodes. An asterisk * indicates a posterior probability of 1.00. The 
time axis is shown under the tree, and the node bars indicate the 95% highest posterior density of the node age. 
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3. 3.Results 

3.1. Phylogeny 

All analyses recovered two well-supported primary clades (A and B; 
Figs 2 and 3, S1). Clade A includes cyanurus, albocoeruleus, hyperythrus, 
rufilatus and pallidior, while clade B includes chrysaeus, whistleri, for-
mosanus, indicus, yunnanensis and johnstoniae. The cytb tree (Fig. 2) 
indicated a deep divergence (1.9 million years ago [mya]; 95% highest 
posterior density [HPD] 1.1–2.8 mya) between T. indicus indicus/T. i. 
yunnanensis from the Himalayas and central China and the widely 
disjunct T. i. formosanus on Taiwan island. It also inferred relatively deep 
splits between T. cyanurus cyanurus and T. c. albocoeruleus (0.9 mya; 95% 
HPD 0.5–1.5 mya) and between T. rufilatus rufilatus and T. r. pallidior 
(0.7 mya; 95% HPD 0.3–1.1 mya). The same splits were found in the 
multilocus BEAST analysis, but with older divergence time estimates, 
except for the indicus/yunnanensis vs. formosanus split, which instead 
was estimated to be considerably younger than in the other analyses 
(Fig. S2). Tarsiger johnstoniae was inferred to be sister to T. chrysaeus in 
both the *BEAST (Fig. 3) and multilocus BEAST analyses (Fig. S2) with 
strong support (PP = 0.96 and 1.00, respectively). In contrast, 
T. johnstoniae was inferred to be sister to T. indicus in the cytb analysis 
(Fig. 2) with low posterior probability (PP = 0.72). The phylogenetic 
position of T. hyperythrus in relation to T. cyanurus/rufilatus showed 
mixed results. The *BEAST analysis (Fig. 3) showed strong support (PP 
= 1.00) for a clade comprising T. c. cyanurus/albocoeruleus and T. r. 
rufilatus/pallidior, with T. hyperythrus being sister to these (PP = 1.00). In 
contrast, in the cytb BEAST (Fig. 2) and the multilocus BEAST analysis 
(Fig. S2) T. hyperythrus was placed as sister to T. c. cyanurus/albocoer-
uleus (PP = 0.90) and to T. r. rufilatus/pallidior (PP = 0.54), respectively. 

3.2. Multilocus species delimitation 

The BPP analysis using different settings showed very similar results 
(Table 1). Consistent with the deep splits found in the phylogenetic 
analyses, BPP generally supported a nine-species hypothesis (Table 1). 
The analysis showed strong support for treating T. cyanurus cyanurus and 
T. c. albocoeruleus and T. rufilatus rufilatus and T. r. pallidior as separate 
species (all PP = 0.99–1.00). It also strongly supported treating T. indicus 
formosanus as a separate species (PP = 0.95–0.99). However, BPP pro-
vided low support for treating T. indicus indicus and T. i. yunnanensis as 
separate species (PP = 0.06–0.16): and the same applied to treating 

Fig. 3. Species tree constructed using *BEAST. Posterior probabilities of major nodes are shown near the nodes. An asterisk * indicates a posterior probability of 1.00. 
The time axis is shown under the phylogeny, and the node bars indicate the 95% highest posterior density of the node age. 

Table 1 
Posterior Probability for support for distinct species of Bayesian Phylogenetics 
and Phylogeography analysis of different taxa in Tarsiger. Results of different 
values of θ are shown.  

Taxa PP 
θ1 θ2 

johnstoniae  1.00  1.00 
hyperythrus  1.00  1.00 
rufilatus  1.00  1.00 
cyanurus  1.00  1.00 
albocoeruleus  1.00  1.00 
pallidior  1.00  0.99 
formosanus  0.95  0.99 
indicus + yunnanensis  0.79  0.94 
whistleri + chrysaeus  0.79  0.84 
whistleri  0.21  0.16 
chrysaeus  0.21  0.16 
indicus  0.16  0.06 
yunnanensis  0.16  0.06  
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T. chrysaeus whistleri and T. c chrysaeus as separate species (PP =
0.16–0.21). 

3.3. Plumage 

Plumage comparisons (Table S2) showed that for the T. cyanurus 
complex (T. cyanurus/albocoeruleus, T. rufilatus including pallidior, and 
T. hyperythrus), as expected, both sexes of T. hyperythrus are the most 
distinctive, with nine diagnostic characters in males and 10 in females 
(although some of these characters may be correlated). Within this 
complex male T. rufilatus were diagnosed by only two characters, but 
several others were nearly or probably diagnostic, and female T. rufilatus 
were diagnosed by seven characters, again with several others nearly or 
probably diagnostic (Table S2). No diagnostic plumage characters were 
found for T. c. albocoeruleus (n = 3), although males typically had the 
fore-supercilium bluer, less white than in cyanurus (Fig. 7A-B). No 
diagnostic plumage characters were noted for either sex of T. r. pallidior. 
For the T. indicus complex (T. indicus indicus, T. i. yunnanensis, T. i. for-
mosanus, T. chrysaeus chrysaeus, T. c. whistleri and T. johnstoniae), both 
the T. chrysaeus group and T. johnstoniae had numerous diagnostic 
characters in both sexes (male chrysaeus 13, females seven; male john-
stoniae 10, females 5; Table S3; some characters no doubt correlated), 
although no diagnostic characters between members of the T. chrysaeus 
group (T. c. whistleri, and T. c. chrysaeus) were noted. Male T. i. for-
mosanus (n = 2), differed from male T. i. indicus and T. i. yunnanensis in 
four characters, i.e. crown color, throat color, upper and lower breast 

colors (of which three underparts color characters are likely correlated), 
while male T. i. indicus and T. i. yunnanensis did not differ in diagnostic 
characters (Fig. 7C-D). No diagnostic characters were found among fe-
males of the T. indicus group (T. i. indicus, T. i. yunnanensis, T. i. 
formosanus). 

3.4. Morphometrics 

Clade A (T. cyanurus complex) males. Most variables passed the 
tolerance test, except tail/wing which was excluded from the test. The 
descriptive DFA was highly significant (Wilks’ lambda = 0.024; χ2

40 =

285.0; P < 0.001). The variables most important in the discrimination 
were wing, tarsus, P1, P2 and P10 (Table S3). The initial DFA led to a 
92.9% correct classification of the individuals into the five groups. The 
jackknife procedure also provided a high degree of predictive discrim-
ination, with 78.8% of individuals being correctly assigned to their 
group defined by taxon. 

Clade A (T. cyanurus complex) females. Six variables did not pass 
the tolerance test and were excluded from the test (HC, B (s), P1, P2, S1 
and primary 1 < 2). The descriptive DFA was highly significant (Wilks’ 
lambda = 0.031; χ2

20 = 83.2; P < 0.001). The variables most important in 
the discrimination were wing, tail and P10 (Table S4). The initial DFA 
led to a 88.1% correct classification of the individuals into the five 
groups. The jackknife procedure provided a moderate degree of pre-
dictive discrimination, with 66.7% of individuals being correctly 
assigned to their group defined by taxon. 

Fig. 4. Discriminant function analysis of morphometrics of males and females of the 11 taxa in Tarsiger.  
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Within the taxa in clade A there was clear separation between T. c. 
cyanurus, T. c. albocoeruleus and T. hyperythrus in discriminant function 
space in both males and females (Fig. 4). However, there was much 
overlap between T. c. albocoeruleus, T. r. rufilatus and T. r. pallidior, 
especially in males (Fig. 4). 

Clade B (T. indicus complex) males. All variables passed the 
tolerance test. The descriptive DFA was highly significant (Wilks’ 
lambda = 0.001; χ2

55 = 182.9; P < 0.001). The variables most important 
in the discrimination were tail, wing/tail and wing (Table S5). The 
initial DFA led to a 97.3% correct classification of the individuals into 
the five groups. The jackknife procedure provided a moderate degree of 
predictive discrimination, with 73.0% of individuals being correctly 
assigned to their group defined by taxon. 

Clade B (T. indicus complex) females. All variables passed the 
tolerance test. The descriptive DFA was highly significant (Wilks’ 
lambda = 0.001; χ2

55 = 133.7; P < 0.001). The variables most important 
in the discrimination were tail, wing/tail, wing and P1 (Table S6). The 
initial DFA led to a 100% correct classification of the individuals into the 
five groups. The jackknife procedure provided a poor degree of predic-
tive discrimination, with 57.1% individuals being correctly assigned to 
their group defined by taxon. 

Within the taxa in clade B, T. johnstoniae, T. i. formosanus, 
T. chrysaeus/whistleri and T. i. indicus/yunnanensis are largely separable 
in DFA space in both males and females. There was more overlap be-
tween T. c. chrysaeus and T. c. whistleri and between T. i. indicus and T. i. 
yunnanensis (Fig. 4). 

3.5. Songs: Principal component analysis 

Clade A (T. cyanurus complex). The songs of 66 individuals were 
used in the PCA. The results of the PCA on the 13 measurements are 
summarized in Table S7. The first principal component (PC1) accounted 
for 44.3% of the variance. PC2 accounted for an additional 28.6% of the 
variance. PC1 was mostly represented by song duration, mean fre-
quency, number of notes, number of peaks and number of stereotypical 
notes at the end of the song. PC2 was determined mostly by frequency 
range and peak rate. 

Plotting individuals on PC1 versus PC2 revealed three distinct clus-
ters, corresponding to songs of (i) T. c. albocoeruleus, (ii) T. c. cyanurus 
and (iii) T. r. pallidior, T. r. rufilatus and T. hyperythrus (Fig. 5). One-way 
ANOVA showed that T. c. albocoeruleus and T. c. cyanurus differed from 
each other and from the other three taxa in PC1 but that T. r. pallidior, 

T. r. rufilatus and T. hyperythrus did not differ from each other in any of 
the three principal components. 

Clade B (T. indicus complex). The songs of 29 individuals were used 
in the PCA. The results of the PCA on the 13 measurements are sum-
marized in Table S8. The first principal component (PC1) accounted for 
42.6% of the variance. PC2 accounted for an additional 21.1% of the 
variance. PC1 was represented by note rate, number of long notes and 
proportion of long notes. PC2 was determined mostly by song duration 
and number of peaks. 

Plotting individuals on PC1 versus PC2 revealed three clusters, cor-
responding to songs from (i) T. chrysaeus, (ii) T. johnstoniae and T. i. 
formosanus and (iii) T. i. indicus and T. i. yunnanensis (Fig. 5). One-way 
ANOVA showed that T. chrysaeus differed from all other taxa except 
T. johnstoniae in PC1 and from T. johnstoniae and T. i. formosanus in PC2; 
T. johnstoniae differed from T. i. indicus and T. i. yunnanensis in both PC1 
and PC2; the sympatric T. johnstoniae and T. i. formosanus did not differ 
in any principal component; and T. i. formosanus differed from T. i. 
indicus and T. i. yunnanensis in PC2. 

3.6. Songs: Linear discriminant analysis 

Clade A (T. cyanurus complex). The songs of the five taxa were 
used in the LDA. The variables most important in the first linear 
discriminant function (LD1) were song duration, proportion of long 
notes, note rate; while proportion of long notes, Song duration, longest 
pause were most important in LD2 (Table S9). The initial DFA led to a 
95.5% correct classification of the individuals into the five groups. The 
jackknife procedure also provided a high degree of predictive discrim-
ination, with 60 of 66 (90.9%) individuals being correctly assigned to 
their group defined by taxon. 

Clade B (T. indicus complex). The songs of the five taxa were used 
in the LDA. The variables most important in both LD1 and LD2 were 
longest pause, song duration, note rate (Table S10). The initial DFA led 
to a 96.6% correct classification of the individuals into the five groups. 
The jackknife procedure provided a moderate degree of predictive 
discrimination, with 22 of 29 (75.9%) individuals being correctly 
assigned to their group defined by taxon. 

Fig. 5. Principal component analysis of songs of 10 of the 11 taxa in Tarsiger (missing T. c. whistleri).  

C. Wei et al.                                                                                                                                                                                                                                     



Molecular Phylogenetics and Evolution 175 (2022) 107580

8

4. Discussion 

4.1. Phylogenetic uncertainty 

There is incongruence between different analyses with respect to the 
position of T. hyperythrus in relation to the other taxa in clade A, and 
with respect to the position of T. johnstoniae in relation to the other taxa 
in clade B. However, there are at least two reasons to trust the *BEAST 
phylogeny over the other analyses: (1) it is based on the multispecies 
coalescent model, which accounts for gene tree heterogeneity and has 
been found to outperform concatenation (e.g. Edwards et al., 2007; 
Kubatko and Degnan, 2007; Brumfield et al., 2008; Liu and Edwards, 
2009; Heled and Drummond, 2010; Liu et al., 2019) and (2) the relevant 
nodes receive higher posterior probability in the *BEAST tree. Also, in 
relation to the cytb tree, the *BEAST tree is based on a multilocus 
dataset, not just a single locus. However, coalescent based analyses 
based on a larger number of nuclear loci or genomic resequencing data 
would be valuable. 

4.2. At least two hidden species revealed in Tarsiger 

In the current study we employed an integrative taxonomic approach 
using multiple types of data. Our results suggest that there are two 
previously unrecognized species within Tarsiger. The phylogenetic an-
alyses found fairly deep splits within three of the four polytypic species: 
(a) T. indicus indicus/T. i. yunnanensis vs. T. i. formosanus; (b) T. cyanurus 
cyanurus vs. T. c. albocoeruleus; and (c) T. rufilatus rufilatus vs. T. r. pal-
lidior. The time frames of these phylogenetic splits were dated to 0.7–1.9 
mya during the early to mid-Pleistocene. The Bayesian species delimi-
tation analysis strongly supported treating the above pairs of taxa as 
separate species. However, it has been argued that BPP discovers genetic 
structure rather than species (Sukumaran and Knowles, 2017). Irestedt 
et al. (2013) and Alström et al. (2021) argued that although species 
delimitation programs can be useful in generating hypotheses of inde-
pendently evolving lineages, whenever possible, such hypotheses should 
be tested by independent evidence, such as morphological and bio-
acoustic data. Although the genetic data suggested the above mentioned 
three phylogenetic splits, the plumage, morphometric and acoustic 
divergence varied among these pairs of taxa, indicating differential de-
mographic histories and evolutionary trajectories. 

The Taiwan island endemic T. i. formosanus shows congruent dif-
ferences in plumage, morphology and song from the continental 
T. indicus indicus and T. i. yunnanensis (Table S2b, Fig. 7). This is 
consistent with the phylogenetic analysis as well as the Bayesian species 
delimitation analysis, and strongly suggests that T. i. formosanus should 
be treated as an independent species. 

In the case of T. cyanurus cyanurus and T. c. albocoeruleus, strong 
differences exist in song and morphometrics. However, there are no 
significant differences in plumage between these two taxa (Fig. 7), 
though our comparisions were based on a limited number of specimen 
(Table S2a). The lack of plumage differentiation from cyanurus and 
certain similarities to rufilatus explains why albocoeruleus was synony-
mized with rufilatus (Ripley, 1964), and why it has generally not been 
considered a valid taxon since it was described (Meise, 1937) until very 
recently (Shirihai and Svensson, 2018). It differs markedly from T. r. 
rufilatus/T. r. pallidior in plumage and song but not in morphometrics, 
and all of the analyses of molecular data found it to be more divergent 
from these two than from cyanurus. The unique combination of traits, 
especially the diagnostic song, suggest that albocoeruleus should be 
considered a valid species. 

T. rufilatus rufilatus and T. r. pallidior were formerly considered 
subspecies of T. cyanurus, but were suggested to be treated as an inde-
pendent species, Himalayan Bluetail T. rufilatus, based on genetic, 
plumage, and song data by Luo et al., (2014), and this has subsequently 
been universally adopted (e.g. Gill et al. 2021). We found a fairly deep 
phylogenetic split between T. r. rufilatus and T. r. pallidior, and the BPP 

analysis supports treatment as separate species. However, there are only 
slight plumage differences between T. r. rufilatus and T. r. pallidior and 
no significant differences in morphometrics and song. Accordingly, 
although these two lineages might qualify as species under the general 
lineage concept of species (de Queiroz, 2007), we prefer to keep them as 
conspecific in view of the small number of DNA sequences of T. r. pal-
lidior and the lack of sequences from the potential area of contact with T. 
r. rufilatus in Nepal. 

To summarize, we suggest recognition of T. i. formosanus as an in-
dependent species, T. formosanus, for which we propose the English 
name ‘Taiwan Bush Robin’, reflecting its endemic island distribution. 
We also suggest treatment of T. c. albocoeruleus as a distinct species, 
T. albocoeruleus, with the tentative English name ‘Qilian Bluetail’, 
reflecting its core breeding range in the Qilian Mountains. It is unknown 
whether this species is resident or migratory, however given the mid- 
winter climate of the breeding grounds it seems likely that it at least 
an altitudinal migrant. Identification away from the breeding range 
would likely require molecular analysis. 

4.3. The importance of integrative taxonomy 

An accurate understanding of taxonomy as well as phylogeny are 
important prerequisites for many, if not most, studies of ecology and 
evolution. Traditionally, both taxonomy and systematics relied heavily 
on morphology, as that was the only aspect that could be studied in 
museum collections. However, today in addition to morphology, ge-
netics, vocalisations, other behaviours, ecology and other traits can also 
be studied, and these should all be used in taxonomic revisions. The 
current study highlights the importance of an integrative approach to 
taxonomy and evolutionary history, and emphasises that different 
classes of traits may have different rates of divergence. For instance, 
divergence in phenotypes does not always arise following a deep lineage 
split, and similarity in certain single data classes is not necessarily 
consistent with phylogeny, such as song in T. hyperythrus vs. T. rufilatus 
or T. johnstoniae vs. T. formosanus, and morphometrics in T. rufilatus vs. 
T. albocoeruleus (Fig. 6). The divergence between rufilatus and pallidior 
can be seen as representing the early stages of the speciation process, 
with lineage separation achieved but without significant divergence in 
other traits. On the other hand, the divergence between indicus/yunna-
nensis and formosanus is closer to the other end of the continuum and is 
an example where diagnostic or at least pronounced differences have 
evolved for all traits. 

In particular, the case of T. albocoeruleus highlights the importance of 
using bioacoustic data in taxonomic studies of birds (reviewed by 
Alström and Ranft, 2003). The extreme similarity in plumage between 
T. cyanurus sensu stricto and T. albocoeruleus has precluded recognition of 
the latter. However, the highly distinctive song of T. albocoeruleus first 
raised interest in this population, and our phylogenetic analysis suggests 
that the divergence between these two lineages is actually relatively old 
compared with other species in the complex. There are several other 
species complexes in the Sino-Himalayan region where extremely 
similar-looking birds with markedly different songs have been revealed 
to represent previously unrecognized species, for example, in leaf war-
blers (Martens et al., 1999, 2004; Alström and Olsson, 1990, 1995, 1999, 
2000), bush warblers (Alström et al., 2007, 2008, 2015), cupwings 
(Martens and Eck, 1991; Päckert et al., 2013), shortwings (Alström et al., 
2018) and thrushes (Alström et al., 2016). Clearly, bioacoustic data can 
help discover the existence of cryptic species and are essential in inte-
grative taxonomic analyses. 
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