Ibis (2001) 143, 233-247

Cryptic species in the genus Phylloscopus
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In almost all ecological and evolutionary research, it is important to assess the number of
species under study. Cryptic species, which are morphologically similar, present a special
problem because they need to be identified through studics of behavioural or genetic
variation. Here we review the important factors in the recent discovery of three species
and elevation of nine previously known taxa to species status within the genus Phylloscopus
(Old World leaf-warblers) and we cxamine the case of three morphoelogically similar taxa
(inornatus, humei and mandellii) that until recently were considered to be members of the
single species Phylloscopus inornatus. We have identified several locations at which humei
and inornatus coexist at high density, and the results of playback experiments, observations
of interactions, and spectrogram analysis of vocalizations at these sites all indicate that
there are significant behavioural differences and a lack of recognition between humei and
inornatus. Estimated relationships within the species complex based on mitochondrial
control region DNA sequences show that there is little variation within the geographic
ranges of either humei or inornatus compared with the deep split between the two taxa.
These observations support the division of humei and inomatus into scparate species. The
third taxon, mandellii, which is geographically separated from both humei and inornatus,
is behaviourally and genetically more similar to humei. Under the biological species
concept, it is difficult to determine the species status of allopatric taxa. Alternative species
concepts, such as the phylogenetic and recognition concepts, are more easily applied to
allopatric taxa but lead to differing conclusions over whether mandellii and humei are
separate species. This confusion arises from the fact that the two taxa are in an early stage
of allopatric divergence. The review of other recently designated species reveals that song
divergence is of primary importance in their designation and that song variation playback
experiments and genetic analysis lead to similar conclusions regarding species status.

There have been many attempts to estimate the total
number of species, both globally and within geograph-
ic regions and taxonomic groups (Wilson 1988, May
1990, 1994, Grassle 1991). The estimates rely primar-
ily on morphology to classify organisms into species,
and hence morphologically similar species that differ in

cinmriac) sro

behaviour and physiology (cryptic species) are often
not distinguished. In fields of research as diverse as
community ecology, conservation biology and animal

communication, inaccurate assessments of the number
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of species under study can lead to incorrect conclu-
sions (Grassle 1991, Knowlton & Jackson 1994, Jones

1007) HE cruny

LIo/7). 1 re not idenfi-ﬁpﬁl measure-

cryptic species are tified, measur
ments of range size, niche width and geographic
variation may be overestimated, and measurements of
species diversity, speciation rates and habitat specifici-
timated.

Here we examine the issue of cryptic species by
focusing on a single genus, Phylloscopus, which has
recently seen explosive growth in the number of
known species. During the last decade three

Phylloscopus species have been discovered and nine
subspecies have been elevated to species status (Price
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1996, present study). Phylloscopus species are small
insectivorous warblers that are distributed throughout
the Old World (Baker 1997) and are renowned for
being morphologically similar and often difficult to
identify. Ticehurst (1938) described 29 species of
Phylloscopus in Eurasia excluding Australasia. Almost
50 years later, the number of species in this group had
risen by only two (Mayr & Cottrell 1986) and in 1993
the number was reported to be 32 (Monroe & Sibley
1993). The most recent list (King 1997) includes no
fewer than 42 species of Phylloscopus in Eurasia
excluding the Philippines, Greater Sundas and
Wallacea, an increase of at least 31% in less than a
decade. We review the factors that have led to this
rapid growth. We also present a detailed study of three
morphologically similar Phylloscopus taxa that have
often been considered subspecies of a single species.

The biological species concept defines species as
‘groups of actually or potentially interbreeding natural
populations, which are reproductively isolated from
other such groups’ (Mayr 1942). It has been very suc-
cessful both conceptually and practically (Coyne 1994,
Snow 1997) but has also been criticized (Paterson
1985, Cracraft 1989, Zink 1997). Much of the criti-
cism has revolved around the words ‘actually or
potentially interbreeding’ (Cracraft 1989, Hailman
1995, Zink & McKitrick 1995). When applying the
concept to parapatric forms, it is crucial to study the
two forms where they are in contact. When applying
the concept to two disjunct populations it is necessary
to determine whether they would interbreed if they
came into contact. Researchers differ in their opinions
over whether two allopatric populations would inter-
breed if brought together in the wild. In part to avoid
the emphasis on sympatry in the assessment of species
status, several other species concepts have been pro-
posed. Two of these are the phylogenetic species
concept sensu Cracraft (1983), which defines a species
as ‘the smallest diagnosable cluster of individual organ-
isms in which there is a parental pattern of ancestry
and descent’, and the recognition species concept,
which defines a species as ‘that most inclusive popula-
tion of individual biparental organisms which share a
common fertilization system’ (Paterson 1985).

Here, we apply the biological, phylogenetic and
recognition species concepts in our assessment of
species status. Two of the taxa in our case study come
into contact with each other in a narrow overlap zone,
while the third is geographically isolated. We use
observations of interactions and behavioural experi-
mentation to assess levels of reproductive isolation,
and use mitochondrial DNA sequences to determine
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genetic differences between taxa. Finally we use song
spectrogram analysis to examine a major component of
the ‘fertilization systems.’

We conclude that the species complex in our case
study consists of at least two species. In this case, and
indeed throughout Phylloscopus, song differences are of
major importance in recent species designations.
Cryptic species appear to be common in this genus, are
often relatively old and are recognized under each of
the species concepts discussed above.

MATERIALS AND METHODS

Study group

To identify the factors that have led to the high rate of
species designation within Phylloscopus in the last
decade, we reviewed the literature for information on
the 11 presently known species that were not listed by
Mayr and Cottrell (1986). We also reviewed one
species (P. sindianus) which was listed by Mayr and
Cottrell (1986) but whose taxonomic status has been
dcbated (Martens 1982, Helbig et al. 1996).

The three taxa we examine as a case study (inorna-
tus, humei and mandellii) were treated as conspecific
under the name Yellow-browed Warbler Phylloscopus
inornatus for most of the twentieth century (Ticehurst
1938, Vaurie 1959, Williamson 1967, Dement'ev &
Gladkov 1968, Voous 1977, Mayr & Cottrell 1986,
The taxon inornatus breeds throughout most of Siberia
south to the Sayan mountains (Baker 1997), where it
overlaps with humei (Formozov & Marova 1991,
Chrabryj et al. 1989) which breeds in central Asia from
the Sayan mountains south to the northwest
Himalayas (Baker 1997; Fig. 1). The third taxon, man-
dellii, breeds in central China and is separated
geographically from the other two (Cheng 1987, Baker
1997). There are only minor differences in morpholo-
gy between these three taxa (Ticehurst 1938,
Williamson 1967, Baker 1997). Differences in vocal-
izations in particular have led some to suggest that
there is a species boundary between inornatus and
humei (Svensson 1984, 1987, 1992, Mild 1987,
Formozov & Marova 1991, Beaman 1994, Inskipp et al.
1996, Baker 1997, BOURC 1997, Sangster et al
1997). Different authors have described mandellii as
most similar to inornatus based on morphology
(Ticehurst 1938), most similar to humei based on mor-
phology and song (Alstrom & Olsson 1988), or
intermediate between humei and inormatus bascd on

vocal characteristics (Madge 1985, 1987).



Research sites

We examined several sites in the West Sayan
Mountains of southern Siberia at which both inornatus
and humei occur at high density. At Maly Abakan (site
4, see Fig. 1 for locations of sites) the two taxa held ter-
ritories in a dense forest of young willow Salix spp. and
birch Betula spp. trees in a riverine valley at about
1000 m clevation. At Olenya Rechka (site 6) the two
taxa occurred together at treeline in willow and sparse
fir Abies spp. at about 1500 m elevation. At Adardash
(site 5) and Uyukskiy Range (site 7) both taxa were
present in forest dominated by larch Larix spp. and
birch. We collected blood samples, recorded songs and
conducted playback experiments on inornatus and
humei at both Maly Abakan (site 4) and Olenya
Rechka (sitc 6). We also collected blood from humei at

two other sites in the Altai and Sayan Mountains of

southern Siberia (Tayozhniy [site 2] and Teletsk Lake
[site 3]). In addition, we studied the various taxa at
other sites across their ranges. These included Ala
Archa (site 10) and Manali (site 11) within the range
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of humei, Magadan (site 8) at the eastern edge of the

[PSVIN

range of inornatus, and Xining (site 12), Jiuzhaigou
(site 13) and Panquengou (site 14) within the range of
mandellii.

Song recordings, spectrogram analysis and
playbacks

Recordings were made using a Telinga Pro parabolic
IIllLrUanIlc and a ouuy WM-D6 cassette recorder or a
Sony TCD-D3 DAT recorder (in China), or using
Audio-Technica 815a shotgun microphones and Sony
TCD-D7 DAT recorders (at all other locations).
Spectrograms were produced using the program
Canary 1.2 (Mitchell et al. 1995) on default settings.
Playback experiments took place just after the start
of the breeding season. They were conducted by plac-
ing a speaker on the ground near a singing individual
(usually directly below it), playing a recording (the
‘source’) and observing the behaviour of the bird (the
‘target’). To ensure that playback experiments were
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Figure 1. Maps of Asia and the Altai/Sayan Mountains region showing the ranges of inornatus, humeiand mandellii and the locations
of major study sites. Sites within Russia include: (1) Stolbi National Nature Reserve; (2) Tayozhniy, 60 km NW of Abakan; (3) Teletsk
Lake, SE side; (4) Maly Abakan National Nature Reserve; (5) Adardash, 30 km E of Chadan; (6) Olenya Rechka, 40 km SE of Tanzibey;
(7) Uyukskiy Range, 40 km NW of Kyzyl; (8) Magadan; and (8) Aldan. Sites in other countries include: (10) Ala Archa National Park,
Kyrgyzstan; (11) Manali, Himachal Pradesh, India; (12) Xining, Qinghai province, China; (13) Jiuzhaigou, Gansu province, China; and

(14) Panquengou, Shanxi province, China.
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get bird before moving on to a new target, except in a
few cases in which a second playback was conducted
after several minutes of silence. In all playback experi-
ments, responses were graded on a four-point scale
(from O = no response to 3 = aggressively approaching
the speaker).

For each target taxon (i.e. inornatus, humei and man-
dellii), mean responses were calculated for each source
taxon. To estimate the statistical significance of the dif-
ference in mean response strength between two source
taxa, we compared the observed difference with a
distribution of differences from 10000 random per-
mutations of the playback responses.

Genetic analysis

Sequences of mitochondrial DNA (part control region,
part tRNA-Phe) were obtained. The mitochondrial
control region is useful for estimating relationships
within closely related taxa because of its high mutation
rate (Baker & Marshall 1997), and has been used pre-
viously in phylogeographic studies in birds (Edwards
1993, Wenink et al. 1996, Baker & Marshall 1997).
Bensch and Hirlid (2000) recently reported that the
Phylloscopus have a derived mitochondrial gene order
resulting from a tandem duplication of a region includ-
ing three genes (tRNA-Pro, NADII6 and tRNA-Glu)
and the control region, followed by multiple deletions.
The control region sequences obtained in this study are
those from the NC (non-coding) region described by
Bensch and Hirlid (2000).

The following inornatus, humei and mandellii sam-
ples were used (see Fig. 1 for locations): three
inornatus (two from Maly Abakan [site 4], one from
Magadan [site 8; provided by T. Price]), eight humei
(two from Maly Abakan [site 4], two from Olenya
Rechka [site 6], one from Tayozhniy [site 2], one from
Teletsk Lake [site 3], one from Ala Archa [site 10],
and one from Manali [site 11]) and two mandellii
(from Xining [site 12]). In addition, the following
samples of other Phylloscopus species were used as out-
groups: two P. proregulus (from Stolbi [site 1]), one P,
chloronotus (from Manali [site 11; provided by T.
Price]), one P. trochiloides viridanus (from Teletsk Lake
[site 3]), one P. trochiloides plumbeitarsus (from Stolbi
[site 1]). The Magadan inornatus sample consisted of
several feathers; all other samples consisted of a few
drops of blood collected in buffer (see Seutin et al.
1991).

To extract DNA from the feather sample, the tips of
two feather shafts were cut lengthwise, mixed with

250 ul of 5% Chelex 100 (Biorad) and 2 pl of 10
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mg/ml Proteinase K, vortexed, and incubated at 55°C
overnight. DNA was extracted from the blood samples
using the Blood Protocol of the QIAamp Tissue Kit
(Qiagen).

We used the primers DLL3 (control region: 5’
TGATGCACTTTGACCCCATTCATGG-3") and
12SH2 (12S: 5-AGCAACAACCAACGGTAAG-3")
(Bensch & Hirlid 2000) to amplify a DNA fragment
approximately 1100 bp in length. The total reaction
volume was 100 pl and contained 5 units Tag poly-
merase (Boehringer Mannheim), 1 x PCR buffer, 100
UM each ANTP, and 0.4 uM each primer. Reactions
were carried out in an Ericomp Powerblock I System
thermal cycler under the following cycling parameters:
1 x 94°C, 3 min; 35 x (94°C, 305, 53°C, 1 min, 72°C,
2 min). The PCR products were cleaned using the
QIAquick PCR Purification Kit (Qiagen) and prelimi-
nary sequences from a subset of samples in the study
were then obtained manually using the Gibco BRL
dsDNA Cycle Sequencing System (Life Technologies)
and 32P-dATP (NEN), with each of the above primers.
Sequagel polyacrylamide gels were used to separate
the products of sequencing reactions and dried gels
were exposed to Kodak Biomax MR film for 1-6 days.
Sequences were read by eye. Using this method,
approximately 400 bp of sequence were obtained from
each primer.

Because the 12SH2 end of the fragment aligned well
with sequence from the tRNA-Phe gene of chicken
mtDNA (see Appendix 1), this end was chosen to
sequence in all individuals. We designed the primer
DLDIl1  (5-TGAAAAGCTRTCGTTACAAAA-3)
that could be used to sequence toward the 12SH2 end
of the fragment from about 300-400 bp from that end.
Sequences ranging 256-352 bp in length (variable
because of insertions and deletions) were obtained for
all samples in both directions. Final sequences were
obtained using both manual cycle sequencing as
described above (from primer DLDI1) and automated
sequencing (from primer 12SH2) on an Applied
Biosystems 373 Automated DNA Sequencer.

"The possible amplification of nuclear sequences of
mitochondrial origin (numts) is a potential problem
when using PCR to amplify mitochondrial sequences
(Sorenson & Quinn 1998). Numts are unlikely to be a
problem in this study for several reasons. First, the
region that corresponds to the tRNA-Phe gene is high-
ly conserved compared with the control region part of
the sequence (see Appendix 1). This is expected if the
sequences are evolving in the mitochondria but would
be unlikely if they arc cvolving in the nucleus.
Secondly, sequences obtained from the feather sample



(the Magadan inornatus) were very similar to
sequences obtained from blood samples of the same
species. Feather samples are less problematic than
blood samples with respect to nuclear contamination
(Sorenson & Quinn 1998). Thirdly, the control region
of two of the species studied here (P. trochiloides and P.
proregulus) was also sequenced by Bensch and Harlid
(2000), who obtained similar sequences. Bensch and
Hirlid found no evidence for numts of the control
region from six Phylloscopus species.

Sequences were aligned using the program CLUSTAL
W (Thompson et al. 1994) with reduced gap penalties
(gap open penalty = 5.0, gap extension penalty = 2.5)
because insertions and deletions are common in the
control region. The aligned sequences revealed the
presence of several large gaps at the 5" end of the
sequences, raising concern that the absence in some
taxa of a large block of characters in a highly variable
part of the sequence might cause a lack of rate con-

stancy in the phylogenet1c tree-building algorithms.
Because our goal was in part to determine the relative

timing of branch points in the reconstructed tree, the
P‘nf’l (‘(\ﬂfﬂ1ﬂ1ﬂ0 T]’\PQP ]27‘09 Uﬂﬂq was exc ]1](1(“(1 rT()Tn Lh?

phylogenetic ana1y51s presented in this paper (howev-
er, including this end resulted in similar estimated
relationships). This reduced the length of the
sequences used in the analysis to 197-219 bp (shown
in Appendix 1). The aligned sequences were used to
construct phylogenetic trees using parsimony (PAUP

3.1, Swofford 1991), neighbour-joining (PHYLIP 3.5c¢,
Pplcp stein 1QQ?\ and maximum likelihood (PHYLIP

3.5¢). To test for a molecular clock, the two PHYLIP
programs DNAMLK, which assumes a molecular clock
when determining branch lengths, and DNAML, which
does not, were used to evaluate the likelihood of trees
of the topology produced in DNAML (Felsenstein 1993).

While many phylogenetic studies have used mtDNA

restriction site variation or sequences of mtDNA genes
such as cytochrome b (Moore & DeFilippis 1997), rel-

atively few have used the control region, espec1ally the
end next to tRNA-Phe (Baker & Marshall 1997). The

control region is known to be one of the most rapidly
evolving parts of the mtDNA molecule (Baker &

Marshall 1997). The rate of divergence throughout the
rest of the mtDNA molecule in general, and the
cytochrome b gene in particular, is thought to be about
2% per million years in a diverse array of avian taxa
(Moore & DeFilippis 1997, Klicka & Zink 1997).
Hence, to calculate the approximate rate of divergence

in the sequences of DNA (part control region, part
tRNA—Phe) used in this paper, genetic distances based

on those sequences were compared with genetic dis-
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tances based on cytochrome b sequences, which have
been determined for three of the taxa (humei, chlorono-
tus and trochiloides) by Richman and Price (1992).

RESULTS

Review of new species of Phyiioscopus

In Table 1 we summarize information about 12
Phylloscopus species which have recently been elevated
from the rank of subspecies (nine) or newly described
(three; references in Table 1). While many of the nine
taxa that were elevated were originally described as
species in the nineteenth century, for most of the
twentieth century they were treated as subspecies of
polytypic species because of similarities in morpholo-
gy. Most of them have again become well accepted as
species only in the last ten to 15 years.

Of the 12 recently designated species, nine have
songs that are audibly distinct from the songs of their
likely sister taxa, and for these, song was an important
factor in their designation as species. For the other
three species, there may also be song differences that
are distinguished by the birds. For P. sindianus and its
close relative P collybita, songs were described as
almost indistinguishable acoustically, but thorough
analyses of spectrograms revealed some differences
(Martens 1982, Helbig et al. 1996). Such was also the
case with P. bonelli and its sister species P. orientalis
(Helb et al. 1982, Helbig et al. 1995). Songs were
described as similar between P. hainanus and its likely
sister taxon P. davisoni, although no detailed compari-
son was made (Olsson et al. 1993).

Song playbacks were conducted between ten of the
newly designated species and their sister taxa, and in
eight of these there was little or no recognition
between taxa. In the two other cases, results were
more complex. In the case of P. sindianus, Martens and
Hinel (1981) and Martens (1982) reported some
response between it and its close relative P. collybita. In
the case of P brehmii, males often react aggressively to
songs of P. collybita, while males of P. collybita respond
little to song of P. brehmii; in contrast, females of P.
brehmii pay little attention to song of P. collybita, while
females of P. collybita arc often attracted by song ol P.
brehmii (Thielcke et al. 1978, Salomon 1989).

Morphological differences are in general slight and of
little importance in the species designations, except in
one case. For P. hainanus, morphology was of primary
importance in its species designation (Olsson et al.
1993).

Studies of DNA sequence variation have been pub-
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Table 1. The importance of various factors in the recent designations of 12 species of Phylloscopus. For each newly designated
species/sister group pair, we show the distinctness of songs, the results of playback experiments between taxa, the similarity of mor-
phology, the estimated divergence time between mitochondrial haplotypes and whether there is an area of contact between the taxa
during the breeding season. Regarding song: ‘similar’ is defined as difficult to distinguish audibly (though differences may be evident
in spectrograms); ‘rather distinct’ means basically similar but easily distinguishable audibly; ‘highly distinct’ means bearing little or no
resemblance. Regarding morphology, ‘very similar is defined as identifiable with difficulty in the hand; ‘similar’ means distinguishable
with difficulty in the field; ‘distinct’ means easily identified.

Genetic distance and

Species Likely sister Former divergence time  Area of
group designation Song Play-backs Morphology (approximate)  contact References
P emeiensis P, reguloides group None Highly distinct  No response Similar Not done Yes  Alstrom & Olsson 1995
P, hainanus P, davisoni None Similar Not done Distinct Not done No Olsson et al. 1993
P chloronotus P, proregulus/ P, proregulus  Highly distinct ~ No response Similar 9.9% control No  Alstrém & Olsson 1990,
P kansuensis chloronotus region2,1.2 MYA? Alstrém et al. 1997,
present study
P, sichuanensis P proregulus group None Highly distinct  No response Similar Not done Yes Alstréom et al. 1990,
Alstrém ef al. 1992
P, kansuensis P proregulus | P, proregulus Highly distinct ~ No response  Very similar Not done Yes Alstrém et al. 1997
P, chloronotus  kansuensis, P.
p. proregulus
(junior synonym)
or P p. chloronotus
(junior synonym)
P, brehmii P, collybita, P, collybita  Rather distinct Some response Very similar 4.3-5.4 % Yes  Thielcke & Linsenmair
P, canariensis  brehmiior P, c. cytochrome b, 1963, Thielcke et al.
and P, sindianus collybita (junior 2.1-2.7 MYA' 1978, Salomon 1987,
synonym) 1989, Salomon & Hemim

1992, Helbig et al. 1993,
1996, Salomon et al. 1997,

Clement & Helbig 1998

P. canariensis P, collybita / P, collybita  Rather distinct No response  Very similar ~ 3.4-4.1% No Ticehurst 1938,
P, sindianus canariensis cytochrome b, Williamson 1967, Helbig
1.7-2.1 MYA' et al. 1996, Clement &
Helbig 1998
P, sindianus P, collybita / P, collybita Similar Some response Very similar ~ 3.4-4.6 % Yes Ticehurst 1938, Williamson
P, canariensis sindianus cytochrome b, 1967, Cramp 1992,
1.7-2.3 MYA! Martens & Héanel 1981,

Martens 1982, Helbig et al.
1996, Clement & Helbig

1998
P, subaffinis P, affinis P, affinis Rather distinct  No response Similar Not done Yes Alstrom & Olsson 1992,
subaffinis 1994, Alstrom et al. 1993
P, orientalis P bonelli P, bonelli orientalis ~ Similar No response  Very similar ~ 8.3-8.6% No Helb et al. 1982, Cramp
cytochrome b, 1992, Svensson 1992,
4.1-4.3 MYA! Helbig et al. 1995, Page &
Lewington 1999
P, borealoides P, tenellipes P, tenellipes  Highly distinct Not done Very similar Not done No Martens 1988, Veprintsev
borealoides or etal. 1990
P, tenellipes
(junior synonym)
P humei P, inornatus P inornatus  Highly distinct  No response Similar 15.1-19.2% Yes  Svensson 1984, 1992,
humei and or very control region?, Mild 1987, Alstrom &
P i. mandellii similar 2.4 MYA3 Olsson 1988, Cramp 1992,

Alstrom et al. 1991,
Formozov & Marova 1991,
present study

'Based on a divergence rate of 2% per million years applied to cytochrome b distances (Helbig et al. 1995, Helbig et al. 1996).
2See Appendix 2. ®Based on Figure 4.
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lished for six of the specics in Table 1. In each case,
these studies showed pronounced genetic divergence
between each species and its sister taxon (3.4-8.6% in
cytochrome b, 9.9-19.2% in the control region), and in
two taxa (P. brehmii and P. canariensis) the sample

sizes were sufficiently large to indicate an absence of

gene flow. The estimated divergence times vary from
1.2 to 4.3 million years ago (MYA).

Six of the species in Table 1 occur sympatrically with
their likely sister taxon or with another close relative
over at least part of their range, enabling an assessment
of their species status under the biological species con-
cept. For all of these, research conducted in the
sympatric area was important in their taxonomic rank-
ing. For the other newly designated species, which are
all allopatric with respect to their sister taxa, subjective
decisions had to be made as to whether the taxa
differed enough morphologically, genetically, or behav-
iourally to be designated as separate species.

Yellow-browed Warbler complex

Song and call structure

The songs of inornatus and humei differ markedly from
each other, while the songs of humei and mandellii are
similar (Fig. 2). There is some individual variation in all
three taxa (shown for humei in Martens 1980), but
there is little geographical variation within each taxon
over great distances (Fig. 2). The song of inornatus usu-
ally consists of three high-pitched, drawn-out elements
scparated by split-second pauses (Fig. 2a, 2b). Unlike
inornatus, individual humei have two song types. Type
1 (Tig. 2c—e) consists of a double whistled note (some-
times given singly), while type 2 (Fig. 2f, 2g) is a
drawn-out descending buzz. The taxon mandellii also
has two song types (Fig. 2h-k), and these are similar to
the respective types of humei, though the mandellii
type 1 (Fig. 2h—j) is higher-pitched and covers a broad-
er frequency range than that of humei. As in the case
of song, call notes differ audibly between the three
taxa and show little variation between sites within
each taxon (Fig. 3).

Playbacks and interaction between the taxa

Playback results are summarized in Table 2. Within the
three inornatus populations, playbacks of humei and
mandellii never elicited a response, whereas playbacks
of inornatus always brought on strong or medium
responses (comparison of inornatus vs. humei, P <
0.0001; inornatus vs. mandellii, P < 0.05). Within the
four humez populations, playbacks of inornatus never

elicited a response, whereas playbacks of humei always
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resulted in strong or medium responses (humei vs. inor-
Nnatus, F<0. UUUU and pldyl)du\b of mandellii UI‘OuguL
on strong, medium or weak responses (humei vs. man-
dellii, P < 0.05). Within each of these taxa, there was
little difference between locations in the response that
playbacks elicited (Table 2). In the mandellii popula-
tion, playback of inornatus never elicited a response,
while playbacks of mandellii always brought on strong
responses (mandellii vs. inornatus, P < 0.001).
Observations at Maly Abakan (site 4, Fig. 1) and
Olenya Rechka (site 6), where humei and inornatus
occur sympatrically, revealed that there is little inter-
action between them. They have overlapping
territories and do not react to an individual of the other
form that is singing near them. At a given location of
the speaker, we were able to attract individuals of each
taxon us1ng playbacks of their respective songs and

P . _.C

1n01V1auals never rebponueu L0 u1e song o1 6 other

taxon.

Phylogenetic analysis

Sequences range from 197-219 bp in size and include
some of the control region (Baker & Marshall 1997
Bensch & Hirlid 2000), as well as 49 bp of the adJa-
cent tRNA-Phe gene, which is highly conserved and
aligns well with the corresponding chicken tRNA-Phe
(positions 1228-1279 of chicken mtDNA, Desjardins
& Morais 1990, see Appendix 1). Excluding gaps, there
are a total of 91 variable sites within the entire data set,
35 of which are variable within the complex being
considered here (i.e. inornatus, humei and mandellii). A
total of 11 haplotypes were found among the 18 sam-
ples that were sequenced (see Appendix 1), and only
these 11 unique haplotypes were used in the tree-
building algorithms. All six humei samples from the
Sayan and Altai Mountains of southern Siberia had the
identical haplotype, both mandellii samples from
China had the same haplotype and the two proregulus
samples had identical haplotypes.

Parsimony, neighbour-joining and likelihood all pro-
duced phylogenetic trees with identical topologies. In a
comparison of likelihood trees assuming
and not assuming (DNaML), a molecular clock, the
assumption of rate constancy was not rejected (x4 =
12.48, ns, Felsenstein 1993). The rate-constant maxi-
mum likelihood (DNAMLK) tree is shown in Figure 4,
along with bootstrap support for both the parsimony
and the neighbour-joining algorithms.

The tree based on cytochrome b sequences
(Richman & Price 1992) is consistent with the tree
based on control region/tRNA sequences (Fig. 4) and
the relative placement of the two nodes that connect

IEaSN TRV IR
(DNAMLK}J,
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Figure 2. Spectrograms of songs from various populations of Yellow-browed Warblers. Taxa recorded and locations are: (a) inornatus
at Maly Abakan (site 4, Fig. 1); (b) inornatus at Aldan (site 9); (c—e) humei type 1 songs from (c) Maly Abakan (site 4), (d) Ala Archa
(site 10) and (e) Manali (site 11); (f-g) humei type 2 songs from (f) Maly Abakan (site 4) and (g) Manali (site 11); (h—j) mandelliitype 1
songs from (h) Jiuzhaigou (site 13), (i) Panquengou (site 14) and (j) Xining (site 12); and (k) mandeliii type 2 song from Panquengou
(site 14). Songs were recorded by D.1. (a, d and f), B. Veprintsev (b), Z.B. (c and g), T. Price (e), and P.A. (h-k).

the three common taxa differs by only 3.6% between
the two trees. The distances in pairwise comparisons
between the three taxa is higher for the control region
than for cytochrome b (2.52 + 0.11 sd times higher for
the entire sequence used here; excluding the tRNA
region, 3.10 + 0.17 sd times higher). If cytochrome b

© 2001 British Ornithologists' Union, Ibis, 143, 233-247

is assumed to diverge at 2% per million years (Moore
& DeFilippis 1997, Klicka & Zink 1997), the control
region diverges at about 6% per million years and the
(part control region, part tRNA-Phe) is about 5% per
million years.
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Figure 3. Spectrograms of caiis from various populations of Yeliow- u.uwed Warblers. Taxa recorded and locations are: (a) inornatus at
Maly Abakan (site 4, Fig. 1); (b) inornatus at Aldan (site 9); (¢) mandellii from Jiuzhaigou (site 13); (d) mandellii from Xining (sitc 12);
(e) humei from Maly Abakan (site 4); and (f) humei from Manaii (site 1). Caiis were recorded by Z.B. (a and f), B. Veprintsev (b), PA.

(c and d) and D.I. (e).

The phylogenetic and]ysm shows that the haplotypes

aach form mono-

n s tana na ~ 79
G Marialuee Tdlil 1011 1UnyY

Uf ”LM/"!CL,
phyletic groups. W1th1n each group, there is relatively
little variation, even between haplotypes obtained on
opposite sides of the range of a taxon (also see

inornatus,

A imim mam A 1A by
Appendix 2). Given the rate of 5% divergence per mil-

lion years, the constant-rate likelihood tree (Fig. 4)

indicates that the various haplotypes within each of

the humei and inornatus groups split from common

ancestors about 0.23 MYA, that humei and mandellii

had a common ancestor about 1.0 MYA, and that the
split between the inornatus and humei/mandellii groups
occurred about 2.4 MYA.

Nacad s

Based on SONE variati
behavioural interactions and genetic variation this
study strongly supports the recent division of the three

taxa into Hume's Leaf Warbler Phylloscopus humei
an A Vellaw ]—\r‘r\1ATor1 ‘A]nv‘]'\1ar

[T B L L 27
ciudiing P IIL. LL) di ICUOW-UIUWT Yvaroac

Phylloscopus inornatus (Svensson 1984, 1987, 1992,
Mild 1987, Formozov & Marova 1991, Beaman 1994,

996, Baker 1997, BOURC 1997, King
et al. 1997).

2 -

onomic classifications that rely on morphology or
appearance alone will often, as in the case of the
Phylloscopus in general and the P inornatus and P
humei complex in particular, lead to mistakes in the
estimation of species number. This is not a trivial prob-
lem, as cryptic species can be relatively old, and
ignorance of them can affect research projects in many
ways. In taxa as diverse as bats (Jones & Van Parijs
1993, Jones 1997), corals (Knowlton et al. 1992), frogs
(Heyer et al. 1996), pseudoscorpions (Zch & Zeh
1994), skinks (Bruna et al. 1996) and wasps (Bower &
Brown 1997), similar morphology has concealed
species that have now been shown to be well differen-
tiated behaviourally and/or genetically. In birds,

recently invented techniques such as playback experi-

Table 2. Response strength of eight populations (‘targets’) to playbacks of recordings from five populations (‘sources’). Each trial was
graded on a four-point scale (from 0 = no response to 3 = strong response). Average scores + standard errors are shown, along with
sample sizes in parentheses. See Figure 1 for locations of sites.
Sources
inornatus inornatus humei humei mandellii
Target Maly Abakan Magadan Maly Abakan Ala Archa Jiuzhaigou
inornatus
Maly Abakan 3.0+0.0 (6) 0.0+ 0.0 (6)
Olenya Rechka 2.7+0.3 (3) 0.0 (1) 0.0+ 0.0 (2)
Magadan 3.0+0.0(3) 0.0+£0.0(3)
humei
Maly Abakan 0.0 0.0 (6) 3.0 0.0 (6)
Olenya Rechka 0.0+0.0 (4) 3.0+£0.0(2) 2.0 (1)
Ala Archa 0.0+ 0.0 (3) 3.0 0.0 (3) 2.0+ 0.6 (3)
Manali 0.0 £0.0 (5) 2.7 +0.2 (6)
mandellii
Jiuzhaigou 0.0 0.0 (7) 3.0+ 0.0 (7)

© 2001 British Ornithologists’ Union, lbis, 143, 233-247
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Figure 4. Phylogenetic tree based on mitochondriai controi region sequences. Abbreviations are as foliows: ‘P. is Phyiioscopus, ‘h." is
humei, and ‘t’ is trochiloides. The tree was produced using maximum likelihood by the bnaAmLK program of pHYLIP (Felsenstein 1993), in
which branch lengths are proportional to time. The identical tree topology was produced using parsimony (paup; Swofford 1991) and
neighbour-joining (NEIGHBOR in PHYLIP). Numbers above the nodes are parsimony bootstrap percentages based on 1000 random-addi-
tion heuristic searches, and numbers below the nodes are bootstrap percentages based on 500 neighbour-joining replicates. The
estimated timeline was obtained by applying a divergence rate of 5% per million years (see Methods). The numbers 7’ and ‘3’ desig-
nate nodes which are represented in the cytochrome b tree of Richman and Price (1992).

ments, spectrogram analysis and genetic analysis can
supplement the well-used and important technique of
simple field observation in the task of uncovering cases
of cryptic species.

The P. inornatus complex provides good examples of
the roles that sympatry and allopatry play in the assess-
ment of species status. Previous authors have suggested
that inornatus and humei/mandellii are separate species
based on vocalization differences (Svensson 1984,
1987, 1992, Beaman 1994, Baker 1997, BOURC
1997) or playback experiments in allopatry in combi-
nation with vocalization differences (Mild 1987). This
was questioned largely because mandellii was thought
to be somewhat intermediate between inornatus and

(© 2001 British Ornithologists’ Union, /bis, 143, 233-247

humei vocally (Madge 1985), or because these three
taxa were considered entirely allopatric and only very
few playback tests had been conducted (Alstrém &
Olsson 1988). It was possible that there were clines in
song structure between the song of humei in the west-
ern Himalayas and the song of inornatus in eastern
Siberia by way of intermediate song types in geograph-
ically intermediate locations, or that these
intermediate locations contained populations of mixed
singers, in which individuals could sing both humei and
inornatus types of song. It was also possible that play-
back experiments in allopatry were not a good
indicator of the playback response of birds in sympatry
(Irwin & Price 1999). Studies in sympatry have been
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species (Alstrém & Olsson 1990, Monroe

ored sena
ered sepa Q¢
& Sibley 1993, Beaman 1994, Inskipp et al. 1996, King
1997), and the branch point between P. trochiloides
viridanus and P. t. plumbeitarsus (estimated at 0.9

MVA TFig 4) erhir are often treated ac different

MYA, Fig. 4), ch are often treated as different
species (Williamson 1967, Mayr & Cottrell 1986, King
1997). The extreme similarity in morphology of inor-
natus, humei and mandellii has concealed the existence

of two rolat ive alv old senarate snecie All of the other

of two relatively old separate species. All of the other
newly designated species which have been studied
genetically (n = 5) are old, between 1.2-4.3 million
years (Table 1). Although it has been suggested that in
vorecti-
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We make several generalizations regarding recent
species designations in Phylloscopus (see Table 1).
1. All ics except ]
loglcall similar to their nearest relatlves and
several (especially P. kansuensis and P. borealoides)
cannot always be safely identified by morphologi-
2. Compared with the songs of their closest relatives,
songs of all but three species (P. hainanus, P. sindi-
anus and P. orientalis) are easily distinguishable to

the human car. For two of these (P sindianus an

P, orientalis), playback experiments have shown
that the birds respond less to heterospecitic song
than to conspecific song. The same holds true for

cies on which playbacks have heen

carried out (all except P. hainanus and P. bore-
aloides).
. Every species that has been analysed genetically

differs markedly from its nearest relatives. All of

the estimated divergence times are at the upper
end or well beyond typical divergence times for

of birds (Helbig er al. 1995, Avise &
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is often a major factor in species-level divergence in
Phylloscopus (see also Irwin 2000), and that two taxa
that have diverged significantly in song will not recog-
nize each other’s songs and will have a deep genetic
separation. This suggests that two allopatric taxa that
differ significantly in song, such as P. borealoides and P.
tenellipes (lable 1), are best treated as distinct species

even though playbacks and genetic analyses have not

been perfor med.

The rate at which new species have been discovered
in various taxonomic groups has varied tremendously
qumm]—\ time and has q]n‘ArPH over ‘rhe laﬁ‘r century in

(B85 4083 allQC 11as

well—btudved taxa such as birds (May 1990). What then
accounts for the recent burst of species designations
within Phylloscopus? First, the relevance of song and
other behaviours as a complement to traditional mor-
phological studies has been more widely acknowledged
among taxonomists in recent years (Monroe & Sibley
1993). Secondly, the increasing availability of quality
lightweight recording and playback equipment, and

dgatWaigin recordin Dalk LpIncii

software to produce and analyse spectrograms, has
increased our ability to conduct playback experiments
and examine song variation. Thirdly, political changes
ssia and China have facilitated
mterndl and mternauonal travel, thus fostering
research on species that span international borders.

As our investigation of the genus Phylloscopus makes

clear manv mnrﬂ]’\n]nmr‘ﬂnv <1m 1&?‘ QﬂF‘(‘lF‘Q wnn]d })F’

clear, many morpholo gically simil ecies
clearly reuogmzed under any species concept if enough
data were gathered. Of the 12 recently designated
species (Table 1), 11 are morphologically similar to
ister taxa, but all of them are clearly separate

rasd, vul LG 1cdlly dialc

species under all of the major species Concepts, given
recently obtained spectrogram, playback and genetic
data. Much of the debate over species concepts
Wollenberg 1997] arises out of 51tua‘cions such as humei
and mandellii, where the speciation process is ongoing.
It is ironic that the biological specics concept is only
directly applicable to sympatric taxa (Mayr 1963),

directly appli to sympatric taxa
because speciation usually begins when a single species
is divided into two allopatric groups. Thus, for two rea-
sons species status is often morc difficult to assess for
xa that occur only in allopatry than for those that

that occur only in allopatry than for those
occur in sympatry. First, it is uncleal how to apply the
biological species concept to allopatric taxa. Secondly,
a pair of diverging taxa usually pass through an

ic nhace hefore ‘r]qpv become sympatric, and

1

ic phase before they become sympatric
hence allopatric taxa are often at an earher stage of
divergence when species status is not clear. In
Phylloscopus, there are many taxa that can be consid-

eci /cppmpc ]’\mm(qm"y ( ich as
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humei and mandellii) The presence of such taxa, as

well as others that have u(:culy reached species status
(for example those in Table 1), should be assessed in
studies of species diversity, especially over large spatial
scales.
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APPENDIX 1

Aligned mtDNA haplotype sequences used in the phylogenetic analyses. Dots indicate identity with the first sequence, and dashes
indicate gaps. Part of the chicken tRNA-Phe gene is shown at the bottom (corresponding to positions 1228-1279, Desjardins &
Morais 1990). The total length of each sequence (excluding gaps) is shown in brackets at the end of each sequence.

P. h. humei Manali CTTTTTATCTTGACATTTCAT - CCTC - -CACACACAACCAATA-TCCC--CCTACCCATT-T-- -~~~ CCCCATCAATAA

P. h. humei Ala Archa . ... ... . e e e e T e i Tr AT

P. h. humeiMaly Abakan  .............. .. ... .. T e S T e

P. h. mandelli ... o L. C..T..T..C.--.Covvir .. - ST G e [

P. inornatus Maly Abakan 1 . ................. T.C-....--AC....... T..GC.C.T.T--....... CC.A.-----~ .T...C.L L Cl

P. inornatus Maly Abakan2 .................. T.C-....--AC....... T...C.C.T..-—....... CC.A.-----~ .T...C...C.

P. inornatus Magadan ... ... ... T.C-..C.--AC....... T..GC.C.T..-=....... CC.A. - --.T c...C.

P. chloronotus G T..-T.CG--TT........... C.-CT.T--...... T.C.T.------ A.TTCA.C.C.

P. proregulus O T..=T.CG--.T...vinnnnn C.-CT..-—vnn T.C.T.------ ..T.CA.C.C.

P. t. viridanus T . ..A...G...TT...TCAC..C.CCACA..TA..TG....A....AA...-.T..CACCCAATCA.T.ACC...C.

P. t. plumbeitarsus T....A...G...TT...TCAT..A.C-ACA..TA..TG....A....AG...~....CACCCARTCA.T.ACA...C.

P. h. humei Manali CCCAC- - CTAATCTAACCCARATCTCC - TCCCACTARAAAR - CARACAAAAATACAATCCATT - CACCACAACCAARAAC

P. h. humei Ala Archa .. ... e e Crim e e e e e I Toouo..

P. h. humei Maly Abakan  ..... O o em e P B

P. h. mandellii T...-=.A.... .. [ AL e e s e -

P. inornatus Maly Abakan1 .A...--.A..CA..G - ALLALL L e Covinnnn CC-vvimmmm ==

P. inornatusMaly Abakan2 .A...--.A..CA..G........... -A... Al e Covvnnnn CC-.vvimmm o=

P. inornatus Magadan A...-=-.A..CA..G........... - ALLLAL L. N [ CC-. ... m====— ===~ .

P. chloronotus ..., = AL .Gl C.C..C...... Covvnnn P C..G.A...CC ...AC.C-------~ A

P. proregulus _.A..--.A..C Tovunn. C.CouCuvveeiee e e E C A .C-.G.AC.CC------- A

P. t. viridanus .A...GT.A C..... G..CTC..C.A..C.C...... (€ c CA A..TA.TC..------ A

P. t. plumbeitarsus AL, TGT.A Covenn G..CTC..C.A..C.C G C..... A.G.CG...A.TC..------ A
—————————— tRNA-Phe---------—-—-=-=----—-=-—-—-—-—-=-=———-—-=———-—---

P. h. humei Manali AACCAAAAC- -CACCTTTATCCCCGTAGCTTA - - - CACAAAGCATGACACTGAAGATGTCAAGACGGCCG  [207]

P. h. humei Ala Archa ... ... ——. .. ... ... A o e e e e e e e e [207]

P. h. humeiMaly Abakan  ......... e T e [207]

P. h. mandelli ... ... .. e PP [207]

P. inornatus Maly Abakan 1 . ........ ---.A.CC..... T o e e e e e s T.. [197]

P. inornatus Maly Abakan2 ......... ---.A.CC..... Tooe i e T.. [197]

P. inornatus Magadan ~ ......... == A.C.... .. Teveiinnnn T T.. [197]

P. chloronotus G --TGA.C...... Toee e B P T...T. [201]

P.proregulus ... - ACLLL TT.oveennn s S T...T. [202]

P. t. viridanus Co TA-...CAC..... T P T...T. [219]

P. t. plumbeitarsus e CA-....AC..... Tevinnn. R T...T. [218]

chicken tRNA-Phe G AL ACC. ... .. [ C..... T..TAC

APPENDIX 2

Pairwise numbers of transition/transversion substitutions (above the diagonal) and uncorrected sequence divergences (below the diag-
onal) for partial mtDNA control region haplotypes from Phylioscopus warblers (see Appendix 1). The tRNA-Phe region was excluded
from this analysis.

1 2 3 4 5 6 7 8 9 10 11
1. P h. humei Manali - 3/0 2/0 8/3 18/9 16/9 17/9 25/14 18/15 23/25 20/27
2. P h. humei Ala Archa 0.019 - 1/0 11/3 18/9 18/9 19/9 23/14 18/15 23/25 20/27
3. P h. humei Maly Abakan 0.013  0.006 - 10/3 18/9 18/9 19/9 2314 18/15 23/25 20/27
4. P h. mandellii 0.070 0.089 0.083 - 19/6 17/6 16/6 29/13  21/14 24/22  21/24
5. B inornatus Maly Abakan 1 0.185 0.185 0.185 0.171 - 2/0 3/0 21/16  17/16 22/24 20/26
6. P, inornatus Maly Abakan2 0.171 0.185 0.185 0.158 0.135 - 3/0 21/16  15/16 20/24 18/26
7. P inornatus Magadan 0.178 0.192 0192 0.151 0.020 0.020 - 20/16  14/16  20/24 19/26
8. P, chloronotus 0260 0.247 0247 0.280 0.252 0.252 0.245 - 11/4  25/27  25/27
9. P, proregulus 0219 0219 0219 0232 0224 0211 0204 0.099 - 25/28 25/28
10. P, t. viridanus 0.318 0.318 0.318 0.303 0.313 0.299 0.299 0.344  0.349 - 11/2
11. P t. plumbeitarsus 0.311 0311 0311 0303 0.313 0299 0.306 0.344 0349 0.077 -
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