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A B S T R A C T   

Species delimitation has advanced from a purely phenotypic exercise to a branch of science that integrates 
multiple sources of data to identify independently evolving lineages that can be treated as species. We here test 
species limits in the avian Lesser Short-toed Lark Alaudala rufesens–Sand Lark A. raytal complex, which has an 
intricate taxonomic history, ranging from a single to three recognised species, with different inclusiveness in 
different treatments. Our integrative taxonomic approach is based on a combination of DNA sequences, plumage, 
biometrics, songs, song-flights, geographical distributions, habitat, and bioclimatic data, and using various 
methods including a species delimitation program (STACEY) based on the multispecies coalescent model. We 
propose that four species should be recognised: Lesser Short-toed Lark A. rufescens (sensu stricto), Heine’s Short- 
toed Lark A. heinei, Asian Short-toed Lark A. cheleensis and Sand Lark A. raytal. There is also some evidence 
suggesting lineage separation within A. cheleensis and A. raytal, but additional data are required to evaluate this. 
The species delimitation based on STACEY agrees well with the non-genetic data. Although computer-based 
species delimitation programs can be useful in identifying independently evolving lineages, we stress that 
whenever possible, species hypotheses proposed by these programs should be tested by independent, non-genetic 
data. Our results highlight the difficulty and subjectivity of delimiting lineages and species, especially at early 
stages in the speciation process.   

1. Introduction 

Species have traditionally been delimited on the basis of morpho-
logical characteristics that could be determined by studies of museum 
specimens. In recent years, other methods have gained importance in 

species delimitation. For example, songs are now routinely used in 
taxonomic assessments of birds (reviews in Alström and Ranft, 2003; 
Alström et al., 2013a). Of even greater significance is the rapid devel-
opment of DNA sequencing technologies and analysis of genetic data. A 
large number of species in all major clades of organisms have been 
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identified using DNA sequence data, and DNA data have proven 
particularly useful in groups with poor morphological differentiation 
among species (e.g. Dias-Tapia et al., 2018; Funk et al., 2012; Garg et al., 
2016; Janzen et al., 2017; Jeppson et al., 2017; Martinsson and Erséus, 
2017). Early studies using DNA sequence data frequently compared 
genetic distances among species as a yardstick of taxonomic distinctness 
(“A and B differ by x%, and are therefore appropriately treated as 
separate species”) (e.g. Helbig et al., 1995). Later, the “barcoding gap”, i. 
e. the difference between within- and between-population genetic dis-
tances in a “barcoding gene”, such as the mitochondrial CO1, has 
frequently been used to delimit different species (Hebert et al., 2003, 
2004; Janzen et al., 2009; Saitoh et al., 2015; Ward, 2009). These ap-
proaches have been criticised for various reasons, e.g. that they require 
arbitrarily determined distance thresholds, that differences in single 
genes do not necessarily reflect species-level differences or true re-
lationships, and that distances calculated by different studies, using 
different methods or even using non-homologous sequences, cannot 
usually be directly compared; the importance of broad sampling across 
taxa has also been stressed (e.g. Bergsten et al., 2012 and references 
therein; Fregin et al., 2012; Knowles and Carstens, 2007; Wiemers and 
Fiedler, 2007; Will et al., 2005; Yang and Rannala, 2017). 

In recent years, several species delimitation programs based on 
molecular data have been developed (reviews by Camargo and Sites, 
2013; Fujita et al., 2012; Rannala, 2015). Some of these use single loci as 
inputs, such as the General Mixed Yule Coalescent model (GMYC) (Pons 
et al., 2006; Reid and Carstens, 2012) and mPTP (Kapli et al., 2017). 
Other programs use multilocus data, which should be inherently supe-
rior to single-locus data, as a single-locus tree does not necessarily agree 
with the species tree (Edwards, 2009; Maddison, 1997; Page and 
Charleston, 1998), and inevitably provides less information than a 
multilocus dataset. Some such approaches use Bayes Factors to 
discriminate between species hypotheses (Grummer et al., 2014; Leaché 
et al., 2014). In contrast, BPP (Flouri et al., 2018; Yang, 2015; Yang and 
Rannala, 2010, 2014, 2017), DISSECT (Jones et al., 2015) and its suc-
cessor STACEY (Jones, 2015, 2017) in the BEAST2 package (Bouckaert 
et al., 2014) apply the multispecies coalescent model (MSC; Rannala and 
Yang, 2003) in a Bayesian framework to jointly infer the phylogeny and 
delimit species. The MSC accounts for incomplete lineage sorting and 
hence for the ubiquitous gene tree vs. species tree conflict (Rannala and 
Yang, 2003). However, MSC methods typically do not account for gene 
flow (with a few exceptions, e.g. IMa3 [Hey, 2010] and DENIM [Jones, 
2019]), which could result in the merging of distinct lineages or un-
derestimation of their divergence times (Camargo et al., 2012), and 
Leaché et al. (2019) showed that violations of the assumptions make the 
MSC methods inconsistent, such that more data will lead to more 
“species”. The recently published multispecies-coalescent-with- 
introgression (MSci) model accommodates introgression, although 
genomic data may be needed to properly account for this process 
(Flouris et al., 2020). 

Here, we investigate species limits in the genus Alaudala in the avian 
family Alaudidae (larks) using a Bayesian species delimitation method 
as well as more traditional methods based on multiple independent data. 
From a taxonomic point of view, the Alaudidae is one of the least studied 
of the families within the superfamily Sylvioidea (reviewed in Alström 
et al., 2013a). The family comprises approximately 100 species 
distributed across six continents, although most occur in Africa (nearly 
80% of the species) and Eurasia (nearly 40% of the species; some overlap 
with Africa) (Gill et al., 2020). In Africa, there are two main centres of 
diversity: one in the north-east arid zone (Kenya, Ethiopia and Somalia) 
and one in the south-west arid zone (South Africa, Namibia and 
Botswana) (de Juana et al., 2004). Larks are found in various types of 
open habitats, ranging from sandy or stony deserts to tundra, steppe and 
savannah (de Juana et al., 2004). 

The number of recognised species of larks has increased by nearly 
30% over the past six decades (Peters, 1960, 76 species; Gill et al., 2020, 
98 species). This increase is due largely to studies of molecular and/or 

vocal data that have revealed considerable cryptic diversity and the 
distinctness of several taxa that were previously treated as subspecies of 
the same species (Alström, 1998; Guillaumet et al., 2005, 2006, 2008; 
Ryan et al., 1998; Ryan and Bloomer, 1999). In addition, Alström et al. 
(2013b), Drovetski et al. (2014), Ghorbani et al. (2020a) and Stervander 
et al. (2016) have highlighted multiple cases of deep mitochondrial di-
vergences among taxa that are presently usually considered to be 
conspecific. It seems likely that the number of species of larks will 
continue to increase as new studies are undertaken using modern inte-
grative methods combining different classes of data (morphological, 
vocal, genetic, behavioural and other data). 

Our knowledge of phylogenetic relationships has also improved 
markedly in recent years. Only one comprehensive molecular phylogeny 
has been published for the Alaudidae to date, comprising >80% of the 
species (Alström et al., 2013b). This study revealed multiple cases of 
parallel evolution as well as strongly divergent closely related lineages. 
It also exposed an exceptionally high level of disagreement between 
traditional morphology-based classifications and phylogenetic re-
lationships. For example, in the genus Calandrella, the type species (Red- 
capped Lark C. cinerea) and two other Calandrella species formed the 
sister clade to the morphologically strikingly different genus Eremophila, 
whereas four other species traditionally placed in Calandrella were 
found to form the sister clade to the markedly different-looking Erema-
lauda and Chersophilus. Alström et al. (2013b) reinstated the genus name 
Alaudala for the second of these traditional Calandrella clades, which 
included the Lesser Short-toed Lark A. rufescens, Asian Short-toed Lark 
A. cheleensis and Sand Lark A. raytal, and which form the focus of the 
present study. 

The Alaudala rufescens complex, as here defined, comprises 
A. rufescens sensu stricto and A. cheleensis (Christidis, 2018; Gill et al., 
2020). These two species are often treated as conspecific (under the 
name A. rufescens; e.g. de Juana and Suárez, 2020; del Hoyo and Collar, 
2016; Meinertzhagen, 1951; Shirihai and Svensson, 2018; Peters, 1960). 
In total, 15–16 subspecies are recognised within this complex, which is 
widespread, from the Canary Islands to north-eastern China (de Juana 
and Suárez, 2020; Christidis, 2018; Gill et al., 2020; Fig. 1). The Sand 
Lark A. raytal has also been treated as conspecific with A. rufescens (as 
well as the Somali Short-toed Lark A. somalica; Meinertzhagen, 1951), 
and Alström et al. (2013b) showed that A. raytal is nested within the 
A. rufescens complex. Alaudala raytal occurs from southern Iran to 
Myanmar, with usually three recognised subspecies (de Juana and 
Suárez, 2020; Christidis, 2018; Gill et al., 2020; Fig. 1). Ghorbani et al. 
(2020b) analysed mitochondrial (mtDNA) and nuclear DNA from 
throughout the range of the A. rufescens–A. raytal complex. They found 
five deeply diverged mtDNA clades, four of which were deeply separated 
also in trees based on nuclear DNA. They concluded that the taxonomy 
was in need of revision, but stressed that additional data were needed 
before any formal taxonomic revision should be undertaken. 

We here assess the clades identified by Ghorbani et al. (2020b) 
combining non-genetic data such as plumage, morphometrics, vocal-
isations, sexual displays, habitat choice and geographical distributions 
(including bioclimatic separation) with gene/species trees. We also use a 
species delimitation method that is based on the multispecies coalescent 
(STACEY), and evaluate the performance of this computer-based 
method compared to our holistic integrative taxonomic approach. 

2. Material and methods 

2.1. Study group and material 

Taxonomic names and distributions follow Donald and Alström (in 
press), which is based on the molecular results of Ghorbani et al. 
(2020b) and studies of museum specimens. Because of the confusion 
regarding species limits in this complex, we refer to the different taxa by 
the least-inclusive names, e.g. adamsi instead of A. raytal adamsi and 
cheleensis instead of A. cheleensis cheleensis or A. rufescens cheleensis. Birds 
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from southern Mongolia initially assumed to be beicki on the basis of the 
distribution given by Christidis (2018) were found by Ghorbani et al. 
(2020b) to be genetically similar to heinei and are accordingly treated as 
heinei here. Other differences in our treatment compared to e.g. Chris-
tidis (2018) and Gill et al. (2020) concern the following taxa: polatzeki is 
here synonymised with rufescens; nicolli synonymised with minor; pseu-
dobaetica synonymised with heinei; and seebohmi and beicki synonymised 
with kukunoorensis. 

Throughout the text, we refer to the clades identified by the molec-
ular results of Ghorbani et al. (2020b), indicated in our Figs. 1 and 4: the 
rufescens clade (rufescens, minor and apetzii, from the Canary Islands, 
North Africa and Iberia to western Asia); the heinei clade (heinei, aharonii 
and persica, from Turkey through Central Asia to southern Mongolia); 
the cheleensis clade (cheleensis and tuvinica, from northern Mongolia and 
eastern China); the leucophaea clade (leucophaea and kukunoorensis, from 
central Kazakhstan to northern central China); and the raytal clade 
(raytal, krishnakumarsinhji and adamsi, from coastal Iran to south central 
Myanmar). 

We collected data on all taxa in the Alaudala rufescens–A. raytal 
species complex in museum collections, and sound recordings and other 
behavioural and ecological data in the field from across the range of the 
complex. The entirely sub-Saharan A. somalica is widely allopatric, and 
more distantly related to the other members of the genus (Alström et al., 

2013b), and is not considered further here. We also used mitochondrial 
and nuclear loci from a previous study, with the addition of a few new 
samples (see below for details). 

2.2. Cytochrome b tree 

In the study by Ghorbani et al. (2020b), the single sample of adamsi 
(Punjab, India) was separated from five samples of raytal (Delhi, West 
Bengal and Assam, India) by 0.9 my. To test whether this deep diver-
gence would hold in a larger sample of adamsi, we obtained three new 
samples of adamsi (from Bandar Abbas, Iran). We sequenced the mito-
chondrial cytochrome b (cytb) in the same way as in Ghorbani et al. 
(2020b), and analysed these sequences together with the cytb dataset 
from Ghorbani et al. (2020b) comprising 130 individuals from across the 
range of the complex. The new sequences have been submitted to 
GenBank, with the following accession numbers: MT542513–MT542515 
(Supplementary Table S1). We ran a BEAST analysis in the same way as 
in Ghorbani et al. (2020b) to obtain a chronogram. We also ran 
Maximum Likelihood analyses, using RAxML v.7.4.2 (Stamatakis, 2014) 
under the same model as in the BEAST analysis. 1000 bootstrap repli-
cates and random starting trees were used; all other parameters by 
default. The analysis was run on the CIPRES Science Gateway (Miller 
et al., 2010). 

Fig. 1. Distribution of the Alaudala rufescens (broad range indicated in pale grey shade) – A. raytal (broad range in pale yellow) complex, with sampling sites 
indicated by different symbols (see legend). The symbols are grouped in accordance with the clades found in the cytochrome b tree (Fig. 4) and STACEY multilocus 
tree (Fig. 5). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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2.3. Multispecies coalescent based species delimitation 

We used the dataset from Ghorbani et al. (2020b) consisting of the 
cytb and 11 nuclear loci (Myoglobin intron 2 [Myo], Ornithine Decar-
boxylase intron 7 and partial exon 8 [ODC], Glyceraldehyde 3-phos-
phate Dehydrogenase intron 11 [GAPDH], Transforming Growth 
Factor beta intron 5 [TGFB2], ATP6AP2 intron 7, PRADC1 intron 3, 
Ornithine Decarboxylase Antizyme Inhibitor [OAZI] intron 3, POLDIP2 
intron 5, WDR12 intron 9, Lactate Dehydrogenase B intron 3 [LDHB], 
and β-fibrinogen intron 5 [Fib5]) for 31 individuals from across the 
range of the complex (Supplementary Table S1), representing all pri-
mary clades identified by Ghorbani et al. (2020b) to define species limits 
using the MSC species delimitation program STACEY (Jones, 2017). 
STACEY is based on the DISSECT (Jones et al., 2015) model, which in-
cludes a modified birth/death model for the species tree, in which very 
high prior probabilities are assigned to shallow branching events. This is 
controlled by the constant “CollapseHeight”, below which branching 
depths are approximated as being zero (Jones et al., 2015). A priori 
defined minimal clusters of individuals clustering together below this 
height can therefore be viewed as conforming to species according to the 
MSC model. We defined single bird individuals as minimal clusters a 
priori, and applied Jukes-Cantor substitution models (Jukes and Cantor, 
1969) and strict clocks to all loci. To scale the trees in substitutions per 
site, the rate of the MYO1 gene was set to 1, and the rates of other 
estimated relative to it with lognormal priors with mean 0 and standard 
deviation 1.25 in log space. The bdcGrowthRate prior was lognormal 
(5,2), popPriorScale lognormal (–7,2), relativeDeathRateSpecies Beta 
(1,1). The collapseWeight, which controls the number of clusters (Jones 
et al., 2015) was also set to Beta(1,1), thus specifying a uniform prior of 
the number of clusters. CollapseHeight was set to 1E–6. Two MCMC runs 
were performed with STACEY v. 1.2.5 in BEAST 2.6.2, one with 300 and 
the other with 400 million generations, sampling trees and model pa-
rameters every 25,000 generations. After checking convergence and 
similarities between the runs with Tracer v. 1.7.1, the first 10% of each 
posterior sample were discarded and the resulting log and tree files were 
combined with LogCombiner v. 2.6.2. The clade posteriors and split 
times were summarised on the Maximum Clade Credibility tree with 
Common Ancestor Heights using TreeAnnotator v. 2.6.2. Pairwise pos-
terior membership frequencies to common clusterings (Jones et al., 
2015) were summarised using the programme SpeciesDA.jar with col-
lapseHeight = 1E-6. Trees were displayed with FigTree v. 1.4.3, and the 
similarity matrix was produced by the R script plotsimmatrix.R (Cra-
meri, 2018; Jones et al., 2015). 

2.4. Morphology 

Specimens were examined in the following museums: American 
Museum of Natural History, New York, USA (AMNH); Zoological 
Research Museum Alexander Koenig, Bonn, Germany (ZFMK); The 
Natural History Museum, Tring, UK (NHM); Natural History Museum, 
University of Copenhagen, Copenhagen, Denmark (ZMUC); University 
of Michigan Museum of Zoology, Ann Arbor, USA (UMMZ); and 
Zoological Institute, Almaty, Kazakhstan (ZIAK). Plumages were studied 
by eye for qualitative differences, with series of samples of different taxa 
compared side by side. As far as possible, comparisons among different 
taxa were made with specimens of the same age (adult) and similar stage 
of plumage wear (as colours and distinctness of streaking vary with 
wear). Multiple live individuals were also studied in the hand, and 
photos of the same individuals were examined later. The following 
measurements were taken (in mm), in accordance with Svensson (1992): 
wing length (stretched and flattened, maximum length); tail length 
(with a ruler inserted underneath the undertail-coverts), bill length (to 
the skull, with calipers), bill depth (at tip of nostrils, with calipers; not 
possible to measure on all specimens because many were prepared with 
slightly open bills). In addition, measurements were taken of the 
shortfall of the individual primary flight feathers number 4–9 (P4–P9; 

numbered descendantly) in relation to the wingtip (i.e. the longest pri-
maries). The pattern on the inner web of the outermost rectrix (R6) was 
also studied, and measurements were taken from the tip of the feather to 
the tip of the dark pattern as well as the length of the white wedge 
(Fig. 2). All specimens were studied and measured by the same author 
(P.A.). The geographical origin of the samples are shown in Fig. 1, and 
geographical origin as well as original measurements are in Supple-
mentary Table S2. 

We used linear discriminant function analysis to assess the extent to 
which birds can be correctly allocated to clade on the basis of mor-
phometrics. Due to the significant difference in all measurements be-
tween the sexes, and the much larger sample size for males, we included 
only males in these analyses. In the first analysis, we fitted only wing, 
tail and bill lengths (scaled to zero mean and unit variance) to the 
discriminant model since these measurements were available for the 
majority of individuals or specimens (n = 286 males had non-missing 
data for all three variables). In a second analysis we additionally fitted 
the distance between the wing tip and the tips of P5 and P6, which 
resulted in a lower sample size because measurements of P5 and P6 were 
available for fewer individuals (n = 228 males had non-missing data for 
all five variables). 

In order to assess morphometric differences between clades while 
taking account of clinal latitudinal and longitudinal variation within 
clades, which for some metrics and clades was pronounced (Supple-
mentary Fig. S1), we fitted six general linear models with wing length, 
tail length, bill length, tail to wing ratio and the proportional lengths of 
P5 and P6 relative to wing tip (measured as distance from feather tip to 
wing tip, scaled by wing length; thus a larger value indicates shorter P5 
and P6) as dependent variables, and explanatory variables of clade (a 
five-level factor), sex (a two-level factor) and the interaction of clade 
with z-scores of latitude and longitude standardised within each clade. 
This re-scaled latitude and longitude such that the original variation in 
both within each clade was retained but systematic differences in ab-
solute values between clades were removed. Pair-wise differences in 
each measurement between clades, taking account of sex and clinal 
geographical variation, were then compared using post hoc Tukey tests. 

2.5. Vocalisations 

All taxa in this complex have two song types, which are markedly 
different from each other (Alström, 2004; Shirihai and Svensson, 2018). 
One of these, which we consider to be the “main” song, is built up of 
short strophes with longer pauses between the strophes. This is given 
during an extended high song-flight (see below). The second song type 
consists of a continuous ramble of drawn-out whistles, churring call 
notes, high flight-song strophes, other sounds, and masterful mimicry of 
other species. It can vary considerably in speed of delivery, and it often 
gets “hung up” on repetitions of drawn-out whistles. This type is given 
during a low, usually rather short, song-flight, often also during ascent 
or/and descent to/from the high song-flight as well as from the ground 
or a low perch, and we suspect that it can be given by both sexes during 
distress. We only analysed the high flight-song because we consider that 
to be the song by which males advertise to females, and hence a likely 
reproductive isolating barrier (cf. Price, 2008). Moreover, the low flight- 
song includes much mimicry of other species and is too poorly struc-
tured to be appropriately compared among individuals and geographical 
regions. 

Songs were recorded in the field across the range of the complex, in 
Morocco (minor), Spain (apetzii on mainland and rufescens on Canary 
Islands), Turkey (aharonii and heinei), Kazakhstan (heinei), Mongolia 
(heinei and cheleensis), China (cheleensis and kukunoorensis) and India 
(raytal and adamsi). Some additional recordings were obtained from 
some of the above areas and from colleagues and the public sound 
archive Xeno-canto (www.xeno-canto.org). A total of 94 recordings 
from different individuals of sufficiently high quality to be analysed 
were obtained (Fig. 1 and Table S2). Our own recordings have been 
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deposited at Macaulay Library, Cornell University (https://www. 
macaulaylibrary.org; Supplementary Table S3). 

Sonograms were created in Raven Pro 1.5 (Cornell Lab of Ornithol-
ogy, USA), with the following settings: Window size = 256 samples; 
window type = Hann; 3 dB filter bandwidth = 270 Hz; overlap = 50%; 
size = 2.67 ms; DFT size = 256 samples; spacing = 188 Hz. The contrast 
was kept fixed at 93, and brightness was adjusted manually for each 
recording to give a good visual separation between the song and the 
background noise. The following variables were measured for each song 
strophe: duration (s), maximum frequency (Hz), minimum frequency 
(Hz), bandwidth (frequency span), number of different note types, total 
number of notes, number of introductory notes, length of the first and 
second intervals between notes (s), and length of pause between 
consecutive strophes (s). A “strophe” is a bout of song, separated from 
another strophe by a silent pause (of longer duration than the strophe). A 
“note” is a collective term for an “element” (i.e. a discrete, unbroken unit 

in a sonogram) or a “syllable” (i.e. a group of elements that is repeated as 
a unit). Delimitation of notes was sometimes subjective, especially when 
repeated and/or close together. “Introductory notes” were defined as 
notes that were separated from the main part of the strophe (and from 
each other, if more than one note of this kind) by at least 1.0 s. The 
terminology is further explained in Fig. 3. A maximum of 100 strophes 
were analysed per recording. The means for all variables were calculated 
for each individual. A Discriminant Function Analysis (DFA) was carried 
out on the means of the measurements in SPSS Statistics 24 (IBM Inc.), 
and standard statistics were calculated in R 3.5.2 (R Core Team, 2019). 
In addition to measurements, the recordings were compared by ear, and 
the sonograms inspected by eye. Original measurements etc. are pro-
vided in Supplementary Table S4. All measurements were taken by the 
same author (J.v.L.). 

A B

P6

P5
P6

P5

R5
R6 R5

R6

C D

t

b

t

b

Fig. 2. Outer tail feathers (outermost R6, penultimate 
R5) and wing tip (P6 and P5, primaries number 6 and 
5, respectively, with P1 being the innermost primary) 
of cheleensis (A: DZUG U4633; C; DZUG U4632) and 
heinei (B: DZUG U4601; D: DZUG U4604), Mongolia, 
second half of June 2016 (Per Alström). Measure-
ments of extent of white on inner web of R6 were 
taken as indicated, from the tip of the feather to the 
tip of the dark pattern (indicated by t) as well as the 
length of the white wedge (indicated by b). Shortfall 
of P6 and P5 in relation to wingtip (i.e. the longest 
primaries) was measured as indicated.   

Max Frequency

Min Frequency
Duration

Bandwidth

kHz
1st, 2nd 
intervals 

Fig. 3. Song terminology. Recording of song in high song-flight of heinei, Kazakhstan (Macaulay Library ML 274049; Per Alström). The arrows indicate examples of 
different notes. 
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Fig. 4. Cytochrome b tree for the Alaudala rufescens–raytal complex, with a timescale based on a molecular clock rate of 2.1%/million years, estimated in BEAST. 
Blue node bars show the 95% confidence interval for the divergence times of the main clades. Values at the nodes represent, from left to right, Bayesian posterior 
probabilities and Maximum Likelihood bootstrap values. The clade names and subspecies names are the ones we use in the running text (which differ from the ones in 
Ghorbani et al. (2020b) based on mainly the same dataset, where the names followed Christidis 2018). The samples used in the STACEY analysis are highlighted in 
blue text, and the samples that are new for this study are indicated by an asterisk. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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2.6. Song-flight behaviour and habitat choice 

The main song-flight is here termed “high song-flight”, during which 
the bird drifts around in irregular loops at great height for an extended 
period while singing the main song (see above). During the high song- 
flight, the bird beats its wings in a similar fashion to normal flight, or 
sometimes interspersed with glides on extended wings (see Results), and 
the tail is held closed. A different song-flight, here termed “low song- 
flight”, is given rather low over the ground for a short period, usually <
1 min, but also during the ascent to the high song-flight and often also 
during the descent from the high song-flight. During the low song-flight 
the bird flies in irregular loops with slow, jerky, “rowing” wing-beats 
and fanned tail and often raised crest, while giving the low flight- 
song. This song-flight and accompanying song is often given when 
birds appear to be stressed near their nest, probably by both sexes. Video 
of both types of song-flight have been made available at Macaulay Li-
brary: ML488766 to ML488774. 

Most taxa were studied in the field in multiple places, in particular 
Morocco, Kazakhstan, Mongolia and China (from Xinjiang Province in 
the west to Hebei Province in the east). The behaviour during the high 
song-flight, especially the wing beat pattern, was noted and in several 
cases recorded on video (only in Kazakhstan, Mongolia and China). 

General habitats were noted, but no detailed studies of e.g. plant 
communities were undertaken. 

2.7. Bioclimatic separation of species 

In order to determine whether the clades differ with respect to the 
bioclimatic space they occupy, and hence to assess their degree of 
ecological separation (particularly in the case of the parapatric or 
sympatric heinei, leucophaea and cheleensis), we extracted a number of 
bioclimatic variables from point localities of each clade. The point lo-
calities included were those at which song, morphology or DNA evi-
dence were extracted (see above), to which we added a number of 
further localities. These included (i) a number of georeferenced field 
records made by the authors, (ii) a number of localities in southern 
Kazakhstan where Alaudala larks (mostly heinei) were recorded along 
systematic 500-m transects during surveys of bird communities 
(Johannes Kamp, in litt.) and (iii) localities from a number of websites of 
georeferenced photographs for which the identity of the clade could be 
confirmed by the authors. Because of the high sampling density of the 
transect data in southern Kazakhstan relative to the spatial resolution of 
the bioclimate data, and clustering of localities elsewhere, multiple 
point records could fall within the same 1-km pixel; to reduce pseu-
doreplication, we used the R package spThin (Aiello-Lammens et al., 
2015) to thin the dataset, setting a Nearest Neighbour Distance of 20 km 
between point localities. This yielded a total of 180 point localities 
(Supplementary Fig. S2). Bioclimate variables at a 1-km resolution were 
downloaded from the CliMond Archive (Kriticos et al., 2012). From the 
35 Bioclim variables available in this dataset (Hijmans et al., 2005; 
Hutchinson et al., 2009; Kriticos et al., 2014), we extracted for each 
point the annual mean temperature (Bio1), annual precipitation (Bio12) 
and annual mean moisture index (Bio28), as being broadly indicative of 
the bioclimatic conditions at each point. We also extracted the corre-
sponding variables relating to the warmest quarter of the year (Bio10, 
Bio18 and Bio34, respectively) as these are likely to reflect more 
explicitly conditions during the breeding season of each clade (at least in 
the case of heinei, leucophaea and cheleensis). Subjectively selecting just 
three of a large number of indices of bioclimate may, however, yield 
results that are over simplistic, so we also extracted values of the first 
five principal components of an ordination of all 35 bioclimate vari-
ables, which between them capture 90% of the variance explained by all 
35 variables (Bio36-40; Kriticos et al., 2014). While these are useful 
metrics for assessing differences between clades in multivariate bio-
climate space, reducing the need to over-fit models with large number of 
individual variables, they are less easy to interpret ecologically than the 

raw values from which they are derived. 
We used linear discriminant function analyses to assess the extent to 

which clades could be identified on the basis of the bioclimatic space at 
their point localities. Sand Lark was excluded from these analyses due to 
the small sample size of points and because it was so bioclimatically 
different from the other clades that it compacted the plots of the other 
clades. First we included as predictors the six variables relating to 
rainfall, temperature and moisture, both annual means and means for 
the warmest quarter. We then repeated the analysis replacing the six 
explicit bioclimatic variables with the five principal component scores of 
all bioclimatic variables (see above). Classification accuracy was 
assessed with reference to a confusion matrix. The analyses were run in 
R (R Core Team, 2019). 

3. Results 

3.1. Cytochrome b tree 

The cytb tree (Fig. 4) identified five deeply diverged clades, sepa-
rated 1.8–3.2 million years ago (mya) referred to as the heinei clade (A), 
the raytal clade (B), the rufescens clade (C), the cheleensis clade (D) and 
the leucophaea clade (E). This tree is the same as in Ghorbani et al. 
(2020b), except for the addition of three sequences of adamsi, from 
Bandar Abbas, southern Iran. These confirm the deep divergence (0.96 
million years ago [mya]; 95% highest posterior distribution 0.46–1.47 
mya) between raytal and adamsi found by Ghorbani et al. (2020b). 

3.2. Coalescence-based species delimitation 

STACEY recovered four deeply diverged clades with PP 1.00: (1) the 
heinei clade (heinei and aharonii), (2) the rufescens clade (rufescens, apetzii 
and minor), (3) the raytal clade (raytal and adamsi), and (4) the cheleensis 
+ leucophaea clade, which included weakly supported cheleensis/tuvinica 
(PP 0.57) and leucophaea/kukunoorensis (PP 0.68) clades (Fig. 5). The 
relationships among these four primary clades were unresolved. Within 
these clades, the taxa minor, raytal and kukunoorensis were the only ones 
appearing monophyletic, though all were weakly supported (PP 
0.15–0.20). 

The SimMatrix (Fig. 5) identified five main groups representing the 
heinei, rufescens, raytal, cheleensis and leucophaea clades. The last two 
were less well supported than the first three. 

3.3. Plumage 

The five clades are not all strongly separated by plumage. Compar-
isons among taxa are complicated because of pronounced individual, 
local geographical as well as seasonal variation (birds in worn plumage 
are generally paler and less warmly coloured with more distinct dark 
streaks above and with narrower pale edges to especially wing-coverts, 
tertials and central rectrices than fresh birds). The rufescens and heinei 
clades are extremely similar, and differ mainly in the heinei clade being 
overall less rufous-tinged than the rufescens clade, with on average 
thinner breast streaks. The differences are marked between the heinei 
clade subspecies aharonii and persica and the rufescens clade, but less 
notable between the rufescens clade and the subspecies heinei. The taxa 
in the raytal clade are characteristically thinly and faintly streaked 
above. The taxa in the cheleensis and leucophaea clades vary from very 
pale, grey and finely streaked above and white below in the west (leu-
cophaea), i.e. most similar to aharonii in the heinei clade, to darker, 
browner and more heavily streaked above and more buffish below in the 
east (cheleensis), i.e. closer to heinei. However, the differences between 
the cheleensis and leucophaea clades are not well defined, and it may be 
more appropriate to treat the variation as a west to east cline of 
increasing pigmentation. Indeed, the parapatrically distributed che-
leensis and kukunoorensis may differ less from each other than do fresh 
and worn individuals of cheleensis. Importantly, all of the taxa in the 
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Molecular Phylogenetics and Evolution 154 (2021) 106994

8

cheleensis and leucophaea clades have paler, less blackish brown, remiges 
and rectrices than the other clades (in all taxa, the remiges and rectrices 
become paler brown with wear and bleaching; because of the paler 
pigmentation of the cheleensis and leucophaea clades compared to the 
heinei clade, the remiges and rectrices are generally more worn in the 
two former than in the latter clade at the same time in spring/summer; 
cf. Fig. 2). Moreover, the taxa in the cheleensis and leucophaea clades 
show on average significantly more white on the outermost tail-feather 
(R6) than the rufescens and heinei clades: a general linear model of the 
ratio of the length of the white tip on the inner web to the length of the 
white at the base of the inner web indicated some highly significant 
differences between the cheleensis and leucophaea clades on the one hand 
and the rufescens and heinei clades on the other (Figs. 2 and 6 A; the 
raytal clade not analysed, but the pattern is similar to the rufescens and 
heinei clades). Importantly, the taxa representing different clades that 
have overlapping or closely abutting ranges (i.e. the rufescens vs. heinei 
clades; the heinei vs. leucophaea clades; and the heinei vs. cheleensis 
clades) are usually distinguishable by plumage, and the raytal clade has 
distinctive plumage pattern. 

3.4. Morphometrics 

The linear discriminant function analysis (LDA) based on wing, tail 
and bill lengths (Supplementary Fig. S3) correctly classified 92.7% of 
samples to clade (95%CL: 89.0–95.4%). Despite the reduced sample 
size, adding the two measures of wing shape slightly increased the 

classification accuracy to 93.0% (95%CL: 88.9–95.9%) (Table 1). Most 
of the misclassifications in both cases resulted from the cheleensis clade 
being classified as the leucophaea clade or vice versa (Table 1). If the 
cheleensis and leucophaea clades are treated as conspecific (see below), 
classification success is close to 100%. Post hoc analyses of models of 
wing, tail and bill length and wing shape that factored out the effects of 
sex and clinal geographical variation indicated that there were signifi-
cant pair-wise differences between all clades in wing length and in tail to 
wing ratio (P < 0.0001 in each pair-wise comparison), significant pair- 
wise differences in tail length (P < 0.0001) between clades except be-
tween the cheleensis and leucophaea clades, significant pair-wise differ-
ences in bill length (P < 0.001) between clades except between the 
cheleensis, leucophaea and heinei clades, and significant pairwise differ-
ences in proportional lengths of P5 and P6 (P < 0.001) between clades 
except between the cheleensis, leucophaea and raytal clades (Fig. 6 B–F, 
Table 2). These analyses confirm that the discriminant function analyses 
are likely to be robust to the uneven sampling of individuals across 
geographical clines. 

Univariate statistics revealed significant differences in wing, tail and 
bill length between the taxa raytal and adamsi in the raytal clade, but no 
differences in any of these metrics between the taxa leucophaea and 
kukunoorensis in the leucophaea clade. 

3.5. Songs 

The song of the taxa in the rufescens clade (rufescens, minor and apetzii 

Fig. 5. Species or minimal clusters tree (Jones et al., 2015) based on one mitochondrial and 11 nuclear loci, with the similarity matrix showing posterior proba-
bilities for pairs of individuals to belong to the same cluster. White is zero probability, black is 1.0 probability, and the grey scale indicates probabilities between 
these extremes (the palest grey is outlined by a thin red line). Numbers above branches indicate posterior probabilities for clades, and the tree is scaled in sub-
stitutions per site. 
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Fig. 6. Morphological analyses of the Alaudala rufescens–A. raytal complex. Boxplots of six morphometric variables by clade (males only). In each plot, clades shown 
in the same colour did not differ significantly from one another (P > 0.05), whereas clades shown in different colours differed significantly (P < 0.001). These tests of 
significance were derived from post hoc Tukey HSD tests from general linear models of each variable using data from both sexes, in which sex, clade and standardised 
z-scores and latitude and longitude were fitted as explanatory variables, thus ensuring that clinal variation was accounted for in the comparison of means; see text for 
further details. Although not shown here, results for proportional length of P6 were exactly the same, in terms of significant differences between clades, as those 
for P5. 

Table 1 
Classification matrices of two linear discriminant analyses based on (a) wing, tail and bill lengths (n = 286 males) and (b) these three measures plus two measures of 
wing formula (n = 228 males; see text for full details). Numbers in shaded cells are birds correctly allocated to clade by the analysis. Note that the largest number of 
misclassifications in each case relate to cheleensis being assigned to leucophaea, or vice versa.  
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available) is a short (2.2–3.4 s, mean 2.3 ± 0.4 s), fast sequence of simple 
notes, which are sometimes arranged in trills of varying length. On a 
sonogram the individual notes usually have the appearance of a tight 
series of vertical streaks, with very few more tonal (i.e. “blacker”, “ful-
ler” notes) notes interspersed. The strophes usually begin falteringly, 
with a few widely spaced notes, and then accelerate. The song has a dry, 
rattling quality. The strophes are separated by distinct pauses of 2.4–5.1 
s (mean 3.4 ± 0.8 s). Each male has a large repertoire, and strophes are 
only sometimes repeated two or more times in succession. No 
geographical variation is apparent within this group based on visual 
inspection of sonograms and sound. See Figs. 7 A–D, 8 and Table 3. 

Compared to the rufescens group, the song of the taxa in the heinei 
clade (heinei and aharonii available) consists of longer strophes with 
longer intervening pauses and a broader frequency band (Figs. 7, 8, 
Table 3). Sonograms (Fig. 7 E–I) reveal a higher proportion of complex, 
tonal, more drawn-out notes and longer rattling notes than in the 
rufescens clade (Fig. 7 A–D). The song sounds more musical, slower, 
more complex and less dry rattling than that of the rufescens clade. No 
consistent geographical variation is apparent within this group based on 
visual inspection of sonograms and sound (but see DFA, below), 
although the number of recordings of aharonii (n = 2) is too low to 
evaluate this properly. 

Compared to the heinei clade, the song of the cheleensis clade (che-
leensis available) is shorter, with fewer notes, a lower number of 
different note types, lower minimum frequency and shorter pauses 
(Figs. 7, 8, Table 3). Moreover, it begins abruptly, without the often 
faltering, stuttering beginning of the heinei clade (Figs. 7, 8, Table 3, 
length of first and second intervals). Sonograms (Fig. 7 J–N) also reveal a 
lower proportion of drawn-out dry rattles of thin elements as well as a 
lower proportion of complex drawn-out musical notes, but more repe-
titions of complex notes, especially towards the end of the strophe. 
Overall, the song sounds more hurried, with a more abrupt beginning 
and shorter strophes, and less churring, grating voice than in the heinei 
clade. 

The song of the leucophaea clade (kukunoorensis available, none of 
leucophaea) is similar to that of the cheleensis clade, but has on average 
narrower frequency span, higher minimum frequency and fewer note 
types (Figs. 7, 8, Table 3). Sonograms (Fig. 7 O–S) also reveal a higher 
proportion of simple repetitions, often several series of such repetitions 
in a strophe, giving the song a more rattling quality than in birds of the 
cheleensis clade. Based on visual examination of sonograms, there is 
some variation within the range of the leucophaea clade in China 
(kukunoorensis): birds from north of the Tian Shan in Xinjiang Province 
(Mosuowan, Fukang, Wulumuqi) and in the east of the range in Qinghai 
Province (Lianghu) tend to be more similar to the cheleensis clade than 
birds from south of the Tian Shan in Xinjiang (Bayingol, Luntai). 

The song of the raytal clade is closest to the leucophaea clade, but has 
higher minimum frequency and a narrower frequency band (Figs. 7, 8, 
Table 3). It is often markedly undulating because of gradual changes in 

frequency (Fig. 7 T–X). Our recordings of raytal (Fig. 7 T–U) include 
fewer musical notes than our recordings of adamsi (Fig. 7 V–X), although 
the number of recordings (2 of adamsi and 3 of raytal) is too low to 
evaluate this properly. 

The DFA of 10 vocal variables for five groups corresponding to the 
five main clades was highly significant (Wilks’ lambda = 0.003; X2

44 =

449.543; P < 0.0001), and resulted in 96.8% correct classification of the 
five taxa, 94.7% after cross-validation (Table 4). The first three 
discriminant functions had eigenvalues > 1, and accounted for 99.7% of 
the variance (64.1%, 27.2% and 8.5%, respectively). The variables most 
important in the discrimination were duration, number of introductory 
notes, number of different note types, total number of notes and length 
of first interval on Function 1 and duration, minimum frequency, fre-
quency span, number of different note types and length of second in-
terval on Function 2. 100% of the samples were correctly identified in all 
of the clades except the leucophaea clade, in which a minority of the 
samples were classified as the cheleensis or raytal clades or, after cross- 
validation, as the rufescens clade (Table 4). A plot of Function 1 versus 
Function 2 (Fig. 9) clearly separates the heinei clade from the cheleensis, 
leucophaea and raytal clades on Function 1 and from the rufescens clade 
on Function 2, while it is partly overlapping with the rufescens clade on 
Function 1. The cheleensis clade separates from the rufescens clade both 
on Function 1 and 2, and from the raytal clade on Function 2. The leu-
cophaea clade is partly overlapping with the cheleensis clade and the 
raytal clade on Function 2, and these three are not separable on Function 
1. 

3.6. Song-flight behaviour 

We have only studied the high song-flight in the heinei clade in 
Kazakhstan and Mongolia, the cheleensis clade in Mongolia and the 
leucophaea clade in Xinjiang Province, China. Birds in the cheleensis clade 
(Macaulay Library ML488766, ML488767, ML488770, ML488771) fly 
with their wings partly extended and continuously and regularly 
beating, sometimes momentarily slowing down the rate of the wing- 
beats, and occasionally with split-second glides on extended or fully 
closed wings. In contrast, heinei in Kazakhstan and Mongolia (Macaulay 
Library ML488772) alternate between quick wing-beats and split- 
second glides on fully closed wings as well as several seconds long 
glides on fully extended wings. The song is usually delivered during the 
glides on extended wings. The high song-flight is variable in the leuco-
phaea clade: similar to birds in the cheleensis clade, or with occasional 
rather short glides on extended wings and momentary glides on closed 
wings, or even approaching the heinei clade in having frequent glides on 
extended wings (Macaulay Library ML488773, ML488774). We have no 
detailed notes or video of the high song-flights of taxa in the rufescens 
and raytal clades, but our field notes suggest that both sing while gliding 
on extended wings, i.e. probably reminiscent of the heinei clade. 

Table 2 
Mean values ± standard deviation for six morphological traits for the five main clades. P5 and P6 = primary number five and number six, respectively, numbered 
descendently. Pattern R6 refers to ratio between amount of white on tip and base on inner web of outermost rectrix (R6; t/b as indicated in Fig. 2) (no values available 
for the raytal clade).   

heinei clade raytal clade rufescens clade cheleensis clade leucophaea clade  

Male (n =
97) 

Female (n =
37) 

Male (n =
31) 

Female (n =
17) 

Male (n =
116) 

Female (n =
77) 

Male (n =
30) 

Female (n =
10) 

Male (n =
22) 

Female (n =
16) 

Wing 100.1 ± 2.8 93.9 ± 2.8 85.3 ± 2.7 79.7 ± 2.2 90.3 ± 2.46 85.0 ± 2.4 95.3 ± 3.6 89.2 ± 3.3 97.8 ± 2.0 92.4 ± 2.5 
Tail 60.2 ± 3.1 56.3 ± 2.8 46.4 ± 2.1 42.6 ± 2.7 51.8 ± 2.2 48.4 ± 2.3 65.6 ± 4.0 62.0 ± 4.4 65.7 ± 2.3 61.0 ± 2.3 
Bill 

length 
13.3 ± 1.1 12.7 ± 1.0 14.3 ± 0.9 13.4 ± 0.8 12.1 ± 0.5 11.8 ± 0.4 13.3 ± 0.8 13.0 ± 0.5 13.0 ± 0.6 12.6 ± 0.6 

Bill depth 5.8 ± 0.4 5.4 ± 0.4 4.6 ± 0.2 4.6 ± 0.2 4.9 ± 0.3 4.7 ± 0.2 4.9 ± 0.2 4.7 ± 0.2 4.8 ± 0.3 4.7 ± 0.2 
P5 14.4 ± 1.6 13.1 ± 1.1 9.6 ± 1.1 8.3 ± 1.0 12.2 ± 1.2 11.1 ± 1.1 10.4 ± 1.1 9.0 ± 0.7 11.0 ± 0.9 11.0 ± 1.0 
P6 6.7 ± 1.1 6.0 ± 1.1 3.6 ± 0.9 3.0 ± 1.0 5.0 ± 0.9 4.6 ± 0.8 3.5 ± 0.7 2.7 ± 0.8 4.1 ± 0.8 4.1 ± 0.6 
Pattern 

R6 
0.14 ± 0.08 0.18 ± 0.09 – – 0.17 ± 0.09 0.18 ± 0.10 0.32 ± 0.18 0.42 ± 0.10 0.40 ± 0.20 0.42 ± 0.12  
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E: heinei Mongolia ML274050

I: aharonii Turkey ML 274066

F: heinei Mongolia ML274051

G: heinei Kazakhstan ML274047

H: heinei Turkey ML274062

D: minor Morocco ML274035

C: minor Morocco ML274037

B: apetzii Spain ML274045

A: apetzii Spain ML274040
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heinei clade
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Fig. 7. [spread over three pages]. Songs of different taxa in the Alaudala rufescens–A. raytal complex, all in high song-flight. Three to five consecutive song strophes 
per individual (except in M, where one strophe was given twice in succession, but only one of these shown); all songs from different individuals. The silent pauses 
between the strophes have been shortened (indicated by vertical blue bars). The ML numbers refer to the Macaulay Library catalogue number. A: apetzii Spain (Eloisa 
Matheu); B: apetzii Aragon, Spain (Magnus Robb); C: minor Zeida, Morocco (Arnoud B. van den Berg); D: minor Midelt, Morocco (Per Alström); E: heinei south of Khuld 
sum, Dundgobi Prov., Mongolia (Per Alström); F: heinei south of Khuld sum, Dundgobi Prov., Mongolia (Per Alström); G: heinei Kazakhstan (Per Alström); H: heinei 
Bulanik, Turkey (Krister Mild); I: aharonii Avanos, Turkey (Krister Mild). J: cheleensis Dornod Prov., Mongolia (Per Alström); K: cheleensis Töv Prov., Mongolia (Per 
Alström); L: cheleensis Hentii Prov., Mongolia (Per Alström); M: cheleensis Khuld sum, Dundgobi Prov., Mongolia (Per Alström); N: cheleensis Gegentala, Nei Menggu 
Prov., China (Per Alström); O: kukunoorensis Lianghu, Qinghai Prov., China (Per Alström); P: kukunoorensis Mosuowan, Xinjiang Prov., China (Per Alström); Q: 
kukunoorensis Wulumuqi, Xinjiang Prov., China (Per Alström); R: kukunoorensis south of Bayingol, Xinjiang Prov., China (Per Alström). S: kukunoorensis south of 
Luntai, Xinjiang Prov., China (Per Alström); T: raytal Delhi, India (Per Alström); U: raytal Delhi, India (Per Alström); V: adamsi Harike, Punjab, India (Per Alström); X: 
adamsi Harike, Punjab, India (Per Alström). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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Q: kukunoorensis China ML274601

P: kukunoorensis China ML274098

O: kukunoorensis China ML274603
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N: cheleensis China ML274067

M: cheleensis Mongolia ML274092

L: cheleensis Mongolia ML274089
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Fig. 7. (continued). 
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3.7. Distribution and habitat 

The geographical distributions are indicated in Fig. 1 and Supple-
mentary Fig. S2. There is evidence of widely overlapping distributions 
between the leucophaea clade (leucophaea) and the heinei clade (heinei) in 
Kazakhstan and Kyrgyzstan; the heinei clade (heinei) and the rufescens 
clade (minor) are parapatric (perhaps even sympatric, see Discussion) in 
the Turkey-Syria border area; and the cheleensis clade (cheleensis) and the 
heinei clade (heinei) have closely abutting ranges (perhaps even sym-
patric, see Discussion) in southern Mongolia. The heinei clade (persica) 
and the raytal clade (adamsi) are parapatric in southern Iran and in the 
Pakistan/Afghanistan border area. 

All taxa in the complex occur in open, usually flat, dry, sandy, often 
saline, areas with scant vegetation cover, although there appear to be 
some differences in habitat preference between birds from the five main 
clades. Birds in the cheleensis clade occur on sandy soils with sparse low 
herbs (e.g. Allium spp. and Artemisia spp.) and thin, low grass cover (with 
the soil clearly “shining through”), often with patches of Achnatherum 
spp. grass and low bushes of, e.g., Caragana spp. (Supplementary Fig. 
S4), but also in (dry) agricultural fields. In Mongolia, heinei was found on 
drier, more sandy soils than cheleensis, with generally more bushes, such 
as Caragana spp., also where the two taxa were found in close proximity 
of each other (Supplementary Fig. S4). In Kazakhstan, we have found 
heinei on dry, sandy soils with sparse, low vegetation of grass and herbs, 
such as Artemisia spp., and scattered low bushes, also on sandy saline 
areas with Salicornia and other salt marsh plants next to small lakes (see 
Discussion for information on the sympatric leucophaea, which we have 
not found in the field). In Qinghai and Xinjiang Provinces, China, the 

leucophaea clade (kukunoorensis) was found mainly in sandy desert and 
semi-desert habitats with scattered low bushes, but also in habitats more 
reminiscent of the typical heinei habitat, as well as in sandy desert with 
tall bushes and substantial expanses of bare ground in between, and in 
dry agricultural fields (Supplementary Fig. S4). We have found raytal on 
sandy river banks and sandy islands with scattered taller vegetation, 
such as bushes, in rivers in India and Nepal, and adamsi on sandy 
riverine ground with scattered bushes in India and Pakistan, and along 
sandy sea and lake shores with halophyte vegetation in Pakistan and 
Iran. 

3.8. Bioclimatic separation of species 

There were significant pairwise differences between clades in rain-
fall, temperature and moisture index in the warmest quarter (Fig. 10 
A–C), indicating a gradient of increasing heat and aridity from the 
cheleensis to heinei clades and the leucophaea to rufescens clades. There 
were also significant pairwise differences between clades in mean 
annual rainfall, temperature and moisture index, though with less of a 
clear gradient between clades (Fig. 10 D–F), and between clades in 
scores on the first five principal components of an ordination of all 35 
bioclimatic variables (Supplementary Fig. S5). We excluded raytal from 
the results shown here since it was so different from all the other clades 
in bioclimate (due to its occurrence in the monsoon rainfall zone) that 
plots showing differences between the other four clades became com-
pressed, making the results difficult to interpret. Within the raytal clade, 
there were highly significant differences between raytal and adamsi in 
most of the bioclimate variables. 

X: adamsi India ML274617

V: adamsi India ML274616

T: raytal India ML274620

S: kukunoorensis China ML274610
leucophaea clade (cont.)
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U: raytal India ML274618
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Fig. 7. (continued). 
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Fig. 8. Boxplots of 10 song variables by clade. In each plot, clades shown in the same colour did not differ significantly from one another (P > 0.05), whereas clades 
shown in different colours differed significantly (P < 0.001). These tests of significance were derived from post hoc Tukey HSD tests. 
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The first axis of discrimination based on the six primary bioclimate 
variables accounted for 86.5% of the variance and clearly separated the 
cheleensis, heinei and rufescens clades (Supplementary Fig. S6 A). A 
confusion matrix indicated an overall classification accuracy of 78.6% 
(95% CL: 71.6–84.5). The first axis of discrimination based on the first 

five principal components accounted for 82.2% of the variance and 
again clearly separated the four clades (Supplementary Fig. S6 B). A 
confusion matrix indicated an overall classification accuracy of 80.4% 
(95% CL: 73.5–86.1). 

Table 3 
Mean values ± standard deviation for 10 song variables for the five main clades. The leucophaea clade comprises only kukunoorensis as no recordings were available for 
leucophaea.   

heinei clade (n = 23) raytal clade (n = 5) rufescens clade (n = 14) cheleensis clade (n = 29) leucophaea clade (n = 23) 

Duration (s) 4.09 ± 0.68 1.97 ± 0.31 2.33 ± 0.36 1.55 ± 0.18 1.67 ± 0.26 
Minimum frequency (Hz) 1581.54 ± 212.07 2809.68 ± 256.33 1828.25 ± 264.69 1979.81 ± 147.16 2393.53 ± 188.23 
Maximum frequency (Hz) 7019.74 ± 416.92 6538.19 ± 579.99 6646.35 ± 558.17 7067.40 ± 281.13 6884.61 ± 301.70 
Bandwidth (Hz) 5438.19 ± 530.05 3728.50 ± 807.49 4818.1 ± 655.54 5087.59 ± 407.40 4591.80 ± 644.42 
Number of introductory notes 0.78 ± 0.95 0.00 ± 0.00 1.00 ± 1.75 0.10 ± 0.56 0.04 ± 0.21 
Number of different note types 26.97 ± 6.74 7.88 ± 1.58 26.66 ± 6.52 13.41 ± 3.43 8.93 ± 2.57 
Number of notes 35.16 ± 8.40 19.32 ± 2.99 34.13 ± 5.45 17.15 ± 3.56 16.53 ± 2.56 
Length of first interval (s) 0.18 ± 0.05 0.05 ± 0.02 0.19 ± 0.04 0.03 ± 0.01 0.034 ± 0.01 
Length of second interval (s) 0.14 ± 0.06 0.037 ± 0.002 0.120 ± 0.04 0.025 ± 0.005 0.029 ± 0.004 
Pause between strophes (s) 7.13 ± 2.12 6.012 ± 1.35 3.43 ± 0.81 3.86 ± 0.64 4.34 ± 1.28  

Table 4 
Classification matrix of discriminant function analysis of 10 song variables (after cross-validation in parentheses). The leucophaea clade comprises only kukunoorensis as 
no recordings were available for leucophaea.  

Fig. 9. Discriminant function scatterplot of the first 
two discriminant functions based on measurements 
of 10 acoustic variables for the Alaudala rufescens–A. 
raytal complex, grouped based on the five primary 
clades in the cytochrome b tree. Included taxa (no 
sound recordings available for others): cheleensis 
clade: cheleensis (no tuvinica); heinei clade: heinei and 
aharonii (no persica); raytal clade: raytal and adamsi 
(no krishnakumarsinhji); rufesens clade: rufescens, 
apetzii and minor; and leucophaea clade: kukunoorensis 
(no leucophaea).   
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4. Discussion 

4.1. Taxonomy of the Alaudala rufescens–A. raytal complex 

No species concept is unanimously accepted by all biologists (see 
Sangster, 2018 for a recent review). However, the General Lineage 
Concept (GLC) has gained popularity as a theoretical foundation that 
unifies the other species concepts, which can all be viewed as variations 
on the theme that species are “segments of population-level lineages” 
(de Queiroz, 1998, 1999, 2007). Under the GLC, “lineages do not have to 
be phenetically distinguishable, diagnosable, monophyletic, intrinsi-
cally reproductively isolated, ecologically divergent, or anything else to 
be considered species” (de Queiroz, 2007). The only necessary property 
is that they are evolving separately from other lineages. Different 
criteria, such as diagnosability, monophyly or reproductive isolation, 
can be used to identify separately evolving lineages. The more evidence 
supporting a lineage the better, analogous to evaluating guilt in a 
criminal justice process (Sangster, 2018). This is in accordance with the 
principles of integrative taxonomy, which evaluate species limits based 
on integration of multiple independent datasets (Alström et al., 2008; 
Dayrat, 2005; Sangster, 2018). However, there is no reason to presume 
that all species criteria evolve in all lineages, let alone all at the same 
time or rate (de Queiroz, 1998, 1999, 2007; Sangster, 2018). While the 
GLC is an attractive theoretical solution to “the species problem”, the 
difficulties in delineating lineages remain. This is a necessary conse-
quence of the gradualistic nature of the speciation process – an historical 
(phylogenetic) continuum can only be arbitrarily divided (Lidén, 1990). 

Our results are summarised in Table 5 and Fig. 11. The rufescens, 
heinei and raytal clades were unanimously supported as independent 
lineages by mtDNA, morphology and bioacoustics as well as by the 
STACEY multilocus analysis. The raytal clade was also supported by its 
unique habitat. The combined cheleensis and leucophaea clade was also 
supported by the same datasets. These four primary clades were all 

deeply diverged and monophyletic in both the mtDNA and STACEY 
trees, with mtDNA divergence time estimates ranging from 1.8 to 3.2 
mya. In contrast, the cheleensis and leucophaea clades, which were 
unambiguously supported as sisters in all phylogenetic analyses, 
differed strongly only in mtDNA (split 2.1 mya) and bioclimate (but see 
below), although their separation was weakly supported also by STA-
CEY, morphology and bioacoustics. Within the raytal clade, two distinct 
lineages were strongly supported by mtDNA (raytal and adamsi, split 
0.96 mya) and bioclimate, and their separation was weakly supported 
also by morphometrics and perhaps also by song (sample size too small 
to evaluate), but not by STACEY. Within the leucophaea clade, two lin-
eages were supported by mtDNA (leucophaea and kukunoorensis), 
although the divergence time was short (0.3 mya) and the statistical 
support was not unanimously strong; their separation was weakly sup-
ported by plumage (but see below), but not by morphometrics, STACEY 
or bioclimate (song of leucophaea unknown). 

Although it is true that different traits may evolve at different rates in 
different lineages (consider, e.g., anciently diverged species with poor 
phenotypic divergences), the variation among the potential lineages 
identified in the present study likely reflects that they have reached 
different levels in the gradual speciation process. Four lineages (the 
rufescens, heinei, raytal and combined cheleensis + leucophaea clades) are 
well advanced along the speciation continuum. At least three pairs of 
these clades are probably marginally or more broadly sympatric, and at 
least two of these differ in additional features, which likely contribute to 
reproductive isolation between them (see below). With respect to the 
other potential lineages (raytal vs. adamsi and leucophaea vs. kukunoor-
ensis), they are considerably less diverged in all aspects (except mtDNA 
in the cheleensis vs. leucophaea clades), and appear to have progressed 
less far along the speciation path. Our results highlight the difficulty and 
subjectivity of demarcating lineages at early stages in the speciation 
process. This is a consequence of evolution, and although it may be 
frustrating to taxonomists, conservationists and others, it needs to be 

Fig. 10. Differences between clades (raytal excluded; see main text) in rainfall, temperature and moisture index in the warmest quarter (a–c) and across the 
year (d–f). 
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accepted as a fact of life. 
The deep mtDNA divergences that are not reflected in the STACEY 

tree call for cautious interpretation of the results. Such mito-nuclear 
discordance might result from, e.g., “ghost introgression” of mtDNA 
(Rheindt and Edwards, 2011; Zhang et al., 2019); biases in mate choice 
(Pons et al., 2014); sex-biased dispersal (Petit and Excoffier, 2009; Dai 
et al., 2013); or higher rates of introgression of nuclear loci than of 
mtDNA (Drovetski et al., 2015), perhaps due to female hybrid sterility 
(in accordance with Haldane’s rule: Haldane, 1922). Our data do not 
allow discrimination among these hypotheses. 

Plumage characters, especially colouration and strength of dark 
streaking, are particularly variable and of limited taxonomic value in 
larks, as these traits are highly adaptable in the varied open habitats 
where larks occur (Alström et al., 2013b; Donald et al., 2017). Although 
the taxa in the cheleensis and leucophaea clades differ in plumage, they 
appear to represent a west to east cline of increasing pigmentation. The 
plumage differences are particularly slight between the taxa leucophaea 
and kukunoorensis in the leucophaea clade, and to further complicate the 
picture, the taxon tuvinica in the cheleensis clade appears to be inter-
mediate in plumage between leucophaea and kukunoorensis. Songs are 
generally believed to be of importance for mate choice and hence 
reproductive isolation in birds (Price, 2008), and have frequently been 
used in taxonomic assessments (reviews in Alström and Ranft, 2003; 
Alström et al., 2013a). The songs differ clearly among the rufescens, 
heinei, raytal and cheleensis + leucophaea clades, and can be hypothesised 
to act as reproductive isolating barriers in case of contact. However, 
visual inspection of sonograms indicates that the differences in songs 
between the cheleensis and leucophaea clades might be clinal. More 
research is needed in the areas where these taxa may come into contact 
(cheleensis clade and kukunooorensis in western Mongolia and north 
central China; leucophaea and kukunoorensis in the border areas between 
China and Kyrgyzstan/Tajikistan), to evaluate whether the observed 
differences in morphology, vocalisations and habitat/bioclimate (see 

below) are discrete or clinal. 
Some of the clades are supported by additional data. The ranges of 

the rufescens and heinei clades are in close geographical contact, and may 
be sympatric. We have sound recordings of heinei from the Turkish side 
near the Turkish-Syrian border, and have examined specimens of minor 
(rufescens clade) on the Syrian side near the same border. Kirwan et al. 
(2008) have examined specimens “indistinguishable from minor” in 
southern and southeastern Turkey. More fieldwork is needed to deter-
mine the detailed distributions of these taxa. The distinctness of the 
heinei clade in relation to the cheleensis clade is further supported by 
differences in song-flight, which is likely a sexually selected trait 
important for mate recognition, and may hence be an important 
reproductive isolating barrier between these two taxa. Moreover, they 
have been found breeding only c. 70 km apart in southern Mongolia, and 
more extensive surveys would probably reveal sympatry. They also have 
slightly different habitat preferences, and the bioclimatic modelling 
suggest that they occupy largely different niches (see below). In addi-
tion, unlike all other taxa, heinei is probably migratory, at least in much 
of its range (Dement’ev and Gladkov, 1968; Stachanow and Spangen-
berg, 1931; supported by a record identified by DNA in eastern China 
south of the breeding range of the entire complex: Ghorbani et al., 
2020b). 

The distinctness of heinei versus leucophaea was suggested already by 
Stachanow and Spangenberg (1931) and Korelov (1958) based on 
sympatric breeding ranges combined with differences in plumage, 
structure, breeding habitat (“various habitats in deserts”, “clayey, 
sometimes densely grass-covered steppe” or “dry Artemisia steppe” in 
heinei; desert areas, mainly along the edges of, or in, dried up salt 
marshes in leucophaea), migratory behaviour (heinei being migratory, 
leucophaea resident), reproduction period (April–July in heinei and 
April–May in leucophaea), number of broods (two in heinei, one in leu-
cophaea), moult period (June, climax in July in heinei, July–October in 
leucophaea), and gregariousness (heinei forming large flocks, unlike 

Table 5 
Support for different clades based on different data sets (cf. Fig. 11). C = mitochondrial cytochrome b (Fig. 4); N = STACEY analysis of multilocus data (11 nuclear, 1 
mitochondrial loci; Fig. 5); M = morphology (morphometrics, Tables 1 and 2, Fig. 6; and plumage); S = song (Tables 3 and 4, Figs. 7–9); B = bioclimate (Fig. 10) and/or 
habitat. Capital letter = strong separation; lower case letter = incomplete separation; lower case letter followed by 0 = no separation. 1Comparisons between the raytal 
clade and adamsi concern the subspecies raytal vs. adamsi (as the latter is part of the raytal clade). 2Comparisons between the leucophaea clade and kukunoorensis 
concern the subspecies leucophaea vs. kukunoorensis (as the latter is part of the leucophaea clade). n/a = no statement, as adamsi and kukunoorensis belong to the raytal 
and leucophaea clades, respectively. b# indicates that although the bioclimatic separation between heinei and leucophaea is poor, they have been reported to be at least 
partly segregated by habitat where they occur in sympatry. §In the DFA, 8.7% of the songs of the leucophaea clade were misclassified as the raytal clade, but the 
differences between these clades were additionally supported by visual inspection of sonograms and acoustic interpretation. $There are indications that the songs 
might differ, but our sample is too small. €The DFA, visual inspection of sonograms and acoustic interpretation suggest that the songs of cheleensis and kukunoorensis are 
generally distinguishable, but with considerable overlap and indications of clinal variation (no recordings available for the other taxa in these clades). s? – no sound 
recordings available for lecucophaea. The pairs in red font are probably marginally, or in the case of heinei–leucophaea, broadly sympatric.  
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leucophaea). Korelov (1958) concluded that heinei and leucophaea should 
be treated as specifically different, and that kukunoorensis (and seebohmi, 
recognised by him) should be considered conspecific with leucophaea. 
Stepanyan (1967, 1983, 1990) deduced that since the eastern taxa have 
much the same wing formula as leucophaea, all these should be consid-
ered conspecific (as A. cheleensis, by priority) and specifically different 
from the western taxa (A. rufescens). This has been followed by several 
other authorities, e.g. Christidis (2018), Clements et al. (2019) Dick-
inson and Christidis (2014), Gill et al. (2020) and Sibley and Monroe 
(1990). 

With respect to the raytal clade, more data are needed on the possible 
lineage separation between raytal and adamsi as suggested by the deep 
mtDNA split between them. It needs to be evaluated whether the 
structural differences are discrete or clinal, and also whether the 
perceived differences in song between these two taxa hold on a larger 
sample. The bioclimatic differences are likely to be somewhat clinal, as 
their distributions are abutting with no clear differences in habitat 
(though a large part of adamsi’s distribution is along sandy coasts, unlike 
raytal; Alström, 2004). No genetic data or sound recordings are available 
for the taxon krishnakumarsinhji, which might be better considered a 
synonym of adamsi (Ganpule, 2020). 

The results of our bioclimatic analyses suggest that clades occupy 
different bioclimatic space, and that there is a gradient of increasing 
heat and aridity from the cheleensis to heinei and leucophaea to rufescens 
clades during the warmest quarter, which includes the main breeding 
season of the cheleensis, leucophaea and heinei clades but may not include 

the entire breeding season of the rufescens clade. Discriminant function 
analysis indicated that the leucophaea clade sits between the heinei and 
cheleensis clades in terms of occupied bioclimate space. It is possible that 
the bioclimatic separation of the leucophaea and cheleensis clades is 
clinal, but better sampling from north central China is needed to eval-
uate this. There were also significant differences between clades in the 
first five principal components of an ordination of 35 bioclimate vari-
ables. Although the interpretation of these axes is difficult, PCA1 relates 
to a gradient in temperature mean and variance, PCA2 to a gradient in 
wetness, PCA3 to a gradient of drought, PCA4 to rainfall seasonality and 
PCA5 to maximum radiation (Kriticos et al., 2014). 

The bioclimatic separation of the partly sympatric or parapatric 
heinei and cheleensis clades mirrors that of some other partly sympatric 
or parapatric pairs of lark species that closely resemble each other in 
phenotype. Examples include Crested Galerida cristata and Thekla’s 
Larks G. theklae, and Calandra Melanocorypha calandra and Bimaculated 
Larks M. bimaculata, which are sympatric or parapatric in parts of their 
respective ranges but are broadly separated by bioclimate; in each case, 
the latter species tends to occur in drier areas than the former (Guil-
laumet et al., 2010; Roselaar, 1995). 

In conclusion, we identified four distinct lineages that we suggest 
qualify as species under any species concept: A. rufescens (sensu stricto), 
A. heinei, A. raytal and A. cheleensis (sensu stricto; including the cheleensis 
and leucophaea clades). While acknowledging that under the GLC the 
cheleensis and leucophaea clades could be treated as separate species, in 
view of their less clear separation and indications of clinal variation in at 

Fig. 11. STACEY multilocus tree (same as in Fig. 5), with support for different clades based on different data sets (cf. Table 5). Symbols explained in top left corner; 
black symbols = strong support, grey symbols = weak support, unfilled symbols = no support. Red triangle with question mark = lack of data; grey triangle with 
question mark = slight differences noted, but insufficient sampling. Posterior probabilities indicated at nodes, * = 1.00. Names immediately above clades refer to 
included subspecies (none of which are monophyletic), and species names across branches is our taxonomic preference based on the present study. The distinctness of 
A. heinei is additionally supported by its wide sympatry with and reported different habitat choice from leucophaea (Stachanow and Spangenberg, 1931, Korelov, 
1958, Stepanyan, 1967, 1983, 1990); its close geographical proximity (and probable sympatry) with and different habitat preference compared to cheleensis; dif-
ferences in sexual display (song-flight) compared to cheleensis; and its unique migratory behaviour (perhaps not in the south of its range). Alaudala rufescens sensu 
stricto is also in close parapatry with A. heinei, and might be sympatric. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 

P. Alström et al.                                                                                                                                                                                                                                 



Molecular Phylogenetics and Evolution 154 (2021) 106994

19

least two of the analysed datasets, we favour treatment of these as 
conspecific. Two additional potential lineages (adamsi and kukunoor-
ensis) are even less strongly differentiated and are not considered 
separate species by us. 

4.2. Evaluation of the multispecies coalescent based species delimitation 

The results from the STACEY analysis are in generally good agree-
ment with the non-molecular data. Treatment of the cheleensis and leu-
cophaea clades as separate species would have been acceptable based on 
the molecular data. They clearly represent separate lineages, and 
monophyly of all loci cannot be – and should not be – a requirement for 
species status, as the time for most alleles to achieve reciprocal mono-
phyly is expected to be much longer than the time since speciation 
(Hudson and Coyne, 2002; Hudson and Turelli, 2003). 

Computer-based species delimitation using multilocus or genome- 
wide data may seem attractive because it can be used without any 
prior or additional knowledge of the study organisms, and can be 
applied across all parts of the Tree of Life, and automatically applied to 
environmental or other large-scale samples (Tedersoo et al., 2017). 
Moreover, these methods are considered to have a high degree of ob-
jectivity, as they clearly define what is being delimited and under what 
assumptions (Rannala, 2015), and high repeatability (Camargo and 
Sites, 2013). However, Sukumaran and Knowles (2017) and Leaché et al. 
(2019) have argued that at least one of the most popular of these pro-
grams, BPP (Flouri et al., 2018; Yang, 2015; Yang and Rannala 2010, 
2014, 2017), is too fine-tuned and therefore identifies population splits 
rather than species divergences. Carstens et al. (2013) suggested that as 
a general rule a wide range of species delimitation analyses should be 
applied and trust be placed in delimitations that are congruent across 
methods. This approach was argued against by Rannala (2015) for sta-
tistical reasons: “if one or more of the tests are bad the composite test 
will incur a large reduction in power with the only benefit being a 
decrease in type I error”, while on the contrary “if all the tests are good 
the composite test offers essentially no benefit”. We would further argue 
that as different species delimitation methods may support different 
species, a subjective assessment of the proposed species will neverthe-
less be needed, and independent data therefore required (see below). 
Moreover, we suggest that a general problem for DNA-based species 
delimitations may be that some loci can have a disproportionately strong 
influence over the reconstruction, especially if evolutionary rates differ 
much among loci. For example, analyses of one or more mitochondrial 
genes and a few nuclear loci may be biased towards the mitochondrial 
loci because of the generally faster evolutionary rate of mitochondrial 
than nuclear loci. In addition, most DNA-based species delimitation 
programs may have problems with presently or anciently interbreeding 
taxa. 

Independent data, such as morphology, vocalizations and behav-
ioural characteristics, can be excellent additional evidence of lineage 
separation. These traits, especially if under strong sexual or natural se-
lection, may show evidence of divergence long before the main part of 
the genome shows any signs of divergence. They may contribute 
strongly to reproductive isolation at an early stage, although they only 
make up a tiny fraction of the genome, and will therefore not contribute 
significantly to most molecular-based species delimitations. Methods to 
integrate phenotypic and molecular data in a common Bayesian 
framework have been proposed to overcome shortcomings of methods 
relying exclusively on genetic data (Solís-Lemus et al., 2015). 

Ideally, species delimitation should be based on an approach where 
multiple independent data, such as mitochondrial and nuclear DNA, 
morphology, vocalisations, behavioural, ecological and distributional 
data, are integrated (as previously argued by e.g. Alström et al., 2008; 
Carstens et al., 2013; Knowles and Carstens, 2007; Schlick-Steiner et al., 
2010). However, it is recognised that in many, perhaps most, cases such 
a rigorous approach is prevented by a paucity of data, and the urgent 
need to obtain better estimates of the world’s biodiversity to meet the 

imminent biodiversity crisis calls for fast and efficient methods. 

5. Conclusion 

We evaluate species limits in the avian Alaudala rufescens–A. raytal 
complex by integrating multiple independent datasets: mitochondrial 
DNA, nuclear DNA, plumages, morphometrics, songs, song-flights, 
geographical distributions, habitat and bioclimate. Species limits are 
also evaluated using the species delimitation program STACEY, which is 
based on the multispecies coalescent model. STACEY favoured the same 
species as our integrative approach. We propose that four species should 
be recognised in the Alaudala rufescens–A. raytal complex instead of the 
two to three species currently recognised (Fig. 11): (1) Lesser Short-toed 
Lark A. rufescens (sensu stricto; with subspecies A. r. rufescens [synonym: 
A. r. polatzeki], A. r. apetzii and A. r. minor [synonym: A. r. nicolli]; (2) 
Heine’s Short-toed Lark A. heinei (with subspecies A. h. heinei [synonym: 
A. h. pseudobaetica], A. r. aharonii [synonym: A. h. niethammeri] and A. h. 
persica); (3) Asian Short-toed Lark A. cheleensis (with subspecies A. c. 
cheleensis, A. c. tuvinica, A. c. leucophaea and A. c. kukunoorensis [syno-
nyms: A. c. seebohmi, A. c. beicki, A. c. stegmanni, A. c. tangutica]); and (4) 
Sand Lark A. raytal (with subspecies A. r. raytal [synonym: A. r. vauriei], 
A. r. krishnakumarsinhji and A. r. adamsi). There is also evidence of 
separation between the cheleensis clade (A. c. cheleensis, A. c. tuvinica) 
and the leucophaea clade (A. c. leucophaea, A. c. kukunoorensis), and 
potentially also within the raytal and leucophaea clades, but additional 
data are required to evaluate this. We conclude that an approach that 
integrates as much data as possible should be the preferred one, 
although we acknowledge that this may be practically impossible in 
many cases. We stress that whenever possible, species proposed by 
computer-based species delimitation programs should be evaluated by 
independent, non-genetic data. Our results highlight the difficulties of 
delimiting independent lineages at the early stages of divergence even 
when multiple independent datasets are available. 
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