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ABSTRACT
Correct assessment of species limits and phylogenetic relationships is a prerequisite for studies in ecology and 
evolution. Even in well-studied groups such as birds, species delimitation often remains controversial. Traditional avian 
taxonomy is usually based on morphology, which might be misleading because of the contingent nature of evolutionary 
diversification. The sand plover complex (genus Charadrius) may be such an example wherein 2 Lesser Sand Plover 
C. mongolus subspecies groups have been proposed to comprise 2 species. We use genome-wide data of 765K SNPs to 
show that the widely accepted taxonomic treatment of this sand plover complex appears to be a paraphyletic grouping, 
with two Lesser Sand Plover subspecies groups found not to be each other’s closest relatives, and with the mongolus 
subspecies group being the sister taxon of Greater Sand Plover C. leschenaultii. Based on genomic and acoustic analyses, 
we propose a three-way split of the Sand Plover complex into the Siberian Sand Plover C. mongolus, Tibetan Sand Plover 
C. atrifrons, and Greater Sand Plover C. leschenaultii. The similar sizes of the Siberian and Tibetan Sand plovers may be the 
result of niche conservatism coupled with rapid morphological and ecological differentiation in the Greater Sand Plover. 
Gene flow between the non-sister Tibetan and Greater Sand plovers might have happened in phases of secondary 
contact as a consequence of climate-driven range expansions. We call for further studies of the Sand Plover complex, 
and suggest that speciation with intermittent gene flow is more common in birds than currently acknowledged.
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LAY SUMMARY

• The use of an integrative approach combining molecular and phenotypic data has revolutionized modern avian 
taxonomy.

• Using mitochondrial and genomic-wide variants, we show that the Lesser Sand Plover (Charadrius mongolus) appears 
to be paraphyletic taxa, with its two subspecies groups (“mongolus” and “atrifrons”) found not to be each other’s 
closest relatives, and with the “mongolus” group being the sister taxon of Greater Sand Plover Ch. leschenaultii.

• The pairwise sequentially Markovian coalescent (PSMC) method indicated contrasting demographic histories between 
the three taxa in the sand plover complex.

• We further demonstrated that the two subspecies groups in Lesser Sand Plover differ significantly in vocalizations.
• These evidences suggest that the migratory Palearctic shorebird Lesser Sand Plover should be split into 2 species: Ch. 

mongolus Pallas, 1776, and Ch. atrifrons Wagler, 1829.
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基因组数据揭示了蒙古/铁嘴沙鸻种组中的并系群 (Charadrius mongolus/leschenaultii)

摘要: 经典分类学常常是基于形态学数据考虑类群间的分类学关系，然而这样的处理有时会由于进化过程中的随
机性导致分类上的谬误。蒙古-铁嘴沙鸻复合种可能就是一个这样的案例，其中的蒙古沙鸻有可能实际上包含了
两个独立的物种。利用线粒体基因数据、基因组数据以及声学数据，我们揭示了传统分类学处理中的沙鸻复合
种中事实上包含了一个并系群。我们发现蒙古沙鸻的两个亚种群实际上并非姐妹类群，其中东部类群与铁嘴沙
鸻的亲缘关系更近。我们的数据支持将蒙古-铁嘴沙鸻复合种作为三个种处理，分别为西伯利亚沙鸻、青藏沙鸻
以及铁嘴沙鸻。西伯利亚沙鸻、青藏沙鸻这两种沙鸻在形态上的相似性可能是生态位保守的结果，而铁嘴沙鸻
的快速体型演化则可能是由于其进入新的生境产生的适应性进化。青藏沙鸻和铁嘴沙鸻间的历史基因流可能发
生在由于气候引导的分布区扩张和二次接触过程中。我们呼吁对该复合种开展更全面和深入的研究以理解该系
统的分化与成种。
关键词： 亚洲，水鸟，分类修订，鸻鹬

INTRODUCTION

Traditional bird taxonomy and systematics have relied on 
morphology, such as morphometrics and plumage traits to 
differentiate taxa. However, the contingent nature of evo-
lutionary divergence and the speciation process can make 
such assessments misleading. While phenotypic divergence 
can evolve fast during adaptive radiations, evolutionary 
diversification does not necessarily result in morpholog-
ical differentiation. Such morphologically similar or even 
cryptic evolutionary lineages might differ both in genetics, 
and in other traits such as mating behavior, ecology-related 
physiology, or phenology (Braune et  al. 2008, Feckler et  al. 
2014, Taylor and Friesen 2017). Conversely, morphological 
similarity can also result from parallel evolution through 
mechanisms such as incomplete lineage sorting, introgression 
of genetic material from other taxa, or via different mutations 
(Stern 2013, Schweizer et al. 2019). Consequently, avian tax-
onomy has developed into an integrative process over the 
last decade (Sangster 2014) with taxonomic decisions being 
achieved by taking multiple lines of evidence into account, in-
tegrating data from genetics, morphology, vocalizations, be-
havior, ecology, or physiology (Sangster 2018).

Shorebirds (Charadriiformes) are not known to be 
a group that poses major taxonomic challenges at the 
species level. Different widely distributed species are 
characterized by weak genetic structure as a consequence 
of remarkable dispersal abilities, leading to frequent gene 
flow between geographically distant populations (Küpper 
et al. 2012, Conklin et al. 2016). This might be driven by 
nomadic polygynous males moving through a consid-
erable part of a species’ breeding range, preventing local 
adaptation and population divergence, as in the Pectoral 
Sandpiper (Calidris melanotos) (Kempenaers and Valcu 
2017). Alternatively, some true allopatric subspecies, such 
as island or inland populations, might prominently differ 
genetically from their coastal counterparts.

An incipient species was recently revealed in the Kentish 
plover complex. The morphologically distinct subspecies 
Charadrius alexandrinus dealbatus of southeast Asia has 
differentiated genome-wide and in ecology (Wang et  al. 
2019a, b, Sadanandan et al. 2019) and was recently given 

species status (Gill et  al. 2021). It also has been argued 
that morphological variation in the Lesser Sand Plover 
(Ch. mongolus) might reflect species-level differentiation 
(Hirschfeld et al. 2000, Livezey 2010), although this has not 
been investigated using an integrative approach including 
genetic data (Küpper and dos Remedios 2019).

The Lesser Sand Plover, a long-distance migrant 
breeding in Central and East Asia, is usually divided into 2 
subspecies groups with disjunct breeding ranges (del Hoyo 
et  al. 2014). These are (1) the western “atrifrons” group 
containing 3 subspecies: Ch. m. pamirensis breeding from 
western Tien Shan, the Pamirs and Karakoram mountains 
to the western Kunlun Shan; Ch. m.  atrifrons breeding 
in the Himalayas and the southern Qinghai-Tibetan 
Plateau; and Ch. m. schaeferi from the eastern part of the 
Qinghai–Tibetan plateau north to southern Mongolia; and 
(2) the eastern “mongolus” group comprising the nomi-
nate subspecies Ch. m. mongolus breeding inland in East 
Siberia and the Russian Far East, as well as the subspe-
cies Ch. m.  stegmanni breeding in north-eastern Siberia 
from Chukotka Autonomous Okrug south to Kamchatka, 
Commander Islands, and North Kuril Island (Lappo et al. 
2012). These 2 groups differ notably in breeding plumage. 
While individuals of the atrifrons group generally have 
more black coloring on the forehead, those of the mongolus 
group show a white forehead patch and a broader and more 
deeply red breast-band usually with a black upper border, 
although a considerable proportion of individuals breeding 
on the Chukotskiy Peninsula in Siberia (mongolus group) 
seem to have a similar forehead pattern to birds from the 
atrifrons group (Hirschfeld et al. 2000). The issue is compli-
cated by the morphologically similar Greater Sand Plover 
(Ch. leschenaultii), which breeds from Minor Asia and the 
Levant over Central Asia to Mongolia, western China, and 
southern Siberia, and is considered to be a sister species 
of the Lesser Sand Plover Ch. mongolus (s.l.) based on mo-
lecular phylogenetic data (Dos Remedios et al. 2015). The 
Greater Sand Plover is generally larger and bulkier than 
the Lesser Sand Plover; however, its smallest subspecies 
Ch. l. columbinus approaches the latter in size (Hirschfeld 
et al. 2000). The breeding range of the Greater Sand Plover 
extends between those of the mongolus and atrifrons 
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groups of the Lesser Sand Plover in Mongolia and Russian 
Transbaikalia. Interestingly, based on cladistic analyses 
of 1,024 phenotypic characters, Livezey (2010) found the 
mongolus group to be more closely related to the Greater 
Sand Plover than to the atrifrons group.

We use genome-wide data to investigate the phyloge-
netic relationships and phylogeographic history of the 
mongolus/leschenaultii complex of sand plovers. Combined 
with additional acoustic data, we assess the taxonomic 
status of members of this complex, building upon previous 
assessments based on morphological data.

METHODS

Sample Collection, DNA Extraction, and Sequencing
From the mongolus’ group, we sampled 14 individuals 
from the breeding range of Ch. m. stegmanni in Chukotka 
Autonomous Okrug, as well as 7 individuals from migra-
tory routes in Sakhalin Island, and Northern China. From 
the atrifrons group, we included 19 individuals from the 
breeding range of Ch. m.  schaeferi from Qinghai, China, 
and one Ch. m. pamirensis from the Kuhistani Badakhshan 
Autonomous Region, Tajikistan, as well as one migratory 
individual from the coastal area of Southern China (Figure 
1, Supplementary Material Table S1). We also included 

one migratory individual from the coastal area of Eastern 
China on the migration route of the mongolus group. We 
included 11 individuals of Ch. leschenaultii, 1 from Tyva 
Republic, Russia, collected during the breeding season, 
and others comprising migratory individuals from China 
(Figure 1, Supplementary Material Table S1). Genomic 
DNA was extracted using DNeasy Blood & Tissue kits 
(Qiagen, Hilden, Germany). We amplified 2 mitochondrial 
genes, cytochrome b (cyt b) and cytochrome c oxidase 
I (COI), for all individuals following the PCR protocols of 
Liu et al. 2020b (see Supplementary Material Table S2 for 
gene and primer details).

MtDNA Phylogenetic Analysis
Sequences were edited manually using CodonCode Aligner 
(CodonCode Corporation, Dedham, MA, USA), and then 
aligned with Clustal W under default settings (Thompson 
et al. 1994) in MEGA 7.0 (Kumar et al. 2016). We deter-
mined the best-fitting substitution model for the 2 genes 
with jModelTest 2.1.4 based on the Bayesian information 
criterion (Darriba et al. 2012) and implemented the models 
accordingly in phylogenetic analyses (see Supplementary 
Material Table S2 for details). We inferred a dated mito-
chondrial phylogeny (gene tree) using Bayesian Inference 
(BI) in BEAST 2.5.1 (Drummond and Bouckaert 2015) with 

FIGURE 1.  Breeding distribution and sampling sites of Charadrius mongolus/leschenaultii complex. The species distribution was 
derived from BirdLife International data zone (http://datazone.birdlife.org/species/requestdis). It is important to note that some of the 
sampling sites are from migratory routes. Plover drawings are courtesy of Ian Lewington.
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3 individuals of Ch. alexandrinus selected as an outgroup. 
A birth–death model was selected as the tree prior. A re-
laxed uncorrelated lognormal distribution was used as a 
clock model for both mtDNA markers; clock rates (ucld.
mean parameters) were estimated implementing a prior 
from a published substitution rate (Weir and Schluter 
2008) of 0.0135 substitutions/site/million year for cyt b, 
while a uniform prior was used for COI.

Markov chain Monte Carlo (MCMC) analysis was run 3 
times independently for 50 million generations, with sam-
pling every 5,000 generations. Tracer 1.7 (Rambaut et al. 
2018) was used to compare posterior probabilities of all 
parameters to assess convergence among the 3 independent 
runs, and to confirm adequate effective sample sizes (i.e. 
ESS > 200) of the posterior distribution. The 3 independent 
runs were then combined each using LogCombiner 2.4.7 
(Drummond and Bouckaert 2015) with 20% burn-in. 
Finally, the trees were summarized to produce a maximum 
clade credibility tree with TreeAnnotator 1.8.2 (Rambaut 
and Drummond 2007).

Whole-Genome Resequencing
Genome-wide data was generated for 11 individuals, 
comprising 5 of the mongolus and 4 of the atrifrons groups, 
and 2 of Ch. leschenaultii. For each of the 3 groups, 1 in-
dividual was selected and re-sequenced at 30X depth, and 
others were re-sequenced at 5X depth. For each individual, 
1–3  μg of DNA was sheared into fragments of 200–800 
base pairs (bp) with the Covaris system. DNA fragments 
were then end-repaired, A-tailed, ligated to paired-end 
adaptors, and PCR amplified with 500-bp inserts for library 
construction. Sequencing was performed on the Illumina 
HiSeq 2500 platform, and 100-bp paired-end reads were 
generated. We then carried out quality control and filtered 
out reads using FastQC (Andrews 2010), Duplication 150 
(https://github.com/Holt59/cakephp3-bootstrap-helpers/
pull/150), and Trimmomatic (Bolger et al. 2014) based on 
the following criteria: (1) any reads with adapter sequence, 
allowing ≤10% mismatches; (2) any reads with ≥50% bases 
having a Phred quality score <5; and (3) any reads with 
≥10% unidentified nucleotides (N).

Reads Mapping and Single Nucleotide Polymorphisms 
(SNPs) Calling
After quality control, reads were mapped to the previ-
ously published Kentish Plover (Ch. alexandrinus) genome 
(Wang et al. 2019b) using BWA (Li 2013). Single nucleo-
tide polymorphisms (SNPs) were first hard filtered using 
GATK 3.7 (DePristo et al. 2011) at settings: Strand Odds 
Ratio > 3.0, Qual by Depth < 2.0, Fisher Strand > 60.0, 
Mapping Quality < 40.0, Mapping Quality Rank Sum Test 
< −12.5, and Read Pos Rank Sum Test < −8.0. SNPs were 
then filtered using VCFtools (Danecek et al. 2011), GATK 
3.7 (DePristo et  al. 2011), and Plink (Purcell et  al. 2007) 

in accordance with the following criteria: (1) missing rate 
≤0.05; (2) each 10  bp ≤3 SNPs; and (3) allele frequency 
>0.05. Because the calling was based on the Kentish Plover 
genome, we further filtered all homogeneous SNPs of sand 
plovers to remove SNPs between sand plovers and the 
Kentish Plover, leaving 765,092 SNPs for further analyses.

Genome-wide Population Structure and Phylogeny
To infer genetic structure within the sand plover complex, a 
principal component analysis (PCA) was conducted based 
on SNPs using PLink (Purcell et  al. 2007). A  maximum-
likelihood tree search was done to reconstruct phylo-
genetic relationships using RAxML 8.2.12 (Stamatakis 
2014) under the GTRGAMMA model, with 100 bootstrap 
pseudoreplicates. SNPs of a Kentish Plover individual 
called using the same reference genome as above (Wang 
et  al. 2019b) were used as the outgroup in the RAxML 
analysis.

We applied the Patterson’s D-statistic, also known as 
the ABBA-BABA test (Green et  al. 2010, Durand et  al. 
2011), to investigate whether introgression happened 
within the complex. This method assesses introgression 
between pairwise comparisons of one target taxon (P3) 
and either of 2 other taxa (P1 or P2), where their phy-
logenetic relationships are (((P1, P2), P3), Outgroup). 
Given the phylogeny we recovered, we tested if the 
atrifrons group (P3) shared more derived alleles than 
expected by chance either with the mongolus (P1) or 
Ch. leschenaultii (P2) groups. We used bam files of the 
3 individuals sequenced at 30X depth to run the test, 
and a Kentish Plover genome (Wang et al. 2019b) as an 
outgroup. Counts of “ABBA” and “BABA” sites were cal-
culated with the program ANGSD (Korneliussen et  al. 
2014). D-statistics and the Z score were then calculated 
using the JackKnife.R script in ANGSD. We adopted the 
commonly used significance threshold of |Z| >3 (Reich 
et al. 2011, Ottenburghs et al. 2017).

Demographic History
To reconstruct the demographic history of different taxa, 
a pairwise sequentially Markovian coalescent (PSMC) 
analysis was conducted to estimate change in effective 
population size (Ne) through time using the 3 individuals 
sequenced at 30X depth. SAMtools1.9 and the BCFtools1.9 
consensus callers were used to call variants in individual 
samples, with the Kentish Plover genome used as refer-
ence (Wang et  al. 2019b). A  diploid consensus for each 
individual was then created with vcfutils.pl, using a min-
imum read depth of 10 and a maximum depth of 100 with 
the following parameter settings: –N25  –t15  –5  –b –p 
“4+30*2+4+6+10.” Following Wang et al. (2019b), the gen-
eration time was set to 2.5 years, and a mutation rate of 
0.08 × 10−8 per generation time was implemented. To check 
for variance in Ne, we performed 100 bootstrap replicates. 
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Bootstrapping was conducted by randomly sampling with 
replacement 5‐Mb sequence segments obtained from the 
consensus genome sequence.

Acoustic Analysis
Field recordings of calls from several sand plover 
populations of 7–10 individuals of the atrifrons (A), Ch. 
leschenaultii (L), and mongolus (M) groups (Supplementary 
Material Table S3) were obtained by the authors (VA, re-
corded 14 individuals), by other bird sound recordists, 
or from the online sound library www.xeno-canto.org, 
and/or a published commercial LP recording (Veprintsev 
1982–86). All digital audio recordings were transformed 
into mono wave files; the sampling frequency was set to 
44.1 kHz with 16-bit using Adobe Audition 3.0. Sonograms 
were created in Syrinx 2.6h (Burt 2006). Our samples in-
cluded only one call made by the same individual. Sand 
plover calls are series of 3–6 similar elements (units, 
separated by pauses); one note consists of an ascending 
and a descending part (“shoulders”), so that on the sono-
gram it has a shape of a caret sign; the ascending shoulder 
is usually longer than the descending one. For each call, 
we measured elements, speed, frequency, range, shape, 
rise, slope, and speedup (see Supplementary Material 
Table S4 for definitions). These 8 variables were used in 
2 multidimensional statistical methods: PCA and Linear 
Discriminant Analysis (LDA), carried out in R 3.3.2 (R 
Core Team 2016).

RESULTS

Phylogenetic Relationships
The final alignment of the 2 mitochondrial markers 
consisted of 706  bp for cyt b and 651  bp for COI (see 
Supplementary Material Table S1 for GenBank accession 
numbers). The maximum clade-credibility gene tree of 
the BEAST analysis revealed 3 major robustly supported 
clusters, one comprising all individuals of the atrifrons 
group, one all of the mongolus group, and the third 
containing all individuals of Ch. leschenaultii. Surprisingly, 
Ch. leschenaultii was revealed to be a sister group to the 
mongolus group (Figure 2A). All relationships were robustly 
supported. The mongolus group and Ch. leschenaultii 
diverged at ~1.2 (95% highest posterior density (HPD): 
0.8–1.7) million years ago (mya), while the split between 
the atrifrons group and the former 2 taxa occurring ~2.0 
(95% HPD: 1.3–2.8) mya (Figure 2A). The close relation-
ship between the mongolus group and Ch. leschenaultii in 
comparison to the atrifrons group was also revealed in the 
phylogeny inferred with 765,092 SNPs (Figure 2B).

Population Genomic Structure
The PCA analysis based on a 765K SNP set of 11 individuals 
showed a pattern consistent with the results from phylogenetic 

analyses (Figure 2C). PC1 explained 26.4 % of the variance and 
clearly separated the 6 individuals belonging to the atrifrons 
group from those of the mongolus group (3 individuals) and 
Ch. leschenaultii (2 individuals). The latter 2 groups were 
separated in PC2 which explained 10.7% of the variance.

Demographic History and Introgression
The PSMC analysis showed contrasting demographic 
histories between the atrifrons group and the remaining 
2 lineages (Figure 3). The effective population size (Ne) of 
the atrifrons group declined from ~2.5 mya onwards, while 
Ne of the mongolus group and Ch. leschenaultii increased 
from ~1 mya, mostly pronounced in the mongolus until 
~0.1 mya. The Ne of Ch. leschenaultii reached a plateau 
between 0.7 and 0.2 mya and then decreased. In contrast, 
the Ne of mongolus group also plateaued during the sim-
ilar period, but then experienced a quick expansion during 
~0.2–0.1 mya before sharply declining.

The significantly positive D statistic resulting from the 
ABBA-BABA tests (Table 1, D = 0.057, Z = 55.1, P < 0.001) 
points towards introgression between Ch. leschenaultii 
and the atrifrons group during their evolutionary history.

Acoustic Divergence
The first PCA component explained 37% of variance 
and was correlated with variables describing pitch dia-
pason of a call (“range,” “rise,” and “slope”; Supplementary 
Material Table S4), and the second PC explained 17% of 
variance and was correlated with time properties of a call 
(“speed” and “speed-up”; Supplementary Material Table 
S4). The 3 groups are well separated in PC space except for 
small overlap between Ch. leschenaultii and the atrifrons 
group (Figure 4). The LDA reliably classifies the 3 sand 
plover groups. The overall proportion of correct classifi-
cation is 96%, with 100% in the mongolus group and Ch. 
leschenaultii, and 90% in the atrifrons group.

DISCUSSION

Genome-Wide Variation and Vocalization Indicate a 
3-Species Hypothesis in the Sand Plover Complex
By analyzing genome-wide data, we demonstrate the 2 
Lesser Sand Plover Ch. mongolus (s.l.) subspecies groups to 
not be each other’s closest relatives, with individuals from 
the mongolus group forming the sister clade to Greater 
Sand Plover Ch. leschenaultii. Paraphyletic groupings 
have been revealed in other traditionally accepted species 
complexes in birds (Schweizer and Shirihai 2013, Alaei 
Kakhki et al. 2018, Schweizer et al. 2019), to which we add 
a new case.

The mongolus and atrifrons groups, traditionally in-
cluded in Lesser Sand Plover Ch. mongolus (s.l.), are similar 
in morphometrics, while Ch. leschenaultii clearly differs in 
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being generally larger and bulkier (Hirschfeld et al. 2000). 
However, the close relationship between Ch. leschenaultii 
and the mongolus group was already indicted by a cladistic 
analysis of 1,024 phenotypic characters (Livezey 2010). In 
addition, differences in plumage and morphology between 
the mongolus and atrifrons groups have been described 
(Cramp 1983). We further demonstrate that these 2 taxa 
clearly differ in vocalizations and have undergone different 
demographic histories.

Although the breeding range of Ch. leschenaultii 
contacts that of the atrifrons group, interbreeding is not 
documented and the 2 differ in their preferred habitat. 
While Ch. leschenaultii is more of a lowland bird of deserts, 
semi-deserts, or steppes, both the atrifrons and mongolus 
groups breed above or beyond the treeline (Cramp 1983). 

FIGURE 3.  Pairwise sequentially Markovian coalescent 
estimates of changes in the effective population size over time for 
the Charadrius mongolus/leschenaultii complex, with bootstrap 
results indicated with thin lines.

FIGURE 2.  Phylogeny and population structure of the Charadrius mongolus/leschenaultii complex; samples from different taxa are 
labeled with different colors. (A) A phylogenetic tree reconstructed with 2 mitochondrial genes using BEAST; posterior probabilities 
are shown above nodes and divergence times are shown below nodes with a 95% HPD in parentheses (mya = million years ago); (B) a 
phylogenetic tree reconstructed with genome-wide SNPs data using RaxML, with bootstrap values on nodes; (C) principal component 
analysis of 765,092 SNPs.
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In winter, the distributional range of Ch. leschenaultii 
overlaps with both Lesser Sand plover groups, but these 
2 groups have disjunct winter ranges—the mongolus 
group mainly winters in the region of the Chinese Sea, 
the Philippines, eastern Indonesia, Melanesian Islands, 
and Australia, while the winter range of the atrifrons 
group extends from the Gulf of Thailand, Malaysia and 
the Greater Sundas west to the Persian Gulf and coastal 
eastern Africa (Cramp 1983).

A 3-way split best explains the evolutionary diversity 
of the 3 independent lineages of the sand plover complex 
regardless of the species concept applied. Consequently, 
the Lesser Sand Plover should be split into 2 species: Ch. 
mongolus Pallas, 1776, with subspecies Ch. m mongolus and 
Ch. m. stegmanni, Portenko, 1939; and Ch. atrifrons Wagler, 
1829, with subspecies Ch. a.  pamirensis, (Richmond, 
1896) nominate Ch. a. atrifrons, and Ch. a. schaeferi. We 
also propose a new set of English names which may better 
reflect the geographical distribution of the taxa in this re-
vised complex. We suggest the new names “Siberian Sand 
Plover” for Ch. mongolus (s.s.), and “Tibetan Sand Plover” 

for Ch. atrifrons. Because the name Lesser Sand Plover is 
no longer in use, we also propose to rename the Greater 
Sand Plover to Desert Sand Plover to better reflect breeding 
distributions and habitats, respectively.

A shortcoming of this study is that only the nominate 
subspecies of the Desert Sand Plover from the eastern part 
of the species’ range was included, whereas Transcaspian 
Ch. l.  scythicus and Middle Eastern Ch. l.  columbinus 
could not be sampled. The latter is characterized by being 
smaller and having a weaker bill, both attributes sim-
ilar to Ch. mongolus and Ch. atrifrons. However, its mor-
phology is otherwise more similar to the 2 subspecies of 
Ch. leschenaultii than to the latter 2 species (see Hirschfeld 
et  al. 2000). Nonetheless, further sampling is needed to 
characterize the phylogeographic structure of Desert 
Sand Plover.

Evolutionary Diversification and Speciation in the 
Sand Plover Complex
Diversification in the sand plover complex started in the 
early Pleistocene with the split from the Tibetan Sand 
Plover from the common ancestor of the Siberian and 
Desert Sand Plovers, which split in the mid Pleistocene. 
Their diversification falls in a period of increased aridity in 
Central Asia (Favre et al. 2015), followed by an intensifica-
tion of climate fluctuations that increased in duration and 
amplitude after the mid-Pleistocene transition 1.2–0.7 mya 
(Sun et al. 2019). The reconstructed demographic histories 
indicate that Tibetan Sand Plover might have been af-
fected by climate fluctuations in a different way to the 2 
other species. Although the eastern part of the Palearctic 
was less glaciated compared to Europe or North America 
during late-Pleistocene cold periods (Svendsen et al. 2004), 
glaciers did repeatedly extend onto the Tibetan plateau 
and adjacent mountains such as the Tian Shan (Xu et al. 
2010, Heyman 2014). This might have led to range retrac-
tion and a general decrease in effective population size of 
the Tibetan Sand Plover in these mountain areas today fol-
lowing the mid-Pleistocene climate transition. In contrast, 
an increase in Tundra-like habitats and open vegetation in 
Siberia and Central Asia during dry late-Pleistocene glacial 
periods might have promoted range expansions and an in-
crease in effective population sizes of the other 2 species. 
Such range expansions of the ancestor of the Desert Sand 
Plover might have led to contact with the ancestor of the 
Tibetan Sand Plover, resulting in gene flow as indicated by 
the ABBA-BABA analyses. Speciation with intermittent 

TABLE 1. ABBA-BABA test for the Charadrius mongolus/leschenaultii complex. Taxa are arranged such that the dominant pattern is 
ABBA

P1 P2 P3 D statistic Z score P value

mongolus group Ch. leschenaultii atrifrons group 0.057 55.1 <0.001

FIGURE 4.  Principal component analysis of calls in the Charadrius 
mongolus/leschenaultii complex. Arrows indicate the loadings of 
original acoustic variables. Speed, the number of elements per 
second; range, the mean base frequency diapason of an element; 
shape, the mean relative length of the ascending shoulder; rise, 
the tangent of the angle of an ascending shoulder.
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gene flow seems to be more common in birds than previ-
ously thought (Rheindt et al. 2011, Ottenburghs et al. 2017, 
Singhal et al. 2021), and might be triggered in phases of sec-
ondary contact as a consequence of climate-driven range 
expansions (Schweizer et al. 2018, Wang et al. 2019a).

Siberian and Tibetan Sand plovers, although not 
each other closest relatives, are similar in size and hab-
itat preferences, which differ in the Desert Sand Plover 
(Cramp 1983). While this similarity might be the result 
of parallel evolution, a more parsimonious explanation 
would assume niche conservatism coupled with compar-
atively rapid morphological and ecological differentiation 
in the Desert Sand Plover. The divergence in acoustic sig-
nals and plumage of the Siberian and Tibetan Sand plovers 
demonstrates that the tempo of evolution may differ in dif-
ferent dimensions of phenotypic traits (Winger and Bates 
2015). Niches and associated traits generally evolve slowly 
and are usually retained over evolutionary timescales in 
most animal species (Peterson et  al. 1999, Wiens et  al. 
2010, Liu et al. 2020a). However, rapid changes might be 
associated with colonization of new habitats (Losos and 
Ricklefs 2009, Yoder et al. 2010, Cooney et al. 2017) which 
may have been the case in the Desert Sand Plover.

Conclusions

We show that a current, widely accepted taxonomic treat-
ment of the sand plover complex includes a paraphyletic 
grouping. We propose to split the traditionally recognized 
Lesser Sand Plover into 2 species, namely the Siberian 
Sand Plover in the east and the Tibetan Sand Plover in the 
west. We thus highlight that species-level taxonomy based 
on few morphological features is potentially error-prone 
and call for a thorough analyses of species complexes with 
allopatric distributions, preferably including genetic data 
from many independent loci. Signs for ancestral gene flow 
between the nonsister Tibetan and Desert Sand plover spe-
cies are consistent with growing evidence for intermittent 
gene flow during the speciation process being more preva-
lent than previously thought.

The phylogeographic history of bird lineages is poorly 
studied in Central and East Asia compared to Europe and 
North America. As is evident from the sand plover com-
plex, however, regional drivers shaped by variable effects of 
past climate and associated environmental change in com-
bination with different ecological specialization might lead 
to different phylogeographic histories even among closely 
related species, making generalizations difficult (Hung 
et al. 2017, Liu et al. 2020a).

SUPPLEMENTARY MATERIAL

Supplementary material is available at Ornithology online.
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