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Summary   

Biodiversity is often accompanied with drastic phenotypic diversity. 

Morphological differentiation can play a crucial role in the process of speciation, such 

as during adaptive radiation that ecological and phenotypic diversity evolved within 

rapidly multiplying lineages (Schluter, 2000). However, there is a considerable 

proportion of biodiversity that is constituted of cryptic species which are defined as 

evolutionary lineages with restricted gene flow that do not form diagnostic 

morphological clusters (Struck et al., 2018). Our understanding of cryptic diversity and 

mechanisms underlying the evolution of new species without distinguished 

morphological differentiation remains limited. Other traits could also play an 

important role in speciation. By studying how speciation happened under 

morphological stasis and how cryptic diversity can be maintained afterwards could 

help us to understand other mechanisms that restrict or prevent gene flow with 

minimal morphological and ecological differentiation.  

This thesis mainly focused on the cryptic diversification of two migratory bird 

species complexes, pale sand martin Riparia diluta and collared sand martin Riparia 

riparia, with the aim of understanding the processes and mechanisms that lead to 

morphologically cryptic divergence and maintain genetic partitioning. I have 

conducted comprehensive geographical sampling for the two taxa in East Asia 

including the Qinghai-Tibetan Plateau and areas surrounding the Taklamakan desert.  

In Chapter 1, by using genome-wide, morphology and phenology data, I 

revealed cryptic radiation in the pale sand martin in Central and East Asia.  My results 

indicated that allochrony caused by different migration/breeding time and migratory 

divide might play an important role to restrict gene flow and maintain evolutionary 

diversity in birds under morphological stasis. In Chapter 2, I conducted phylogenomic 

reconstruction and demographic inferences to study the biogeography of pale sand 

martin and collared sand martin. Contrasting diversification pattern were found 

between the two sister taxa: mitochondrial-nuclear discordance in Holarctic collared 

sand martin versus strong genomic divergence in the pale sand martin supported the 

existence of multiple morphologically cryptic evolutionary with comparably limited 
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distribution range in Asia. In Chapter 3, I investigated potential genomic adaptation to 

high altitudes in pale sand martin. By comparing the genomic differentiation between 

different populations breeding on different altitudes with large elevation change, I 

have identified EPAS1 as potential gene together with HBAD facilitating migratory 

birds' adaptation to high altitudes. Furthermore, my results indicated EPAS1 

haplotypes from lowland subspecies R. d. diluta were likely adaptively introgressed 

into populations R. d. tibetana in central Mongolia that have expanded their range 

this area from the Qinghai-Tibetan plateau. 

In this thesis, analyses of genome-wide data revealed cryptic radiation within 

a migratory bird species complex and revealed their genomic adaptation for high 

altitudes. My work indicated potential mechanism to restrict gene flow under cryptic 

diversification that in bird. We hypothesize that pronounced dispersal propensity in 

the strongly migratory nominate form of collared sand martin has hindered lineage 

divergence across its vast distribution range, while differential seasonal migratory 

behaviour contributes to maintain evolutionary diversity in the pale sand martin 

species complex. Furthermore my work indicated adaptive introgression can facilitate 

migratory bird to colonize new environment. 
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General Introduction 

 

Cryptic diversification 

 

With the advance of DNA sequencing technology, unexpected evolutionary 

diversity across the tree of life has been discovered through genetic methods during 

the past two decades. There is a considerable proportion of biodiversity that is 

constituted of cryptic species which are defined as evolutionary lineages with 

restricted gene flow that do not form diagnostic morphological clusters (Struck et al., 

2018). This challenged the traditional view that speciation is always accompanied by 

morphological differentiation (Bickford et al., 2007; Fišer et al., 2018). Four 

hypotheses have been invoked that might underline cryptic diversity to explain low 

level of morphological differentiation: recent divergence, parallelism, convergence, 

and morphological stasis (Bickford et al., 2007; Fišer et al., 2018; Struck et al., 2018).   

 

One of the most common assumption is that cryptic species have recently 

diverged with differentiation in sexual signaling, physiology or phenology and no 

substantial morphological differences has yet been accumulated. However, ancient 

divergence was found among cryptic species in different organisms such as bonefish 

(Colborn et al., 2001), amphipods (Lefébure et al., 2006) and copepods (Rocha-

Olivares et al., 2001) and only a small fraction of known cryptic species of amphipods 

showed recent divergence younger than  1 million year (Fišer et al., 2018).  In 

parallelism, cryptic species evolve from morphological similar ancestors while 

morphological similarity could also happen through convergence by independent 

evolutions of morphologically dissimilar ancestors (Struck et al., 2018). In both cases, 

extrinsic factors such as deterministic environmental pressure might play an 

important role in cryptic diversification (Struck et al., 2018). Morphological stasis 

assumes that morphological differentiation of descendant species is constrained by 

biological mechanisms (Bickford et al., 2007). High degree of morphological similarity 

between sister taxa can be maintained over extended period due to low standing 

genetic variation and/or developmental constraints on the morphospace, or the 
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ecology of the cryptic taxa has remained relatively constant through time and similar 

morphology was retained by strong stabilizing selection (Struck et al., 2018). 

 

However, speciation is generally considered a slow process with spatial 

isolation usually required to initiate lineage divergence (Price, 2008; Tobias et al., 

2020).  After an initial phase of allopatry during the speciation process, the critical 

question is whether cryptic diversity is maintained in populations in secondary contact. 

Other traits in sexual signalling, physiology or phenology might have played important 

role to restrict gene flow among morphologically cryptic lineages. Diverged social 

signals (Tobias et al., 2020), contrasting habitat preferences precluding secondary 

sympatry or different timing of reproduction facilitating co-existence through 

temporal segregation (allochrony) can act as prezygotic/premating isolation (Leys et 

al., 2017; Taylor & Friesen, 2017). Furthermore, recent studies on cryptic sister species 

of birds in Amazonia found strong postzygotic reproductive isolation with little 

evidence for premating isolation in relatively young pairs (Cronemberger et al., 2020; 

Pulido-Santacruz et al., 2018). However, whether premating or postzygotic 

reproductive isolation would play a major role in maintaining cryptic diversity remains 

to under debates. In the context of cryptic radiations, investigating evolutionary 

processes that might restrict gene flow among lineages lacking obvious morphological 

differences is crucial for our understanding on how diversity can be maintained in such 

cases (Beysard et al., 2015; Beysard & Heckel, 2014). 

 

 

Role of introgression in cryptic diversification  

 

Allopatric isolation has been shown to be the major driver in bird speciation 

(Phillimore et al., 2008) that reproductive isolating mechanisms might arise in 

allopatry as a by-product of populations adapting to different environments, sexual 

selection regimes, etc (Mayr, 1963; Price, 2008). However, increasing number of 

genetic studies showed gene flow happens frequently between divergent lineages 

that 16.4% of avian species have hybridized with at least one other species in the wild 

(Ottenburghs et al., 2015) and introgression has been suggested fairly common across 
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the suboscine bird radiation (Singhal et al., 2021).  The role of introgressive 

hybridization in evolution is controversial. On the one hand hybridization might hinder 

speciation by slowing or reversing differentiation due to gene flow whereas 

introgression of a few loci may promote adaptive divergence facilitating speciation 

(Abbott et al., 2013). Recruitment of ancestral variations through hybridization could 

be more efficient to induce adaptation in a short period of time than de novo mutation. 

Increasing studies show that reassembly of standing genetic variation into new 

combinations through introgression played a key role in adaptive radiations and rapid 

radiation (Marques et al., 2019; Meier et al., 2017; Rubin et al., 2022). Under cryptic 

diversification, gene flow might happen more frequently especially between recently 

divergent lineages when they come into secondary contact (Dufresnes et al., 2019). 

Thus, studying cryptic diversity might provide us opportunities to evaluate the role of 

gene flow during the process of speciation.  

 

Diversification under Pleistocene climate fluctuations 

 

Current biodiversity patterns have been strongly influenced by past 

Pleistocene climate fluctuations, which promoted speciation and population 

diversification and altered distributions (Head & Gibbard, 2005; Hewitt, 2004; Lovette, 

2005). Extensive ice sheets were built up during the periods of global cooling, followed 

by ice sheets retreat during brief interglacial periods. Habitat shifts and fragmentation 

caused by global temperature fluctuations and glacial advances during the Pleistocene. 

Rapid diversification could happen under the such impacts of Pleistocene climate 

cycling (Weir & Schluter, 2004) and induce  cryptic diversity (Weir et al., 2016). There 

are 16-17 genetically distinct lineages identifed within the currently recognized five 

kiwi species and most their diversification dates to the seven major glacial advances 

that directly fragmented New Zealand into a series of glacial refugia (Weir et al., 2016).  

 

The climatic changes, particularly during the Pleistocene glacial cycles, have 

disparate impacts on different geographic regions and have led to discernible 

differences in spatio-temporal patterns of diversification (Weir and Schluter 2004; 

Lovette 2005; Qu et al. 2014). 
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Contrasting with temperate and boreal taxa, diversification patterns within taxa from 

the Sino-Himalayan and adjacent regions might exhibit significant differences. Recent 

evidence suggests that some bird populations in Europe experience post-Last Glacial 

Maximum (LGM) expansion, while those in eastern Asia remained relatively stable 

during the same period (Song et al., 2016). Prolonged population isolation, coupled 

with complex environmental dynamics, could contribute to more regional patterns in 

East Asia, potentially accounting for the remarkably high diversity observed in central 

and southern China (Liu et al., 2012; Myers et al., 2000; Qu et al., 2014; Song et al., 

2009, 2016; Wu et al., 2012). The comparative investigation of species complexes with 

a wide distribution in different biogeographic realms is a particularly promising 

approach to understand divers of diversification in a regional context. 

 

Previous studies of diversification within pale sand martin and collared sand martin 

 

The collared sand martin Riparia diluta and the pale martin Riparia diluta are 

two migratory sister species within the genus Riparia in the swallow family 

Hirundinidae. In total five extant species are included in Riparia (Sheldon et al., 2005) 

and they are quite similar in plumage and all nest in tunnels in natural sand banks or 

earth mounds. Collared sand martin and pale sand martin have been considered as 

conspecifics until recently, however they were shown to have wide zone of overlap in 

Central Asia and showed genetic, vocal and slight morphological and morphometric  

differences (Goroshko, 1993; Pavlova et al., 2008). The collared sand martin is 

widespread across the whole Holarctic including the Middle East and the Nile Valley 

in Egypt (Turner, 2004), with shallow phylogeographic structure in mitochondrial DNA 

(mtDNA) across its entire breeding range indicating that its large range might due to 

a relatively recent expansion (Pavlova et al. 2008; Schweizer et al. 2018). Three 

subspecies are broadly accepted (Shirihai & Svensson, 2018): small-ranged R. r. 

shelleyi of Egypt and possibly the Levant, R. r. ijimae with an intermediate-sized range 

in Central Mongolia, south-eastern Siberia, north-eastern China and Japan, and 

nominate R. r. riparia with a vast breeding range comprising Asia, Europe and North 

America. The pale sand martin however has a relatively restricted distribution range 

in Central and Eastern Asia with usually four accepted subspecies corresponding to 
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four distinct mtDNA lineages that diverged during the last million years (Schweizer et 

al., 2018). Furthermore, these four subspecies are morphologically similar and breed 

at a broad range of elevations and different habitats/climate zones: R. d. fohkienensis 

breed in the lowland of South China, R. d. diluta in Central Asia, R. d. tibetana on the 

Qinghai-Tibetan plateau (above 3500m) and R. d. indica around the Indian 

subcontinent.  

 

The previous studies were only based on few genetic markers including one 

mtDNA marker, one Z-linked nuclear intron and one autosomal nuclear intron 

(Pavlova et al., 2008; Schweizer et al., 2018) and I want to check whether the 

diversification patter is consistent on genomic level. The geographic sampling was 

limited and lack of samples from parapatric regions between different R. diluta 

subspecies. While R. d. indica might be isolated, R. d. diluta and R. d. tibetana might 

come into contact along the Kunlun Shan or at the southern margin of the Tarim Basin. 

Moreover, haplotypes of R. d. tibetana found in north-eastern Mongolia (Schweizer 

et al., 2018) might indicate that the range of R. d. tibetana extends much further 

northeast and  a potential contact between the two subspecies. In addition, whether 

R. d. fohkienensis and R. d. tibetana are in contact at the eastern edge of the Qinghai-

Tibetan Plateau remains unclear. Local adaptation might constrain the breeding range 

of the two subspecies with the former restricted to the lowland and the latter to high 

altitudinal areas.  

Outlines of the thesis  

In summary, pale sand martin provides a promising system to study cryptic 

diversification in birds. The aim of this thesis is to study the diversification and 

adaptation within pale sand martin and to understand how the cryptic diversity can 

be maintained.  

 In Chapter 1, I mainly focus on studying the diversification in pale sand martin 

using GBS (genotyping by sequencing) data from multiple populations of different 

subspecies within pale sand martin in comparison with collared sand martin. I also 

checked for morphological differentiation among all subspecies of pale sand martin 
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subspecies and I tested whether there is gene flow between parapatric populations of 

different subspecies within pale sand martin especially on the north-western and 

north-eastern edges of   Qinghai-Tibetan plateau.  

In Chapter 2, I performed phylogeographic and demographic reconstruction 

for both pale sand martin and collared sand martin based on individual re-sequencing 

data to study the regional effects of past Pleistocene clime fluctuation on the 

diversification pattern of the two sister species.  

In Chapter 3, I investigated potential genomic adaptation to high altitudes in 

pale sand martin. Most studies about high-altitude adaptation were focused on 

resident species inhabiting high elevations. However, whether we can find genetic 

adaptation to high-altitudes in migratory birds during elevation shifts are still largely 

unknown.  
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Ő�uom;l0;u];u�;|�-Ѵĺķ�2020ĸ���Ѵb7oŊ�"-m|-1u���;|�-Ѵĺķ�2018őĺ�)_;|_;u�
];m;|b1�bm1olr-|b0bѴb|b;v�-lom]�1u�r|b1�vr;1b;v�lb]_|�rѴ-��-�lou;�blŊ
rou|-m|�uoѴ;�|_-m�ru;�bo�vѴ��|_o�]_|�-m7�-1|�-ѴѴ��-11�l�Ѵ-|;�=-v|;u�
|_-m�ru;l-|bm]�bvoѴ-|bom��m7;u�1;u|-bm�1bu1�lv|-m1;v�Ő�uom;l0;u];u�
;|�-Ѵĺķ�2020ő� bv��m7;u�7;0-|;ķ�-m7�u;l-bmv�|o�0;�|;v|;7� bm�-77b|bom-Ѵ�
];o]u-r_b1�1om|;�|v�-m7�v�v|;lvĺ

$_;� ruo1;vv;v� -m7� l;1_-mbvlv� |_-|� Ѵ;-7� |o� lour_oѴo]b1-ѴѴ��
1u�r|b1�7b�;u];m1;�-m7�l-bm|-bm�];m;|b1�r-u|b|bombm]�|_;u;-=|;u�-u;�
0;v|� -l;m-0Ѵ;� |o� u;v;-u1_� bm� v�v|;lv��_;u;�l�Ѵ|brѴ;� 1u�r|b1� ѴbmŊ
;-];v�-u;�=o�m7�bm�];o]u-r_b1�1om|-1|ĺ�$_;�r-Ѵ;�v-m7�l-u|bm�ŐRiparia 
dilutaő� o=��;m|u-Ѵ� -m7��-v|��vb-� ruo�b7;v� v�1_� -� ruolbvbm]� m-|�u-Ѵ�
v�v|;l�|o�v|�7��7b�;uvb=b1-|bom��m7;u�lour_oѴo]b1-Ѵ�v|-vbvĺ��|v�=o�u�
u;1o]mb�;7�v�0vr;1b;v�o�;uѴ-r�bm�lour_ol;|ub1v�-m7�_-�;�mo�7b-]Ŋ
mov|b1�7b==;u;m1;v�bm�rѴ�l-];�=;-|�u;v�Ő"1_�;b�;u�;|�-Ѵĺķ�2018őĺ�$_;�
v�0|Ѵ;�7b==;u;m1;v�bm�rѴ�l-];�1olrubv;�1oѴou�v_-7;ķ�ruolbm;m1;�o=�
;-uŊ�1o�;u|� 1oѴou-|bom� -v��;ѴѴ� -v� ;�|;mvbom�o=� 0u;-v|Ŋ�0-m7ķ� 0�|� |_;�
b7;m|b=b1-|bom� o=� vbm]Ѵ;� bm7b�b7�-Ѵv� �b|_o�|� 1om|;�|� bv� �v�-ѴѴ�� mo|�
rovvb0Ѵ;� Ő"1_�;b�;u� ;|� -Ѵĺķ� 2018ĸ� "_bub_-b� ş� "�;mvvomķ� 2018őĺ� $_bv�
1u�rvbv� bm�lour_oѴo]��1om|u-v|v��b|_�7;;r�r_�Ѵo];o]u-r_b1�v|u�1Ŋ
|�u;�bm�l|	���-lom]�v�0vr;1b;v�Ő"1_�;b�;u�;|�-Ѵĺķ�2018őĺ�ou�-�Ѵom]�
|bl;ķ�|_;v;�0bu7v��;u;�1omvb7;u;7�1omvr;1b=b1��b|_�|_;�1oѴѴ-u;7�v-m7�
l-u|bm�Riparia riparia�|_-|�_-v�-��oѴ-u1|b1�7bv|ub0�|bomĺ�$_;�u-m];v�o=�
R. diluta and R. riparia��b7;Ѵ��o�;uѴ-r�bm��-v|��vb-��b|_o�|�-rr-u;m|�
bm|;u0u;;7bm]ķ� -m7� |_;�� v_o�� v�0|Ѵ;� 0�|� 1omvbv|;m|� 7b==;u;m1;v� bm�
rѴ�l-];�=;-|�u;vķ��o1-Ѵb�-|bomv�-m7�];m;|b1v�Ő�-�ubѴo��ş�"-�1_;mhoķ�
1991ĸ��ouov_hoķ�1993ĸ��-�Ѵo�-�;|�-Ѵĺķ�2008ĸ�"1_�;b�;u�ş���;ķ�ƑƏƏƕőĺ�
$_;�lour_oѴo]b1-ѴѴ��1u�r|b1�r_�Ѵo];o]u-r_b1� Ѵbm;-];v��b|_bm�R. di-
luta� o11�u� bm� 7b==;u;m|� 1Ѵbl-|;� �om;v� -m7��b7;Ѵ�� 7b==;ubm]� -Ѵ|b|�7bŊ
m-Ѵ�u-m];vĺ��olbm-|;�R. d. diluta� bv�=o�m7�bm�|_;�v|;rr;v�o=��;m|u-Ѵ�
�vb-ķ�R. d. fohkienensis�bm�v�0|uorb1-Ѵ�vo�|_��_bm-ķ�R. d. indica�bm�|_;�
mou|_Ŋ��;v|;um� r-u|� o=� |_;� �m7b-m� v�01om|bm;m|ķ� -m7�R. d. tibetana 
0u;;7v�om�|_;� bm]_-bŊ�$b0;|-m�rѴ-|;-��Őb]�u; 1őĺ�)_bѴ;�R. d. indica�bv�
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];o]u-r_b1-ѴѴ��bvoѴ-|;7ķ�|_;�0u;;7bm]�-u;-v�o=�|_;�u;l-bmbm]�v�0vr;Ŋ
1b;v�-u;�|_o�]_|�|o�0;�Ѵ-u];Ѵ��1om|b]�o�vķ�0�|�];o]u-r_b1�v-lrѴbm]�bm�
ru;�bo�v�v|�7b;v��-v�Ѵblb|;7ķ�;vr;1b-ѴѴ��bm�-u;-v�o=�ro|;m|b-Ѵ�v;1om7Ŋ
-u��1om|-1|�Ő"1_�;b�;u�;|�-Ѵĺķ�2018őĺ

�;u;ķ� -m-Ѵ�vbm]� �-ub-|bom� -|� >ƕƐƏƏ� vbm]Ѵ;� m�1Ѵ;o|b7;� roѴ�louŊ
r_bvlv�Ő"��vő�0-v;7�om�-�1olru;_;mvb�;�];o]u-r_b1�v-lrѴbm]�o=�r-Ѵ;�
v-m7�l-u|bm�ror�Ѵ-|bomv�-uo�m7�|_;� bm]_-bŊ�$b0;|-m�rѴ-|;-�ķ��;�-bl;7�
|o�|;v|�Ő-ő�b=�|_;�7;;r�r_�Ѵo];o]u-r_b1�v|u�1|�u;�bm7b1-|;7�0��l|	���bv�
-Ѵvo�u;=Ѵ;1|;7�bm�];mol;Ŋ��b7;��-ub-|bom�-m7�Ő0ő�b=�|_;�r_�Ѵo];o]u-r_b1�
Ѵbm;-];v�bm7;;7�o�;uѴ-r�bm�lour_ovr-1;�-m7�1-m�|_�v�0;�1omvb7;u;7�
1u�r|b1ĺ� bm-ѴѴ�ķ��;� Ő1ő� bm�;v|b]-|;7ķ� b=� ];m;� =Ѵo��0;|�;;m�r_�Ѵo];oŊ
]u-r_b1�Ѵbm;-];v�bv�-1|�-ѴѴ��u;7�1;7�bm�-u;-v�o=�ro|;m|b-Ѵ�1om|-1|ĺ

ƑՊ |Պ��$�!���"���	���$��	"

ƑĺƐՊ |Պ "-lrѴbm]�-m7�	���;�|u-1|bom

�Ѵoo7��-v�1oѴѴ;1|;7�=uol�ƐƓƖ�Riparia� bm7b�b7�-Ѵv� ŐƐƐƖ�R. diluta; 30 
R. ripariaő�om�|_;bu�0u;;7bm]�]uo�m7v� Őb]�u; 1ķ�$-0Ѵ;�"Ɛőĺ�);�v-lŊ
rѴ;7�ƐƓ�0u;;7bm]�1oѴomb;v�o=�R. diluta� 1o�;ubm]� |_;�0u;;7bm]�-u;-v�
o=�|_u;;�v�0vr;1b;v�-m7�bm1Ѵ�7bm]�ro|;m|b-Ѵ�-u;-v�o=�1om|-1|�-lom]�
|_;l�-|�|_;�mou|_Ŋ��;v|;um�-m7�;-v|;um�;7];v�o=�|_;� bm]_-bŊ�$b0;|-m�
rѴ-|;-�ķ�-m7�-77b|bom-ѴѴ��|_u;;�1oѴomb;v�o=�R. ripariaĺ�$_bv�bm1Ѵ�7;7�ƒƕ�
bm7b�b7�-Ѵv�=uol�=o�u�ror�Ѵ-|bomv�o=�R. d. diluta�=uol�mou|_Ŋ��;v|;um�
�_bm-ķ�ƑƖ� bm7b�b7�-Ѵv�=uol�|_u;;�ror�Ѵ-|bomv�o=�R. d. tibetana� =uol�

 ��&!� �ƐՊ�-�;vb-m�l-foub|��u�Ѵ;�1omv;mv�v�|u;;�0-v;7�om�_-rѴo|�r;v�o=�|_;�l|	���];m;���	��7;_�7uo];m-v;�v�0�mb|����Ő�	Ƒő�o=�
R. diluta and R. ripariaĺ��-�;vb-m�rov|;ubou�ruo0-0bѴb|b;v�-u;�]b�;m�=ou�l-fou�mo7;vĺ��oѴo�u�v_-7;v�bm7b1-|;�|_;�ro|;m|b-Ѵ�0u;;7bm]�u-m];v�
o=�7b==;u;m|�v�0vr;1b;v�o=�R. diluta�Ő|orő�-m7�o=�R. riparia�Ő0o||olő�lo7b=b;7�=uol��bu7��b=;��m|;um-|bom-Ѵ�-m7��-m70ooh�o=�|_;��bu7v�o=�|_;�
)ouѴ7�Ő2016őĺ�"-lrѴ;7�ror�Ѵ-|bomv�-u;�v_o�m��b|_�7o|v�om�|_;�l-rv��b|_�1oѴo�uv�1ouu;vrom7bm]�|o�l|	���1Ѵ-7;v�bm�|_;�r_�Ѵo];m;|b1�|u;;ĺ�
R. diluta�v-lrѴ;v�1oѴѴ;1|;7�bm��om]oѴb-�1Ѵ�v|;u;7��b|_�R. d. tibetana�;�1;r|�om;�bm7b�b7�-Ѵ�|_-|��-v�=o�m7�bm�|_;�1Ѵ-7;�o=�R. d. dilutaĺ��-bm|bm]v�
0���-m�;Ѵ�"1_�;b�;u
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|_;� bm]_-bŊ�$b0;|-m�rѴ-|;-�ķ�ƑƖ�bm7b�b7�-Ѵv�=uol�|_u;;�ror�Ѵ-|bomv�
o=�R. d. fohkienensis�=uol�vo�|_Ŋ�;-v|;um��_bm-ķ�-m7�ƑƓ�bm7b�b7�-Ѵv�o=�
R. d. diluta�=uol��om]oѴb-ĺ�);�]uo�r;7�|_u;;�r-buv�o=�0u;;7bm]�1oѴoŊ
mb;v� =uol�|_;�v-l;�];o]u-r_b1� u;]bomv� bm�om;�ror�Ѵ-|bom�;-1_�u;Ŋ
v�Ѵ|bm]�bm�-�|o|-Ѵ�o=�ƐƓ�ror�Ѵ-|bomv�ŐƐƐ�=ou�R. diluta�-m7�ƒ�=ou�R. ripariaő�
=ou�=�u|_;u�-m-Ѵ�v;v�Ő$-0Ѵ;�"Ɛķ�b]�u; 1őĺ��ѴѴ�v-lrѴ;v��;u;�ru;v;u�;7�
bm�ƖƖѷ�;|_-moѴ�-m7�Ѵ-|;u�v|ou;7�-|�ƴƑƏŦ�ĺ�	����-v�;�|u-1|;7��b|_�-�
lo7b=b;7�v-Ѵ|�;�|u-1|bom�ruo|o1oѴ�Ő�Ѵf-m-0b�ş��-u|bm;�ķ�ƐƖƖƕőĺ��bu7v�
�;u;�1-r|�u;7�-m7�v-lrѴ;7��m7;u�r;ulb|v�-m7�-rruo�-Ѵv�=uol�|_;�
u;Ѵ;�-m|�-�|_oub|b;v�bm��_bm-�-m7��om]oѴb-ĺ

ƑĺƑՊ |Պ ";t�;m1bm]�-m7�-m-Ѵ�vbv�o=�l|	��

$o� bm�;v|b]-|;��_;|_;u� |_;�7;;r�r_�Ѵo];o]u-r_b1� v|u�1|�u;� -lom]�
v�0vr;1b;v�bm�l|	���1-m�0;�u;1o�;u;7��b|_�-�lou;�;�|;mvb�;�];oŊ
]u-r_b1�v-lrѴbm]ķ��;�-lrѴb=b;7�-�=u-]l;m|�Ő~ѶƔƏ�0rő�o=�|_;�lb|o1_omŊ
7ub-Ѵ���	��7;_�7uo];m-v;�v�0�mb|�Ƒ�Ő�	Ƒő�];m;�o=�-ѴѴ�ƐƓƖ�bm7b�b7�-Ѵv�
�vbm]�|_;�v-l;�ruo|o1oѴ�-v�"1_�;b�;u�;|�-Ѵĺ�Ő2018őĺ�"-m];u�v;t�;m1bm]�
�-v�r;u=oul;7�bm�0o|_�7bu;1|bomv�0�������;molb1v��l0��Ő�;ul-m�őĺ�
�olrѴ;l;m|-u��v|u-m7v��;u;�-Ѵb]m;7��vbm]�|_;�r-1h-];�";t�-m�bm�
	��v|-u� Ő��uѴ-m7ķ� 2000őĺ� &mbt�;� �	Ƒ� _-rѴo|�r;v� �;u;� 7;|;1|;7�
�vbm]�dnasp� (ѵĺƐƑ� Ő!o�-v� ;|� -Ѵĺķ� ƑƏƐƕőĺ� �_�Ѵo];m;|b1� u;1omv|u�1|bom�
0-v;7�om��mbt�;�_-rѴo|�r;v��-v�7om;��vbm]�l-�bl�l�Ѵbh;Ѵb_oo7�Ő��ő�
-m7��-�;vb-m�bm=;u;m1;�Ő��őĺ��-um�v�-ѴѴo��Hirundo rustica�Ő�;m;�-mh�
-11;vvbom� m�l0;u� 	 ƐƕѵƔƐƔő� �-v� �v;7� -v� o�|]uo�r� -m7� om;� v;Ŋ
t�;m1;�o=�R. d. indica� Ő"1_�;b�;u� ;|� -Ѵĺķ�2018ĸ��;m;�-mh� -11;vvbom�
m�l0;u���ѶѶƐƐѵƕő��-v�-77b|bom-ѴѴ��-77;7ĺ�";t�;m1;�-Ѵb]ml;m|��-v�
7om;��vbm]��Ѵ�v|-Ѵ)�bm�mega�ƕ�Ő��l-u�;|�-Ѵĺķ�2016őĺ�$�Ɩƒ+���-v�v;Ŋ
Ѵ;1|;7�-v�|_;�0;v|Ŋ�=b||bm]�lo7;Ѵ�o=�m�1Ѵ;o|b7;�v�0v|b|�|bom��b|_�r_�lѴŊ
|;v|�bm��_����Ő��bm7om�ş��-v1�;Ѵķ�2003ő��b|_�r�ƒĺѵĺƑ�Ő!�1ou;�$;-lķ�
2013őĺ����|u;;�v;-u1_��-v�;lrѴo�;7�bm��_�����b|_�ƐƏƏƏ�0oo|v|u-r�
u;rѴb1-|;vĺ�����-v�r;u=oul;7��b|_�mrbayes�ƒĺƑĺƕ�Ő!omt�bv|�;|�-Ѵĺķ�2012ő�
�b|_� =o�u� bm7;r;m7;m|� u�mv� o=� �;|uoroѴbvŊ�1o�rѴ;7� �-uho�� 1_-bm�
�om|;��-uѴo�-m-Ѵ�v;vĺ��-1_�u�m�1olrubv;7�om;�1oѴ7�1_-bm�-m7�|_u;;�
_;-|;7�1_-bmv�-|�-�7;=-�Ѵ|� |;lr;u-|�u;�o=�ƏĺƐĺ�$_;�1_-bmv��;u;�u�m�
=ou�ƑƏ�lbѴѴbom�];m;u-|bomv�-m7�v-lrѴ;7�;�;u��ƐƏƏ�];m;u-|bomvĺ�tracer 
Ɛĺƕ� Ő!-l0-�|�;|�-Ѵĺķ�2018ő��-v��v;7�|o�-vv;vv�|_;� Ѵ;m]|_�o=�0�umŊ�bm�
-m7� |o�1om=bul�-7;t�-|;�;==;1|b�;� v-lrѴ;� vb�;v� Ő�""�>�ƑƏƏő�o=� |_;�
rov|;ubou�7bv|ub0�|bomĺ��Ѵ-7;v��;u;�1omvb7;u;7�-v�v�rrou|;7�0��o�u�
-m-Ѵ�v;v��_;m�0oo|v|u-r��-Ѵ�;v��;u;�>ƕƏѷ�Ő�bѴѴbv�ş���ѴѴķ�1993ő�-m7�
1Ѵ-7;�1u;7b0bѴb|���-Ѵ�;v� =ou� |_;����>�ƏĺƖƔ� Ő��;Ѵv;m0;1h�ş�!omt�bv|ķ�
2001őĺ�$_;�=bm-Ѵ����-m7����r_�Ѵo];m;|b1�|u;;v��;u;�;7b|;7�=ou�7bvrѴ-��
in figtree��ƐĺƓĺƓ�Ő_||rĹņņ|u;;ĺ0boĺ;7ĺ-1ĺ�hņvo=|��-u;ņ=b]|u�;;ņőĺ

ƑĺƒՊ |Պ	;�mo�o�u;=;u;m1;�];mol;�v;t�;m1bm]� 
and assembly

��7u-=|�];mol;��-v�v;t�;m1;7�-m7�-vv;l0Ѵ;7�7;�mo�o�0���-|bom-Ѵ�
�;molb1��m=u-v|u�1|�u;�"|o1h_oѴlķ�"�;7;mķ�=uol�-�l-Ѵ;�R. riparia colŊ
Ѵ;1|;7�bm�,_;m]�_o�ķ��;m-m�ruo�bm1;ķ��_bm-�bm�ƑƏƐƕ�Ő"+"0ѵƔƏƔķ�$-0Ѵ;�
"Ƒőĺ�	���;�|u-1|bom�-m7�Ѵbmh;7Ŋ�u;-7�v;t�;m1bm]��;u;�r;u=oul;7�-v�

bm���|];m�;|�-Ѵĺ�Ő2020őĺ��m�0ub;=ķ�	����-v�;�|u-1|;7��vbm]�|_;� b-];m�
�-]�||u-1|���)�	���hb|�=oѴѴo�bm]�|_;�l-m�=-1|�u;uŝv�bmv|u�1|bomv�
;�1;r|�=ou��vbm]�|_;�7o�0Ѵ;��oѴ�l;�-m7�ruoѴom]bm]�|_;�7b];v|bom�|bl;ĺ�
��vbm]Ѵ;�Ѵbmh;7Ŋ�u;-7�v;t�;m1bm]�Ѵb0u-u���-v�|_;m�ru;r-u;7��vbm]�|_;�
10×��;molb1v��_uolb�l��;mol;�Ѵb0u-u��hb|ķ�-m7�v;t�;m1;7�om�_-Ѵ=�
-m�"Ɠ� Ѵ-m;�om�-��o�-";t�ѵƏƏƏ�bmv|u�l;m|�-|�����"|o1h_oѴlĺ���7;�
mo�o�u;=;u;m1;�];mol;��-v�-vv;l0Ѵ;7��b|_�supernova�-vv;l0Ѵ;u��;uŊ
vbom� ƑĺƐĺƏ� Ő);bv;m=;Ѵ7� ;|� -Ѵĺķ� ƑƏƐƕőĺ�);� o0|-bm;7� -� rv;�7o_-rѴob7�
7u-=|�u;=;u;m1;��b|_�-�|o|-Ѵ�-vv;l0Ѵ��Ѵ;m]|_�o=�ƐĺƐѶ��0ķ�;==;1|b�;�u;-7�
1o�;u-];�o=�ƓƏĺƖ��-m7�v1-==oѴ7��ƔƏ�o=�ƐƑĺѵ��0ĺ��ѴѴ�v1-==oѴ7v��;u;�
|_;m�l-rr;7�|o�|_;��;ѴѴ�-mmo|-|;7�];mol;�o=��;0u-�=bm1_�Taeniopygia 
guttata��;uvbom�0$-;��|Ɛō�Ɛĺr�Ő�ouѴ-1_�;|�-Ѵĺķ�ƑƏƐƕő��vbm]�lbmbl-rƑ�
Ő�bķ�2018őĺ��mѴ��v1-==oѴ7v�|_-|��;u;�Ѵ-u];u�|_-m�ƐƏƏƏ�0r�-m7��mbt�;Ѵ��
l-rr;7�|o�|_;��;0u-�=bm1_�u;=;u;m1;�];mol;��;u;�u;|-bm;7��b|_�|_;�
Ѵ-u];v|�v1-==oѴ7�0;bm]�ƒƑĺѶ��0�bm�Ѵ;m]|_ĺ��v�|_;�u;=;u;m1;�];mol;��-v�
=uol�-�l-Ѵ;�Ő_ololour_b1�v;��,,�bm�0bu7vőķ�v1-==oѴ7v�l-rrbm]�|o�|_;�,�
1_uolovol;��;u;�;�1Ѵ�7;7�bm�=�u|_;u�-m-Ѵ�v;v�|o�-�ob7��m7;u;v|bl-Ŋ
|bom�o=�_;|;uo��]ovb|��bm�=;l-Ѵ;v�Ő_;|;uolour_b1�v;��,)őĺ��ou;o�;uķ�
v1-==oѴ7v�o=�|_;�lb|o1_om7ub-Ѵ�];mol;��;u;�-Ѵvo�;�1Ѵ�7;7�-m7�|_�v�
omѴ��-�|ovol-Ѵ�"��v� u;|-bm;7ĺ�$_;� |o|-Ѵ� Ѵ;m]|_�o=� |_;� =bm-Ѵ� -vv;lŊ
0Ѵ���-v�ƖѶƏ��0ĺ��;mol;�_;|;uo��]ovb|��-v� |_;�ruorou|bom�o=�_;|Ŋ
;uo��]o�v�vb|;v�o=�|_;�v-m7�l-u|bm�u;=;u;m1;�];mol;��-v�;v|bl-|;7�
0-v;7�om�hŊ�l;u�1o�m|�7bv|ub0�|bom�o=�hl;u�Ѵ;m]|_�o=�ƑƐ�Őm =�ƑƐő��vbm]�
�;ѴѴ�=bv_� Ő�-u2-bv�ş��bm]v=ou7ķ�2011ő�1ol0bm;7��b|_��;mol;"1or;�
Ő_||rĹņņt0ĺ1v_Ѵĺ;7�ņ];mol�;v1or�;ņő�Ő(�u|�u;�;|�-Ѵĺķ�ƑƏƐƕőĺ

ƑĺƓՊ |Պ�;mo|�rbm]�0��v;t�;m1bm]

�;mo|�rbm]�0��v;t�;m1bm]�Ő��"ő�Ő�Ѵv_bu;�;|�-Ѵĺķ�2011ő��-v�1om7�1|;7�0��
;1o];mb1v��l0��Ő"�b|�;uѴ-m7őĺ��m7b�b7�-ѴѴ����	Ŋ�|-]];7�u;7�1;7�u;rŊ
u;v;m|-|bom�Ѵb0u-ub;v��;u;�];m;u-|;7��vbm]�|_;�v|-m7-u7�;m��l;�1olŊ
0bm-|bom��1o!�ņ�v;Ѵ�-m7�vbm]Ѵ;Ŋ�;m7�u;-7v�o=�ƕƔ�0r��;u;�v;t�;m1;7�
om�-m��ѴѴ�lbm-��;�|";t�bmv|u�l;m|ĺ��=|;u�1_;1hbm]�|_;�t�-Ѵb|��o=�|_;�
u-��u;-7v��b|_�fastqc��;uvbom�ƏĺƐƏĺƐ�Ő�m7u;�ķ�2019őķ�Ѵ;-7bm]�-m7�|u-bѴŊ
bm]� Ѵo�� t�-Ѵb|�� u;-7v��;u;� u;lo�;7� �vbm]� trimmomatic� �;uvbom� ƏĺƒƖ�
Ő�oѴ];u�;|�-Ѵĺķ�2014őĺ�$ubll;7�u;-7v��;u;�-Ѵb]m;7�|o�|_;�1oѴѴ-u;7�v-m7�
l-u|bm�7u-=|�];mol;��vbm]�bwa mem��;uvbom�ƏĺƕĺƐƕ� Ő�bķ�2013őĺ�"bm]Ѵ;Ŋ�
m�1Ѵ;o|b7;� roѴ�lour_bvlv� Ő"��vő� �;u;� 1-ѴѴ;7� -m7� ];mo|�r;7� �b|_�
-m]v7�Ő�oum;Ѵb�vv;m�;|�-Ѵĺķ�2014ő�0-v;7�om���$��];mo|�r;�Ѵbh;Ѵb_oo7v�
Ő�1�;mm-�;|�-Ѵĺķ�2010ő�u;|-bmbm]�vb|;v��b|_�p <�ĺƏƏƐ�=ou�0;bm]��-ub-0Ѵ;ķ�-�
lbmbl�l�l-rrbm]�t�-Ѵb|��o=�ƑƏķ�-�lbmbl�l�0-v;�t�-Ѵb|��v1ou;�o=�ƑƏķ�-�
lbmbl�l�|o|-Ѵ�u;-7�7;r|_�o=�ƒƏƏķ�-�lbmbl�l�bm7b�b7�-Ѵ�u;-7�7;r|_�o=�
=b�;�-m7�lbmou�-ѴѴ;Ѵ;�=u;t�;m1��o=�ƏĺƏƔ�ŐŊ����Ƒ�Ŋ�"��ōr�-Ѵ�Ɛ;Ŋ�ƒ�Ŋ�lbm �ƑƏ�
Ŋ�lbm�-r �ƑƏ�Ŋ�v;|�bm	;r|_�ƒƏƏ�Ŋ�];moōlbm	;r|_�Ɣ�Ŋ�lbm�-=�ƏĺƏƔőĺ�
);�omѴ��u;|-bm;7��mbt�;Ѵ��l-rr;7�u;-7v�-m7�0b-ѴѴ;Ѵb1�"��v��b|_�<10% 
lbvvbm]�7-|-�ŐŊ��mbt�;�mѴ��Ɛ�Ŋ�vhbr$ub-ѴѴ;Ѵb1�Ɛ�Ŋ�lbm�m7�ƐƒƔőĺ

ƑĺƔՊ |Պ�m-Ѵ�v;v�o=�ror�Ѵ-|bom�];molb1�v|u�1|�u;

$o�;�-lbm;�];m;|b1�v|u�1|�u;�-lom]�ror�Ѵ-|bomvķ��;�=buv|�1om7�1|;7�
-�rubm1br-Ѵ�1olrom;m|�-m-Ѵ�vbv�Ő���ő�0-v;7�om�bm7b�b7�-Ѵ�];mo|�r;�
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Ѵbh;Ѵb_oo7v��vbm]����m]v7�Ő�;bvm;u�ş��Ѵ0u;1_|v;mķ�2018őĺ�$_bv��-v�
7om;�=ou�R. diluta and R. riparia�|o];|_;u�-m7�=ou�R. diluta�v;r-u-|;Ѵ�ĺ�
$_;�;b];m�;1|ouv�=uol�|_;�1o�-ub-m1;�l-|ub���;u;�1olr�|;7��vbm]�
|_;�=�m1|bom�ľ;b];mĿ�bm�r�ƒĺѵĺƑĺ�$o�1_;1h�=ou�ro|;m|b-Ѵ�];m;�=Ѵo��0;Ŋ
|�;;m�ror�Ѵ-|bomvķ�r-u|b1�Ѵ-uѴ�� bm�r�|-|b�;� 1om|-1|� �om;vķ��;�-Ѵvo�
r;u=oul;7� -7lb�|�u;� -m-Ѵ�vbv� bm� ��"-7lb�� Ő"ho||;� ;|� -Ѵĺķ� 2013őĺ�
��"-7lb���-v�-Ѵvo�0-v;7�om�];mo|�r;Ŋ�Ѵbh;Ѵb_oo7ķ�|_�v�-11o�m|bm]�
=ou�|_;��m1;u|-bm|��o=�1-ѴѴ;7�];mo|�r;vĺ��|��-v�u�m�|;m�|bl;v�om�-ѴѴ�
bm7b�b7�-Ѵv�ŐR. diluta and R. riparia�|o];|_;uő�=ou�;-1_���-m7�|_;�m�lŊ
0;u�o=�-m1;v|u-Ѵ�ror�Ѵ-|bomv���v;|�=uol�Ƒ�|o�ƐƏĺ�$_;�or|bl-Ѵ����-v�
;�-Ѵ�-|;7��vbm]�clumpak�Ő�or;Ѵl-m�;|�-Ѵĺķ�2015őĺ

);�-77b|bom-ѴѴ��7b7�|�o�-m-Ѵ�v;v�o=�loѴ;1�Ѵ-u��-ub-m1;�Ő���(�ő�
-m7�1olr�|;7�r-bu�bv;�F"$�0;|�;;m�ror�Ѵ-|bomv�o=�R. diluta in ar-
lequin� �;uvbom�ƒĺƔĺƑĺƑ� Ő��1o==b;u�ş� �bv1_;uķ�2010ő� �vbm]� "��v��b|_�
Ѵ;vv�|_-m�Ɣѷ�lbvvbm]�7-|-�Ő7;=-�Ѵ|�v;||bm]ő�-m7�ƐƏƏƏ�r;ul�|-|bomvĺ�
ou����(�ķ�|_;�|_u;;�v�0vr;1b;v��;u;�7;=bm;7�-v�]uo�rv��b|_�|_;�
�om]oѴb-m�ror�Ѵ-|bom�;b|_;u�bm1Ѵ�7;7�bm�R. d. tibetana or in R. d. di-
lutaĺ� $_;� 7bv|-m1;�l-|ub���-v� 1olr�|;7� �vbm]� r-bu�bv;� 7bv|-m1;vĺ�
$_;� bmr�|� =bѴ;� =ou� arlequin� �-v� ];m;u-|;7� �vbm]� pgdspider� �;uvbom�
ƑĺƐĺƐĺƔ� Ő�bv1_;u�ş���1o==b;uķ�2012őĺ� $o� bm�;v|b]-|;� |_;� bm=Ѵ�;m1;�o=�
];o]u-r_b1-Ѵ�7bv|-m1;�om�ror�Ѵ-|bom�v|u�1|�u;ķ��;�|;v|;7�=ou�bvoѴ-Ŋ
|bom�0��7bv|-m1;�0;|�;;m�7b==;u;m|�ror�Ѵ-|bomv�o=�R. dilutaĺ�);�-rŊ
rѴb;7��-m|;Ѵ� |;v|v� Ő�-m|;Ѵķ� ƐƖѵƕő� |o�_-Ѵ=�l-|ub1;v�o=� ];m;|b1� ŐF"$/
ŐƐŊ�F"$őő�-m7�Ѵo]-ub|_lb1�ŐѴmő���1Ѵb7;-m�];o]u-r_b1�7bv|-m1;v�0;|�;;m�
ror�Ѵ-|bomv��vbm]� |_;�r�r-1h-];�-7;Ɠ� Ő	u-��ş�	�=o�uķ�ƑƏƏƕő��b|_�
ƖƖƖ��om|;Ŋ��-uѴo�r;ul�|-|bomvĺ

��1Ѵ;o|b7;�7b�;uvb|��Őπő�o=�;-1_�ror�Ѵ-|bom��-v�1olr�|;7��vbm]�
-m]v7�Ő�oum;Ѵb�vv;m�;|�-Ѵĺķ�2014őĺ�bѴ|;uv�=ou�"��v��;u;�-]-bm�v;|�|o�
-�lbmbl�l�l-rrbm]�t�-Ѵb|��o=�ƑƏķ�-�lbmbl�l�0-v;�t�-Ѵb|��v1ou;�o=�
ƑƏķ�lbmbl�l� u;-7�7;r|_�o=� =b�;� =ou� ;-1_� bm7b�b7�-Ѵķ� -m7� Ѵ;vv� |_-m�
ƐƏѷ�lbvvbm]�7-|-ĺ�);�omѴ��h;r|��mbt�;Ѵ��l-rr;7�u;-7v�=ou�|_;�;vŊ
|bl-|bom�o=�rov|;ubou�ruo0-0bѴb|b;v�o=�v-lrѴ;�-ѴѴ;Ѵ;�=u;t�;m1��Ő"�ő�
=ou� ;-1_� ror�Ѵ-|bomķ� -m7� |_;m� 1olr�|;7� |_;� vb|;� =u;t�;m1�� vr;1Ŋ
|u�l�Ő""ő��vbm]�u;-Ѵ""ĺ��-bu�bv;�m�1Ѵ;o|b7;�7b�;uvb|��=ou�;-1_�vb|;�
�-v� 1olr�|;7� �vbm]� |_;|-"|-|� 0-v;7�om� |_;� ""� -m7� |_;� -�;u-];�
�-v��v;7�-v�m�1Ѵ;o|b7;�7b�;uvb|��=ou�;-1_�ror�Ѵ-|bomĺ�$_;��m=oѴ7;7�
""��-v�;v|bl-|;7��vbm]�|_;�u;=;u;m1;�];mol;�o=�R. riparia�=ou�|_;�
1_-u-1|;ub�-|bom�o=�-m1;v|u-Ѵ� v|-|;v� bm�ror�Ѵ-|bomv�o=�R. diluta. For 
ror�Ѵ-|bomv�ou�R. ripariaķ�|_;�=oѴ7;7�""��-v��v;7ĺ

ƑĺѵՊ |Պ�our_oѴo]b1-Ѵ�-m-Ѵ�vbv

$o� bm�;v|b]-|;� |_;� ;�|;m|� o=� lour_oѴo]b1-Ѵ� 7b==;u;m1;v� 0;|�;;m�
v�0vr;1b;v� o=� R. dilutaķ� �;� 1oѴѴ;1|;7� l;mv�u-Ѵ� 7-|-� o=� ƐƖƏ� bm7bŊ
�b7�-Ѵvĺ� �b]_|�Ŋ�=o�u�o=� |_;v;��;u;� -Ѵvo� bm1Ѵ�7;7� bm� |_;���"�-m-ѴŊ
�v;v� Ő1olrѴ;|;� 7-|-� 1o�Ѵ7� mo|� 0;� o0|-bm;7� =ou� |_;� u;l-bmbm]� ƒƔ�
bm7b�b7�-Ѵv� �v;7� =ou� ��"őķ� v�0vr;1b=b1� b7;m|b|�� o=� |_;� o|_;uv� �-v�
0-v;7� om� 0u;;7bm]� 1oѴom�� oub]bmĺ� �b]_|� |u-b|v��;u;�l;-v�u;7� =oѴŊ
Ѵo�bm]��1h�;|�-Ѵĺ� Ő2012őĹ� Ѵ;m]|_�o=�0bѴѴ�|br�|o�=;-|_;ubm]ķ�0bѴѴ�7;r|_ķ�
0bѴѴ��b7|_ķ��bm]�Ѵ;m]|_ķ�Ѵ;m]|_�o=��Ѷ�Ő|_bu7�o�|;ulov|�rubl-u�őķ�|-bѴ�
Ѵ;m]|_ķ� Ѵ;m]|_�o=�|-bѴ�=ouh�-m7�|-uv�v�Ѵ;m]|_�Ő$-0Ѵ;�"ƒőĺ� �m�-m�-77bŊ
|bom-Ѵ�-m-Ѵ�vbvķ��;�1ol0bm;7�o�u�7-|-�v;|��b|_�|_;�om;�o=�"1_�;b�;u�

;|� -Ѵĺ� Ő2018ő� =uol��_b1_� |_u;;�lour_ol;|ub1� |u-b|v� Ő�bm]� Ѵ;m]|_ķ�
|-bѴ�Ѵ;m]|_�-m7�Ѵ;m]|_�o=�|-bѴ�=ouhő�=ou�ƐƑƏ�bm7b�b7�-Ѵv�o=�R. diluta�ŐƒƑ�
o=�R. d. dilutaķ�ƐƖ�o=�R. d. tibetanaķ�ƒѵ�o=�R. d. indicaķ�ƒƒ�o=�R. d. fohk-
ienensiső��;u;�-�-bѴ-0Ѵ;�v|;llbm]�l-bmѴ��=uol�l�v;�l�vr;1bl;mvĺ�
�=|;u� Ѵo]Ŋ�|u-mv=oul-|bom� o=� l;-v�u;l;m|vķ� lour_ol;|ub1� 7b==;uŊ
;m1;v� -lom]� v�0vr;1b;v��;u;� ;�rѴou;7� �vbm]� -� rubm1br-Ѵ� 1olroŊ
m;m|� -m-Ѵ�vbv� Ő���ő� om� |_;� 1ouu;Ѵ-|bom� l-|ub�� �vbm]� |_;� =�m1|bom�
ru1olr�o=�|_;�r�r-1h-];�v|-|vĺ

ƑĺƕՊ |Պ ";-vom-Ѵ�o11�uu;m1;�r-||;umv

�v�R. diluta� o11�uv� bm� 7b==;u;m|� 1Ѵbl-|;� �om;v� -m7� -1uovv� -� 0uo-7�
-Ѵ|b|�7bm-Ѵ� u-m];ķ��;� -vv;vv;7� 7b==;u;m1;v� bm� v;-vom-Ѵ� o11�uu;m1;�
r-||;umv� Őr_;moѴo]�ő�0;|�;;m�7b==;u;m|�];o]u-r_b1� u;]bomv�1ouu;Ŋ
vrom7bm]�|o�|_;�v�rrov;7�7bv|ub0�|bom�o=�|_;�|_u;;�v�0vr;1b;vĺ�$o�
|_bv�;m7ķ��;��v;7�7-|-�=uol�o�u�o�m�=b;Ѵ7�ouh�-m7�1olrbѴ;7�u;1ou7v�
o=�R. diluta� =uol� |_;� |�o�1b|b�;m� v1b;m1;�7-|-0-v;v�;0bu7� Ő_||rvĹņņ
;0bu7ĺou]ņ_ol;ő�-m7��bu7!;rou|�o=��_bm-� Ő_||rĹņņ���ĺ0bu7u�;1ou7ĺ
cn/őĺ� �-1_� u;1ou7� �-v� -ѴѴo1-|;7� |o� |_u;;� r;ubo7v� bm� ;-1_� lom|_ķ�
|_-|�bvķ�0;=ou;�|_;�ƐƏ|_ķ�0;|�;;m�|_;�ƐƏ|_�-m7�|_;�ƑƏ|_ķ�-m7�-=|;u�
|_;�ƑƏ|_ĺ�$_;�|_u;;�];o]u-r_b1�u;]bomv��;u;�7;=bm;7�-v�=oѴѴo�vĹ�Ő-ő�
vo�|_�-m7�1;m|u-Ѵ��_bm-�;-v|�o=�|_;� bm]_-bŊ�$b0;|-m�rѴ-|;-��0;Ѵo��
ƒƏƏƏ�l�-0o�;�v;-�Ѵ;�;Ѵ�Ő-vѴő�1ouu;vrom7bm]�|o�|_;�v�rrov;7�0u;;7Ŋ
bm]� 7bv|ub0�|bom� o=� R. d. fohkienensisķ� Ő0ő�  bm]_-bŊ�$b0;|-m� rѴ-|;-��
-0o�;�ƒƏƏƏ�l�-vѴ� 1ouu;vrom7bm]� |o� |_;�v�rrov;7�0u;;7bm]� u-m];�
o=�R. d. tibetanaķ�Ő1ő�|_;�u;]bom�o=��_bm-�mou|_Ŋ��;v|�o=�|_;� bm]_-bŊ�
$b0;|-m�rѴ-|;-��1ouu;vrom7bm]�|o�|_;�v�rrov;7�0u;;7bm]�7bv|ub0�Ŋ
|bom�o=�R. d. diluta.

ƒՊ |Պ !�"&�$"

ƒĺƐՊ |Պ�|	���r_�Ѵo];m�

$_;� =bm-Ѵ� �	Ƒ� -Ѵb]ml;m|� �-v� ѶƔƐ� 0r� bm� Ѵ;m]|_� �b|_� ƒƑ� _-rѴoŊ
|�r;v�bm�R. diluta�-m7�ƐƐ�_-rѴo|�r;v�bm�R. ripariaĺ�)b|_bm�R. dilutaķ�
��� -m7� ��� r_�Ѵo];m;|b1� u;1omv|u�1|bomv� u;1o�;u;7� �;ѴѴ� v�rŊ
rou|;7� 1Ѵ-7;v� lov|Ѵ�� 1omvbv|;m|� �b|_� |_;� 7bv|ub0�|bom� u-m];v� o=�
|_;�lour_oѴo]b1-ѴѴ�Ŋ�7;=bm;7�v�0vr;1b;v� Őb]�u; 1�-m7�b]�u;�"ƐőĹ�
�m;�1Ѵ-7;�1omvbv|;7�o=�-ѴѴ�v-lrѴ;v�o=�R. d. fohkienensis�=uol�Ѵo�Ŋ
Ѵ-m7�vo�|_Ŋ�;-v|;um��_bm-ķ�om;�o=�R. d. tibetana�=uol�|_;� bm]_-bŊ�
$b0;|-m��Ѵ-|;-��-m7�om;�o=�R. d. diluta�=uol�mou|_Ŋ��;v|;um��_bm-�
Őb]�u; 1őĺ�"-lrѴ;v�1oѴѴ;1|;7�=uol��om]oѴb-�bm�|_;�ro|;m|b-Ѵ�0u;;7Ŋ
bm]�u-m];�o=�R. d. dilutaķ�_o�;�;uķ�1Ѵ�v|;u;7�-m7�v_-u;7�_-rѴo|�r;v�
�b|_� v-lrѴ;v� o=�R. d. tibetana� =uol� |_;� bm]_-bŊ�$b0;|-m� rѴ-|;-�ĺ�
�mѴ��om;�bm7b�b7�-Ѵ�=uol��om]oѴb-��b|_�-��mbt�;�_-rѴo|�r;�Ő�-r�
ƒƏő� 7b7� mo|� 1Ѵ�v|;u��b|_� |_;� u;l-bmbm]� v-lrѴ;v� =uol� |_bv� u;]bom�
and R. d. tibetanaķ�-m7��-v�bmv|;-7�=o�m7�bm�|_;�R. d. diluta clade. 
$_;�rovb|bomv�o=�|_;v;�7b==;u;m|�1Ѵ-7;v�-v��;ѴѴ�-v�|_-|�o=�R. d. indica 
�;u;�mo|� uo0�v|Ѵ�� v�rrou|;7� |_uo�]_o�|ĺ� $_;�lomor_�Ѵ�� o=� |_;�
_-rѴo|�r;v�=o�m7�bm�R. riparia��-v�omѴ��v�rrou|;7�bm����-m-Ѵ�v;vķ�
0�|�mo|��b|_���ĺ
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ƒĺƑՊ |Պ �or�Ѵ-|bom�];molb1v�o=�m�1Ѵ;-u��-ub-|bom

$_;�_;|;uo��]ovb|��o=� |_;�1oѴѴ-u;7� v-m7�l-u|bm� u;=;u;m1;�];mol;�
�-v� ;v|bl-|;7� |o� 0;� ƏĺƐѷĺ� �m� |o|-Ѵķ� �;� o0|-bm;7� ƕѵƓƏ� -�|ovol-Ѵ�
"��v�bm�|_;�7-|-�v;|� bm1Ѵ�7bm]�R. diluta and R. riparia�-=|;u�-Ѵb]mbm]�
|ubll;7���"�u;-7v�|o�|_;�1oѴѴ-u;7�v-m7�l-u|bm�7u-=|�];mol;ĺ�$_;v;�
"��v��;u;�7bv|ub0�|;7�-1uovv�lov|�-�|ovol;v�;�1;r|� =ou� |_;� |�o�
lb1uo1_uolovol;v�Ɛѵ�ŐƐĺƑƑ��0ő�-m7�ƑƖ�ŐƓĺƑƐ��0őķ�-m7�|_;u;��-v�
-� _b]_Ѵ�� vb]mb=b1-m|� rovb|b�;� 1ouu;Ѵ-|bom� Őr = .92; p = 5.02 × 10ƴƐƓő�
0;|�;;m�|_;�m�l0;u�o=�"��v�1-ѴѴ;7�r;u�1_uolovol;�-m7�1_uoloŊ
vol;�vb�;� Őb]�u;v�"Ƒ�-m7�"ƒőĺ� �m�-�����om�0o|_� vr;1b;vķ�R. diluta 
�-v�1Ѵ;-uѴ��v;r-u-|;7�=uol�R. riparia�bm���Ɛ�ŐƑƑĺƐƑѷ�o=�|_;��-ub-m1;őķ�
�_bѴ;���Ƒ�ŐƐѶĺƒƓѷ�o=�|_;��-ub-m1;ő�v;r-u-|;7�R. d. fohkienensis and 
|_;�u;l-bmbm]�v-lrѴ;v�o=�R. diluta�Őb]�u; 2aőĺ��|�bv�mo|;�ou|_��|_-|�
all R. diluta�v-lrѴ;v�=uol��om]oѴb-�1Ѵ�v|;u;7��b|_�R. d. tibetanaĺ��m�-�
v;r-u-|;������b|_�ƕķƐƐѶ�-�|ovol-Ѵ�"��v�1-ѴѴ;7�=ou�|_;�ƐƐƖ�R. diluta 
v-lrѴ;v�omѴ��Őb]�u; 2bőķ�R. d. fohkienensis��-v�1Ѵ;-uѴ��7b==;u;m|b-|;7�
=uol� |_;� u;l-bmbm]� v-lrѴ;v� -Ѵom]� ��Ɛ� ŐƑѵĺѵѵѷ�o=� �-ub-m1;őĺ� ��Ƒ�
ŐƐƏĺƖƔѷ�o=� �-ub-m1;ő� v;r-u-|;7� mou|_Ŋ��;v|;um��_bm;v;�R. d. diluta 
=uol�-�1Ѵ�v|;u�1om|-bmbm]�R. tibetana�=uol�|_;� bm]_-bŊ�$b0;|-m�rѴ-Ŋ
|;-��-m7�-ѴѴ�v-lrѴ;v�=uol��om]oѴb-ĺ

�7lb�|�u;�-m-Ѵ�v;v�u;v�Ѵ|;7� bm�K =�Ɠ�-v� |_;�0;v|Ŋ�=b||bm]�m�lŊ
0;u�o=�-m1;v|u-Ѵ�ror�Ѵ-|bomv��b|_�-�vol;�_-|�Ѵo�;u�Ѵbh;Ѵb_oo7�=ou�
K =�ƒ�Őb]�u;�"Ɠőĺ��o�;�;uķ�R. ripariaķ�R. d. fohkienensis�-m7�mou|_Ŋ�
�;v|;um��_bm;v;�R. d. diluta��;u;�-Ѵ�-�v� u;voѴ�;7�-v�7bv|bm1|�];Ŋ
m;|b1� 1Ѵ�v|;uv� �b|_� v;r-u-|;� -m1;v|ub;v� Őb]�u; 3� -m7� b]�u;� "Ɣőĺ�
For K =�Ɠķ�R. d. tibetana�=uol�|_;� bm]_-bŊ�$b0;|-m�rѴ-|;-��-m7�bm7bŊ
�b7�-Ѵv�=uol��om]oѴb-�=oul;7�om;�-77b|bom-Ѵ�];m;|b1�1Ѵ�v|;uķ��b|_�
|_;�Ѵ-||;u�v_o�bm]�Ѵblb|;7�;�b7;m1;�o=�lb�;7�-m1;v|u���b|_�mou|_Ŋ�
�;v|;um��_bm;v;�R. d. diluta�Ő-�;u-];�ƑĺƖѷĸ�u-m];�r;u�bm7b�b7�-ѴĹ�Ə�
|o�ѵĺƑѷőĺ

�Ѵ|;um-|b�;����(�v�-m7�Ŋ�v|-|bv|b1v�0-v;7�om�ѵѶƔƕ�"��v�v�rŊ
rou|;7�|_;�1Ѵov;u�-==bmb|��o=��om]oѴb-m�0bu7v�|o�R. d. tibetanaĺ���;u-ѴѴ�
7b==;u;m|b-|bom�0;|�;;m�ror�Ѵ-|bomv��-v��;u��_b]_��b|_�F"$ = 0.225 

Őp <� ĺƏƏƏƐőĺ�)_;m� |_;��om]oѴb-m� ror�Ѵ-|bom� �-v� ]uo�r;7� bm� -m�
���(���b|_�R. d. tibetanaķ�|_;�|o|-Ѵ��-ub-|bom�;�rѴ-bm;7�0��|_;�v�0Ŋ
vr;1b;v� u;-1_;7�F�$ =�ƏĺƑƐѵ��b|_��;u�� Ѵb||Ѵ;�7b==;u;m|b-|bom��b|_bm�
|_;v;�]uo�rv� ŐF"� =� ƏĺƏƐƐķ�0o|_�p <� ĺƏƏƏƐőĺ�)_;m� |_;��om]oѴb-m�
ror�Ѵ-|bom��-v�-Ѵ|;um-|b�;Ѵ��]uo�r;7��b|_�R. d. dilutaķ�|_;�ruorou|bom�
o=�|_;�;�rѴ-bm;7��-ub-|bom�7uorr;7�|o�F�$ =�ƏĺƐѶѵ�-m7�7b==;u;m|b-|bom�
�b|_bm�|_;�]uo�rv�o=�ror�Ѵ-|bomv�bm1u;-v;7�-11ou7bm]Ѵ��ŐF"� = 0.045; 
0o|_�pŊ��-Ѵ�;v�<�ĺƏƏƏƐőĺ�);�|_�v�1omvb7;u�|_;�ror�Ѵ-|bom�bm��om]oѴb-�
|o�0;Ѵom]�|o�R. d. tibetana�o�|vb7;�|_;�-vv�l;7�7bv|ub0�|bom�u-m];�o=�
|_bv�v�0vr;1b;vĺ�)b|_�|_bv�-vvb]ml;m|ķ�r-bu�bv;�F"$�0;|�;;m�ror�Ѵ-Ŋ
|bomv��b|_bm�v�0vr;1b;v�u-m];7�=uol�Ə�|o�ƏĺƏƔƐ�Őlov|�p < .05; Table 
"Ɠő��_bѴ;� -ѴѴ� r-bu�bv;� 1olr-ubvomv� 0;|�;;m� ror�Ѵ-|bomv� =uol�7b=Ŋ
=;u;m|�v�0vr;1b;v� u-m];7�0;|�;;m�F"$ =�ƏĺƐ�-m7�Əĺƒѵ� Ő-ѴѴ�p < .05; 
$-0Ѵ;�"Ɠőĺ

�olr-ubvom� o=� loѴ;1�Ѵ-u� 7b�;uvb|�� v_o�;7� =�u|_;u� |_-|� |_;�
�om]oѴb-m� 0bu7v� =;-|�u;7� |_;� _b]_;v|� m�1Ѵ;o|b7;� 7b�;uvb|�� -lom]�
-ѴѴ�-m-Ѵ�v;7�R. diluta�ror�Ѵ-|bomv�Őπ = 5.9 × 10ƴƒőĺ���1Ѵ;o|b7;�7b�;uŊ
vb|���-v�o�;u-ѴѴ�vblbѴ-u�-1uovv�R. d. diluta and R. d. tibetana�ror�Ѵ-Ŋ
|bomv�=uol�|_;� bm]_-bŊ�$b0;|-m�rѴ-|;-���b|_�mo�7;|;1|-0Ѵ;�u;Ѵ-|bom�
|o�Ѵom]b|�7;�ou�Ѵ-|b|�7;�Őπ�u-m]bm]�=uol�ƒĺƏƖ�× 10ƴƒ�|o�ƓĺƓƖ�× 10ƴƒ; 
b]�u; 4őĺ��ѴѴ�ror�Ѵ-|bomv�o=�R. d. fohkienensis�v_o�;7�1olr-u-|b�;Ѵ��
Ѵo�;u� Ѵ;�;Ѵv� o=� m�1Ѵ;o|b7;� 7b�;uvb|�� Őπ� u-m]bm]� =uol� ƐĺƖƖ� × 10ƴƒ 
|o� ƑĺƒƖ� × 10ƴƒőĺ� $_;� _b]_;v|� �-Ѵ�;v� o=� m�1Ѵ;o|b7;� 7b�;uvb|�� �;u;�
=o�m7�bm�|_;�|_u;;�-m-Ѵ�v;7�ror�Ѵ-|bomv�o=�R. riparia�Őπ�u-m]bm]�=uol�
6.69 × 10ƴƒ�|o�ƕĺƓƖ�× 10ƴƒőĺ

ƒĺƒՊ |Պ �voѴ-|bom�0��7bv|-m1;

�b�;m� 7bv|-m1;v� o=� |_o�v-m7v� o=� hbѴol;|u;v� 0;|�;;m� |_;� -m-Ŋ
Ѵ�v;7� ror�Ѵ-|bomvķ� �;� |;v|;7� =ou� |_;� blrou|-m1;� o=� bvoѴ-|bom� 0��
7bv|-m1;�bm�];m;|b1�7b==;u;m|b-|bom�0;|�;;m�-m7��b|_bm�v�0vr;1b;v�
o=� R. dilutaĺ� ��;u-ѴѴķ� -��-m|;Ѵ� |;v|� 7;|;1|;7� -� _b]_Ѵ�� vb]mb=b1-m|�
u;Ѵ-|bomv_br�0;|�;;m�];m;|b1�7b==;u;m|b-|bom�-m7�vr-|b-Ѵ�7bv|-m1;�

 ��&!� �ƑՊ�ubm1br-Ѵ�1olrom;m|�-m-Ѵ�vbv�Ő���ő�om�m�1Ѵ;-u�"��v�o=�R. diluta and R. riparia�Ő-ķ�0-v;7�om�ƕķѵƓƏ�"��vő�-m7�omѴ��o=�R. diluta 
Ő0ķ�0-v;7�om�ƕƐƐѶ�"��vőĺ��oѴo�uv�1ouu;vrom7�|o�7b==;u;m|�v�0vr;1b;v�;�1;r|�rbmh�7o|v�bm7b1-|;�|_;�v-lrѴ;v�1oѴѴ;1|;7�=uol��om]oѴb-�bm�|_;�
ro|;m|b-Ѵ�0u;;7bm]�u-m];�o=�R. d. diluta
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0;|�;;m� ror�Ѵ-|bomv� Őr = .5486; p = .001; b]�u; 5őĺ� �Ѵov;u� bmŊ
vr;1|bom�u;�;-Ѵ;7�|_-|�|_bv�u;Ѵ-|bomv_br��-v�l-bmѴ��7ub�;m�0���;u��
_b]_�r-bu�bv;�1olr-ubvomv�0;|�;;m�v�0vr;1b;v�-1uovv�|_;bu�r-u-Ŋ
r-|ub1� 7bv|ub0�|bom� u-m];vĺ� �m� 1om|u-v|ķ� 1olr-ubvomv� -lom]� Ѵ-u];�
vr-|b-Ѵ� 7bv|-m1;v� �b|_bm� v�0vr;1b;vķ� ;vr;1b-ѴѴ�� bm� R. d. tibetanaķ�
v_o�;7�mo�;�b7;m1;�o=�;Ѵ;�-|;7�];m;|b1�7b==;u;m|b-|bom�Őb]�u; 5őĺ�
�11ou7bm]Ѵ�ķ� -� �-m|;Ѵ� |;v|� u;v|ub1|;7� |o� r-bu�bv;� 1olr-ubvomv�
�b|_bm� v�0vr;1b;v� ruo�b7;7�mo� ;�b7;m1;�o=� bvoѴ-|bom�0��7bv|-m1;�
Őr =�ƴĺƒƏƓĸ�p =�ĺѶƕőķ�bm7b1-|bm]�1omvb7;u-0Ѵ;�7bvr;uv-Ѵ�-lom]�ror�Ŋ
Ѵ-|bomv�o�;u�Ѵ-u];�7bv|-m1;vĺ

ƒĺƓՊ |Պ�our_oѴo]b1-Ѵ�7b==;u;m|b-|bom

������om�;b]_|�lour_oѴo]b1-Ѵ� |u-b|v�l;-v�u;7�om� |_;�mo�;Ѵ�R. di-
luta�v-lrѴ;v�ru;v;m|;7�_;u;�u;�;-Ѵ;7�]u-7�-Ѵ�7b==;u;m1;v�0;|�;;m�

v�0vr;1b;v� �b|_� vol;� o�;uѴ-r� Őb]�u; 6aőĺ� ��Ɛ� ŐƑƓĺƏƐѷ� �-ub-m1;ő�
v;r-u-|;7�Ѵ-u];Ѵ��R. d. fohkienensis�=uol�R. d. tibetana�-m7��-v�l-bmѴ��
bm=Ѵ�;m1;7�0��Ѵ;m]|_�o=��Ѷķ��bm]�Ѵ;m]|_�-m7�|-bѴ�Ѵ;m]|_�ŐѴo-7bm]�=-1Ŋ
|ouv�o=�ƏĺƔƏƕķ�ƏĺƓƖѶ�-m7�ƏĺƓƔƑķ� u;vr;1|b�;Ѵ�ķ�$-0Ѵ;�"Ɣő��_bѴ;����Ƒ�
l-bmѴ��7bv|bm]�bv_;7�R. d. fohkienensis�=uol�R. d. diluta�-m7��-v�7olbŊ
m-|;7�0��|_;� Ѵ;m]|_�o=�|-bѴ�=ouh�ŐѴo-7bm]�=-1|ou�o=�ƏĺѵѵѶķ�$-0Ѵ;�"Ɣőĺ�
�bu7v�=uol��om]oѴb-�1Ѵ�v|;u;7�-lom]�bm7b�b7�-Ѵv�o=�R. tibetana��b|_�
vblbѴ-uѴ��]u-7�-Ѵ�|u-mvb|bomv�|o�|_;�o|_;u�v�0vr;1b;v�Őb]�u; 6aőĺ

$_;�-m-Ѵ�vbv�o=� |_u;;�lour_oѴo]b1-Ѵ� |u-b|v�omѴ�ķ��_b1_�;m-0Ѵ;7�
|_;�bm1Ѵ�vbom�o=�-77b|bom-Ѵ�ƐƑƏ�bm7b�b7�-Ѵv�Őbm1Ѵ�7bm]�R. d. indicaő�=uol�
"1_�;b�;u�;|�-Ѵĺ�Ő2018őķ�u;�;-Ѵ;7�o�;u-ѴѴ�Ѵ;vv�v;r-u-|bom�0;|�;;m�7b=Ŋ
=;u;m|�v�0vr;1b;v�o=�R. diluta� Őb]�u; 6bőĺ���Ɛ�ŐƔƔĺƐƖѷ�o=��-ub-m1;ő�
v;r-u-|;7�R. d. fohkienensis and R. d. indica�|o];|_;u�=uol�R. d. diluta 
and R. d. tibetana� bm���Ɛőķ��_bѴ;���Ƒ� ŐƒƏĺƓƒѷ�o=� �-ub-m1;ő� |;m7;7�
|o�7b==;u;m|b-|;�v�0vr;1b;v�o=�|_;v;�|�o�r-buvĺ��o�;�;uķ�|_;u;��-v�
]u-7�-Ѵ�o�;uѴ-r�o�;u-ѴѴĺ

 ��&!� �ƒՊ$orĹ��-r��b|_�rb;�1_-u|v�
u;ru;v;m|bm]�];mol;Ŋ��b7;�-m1;v|u��
-vvb]ml;m|�bm�Riparia�ror�Ѵ-|bomv��b|_�
K =�Ɠ��vbm]��]v�7lb�ĺ��blb|;7�-7lb�|�u;�
0;|�;;m�R. d. diluta and R. d. tibetana��-v�
=o�m7�bm�|_;�ror�Ѵ-|bom�=uol��om]oѴb-�
ŐѶő��b|_�K =�Ɠĺ��oѴo�u�v_-7;v�bm7b1-|;�|_;�
ro|;m|b-Ѵ�0u;;7bm]�u-m];v�o=�7b==;u;m|�
v�0vr;1b;v�o=�R. dilutaĺ��b;�vb�;v�-u;�
ruorou|bom-Ѵ�|o�v-lrѴ;�vb�;vĺ��o||olĹ�
0-u�rѴo|v�v_o�bm]�bm7b�b7�-Ѵ�-m1;v|u��
-vvb]ml;m|v��b|_�K =�Ɠĺ���l0;uv�
1ouu;vrom7�|o�|_;�7b==;u;m|�ror�Ѵ-|bomv�
om�|_;�l-rĺ��o�bm7b�b7�-Ѵv�=uol�|_;�u-m];�
o=�R. d. indica�bm7b1-|;7�bm�u;7�om�|_;�l-r�
1o�Ѵ7�0;�v-lrѴ;7
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ƒĺƔՊ |Պ	b==;u;m1;v�bm�r_;moѴo]�

��|o|-Ѵ�o=�ƐƑƔƒ�u;1ou7v�ŐƔƓƔ�=uol��bu7!;rou|�o=��_bm-�-m7�ƕƏѶ�=uol�
;0bu7ő�o=�r-Ѵ;�v-m7�l-u|bm�=uol��_bm-��;u;�1olrbѴ;7�=ou�|_;��;-uv�
ƐƖѶƔŋ�ƑƏƑƐĺ��-Ѵ;�v-m7�l-u|bmv��;u;�=o�m7�|_uo�]_o�|�|_;��;-u�0�|�
�b|_�7bv|bm1|�7b==;u;m1;v�0;|�;;m�|_;�u;]bomv�o11�rb;7�0��|_;�|_u;;�
v�0vr;1b;vĺ��m�mou|_Ŋ��;v|;um��_bm-�bm�|_;�0u;;7bm]�-u;-�o=�R. d. di-
lutaķ� |_;� =buv|� 0bu7v� -rr;-u;7� bm� Ѵ-|;��rubѴķ� r;-hv��;u;� u;�;-Ѵ;7� bm�
�-��-m7���Ѵ�ķ�-m7�|_;u;��;u;�mo�u;1ou7v�=uol�";r|;l0;u�om�-u7v�
Őb]�u; ƕ-őĺ� �� vblbѴ-u� r-||;um� o=� o11�uu;m1;� �-v� u;�;-Ѵ;7� om� |_;�
 bm]_-bŊ�$b0;|-m�rѴ-|;-��-0o�;�ƒƏƏƏ�l�-vѴ�bm�|_;�0u;;7bm]�u-m];�o=�
R. d. tibetana�Őb]�u; ƕ0őĺ�$_;�=buv|�0bu7v��;u;�u;1ou7;7�bm�lb7Ŋ��rubѴ�

�b|_�-�0uo-7�r;-h�o=�u;1ou7v�-uo�m7�lb7Ŋ���Ѵ��-m7�lb7Ŋ���]�v|�-m7�mo�
u;1ou7v�-=|;u�lb7Ŋ��1|o0;uĺ��m�vo�|_�-m7�1;m|u-Ѵ��_bm-�0;Ѵo��ƒƏƏƏ�l�
-vѴ�_o�;�;uķ�u;1ou7v��;u;�=o�m7�|_uo�]_o�|�|_;��;-u��b|_�lov|�u;Ŋ
1ou7v�o=�r-Ѵ;� v-m7�l-u|bm� v|;llbm]� =uol� |_;��bm|;u�lom|_v��b|_�
-� u;7�1|bom� 7�ubm]� |_;� v�ll;u�lom|_v� Őb]�u; ƕ1őĺ� �Ѵ|_o�]_� |_bv�
-u;-�1ouu;vrom7v�|o�|_;�|u-7b|bom-Ѵ�0u;;7bm]�u-m];�o=�R. d. fohkien-
ensisķ�lb]u-m|�-m7��bm|;ubm]�bm7b�b7�-Ѵv�o=�o|_;u�v�0vr;1b;v�-u;�1;uŊ
|-bmѴ��bm1Ѵ�7;7�bm�|_;v;�u;1ou7vĺ��11ou7bm]�|o�o�u�=b;Ѵ7�o0v;u�-|bomvķ�
R. d. fohkienensis�bm�|_;�-u;-��-v�0u;;7bm]�-Ѵu;-7��bm�Ѵ-|;��rubѴ��b|_�
1_b1hv�=o�m7�bm�_oѴ;v��m|bѴ�Ѵ-|;��-��Ő1ĺ�$-0Ѵ;�"Ɛő��_bѴ;�R. d. tibetana 
om� |_;� bm]_-bŊ�$b0;|-m�rѴ-|;-�� v|-u|;7� |o�0�bѴ7�m;v|Ŋ�_oѴ;v�omѴ�� bm�
|_;�0;]bmmbm]�o=���m;ĺ

 ��&!� �ƓՊ��1Ѵ;o|b7;�7b�;uvb|��Őπő�o=�R. diluta and R. riparia�ror�Ѵ-|bomv�rѴo||;7�-]-bmv|�Ѵ-|b|�7;�Ő-ő�-m7�Ѵom]b|�7;�Ő0őĺ���l0;uv�1ouu;vrom7�
|o�|_;�7b==;u;m|�ror�Ѵ-|bomv�v_o�m�bm�b]�u;v 1 and 3

 ��&!� �ƔՊ�;m;|b1�7b==;u;m|b-|bom�0;|�;;m�ror�Ѵ-|bomv�o=�R. diluta�0;Ѵom]bm]�|o�|_u;;�v�0vr;1b;v�u;Ѵ-|b�;�|o�];o]u-r_b1�7bv|-m1;ĺ��;m;|b1�
7b==;u;m|b-|bom�0;|�;;m�ror�Ѵ-|bomv�o=�7b==;u;m|�v�0vr;1b;v��-v�1omvb7;u-0Ѵ��Ѵ-u];u�|_-m�1olr-ubvomv��b|_bm�v�0vr;1b;v
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ƓՊ |Պ	�"�&""���

�;u;ķ�0���vbm]�ror�Ѵ-|bom�];molb1�7-|-ķ��;�v_o��|_-|�|_;�r-Ѵ;�v-m7�
l-u|bm� Riparia diluta� 1om|-bmv� l�Ѵ|brѴ;� 7;;r� ;�oѴ�|bom-u�� Ѵbm;-];v�
7;vrb|;�;�|u;l;Ѵ��v�0|Ѵ;�-m7�]u-7�-Ѵ�lour_oѴo]b1-Ѵ��-ub-|bom�-lom]�
|_;l�-m7� Ѵb||Ѵ;�];m;|b1�7b==;u;m1;v��b|_bm� Ѵbm;-];v�o�;u� Ѵ-u];�];oŊ
]u-r_b1�-u;-vĺ�	b==;u;m|b-|bom�r-||;umv� bm�m�1Ѵ;-u�"��v�-u;� Ѵ-u];Ѵ��
1omvbv|;m|� �b|_� r_�Ѵo];o]u-r_b1� v|u�1|�u;� bm� l|	��� Őv;;� -Ѵvo�
"1_�;b�;u� ;|� -Ѵĺķ�2018ő� -m7� u;ru;v;m|� 7b==;u;m|� Ѵ;�;Ѵvĺ�);�7bv1�vv�
_o��|_;�bm|;]ub|��o=�|_;�;�oѴ�|bom-u��Ѵbm;-];v�1o�Ѵ7�0;�l-bm|-bm;7�
7;vrb|;�lour_oѴo]b1-Ѵ�v|-vbvĺ�);�_�ro|_;vb�;�|_-|�ru;��]o|b1�bvoѴ-Ŋ
|bom�bm�|;ulv�o=�-ѴѴo1_uom��-m7�;�|ubmvb1�rov|��]o|b1�bvoѴ-|bom�1-�v;7�
0��1om|u-v|bm]�lb]u-|bom�7bu;1|bomv�lb]_|�ru;�;m|�Ѵbm;-];�=�vbomĺ

ƓĺƐՊ |Պ �_�Ѵo];o]u-r_b1�v|u�1|�u;

��oѴ�|bom-u�� Ѵbm;-];v� �b|_bm� r-Ѵ;� v-m7� l-u|bm� Riparia diluta are 
Ѵ-u];Ѵ��1omvbv|;m|��b|_�];o]u-r_b1-Ѵ�7bv|ub0�|bom�-m7�-|�Ѵ;-v|�r-u|Ѵ��
�b|_�|-�omolb1�1Ѵ-vvb=b1-|bom�o=�v�0vr;1b;vĺ�R. d. fohkienensis�_-v�7bŊ
�;u];7�lov|ķ� -m7� |_;u;��;u;� mo� vb]mv� o=� -7lb�|�u;� 0;|�;;m� Ѵ;vv�
7b�;u];m|�R. d. tibetana and R. d. diluta�bm�|_;�u;]bom�o=�ru;v�l;7�1omŊ
|-1|�-|�|_;��;v|;um�;7];�o=�|_;� bm]_-bŊ�$b0;|-m�rѴ-|;-�ĺ��m7b�b7�-Ѵv�
o=� R. d. tibetana� bm� �om]oѴb-� _o�;�;uķ� 7bvrѴ-�;7� vb]mv� o=� Ѵblb|;7�
lb�;7�-m1;v|ub;v��b|_�R. d. diluta�=uol�mou|_Ŋ��;v|;um��_bm-�bm7b1-|Ŋ
bm]�|_;�-0v;m1;�o=�=�ѴѴ�u;ruo7�1|b�;�bvoѴ-|bom�0;|�;;m�|_;v;�v�0vr;Ŋ
1b;v�-m7�ro|;m|b-ѴѴ��u;1;m|�-7lb�|�u;ĺ

$_;�v|uom]�7b==;u;m|b-|bom�bm�];m;|b1-ѴѴ��7bv|bm1|�0�|�lour_oѴo]bŊ
1-ѴѴ��1u�r|b1�Ѵbm;-];v��b|_bm�R. diluta�bv�bm�v|-uh�1om|u-v|��b|_�|_;�Ѵ-1h�
o=�-m��r_�Ѵo];o]u-r_b1� v|u�1|�u;� bm� b|v� vbv|;u� vr;1b;vķ� |_;�1oѴѴ-u;7�
v-m7� l-u|bm� R. ripariaķ� bm� o�u� v|�7�� u;]bomĺ� �;o]u-r_b1-ѴѴ�� �b7;Ŋ
vru;-7�m�1Ѵ;-u�_olo];m;b|��bm�R. riparia�bv�bm�-]u;;l;m|��b|_�v_-ѴѴo��
l|	���7b�;uvb|��o�;u�b|v�;m|bu;��oѴ-u1|b1�0u;;7bm]�u-m];�bm7b1-|bm]�
u;1;m|� 7;lo]u-r_b1� ;�r-mvbom� Ő�-�Ѵo�-� ;|� -Ѵĺķ� 2008ĸ� "1_�;b�;u�
;|�-Ѵĺķ�2018őĺ� �m�1om|u-v|ķ�;�|;mvb�;�];m;|b1�v|u�1|�u;� bm�R. diluta� bv�

lou;�vblbѴ-u�|o�o|_;u��;m|u-Ѵ�-m7��-v|��vb-m�0bu7�vr;1b;v�1olrѴ;�;v�
-m7�_-v�0;;m�u;Ѵ-|;7�|o�_;|;uo];m;o�v�;m�buoml;m|v�-m7ņou�-�1ѴbŊ
l-|;�0;bm]�omѴ��lbѴ7Ѵ��-==;1|;7�0���Ѵ;bv|o1;m;�1Ѵbl-|;�1_-m];v�|_-|�
;m-0Ѵ;7�|_;�r;uvbv|;m1;�o=�bvoѴ-|;7�ror�Ѵ-|bomv�bm�lo�m|-bmo�v�u;Ŋ
]bom�-|�|_;�vo�|_Ŋ��;v|;um�;7];�o=�|_;� bm]_-bŊ�$b0;|-m�rѴ-|;-��Ő;ĺ]ĺķ�
 ��;|�-Ѵĺķ�2014ĸ��b��;|�-Ѵĺķ�2016ķ�2020őĺ�(-u�bm]�m�1Ѵ;o|b7;�7b�;uvb|��
-lom]�7b==;u;m|�ror�Ѵ-|bomv�o=�R. diluta�bm7b1-|;v�1om|u-v|bm]�u;1;m|�
7;lo]u-r_b1�_bv|oub;vķ��_b1_�m;;7�|o�0;�=�u|_;u�bm�;v|b]-|;7ĺ

$_;� 7bv|ub0�|bom� o=� R. d. tibetana� bv� �v�-ѴѴ�� 1omvb7;u;7� |o� 0;�
u;v|ub1|;7� |o� |_;� bm]_-bŊ�$b0;|-m� rѴ-|;-�� Ő;ĺ]ĺķ� 7;Ѵ��o�o�ş��oѴѴ-uķ�
2016őķ�0�|��;�v_o�;7�_;u;��b|_�];mol;Ŋ��b7;�7-|-�|_-|�|_bv�;�oѴ�Ŋ
|bom-u��Ѵbm;-];�;�|;m7v�bm|o�1;m|u-Ѵ��om]oѴb-ĺ�$_bv�bv�1omvbv|;m|��b|_�
1-v;v�o=� v_-u;7�l|	���_-rѴo|�r;v�0;|�;;m�0bu7v� =uol��om]oѴb-�
-m7� !�vvb-� �b|_� R. d. tibetana� =uol� |_;�  bm]_-bŊ�$b0;|-m� rѴ-|;-��
Ő"1_�;b�;u�;|�-Ѵĺķ�2018őĺ� �|� u;l-bmv� |o�0;�;�-lbm;7�_o��l�1_� |_;�
u-m];�o=�R. d. tibetana�;�|;m7v�=-u|_;u�|o�|_;�mou|_�-m7��;v|�=uol�
1;m|u-Ѵ��om]oѴb-ĺ

ƓĺƑՊ |Պ �u�r|b1�7b�;uvb=b1-|bom��b|_�7b==;u;m|�Ѵ;�;Ѵv�o=�
reproductive isolation

);�7;|;1|;7�mo�;�b7;m1;�o=�];m;�=Ѵo��bm�|_;�ro|;m|b-Ѵ�-u;-v�o=�1omŊ
|-1|�0;|�;;m�Ѵo�Ѵ-m7�R. d. fohkienensis and R. d. tibetana� =uol�|_;�
 bm]_-bŊ�$b0;|-m�rѴ-|;-�ĺ��ѴѴo1_uom��ŋ��7b==;u;m1;v� bm� |_;� |blbm]�o=�
0u;;7bm]� Ŋ�� bm� 1ol0bm-|bom��b|_�;1oѴo]b1-Ѵ� 7b�;u];m1;�l-��rѴ-�� -m�
blrou|-m|� uoѴ;� bm� |_;� ru;�;m|bom� o=� _�0ub7b�-|bom� 0;|�;;m� |_;lĺ�
	-|-� om� v;-vom-Ѵ� o11�uu;m1;� r-||;umv� -m7� o�u� o�m� o0v;u�-|bomv�
v�]];v|� |_-|�0u;;7bm]�o=�R. d. fohkienensis� bm� |_;� Ѵo�Ѵ-m7v�o=� 1;mŊ
|u-Ѵ� -m7� vo�|_��_bm-� |-h;v� rѴ-1;� 1omvb7;u-0Ѵ�� ;-uѴb;u� |_-m� |_-|� o=�
R. d. tibetana� om� |_;� bm]_-bŊ�$b0;|-m� rѴ-|;-�ĺ��;m1;ķ� |_;bu� 7b==;uŊ
;m|�r_;moѴo]b;v�Ŋ��ruo0-0Ѵ��1omm;1|;7�|o�7b==;ubm]�lb]u-|bom�0;_-�Ŋ
bo�u��b|_�R. d. fohkienensis�ruo0-0Ѵ��omѴ��1om7�1|bm]�v_ou|Ŋ�7bv|-m1;�
lo�;l;m|v� �mѴbh;�R. d. tibetana� Őv;;� 0;Ѵo�ő� Ŋ��lb]_|� -1|� -v� ru;��Ŋ
]o|b1� bvoѴ-|bom�l;1_-mbvlvĺ� "r;1b-|bom� |_uo�]_� -ѴѴo1_uom�ķ� |_-|� bvķ�

 ��&!� �ѵՊ�ubm1br-Ѵ�1olrom;m|�-m-Ѵ�vbv�Ő���ő�o=�v�0vr;1b;v��b|_bm�R. diluta�0-v;7�om�;b]_|�Ő-őķ�-m7�om�|_u;;�lour_ol;|ub1�|u-b|v�Ő0ő��b|_�
-77b|bom-Ѵ�v-lrѴ;v�=uol�-�ru;�bo�v�-m-Ѵ�vbv�Ő"1_�;b�;u�;|�-Ѵĺķ�2018ő�-m7�bm1Ѵ�7bm]�R. d. indicaĺ��oѴo�uv�1ouu;vrom7�|o�|_;�7b==;u;m|�v�0vr;1b;vķ�
;�1;r|�rbmh�7o|v��_b1_�bm7b1-|;�v-lrѴ;v�1oѴѴ;1|;7�bm��om]oѴb-
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|;lrou-Ѵ�v;]u;]-|bom�o=�0u;;7bm]�ror�Ѵ-|bomv�-v�-m�blrou|-m|�1omŊ
|ub0�|ou�|o�u;ruo7�1|b�;� bvoѴ-|bomķ�_-v�0;;m� bm�oh;7� bm�v;�;u-Ѵ�-mbŊ
l-Ѵ�]uo�rvķ�bm1Ѵ�7bm]�0bu7v�Ő;ĺ]ĺķ��;-u_or�;|�-Ѵĺķ�2005ĸ�ub;v;m�;|�-Ѵĺķ�
ƑƏƏƕĸ��ॕl;�Ŋ��-_-lॕm�;|�-Ѵĺķ�2020ĸ��bllb||�;|�-Ѵĺķ�2019ĸ�"buhb࢜�;|�-Ѵĺķ�
2018ĸ�$-�Ѵou�;|�-Ѵĺķ�2018ķ�2019ĸ�$-�Ѵou�ş�ub;v;mķ�ƑƏƐƕőĺ��o�;�;uķ�
o|_;u�ro|;m|b-Ѵ�ru;��]o|b1�bvoѴ-|bom�l;1_-mbvlv�v�1_�-v�7b==;u;m1;v�
bm�l-|bm]�0;_-�bo�u�0;|�;;m�R. d. fohkienensis and R. d. tibetana reŊ
l-bm� |o� 0;� bm�;v|b]-|;7ĺ��ou;o�;uķ� |_;� bm�oѴ�;l;m|� o=� -77b|bom-Ѵ�
=-1|ouv� 1-mmo|� 0;� ;�1Ѵ�7;7ķ� ;vr;1b-ѴѴ�� ;1oѴo]b1-Ѵ� 7b==;u;m1;v� -v�
R. d. fohkienensis and R. d. tibetana�lb]_|�_-�;�-7-r|;7�|o�7b==;u;m|�
1Ѵbl-|;�u;]bl;vĺ��olr-u-|b�;Ѵ��=-v|�u-|;v�o=�1Ѵbl-|;Ŋ�mb1_;�;�oѴ�|bom�
1o�Ѵ7�0;�;�r;1|;7�bm�|_;�|;lrou-ѴѴ��-m7�vr-|b-ѴѴ��_;|;uo];m;o�v�1ѴbŊ
l-|;� bm� |_;�u;]bom�o=� |_;� bm]_-bŊ�$b0;|-m�rѴ-|;-��-m7�1;m|u-Ѵ�-m7�
vo�|_��_bm-�Ő1ĺ��-�vom�ş�);buķ�2014őĺ

�o�;�;uķ��;�1-mmo|�;�1Ѵ�7;�|_;�;�bv|;m1;�o=�-m��m7;|;1|;7�1omŊ
|-1|��om;��b|_�_�0ub7b�-|bom�0;|�;;m�R. d. fohkienensis and R. d. ti-
betana� -|� |_;� ;7];� o=� |_;� rѴ-|;-�� ]b�;m� |_-|� |_;� 1Ѵov;v|� v-lrѴ;7�
ror�Ѵ-|bomv��;u;�ƔƐƑ�hl�-r-u|ĺ���0ub7��om;v�0;|�;;m�0bu7�vr;1b;v�
l-�� 0;� 1omvb7;u-0Ѵ�� m-uuo�;uķ� 0�|� bm� 0bu7� |-�-��b|_� u;1;m|� 7b�;uŊ
];m1;ķ�u;Ѵ-|b�;Ѵ���b7;�_�0ub7��om;v�o=�>ƐƏƏ�hl�_-�;�-Ѵvo�0;;m�=o�m7�
Ő�ub1;ķ�2008őĺ���0ub7� �om;��b7|_� bvķ� -lom]�o|_;u� =-1|ouvķ� v|uom]Ѵ��
bm=Ѵ�;m1;7�0��7bvr;uv-Ѵ�7bv|-m1;�Ő�-u|om�ş��;�b||ķ�1985ĸ��1�m|;;�
;|�-Ѵĺķ�2020őĺ�$_bv�_-v�mo|�0;;m�v|�7b;7�bm�R. dilutaķ�u;m7;ubm]�b|�7b=Ŋ
=b1�Ѵ|� |o� l-h;� ru;7b1|bomv� -0o�|� ;�r;1|;7� ro|;m|b-Ѵ� _�0ub7� �om;�
�b7|_ĺ��m�R. ripariaķ�b|v�vbv|;u�vr;1b;vķ�_o�;�;uķ�ƕѷ�o=�f��;mbѴ;v��;u;�
=o�m7�>ƐƖƖ�hl�-�-��=uol�|_;bu�m-|-Ѵ�1oѴomb;v�bm�1omv;1�|b�;��;-uv�
bm� �ub|-bm� Ő�;-7ķ� ƐƖƕƖő� bm7b1-|bm]� 1olr-u-|b�;Ѵ�� _b]_� 1oѴombv-|bom�
ro|;m|b-Ѵ�Ő$b||Ѵ;u�;|�-Ѵĺķ�2009őĺ��omvb7;u-0Ѵ;�7bvr;uv-Ѵ�0;|�;;m�1oѴoŊ
mb;v�o�;u�Ѵ-u];�7bv|-m1;v�bv�-Ѵvo�bm7b1-|;7�bm�R. diluta�0��Ѵo��];m;|b1�
7b==;u;m|b-|bom�-m7�-�Ѵ-1h�o=�r-||;umv�o=�bvoѴ-|bom�0��7bv|-m1;��b|_bm�
;�oѴ�|bom-u��Ѵbm;-];vĺ�bm;uŊ�v1-Ѵ;�v-lrѴbm]�o=�|_;�ro|;m|b-Ѵ�1om|-1|�
-u;-��o�Ѵ7�0;�m;1;vv-u��|o�vr;1b=b1-ѴѴ��|;v|�=ou�bm|;u0u;;7bm]ĺ��b�;m�
|_;�-0v;m1;�o=�-m��|u-1;v�o=�-7lb�|�u;�bm�|_;�v-lrѴ;7�ror�Ѵ-|bomv�
Ő;ĺ]ĺ�b]�u; 3őķ�Ѵ-u];Ŋ�v1-Ѵ;�];m;�=Ѵo��0;|�;;m�R. d. fohkienensis and 
R. d. tibetana�_-v�ruo0-0Ѵ��1;-v;7�1olr-u-|b�;Ѵ��Ѵom]�-]o�]b�;m�|_-|�
7b�;u];m1;�o=�R. d. fohkienensis�_-v�0;;m�;v|bl-|;7�|o�_-�;�o11�uu;7�
-0o�|�ƐĺƑ�lbѴѴbom��;-uv�-]o�Ő"1_�;b�;u�;|�-Ѵĺķ�2018őĺ

��u�u;v�Ѵ|v�1Ѵ;-uѴ��v_o��1Ѵov;u�u;Ѵ-|bomv_brv�0;|�;;m�R. d. diluta 
and R. d. tibetana�-m7�|_�v�|_;�rovvb0bѴb|��o=�_�0ub7b�-|bom�0;|�;;m�
|_;l�l-��mo|�0;�|oo��m;�r;1|;7ĺ��|�bv�ruo0-0Ѵ��lou;�v�urubvbm]�|_-|�
|_;�vb]m-Ѵv�o=�Ѵblb|;7�-�|ovol-Ѵ�bm|uo]u;vvbom��;u;�mo|�7;|;1|;7�-|�
|_;�mou|_Ŋ��;v|;um�;7];�o=�|_;� bm]_-b�$b0;|-m�rѴ-|;-��Ő1=ĺ�b]�u; 1őķ�
0�|� u-|_;u� bm|o� �om]oѴb-m� R. d. tibetanaĺ� $_;� 1olr-u-|b�;Ѵ�� _b]_�
Ѵ;�;Ѵv�o=�m�1Ѵ;o|b7;�7b�;uvb|��bm�|_;��om]oѴb-m�ror�Ѵ-|bom�o=�R. d. ti-
betana�lb]_|�-Ѵvo�0;�-�1omv;t�;m1;�o=�-7lb�|�u;��b|_�R. d. diluta. 
�u|_;u� v-lrѴbm]� bm��;v|;um��om]oѴb-��o�Ѵ7�0;�m;;7;7� |o�7;|;uŊ
lbm;�|_;�;�|;m|�-m7�vr-|b-Ѵ�v|u�1|�u;�o=�_�0ub7b�-|bom�0;|�;;m�|_;�
|�oĺ

$_;� lo�m|-bmv� o=� �;m|u-Ѵ� �om]oѴb-� 0;|�;;m� mou|_Ŋ��;v|;um�
�_bm;v;�ror�Ѵ-|bomv�o=�R. d. diluta�-m7��om]oѴb-m�R. d. tibetana have 
0;;m� b7;m|b=b;7� -v� ro|;m|b-ѴѴ�� Ѵblb|bm]� ;�|;mvb�;� _�0ub7b�-|bom� 0;Ŋ
|�;;m�|�o�v�0vr;1b;v�o=�0-um�v�-ѴѴo��Hirundo rustica��_b1_�v_o��

 ��&!� �ƕՊ�_;moѴo]��o=�ƐƑƔƒ�u;1ou7v�o=�R. diluta�bm��_bm-�
0;|�;;m�ƐƖѶƔ�-m7�ƑƏƑƐĺ�Ő-ő�!;1ou7v�bm�|_;�0u;;7bm]�u-m];�o=�
R. d. diluta�|o�|_;�mou|_Ŋ��;v|�o=�|_;� bm]_-bŊ�$b0;|-m�rѴ-|;-�ĺ�Ő0ő�
!;1ou7v�bm�|_;�0u;;7bm]�u-m];�o=�R. d. tibetana�om�|_;� bm]_-bŊ�
$b0;|-m�rѴ-|;-��-0o�;�ƒķƏƏƏ�l�-0o�;�v;-�Ѵ;�;Ѵ�Ő-vѴőĺ�Ő1ő�!;1ou7v�
bm�|_;�0u;;7bm]�u-m];�o=�R. d. fohkienensis�bm�vo�|_�-m7�1;m|u-Ѵ�
�_bm-�;-v|�o=�|_;� bm]_-bŊ�$b0;|-m�rѴ-|;-��0;Ѵo��ƒƏƏƏ�l�-vѴĺ�
�oѴo�u�v_-7;v�bm�|_;�l-rv�bm7b1-|;�|_;�ro|;m|b-Ѵ�0u;;7bm]�u-m];v�
o=�7b==;u;m|�v�0vr;1b;v�o=�R. diluta�Ő�;ѴѴo�Ĺ�R. d. dilutaķ�r�urѴ;Ĺ�
R. d. tibetanaķ�]u;;mĹ�R. d. fohkienensisőĺ��-1_�u;1ou7�bv�v_o�m�-v�-�
u;7�7o|�om�|_;�l-rv�=ou�|_;�u;vr;1|b�;�];o]u-r_b1�-u;-v
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1om|u-v|bm]�lb]u-|bom� uo�|;v� -uo�m7� |_;� bm]_-bŊ�$b0;|-m� rѴ-|;-��
Ő"1ou7-|o�;|�-Ѵĺķ�2020őĺ�$_;�-u;-��_;u;�|_;� Ѵbm;-];v�o=�R. d. diluta 
and R. d. tibetana�lb]_|�0;�bm�1om|-1|�bm��om]oѴb-�bv�bm7;;7�Ѵo1-|;7�
bm�-�lb]u-|ou��7b�b7;� bm�7b==;u;m|�0bu7� vr;1b;v�1olrѴ;�;v� Ő�u�bm�ş�
�u�bmķ�2005ĸ�"1ou7-|o�;|�-Ѵĺķ�2020őĺ�$_;� bm]_-bŊ�$b0;|-m�rѴ-|;-��_-v�
0;;m�ruorov;7�-v�-�l-fou�0-uub;u�|o�0bu7�lb]u-|bom�-m7�-�l-foub|��o=�
lb]u-m|�"b0;ub-m�vr;1b;v��v;�f�v|�om;�lb]u-|ou��uo�|;�ŋ��;-v|�ou��;v|�
ŋ��-uo�m7�b|�ou�v_o��7b==;u;m|�uo�|;v�bm�7b==;u;m|�v�0vr;1b;v�Ő�u�bm�ş�
�u�bmķ�2005őĺ�R. d. diluta�_-v�0;;m�u;1ou7;7�|o��bm|;u�bm�|_;�mou|_Ŋ�
�;v|;um�r-u|�o=�|_;��m7b-m�"�01om|bm;m|�-m7�u-u;Ѵ��om�|_;��u-0b-m�
r;mbmv�Ѵ-ķ�-m7�ruo0-0Ѵ��|-h;v�-��;v|;um�uo�|;�-uo�m7�|_;� bm]_-bŊ�
$b0;|-m� rѴ-|;-�� �b|_� lb]u-|bom� 7o1�l;m|;7� bm� mou|_Ŋ��;v|;um�
"o�|_��vb-�Ő!-vl�vv;m�;|�-Ѵĺķ�2005ĸ�"_bub_-b�ş�"�;mvvomķ�2018őĺ����
1om|u-v|ķ�R. d. tibetana�lb]_|��bm|;u�bm�"o�|_;-v|��vb-�-m7�1bu1�lŊ
m-�b]-|;�|_;� bm]_-bŊ�$b0;|-m�rѴ-|;-��bm�|_;�;-v|�ou�=oѴѴo��ub�;u��-ѴŊ
Ѵ;�v�-|� b|v� vo�|_Ŋ�;-v|;um�;7];�-m7��bm|;u� bm� |_;�mou|_;umķ�1;m|u-Ѵ�
-m7�mou|_Ŋ�;-v|;um��m7b-m�"�01om|bm;m|�Őo�m�7-|-ĸ�!-vl�vv;m�;|�-Ѵĺķ�
2005őĺ��v�v_o�m�=ou�v;�;u-Ѵ�vom]0bu7�vr;1b;vķ�lb]u-|bom�7bu;1|bom�
l-��_-�;�-�];m;|b1�0-vbv�-m7�|_�v�_�0ub7v�l-��_-�;�momor|bl-Ѵ�bmŊ
|;ul;7b-|;�lb]u-|bom�uo�|;v�-m7�lb]_|�0;�v;Ѵ;1|;7�-]-bmv|�Ő�;u|_oѴ7�
;|�-Ѵĺķ�1992ĸ�	;Ѵlou;ķ��ু0m;uķ�;|�-Ѵĺķ�2015ĸ�	;Ѵlou;ķ��;m�omķ�;|�-Ѵĺķ�
2015ĸ�	;Ѵlou;�ş��u�bmķ�2014ĸ��;Ѵ0b]ķ�1991ķ�1996ĸ���m70;u]�;|�-Ѵĺķ�
ƑƏƐƕőĺ��m�1ol0bm-|bom��b|_�];o]u-r_b1-Ѵ�0-uub;uvķ�v�1_�-�l;1_-mbvl�
lb]_|�ru;�;m|�Ѵbm;-];�=�vbom�0;|�;;m�R. d. diluta and R. d. tibetana 
bm��om]oѴb-ĺ�";1om7-u��1om|-1|�o=�ror�Ѵ-|bomv��b|_�7b==;u;m|�lbŊ
]u-|bom� 7bu;1|bomv� 1o�Ѵ7� |ub]];u� |_;� ;�oѴ�|bom�o=� ru;��]o|b1� bvoѴ-Ŋ
|bom�l;1_-mbvlv� Ő"1ou7-|o�;|�-Ѵĺķ�2020őĺ��b�;m� |_;�lour_oѴo]b1-Ѵ�
1u�rvbv�o=�|_;�Ѵbm;-];v�bm�R. dilutaķ��;�_�ro|_;vb�;�|_-|�|_;�v;1om7Ŋ
-u�� 1om|-1|�lb]_|� 0;� |oo� u;1;m|� -m7ņou� -7lb�|�u;� mo|� ;�|;mvb�;�
;mo�]_�=ou�|_bv�ruo1;vv�|o�rѴ-��-�uoѴ;ĺ��o�;�;uķ�l-|bm]�0;_-�bo�u�
o=�|_;�;�oѴ�|bom-u��Ѵbm;-];v�u;l-bmv�|o�0;�|_ouo�]_Ѵ��bm�;v|b]-|;7�
|o�u;�;-Ѵ�ro|;m|b-ѴѴ��_b|_;u|o��m7o1�l;m|;7�7b==;u;m1;vĺ

ƓĺƒՊ |Պ �om1Ѵ�vbom

�;mol;Ŋ��b7;�7b==;u;m|b-|bom�0;|�;;m�|_;�lour_oѴo]b1-ѴѴ��1u�r|b1�
Ѵbm;-];v�o=�|_;�r-Ѵ;�v-m7�l-u|bm�Riparia diluta� u;ru;v;m|v�7b==;u;m|�
Ѵ;�;Ѵvķ�-m7��;�_�ro|_;vb�;�|_-|�|_;��lb]_|�7b==;u�bm�|_;bu�v|u;m]|_�o=�
u;ruo7�1|b�;� bvoѴ-|bomĺ�)_bѴ;�];molb1�7b==;u;m|b-|bom�o=�R. d. fohk-
ienensis�v�]];v|v�;==;1|b�;�u;ruo7�1|b�;�bvoѴ-|bom�=ou�-�1olr-u-|b�;Ѵ��
Ѵom]� |bl;�r;ubo7ķ� =oo|rubm|v� o=� bm|uo]u;vvbom��;u;� =o�m7�0;|�;;m�
R. d. diluta and R. d. tibetanaĺ��m�|_;�-0v;m1;�o=�o0�bo�v�v;��-ѴѴ��v;Ŋ
Ѵ;1|;7�|u-b|vķ�v;-vom-Ѵ�lb]u-|bom�0;_-�bo�u�lb]_|�0;�-m�;vv;m|b-Ѵ�=-1Ŋ
|ou�bm�l-bm|-bmbm]�];m;|b1�bm|;]ub|��o=�|_;v;�lour_oѴo]b1-ѴѴ��1u�r|b1�
;�oѴ�|bom-u��Ѵbm;-];vĺ

";-vom-Ѵ�lb]u-|bom�0;_-�bo�u�_-v� =ou�-� Ѵom]�|bl;�0;;m�1omvb7Ŋ
;u;7�-v�rѴ-�bm]�-m�blrou|-m|�uoѴ;�bm�];m;u-|bm]�-m7�l-bm|-bmbm]�;�oŊ
Ѵ�|bom-u��7b�;u];m1;� Őu;�b;�;7� bm�$�u0;h�;|�-Ѵĺķ�2018őĺ� �|�_-v�0;;m�
_�ro|_;vb�;7� |_-|� =�vbom� o=� 7b==;u;m|� ;�oѴ�|bom-u�� Ѵbm;-];v� lb]_|�
0;�ru;�;m|;7�0��1om|u-v|bm]�lb]u-|bom�0;_-�bou�;�;m��b|_�1olr-uŊ
-|b�;Ѵ�� Ѵb||Ѵ;�7b==;u;m|b-|bom�bm�o|_;u�|u-b|v� Ő	;Ѵlou;ķ��ু0m;uķ�;|�-Ѵĺķ�

2015ĸ�	;Ѵlou;ķ� �;m�omķ� ;|� -Ѵĺķ�2015őĺ��;u;ķ��;� -77� -m� -77b|bom-Ѵ�
-vr;1|� |o� |_bvĹ� v;-vom-Ѵ�lb]u-|bom�0;_-�bo�u�lb]_|�0;�-m�;vv;m|b-Ѵ�
l;1_-mbvl�|o�l-bm|-bm�;�oѴ�|bom-u��7b�;uvb|���m7;u�lour_oѴo]b1-Ѵ�
v|-vbvĺ
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"|b=|�m]�=ুu�0boѴo]bv1_;�ouv1_�m]ĺ�);�lou;o�;u�|_-mh�|_;��oum;ѴѴ�
�-0ou-|ou��o=��umb|_oѴo]��-m7��bu7!;rou|�o=��_bm-�=ou�|_;bu�v�rrou|�
�b|_�7-|-�om�u;1ou7v�o=�R. dilutaĺ�$_;�1oll;m|v�-m7�v�]];v|bomv�0��
	-uu;m��u�bmķ�|_u;;�-mom�lo�v�u;�b;�;uv�-v��;ѴѴ�-v�|_;�;7b|ouv�1omŊ
vb7;u-0Ѵ��blruo�;7�|_;�l-m�v1ubr|ĺ��r;m��11;vv��m7bm]�ruo�b7;7�
0��&mb�;uvb|-|��;umĺ

�&$��!����$!��&$���"
�-m�;Ѵ�"1_�;b�;u�-m7��;u-Ѵ7��;1h;Ѵ�1om1;b�;7�|_;�v|�7�ĸ� bm7om]�
$-m]ķ��-m�;Ѵ�"1_�;b�;u�-m7��ol0o0--|-u�"�m7;��1oѴѴ;1|;7�v-lŊ
rѴ;v��b|_�-vvbv|-m1;�=uol�+-m]��b�ĺ� bm7om]�$-m]�1om7�1|;7�Ѵ-0oŊ
u-|ou�� �ouh� -m7� -m-Ѵ�v;7� |_;� 7-|-� |o];|_;u� �b|_� �;u-Ѵ7� �;1h;Ѵ�
-m7��-m�;Ѵ� "1_�;b�;u� -m7� -vvbv|-m1;� =uol�!;|o���uubĸ� �Ѵ;�-m7;u�
"�_� -m7� !;|o� ��uub� 1om|ub0�|;7�l-|;ub-Ѵvĸ�  bm7om]� $-m]ķ��-m�;Ѵ�
"1_�;b�;u� -m7� �;u-Ѵ7� �;1h;Ѵ� �uo|;� |_;�l-m�v1ubr|� �b|_� v�rrou|�
=uol�-ѴѴ�-�|_ouvĺ
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�;m�-mh��m7;u�-11;vvbomv��,ƕƓƕѵƔѵŋ��,ƕƓƕѵƖƕ� =ou�ND2� _-rѴoŊ
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�Ѵf-m-0bķ�"ĺ��ĺķ�ş��-u|bm;�ķ��ĺ�ŐƐƖƖƕőĺ�&mb�;uv-Ѵ�-m7�u-rb7�v-Ѵ|Ŋ�;�|u-1|bom�

o=� _b]_� t�-Ѵb|�� ];molb1�	��� =ou� ��!Ŋ�0-v;7� |;1_mbt�;vĺ�Nucleic 
Acids Researchķ� 25ŐƑƑőķ� ƓѵƖƑŋ�ƓѵƖƒĺ� _||rvĹņņ7obĺou]ņƐƏĺƐƏƖƒņ
nar/25.22.4692

�m7u;�ķ�"ĺ� ŐƑƏƐƖőĺ�FastQC: A quality control tool for high throughput se-
quence data 2010ĺ� !;|ub;�;7� =uolĹ� _||rĹņņ���ĺ0bobm�=oul-�|b1vĺ
0-0u-�_-lĺ-1ĺ�hņruof;�1|vņ=-v|t1

�-u|omķ��ĺ��ĺķ�ş��;�b||ķ��ĺ��ĺ�ŐƐƖѶƔőĺ��m-Ѵ�vbv�o=�_�0ub7��om;vĺ�Annual 
Review of Ecology and Systematicsķ� 16ŐƐőķ� ƐƐƒŋ�ƐƓѶĺ� _||rvĹņņ7obĺ
ou]ņƐƏĺƐƐƓѵņ-mm�u�;�ĺ;vĺƐѵĺƐƐƏƐѶƔĺƏƏƏƔƔƒ

�;-u_orķ�"ĺķ�b;7Ѵ;uķ�)ĺķ��um;vvķ�!ĺ�)ĺķ�(o|b;uķ�"ĺ��ĺķ�)-Ѵ7uomķ�"ĺķ��;�|omķ�
�ĺķ��o�;mķ��ĺ��ĺķ��;u|_oѴ7ķ��ĺķ�ş�-umv�ou|_ķ��ĺ�ŐƑƏƏƔőĺ��vvou|-|b�;�
l-|bm]�-v�-�l;1_-mbvl� =ou� u-rb7�;�oѴ�|bom�o=�-�lb]u-|ou��7b�b7;ĺ�
Scienceķ�310ŐƔƕƓƕőķ�ƔƏƑŋ�ƔƏƓĺ

�;u|_oѴ7ķ��ĺķ��;Ѵ0b]ķ��ĺ��ĺķ��o_uķ��ĺķ�ş� �;um;uķ�&ĺ�ŐƐƖƖƑőĺ�!-rb7�lb1uoŊ
;�oѴ�|bom� o=� lb]u-|ou�� 0;_-�bo�u� bm� -� �bѴ7� 0bu7� vr;1b;vĺ�Natureķ�
360ŐѵƓƏƔőķ�ѵѵѶŋ�ѵƕƏĺ

�;�v-u7ķ��ĺķ�ş��;1h;Ѵķ��ĺ�ŐƑƏƐƓőĺ�"|u�1|�u;�-m7�7�m-lb1v�o=�_�0ub7��om;v�
-|�7b==;u;m|�v|-];v�o=�vr;1b-|bom�bm�|_;�1ollom��oѴ;�ŐMicrotus arva-
lisőĺ�Molecular Ecologyķ�23Őƒőķ�ѵƕƒŋ�ѵѶƕĺ

�;�v-u7ķ��ĺķ��u;0vŊ�)_;-|omķ�!ĺķ�ş��;1h;Ѵķ��ĺ�ŐƑƏƐƔőĺ�$u-1bm]�u;bm=ou1;Ŋ
l;m|� |_uo�]_� -v�ll;|ub1-Ѵ� r-u|m;u� ru;=;u;m1;� bm� |_;� ��uor;-m�
common vole Microtus arvalis. BMC Evolutionary Biologyķ�15ŐƐőķ�Ɛŋ�Ѷĺ�
_||rvĹņņ7obĺou]ņƐƏĺƐƐѶѵņvƐƑѶѵ�ƑŊ�ƏƐƔŊ�ƏƓƔƔŊ�Ɣ

�bu7�b=;��m|;um-|bom-Ѵ�ş��-m70ooh�o=�|_;��bu7v�o=�|_;�)ouѴ7ĺ�ŐƑƏƐѵőĺ�Bird 
species distribution maps of the world (version 6.0)ĺ� !;|ub;�;7� =uol�
_||rĹņņ7-|-��om;ĺ0bu7Ѵ�b=;ĺou]ņ

�oѴ];uķ��ĺ��ĺķ� �o_v;ķ��ĺķ�ş�&v-7;Ѵķ��ĺ� ŐƑƏƐƓőĺ� $ubllol-|b1Ĺ��� =Ѵ;�b0Ѵ;�
|ubll;u� =ou� �ѴѴ�lbm-�v;t�;m1;�7-|-ĺ�Bioinformaticsķ�30ŐƐƔőķ�ƑƐƐƓŋ�
2120. _||rvĹņņ7obĺou]ņƐƏĺƐƏƖƒņ0bobm�=oul-�|b1vņ0|�ƐƕƏ

�u-�m;ķ� �ĺķ� "1_lb7|ķ� "ĺķ� ş� ,bll;ul-mmķ� �ĺ� ŐƑƏƏѶőĺ� �1o�v|b1� 7b�;uŊ
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Supplements 
 

 
Figure S1. Maximum likelihood phylogeny based on haplotypes of the mtDNA gene NADH 
dehydrogenase subunit II (ND2) of R. diluta and R. riparia. Bootstrap values are given for major 
nodes. 
 

  
 
Figure S2. Number of SNPs genotyped in Riparia diluta and R. riparia populations per 
autosome. 



 
 
 

  
 
 
Figure S3. Relationship between the number of SNPs genotyped per autosome and 
chromosome size in megabases (Mb).  
 

 
 
 
Figure S4. ΔK statistics for admixture analysis from K=2 to K=10.  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S5. Individual ancestry assignment for admixture analysis from from K=2 to K=10. 
Numbers correspond to population IDs shown in Figure 3. Taxon labels for different 
populations were based on mitochondrial lineages. 



Table S1 Population inform
ation. W

e grouped breeding colonies 8a and 8b, 9a and 9b, 10a and 10b as three populations (8, 9, 10 in Figure 3) 
separately since they w

ere breeding in the sam
e geographic region and w

e selected the coordinates of the first colony for analyses. Subspecies 
delineation is based on genetic data. 

 

 
 

Population ID 
Species 

Sam
ple size 

Date of sam
pling 

Locality 
Coordinates 

1 
R. riparia 

10 
2019/5/29 

Baisha M
ountain, Buerjin,Altay, Xinjiang U

ygur 
Autonom

ous Region,  PR China 
48°1'58''N

, 86°51'41''E 

2 
R. riparia 

10 
2018/6/25 

Dzharakhain U
rto (Jaraakhain U

rtuu), M
ongolia 

49°28.4560'N
, 114°05.9451'E 

3 
R. riparia 

10 
2017/5/20 

Xingzheng District, Zhengzhou, Henan Province,  PR China 
34°23'N

, 113°48'E 

4 
R. d. diluta 

9 
2019/5/10 

Alar, Xinjiang U
ygur Autonom

ous Region,  PR China 
40°35.433'N

, 81°43.39'E 

5 
R. d. diluta 

10 
2019/5/12 

Khotan, Xinjiang U
ygur Autonom

ous Region,  PR China 
37°11'39.51"N

, 79°57'41.05''E 
6 

R. d. diluta 
8 

2017/5/27 
W

ujiaqu, Changji, Xinjiang U
ygur Autonom

ous Region,  PR China 
44°22'N

, 87°53'E 

7 
R. d. diluta 

10 
2019/5/22 

Yining, Xinjiang U
ygur Autonom

ous Region,  PR China 
43°54'43.92"N

, 81°14'8.52"E 

8a 
R. d. tibetana 

18 
2018/6/21 

Elsen Tasarkhai, M
ongolia 

47°21.5352'N
, 103°41.9692'E 

8b 
R. d. tibetana 

6 
2018/6/18 

Argalant, M
ongolia 

47°52.4902'N
, 105°47.7577'E 

9a 
R. d. tibetana 

5 
2018/7/5 

Zoige, Sichuan Province,  PR China 
33°27'12”N

, 102°28'55”E 

9b 
R. d. tibetana 

5 
2018/6/22 

Gahai Lake, Gansu Province,  PR China 
34°14'50‘’N

, 102°20'32‘’E 
10a 

R. d. tibetana 
5 

2018/6/29 
Q

inghai Lake, Q
inghai Province,  PR China 

36°34'15‘’N
, 100°44'39‘’E 

10b 
R. d. tibetana 

4 
2018/6/27 

Rubber M
ountain, Q

inghai Province,  PR China 
36°45'55''N

, 99°38'20''E 

11 
R. d. tibetana 

10 
2018/6/6 

Q
ushui County, Lhasa, Tibet autonom

ous region,  PR China 
29°20'13"N

, 90°52'36''E 
12 

R. d. fohkienensis 
10 

2017/5/21 
M

eixian county, Shaanxi Province,  PR China 
34°14'N

, 107°54'E 

13 
R. d. fohkienensis 

10 
2016/4/26 

Yongjia Academ
y, Yongjia County, W

enzhou, Zhejiang Province,  PR 
China 

28°16'9.66"N
, 120°40'54.89"E 

14 
R. d. fohkienensis 

9 
2018/4/29 

Lanxi County, Yibin, Sichuan,  PR China 
28°48'45.90"N

, 104°57'1.65"E 



Table  S2 Specim
ens sam

pled, m
useum

 num
ber or sam

ple nam
e, collection locality, GenBank accession num

bers for the of N
D2 haplotype 

sequences and accessions for N
CBI sequence read archive (SRA) under BioProject PRJN

A755835 of each individual. 
 

Species 
M

useum
 num

ber 
Locality 

ND2 
SRA 

R. d. diluta 
SYSb006513 

Alar, Xinjiang, PR China 
M

Z747658 
SAM

N
20856160 

R. d. diluta 
SYSb006515 

Alar, Xinjiang, PR China 
M

Z747659 
SAM

N
20856161 

R. d. diluta 
SYSb006517 

Alar, Xinjiang, PR China 
M

Z747657 
SAM

N
20856162 

R. d. diluta 
SYSb006518 

Alar, Xinjiang, PR China 
M

Z747657 
SAM

N
20856163 

R. d. diluta 
SYSb006521 

Alar, Xinjiang, PR China 
M

Z747656 
SAM

N
20856164 

R. d. diluta 
SYSb006522 

Alar, Xinjiang, PR China 
M

Z747657 
SAM

N
20856165 

R. d. diluta 
SYSb006755 

Alar, Xinjiang, PR China 
M

Z747658 
SAM

N
20856166 

R. d. diluta 
SYSb006756 

Alar, Xinjiang, PR China 
M

Z747657 
SAM

N
20856167 

R. d. diluta 
SYSb007331 

Alar, Xinjiang, PR China 
M

Z747657 
SAM

N
20856168 

R. d. diluta 
SYSb007336 

Khotan, Xinjiang, PR China 
M

Z747657 
SAM

N
20856169 

R. d. diluta 
SYSb007338 

Khotan, Xinjiang, PR China 
M

Z747660 
SAM

N
20856170 

R. d. diluta 
SYSb007342 

Khotan, Xinjiang, PR China 
M

Z747657 
SAM

N
20856171 

R. d. diluta 
SYSb007343 

Khotan, Xinjiang, PR China 
M

Z747657 
SAM

N
20856172 

R. d. diluta 
SYSb007345 

Khotan, Xinjiang, PR China 
M

Z747657 
SAM

N
20856173 

R. d. diluta 
SYSb007348 

Khotan, Xinjiang, PR China 
M

Z747657 
SAM

N
20856174 

R. d. diluta 
SYSb007349 

Khotan, Xinjiang, PR China 
M

Z747657 
SAM

N
20856175 

R. d. diluta 
SYSb007351 

Khotan, Xinjiang, PR China 
M

Z747657 
SAM

N
20856176 

R. d. diluta 
SYSb007352 

Khotan, Xinjiang, PR China 
M

Z747657 
SAM

N
20856177 

R. d. diluta 
SYSb007962 

Khotan, Xinjiang, PR China 
M

Z747661 
SAM

N
20856178 

R. d. diluta 
SYSb007964 

Yining, Xinjiang, PR China 
M

Z747664 
SAM

N
20856179 

R. d. diluta 
SYSb007965 

Yining, Xinjiang, PR China 
M

Z747665 
SAM

N
20856180 

R. d. diluta 
SYSb007967 

Yining, Xinjiang, PR China 
M

Z747662 
SAM

N
20856181 



R. d. diluta 
SYSb008009 

Yining, Xinjiang, PR China 
M

Z747662 
SAM

N
20856182 

R. d. diluta 
SYSb008334 

Yining, Xinjiang, PR China 
M

Z747657 
SAM

N
20856183 

R. d. diluta 
SYSb008336 

Yining, Xinjiang, PR China 
M

Z747657 
SAM

N
20856184 

R. d. diluta 
SYSb008339 

Yining, Xinjiang, PR China 
M

Z747657 
SAM

N
20856185 

R. d. diluta 
SYSb008340 

Yining, Xinjiang, PR China 
M

Z747657 
SAM

N
20856186 

R. d. diluta 
SYSb008343 

Yining, Xinjiang, PR China 
M

Z747657 
SAM

N
20856187 

R. d. diluta 
SYSb008344 

Yining, Xinjiang, PR China 
M

Z747660 
SAM

N
20856188 

R. d. fohkienensis 
SYSb003791 

Yongjia, W
enzhou, Zhejiang, PR China 

M
Z747666 

SAM
N

20856189 

R. d. fohkienensis 
SYSb003792 

Yongjia, W
enzhou, Zhejiang, PR China 

M
Z747666 

SAM
N

20856190 

R. d. fohkienensis 
SYSb003793 

Yongjia, W
enzhou, Zhejiang, PR China 

M
Z747666 

SAM
N

20856191 
R. d. fohkienensis 

SYSb003794 
Yongjia, W

enzhou, Zhejiang, PR China 
M

Z747666 
SAM

N
20856192 

R. d. fohkienensis 
SYSb003795 

Yongjia, W
enzhou, Zhejiang, PR China 

M
Z747668 

SAM
N

20856193 

R. d. fohkienensis 
SYSb003796 

Yongjia, W
enzhou, Zhejiang, PR China 

M
Z747666 

SAM
N

20856194 
R. d. fohkienensis 

SYSb003797 
Yongjia, W

enzhou, Zhejiang, PR China 
M

Z747666 
SAM

N
20856195 

R. d. fohkienensis 
SYSb003798 

Yongjia, W
enzhou, Zhejiang, PR China 

M
Z747669 

SAM
N

20856196 

R. d. fohkienensis 
SYSb003799 

Yongjia, W
enzhou, Zhejiang, PR China 

M
Z747666 

SAM
N

20856197 
R. d. fohkienensis 

SYSb003800 
Yongjia, W

enzhou, Zhejiang, PR China 
M

Z747666 
SAM

N
20856198 

R. d. fohkienensis 
SYSb006526 

M
eixian, Shaanxi, PR China 

M
Z747666 

SAM
N

20856199 

R. d. fohkienensis 
SYSb006528 

M
eixian, Shaanxi, PR China 

M
Z747666 

SAM
N

20856200 
R. d. fohkienensis 

SYSb006529 
M

eixian, Shaanxi, PR China 
M

Z747666 
SAM

N
20856201 

R. d. fohkienensis 
SYSb006531 

M
eixian, Shaanxi, PR China 

M
Z747667 

SAM
N

20856202 

R. d. fohkienensis 
SYSb006532 

M
eixian, Shaanxi, PR China 

M
Z747666 

SAM
N

20856203 
R. d. fohkienensis 

SYSb006533 
M

eixian, Shaanxi, PR China 
M

Z747666 
SAM

N
20856204 

R. d. fohkienensis 
SYSb006534 

M
eixian, Shaanxi, PR China 

M
Z747666 

SAM
N

20856205 

R. d. fohkienensis 
SYSb006535 

M
eixian, Shaanxi, PR China 

M
Z747667 

SAM
N

20856206 



R. d. fohkienensis 
SYSb006536 

M
eixian, Shaanxi, PR China 

M
Z747666 

SAM
N

20856207 
R. d. fohkienensis 

SYSb006537 
M

eixian, Shaanxi, PR China 
M

Z747666 
SAM

N
20856208 

R. d. diluta 
SYSb006540 

W
ujiaqu, Xinjiang, PR China 

M
Z747662 

SAM
N

20856209 

R. d. diluta 
SYSb006541 

W
ujiaqu, Xinjiang, PR China 

M
Z747663 

SAM
N

20856210 
R. d. diluta 

SYSb006542 
W

ujiaqu, Xinjiang, PR China 
M

Z747663 
SAM

N
20856211 

R. d. diluta 
SYSb006543 

W
ujiaqu, Xinjiang, PR China 

M
Z747657 

SAM
N

20856212 

R. d. diluta 
SYSb006544 

W
ujiaqu, Xinjiang, PR China 

M
Z747661 

SAM
N

20856213 
R. d. diluta 

SYSb006545 
W

ujiaqu, Xinjiang, PR China 
M

Z747657 
SAM

N
20856214 

R. d. diluta 
SYSb006546 

W
ujiaqu, Xinjiang, PR China 

M
Z747657 

SAM
N

20856215 

R. d. diluta 
SYSb006547 

W
ujiaqu, Xinjiang, PR China 

M
Z747657 

SAM
N

20856216 
R. d. fohkienensis 

SYSb008373 
Lanxi, Yibin, Sichuan, PR China 

M
Z747671 

SAM
N

20856217 

R. d. fohkienensis 
SYSb008375 

Lanxi, Yibin, Sichuan, PR China 
M

Z747666 
SAM

N
20856218 

R. d. fohkienensis 
SYSb008380 

Lanxi, Yibin, Sichuan, PR China 
M

Z747666 
SAM

N
20856219 

R. d. fohkienensis 
SYSb008381 

Lanxi, Yibin, Sichuan, PR China 
M

Z747666 
SAM

N
20856220 

R. d. fohkienensis 
SYSb008382 

Lanxi, Yibin, Sichuan, PR China 
M

Z747666 
SAM

N
20856221 

R. d. fohkienensis 
SYSb008384 

Lanxi, Yibin, Sichuan, PR China 
M

Z747666 
SAM

N
20856222 

R. d. fohkienensis 
SYSb008385 

Lanxi, Yibin, Sichuan, PR China 
M

Z747666 
SAM

N
20856223 

R. d. fohkienensis 
SYSb008388 

Lanxi, Yibin, Sichuan, PR China 
M

Z747666 
SAM

N
20856224 

R. d. fohkienensis 
SYSb008391 

Lanxi, Yibin, Sichuan, PR China 
M

Z747670 
SAM

N
20856225 

R. d. tibetana 
SYSb003782 

East Huanhu Road, Q
inghai, PR China 

M
Z747672 

SAM
N

20856226 

R. d. tibetana 
SYSb003783 

East Huanhu Road, Q
inghai, PR China 

M
Z747673 

SAM
N

20856227 

R. d. tibetana 
SYSb003941 

Lhasa, Tibet, PR China 
M

Z747674 
SAM

N
20856228 

R. d. tibetana 
SYSb003942 

Lhasa, Tibet, PR China 
M

Z747679 
SAM

N
20856229 

R. d. tibetana 
SYSb003943 

Lhasa, Tibet, PR China 
M

Z747674 
SAM

N
20856230 

R. d. tibetana 
SYSb003945 

Lhasa, Tibet, PR China 
M

Z747672 
SAM

N
20856231 



R. d. tibetana 
SYSb003968 

Lhasa, Tibet, PR China 
M

Z747672 
SAM

N
20856232 

R. d. tibetana 
SYSb004145 

Lhasa, Tibet, PR China 
M

Z747677 
SAM

N
20856233 

R. d. tibetana 
SYSb004151 

Lhasa, Tibet, PR China 
M

Z747674 
SAM

N
20856234 

R. d. tibetana 
SYSb004153 

Lhasa, Tibet, PR China 
M

Z747678 
SAM

N
20856235 

R. d. tibetana 
SYSb004154 

Lhasa, Tibet, PR China 
M

Z747672 
SAM

N
20856236 

R. d. tibetana 
SYSb004156 

Lhasa, Tibet, PR China 
M

Z747672 
SAM

N
20856237 

R. d. tibetana 
SYSb004163 

Gahai Lake, Gansu, PR China 
M

Z747675 
SAM

N
20856238 

R. d. tibetana 
SYSb004164 

Gahai Lake, Gansu, PR China 
M

Z747672 
SAM

N
20856239 

R. d. tibetana 
SYSb004169 

Gahai Lake, Gansu, PR China 
M

Z747672 
SAM

N
20856240 

R. d. tibetana 
SYSb004187 

Gahai Lake, Gansu, PR China 
M

Z747676 
SAM

N
20856241 

R. d. tibetana 
SYSb004192 

Gahai Lake, Gansu, PR China 
M

Z747672 
SAM

N
20856242 

R. d. tibetana 
SYSb004194 

Rubber M
ountain, Q

inghai, PR China 
M

Z747674 
SAM

N
20856243 

R. d. tibetana 
SYSb004197 

Rubber M
ountain, Q

inghai, PR China 
M

Z747674 
SAM

N
20856244 

R. d. tibetana 
SYSb004198 

Rubber M
ountain, Q

inghai, PR China 
M

Z747672 
SAM

N
20856245 

R. d. tibetana 
SYSb004200 

Rubber M
ountain, Q

inghai, PR China 
M

Z747672 
SAM

N
20856246 

R. d. tibetana 
SYSb005922 

East Huanhu Road, Q
inghai, PR China 

M
Z747674 

SAM
N

20856247 
R. d. tibetana 

SYSb005923 
East Huanhu Road, Q

inghai, PR China 
M

Z747672 
SAM

N
20856248 

R. d. tibetana 
SYSb005924 

East Huanhu Road, Q
inghai, PR China 

M
Z747672 

SAM
N

20856249 

R. d. tibetana 
SYSb005934 

Zoige, Sichuan, PR China 
M

Z747672 
SAM

N
20856250 

R. d. tibetana 
SYSb005939 

Zoige, Sichuan, PR China 
M

Z747680 
SAM

N
20856251 

R. d. tibetana 
SYSb003656 

Zoige, Sichuan PR China 
M

Z747674 
SAM

N
20856252 

R. d. tibetana 
SYSb006084 

Zoige, Sichuan, PR China 
M

Z747672 
SAM

N
20856253 

R. d. tibetana 
SYSb006087 

Zoige, Sichuan, PR China 
M

Z747672 
SAM

N
20856254 

R. d. tibetana 
N

M
BE1078288 

Elsen Tasarkhai, M
ongolia 

M
Z747681 

SAM
N

20856255 

R. d. tibetana 
N

M
BE1078289 

Argalant, M
ongolia 

M
Z747697 

SAM
N

20856256 



R. d. tibetana 
N

M
BE1078290 

Argalant, M
ongolia 

M
Z747674 

SAM
N

20856257 
R. d. tibetana 

N
M

BE1078291 
Argalant, M

ongolia 
M

Z747681 
SAM

N
20856258 

R. d. tibetana 
N

M
BE1078292 

Argalant, M
ongolia 

M
Z747683 

SAM
N

20856259 

R. d. tibetana 
N

M
BE1078293 

Argalant, M
ongolia 

M
Z747674 

SAM
N

20856260 
R. d. tibetana 

N
M

BE1078294 
Argalant, M

ongolia 
M

Z747681 
SAM

N
20856261 

R. d. tibetana 
N

M
BE1078295 

Elsen Tasarkhai, M
ongolia 

M
Z747674 

SAM
N

20856262 

R. d. tibetana 
N

M
BE1078296 

Elsen Tasarkhai, M
ongolia 

M
Z747685 

SAM
N

20856263 
R. d. tibetana 

N
M

BE1078297 
Elsen Tasarkhai, M

ongolia 
M

Z747682 
SAM

N
20856264 

R. d. tibetana 
N

M
BE1078298 

Elsen Tasarkhai, M
ongolia 

M
Z747674 

SAM
N

20856265 

R. d. tibetana 
N

M
BE1078299 

Elsen Tasarkhai, M
ongolia 

M
Z747683 

SAM
N

20856266 
R. d. tibetana 

N
M

BE1078300 
Elsen Tasarkhai, M

ongolia 
M

Z747674 
SAM

N
20856267 

R. d. tibetana 
N

M
BE1078301 

Elsen Tasarkhai, M
ongolia 

M
Z747681 

SAM
N

20856268 

R. d. tibetana 
N

M
BE1078302 

Elsen Tasarkhai, M
ongolia 

M
Z747683 

SAM
N

20856269 
R. d. tibetana 

N
M

BE1078303 
Elsen Tasarkhai, M

ongolia 
M

Z747683 
SAM

N
20856270 

R. d. tibetana 
N

M
BE1078304 

Elsen Tasarkhai, M
ongolia 

M
Z747683 

SAM
N

20856271 

R. d. tibetana 
N

M
BE1078305 

Elsen Tasarkhai, M
ongolia 

M
Z747684 

SAM
N

20856272 
R. d. tibetana 

N
M

BE1078306 
Elsen Tasarkhai, M

ongolia 
M

Z747683 
SAM

N
20856273 

R. d. tibetana 
N

M
BE1078307 

Elsen Tasarkhai, M
ongolia 

M
Z747674 

SAM
N

20856274 

R. d. tibetana 
N

M
BE1078287 

Elsen Tasarkhai, M
ongolia 

M
Z747683 

SAM
N

20856275 
R. d. tibetana 

N
M

BE1078308 
Elsen Tasarkhai, M

ongolia 
M

Z747674 
SAM

N
20856276 

R. d. tibetana 
N

M
BE1078309 

Elsen Tasarkhai, M
ongolia 

M
Z747681 

SAM
N

20856277 

R. d. tibetana 
N

M
BE1078310 

Elsen Tasarkhai, M
ongolia 

M
Z747674 

SAM
N

20856278 
R. riparia 

SYSb008345 
Baisha M

ountain, Altay,  Xiniiang, PR China 
M

Z747686 
SAM

N
20856279 

R. riparia 
SYSb008346 

Baisha M
ountain, Altay,  Xiniiang, PR China 

M
Z747687 

SAM
N

20856280 

R. riparia 
SYSb008349 

Baisha M
ountain, Altay,  Xiniiang, PR China 

M
Z747688 

SAM
N

20856281 



R. riparia 
SYSb008351 

Baisha M
ountain, Altay,  Xiniiang, PR China 

M
Z747688 

SAM
N

20856282 
R. riparia 

SYSb008352 
Baisha M

ountain, Altay,  Xiniiang, PR China 
M

Z747688 
SAM

N
20856283 

R. riparia 
SYSb008353 

Baisha M
ountain, Altay,  Xiniiang, PR China 

M
Z747689 

SAM
N

20856284 

R. riparia 
SYSb008355 

Baisha M
ountain, Altay,  Xiniiang, PR China 

M
Z747690 

SAM
N

20856285 
R. riparia 

SYSb008356 
Baisha M

ountain, Altay,  Xiniiang, PR China 
M

Z747688 
SAM

N
20856286 

R. riparia 
SYSb008357 

Baisha M
ountain, Altay,  Xiniiang, PR China 

M
Z747688 

SAM
N

20856287 

R. riparia 
SYSb008358 

Baisha M
ountain, Altay,  Xiniiang, PR China 

M
Z747688 

SAM
N

20856288 
R. riparia 

N
M

BE1078312 
Dzharakhain U

rto (Jaraakhain U
rtuu), M

ongolia 
M

Z747688 
SAM

N
20856289 

R. riparia 
N

M
BE1078313 

Dzharakhain U
rto (Jaraakhain U

rtuu), M
ongolia 

M
Z747691 

SAM
N

20856290 

R. riparia 
N

M
BE1078314 

Dzharakhain U
rto (Jaraakhain U

rtuu), M
ongolia 

M
Z747692 

SAM
N

20856291 
R. riparia 

N
M

BE1078315 
Dzharakhain U

rto (Jaraakhain U
rtuu), M

ongolia 
M

Z747688 
SAM

N
20856292 

R. riparia 
N

M
BE1078316 

Dzharakhain U
rto (Jaraakhain U

rtuu), M
ongolia 

M
Z747693 

SAM
N

20856293 

R. riparia 
N

M
BE1078318 

Dzharakhain U
rto (Jaraakhain U

rtuu), M
ongolia 

M
Z747688 

SAM
N

20856294 
R. riparia 

N
M

BE1078319 
Dzharakhain U

rto (Jaraakhain U
rtuu), M

ongolia 
M

Z747693 
SAM

N
20856295 

R. riparia 
N

M
BE1078322 

Dzharakhain U
rto (Jaraakhain U

rtuu), M
ongolia 

M
Z747688 

SAM
N

20856296 

R. riparia 
N

M
BE1078323 

Dzharakhain U
rto (Jaraakhain U

rtuu), M
ongolia 

M
Z747693 

SAM
N

20856297 
R. riparia 

N
M

BE1078327 
Dzharakhain U

rto (Jaraakhain U
rtuu), M

ongolia 
M

Z747688 
SAM

N
20856298 

R. riparia 
SYSb006501 

Zhengzhou, Henan, PR China 
M

Z747694 
SAM

N
20856299 

R. riparia 
SYSb006502 

Zhengzhou, Henan, PR China 
M

Z747695 
SAM

N
20856300 

R. riparia 
SYSb006503 

Zhengzhou, Henan, PR China 
M

Z747693 
SAM

N
20856301 

R. riparia 
SYSb006504 

Zhengzhou, Henan, PR China 
M

Z747693 
SAM

N
20856302 

R. riparia 
SYSb006505 

Zhengzhou, Henan, PR China 
M

Z747693 
SAM

N
20856303 

R. riparia 
SYSb006506 

Zhengzhou, Henan, PR China 
M

Z747696 
SAM

N
20856304 

R. riparia 
SYSb006507 

Zhengzhou, Henan, PR China 
M

Z747688 
SAM

N
20856305 

R. riparia 
SYSb006508 

Zhengzhou, Henan, PR China 
M

Z747693 
SAM

N
20856306 



R. riparia 
SYSb006509 

Zhengzhou, Henan, PR China 
M

Z747696 
SAM

N
20856307 

R. riparia 
SYSb006510 

Zhengzhou, Henan, PR China 
M

Z747693 
SAM

N
20856308 

R. d. indica 
N

HM
U

K1949.W
.1.5879 

Jhelum
, Punjab, Pakistan 

M
G881167 

 
Hirundo rustica 

 
 

DQ
176515 

 



Table S3 M
orphological data. All the m

easurem
ents are show

n in m
m

. The m
easurem

ents below
 are bill to feathering (BF), bill depth (BP), bill 

w
idth (BW

), w
ing length (W

L), length of P8 (P8), tail length (Ltail), length of tail fork (LF) and length of tarsus (LTar). 
 

Sam
ple ID 

Species 
BF 

BP 
BW

 
W

L  
P8 

Ltail 
LF 

LTar 
Coordinates 

SYSb003656 
R. d. tibetana 

5.7 
1.9 

3.6 
108 

84 
53 

6.8 
11.2 

33°27'12N
, 102°28'55E 

SYSb003657 
R. d. tibetana 

6 
2.2 

3.3 
110 

85 
54 

7.7 
10.8 

29°41.273'N
, 91°18.513'E 

SYSb003941 
R. d. tibetana 

6.8 
2.2 

4.3 
106 

89 
47 

2.2 
11.6 

29°41.273'N
, 91°18.513'E 

SYSb003942 
R. d. tibetana 

5.7 
2 

3.5 
109 

84 
56 

4 
11 

29°41.273'N
, 91°18.513'E 

SYSb003943 
R. d. tibetana 

5.3 
2.1 

3.4 
107 

83 
51 

5.5 
11.3 

29°41.273'N
, 91°18.513'E 

SYSb003944 
R. d. tibetana 

5.6 
2.2 

3.8 
107 

84 
53 

7 
11.1 

29°41.273'N
, 91°18.513'E 

SYSb003945 
R. d. tibetana 

5.9 
2.3 

3.7 
110 

80 
53 

5.2 
11.6 

29°20'12.8”N
, 90°52'36.8"E 

SYSb003968 
R. d. tibetana 

5.2 
2.1 

3.4 
106 

84 
52 

7.7 
11.1 

29°20'12.8”N
, 90°52'36.8"E 

SYSb004104 
R. d. tibetana 

6.3 
2.2 

3.9 
111 

86 
52 

5.4 
11 

29°20'12.8”N
, 90°52'36.8"E 

SYSb004145 
R. d. tibetana 

5.8 
2.2 

3.9 
110 

84 
48 

3.1 
10 

29°20'12.8”N
, 90°52'36.8"E 

SYSb004146 
R. d. tibetana 

5.8 
2.3 

4.5 
109 

83 
49 

1.8 
10.5 

29°20'12.8”N
, 90°52'36.8"E 

SYSb004147 
R. d. tibetana 

5.8 
2.3 

4.1 
108 

83 
50 

2.2 
10.8 

29°20'12.8”N
, 90°52'36.8"E 

SYSb004148 
R. d. tibetana 

4.1 
2.4 

3.7 
102 

81 
49 

3 
9.8 

29°20'12.8”N
, 90°52'36.8"E 

SYSb004149 
R. d. tibetana 

5.9 
2.2 

2.8 
107 

83 
49 

7.8 
10.8 

29°20'12.8”N
, 90°52'36.8"E 

SYSb004150 
R. d. tibetana 

5.3 
2.3 

4.1 
107 

82 
49 

6.1 
11.4 

29°20'12.8”N
, 90°52'36.8"E 

SYSb004151 
R. d. tibetana 

6.1 
2.5 

4.2 
109 

83 
52 

4.2 
10.8 

29°20'12.8”N
, 90°52'36.8"E 

SYSb004152 
R. d. tibetana 

6 
2.3 

4 
104 

82 
52 

7.2 
11.8 

29°20'12.8”N
, 90°52'36.8"E 

SYSb004153 
R. d. tibetana 

6.4 
2.3 

4.4 
112 

84 
58 

3.8 
11.7 

29°20'12.8”N
, 90°52'36.8"E 

SYSb004154 
R. d. tibetana 

5.8 
2.1 

4 
107 

81 
49 

2.3 
11.8 

29°20'12.8”N
, 90°52'36.8"E 

SYSb004155 
R. d. tibetana 

6.1 
2.3 

4.1 
110 

85 
50 

5.9 
11.8 

29°20'12.8”N
, 90°52'36.8"E 

SYSb004156 
R. d. tibetana 

6.1 
2.3 

4.1 
111 

84 
51 

1.8 
11.8 

29°20'12.8”N
, 90°52'36.8"E 

SYSb004157 
R. d. tibetana 

6.1 
2.2 

4.5 
110 

83.5 
52 

4.1 
11.6 

34°14'49.6"N
, 102°20'31.5"E 



SYSb004158 
R. d. tibetana 

6.1 
2.3 

3.8 
109 

85 
53 

5 
11.9 

34°14'49.6"N
, 102°20'31.5"E 

SYSb004159 
R. d. tibetana 

5.4 
2 

3.6 
108 

84 
51 

6.2 
11.7 

34°14'49.6"N
, 102°20'31.5"E 

SYSb004160 
R. d. tibetana 

5.8 
2.1 

3.8 
116 

87 
53 

5.5 
11.7 

34°14'49.6"N
, 102°20'31.5"E 

SYSb004161 
R. d. tibetana 

5.9 
2.2 

4.3 
111 

84 
53 

3.1 
11.7 

34°14'49.6"N
, 102°20'31.5"E 

SYSb004162 
R. d. tibetana 

6.2 
2.3 

4.5 
114 

87 
55 

4.9 
11.8 

34°14'49.6"N
, 102°20'31.5"E 

SYSb004163 
R. d. tibetana 

6.1 
2.2 

4.3 
103 

83 
51 

4.4 
11.8 

34°14'49.6"N
, 102°20'31.5"E 

SYSb004164 
R. d. tibetana 

6.1 
2.2 

4.1 
111 

83 
51 

4.9 
11.8 

34°14'49.6"N
, 102°20'31.5"E 

SYSb004165 
R. d. tibetana 

5.8 
2 

4.5 
109 

86 
53 

7.6 
11.7 

34°14'49.6"N
, 102°20'31.5"E 

SYSb004166 
R. d. tibetana 

5.7 
2.3 

4.2 
111 

83 
53 

5.4 
11.2 

34°14'49.6"N
, 102°20'31.5"E 

SYSb004167 
R. d. tibetana 

6.2 
2.1 

4 
107 

85 
51 

4.5 
9.9 

34°14'49.6"N
, 102°20'31.5"E 

SYSb004168 
R. d. tibetana 

5.2 
2 

4.6 
109 

84 
51 

3.7 
11.7 

34°14'49.6"N
, 102°20'31.5"E 

SYSb004169 
R. d. tibetana 

6.2 
2.2 

4.5 
108 

83 
51 

7.2 
11.8 

34°14'49.6"N
, 102°20'31.5"E 

SYSb004170 
R. d. tibetana 

6.3 
2.1 

3.7 
112 

84 
51 

3.2 
11.8 

34°14'49.6"N
, 102°20'31.5"E 

SYSb004187 
R. d. tibetana 

6.1 
2.2 

3.7 
113 

88 
55 

6 
11.7 

34°14'49.6"N
, 102°20'31.5"E 

SYSb004188 
R. d. tibetana 

5.4 
2.2 

4 
112 

85 
50 

3.9 
11.7 

34°14'49.6"N
, 102°20'31.5"E 

SYSb004189 
R. d. tibetana 

5.1 
2.5 

4.1 
114 

87 
52 

2 
11.7 

34°14'49.6"N
, 102°20'31.5"E 

SYSb004190 
R. d. tibetana 

6.1 
2.2 

4 
111 

83 
50 

5.2 
11.7 

34°14'49.6"N
, 102°20'31.5"E 

SYSb004191 
R. d. tibetana 

6.1 
2 

3.4 
109 

86 
52 

4.2 
11.8 

34°14'49.6"N
, 102°20'31.5"E 

SYSb004192 
R. d. tibetana 

6.2 
2.2 

3.2 
110 

85 
50 

5.8 
11.8 

34°14'49.6"N
, 102°20'31.5"E 

SYSb004193 
R. d. tibetana 

5.9 
2.2 

3.5 
113 

87 
52 

3 
11.8 

34°14'49.6"N
, 102°20'31.5"E 

SYSb004194 
R. d. tibetana 

6.5 
2.2 

4 
107 

82 
51 

5.3 
11.7 

36°45'54.9"N
, 99°38'20.1"E 

SYSb004195 
R. d. tibetana 

5.2 
2.3 

3.7 
107 

82 
52 

6.1 
10.9 

36°45'54.9"N
, 99°38'20.1"E 

SYSb004196 
R. d. tibetana 

5.5 
2.1 

3.3 
114 

85 
53 

6.7 
10 

36°45'54.9"N
, 99°38'20.1"E 

SYSb004197 
R. d. tibetana 

6.1 
2.1 

3 
114 

88 
55 

6.8 
11.7 

36°45'54.9"N
, 99°38'20.1"E 

SYSb004198 
R. d. tibetana 

6.1 
2.1 

3.1 
108 

84 
52 

4.2 
11.8 

36°45'54.9"N
, 99°38'20.1"E 



SYSb004199 
R. d. tibetana 

5.8 
2.3 

3.8 
112 

85.5 
55 

6.4 
11.9 

36°45'54.9"N
, 99°38'20.1"E 

SYSb004200 
R. d. tibetana 

6.7 
2.3 

4 
108 

85 
54 

8.4 
11.7 

36°45'54.9"N
, 99°38'20.1"E 

SYSb004365 
R. d. tibetana 

6.1 
2.2 

3.7 
111 

86.5 
52 

5.2 
10.9 

36°45'54.9"N
, 99°38'20.1"E 

SYSb005920 
R. d. tibetana 

6.2 
2.1 

3.4 
111 

86 
52 

3.1 
11.3 

36°45'54.9"N
, 99°38'20.1"E 

SYSb005921 
R. d. tibetana 

6.1 
2.2 

3.7 
113.5 

88 
52 

2.8 
11.6 

36°45'54.9"N
, 99°38'20.1"E 

SYSb005922 
R. d. tibetana 

6.2 
2.1 

3.7 
107 

82 
50 

6.6 
9.8 

36° 34'15.3"N
, 100°44'38.7"E 

SYSb005923 
R. d. tibetana 

5.9 
2.3 

3.7 
111 

84 
49 

5.5 
11.7 

36° 34'15.3"N
, 100°44'38.7"E 

SYSb005925 
R. d. tibetana 

6.1 
2.2 

3.1 
106 

82 
50 

5.5 
11.2 

36°50'10.1"N
, 99°43'14.2"E 

SYSb005926 
R. d. tibetana 

6 
2.3 

4 
113 

87 
54 

6.1 
11.7 

36°50'10.1"N
, 99°43'14.2"E 

SYSb005927 
R. d. tibetana 

6 
2.3 

3.3 
116 

83 
52 

5.5 
11 

36°50'10.1"N
, 99°43'14.2"E 

SYSb005928 
R. d. tibetana 

6 
2.2 

3.5 
110 

84.5 
51 

4.9 
11.2 

36°50'10.1"N
, 99°43'14.2"E 

SYSb005929 
R. d. tibetana 

6 
2.2 

4.1 
109.5 

83.5 
52 

2.5 
11.7 

36°50'10.1"N
, 99°43'14.2"E 

SYSb005930 
R. d. tibetana 

6.2 
2.2 

4.3 
111 

85 
52 

5.3 
11.8 

33°34'1.1"N
, 102°28'35.4"E 

SYSb005931 
R. d. tibetana 

5.9 
2 

4.8 
112 

83.5 
50 

2.3 
11.8 

33°34'1.1"N
, 102°28'35.4"E 

SYSb005932 
R. d. tibetana 

5.7 
2.3 

3.5 
113 

85 
54 

3 
11.2 

33°34'1.1"N
, 102°28'35.4"E 

SYSb005933 
R. d. tibetana 

6.3 
2.5 

3.8 
109 

83 
52 

4.5 
11.8 

33°34'1.1"N
, 102°28'35.4"E 

SYSb005934 
R. d. tibetana 

5.9 
2.4 

3.8 
106 

78 
50 

4.7 
11.2 

33°34'1.1"N
, 102°28'35.4"E 

SYSb005935 
R. d. tibetana 

5.9 
2.1 

4.1 
112 

85 
53 

6.5 
11.3 

33°34'1.1"N
, 102°28'35.4"E 

SYSb005936 
R. d. tibetana 

6.7 
2.2 

3.7 
112 

86 
52 

6.4 
11.7 

33°34'1.1"N
, 102°28'35.4"E 

SYSb005937 
R. d. tibetana 

6 
2.2 

3.8 
111 

80 
54 

5.7 
11.7 

33°34'1.1"N
, 102°28'35.4"E 

SYSb005938 
R. d. tibetana 

6.1 
2.2 

3.2 
119 

82 
51 

5.6 
11.8 

33°34'1.1"N
, 102°28'35.4"E 

SYSb005939 
R. d. tibetana 

6.4 
2.3 

3.4 
114 

86 
55 

5.3 
11.5 

33°34'1.1"N
, 102°28'35.4"E 

SYSb006050 
R. d. tibetana 

6.8 
2.4 

3.9 
108 

88 
51 

2.8 
11.7 

33°34'1.1"N
, 102°28'35.4"E 

SYSb006051 
R. d. tibetana 

6.1 
2 

3.5 
116 

90 
56 

4.4 
11.7 

33°34'1.1"N
, 102°28'35.4"E 

SYSb006053 
R. d. tibetana 

6.2 
2.1 

4.2 
109 

82 
51 

4.1 
11.7 

33°34'1.1"N
, 102°28'35.4"E 



SYSb006084 
R. d. tibetana 

6.2 
2.4 

3.8 
114 

83 
52 

5.1 
11.4 

33°34'1.1"N
, 102°28'35.4"E 

SYSb006085 
R. d. tibetana 

6.4 
2.2 

3.6 
118 

83 
49 

4.2 
11.7 

33°34'1.1"N
, 102°28'35.4"E 

SYSb006086 
R. d. tibetana 

6.2 
2.1 

3.8 
110 

83 
50 

5.2 
11.7 

33°34'1.1"N
, 102°28'35.4"E 

SYSb006087 
R. d. tibetana 

6.7 
2.3 

4 
111 

85 
52 

5.6 
11.7 

33°34'1.1"N
, 102°28'35.4"E 

SYSb006088 
R. d. tibetana 

6.3 
2 

4.1 
110 

85 
55 

5.9 
11.6 

33°34'1.1"N
, 102°28'35.4"E 

SYSb006089 
R. d. diluta 

4.89 
1.8 

3.39 
107 

80.5 
51 

5.9 
11.78 

44°21'49.85' N
, 87°53'11.77''E 

SYSb006090 
R. d. diluta 

6.7 
2.2 

3.7 
106 

80.05 
47 

6.08 
10.61 

44°21'49.85' N
, 87°53'11.77''E 

SYSb006091 
R. d. diluta 

6.8 
2.2 

3.9 
105.5 

81 
51 

8.8 
10.1 

44°21'49.85' N
, 87°53'11.77''E 

SYSb006092 
R. d. diluta 

5.7 
1.9 

3.9 
102 

79 
53 

7.7 
10.65 

44°21'49.85' N
, 87°53'11.77''E 

SYSb006093 
R. d. diluta 

5.9 
2.5 

3.59 
109.5 

82 
52.5 

7.1 
10.9 

44°21'49.85' N
, 87°53'11.77''E 

SYSb006094 
R. d. diluta 

5.8 
2.02 

3.73 
105 

80.5 
52.5 

5.9 
10.3 

44°21'49.85' N
, 87°53'11.77''E 

SYSb006095 
R. d. diluta 

5.7 
2 

3.95 
109.5 

83 
52 

7.8 
11.35 

44°21'49.85' N
, 87°53'11.77''E 

SYSb006096 
R. d. diluta 

6.15 
1.75 

3.6 
106 

80.5 
51.5 

5.75 
10.5 

44°21'49.85' N
, 87°53'11.77''E 

SYSb006098 
R. d. diluta 

6 
1.9 

3.9 
104.5 

79.5 
51.5 

6.8 
10.7 

44°21'49.85' N
, 87°53'11.77''E 

SYSb006099 
R. d. diluta 

5.1 
1.9 

3 
105 

78.5 
49.5 

6.3 
8.8 

44°21'49.85' N
, 87°53'11.77''E 

SYSb006100 
R. d. diluta 

5.95 
2 

3.75 
105 

81 
51.5 

7 
92.5 

44°21'49.85' N
, 87°53'11.77''E 

SYSb006514 
R. d. diluta 

5.7 
1.9 

3.45 
108 

82.5 
52.5 

7.15 
10.7 

40°35.433' N
, 81°43.39'E 

SYSb006515 
R. d. diluta 

5.2 
1.85 

3.1 
105.5 

82 
52 

8.85 
10.6 

40°35.433' N
, 81°43.39'E 

SYSb006516 
R. d. diluta 

5.8 
2.1 

3.5 
104 

79.5 
51.5 

7.95 
10.4 

40°35.433' N
, 81°43.39'E 

SYSb006517 
R. d. diluta 

6.1 
2.25 

4.05 
109.5 

83.5 
54 

9.15 
10.7 

40°35.433' N
, 81°43.39'E 

SYSb006518 
R. d. diluta 

5.8 
2 

3.6 
105 

80 
49.5 

3.8 
10.3 

40°35.433' N
, 81°43.39'E 

SYSb006520 
R. d. diluta 

5.9 
2.05 

3.25 
105 

80 
47.5 

6.75 
10 

40°35.433' N
, 81°43.39'E 

SYSb006521 
R. d. diluta 

6 
1.95 

4.45 
104 

80 
42 

5.85 
9.65 

40°35.433' N
, 81°43.39'E 

SYSb006522 
R. d. diluta 

6 
1.9 

3.45 
100.5 

76.5 
48 

7.8 
9.7 

40°35.433' N
, 81°43.39'E 

SYSb006523 
R. d. diluta 

5.7 
1.6 

3.3 
104 

78 
45.5 

6.75 
10 

40°35.433' N
, 81°43.39'E 



SYSb006755 
R. d. diluta 

5.3 
1.95 

4 
107 

82.5 
51 

9.6 
9.8 

40°35.433' N
, 81°43.39'E 

SYSb006756 
R. d. diluta 

5.7 
1.9 

3.5 
103 

73.5 
49 

7.75 
9.7 

40°35.433' N
, 81°43.39'E 

SYSb006757 
R. d. diluta 

6 
1.75 

3.5 
102.5 

79.5 
47 

6.7 
10.7 

40°35.433' N
, 81°43.39'E 

SYSb006758 
R. d. diluta 

5.7 
1.9 

3.85 
104 

79 
49 

6.15 
10.15 

40°35.433' N
, 81°43.39'E 

SYSb006759 
R. d. diluta 

5.2 
1.75 

3.65 
105.5 

81 
44.5 

5.2 
10.1 

40°35.433' N
, 81°43.39'E 

SYSb007331 
R. d. diluta 

6 
1.9 

2.95 
101 

78 
47.5 

6.3 
10.4 

40°35.433' N
, 81°43.39'E 

SYSb007332 
R. d. diluta 

5.4 
1.8 

3.75 
104.5 

77.5 
50 

7.7 
10.7 

40°35.433' N
, 81°43.39'E 

SYSb007333 
R. d. diluta 

5.7 
1.75 

3.4 
100 

79.5 
49 

5.1 
10.85 

40°35.433' N
, 81°43.39'E 

SYSb007334 
R. d. diluta 

5.8 
1.6 

3.2 
106 

81 
49 

5.8 
9.5 

40°35.433' N
, 81°43.39'E 

SYSb007335 
R. d. diluta 

5.6 
1.8 

3.8 
105 

81.5 
46 

7.7 
10.5 

40°35.433' N
, 81°43.39'E 

SYSb007336 
R. d. diluta 

5.7 
2 

3.4 
103 

78.5 
48 

5.8 
10.35 

37°11'39.51" N
, 79°57'41.05''E 

SYSb007337 
R. d. diluta 

6.2 
1.9 

3.2 
105 

83 
52 

8.2 
9.9 

37°11'39.51" N
, 79°57'41.05''E 

SYSb007338 
R. d. diluta 

5.2 
2.1 

4 
99.5 

75.5 
45 

5.8 
10.7 

37°11'39.51" N
, 79°57'41.05''E 

SYSb007340 
R. d. diluta 

6 
1.9 

4.15 
107 

81 
52 

7.7 
10.8 

37°11'39.51" N
, 79°57'41.05''E 

SYSb007341 
R. d. diluta 

5.4 
2 

3.35 
106.5 

82 
48 

6 
10.3 

37°11'39.51" N
, 79°57'41.05''E 

SYSb007342 
R. d. diluta 

5.1 
2.1 

3.4 
104 

79 
48 

6.1 
10.8 

37°11'39.51" N
, 79°57'41.05''E 

SYSb007343 
R. d. diluta 

6.2 
2 

4 
103.5 

77.5 
47 

7.9 
11.1 

37°11'39.51" N
, 79°57'41.05''E 

SYSb007344 
R. d. diluta 

6.9 
2.3 

3.8 
109 

82.5 
51 

8.7 
10.2 

37°11'39.51" N
, 79°57'41.05''E 

SYSb007345 
R. d. diluta 

6.4 
2.1 

3.7 
107 

82 
53 

6.1 
10 

37°11'39.51" N
, 79°57'41.05''E 

SYSb007346 
R. d. diluta 

6.2 
2.1 

4.2 
105.5 

79 
49 

6.9 
10.7 

37°11'39.51" N
, 79°57'41.05''E 

SYSb007347 
R. d. diluta 

6.3 
2.1 

3.7 
104 

78 
50 

7.7 
10.2 

37°11'39.51" N
, 79°57'41.05''E 

SYSb007348 
R. d. diluta 

5.9 
1.9 

3.9 
101 

78 
45 

4 
10 

37°11'39.51" N
, 79°57'41.05''E 

SYSb007349 
R. d. diluta 

6.2 
1.95 

3.9 
102 

78 
49 

7.8 
10.2 

37°11'39.51" N
, 79°57'41.05''E 

SYSb007350 
R. d. diluta 

5.7 
2 

3.4 
104 

80.5 
49 

5.9 
10.3 

37°11'39.51" N
, 79°57'41.05''E 

SYSb007351 
R. d. diluta 

6.8 
1.9 

4.1 
105 

81.5 
53.5 

8.5 
10.3 

37°11'39.51" N
, 79°57'41.05''E 



SYSb007352 
R. d. diluta 

5.6 
2 

3.5 
102.5 

77.8 
48 

7.8 
9.9 

37°11'39.51" N
, 79°57'41.05''E 

SYSb007353 
R. d. diluta 

6.7 
2 

3.8 
104 

79 
47 

6.8 
10.2 

37°11'39.51" N
, 79°57'41.05''E 

SYSb007354 
R. d. diluta 

5.7 
1.9 

3.8 
104 

81 
51 

6.7 
10.8 

37°11'39.51" N
, 79°57'41.05''E 

SYSb007962 
R. d. diluta 

6.1 
2 

4.2 
106 

79.5 
53 

6.9 
10.2 

37°11'39.51" N
, 79°57'41.05''E 

SYSb007963 
R. d. diluta 

6.2 
2 

4.15 
104 

78 
47 

6.7 
10.2 

37°11'39.51" N
, 79°57'41.05''E 

SYSb007964 
R. d. diluta 

6.2 
2.1 

3.5 
110 

82 
56 

6.8 
10.6 

43°54'43.9"N
, 81°14'8.5"E 

SYSb007965 
R. d. diluta 

5.8 
2.2 

3.55 
104 

79 
44 

8 
10.2 

43°54'43.9"N
, 81°14'8.5"E 

SYSb007966 
R. d. diluta 

5.9 
2.1 

3.7 
108 

77 
50.5 

7.05 
10.8 

43°54'43.9"N
, 81°14'8.5"E 

SYSb007967 
R. d. diluta 

6.2 
2.05 

3.55 
104 

81 
47 

7.2 
10.8 

43°54'43.9"N
, 81°14'8.5"E 

SYSb007969 
R. d. diluta 

6 
2.2 

4.4 
102 

76.5 
46 

5.3 
10.2 

43°54'43.9"N
, 81°14'8.5"E 

SYSb008009 
R. d. diluta 

6.8 
2.1 

3.4 
107 

82 
51 

6.45 
10.5 

43°54'43.9"N
, 81°14'8.5"E 

SYSb008010 
R. d. diluta 

5.5 
2 

3.5 
108 

83 
49 

5.5 
10.7 

43°54'43.9"N
, 81°14'8.5"E 

SYSb008011 
R. d. diluta 

5.6 
1.9 

3.8 
100 

75 
47 

5.95 
10.5 

43°54'43.9"N
, 81°14'8.5"E 

SYSb008012 
R. d. diluta 

5.7 
1.9 

3.45 
106 

81.5 
52 

8.95 
10.7 

43°54'43.9"N
, 81°14'8.5"E 

SYSb008334 
R. d. diluta 

5.7 
2 

4.2 
106 

79 
51 

7 
10.9 

43°54'43.9"N
, 81°14'8.5"E 

SYSb008335 
R. d. diluta 

6.4 
2.05 

3.3 
102 

77.5 
49 

6.1 
10.1 

43°54'43.9"N
, 81°14'8.5"E 

SYSb008336 
R. d. diluta 

6.2 
2.05 

3.4 
104.5 

81 
46.5 

6.7 
10.3 

43°54'43.9"N
, 81°14'8.5"E 

SYSb008337 
R. d. diluta 

5.2 
1.9 

3.3 
104 

79.5 
52.5 

9.4 
10.9 

43°54'43.9"N
, 81°14'8.5"E 

SYSb008338 
R. d. diluta 

6.2 
2 

3 
106 

81.5 
48 

5.8 
10.7 

43°54'43.9"N
, 81°14'8.5"E 

SYSb008339 
R. d. diluta 

6.1 
1.9 

3.7 
109 

83 
51 

7.1 
10.9 

43°54'43.9"N
, 81°14'8.5"E 

SYSb008340 
R. d. diluta 

6 
2.1 

3.9 
107 

84 
52 

6.1 
10.7 

43°54'43.9"N
, 81°14'8.5"E 

SYSb008341 
R. d. diluta 

6.1 
2.1 

3.5 
104 

80 
51 

6.2 
11.5 

43°54'43.9"N
, 81°14'8.5"E 

SYSb008342 
R. d. diluta 

5.2 
2.1 

3.4 
104.5 

80.5 
52.5 

9.3 
10.8 

43°54'43.9"N
, 81°14'8.5"E 

SYSb008343 
R. d. diluta 

5.5 
2 

2.9 
105 

81 
47 

6.5 
10.8 

43°54'43.9"N
, 81°14'8.5"E 

SYSb008344 
R. d. diluta 

3.7 
1.9 

3.4 
107 

82 
53.5 

8.7 
10.9 

43°54'43.9"N
, 81°14'8.5"E 



SYSb008370 
R. d. fohkienensis 

5.55 
2.23 

3.14 
99.3 

78.5 
48.2 

2.55 
10.79 

28°48'45.90"N
, 104°57'1.65"E 

SYSb008371 
R. d. fohkienensis 

5.58 
2.22 

3.83 
100 

75.5 
43.5 

4.01 
11.32 

28°48'45.90"N
, 104°57'1.65"E 

SYSb008372 
R. d. fohkienensis 

5.7 
2.17 

3.67 
99.2 

77.8 
45.5 

2.3 
11.29 

28°48'45.90"N
, 104°57'1.65"E 

SYSb008373 
R. d. fohkienensis 

5.46 
1.95 

3.46 
100 

76 
42.8 

3.16 
12.5 

28°48'45.90"N
, 104°57'1.65"E 

SYSb008374 
R. d. fohkienensis 

5.83 
2.17 

3.24 
94.5 

72.5 
46 

2.99 
10.84 

28°48'45.90"N
, 104°57'1.65"E 

SYSb008375 
R. d. fohkienensis 

5.77 
2.17 

3.8 
96 

76 
45 

2.3 
10.71 

28°48'45.90"N
, 104°57'1.65"E 

SYSb008376 
R. d. fohkienensis 

5.88 
2.33 

3.19 
96 

74 
44 

2.34 
10.82 

28°48'45.90"N
, 104°57'1.65"E 

SYSb008377 
R. d. fohkienensis 

5.9 
1.93 

3.5 
98 

78 
43 

3.1 
10.7 

28°48'45.90"N
, 104°57'1.65"E 

SYSb008378 
R. d. fohkienensis 

5.8 
2.06 

3.69 
100 

76.5 
47 

2.1 
11.13 

28°48'45.90"N
, 104°57'1.65"E 

SYSb008379 
R. d. fohkienensis 

5.45 
2.05 

3.23 
98 

75 
47 

3.23 
10.59 

28°48'45.90"N
, 104°57'1.65"E 

SYSb008380 
R. d. fohkienensis 

5.36 
1.93 

3.3 
95 

76 
45 

3.49 
10.94 

28°48'45.90"N
, 104°57'1.65"E 

SYSb008381 
R. d. fohkienensis 

5.84 
2.15 

3.5 
94 

75.5 
47 

3.48 
10.98 

28°48'45.90"N
, 104°57'1.65"E 

SYSb008382 
R. d. fohkienensis 

5.61 
2.1 

3.49 
100 

76 
47.5 

2.9 
10.21 

28°48'45.90"N
, 104°57'1.65"E 

SYSb008383 
R. d. fohkienensis 

5.44 
2.06 

3.24 
97 

74 
43 

3.49 
11.27 

28°48'45.90"N
, 104°57'1.65"E 

SYSb008384 
R. d. fohkienensis 

5.84 
2.13 

3.49 
100 

78 
47 

3.88 
11.49 

28°48'45.90"N
, 104°57'1.65"E 

SYSb008385 
R. d. fohkienensis 

5.6 
2.14 

3.34 
96 

76 
46 

2.53 
11.19 

28°48'45.90"N
, 104°57'1.65"E 

SYSb008386 
R. d. fohkienensis 

5.83 
2.15 

3.26 
99.5 

79 
47 

3.93 
11.93 

28°48'45.90"N
, 104°57'1.65"E 

SYSb008387 
R. d. fohkienensis 

5.43 
1.94 

3.1 
93 

75.5 
43 

1.39 
11.01 

28°48'45.90"N
, 104°57'1.65"E 

SYSb008388 
R. d. fohkienensis 

5.81 
2.23 

3.01 
95 

76 
43.5 

3.13 
10.7 

28°48'45.90"N
, 104°57'1.65"E 

SYSb008389 
R. d. fohkienensis 

5.4 
2.01 

3.21 
90 

69.5 
41 

1.95 
10.51 

28°48'45.90"N
, 104°57'1.65"E 

SYSb008390 
R. d. fohkienensis 

5.72 
2.25 

3.36 
104 

78 
47 

2.51 
11.15 

28°48'45.90"N
, 104°57'1.65"E 

SYSb008391 
R. d. fohkienensis 

5.92 
2.03 

3.21 
96 

77 
46 

3.54 
12.35 

28°48'45.90"N
, 104°57'1.65"E 

N
M

BE1078288 
R. d. tibetana 

5.7 
2.8 

3.5 
110 

86 
56 

5.6 
10.3 

47°52.4902'N
, 105°47.7577'E 

N
M

BE1078289 
R. d. tibetana 

5.2 
2.1 

3.1 
103.5 

82 
47 

3.1 
10.9 

47°52.4902'N
, 105°47.7577'E 

N
M

BE1078290 
R. d. tibetana 

5.8 
2.8 

3.9 
110 

86 
55 

6.3 
11.6 

47°52.4902'N
, 105°47.7577'E 



N
M

BE1078291 
R. d. tibetana 

5.9 
2.4 

4.7 
109 

85 
55 

5.4 
11.3 

47°52.4902'N
, 105°47.7577'E 

N
M

BE1078292 
R. d. tibetana 

6 
2.2 

3.5 
109.5 

80 
50 

5.5 
10.2 

47°52.4902'N
, 105°47.7577'E 

N
M

BE1078293 
R. d. tibetana 

5.7 
2.3 

4 
101.5 

79 
48 

4 
10.8 

47°52.4902'N
, 105°47.7577'E 

N
M

BE1078297 
R. d. tibetana 

5.9 
2 

3.8 
106 

83 
44 

6 
11.8 

47°21.5352'N
, 103°41.9692'E 

N
M

BE1078298 
R. d. tibetana 

6.1 
2.5 

4.6 
103.5 

83 
55.5 

6.2 
9.6 

47°21.5352'N
, 103°41.9692'E 

N
M

BE1078299 
R. d. tibetana 

5.6 
2.6 

3.7 
109 

83 
45 

3.2 
10 

47°21.5352'N
, 103°41.9692'E 

N
M

BE1078300 
R. d. tibetana 

5.7 
2.3 

4.5 
105 

82 
45 

8.2 
11 

47°21.5352'N
, 103°41.9692'E 

N
M

BE1078301 
R. d. tibetana 

5.6 
2.5 

4.3 
104 

79.5 
46.5 

6.5 
11.8 

47°21.5352'N
, 103°41.9692'E 

N
M

BE1078302 
R. d. tibetana 

4.9 
2.9 

4.1 
108 

84 
51.5 

5.4 
11.9 

47°21.5352'N
, 103°41.9692'E 

N
M

BE1078303 
R. d. tibetana 

6.3 
2.3 

3.9 
105 

84 
51 

9.9 
12.2 

47°21.5352'N
, 103°41.9692'E 

N
M

BE1078304 
R. d. tibetana 

6 
2.6 

3.9 
105 

82.5 
50 

7.9 
11.3 

47°21.5352'N
, 103°41.9692'E 

N
M

BE1078305 
R. d. tibetana 

5.5 
3 

3.8 
106 

82 
48 

6.8 
11.2 

47°21.5352'N
, 103°41.9692'E 

N
M

BE1078306 
R. d. tibetana 

5.6 
3 

4.6 
108 

84.5 
53 

7 
11.5 

47°21.5352'N
, 103°41.9692'E 

N
M

BE1078307 
R. d. tibetana 

6.7 
3 

4 
110 

86 
52 

5.5 
11.6 

47°21.5352'N
, 103°41.9692'E 

N
M

BE1078287 
R. d. tibetana 

5.7 
3.1 

3.4 
105 

84 
53 

8.1 
10.3 

47°21.5352'N
, 103°41.9692'E 

N
M

BE1078308 
R. d. tibetana 

6 
2.5 

4.3 
106 

81.5 
54 

5 
11.5 

47°21.5352'N
, 103°41.9692'E 

N
M

BE1078309 
R. d. tibetana 

6.1 
2.7 

3.8 
103 

84 
44 

3.9 
12.3 

47°21.5352'N
, 103°41.9692'E 

N
M

BE1078310 
R. d. tibetana 

5.7 
3.1 

3.9 
100.5 

80 
49.5 

6.4 
11.1 

47°21.5352'N
, 103°41.9692'E 

 
 



Tale S4 Pairw
ise F

ST  (below
 diagonal) and geographic distances (km

, above diagonal) betw
een populations. * indicate significant value p <0.05. 

   
               

  

 
4 

5 
6 

7 
8 

9 
10 

11 
12 

13 
14 

4 
- 

407 
657 

371 
1908 

1951 
1612 

1501 
2412 

3797 
2486 

5 
0.04369* 

- 
1039 

754 
2246 

2046 
1749 

1337 
2540 

3912 
2504 

6 
0.05371* 

0.00185* 
- 

534 
1270 

1674 
1302 

1689 
2052 

3411 
2295 

7 
0.03987* 

-0.00256 
-0.0031 

- 
1786 

2110 
1748 

1830 
2531 

3906 
2692 

8 
0.10184* 

0.11141* 
0.11219* 

0.10215* 
- 

1460 
1223 

2286 
1499 

2581 
2061 

9 
0.12695* 

0.13138* 
0.1241* 

0.11703* 
0.01405 

- 
372 

1214 
512 

1865 
651 

10 
0.15092* 

0.13882* 
0.13465* 

0.1278* 
0.01946* 

-0.00199 
- 

1160 
801 

2185 
1012 

11 
0.14991* 

0.14103* 
0.138* 

0.13131* 
0.01997* 

-0.00230 
-0.00651 

- 
1700 

2905 
1371 

12 
0.30626* 

0.34647* 
0.34682* 

0.3293* 
0.25959* 

0.28386* 
0.31289* 

0.31319* 
- 

1384 
663 

13 
0.32188* 

0.35941* 
0.36299* 

0.34434* 
0.26795* 

0.29988* 
0.32728* 

0.32722* 
0.00637 

- 
1540 

14 
0.30901* 

0.34877* 
0.34831* 

0.33265* 
0.26096* 

0.28648* 
0.31375* 

0.31441* 
0.00476* 

0.00198* 
- 



Table S5 Factor loadings of principal com
ponent analysis (PCA) based on eight m

orphom
etric m

easurem
ents. O

nly loadings of the first tw
o 

com
ponents (Com

p.1 and Com
p.2) are show

n. 

M
easurem

ents 
Com

p.1 
Com

p.2 
Bill to Feathering 

0.215 
-0.005 

Bill Depth 
0.269 

-0.413 
Bill W

idth 
0.280 

0.206 
W

ing Length 
0.498 

-0.161 
P8 (length of third outerm

ost prim
ary) 

0.507 
0.057 

Tail Length 
0.452 

0.287 
Length of Tail Fork 

0.102 
0.668 

Length of Tarsus 
0.288 

-0.478 
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Abstract 

Aim: Biogeographic patterns of morphologically cryptic taxa are difficult to explain 

without detailed knowledge on their diversification history and past demography. 

Genomic information can provide a robust basis for disentangling the temporal and 

spatial components of cryptic radiation processes, yet this potential has only been 

exploited for select organisms. Here, based on genome resequencing data, we 

reconstructed the diversification history of a cryptic bird radiation. 

 

Location: Eurasia 

 

Taxon: Avian genus Riparia 

 

Methods: We analyzed resequencing data of 24 individuals including all Eurasian 

Riparia taxa using multi-pronged phylogenomic and demographic analyses and tested 

for historical gene flow among lineages during their diversification.   

Results: Despite morphological similarity, genomic divergence was dated to more than 

two million years between accepted species, and distribution range variation within 

the genus is reflected by different demographic trajectories. The collared sand martin 

Riparia riparia lacks pronounced phylogeographic structure in mtDNA across its 

Holarctic range but nuclear genomes resolved evolutionary lineages broadly 

consistent with subspecies designation. Demographic reconstruction showed that its 

large range resulted from long-lasting population growth during the Late Pleistocene 

rather than a recent expansion after the Last Glacial Maximum as previously proposed. 

Strong genomic divergence in the pale sand martin Riparia diluta supported the 

existence of multiple morphologically cryptic evolutionary lineages without gene flow 

between some and distinct demographic histories consistent with heterogeneous 

climate in their Asian ranges. The clade comprising the taxa fohkienensis and indica 

represents a unique phylogeographic link in birds between subtropical China and the 

dry northern Indian Subcontinent.  

 

Main conclusion: We hypothesize that pronounced dispersal propensity in the 

strongly migratory nominate form of collared sand martin has hindered lineage 
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divergence across its vast distribution range, while differential seasonal migratory 

behaviour contributes to maintain evolutionary diversity in the pale sand martin 

complex. The extended levels of genomic divergence within the latter might indicate 

the  existence of two species level taxa. 

 

[Cryptic species; biogeography; demographic history; species tree, collared sand 

martin, phylogenomics] 
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1. INTRODUCTION 

Interspecific variation in the size of distribution ranges is enormous, with 

some species inhabiting a virtually cosmopolitan range while others are restricted to 

a very limited geographic area with particular habitat (Gaston 2003). In general, 

most species have relatively small ranges, while very large geographic distributions 

are rather rare (Gaston 1998). Abiotic and biotic factors and their interactions 

primarily limit species’ ranges (e.g. Sexton et al. 2009), but historical processes such 

as climate-related environmental change and associated range dynamics continue to 

affect distribution patterns observed today. Understanding the genetic and 

evolutionary outcomes of past demographic processes is crucial for assessing the 

potential consequences of the current global climate change on biodiversity (Pauls et 

al. 2013).  

Range dynamics leave long-lasting signatures in the genomic constitution of 

organisms, and with the advent of genomic sequencing technologies, it is now 

possible to get a profound picture of the demographic histories of populations (Li 

and Durbin 2011; Nadachowska-Brzyska et al. 2015). Modelling demographic 

changes through time in combination with phylogenomic reconstruction provides 

thus a promising avenue to better understand the impact of past environmental 

changes on current biogeographic patterns. However, we have only begun to exploit 

this potential for few species (e.g. Brüniche-Olsen et al., 2021; Chattopadhyay et al., 

2019; Pujolar et al., 2022; Taylor et al., 2021a) and our understanding of the impact 

of past climate change on historical demography and range evolution is still 

incomplete. 

Climate cycles of the last several hundred thousand years comprising the late 

Pleistocene were accompanied by pronounced environmental alterations that 

resulted in repeated spatio-temporal changes in the distribution of habitats. Large 

ranges of extant species are often linked to population expansions after the Last 

Glacial Maximum (LGM, 0.023 – 0.018 million years ago (Ma)), when suitable 

habitats became available and were rapidly colonized. However, range dynamics are 

complex as the strength and nature of species’ demographic reactions to climate and 

associated environment fluctuations are influenced by their ecological specialisation 

and their ability to track their ecological niche through space by following shifting 
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climate zones and habitats. The classical pattern of range contraction during glacials 

and expansions during interglacials might hold mainly for boreal and mesic 

temperate species, whereas specialists of open habitat or arid areas for example, 

were shown to have expanded their ranges during cold and dry glacial periods (LGP, 

0.11 – 0.012 Ma)  (Garcia et al. 2011a, 2011b; Kearns et al. 2014; Alaei Kakhki et al. 

2018; Baca et al. 2023).  

As a consequence of migratory lifestyles, species could have maintained large 

populations despite considerable range shifts by tracking ephemeral resources 

during the Last Glacial Period (LGP, 0.11 – 0.012 Ma) (Thorup et al. 2021). In general, 

populations of migratory species are expected to be less differentiated than those of 

residential ones and those of generalists less than specialists (Hung et al. 2017). 

Moreover, the strength of the effects of climate alterations differs across continents 

which can lead to regionally idiosyncratic patterns. For example, the last glacial 

period was relatively mild in east and southeast China compared to temperate 

regions in Europe, and several east Asian bird species maintained or even increased 

their population sizes during this time period (Zhao et al. 2012; Dong et al. 2017; 

Cheng et al. 2021). Accordingly, colonization and demographic histories during the 

late Pleistocene of co-occurring species or populations in different geographic 

regions might differ profoundly (Pedreschi et al. 2019; Cheng et al. 2021) and should 

be studied with a comparative approach. The comparative analysis of closely related 

evolutionary lineages has the potential to reveal shared and differing processes and 

factors in their phylogenetic and demographic histories that might be missed in 

separate analyses of single taxa.  

We studied regionally contrasting environmental conditions as drivers of 

diversification in the radiation of the morphologically cryptic collared sand martins of 

the genus Riparia that unfolded over a broad geographic area containing 

evolutionary lineages with extensive variation in distribution ranges. Such radiations 

with low phenotypic diversification over large ranges pose particular challenges, 

because they might actually be composed of unrecognised phylogeographic units 

with distinct evolutionary trajectories that are not reflected in currently accepted 

species level taxonomy (Kindler et al. 2012; Beysard and Heckel 2014; Saxenhofer et 

al. 2019). One species, the collared sand martin Riparia riparia, has a Holarctic 
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distribution (Garrison and Turner 2020) with only shallow phylogeographic 

differentiation and low diversity in mitochondrial DNA (mtDNA) across its entire 

breeding range indicating that its large range is the result of a relatively recent 

expansion (Pavlova et al. 2008; Schweizer et al. 2018a). Three subspecies are broadly 

accepted (Shirihai and Svensson 2018): small-ranged R. r. shelleyi of Egypt and 

possibly the Levant (cf. Shirihai and Svensson 2018), R. r. ijimae with an 

intermediate-sized range in Central Mongolia, south-eastern Siberia, north-eastern 

China and Japan, and nominate R. r. riparia with a vast breeding range comprising 

Asia, Europe and North America. Eurasian breeders of the nominate form are chiefly 

long-distance migrants and winter in the sub-Saharan Sahel zone and East Africa, 

while those from North America migrate to winter in South and Central America 

(Shirihai and Svensson 2018; Garrison and Turner 2020). The wintering range of R. 

ijimae lies in Southeast Asia, and R. r. shelleyi is only a short distance migrant to 

Sudan and northern Ethiopia (Shirihai and Svensson 2018). Although the slight 

morphological variation that led to the establishment of the three subspecies is not 

reflected in mtDNA variation (Schweizer et al. 2018a), it might suggest the existence 

of different evolutionary lineages within the collared sand martin. In contrast, the 

pale sand martin Riparia diluta consists of four phylogeographic units supported by 

mtDNA and initial genomic data broadly reflecting the distribution area of described 

subspecies (Schweizer et al. 2018a; Tang et al. 2022). These comprise R. d. indica 

with a very restricted range in the arid part of the north-western Indian 

Subcontinent, R. d. fohkienensis from subtropical south China, R. d. tibetana from 

the Tibetan Plateau and central Mongolia, and R. d. diluta with a wide range over the 

steppe biome of Central Asia. R. d. diluta winters in the northern and western part of 

the Indian Subcontinent and rarely on the Arabian Peninsula, while R. d. tibetana 

seems to make only short-distance movements to spend the winter in the northern, 

central and north-eastern Indian Subcontinent and Indo China (Rasmussen and 

Anderton 2012; Shirihai and Svensson 2018; own data). The subspecies R. d. 

fohkienensis and R. d. indica might be residents or only make short-distance 

movements in winter (Shirihai and Svensson 2018). Population genetic data revealed 

no signs of gene flow between lowland R. d. fohkienensis and high-altitude R. d. 

tibetana, while Mongolian R. d. tibetana showed limited mixed ancestries with 
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Central Asian R. d. diluta (Tang et al. 2022). This indicated that some of the 

phylogeographic units of pale sand martin might actually represent species level taxa 

and contrasting migration phenology could be an important factor in maintaining 

evolutionary diversity among these morphologically cryptic lineages (Tang et al. 

2022). No genome-wide data has been analysed so far for R. d. indica making the 

picture incomplete. 

Here we investigated the diversification history of Sand and pale sand martin 

including samples from all subspecies using whole genome data as effective means 

to determine the level of evolutionary divergence between Riparia taxa and to infer 

their demographic histories. In particular, we (i) reconstructed the species tree of 

the Riparia complex and identified distinct evolutionary lineages, (ii) estimated 

temporal patterns of diversification and (iii) explored the demographic histories of 

all evolutionary lineages across the breeding range of R. diluta, and of samples 

across the Eurasian breeding range of R. riparia.  

Based on the results of partial mtDNA in previous studies (Pavlova et al., 

2008; Schweizer et al., 2018), we expected shallow genome-wide phylogeographic 

structure in the collared sand martin and hypothesized that the large range of the 

nominate subspecies is the result of massive range expansion after the LGP. 

However, given the availability of suitable environmental conditions for R. riparia 

throughout the LGP according to environmental niche modelling (Ponti et al. 2020) 

and its mobility, it might also have maintained high populations sizes throughout the 

Late Pleistocene conflicting with findings from mtDNA variation. In contrast, 

evolutionary lineages in the pale sand martin might have diverged during the late 

Pleistocene and evolved under different environmental conditions afterwards 

reflected in distinct evolutionary trajectories. We hypothesized that Late Pleistocene 

climate alterations should have only mildly affected the demographic history of 

subtropical Southern Chinese R. d. fohkienensis analogous to other bird species of 

that region (Zhao et al. 2012; Dong et al. 2017; Cheng et al. 2021). In contrast, a past 

population decline would be expected for high altitude R. d. tibetana similar to other 

birds of the Qinghai-Tibetan Plateau (Cheng et al. 2021). For R. d. diluta and R. d. 

indica of arid and semi-arid areas, the extension of open-habitats during the last 
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glacial period  could have resulted in the expansion of populations (cf. Garcia et al. 

2011a, 2011b; Kearns et al. 2014; Alaei Kakhki et al. 2018). 

 

2. MATERIALS AND METHODS 

2.1 Sampling and Data Preparation 

We analysed in total nine samples of all three subspecies of R. riparia (4 R. r. 

riparia, 2 R. r. ijimae, 3 R. r. shelleyi) and 11 samples of all four subspecies of R. diluta 

(3 R. d. diluta, 3 R. d. fohkienensis, 2 R. d. indica, 3 R. d. tibetana). The samples within 

of R. diluta covered the entire ranges of the different subspecies, only samples from 

the northern part of the range of the nominate form were not available. Moreover, 

Mongolian samples of R d. tibetana were previously shown to be admixed (Tang et 

al. 2022) and were thus not included in our analyses. The population grouping of R. 

riparia in the mtDNA analyses of Pavlova et al (2008) was based on five predefined 

geographic clusters: Europe, Western Siberia, Eastern Siberia, Far East, North 

America. Our study included samples from three of these groups, namely Europe (R. 

r. riparia), Eastern Siberia (R. r. ijimae from Mongolia) and from the cluster Far East 

(R. r. ijimae from eastern China). In addition, our sample from north-western China 

was located between the predefined clusters Western Siberia and Eastern Siberia of 

Pavlova et al. (2008). Samples from the northern part of the species’ range in Asia 

and North America were not available for our study. Unlike Pavlova et al (2008), we 

moreover included samples of migrants from the Levant. They phenotypically 

matched the subspecies R. r. shelley, but were either overshooting migrants from 

the Egyptian population or might stem from potentially unknown populations in the 

Levant (cf. Shirihai & Svensson 2008). Further, we included three samples of Asian R. 

chinensis and one African R. paludicola. In total, we obtained new full genome data 

from 24 samples, stemming from blood and toe pads (Table S1, and see Appendix S1 

for further details). Thus, we were able to include all members of the genus Riparia 

in our analyses except R. congica, which has a very restricted distribution along the 

Congo and lower Ubangi rivers in western Africa (Turner 2020). We included one 

mitochondrial genome of Hirundo rustica (NCBI accession: NC_050295.1) (Carter et 
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al. 2020) and resequencing data from one H. rustica individual as outgroup in the 

analyses (SRA accession: SRS8625592, under BioProject: PRJNA323498 from NCBI).  

Details on DNA extraction, sequencing, raw reads processing and data 

preparation are provided in Appendix S1. In brief, all samples were sequenced on an 

Illumina NovaSeq 6000 S4 flow cell. After quality control, raw reads were mapped 

with a Riparia riparia reference genome (Tang et al., 2022, GenBank assembly 

accession GCA_020917445.1) and the paired and mapping rate of reads for each 

individual is between 0.96-1. We performed SNP calling following the GATK4 best 

practice workflow (van der Auwera and Connor 2020). After SNP calling, only sites 

with minimum read depth of 5X for each individual and less than 8% (23 out of 25 

individuals) missing data overall were retained. The mean read depth of each 

individual after filtering ranged from 5.3-14.8 (Appendix Table S1).  

 

2.2 Mitochondrial Phylogenetic Analysis 

We assembled eight mitochondrial protein coding genes (ATP6 684 bp, ATP8 

168 bp, COX1 1551 bp, COX2 684 bp, COX3 783 bp, CYTB 1143 bp, ND1 978 bp, and 

ND2 1041) with MITOFINDER (Allio et al, 2020) and aligned them using CLUSTALW 

(Thompson et al. 1994) in MEGA X (Kumar et al. 2018) including data from H. rustica 

as outgroup. A time-calibrated gene tree was then reconstructed in BEAST 2.6.7 

(Bouckaert et al. 2019) using published substitution rates for each mitochondrial 

gene (see Appendix S1 for details).  

 

2.3 Nuclear Gene Trees and Species Tree Reconstruction 

To reconstruct gene trees, we subsampled alignment windows from our 

nuclear genomic data (Appendix S1) at least 10 kb apart to ensure free inter-locus 

recombination (Ellegren et al. 2012). Subsampled windows were then used as input 

for IQ-TREE 2.1.4-beta (Minh et al. 2020) using a unified substitution model GTR+G+I 

for maximum likelihood tree reconstruction and 1000 ultrafast bootstraps. IQ-Tree 

utilises a fast and effective stochastic algorithm to infer phylogenetic trees by 

maximum likelihood (Nguyen et al. 2015). Nodes with bootstrap values below 0.8 in 

the gene trees were collapsed into polytomies using NEWICK_UTILS (Junier and 

Zdobnov 2010). Then, we used the resulting gene trees to reconstruct a species tree 
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using a coalescent-based method in ASTRAL-III 5.7.8 with H. rustica as outgroup and 

estimated local posterior probability (LPP) for each branch (Zhang et al. 2018; Rabiee 

et al. 2019). Moreover, to quantify the amount of gene tree heterogeneity, relative 

quartet support for the main topology, first alternative and second alternative 

topology of the species tree were calculated for each branch respectively.  

 

2.4 Detection of Ancient Introgression 

Discordance between gene trees and the species tree can be caused by 

evolutionary processes such as introgression upon hybridization or incomplete 

lineage sorting (ILS) (Morales-Briones et al. 2021). To test for potential ancestral 

introgression between the different linages of R. diluta and R. riparia, we estimated 

Patterson's D (ABBA-BABA statistic) and the f4-ratio (admixture fraction f) (Patterson 

et al. 2012) for all possible trios of lineages using the Dtrios function in DSUITE 

(Malinsky et al. 2021). We used VCF files generated for phylogenomic analysis 

(Appendix S1) as input excluding invariable sites and keeping SNPs with a minimal 

individual read depth of at least five and less than 10 % missing data among all 25 

sampled individuals. The species tree inferred with ASTRAL (Fig. 1) was used as input 

tree. We further calculated the f-branch statistic (Malinsky et al. 2018) using DSUITE. 

The f-branch statistic was designed to disentangle correlated f4-ratio results and can 

assign gene flow among different (possibly internal) branches in the population or 

species tree (Malinsky et al. 2018; Suvorov et al. 2022). Results were plotted using 

scripts provided in DSUITE (https://github.com/millanek/Dsuite). 

 

2.5 Time Tree Reconstruction 

 We used the RelTime-ML approach (Tamura et al. 2012) which estimates 

branch-specific relative rates in MEGA X to generate a time-calibrated tree based on a 

genomic input tree with branch lengths measured in number of substitutions per 

site. To this end, we first concatenated all windows to reconstruct a maximum 

likelihood phylogenetic tree using IQ-TREE with GTR+G+I as substitution model and 

1000 bootstraps. The resulting tree was then used as input for the RelTime-ML 

approach with the split between R. chinensis and all the remaining taxa fixed at 5.01 

Ma based on the results of the time-calibrated mtDNA gene tree (see below). Due to 
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computation limits, we only included windows which were at least 10 kb apart and 

thus unlinked, and with alignment length larger than 6 kb for the time calibration. 

Local clocks were applied as default setting with GTR+G+I as substitution model and 

H. rustica as outgroup. 

 

2.6 Demographic Inference 

 To investigate the demographic history of different subspecies of R. riparia 

and R. diluta, we used PSMC to estimate change in effective population size (Ne) 

through time from an unphased diploid genome based on the pairwise sequentially 

Markovian coalescent model (Li and Durbin 2011). Alternative methods using 

multiple genomes allow estimation of more recent demographic history and splitting 

time, however, they require multiple high coverage genomes (>20X) or phased 

genomes (Schiffels and Wang 2020). Phasing of our data would be error prone due 

to lack of population level sampling and not high enough coverage (Terhorst et al. 

2017; Schiffels and Wang 2020). Only individuals with mean raw read depth larger 

than 12X were used for further PSMC analyses (Nadachowska-Brzyska et al. 2016; de 

Greef et al. 2022). For pale sand martin, we thus performed demographic inferences 

for three individuals each of R. d. diluta, R. d. fohkienensis and R. d. tibetana, as well 

as one individual of R. d. indica. For collared sand martin, two individuals each were 

analysed for R. r. riparia and R. r. ijimae and three individuals of R. r. shelleyi. See 

Appendix S1 for further details. 

 
3. Results 
 

3.1 Species Tree Reconstruction 

Genome-wide data provided a robust phylogenetic hypothesis for the genus 

Riparia based on a species tree approach statistically consistent with multi-species 

coalescent. We obtained in total 45,810 unlinked genomic windows with a mean 

alignment length of 5,094 bp (ranging from 471 bp to 9474 bp) including 3,177,915 

variable sites covering 35 chromosomes in all 25 individuals (Fig S1, Appendix S1). 

The species tree revealed Asian R. chinensis as the sister species to the remainder of 

the Riparia radiation, with African R. paludicola being the sister taxon of the clade 
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consisting of R. riparia and R. diluta (Fig. 1). Within R. riparia, the samples of the 

different subspecies formed monophyletic clades each with R. r. ijimae as sister 

lineage to the clade including R. r. shelleyi and R. r. riparia. However, internal 

branches in the clade were short except the one leading to R. r. shellyi. In contrast, 

there was deep genetic structure in R. diluta, with individuals of each subspecies 

forming well separated monophyletic groups. One larger clade consisted of the 

southern taxa R. d. indicia and R. d. fohkienensis, the other of the northern taxa R. d. 

diluta and R. d. tibetana. Local posterior probabilities for branches were one, except 

for very short branches leading to tip clades, one each within R. d. fohkienensis 

(posterior probability (pp) = 0.66), R. d. diluta (pp = 0.97), R. r. shelleyi (pp = 0.76) 

and R. r. riparia (pp = 0.67) (marked with * in Fig 1). Gene tree concordance was 

revealed for most branches in the phylogeny (Fig. 1), with overall very high relative 

quartet support for the main topology. More gene tree heterogeneity was revealed 

at short internal branches within R. chinensis, R. d. diluta, R. d. fohkienensis and R. d. 

tibetana, as well as within R. riparia except for the relatively long branch leading to 

R. r. shelleyi (relative quartet support for the main topology of 0.87).  

 

 

Figure 1. The coalescent-based species tree using whole genome data of Riparia 

martins. Pie charts show the relative quartet support for the main topology (q1), the 

first alternative (q2), and the second alternative (q3) for each branch. Branches with 

LPP (local posterior probability) < 1 were marked with *. Breeding distributions of 
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subspecies within R. diluta (top) and R. riparia (bottom) were modified from Bird Life 

International & Handbook of the Birds of the World (2016) and Tang et al. (2022). 

Numbers on maps represent sample origins (see Table S1) and are also given in 

individual identifiers in the tree. Subspecies are indicated by different colours. The 

question mark indicates potential breeding area. Bird illustrations by M. Schweizer. 

 

3.2 Ancestral Introgression 

The f-branch statistic suggested an introgression event between the ancestral 

branch of R. d. tibetana and R. d. diluta and the three branches within R. riparia with 

an average fraction of excess shared genetic material (fb) of 0.049 (Fig. 2, Fig. S2, 

Appendix S1). Furthermore, limited footprints of introgression were also detected 

between R. d. fohkienensis and R. d. diluta (fb = 0.020) and between R. d. indica and 

R. d. tibetana (fb = 0.014). As R. d. tibetana and R. d. diluta are sister taxa, DSUITE 

cannot scan for introgression between these but clear signs for it were found in an 

earlier study (Tang et al. 2022). 

 

Figure 2. Introgression between Riparia taxa inferred by f-branch statistic. fb values 

in the matrix represent excess allele sharing between the branch on the expanded 
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tree on the y axis (relative to its sister branch) and the lineages on the x-axis. Only 

subspecies names were indicated for R. diluta and R. riparia. 

 

3.3 Time-calibrated Phylogeny based on Mitochondrial Data 

The topology of the mtDNA tree corresponded well with the species tree, 

although several nodes in the Riparia radiation were not robustly supported (Fig. S3, 

Appendix S1) and there was much less resolution within R. riparia compared to the 

species tree. The split between R. diluta and R. riparia was estimated at 1.6 Ma, and 

diversification within R. diluta started around 1.2 Ma. The position of R. d. 

fohkienensis and R. d. indica was not resolved, while R. d. diluta and R. d. tibetana 

formed a robustly supported clade and split at 0.7 Ma. In stark contrast, 

mitochondrial diversification of R. riparia was estimated to have started much more 

recently, only around 0.1 Ma. The three R. d. shelleyi individuals clustered together 

with robust support, but there was no geographic structure among the samples of R. 

r. riparia and R. r. ijimae.  

 

3.4 Time Tree Reconstruction based on Genome-wide Data 

The reconstruction of a maximum likelihood tree based on 91,620 

concatenated windows yielded a highly supported backbone for the time tree 

analysis: all nodes had bootstrap values of 100 (Fig. S4, Appendix S1). The topology 

differed from the species tree only in R. riparia: while the samples of R. r. shelleyi 

clustered together, the samples from the other subspecies did not form 

monophyletic clades. The time-calibrated phylogeny was then computed based on a 

subsampled dataset of 14,485 windows. The divergence between R. paludicola from 

the clade consisting of R. diluta and R. riparia was estimated at around 4.3 Ma and 

the split between R. diluta and R. riparia at approximately 2.4 Ma (Fig. 3). Divergence 

within R. diluta started around 1.1 Ma, with subspecies splitting at around 0.8 Ma. 

Similar to R. diluta, individuals of R. riparia shared a most recent common ancestor 

at around 1.1 Ma., with a R. r. shelleyi at around 0.7 Ma. 
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Figure 3. Time-calibrated tree based on concatenated genomic sequences of Riparia 

martins. The split time of 5.01 Ma (million years ago) between R. chinensis and the 

remaining Riparia taxa was used as calibration point for time estimation. Labels in 

the tree indicate the locality ID (the first number) in the map and the sample ID in 

Table S1. Subspecies are highlighted by colour. Bird illustrations by M. Schweizer. 

 

3.5 Demographic History 

PSMC analyses revealed widely different demographic histories within 

Riparia, both at inter- and intraspecific levels (Fig. 4). Riparia riparia, except for R. r. 

shelleyi, showed up to an order of magnitude larger effective population sizes than 

R. diluta. Effective population sizes of both R. r. riparia and R. r. ijimae increased 

until the beginning of the LGP with not much signal in individual genomes per 

subspecies afterwards. Starting with the LGP, signals indicated either stable Ne for 

Central Asian R. r. riparia and both R. r ijimae samples, or a strong population 

expansion in European R. r. riparia. Effective population size in R. r. shelleyi was 

much lower than in the other R. riparia subspecies at a similar level as in R. diluta. It 

experienced a population expansion at the beginning of the late Pleistocene peaking 

at around 0.5 Ma followed by a long-lasting population decline (Fig. S5, Appendix 

S1). Overall, bootstrap analyses revealed consistent demographic patterns, but more 

variation towards the present (Fig. S5, Appendix S1) 
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In pale sand martin, individuals within subspecies showed largely consistent 

patterns. Riparia d. diluta underwent a population expansion at the beginning of the 

LGP followed by a trend of decline towards the LGM. In contrast, R. d. tibetana 

populations contracted approximately from the beginning of the LGP onwards after 

a steep increase in Ne before. There was a recovery with a trend for expansion again 

towards the LGM. In R. d. fohkienensis on the other hand, Ne was generally lower but 

stable during the LGP with an expansion towards the LGM.  

To test for the influence of generation time, we additionally ran PSMC with a 

generation time of one year instead of two years. Although this shifted the estimates 

towards the present (Fig. S6, Appendix S1), the overall pattern was not affected and 

our interpretation of the results would not change.  

 

 

Figure 4. Demographic inference based on PSMC of different subspecies within R. 

riparia (top) and R. diluta (bottom). Labels indicate subspecies, locality ID and 
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sample ID for each individual. Colours correspond to the different subspecies in the 

distribution map of Figure 1. The grey areas indicate the Last Glacial Period (LGP, 

110-12 kya) with Last Glacial Maximum (LGM, 2.3-1.8 kya) shown in dark grey. The 

grey line illustrates relative changes in Northern Hemisphere air temperature 

modified from Li et al. (2021).  

 

 

4.  DISCUSSION 

Our comparative analyses of whole-genome sequence data provide insights 

into the diversification history of morphologically almost cryptic collared sand martin 

species in the genus Riparia of the Holarctic and adjacent regions. We revealed 

contrasting patterns of diversification and demographic history both at inter- and 

intraspecific levels in pale sand martin R. diluta and collared sand martin R. riparia. 

We discuss how regional differences in past climate related environmental change in 

combination with variation in seasonal migration behaviour could have influenced 

evolutionary trajectories and range patterns in pale and collared sand martin.  

 

4.1 Phylogeographic History of the collared sand martin 

The collared sand martin R. riparia represents one of relatively few bird 

species which have colonized a large Holarctic distribution range without human 

intervention spanning from the Mediterranean to northern Scandinavia, from Asia 

Minor over Central Asia to north-eastern Siberia, and from New Mexico to Alaska 

(Garrison and Turner 2020). The analyses presented here suggest a long-lasting 

diversification process during the last million years. Individuals were clustered in 

three different evolutionary lineages in the phylogenomic framework of our species 

tree consistent with subspecies designation, although separated by mostly very 

short branches. One lineage comprised the birds from the Levant (R. r. shelleyi), the 

second one the birds from Northern Europe and north-western China (R. r. riparia) 

and the third one the birds from Mongolia and north-eastern China (R. r. ijimae). 

Comparatively minor genomic divergence was found between birds from Europe and 

Central Asia despite extensive environmental variation across the range. R. riparia 
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from north-western China were genomically much closer to those from Scandinavia 

than to the geographically adjacent ones from Mongolia and north-eastern China. 

Riparia r. shelleyi from Egypt and possibly the Levant (Shirihai and Svensson 

2008) is characterized by a demographic history that is independent from the other 

R. riparia from about one million years ago (Fig. 4). The remaining R. riparia genomes 

suggested continuous population expansion approximately from the beginning of 

the LGP onwards until they provided no clear signal. The latter might be a 

consequence of long coalescent times in large populations reflecting the large 

Holarctic range of this species (Garrison and Turner 2020). Only the R. r. ijimae 

genome from north-eastern China suggested a population contraction towards the 

present. The strong increase in Ne of the European sample of R. r. riparia around the 

beginning of the LGP might be an artefact because recent bottlenecks can potentially 

cause spurious spikes in Ne in PSMC analyses (Lu et al. 2022). A similar pattern in a 

single Pied Flycatcher indicating much higher Ne than current estimates was 

explained by such a history (Nadachowska-Brzyska et al. 2016). We cannot exclude a 

bottleneck in the history of European R. riparia, however, suitable environmental 

conditions might have been available for R. riparia throughout the LGP according to 

environmental niche modelling (Ponti et al. 2020). Thus, a strong recent bottleneck 

seems unlikely and the collared sand martin, except R. r. shelleyi, could have 

maintained relatively high Ne during the LGP even in Europe. 

Inferred coalescent times of R. riparia mtDNA haplotypes at around 0.1 Ma 

are congruent with the estimates by Pavlova et al. (2008) provided for much shorter 

mtDNA sequences. This, in combination with only shallow phylogeographic 

differentiation in mtDNA over the entire Holarctic range of R. riparia (Pavlova et al. 

2008; Schweizer et al. 2018a), is intriguing given the much longer evolutionary 

history of divergence inferred from the nuclear genome of our samples. Pavlova et 

al. (2008) associated mtDNA differentiation between western and eastern Siberian 

samples with range fragmentation of R. riparia during the last glacial maximum. 

However, our genome-wide data indicates that the east-west split among Eurasian 

samples is much older - likely several hundred thousand years old. Our result once 

more shows that inferences of evolutionary histories solely based on mtDNA can 

potentially yield misleading conclusions not only in terms of phylogenetic 
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relationships, but also in divergence time estimates and demographic history (e.g. 

Irwin et al. 2009; Taylor et al. 2021b). Similar mito-nuclear discordances have been 

found in other Holarctic bird groups and were explained by random genetic drift or 

selection, or a combination thereof (Irwin et al. 2009; Taylor et al. 2021b). We 

hypothesize that the collared sand martin might have repeatedly shifted its range as 

a consequence of climate and associated environmental alterations. The isolated 

population of R. r. shelleyi south of the European range of the species would then 

represent a remnant of a temporal range shift to the south.  

Repeated range shifts of Riparia taxa may have led to several phases of 

introgression. This might have resulted in introgression upon secondary contact with 

pale sand martin during the initial stages of divergence as indicated by the DSUITE 

analyses. This may have happened also later between the lineages of collared sand 

martin today considered different subspecies and resulted in the introgression and 

fixation of mtDNA haplotypes. Interestingly, no signs for admixture between the 

different collared sand martin lineages were detected in the Dsuite analyses. 

However, if hybridization was temporarily limited and mtDNA introgression fostered 

by selection, genome-wide signs for gene flow might be masked by the species’ high 

effective populations size. Based on the mtDNA analyses of (Pavlova et al. 2008), 

European and Siberian populations showed signs of recent demographic expansion 

whereas patterns in birds from the Far East and North America suggested more 

stable populations. Introgression of mtDNA might thus have happened e.g. from 

Beringia to the west. However, testing these ideas and putative selective sweeps in 

mtDNA e.g. as a consequence of thermal adaptations (e.g. Lamb et al. 2018; Melo-

Ferreira et al. 2005) will require more extensive population level sampling in the 

future, including more northern and north-eastern populations in Asia and especially 

from North America. 

 

4.2 Phylogeographic History of the pale sand martin 

 In contrast to the collared sand martin, the genomic clades in the 

geographically much more restricted pale sand martin are largely consistent with the 

results from limited mtDNA data (Pavlova et al. 2008; Schweizer et al. 2018a) and 

population genetic data (Tang et al. 2022). The distribution of evolutionary lineages 
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within pale sand martin is not directly reflected in simple patterns of divergence 

related to geography (e.g. Dong et al. 2013). It has a circular though not continuous 

distribution around the hyper-arid region of the Tarim basin and the Gobi Desert and 

additionally the isolated R. d. indica lineage in the north-western part of the Indian 

Subcontinent. The landscape of the Gobi Desert was already formed at the Plio-

/Pleistocene border (Lu et al. 2019), predating the start of the radiation of collared 

sand martins. Its formation was thus unlikely to have acted as a driver of divergence 

in pale sand martin, nor was isolation by distance around this hostile area a driver 

(cf. Tang et al. 2022) as would be expected for a ring-like diversification history 

(Alcaide et al. 2014). Rather, the species tree revealed a split between the 

subspecies occurring basically south of the Qinghai-Tibetan plateau (R. d. 

fohkienensis and R. d. indica) from those occurring on this plateau and to the north 

of it (R. d. tibetana and R. r. diluta). While the breeding ranges of the former two are 

isolated, the latter are potentially in contact in central, and probably north-western 

Mongolia with limited introgression from R. d. diluta into R. d. tibetana (Tang et al. 

2022).  

Qualitatively different demographic histories were revealed for R. d. tibetana 

and R. diluta. While R. d. tibetana shows signs for population decline towards the 

present, an increase in effective population size during the same period was 

indicated in R. d. diluta. This might be a consequence of regionally contrasting 

environmental effects of climate change during the LGP. The current breeding area 

of R. d. tibetana on the Qinghai-Tibetan plateau was widely glaciated during the cold 

periods of the late Pleistocene (Cui et al. 1998; Zhou et al. 2006). We thus 

hypothesize that it might have passed at least part of the late Pleistocene in a 

refugium to the east or northeast of the Qinghai-Tibetan plateau. In R. d. diluta in 

contrast, range expansion during the LGP might be related to the extension of open 

arid habitats during dry glacial periods as documented for arid species in different 

geographic regions (Garcia et al. 2011a, 2011b; Kearns et al. 2014; Alaei Kakhki et al. 

2018). The turning point to a decline in Ne in R. d. diluta could be explained by 

increased aridity which might have been too extreme even for arid adapted taxa (cf. 

Schweizer et al. 2018b; Schweizer and Shirihai 2013). Interestingly, the period of 

lowest Ne in R. d. tibetana coincided with the peak in R. d. diluta. Although we 
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analysed samples with no signs for admixture, it cannot be excluded that the 

increase in Ne in R. d. tibetana afterwards is an artefact in the estimation caused by 

introgression in secondary contact from R. d. diluta after its range expansion (see 

Tang et al. (2022).  

The southern clade comprising R. d. fohkienensis and R. d. indica represents a 

unique phylogeographic link in birds between subtropical southern China and the 

dry north-western part of the Indian Subcontinent. Remarkably, the breeding range 

of the closely related Grey-throated Martin R. chinensis extends continuously 

between both areas and thus overlaps with both R. diluta subspecies (del Hoyo et al. 

2020). Riparia d. indica breeds in relatively arid regions similar to R. d. diluta, and 

accordingly shows an analogous demographic history. It may have initially profited 

from an increase in arid open habitats in the north-western part of the Indian 

Subcontinent (Kar and Kumar 2020) but contracted its range when aridity increased.  

Lowland R. d. fohkienensis in Southern China is the only taxon within R. diluta 

that does not breed in a comparatively arid environment, and we thus consider its 

adaptation to a subtropical climate as secondary. Unsurprising, it shows an 

idiosyncratic demographic history with basically constant Ne followed by an increase 

towards the present differing strongly from R. d. tibetana on the adjacent highlands. 

Similarly pronounced differences in the demographic history between closely related 

species on the Qinghai-Tibetan plateau and adjacent Chinese lowlands were shown 

in Paridae (Cheng et al. 2021). Constant population sizes or even a population 

expansion during the LGP as in R. d. fohkienensis are consistent with minor effects of 

this period on organisms of subtropical eastern Asia (Zhao et al. 2012; Dong et al. 

2017; Cheng et al. 2021).  

 

4.3 Taxonomy 

Within the pale sand martin R. diluta, our genomic results demonstrate the 

reliability of earlier taxonomic work integrating very subtle morphological 

differentiation and biogeographic information, yet our genomic data resolved 

important features of this radiation. The extended levels of genomic divergence 

within the pale sand martin might support the existence of multiple species level 

taxa. The findings by Tang et al. (2022) indicated effective reproductive isolation 
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between R. d. tibetana and R. d. fohkienensis, likely through allochrony. Our 

extended taxon sampling now demonstrates that R. d. tibetana and R. d. 

fohkienensis actually belong to different deeper clades within pale sand martin. 

Riparia d. fohkienensis and R. d. indica showed similar levels of genomic divergence 

as R. d. diluta and R. d. tibetana, and the latter two might interbreed in secondary 

contact (Tang et al. 2022).  

Following an integrative approach towards speciation (Schweizer et al. 2023), 

we refrain from suggesting to split R. diluta into a northern and a southern species 

before any potential differences in vocalizations have been documented and 

morphological differentiation in this cryptic radiation has been revisited in the light 

of our findings. Further studies should moreover investigate the extent of 

interbreeding between R. d. diluta and R. d. tibetana and clarify the actual 

distribution the enigmatic R. d. indica. Currently, there is lack of knowledge on its 

status and distribution (Grimmett et al. 1998; Rasmussen and Anderton 2012). We 

were only able to include two historical samples of the latter in our analyses 

including the holotype (NHMUK1920.10.24.1), and further investigations should also 

cover extant samples. 

Within R. riparia, we revealed the subspecies R. r. shelleyi as genetically 

distinct. It is also morphologically more differentiated compared to the other 

subspecies of R. riparia, approaching the R. diluta species complex in size and 

plumage (Shirihai and Svensson 2018). The individuals analysed here from the spring 

season in Southern Israel do not stem from the core range of the taxon and might 

represent overshooting migrants. Geographically more comprehensive sampling 

particularly in the regions of potential contact with other R. riparia could provide 

important information about the taxonomic status of R. r. shelleyi. 

Our results also clarified the taxonomic status of the widely disjunct 

distributed African R. paludicola and Asian R. chinensis which have been considered 

as conspecifics for a long time. However, they were recently split based on 

differences in size and vocalization (Rasmussen and Anderton 2012). Our genomic 

data supports their distinctiveness and surprisingly, they turned out to be not even 

sister species with R. chinensis being the sister species of the remaining Riparia 

radiation.  
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5. CONCLUSIONS 

The vast range of the nominate subspecies of the collared sand martin is in 

stark contrast to the comparatively smaller ranges of the other taxa of Riparia 

analysed in this study. Our data indicate that its Eurasian part is not the result of 

massive range expansion after the LGP as previously thought, but rather of a long 

demographic expansion. Riparia r. riparia is the taxon with the largest populations 

sizes during LGP and the longest migration distances, and thus it might have high 

tolerance for heterogenous climate conditions and a high colonization potential (cf. 

Thorup et al. 2021). Indeed, 7% of juvenile collared sand martins in Britain were 

found >199 km away from their natal colonies in successive years (Mead 1979) 

indicating comparatively low natal philopatry (Tittler et al. 2009). Computer 

simulations have suggested that migratory birds in North America and the western 

Palearctic – but less so in Asia – have shifted their breeding range towards LGM 

progressively in the direction of the equator (Somveille et al. 2020) - probably 

repeatedly through the late Pleistocene. Especially R. r. riparia might thus have 

adapted to track suitable habitat and ephemeral resources enabling stable or even 

increased effective populations sizes during the late Pleistocene glacial cycles.  

While pronounced dispersal propensity might have allowed the colonization 

of a large range and hindered lineage diversification in the collared sand martin, 

distinct seasonal migration behaviour might have fostered lineage divergence and 

maintained evolutionary diversity in the pale sand martin complex (cf. Tang et al. 

2022). Hence, seasonal migration behaviour may have contrasting impacts in the 

two Riparia species: While it might be important in maintaining evolutionary 

diversity in the pale sand martin, it might be counteracting lineage diversification in 

nominate collared sand martin and prevent evolutionary subdivision of a large 

distribution range. 
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APPENDIX S1 
Details on Samples 

See Table S1 for a list of analysed samples. Two toe pad samples of R. d. 
indica were provided by the Natural History Museum, London, UK (NHMUK), 
including the holotype (NHMUK1920.10.24.1), and of R. chinensis by the Swedish 
Museum of Natural History (NRM). The toe pad samples were collected between 
1913-1914. Three blood samples of R. riparia collected in Northern Europe and one 
blood sample of R. paludicola were provided by the Zoological Museum, Natural 
History Museum of Denmark (ZMUC), and samples of R. r. shelleyi were captured 
and sampled by HS under permits and approvals from the relevant authorities in 
Israel. The remaining blood samples were collected by QT, MS, YL and GS during 
2016-2019 with birds captured and sampled under permits and approvals from the 
relevant authorities in China and Mongolia. We also included one mitochondrial 
genome of Hirundo rustica (NCBI accession: NC_050295.1) (Carter et al. 2020) and 
resequencing data from one H. rustica individual as outgroup in the analyses (SRA 
accession: SRS8625592, under BioProject: PRJNA323498 from NCBI). 

 
 

 
Table S1. Sample list. Locality ID corresponding to the numbers in the distribution 
map of Figure 1. Accessions for NCBI sequence read archive (SRA) are under 
BioProject PRJNA755835 for each individual. NHMUK = Natural History Museum, 
Tring; NMBE = Natural History Museum of Bern, Switzerland; NRM = The Swedish 
Museum of Natural History; SYS = Sun Yat-sen University, Guangzhou; ZMUC = 
Zoological Museum, Natural History Museum of Denmark, University of 
Copenhagen).
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Species 
Sam

ple ID 
Locality 

ID 
Locality 

Tissue 
M

ean 
Depth 

SRA 

R. d. indica 
N

HM
U

K1920.10.24.1 
1 

Jhelum
, Punjab, 

Pakistan 
Toe pad 

5.3 
xxx 

R. d. indica 
N

HM
U

K1949.W
HI.5879 

1 
Jhelum

, Punjab, 
Pakistan 

Toe pad 
11.5 

xxx 

R. d. fohkienensis 
SYSb006531 

2 
M

eixian, Shaanxi 
Province, PR 

China 
Blood 

14.5 
xxx 

R. d. fohkienensis 
SYSb008379 

3 
Yibin, Sichuan, PR 

China 
Blood 

14.8 
xxx 

R. d. fohkienensis 
SYSb003792 

4 

W
enzhou, 

Zhejiang 
Province, PR 

China 

Blood 
13.9 

xxx 

R. d. tibetana 
SYSb004194 

5 

Rubber 
M

ountain, 
Q

inghai Province, 
PR China 

Blood 
11.4 

xxx 

R. d. tibetana 
SYSb003656 

6 
Zoige, Sichuan 
Province, PR 

China 
Blood 

11.6 
xxx 

R. d. tibetana 
SYSb004154 

7 
Lhasa, Tibet 
Autonom

ous 
Region, PR China 

Blood 
11.8 

xxx 

R. d. diluta 
SYSb006542 

8 
W

ujiaqu, Xinjiang 
U

ygur 
Blood 

10.1 
xxx 
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Autonom
ous 

Region, PR China 

R. d. diluta 
SYSb006522 

9 

Alar, Xinjiang 
U

ygur 
Autonom

ous 
Region, PR China 

Blood 
8.8 

xxx 

R. d. diluta 
SYSb007338 

10 

Khotan, Xinjiang 
U

ygur 
Autonom

ous 
Region, PR China 

Blood 
10.6 

xxx 

R. r. ijim
ae 

SYSb006508 
11 

Zhengzhou, 
Henan Province, 

PR China 
Blood 

11.6 
xxx 

R. r. ijim
ae 

N
M

BE1078313 
12 

Dzharakhain urto 
(Jaraakhain 

urtuu), M
ongolia 

Blood 
11.0 

xxx 

R. r. shelleyi 
El2 

13 
Eilat, Israel 

Blood 
10.2 

xxx 
R. r. shelleyi 

El3 
13 

Eilat, Israel 
Blood 

10.6 
xxx 

R. r. shelleyi 
El12 

13 
Eilat, Israel 

Blood 
11.6 

xxx 

R. r. riparia 
SYSb008357 

14 

Baisha M
ountain, 

Xinjiang U
ygur 

Autonom
ous 

Region, PR China 

Blood 
12.1 

xxx 

R. r. riparia 
ZM

U
C136392 

15 
Kaas, 

N
ordjylland, 
Denm

ark 
Blood 

9.0 
xxx 

R. r. riparia 
ZM

U
C137192 

16 
Løkken, Jylland, 

Denm
ark 

Blood 
7.6 

xxx 
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R. r. riparia 
ZM

U
C116734 

17 
Seivaag, Bodoe, 

Straum
oeya, 

N
orw

ay 
Blood 

11.0 
xxx 

R. paludicola 
ZM

U
C132634 

 
M

w
eya, Q

ueen 
Elizabeth N

.P., 
U

ganda 
Blood 

13.9 
xxx 

R. chinensis 
N

HM
U

K1965.M
.8237 

 
Sukkur, Sind, 

Pakistan 
Toe pad 

6.2 
xxx 

R. chinensis 
N

RM
-U

 663 
 

Chieng Rai, 
Thailand 

Toe pad 
7.4 

xxx 

R. chinensis 
N

RM
-U

 664 
 

Chieng Rai, 
Thailand 

Toe pad 
5.8 

xxx 
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DNA Extraction and Sequencing 
Blood samples collected during our fieldwork were preserved in 99% ethanol and 
later stored at -20 °C. The DNA from toe pad samples of R. d. indica and R. chinensis 
were extracted as described in Schweizer et al. (2018). DNA was extracted from the 
remaining samples with a modified salt extraction protocol (Aljanabi and Martinez 
1997). We used two different library construction methods based on the level of 
DNA fragmentation. For the two toe pad samples of R. d. indica and three blood 
samples of R. chinensis with highly fragmented DNA samples (around 200 bp), the 
quantity, purity and length of the total genomic DNA was assessed using a Thermo 
Fisher Scientific Qubit 4.0 fluorometer with the Qubit dsDNA HS Assay Kit (Thermo 
Fisher Scientific, Q32854), a DeNovix DS-11 FX spectrophotometer and an Agilent 
FEMTO Pulse System with a Genomic DNA 165 kb Kit (Agilent, FP-1002-0275), 
respectively. Sequencing libraries were made using a Swift Accel-
NGS 1S Plus DNA Library Kit (Swift Biosciences,10096) in combination with 1S Unique 
Dual Indexing Kit (Swift Biosciences, 190384) according to the protocol provided by 
Swift Biosciences,. Pooled DNA libraries were first sequenced paired-end using an 
illumina iSeq 100 i1 Reagent v2 (300 cycles, illumina, 20031371) on an illumina  iSeq 
100 System.  This served as a quality control run. Thereafter, the pool was re-
balanced and then sequenced paired-end on a NovaSeq 6000 S4 Reagent Kit v1.5 
(200 cycles; illumina, 20028313) using an Xp workflow (illumina NovaSeq Xp 4-
Lane Kit v1.5, 20043131) on an illumina NovaSeq 6000 instrument. Genomic libraries 
of the remaining samples were prepared using TruSeq DNA PCR-free sample 
preparation (Illumina), and then run on an Illumina NovaSeq 6000 (S4 flow cell, 2 x 
150 bp). 

 
Raw Reads Processing 

The quality of raw reads was checked first using fastqc version 0.10.1 
(Andrew 2019). Raw reads from the SP flow cell were then trimmed twice using 
trimmomatic version 0.39 (Bolger et al. 2014). In the first round, we removed 15 bp 
from the end of R1 reads (parameters: CROP:82 HEADCROP:4) and 15 bp from the 
beginning of the R2 reads (parameters: CROP:94 HEADCROP:15) separately to 
remove the Adaptase tail following the manufacturer's tail trimming protocol. In the 
second round, trimmed reads were paired (parameters: LEADING:3 TRAILING:3 
SLIDINGWINDOW:4:20). Raw reads from the S4 flow cell were trimmed and paired 
with parameters CROP:145 HEADCROP:8 LEADING:3 TRAILING:3 
SLIDINGWINDOW:4:20. Those from the resequencing data of H. rustica were 
trimmed and paired with parameters HEADCROP:15 LEADING:3 TRAILING:3 
SLIDINGWINDOW:4:20. The quality of trimmed and paired reads was further 
checked using fastqc. Only paired reads were kept for later analysis. We also 
checked the deamination for historical toepad samples. Only paired reads from each 
library were mapped separately with reference genome BWA 0.7.17 (bwa men) (Li 
2013) and deamination was accessed using mapDamage version 2.0 (Jónsson et al. 
2013) to check the frequency of different nucleic acid residues at positions upstream 
and downstream of the start/end of reads and the read length distribution. No post-
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mortem damage were found for toe pad samples and the majority read length is 
around 80 bp (Figure S7-S10) 

 
Data Preparation for Nuclear Phylogenomic Analysis 

The Riparia riparia reference genome (Tang et al., 2022, GenBank assembly 
accession GCA_020917445.1) was first anchored to a chromosome level assembly of 
a Hirundo rustica genome (NCBI assembly bHirRus1.pri.v2) using minimap2 (Li 2018) 
and the repeat regions were masked using RepeatMasker 4.1.2-p1 (Smit et al. 2013). 
In order to get a fasta alignment for phylogenomic reconstruction from the 
resequencing data, we followed the protocol described in Kakhki et al. (2022). Reads 
of each individual were separately mapped on the chromosome-anchored Riparia 
riparia reference genome using BWA 0.7.17 (bwa men) (Li 2013). For each bam file, 
only mapped alignments with mapping quality (MAPQ) larger than 30 were retained 
using SAMTOOLS version 1.9 (Danecek et al. 2021). DUPLICATES were removed using 
MARKDUPLICATES in PICARD tools version 2.25 (http://broadinstitute.github.io/picard/). 
Variant calling on all samples was then performed using GATK version 4.1.4.1 
(Auwera and O’Connor 2020), following the GATK4 best practice workflow for SNP 
and indel calling using GenomicsDBImport to merge GVCFs (Genomic Variant Call 
Format) from multiple samples (https://gatk.broadinstitute.org/hc/en-
us/articles/360036883491-GenomicsDBImport). The first round of variant calling was 
performed using GATK HaplotypeCaller, hard filtering thresholds were applied as 
suggested by the GATK’s Best Practices: QD (QualByDepth) < 2.0, QUAL (Phred 
quality scores) < 30.0, SOR (StrandOddsRatio) > 3.0, FS (FisherStrand) > 60.0, MQ 
(RMSMappingQuality) < 40.0, MQRankSum (MappingQualityRankSumTest) < -12.5, 
ReadPosRankSum (ReadPosRankSumTest) < −8.0. Then we removed SNPs that did 
not pass the thresholds, and only retained biallelic SNPs with at least one 
homozygous reference and one homozygous alternative genotype or with at least 
three observations of reference and alternative alleles. The remaining SNPs were 
used as input for Base Quality Score Recalibration (BQSR) in GATK to reduce the 
systematic errors. Afterwards, we did a second round of variant calling with GATK 
HaplotypeCaller with the recalibrated base quality score and performed joint 
genotyping with GATK GenotypeGVCFs including invariant sites. We also used 
RepeatMasker for a second round to check whether there were repeat regions 
remaining and removed them for the VCF files using bcftools (Danecek et al. 2021). 
Indels and sites within 10 base pairs of an indel were also removed from the VCF files 
using bcftools. We then used a perl script from Kakhki et al. (2022) to transform the 
VCF files into unphased fasta alignments. Only sites with minimum read depth of 5X 
for each individual and less than 8% missing data were retained. For each alignment, 
transforming and filtering performed over non-overlapping windows of 10 kb in size 
along the genome. For heterozygous genotypes, one allele each was randomly 
written into the fasta alignment. For the gene tree and species tree reconstruction, 
we subsampled one window from every two windows to obtain unlinked windows. 
For time tree reconstruction, the input phylogeny was estimated based on all the 
windows. To compute a time-calibrated phylogeny, we used the unlinked windows 
from the gene tree construction and only kept alignment with length larger than 6 kb 
due to the computation limits. 
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Data Preparation for Mitochondrial Phylogenomic Analysis 
We assembled mitochondrial sequences for the 24 Riparia samples de novo 

using MitoFinder version 1.4 (Allio et al. 2020). We used one Riparia riparia 
mitochondrial genome (assembled from an unpublished 10X Genomics Chromium 
data, details see in the acknowledgements) for annotation in MitoFinder. 

We assembled eight mitochondrial protein coding genes (ATP6 684 bp, ATP8 
168 bp, COX1 1551 bp, COX2 684 bp, COX3 783 bp, CYTB 1143 bp, ND1 978 bp, and 
ND2 1041) with MitoFinder (Allio et al, 2020,) and aligned them using ClustalW 
(Thompson et al. 1994) in Mega X (Kumar et al. 2018) including data from H. rustica 
as outgroup. A time-calibrated gene tree was then reconstructed in Beast 2.6.7 
(Bouckaert et al. 2019) using published substitution rates for each mitochondrial 
gene (Lerner et al. 2011). Published substitution rates for each mitochondrial gene 
were implemented as means of the clock rates in real space of a lognormal 
distribution with standard deviations of 0.005 (Lerner et al. 2011). We implemented 
a Yule speciation process for the tree prior and an uncorrelated lognormal relaxed 
clock model. Ten independent MCMC chains were run for 20 million generations, 
each with sampling every 1,000 generations with substitution models inferred using 
bModelTest (Bouckaert and Drummond 2017) implemented in Beast. Tracer 1.7.2 
(Rambaut et al. 2018) was used to assess parameter convergence among the runs 
and to confirm appropriate burn-in and adequate effective sample sizes (ESS) of the 
posterior distribution. The ten independent runs were combined using LogCombiner 
2.6.7 (Bouckaert et al. 2019) with 10% burn-in each and the maximum clade 
credibility gene tree with 95% highest posterior density (HPD) distributions of each 
node was estimated with TreeAnnotator 2.6.7 (Bouckaert et al. 2019). 

 
 

Demographic Inference 
To investigate the demographic history of different subspecies of R. riparia 

and R. diluta, we used PSMC to estimate change in effective population size (Ne) 
through time from an unphased diploid genome based on the pairwise sequentially 
Markovian coalescent model (Li and Durbin 2011). 

The whole-genome diploid consensus sequence for each individual (three R. 
d. diluta, three R. d. fohkienensis, three R. d. tibetana, one R. d. indica, two R. r. 
riparia, two R. r. ijimae, three R. r. shelleyi) was generated following the pipeline 
provided with PSMC (https://github.com/lh3/psmc). First, after excluding duplicates, 
we used bam file (cf. Appendix S1) only including the autosome regions for each 
individual and applied samtools mpileup with parameters -C50 -Q 30 -q 30 to 
remove reads with low base quality and low mapping quality. Then we called 
variants using bcftools and converted VCF files into fastq format using vcfutils.pl 
vcf2fq with a minimum read depth of 10 (-d 10) as suggested by Nadachowska-
Brzyska et al. (2016) and a maximum read depth of twice of the average depth (-D 
30). For PSMC inference, we then used a parameter setting usually applied in birds 
(e.g. Cheng et al. 2021; Nadachowska-Brzyska et al. 2015): total number of iterations 
(-N) set to 25; upper limit of the TMRCA (time to the most recent common ancestor) 
(-t) set to 5; initial mutation/recombination ratio (-r) of 5; atomic time interval 
pattern (-p) of "4+30*2+4+6+10". We scaled results with a mutation rate of 2.3 x 10-9 
per generation per site as estimated for Collared Flycatcher (Smeds et al. 2016) and 
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a generation time of two years (COSEWIC, 2013). We additionally performed 100 
bootstrap replicates of PSMC analyses for all individuals. 
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Figure S1. Summary statistics of window size, informative site sand window 
distribution on the different chromosomes in the final alignment among 25 
individuals used for species tree reconstruction using ARSTRAL-III. 
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Figure S2. D-statistic (a) and f4-ratio (b) statistic for all possible trios of lineages 
within Riparia 
 
 
 
 

 
Figure S3.  Time-calibrated maximum-clade-credibility tree based on mitochondrial 
data using BEAST of four Riparia species. Mean node ages (value before the slash) 
are shown for the major nodes and the blue bars represent the 95% highest 
posterior density distributions for the divergence time estimate of the major nodes. 
Posterior probability for the major nodes are additionally indicated after the slash. 
Individual labels in the indicates the locality ID (the first number) in the map (Figure 
1) and the sample ID in Table 1. Colors are corresponding to the breeding 
distribution of different R. diluta subspecies in Figure 1 (top right). 
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Figure S4. The concatenated tree based 91620 windows of whole genomic data from 
four Riparia species inferred by iqtree. Bootstrap values are shown for each node. 
Labels in the tree indicates the locality ID (the first number) in the map (Figure 1, top 
right) and the sample ID in Table 1. 
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Figure S5. PSMC analysis of 100 bootstrap replicates of each individual in Figure 4. 
 
 
 
 
 
 

 
Figure S6. PSMC analysis based on the same parameters as in Figure 4 expect using 
generation time of one year. 
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Figure S7. MD: mapDamage deamination plot (upper panel) of sequencing reads of each 
library from toe pad sample of BMMH1949.WHI.5879 mapped to the reference genome R. 
riparia and the length distribution of reads (lower panel). Red line: C to T substitutions; blue 
line: G to A substitutions; grey line: all other substitutions; orange line: Soft-clipped bases 
and purple line: insertions relative to the reference. 
 

 
Figure S8. MD: mapDamage deamination plot (upper panel) of sequencing reads of each 
library from toe pad sample of NHMUK1920.10.24.1 mapped to the reference genome R. 
riparia and the length distribution of reads (lower panel). Red line: C to T substitutions; blue 
line: G to A substitutions; grey line: all other substitutions; orange line: Soft-clipped bases 
and purple line: insertions relative to the reference. 
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Figure S9. MD: mapDamage deamination plot (upper panel) of sequencing reads of each 
library from toe pad sample of NRM-U-663 mapped to the reference genome R. riparia and 
the length distribution of reads (lower panel). Red line: C to T substitutions; blue line: G to A 
substitutions; grey line: all other substitutions; orange line: Soft-clipped bases and purple 
line: insertions relative to the reference. 
 

 
Figure S10. MD: mapDamage deamination plot (upper panel) of sequencing reads of each 
library from toe pad sample of NRM-U-664 mapped to the reference genome R. riparia and 
the length distribution of reads (lower panel). Red line: C to T substitutions; blue line: G to A 
substitutions; grey line: all other substitutions; orange line: Soft-clipped bases and purple 
line: insertions relative to the reference. 
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Abstract 

Our knowledge on genetic adaptations of resident species to life at high-altitude has 

significantly increased in the last years yet the potential genetic underpinnings of seasonal 

high-altitude lifestyle in migratory animals remains poorly understood. Seasonal migration in 

birds often involves shifts in elevation, imposing acute and often persisting physiological 

challenges. The pale sand martin species complex, characterized by evolutionary lineages 

breeding at different altitudes and seasonal migration with large elevation shifts, provides an 

excellent system to investigate high-altitude adaptation in migratory birds. In this study, we 

performed whole genome sequencing of populations breeding at high altitudes on the 

Qinghai-Tibetan plateau, and in the lowlands of Central Mongolia and south eastern China. 

We applied an Fst-based approach accounting for the effects of background and linked 

selection and haplotype-based methods to uncover genetic signatures associated with 

potential high-altitude adaptation in pale sand martin genomes. We identified EPAS1 and 

HBAD as strongest candidate genes for facilitating breeding at high altitudes in these 

migratory birds. Given that EPAS1 plays an important role in embryotic development which 

is severely harmed by chronic hypoxia, we hypothesize this state to be particularly relevant 

for adaptation to breeding at high altitudes. Our contrasts between high and low altitude 

populations of pale sand martin showed that high altitude haplotypes of EPAS1 might be 

selected against in the lowland environment. The range expansion of R. d. tibetana from the 

Qinghai-Tibetan plateau into lowland central Mongolia likely resulted in the introgressive 

replacement of EPAS1 haplotypes from the lowland subspecies R. d. diluta. Our finding 

illustrates that hybridization between divergent lineages can provide adaptive genetic 

variants to cope with different environments.  

 

Key words: High-altitude adaptation, migration, adaptive introgression, Riparia diluta, pale 

sand martin 
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Introduction 

 

Understanding how species adapt to extreme environments and the genetic mechanisms 

underpinning such adaptations has been of particular interest for the past decades. Living at 

high altitudes imposes the physiologically challenging condition of hypoxia (Hawkes et al., 

2011), accompanied by other severe environmental conditions such as low temperature and 

intense ultraviolet radiation (Londoño et al., 2017; Scott, 2011). Extensive research has been 

conducted to investigate the genetic basis of high-altitude adaptation across various 

organisms, including humans residing in highland regions like the Qinghai-Tibetan Plateau and 

the Andes Mountains (Beall et al., 2010; Bigham et al., 2010; Cheng et al., 2021; Graham & 

McCracken, 2019; Li et al., 2018; Storz et al., 2007; Wang et al., 2014). Several genes were 

repeatedly found under strong positive selection for high-altitudes in the hypoxia-inducible 

factors (HIF) pathways (Bigham et al., 2013; Graham & McCracken, 2019). Interestingly, the 

specific variants associated with high-altitude adaptation in those genes were found to be 

distinct between different species and populations (Gou et al., 2014; Graham & McCracken, 

2019; Pamenter et al., 2020; Peng et al., 2017; Schweizer et al., 2019). Furthermore, two 

processes were shown to be responsible for high altitude adaptions. Besides local adaptation 

caused by de novo mutations (Graham & McCracken, 2019; Hao et al., 2019), adaptive 

introgression was shown to facilitate high altitude adaptation. For example, the adaptive 

alleles identified in Tibetans were found to be the result of introgression from archaic 

hominins Denisovans (Huerta-Sánchez et al., 2014; Zhang et al., 2021a). However, these 

studies have mainly focused on species living permanently at high elevations where they 

experience chronic hypobaric hypoxia throughout their lifetimes. Less is known about 

potential genetic adaptation to hypoxia in migratory species that undergo large seasonal 

elevation shifts and only temporarily live at high altitudes. 

 

Seasonal migration in birds between breeding and wintering grounds often involves shifts in 

elevation (Williamson & Witt, 2021). For instance, seasonal elevational migration is prevalent 

in birds breeding at high altitudes: up to 65% of bird species breeding at high elevations of 

the Himalayas and around 34% breeding on southern and eastern parts of Qinghai-Tibetan 

Plateau are migratory. These birds spend around three to four months at high altitudes during 
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the breeding season and move to lower elevations for the rest of the year (Dixit et al., 2016). 

Such seasonal changes over large altitude differences require pronounced physiological 

adjustments to different environments and impose a significant challenge for migratory birds. 

However, potential genetic adaptations underpinning such annual elevation shifts are still 

largely unknown (Campagna & Toews, 2022). Bar headed geese Anser indicus breeding on the 

Qinghai-Tibatan plateau and Central Asian Mountains and wintering chiefly on the Indian 

Subcontinent, as the best-studied species, showed adaptations to improve oxygen transport 

efficiency (Petschow et al., 1977; Scott et al., 2009) and a number of genes in the hypoxia 

inducible factor (HIF) pathway are under strong positive selection (Wang et al., 2020). While 

this might chiefly comprise adaptations to migrating at high altitudes in this species, the 

breeding period additionally represents one of the physiologically most demanding period in 

the annual cycle of birds (Dunn, 2004) and is thus prone for selection. Thus, we hypothesized 

that signs for genetic adaptations to hypoxia might be prevalent in migratory birds with 

seasonal elevation shifts that need to cope with temporary high energy demands under 

hypoxia environment during migration and breeding.  

 

The genetic basis underlying adaptation to high-altitudes is probably best studied in migratory 

species complexes with variation among evolutionary lineages in both, elevation of breeding 

ranges and levels of divergence. In such a setting, the variability in genome-wide divergence 

and its contrast to divergence levels at specific loci, could make the detection of candidates 

for adaptation likely. The pale sand martin is a bird species complex that underwent a 

morphologically largely cryptic radiation into four evolutionary lineages occurring in Central, 

East and South Asia (Tang et al., 2022; Tang et al, in revision). The lineage of the subspecies 

R. d. tibetana is of particular interest, as it consists of highland populations breeding on the 

Qinghai-Tibetan plateau at altitudes of more than 3200 m asl, and others breeding much 

lower in central Mongolia below 1400m asl (Tang et al. 2022). The latter shows limited mixed 

ancestries with the subspecies R. d. diluta of lowland Central Asia. The area of contact 

between these subspecies lies in a well-known avian migratory divide where populations to 

the west take a western migratory route around the Qinghai-Tibetan plateau and those to 

the east an eastern one with hybrids with unfavourable intermediate migration routes being 

selected against (Irwin & Irwin, 2005; Scordato et al., 2020). Such a scenario might also be 
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prevalent in pale sand martins (Tang et al. 2022). The breeding range of highland R. d. tibetana 

abuts at the eastern edge of the Qinghai-Plateau with the subspecies R. d. fohkienensis that 

occupies the subtropical Chinese lowlands below 700 m asl (Figure 1). No signs for gene flow 

were detected between these two subspecies which might be caused by allochronic breeding 

with R. d. fohkienensis as a partial or short-distance migrant breeding much earlier than R. d. 

tibetana (Tang et. 2022). This combination of variation in elevation of breeding ranges and 

genomic diverge among evolutionary lineages in pale sand martin makes it a promising 

system to investigate the genetic basis of high-altitude adaptation in migratory birds.  

 

We sequenced whole genomes of populations of R. d. tibetana breeding on the high elevation 

Qinghai-Tibetan plateau (> 3200m asl) and in the lowlands (< 1400m asl) of Central Mongolia. 

For comparison, we added genome data from populations of R. d. diluta and R. d. fohkienensis 

breeding at much lower elevation in distinct regions in north western China and south eastern 

China. We investigated the genomic landscape of differentiation between different highland 

and lowland populations with the aim to detect regions under strong selection that could be 

related to high-altitude adaptation.  

 

Material and methods 

 

Sampling and resequencing 

We analyzed 100 individuals from 10 populations of R. diluta and R. fohkienensis on or 

adjacent to the Tibetan plateau covering an altitudinal range of 80 to 3599 meters above sea 

level (Figure 1, Table 1). This included three highland populations of R. d. tibetana on the 

Qinghai-Tibetan plateau, one lowland population of R. d. tibetana in central Mongolia, three 

lowland populations of R. d. diluta in northwestern China, and three lowland populations of 

R. d. fohkienensis from southeastern China (Figure 1, Table S1). Here, we define breeding 

grounds on the Qinghai-Tibetan plateau as highland and the remaining ( < 1500 m ) as lowland. 

Blood samples were preserved in 99% ethanol and later stored at −20°C. DNA was extracted 

with a modified salt extraction protocol (Aljanabi & Martinez, 1997). Genomic libraries were 

prepared using TruSeq DNA PCR-free sample preparation (Illumina), and then processed for 

paired-end 150 bp read sequencing on an Illumina NovaSeq 6000 (S4 flow cell). 
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De novo reference genome sequencing, assembly and gene annotation 

First, a reference genome from R. d. fohkienensis was sequenced and assembled de novo 

analogous to Tang et al. (2022). DNA was extracted using the Qiagen MagAttract HMW DNA 

kit and linked-read sequencing was performed as in Lutgen et al (2020). A single library was 

prepared using the 10× Genomics Chromium Genome library kit and sequenced on half an S4 

lane on a NovaSeq 6000 instrument. The genome was assembled de novo with supernova 

version 2.1.0 (Weisenfeld et al., 2017), resulting in a pseudohaploid assembly with a total 

length of 1.14 Gb, an effective read coverage of 45.0x and a scaffold N50 of 15.8 Mb. 

Evaluation of the draft genome with Benchmarking Universal Single-Copy Orthologue (BUSCO 

version 4.1.4) (Manni et al., 2021) based on avian ortholog data set (aves_odb9, N=4,915) 

yielded a completeness score of 91.4%. After anchoring the draft assembly to a chromosome 

level assembly of a Hirundo rustica (barn swallow) genome (NCBI assembly bHirRus1.pri.v2) 

using minimap2 (H. Li, 2018) and masking the repeat regions using RepeatMasker 4.1.2-p1 

(Smit et al., 2013), we obtained a chromosome level reference genome of R. d. fohkienensis 

of 992 Mb. We used the homology-based gene prediction program GeMoMa (Gene Model 

Mapper) version 1.7.1 (Keilwagen et al., 2016, 2018) to annotate our reference genome using 

gene models from the well annotated chicken (Gallus gallus) genome assembly (GenBank 

assembly accession: GCA_016699485.1) which resulted in a total number of 9831 

predicted/identified genes.  

 

Data preparation and SNPs calling 

The quality of raw reads was first checked using fastqc version 0.10.1 (Andrew 2019). Reads 

were then trimmed and paired using trimmomatic version 0.39 (Bolger et al., 2014) with 

parameters CROP:145 HEADCROP:8 LEADING:3 TRAILING:3 SLIDINGWINDOW:4:20. The 

quality of trimmed and paired reads was further checked and showed good quality using 

fastqc. Paired reads were then mapped on the chromosome-anchored Riparia f. fohkienensis 

reference genome using BWA 0.7.17 (bwa men) (H. Li, 2013). For each bam file, only mapped 

alignments with mapping quality (MAPQ) larger than 30 were retained using SAMTOOLS 

version 1.9 (Danecek et al., 2021) and duplicates were then removed using MarkDuplicates in 

PICARD tools version 2.25 (http://broadinstitute.github.io/picard/). Variants were called with 
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HaplotypeCaller using GATK version 4.1 (Auwera & O’Connor, 2020), following the GATK4 

best practice workflow for SNP and indel calling using GenomicsDBImport to merge GVCFs 

(Genomic Variant Call Format) from multiple samples (https://gatk.broadinstitute.org/hc/en-

us/articles/360036883491-GenomicsDBImport). Joint genotyping was conducted for all 

individuals and we kept invariable sites for Fst estimation. We used vcftools version 0.1.15 

(Danecek et al., 2011) to keep only the sites with minimum read depth of 5x per individual, 

less than 10% missing genotypes and a maximum of two alleles for the analysis. 

 

PCA and admixture analysis 

We first wanted to check whether the population structure within Pale Sand Martins was 

consistent between resequencing data and GBS (genotyping by sequencing) data of our 

previous study (Tang et al., 2022). Only variable sites from autosomes with MAF (Minor allele 

frequency) > 0.05 and located at least 10 kb apart and thus considered as unlinked were kept 

using vcftools version 0.1.15 (Danecek et al., 2011). We conducted a principal component 

analysis (PCA) using PCAngsd (Meisner & Albrechtsen, 2018) with eigenvectors computed 

from the covariance matrix with the function ‘eigen’ in R 3.6.2 (R Core Team, 2019). We also 

performed an admixture analysis using ADMIXTURE version 1.3.0 (Alexander et al., 2009) to 

check for mixed ancestries of individuals, with the number of ancestral populations K from 2 

to 10, and we chose the best fit for K based on cross-validation. Input files for PCAngsd and 

ADMIXTURE were generated with plink version 1.90 

(http://pngu.mgh.harvard.edu/purcell/plink/) (Purcell et al., 2007). 

 

Sliding window scan for outlier regions of highland-lowland population differentiation 

In order to capture potential selective signatures of highland-lowland differentiation and to 

reduce the effects of inflated population differentiation as a consequence of heterogeneous 

recombination rates across the genome and background selection (Burri, 2017), we 

calculated Delta Fst (Roesti et al., 2014) as Fst between highland and lowland populations 

scaled by Fst among all lowland populations. We estimated highland-lowland differentiation 

as the mean of pairwise Fst for non-overlapping 50 kb windows along the autosomes between 

three highland R. d. tibetana populations and three lowland populations each of R. d. diluta 

and R. d. fohkienensis (in total 18 pairs). Lowland-lowland differentiation was estimated for 
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each window as the mean of the pairwise comparisons between 3 lowland populations of R. 

d. diluta and 3 lowland populations of R. d. fohkienensis (in total 9 pairs). We then calculated 

Delta Fst (DeltaFst) for each 50 kb window as the mean highland-lowland Fst minus mean 

lowland-lowland Fst. Windows with DeltaFst larger than the 99% percentile of the genome-

wide DeltaFst were considered as peaks. At this step, we excluded the lowland population of 

R. d. tibetana from the DeltaFst calculation due to their known history of introgression (Figure 

1, Tang et al. (2022)). 

 

To investigate highland-lowland differentiation within R. d. tibetana and the potential 

influence of introgression from R. d. diluta into the lowland R. d. tibetana population, we 

additionally calculated pairwise Fst-values between the three highland R. d. tibetana 

populations and the lowland R. d. tibetana population, and between the three lowland R. d. 

diluta populations and the lowland R. d. tibetana population separately. Genomic regions that 

introgressed from R. d. diluta into the lowland R. d. tibetana population would show lower 

Fst-values in the comparison of R. d. diluta and lowland R. d. tibetana than the Fst-values from 

the comparison of highland R. d. tibetana and lowland R. d. tibetana. All Fst-values were 

calculated using vcftools version 0.1.15 (Danecek et al., 2011). 

 

Haplotype-based scan for regions under selective sweeps for high altitude adaptation 

We used a second approach to detect signatures of selective sweeps indicating local 

adaptation. To this end, we tested for different haplotype structure between populations 

relying on the assumption that regions under selective sweeps in one population would retain 

longer homozygous haplotypes at high frequency compared to a population where these 

selective processes are not prevalent (Szpiech et al., 2021). We calculated XP-nSL (Ferrer-

Admetlla et al., 2014; Szpiech et al., 2021), a haplotype-based statistic which does not require 

a genetic recombination map, using selscan version 1.3.0 (Szpiech & Hernandez, 2014). We 

first phased SNPs using shapeit4 version 4.2.2 (Delaneau et al., 2019) combined with 

whatshap version 1.7 (Martin et al., 2016) as suggested in the shapeit4 protocol 

(https://odelaneau.github.io/shapeit4/). Each individual was first phased by whatshap as a 

pre-processing step to extract phase information from bam files separately. Then we grouped 

the individuals from the same subspecies separately to compute haplotypes using shapeit4. 



   
 
 

 
 
 

115 

All 30 individuals from R. d. fohkienensis were also phased for the haplotype network 

reconstruction (see below). Raw XP-nSL scores across the autosomes were calculated by 

selscan (selscan flags -xpnsl) for two different highland-lowland population pairs: the first 

(referred to as xpnsl_t) used all 30 individuals from highland R. d. tibetana populations against 

the 10 individuals from the lowland R. d. tibetana population as reference population. The 

second (referred to as xpnsl_d) used the same highland R. d. tibetana individuals against the 

30 individuals from R. d. diluta as reference population. Positive XP-nSL scores correspond to 

long homozygous haplotypes and a potential sweep in highland populations compared to the 

lowland population, and vice versa for negative XP-nSL scores (Szpiech et al., 2021). Then the 

XP-nSL scores were normalized, the genome divided into non-overlapping 50k windows and 

highest positive and lowest negative scores were assigned to each window using selscan's 

norm version 1.3.0 (norm flag -xpnsl -bp-win -winsize 50,000). We identified the windows 

having the top 1% extreme positive scores as peaks representing potential regions under 

selective sweep indicating high altitude adaptation.  

 

Gene Ontology enrichment analysis 

We obtained three datasets of annotated genes in the outlier windows identified based on 

DeltaFst, xpnsl_d and xpnsl_t. A Venn diagram summarizing the overlap in the results was 

generated using the online version of BioVenn: http://www.biovenn.nl/index.php (Hulsen et 

al., 2008). A functional enrichment analysis was performed for each gene dataset separately 

with GO (Gene Ontology) using g: GOSt in g: Profiler (Raudvere et al., 2019). We applied the 

multiple testing correction method g: SCS, excluded the electronic GO annotations as 

suggested by gProfiler (https://biit.cs.ut.ee/gprofiler/page/docs#electronic_annotations_iea) 

and used the annotated genes from the R. d. fohkienensis reference genome as background 

gene set. 

 

Haplotype network reconstruction 

We extracted the CDS regions of genes from the phased data set of all 100 individuals located 

within the identified outlier windows shared among the three analyses: DeltaFst, xpnsl_d and 

xpnsl_t. We used a python script fasta2vcf.py (https://github.com/santiagosnchez/vcf2fasta) 

to transform vcf into fasta format and aligned the CDS regions using MEGA X (Kumar et al., 
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2018) with CLUSTAL W (Thompson et al., 1994). We then reconstructed minimum spanning 

networks using PopART (Leigh & Bryant, 2015) based on input nexus files generated with 

DNAsp 6 (Rozas et al., 2017). DNA alignments were also translated into amino acid (AA) 

alignments, and we then reconstructed median-joining (MJ) networks for genes located in 

the outlier windows with more than two different amino acid (AA) haplotypes using Network 

10.2.0.0 (fluxus-engineering.com)(Bandelt et al., 1999). 

 

Topology weighting analysis 

We performed topology weighting to check for gene tree discordancy along the 

chromosomes with shared outlier windows among the three analyses (DeltaFst, xpnsl_d and 

xpnsl_t ) using Twisst (Martin & Van Belleghem, 2017) based on sliding windows containing 

50 SNPs. Individual-locus neighbor-joining trees were reconstructed with PhyML version 3.3 

(Guindon et al., 2010) based on phased genotypes using the script 

(phyml_sliding_windows.py) provided in the Twisst pipeline. All 100 individuals were included 

for the tree reconstruction and we defined four taxa as: R. d. fohkienensis, R. d. diluta, 

Lowland R. d. tibetana and Highland R. d. tibetana. The trees were rooted using R. d. 

fohkienensis as outgroup. 

 

Results 

 

PCA and admixture 

The average mean read depth per individual after SNPs calling and filtering was 13.2X (range: 

10.6-18.4X). We obtained 87,966 unlinked SNPs from autosomes for the PCA and admixture 

analysis. R. d. fohkienensis, R. d. diluta and R. d. tibetana were well separated from each other 

in the PCA, and all R. d. tibetana individuals from lowland Mongolia clustered close to the 

other individuals of the subspecies (Figure 1B). Admixture analyses resulted in K = 3 as the 

best-fitting number of ancestral populations consistent with strict individual level clustering 

into the three subspecies (Figure 1C). In agreement with our earlier analyses with a much 

smaller dataset (Tang et al. 2022), the population of lowland R. d. tibetana in Mongolia 

showed evidence of limited mixed ancestries with north-western Chinese R. d. diluta. 
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Figure 1. A) Sampling map of R. d. tibetana (purple), R. d. diluta (yellow), and R. d. 
fohkienensis (green) populations on or adjacent to the Tibetan plateau. Elevation is 
indicated with background color. Numbers correspond to population identifiers (PopID, see 
Table S1). B) Scatterplot of a principal component analysis (PCA) based on 87,966 unlinked 
autosomal SNPs. C) Bar plots showing individual ancestry assignments from an admixture 
analysis with K=3. The lowland population of R. d. tibetana showing evidence of admixture 
with R. d. diluta is marked with a red frame.  
 

Genomic signatures of high-altitude adaptation in R. d. tibetana 

DeltaFst analyses yielded outliers within the top 1% windows in which we found 81 annotated 

genes. The outlier windows detected with the haplotype scan with XP-nSL detected 136 

annotated genes for the tibetana-high vs diluta-low contrast and 143 annotated genes for the 

tibetana-high vs. tibetana-low contrast (Table S2). No GO terms were found significantly 

enriched among these genes. However, three outlier windows were shared among the three 

approaches (Figure 2) and these contained 7 annotated genes: EPAS1 on chromosome 3; 

MAJIN, GOLGB1, LOC430443 on chromosome 4; HBAD, HBZ and NPRL3 on chromosome 15 
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(Figure 2, Figure 5). The window containing EPAS1 also had the genome-wide highest Fst value 

ranging from 0.69-0.74 for each comparison between highland R. d. tibetana populations on 

the Qinghai-Tibetan Plateau and the lowland R. d. tibetana population from Mongolia 

(genome-wide average Fst= 0.04; Figure 3). However, the average pairwise Fst of the window 

containing EPAS1 between populations from lowland Mongolia R. d. tibetana and north-

western Chinese R. d. diluta was 0.09 and thus much lower. In contrast, their genome-wide 

average pairwise Fst was 0.23. The other two shared outlier windows did not show very low 

Fst between lowland R. d. tibetana and R. d. diluta or elevated Fst between highland and 

lowland comparisons within R. d. tibetana. The Fst value of these two outlier windows 

between lowland R. d. tibetana and R. d. diluta ranged from 0.19-0.25. For highland and 

lowland comparisons within R. d. tibetana, the Fst value of the outlier window on 

chromosome 4 ranged from 0.08-0.25, and the one on chromosome 15 from 0.03-0.07. 

 
 

Figure 2. Venn diagram of annotated genes in the genomic outlier windows identified by 
three different analyses (xpnsl_d, xpnsl_t, DeltaFst). Seven genes in three 50 kb windows 
were shared among all the three analyses: EPAS1 (chromosome 3), MAJIN, LOC430443, 
GOLGB1 (chromosome 4), HBAD, HBZ and NPRL3 (chromosome 15). 
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Figure 3. Pairwise Fst between highland and lowland populations of R. d. tibetana in non-
overlapping 50kb windows along the genome. Each dot indicates the mean Fst for each 
window. Mean Fst values in the top 1% percentile were marked in blue and the window 
containing EPAS1 with the genome-wide highest mean Fst value was marked in red. 
Numbers in the brackets correspond to the PopID in the sampling map in Figure 1. 
 

Haplotype network and gene tree discordance 

Haplotype networks for the CDS of the seven annotated genes found in outlier windows 

showed stark differences. We obtained 2574 bp of the CDS region of EPAS1. Comparison with 

the barn swallow EPAS1 AA sequence from NCBI (Sequence ID: XP_0399136858.1; best match 

according to BLAST) revealed one deletion of six amino acids (AA) and an insertion of one AA. 

The nucleotide network of EPAS1 from all 100 individuals (Figure 4) showed three major 

clusters of haplotypes consisting of the following populations: highland R. d. tibetana, R. d. 

diluta together with all lowland R. d. tibetana, and R. d. fohkienensis. Thus, lowland R. d. 

tibetana shared several haplotypes with R. d. diluta and were different from highland R. d. 

tibetana contrasting with the overall genetic differentiation between these populations 

(compare Figure 4 and Figure 1). Lowland populations of all three subspecies shared AA 

haplotypes of EPAS1, while highland R. d. tibetana possessed distinct haplotypes (Figure S1). 
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The most common highland AA haplotype (Hap10 in Figure S1) differed by four amino acid 

changes from to the most common lowland EPAS1 AA haplotype (Hap1 in Figure S1): His (H) 

to Tyr (Y) on position 613, Gln (Q) to Lys (K) on position 662, Ser (S) to Gly (G) on position 776 

and V (Val) to M (Met) on position 837. All these four AA changes were shared with the 

remaining two highland AA haplotypes (H11 and H12 in Figure S1). However, each of these 

AA changes were not unique to highland population, but also occurred in R. d. diluta. 

 

For the remaining six candidate genes, highland and lowland R. d. tibetana largely shared 

nucleotide haplotypes and AA haplotypes were shared between all the three subspecies 

(Figure 4, Figure S1). No AA changes were found among all the samples for MAJIN as well as 

for the CDS region of NPRL3 within the outlier window. Only two AA haplotypes were found 

in LOC430443 and HBZ with one AA haplotype shared by all populations. GOLGB1 had the 

highest haplotype diversity but most haplotypes of lowland R. d. tibetana clustered with 

highland R. d. tibetana (Figure S1). For HBAD, we found a common unique AA change to A for 

highland R. d. tibetana at position 38 (Hap3 in Figure S1). Highland birds were heterozygous 

with amino acid of Q and A at this site except for three individuals heterozygous with Q and 

P. However, the lowland birds of R. d. tibetana and R. d. diluta were heterozygous with Q and 

P at this site except for two R. d. diluta individuals homozygous for P.  

 



   
 
 

 
 
 

121 

 
 

Figure 4. Haplotype network based on the CDS (coding sequence) regions of 7 candidate 
genes for high altitude adaptation in R. d. fohkienensis, R d. diluta and R. d. tibetana. Only 
CDS regions within the identified outlier window were extracted for the haplotype network 
reconstruction. 
 

Topology weighting analysis revealed that the majority of the windows had topologies 

congruent with the likely species tree: R. d. diluta as sister group to a clade consisting of 

lowland and highland populations of R. d. tibetana (Chapter 2; topology 1, Figure 5). The 

larger genomic region around EPAS1 showed the alternative topology with lowland R. d. 

tibetana clustering with R. d. diluta as the dominant topology (topology 3) only in the window 

with this gene and its immediate vicinity (Figure 5). The remaining two shared outlier windows 

had the species tree as dominant topology for the candidate genes consistent with the 

surrounding genomic regions (Figure 5). 
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Figure 5. Topology weighting along 5 Mb on chromosomes 3, 4 and 15 of Riparia 
populations containing the outlier regions for high altitude adaptation. Weights are 
smoothed using loess smoothing (span = 20 kbp) in R. Three alternative potential topologies 
of populations are shown on top: topology 1 is the species tree (Chapter 2), topology 2 
clusters highland R. d .tibetana with R. d. diluta, topology 3 clusters lowland R. d. tibetana 
with R. d. diluta. The positions of the three shared outlier windows with candidate genes are 
marked in red. 
 

 

Discussion 

 

The aim of this study was to test for signs for potential genetic adaptation to high altitude in 

the genomic architecture of migratory birds with large seasonal elevation shifts. By studying 

the genomic differentiation between lowland and highland populations within the pale sand 

martin species complex, we uncovered regions that showed strong indications of selection 

for high-altitude adaptation. Among these regions, we found strongest support for EPAS1 as 

candidate gene. Interestingly, EPAS1 haplotypes in a lowland population of R. d. tibetana 

were completely replaced by haplotypes from the lowland sister lineage R. d. diluta indicating 

adaptive introgression. 

 

Genetic signatures of high-altitude adaptation 

By applying two methodological approaches, we detected genomic regions that might be 

involved in adaptation to cope with harsh conditions of high altitudes. The DeltaFst approach 

was applied to capture the overall genetic differentiation between highland and lowland 

populations. Regions with particularly high DeltaFst thus might be associated with high-

altitude adaptation. Meanwhile, in the second approach, high positive XP-nSL scores should 

indicate potential regions under selective sweeps in the highland population of R. d. tibetana 

compared with lowland populations of R. d. tibetana and R. d. diluta. We expected regions 

under strong selection for high-altitude adaptation to be identified as outliers in both 

approaches. However, there was considerable variation among the genes identified by 

different analyses (Figure 2). At least two factors could explain the variation of identified 

genes between the different approaches. First, demographic history could confound the 

inferences of selection (Excoffier et al., 2009). Lowland R. d. tibetana likely recently expanded 
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to Central Mongolia from the Tibetan Plateau (Tang et al. in revision). Different alleles could 

be fixed in lowland R. d. tibetana during the range expansion into Central Mongolia just due 

to drift and mimic signatures of selection such as a high Fst value when compared to the 

highland population. Second, adaptive signals unrelated to adaption to high elevation 

conditions might confound the results. For example, the migration divide might play a key 

role in maintaining the genetic differentiation between R. d. tibetana and R. d. diluta (Tang et 

al., 2022). If the migration route of populations on the Qinghai-Tibetan plateau differs from 

the lowland R. d. tibetana (Tang et al., 2022), signals of selection from the comparisons 

between R. d. tibetana and R. d. diluta could be associated with the migration divide rather 

than high altitude adaptation. 

 

We found three outlier windows shared by the three analyses and there were seven 

annotated genes within these windows (Figure 2). Three of them are directly related to 

hypoxia or oxygen delivery (Gou et al., 2007; Taylor et al., 2016): EPAS1 (Endothelial PAS 

domain-containing protein 1), HBAD (Hemoglobin alpha, subunit D) and HBZ (Hemoglobin 

subunit Zeta). One gene NPRL3 is related to cardiac muscle tissue development (Kowalczyk et 

al., 2012). The remaining genes are involved in meiotic telomere clustering (MAJIN) (Wang et 

al., 2019), regulation of calcium ion binding (LOC430443) (Braunewell & Gundelfinger, 1999) 

and protein glycosylation regulation (GOLGB1) (Lan et al., 2016). Interestingly, among the 

three genes with function related to hypoxia or oxygen delivery, only EPAS1 and HBAD 

showed amino acid changes between highland and lowland populations and EPAS1 showed 

the largest differences between highland and lowland populations (Figure S1).  

 

Selective sweeps on EPAS1 on the Qinghai-Tibetan Plateau were suggested from both 

selection scans and haplotype networks. Two major clusters were found for EPAS1 in both 

nucleotide and amino acid haplotype networks. Highland EPAS1 haplotypes were separated 

from most lowland haplotypes and showed lower haplotype diversity than lowland EPAS1 

(Figure 4, Figure S1). Considering that all single amino changes found in the highland EPAS1 

haplotypes also occurred in lowland R. d. diluta, we hypothesized that the highland 

population first expanded to the Qinghai-Tibetan plateau from the lowland and natural 
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selection then favored recombined alleles leading to haplotypes with adaptation for living at 

high altitudes.  

 

Numerous studies (e.g. Graham & McCracken, 2019; Storz et al., 2007; Wang et al., 2014) 

have shown that a number of genes in the hypoxia inducible factor (HIF) pathway are under 

strong positive selection for chronic hypoxia stress. Among those, EPAS1 has been found 

repeatedly to be a target for selection across a variety of species (Beall et al., 2010; Graham 

& McCracken, 2019; Storz et al., 2007). However, there is variation among species in how 

distinct EPAS1 haplotypes from highlands are from those of the lowland. All EPAS1 variants 

found in Tibetan humans are located in noncoding regions (Peng et al., 2017) while amino 

acid changes were identified in Tibetan dogs (Gou et al., 2014), deer mice (Schweizer et al., 

2019) and two Andean duck species, speckled teal and yellow-billed pintail (Graham & 

McCracken, 2019). Most nonsynonymous changes found in EPAS1 between lowland and 

highland populations from the Andean ducks occurred in exon 12 (Graham & McCracken, 

2019). Interestingly, two out of four amino acid changes for highland EPAS1 in R. d. tibetana 

were also located in exon 12. This region encodes ODD (O2-dependent degradation)/NTAD 

(N-terminal transactivation) domain of EPAS1 protein which is crucial for the HIF function 

(Jaakkola et al., 2001). Under normoxic conditions, HIF-2α (Hypoxia-inducible factor 2-alpha) 

encoded by EPAS1 is degraded via post-translational modifications. The degradation is 

activated by hydroxylation of specific proline residues within the ODD domain (Appelhoff et 

al., 2004; Jaakkola et al., 2001; Ivan et al., 2001; Maxwell et al., 1999). However, under 

hypoxia conditions, oxygen-dependent degradation is arrested; accumulated HIF-2α then 

forms HIF complexes which can recognize HREs (hypoxia response elements) within the 

promoters and activates the expression of hypoxia-associated genes. High conservation of 

exon boundaries has been shown between human and bird EPAS1 (Graham & McCracken, 

2019). Mutations in human EPAS1 exon 12 were found to be associated with erythrocytosis 

(Percy et al., 2008) which involves an excessive increase in red blood cell production, 

enhancing the oxygen-carrying capacity of the blood in response to reduced oxygen 

availability. Further studies are needed to demonstrate whether AA changes in our system 

might have any functional consequences related to hypoxia.  
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Furthermore, we also identified a common unique amino acid change in HBAD that 

only occurred in highland populations. Increased oxygen affinity in hemoglobin has been 

observed in various organisms inhabiting high altitudes, such as bar-headed geese (Liang et 

al., 2001) and deer mice (Storz et al., 2009). In Tibetan chickens, HBAD has been associated 

with high-altitude adaptation (Zhong et al., 2022) and a specific amino acid change in this 

protein was proposed to enhance oxygen affinity (Gou et al., 2007). However, the position of 

this amino acid change is different from the one we identified. Experiments and protein 

structure prediction need to be conducted to further check whether the highland HBAD that 

we found in R. d. tibetana also shows higher oxygen affinity.  

 

Unlike mammals, no maternal support of adequate amounts of oxygen is provided to the 

avian embryo during incubation. Given the demanding conditions of low oxygen experienced 

at high-altitudes, chronic hypoxia can have deleterious impacts on cardiovascular 

development in avian embryos (Salinas et al., 2010). Even though migratory birds only spend 

a few months on the plateau during the breeding season, high altitude adaptation might 

especially be important during ontogenesis. Experimental studies of embryonic development 

in mice indicated EPAS1 to be essential to prevent heart failure (Tian et al., 1998) and it plays 

an important role in remodelling the primary vascular network into a mature hierarchy 

pattern (Peng et al., 2000). Thus, we hypothesize that EPAS1 together with HBAD could 

provide important effects especially during embryotic development to cope with hypoxia in 

highland R. d. tibetana populations. 

 

Adaptive introgression of low altitude variants in EPAS1 

Interestingly, unlike in HBAD, all nucleotide haplotypes of EPAS1 from lowland R. d. tibetana 

were shared with R. d. diluta (Figure 4), and the most frequent AA haplotype was shared 

between all lowland populations (Figure S1). Topology weighting analysis also revealed a 

constrasting pattern of the region containing EPAS1 from the rest of genome. The outlier 

window containing EPAS1 showed a dominant gene tree topology with lowland R. d. tibetana 

and R. d. diluta as sister lineages while topology of the other two outlier windows had the 

species tree as the dominant gene tree topology (Figure 5). Our results thus indicate that the 
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lowland EPAS1 haplotypes of R. d. tibetana likely introgressed from R. d. diluta and were 

positively selected for (Figure 1).  

 

Contrasting to findings that adaptive introgression of EPAS1 from Denisovans might help 

Tibetans adapt to high altitudes (Huerta-Sánchez et al., 2014; Zhang et al., 2021), our results 

suggest that adaptive introgression of EPAS1 likely facilitated pale sand martins from high 

altitudes to colonize the lowland. We hypothesized that R. d. tibetana might have passed at 

least part of the late Pleistocene in a refugium to the east or northeast of the Qinghai-Tibetan 

plateau during the glacial expansion (Tang et al in revision). Strong flexibility has been shown 

in bird migration (Somveille et al., 2020) and migratory birds can change to different wintering 

or breeding grounds to establish a novel migration route within a short period of time (Irwin, 

2009). Thus the colonisation of lowlands by R. d. tibetana might have occurred rather recent 

probably after Last Glacial Maximum. Limited genome-wide admixed ancestry of R. d. diluta 

was only found in lowland R. d. tibetana (Figure 1). Thus, we think adaptive introgression 

would be the more likely scenario than convergent selection of EPAS1 in the lowland 

populations.  

 

The role of introgressive hybridization in evolution is controversial. Most hybrid genotypes 

are considered less fit (Barton & Hewitt, 1985; Burke & Arnold, 2001). However introgression 

of a few loci or establishment of a recombinant genotype through hybridization may also 

promote adaptation (Abbott et al., 2013; Seehausen, 2004). An increasing number of studies 

shows that standing genetic variation played a key role in adaptive radiations through 

introgression that facilitates species to occupy new niches (Marques et al., 2019; Meier et al., 

2017; Rubin et al., 2022). De novo mutation rates are typically low and might not be efficient 

to cope with constantly changing environments. Recruitment or recombining of ancestral 

variation could be more efficient to induce adaptation in a short period of time (Meier et al., 

2017; Rubin et al., 2022). Our study adds an example by indicating that adaptive introgression 

could facilitate elevation shifts and the colonization of new environment.  

 

 

Conclusion 
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Our study sheds light on the genetic adaptation in a migratory bird species breeding at high 

elevations. Unlike resident species at high elevation that endure chronic hypobaric hypoxia 

throughout lifetimes, these birds only occur on high-altitudes during the breeding season, 

raising questions whether genetic adaptations are involved. We identified EPAS1 and HBAD 

associated high-altitude adaption in pale sand martin and we hypothesize they might play an 

important role in embryotic development to cope with hypoxia. Furthermore, our results 

indicated adaptive introgression of EPAS1 might have facilitated the colonization of the 

lowlands. Our findings suggested important role of introgressive hybridization in adaptation.   
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Supplements 
 
Table S1. Sampling list. PopID corresponds to the numbers in the sampling map in Figure 1. 
 

PopID Species Sample 
size Elevation(m) Locality Coordinate PopName 

1 R. d. 
fohkienensis 10 80 

Yongjia Academy, Yongjia County, 
Wenzhou, Zhejiang Province, PR 

China 

28°16'9.66"N, 
120°40'54.89"E RdfWz 

2 R. d. 
fohkienensis 10 405 Lanxi County, Yibin, Sichuan  PR 

China 
28°48'45.90"N, 
104°57'1.65"E RdfYb 

3 R. d. 
fohkienensis 10 610 Meixian county, Shaanxi Province, 

PR China 34°14'N, 107°54'E RdfMx 

4 R. d. diluta 10 459 Wujiaqu, Changji, Xinjiang Uygur 
Autonomous Region, PR China 44°22'N, 87°53'E RddWjq 

5 R. d. diluta 10 999 Alar, Xinjiang Uygur Autonomous 
Region, PR China 40°35.433'N, 81°43.39'E RddAla 

6 R. d. diluta 10 1328 Khotan, Xinjiang Uygur Autonomous 
Region, PR China 

37°11'39.51"N, 
79°57'41.05''E RddKho 

7 R. d. tibetana 3 1211 Argalant, Mongolia 
47°52.4902'N, 
105°47.7577'E RdtM 

7 R. d. tibetana 7 1279 Elsen Tasarkhai, Mongolia 
47°21.5352'N, 
103°41.9692'E RdtM 

8 R. d. tibetana 5 3235 Qinghai Lake, Qinghai Province, PR 
China 

36°34'15‘’N, 
100°44'39‘’E RdtQhl 

8 R. d. tibetana 5 3517 Rubber Mountain, Qinghai Province, 
PR China 36°45'55''N, 99°38'20''E RdtRm 

9 R. d. tibetana 5 3420 Zoige, Sichuan Province, PR China 
33°27'12”N, 
102°28'55”E RdtZg 

9 R. d. tibetana 5 3561 Gahai Lake, Gansu Province, PR 
China 

34°14'50‘’N, 
102°20'32‘’E RdtGh 

10 R. d. tibetana 10 3599 Qushui County, Lhasa, Tibet 
autonomous region, PR China 29°20'13"N, 90°52'36''E RdtLs 
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Table S2. Lists of annotated genes found in the outlier windows for three analysis based on 
Delta divergence and XP-nSL score. 
 

xpnsl_d xpnsl_t DeltaFst 
ABHD18 ABHD10 FNDC4 
ACOT6 AGAP1 LOC112530482  
AGAP1 AKAP9 ALOX15B 
AKAP9 ALDH18A1 BF2 

ALDH1L2 ANGPTL2 CHCHD7 
ANKRD34C  ANXA8L1 CNTN5 

ANPEP ARFIP2 CRACD 
AP3S2 B4GALT5 CUEDC2 
AQP11 BCL9L CYB5R2 
ATP1A1 BFAR DOCK4 
BCL9L BLACAT1 DUSP6  
BICD2 C1orf210 EPAS1 

BLOC1S1  C8orf59  FAM19A1 
BMP8A CA13  FBXO15 

C12orf45 CA4 FGD5 
C2CD2 CAND2 GABRA4 

CA4 CCKBR GABRB2 
CAND2 CEP70 GIMD1 
CAPZA1 CHEK2 GOLGA4 

CD1C CHKA GOLGB1 
CD44 CLDN23 HBAD  
CERS1 CLDN25 HBZ 
CHD7 COX10 HNF4G 
CHID1 CPNE3 HUS1 
CLK3 CPT1A IGSF10 
CTSG CYP51A1 ITGA9 

CYP51A1 DDX41 ITIH5 
CYTH1 DOCK9 LOC101748344 

DNAH17 DPH5 LOC101748553 
DNAJC14 DUSP14 LOC101751319 

DPP9 DYNC1I2 LOC107049274  
DST E2F5 LOC107049393  

DTX2 EPAS1 LOC107052718 
DUOXA2 EVI2A LOC107053122 

EBF1 EVI2B LOC112530482 
EDC3 FAIM LOC112530492  

EFCAB5 FBXW5 LOC121107939 
EHF FHIP1B LOC121108002 
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EPAS1 FLNB  LOC121108005  
FAM126A FLT1 LOC121108045 

FBXW2 GABRP LOC121108225 
FGD5 GAL LOC121110182 

GARNL3 GOLGB1 LOC124417063  
GBE1 GP1BB LOC124417490  
GID8 GPR182  LOC124418371 

GMPS GPRIN2 LOC421982 
GOLGB1 H1FOO LOC426526 
GOSR2 HBAD LOC430443 
H1FOO HBZ LOC770705 
HAUS2  HCLS1 LOC776232 
HBAD HNF4G LRRC14B 
HBZ HSPA9 LRRFIP2 

HCLS1 IFITM10 MAJIN 
HOXC10 INHBA ME1 

INPP1 KCNIP1 MRPS25 
KANSL3 KCNMB1 NEUROD6 
LIMK1 KDM6A NFX1 
LIN7A KMT2A NPRL3 

LOC101748913 LOC101748913 NR2C2 
LOC101751162 LOC101751878 NUDT13 
LOC101751605 LOC107053928 OIT3 
LOC107052718 LOC124416959 OR14J1L67 
LOC107053714 LOC419074  OR14J1L81  
LOC112530482 LOC430303 OVOB 
LOC112530492 LOC430443 P4HA1 
LOC121108216 LOC769726 PAK3 
LOC121108225 LRRCC1 PGLYRP2 
LOC121111295 LRRN1 PIM 
LOC121111296 MADD PLA2G12B 
LOC124416959 MAJIN PPP1R12A 
LOC124417490 MFHAS1 PTPN5 
LOC124417894 MIF RAMP3 

LOC428872 MLPH RBSN  
LOC430443 MMP17 ROS1 
LOC771876 MRPS14 RPL39L 

MAJIN MRRFP1 SDR16C5  
MAPK8IP3 MSH4 SH3D19 

7-Mar MYO1A SH3YL1 
MATN2 NAB2 TNS1 
MESP1 NCOA4 TRHDE 
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MFSD8 NEMP1 ZNF512 
MLXIPL NPRL3 TMTC3 
MORC1 NPY4R TNS1 
MOV10 NSD1 TRH 
MRC2 OMG TRIP13 

MRPS25 OPN1MSW TRPS1 
MRPS14 OR9Q1 VDAC3 
MXD1 PARN ZNF512 

NDUFS5 PARP9  

NPRL3 PDCL  

NR2C2 PHKA1  

NRBP1 PHLDB2  

OR5AS1 PIGF  

OR9Q1 PLA2G5  

PDPR PLSCR5  

PHC2 PLXND1  

PIK3R3 PPP1R3B  

PLCH2 PRAG1  

PLIN4 PRPH2L  

PLXND1 PSPC1  

RACGAP1 PTGDS  

RALGPS1 PTGES1  

RBSN PTGS1  

RDH5 RAB24  

RHO RABGAP1L  

RHOC  RABL2A  

RIOX1 RC3H2   

RPL30 RCN1  

RPL32 REN  

S100A10 RHO  

SCLT1 RHOQ  

SEC11A RNF166  

SFSWAP RPL32  

SLC17A6 SEPTIN5  

SLC17A9 SFSWAP  

ST3GAL2 SH3D19  

ST7 SLC25A12  

SUCNR1 SLC2A11L4  

TANC2 SLC30A7  

TBL2 SLC35F5  

TFAP2E SLC45A1  

TGFA SLC6A1  
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TIA1 SMARCAL1  

TIMP2  SPATA16  

TMCC1 SPATA18  

TNFAIP8L1 SULT6B1L  

TRH TAC3   

TSSK3 TADA2A  

UGT1A1 TCTN3  

USP10 THSD4  

USP34 TIE1  

USP36 TMCC1  

USP39 TMEM125  

USP6 TNFSF4  

ZNF362 TRAF2  

ZNF592 TRH  
 UBE4A  
 UBXN2B  
 USP6  
 WWP1  
 ZBTB34  
 ZBTB43  

  ZNF692   
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Figure S1. Haplotype network of amino acid sequences for the CDS region of EPAS1, HBAD 
and GOLGB1 within the outlier window. Numbers indicates the number of amino acid 
changes. 
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General discussion 
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General discussion 

 

By utilising whole genomic data and comprehensive geographical sampling for pale 

sand martin, I applied a comparative approach including its sister species collared sand martin 

to study their cryptic diversification and demographic history. I revealed contrasting patterns 

of evolutionary diversity between the two sister species: shallow genomic divergence over a 

large geographic are with mitochondrial-nuclear discordance in Holarctic collared sand martin 

versus multiple morphologically cryptic evolutionary lineages in pale sand martin with 

relatively restricted ranges in Asia. Furthermore, I identified potential genes associated with 

high-altitude adaptation in pale sand martin.  

 

Divergence with mitochondrial-nuclear discordance in Eurasian collared sand martin 

  

Contrasting to the cryptic radiation found in pale sand martin, comparatively minor 

genomic divergence was found in collared sand martin between birds from Europe and 

Central Asia despite extensive environmental variation across the range. Three different 

evolutionary lineages were revealed in the phylogenomic framework of the species tree 

consistent with subspecies designation, although separated by mostly very short branches 

(Chapter 2).  Time calibration based on genomic divergence indicated a long-lasting 

diversification process within the R. riparia during the last million years. Furthermore, except 

for R. r. shelleyi from Egypt and possibly the Levant (Shirihai and Svensson 2008) characterized 

by a distinct demographic history, the remaining R. riparia genomes suggested continuous 

population expansion approximately from the beginning of the LGP onwards. My data 

indicated that the large distribution of R. riparia of Eurasian part is not due to the massive 

range expansion after the LGP as previously thought based on interpretation of mtDNA 

variation (Pavlova et al. 2008; Schweizer et al. 2018), but rather of a long demographic 

expansion. R. riparia is the taxon with the largest populations sizes during LGP and the longest 

migration distances, and thus it might have high tolerance for heterogenous climate 

conditions and a high colonization potential (cf. Thorup et al. 2021). Intriguingly, coalescent 

times for the taxon inferred from multi mtDNA haplotypes are only around 0.1 Ma. Similar 

mito-nuclear discordances have been found in other Holarctic bird groups and were explained 
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by random genetic drift or selection, or a combination thereof (Irwin et al. 2009; Taylor et al. 

2021). Based on the mtDNA analyses of (Pavlova et al. 2008), European and Siberian 

populations showed signs of recent demographic expansion whereas patterns in birds from 

the Far East and North America suggested more stable populations. Introgression of mtDNA 

might thus have happened e.g. from Beringia to the west. Whereas, strong selection on 

mitochondrial genome such as a consequence of thermal adaptations (e.g. Lamb et al. 2018; 

Melo-Ferreira et al. 2005) might also occur in collared sand martin. More biogeographic 

samplings including more northern and north-eastern populations in Asia and especially from 

North America are required to further test these mechanisms underlying the mito-nuclear 

discordances. 

 

Simulations have suggested that migratory birds in North America and the western 

Palearctic – but less so in Asia – have shifted their breeding range towards LGM progressively 

in the direction of the equator (Somveille et al., 2020) and probably repeatedly through the 

late Pleistocene. I hypothesized that the collared sand martin might have repeatedly shifted 

its range as a consequence of climate and associated environmental alterations and 

pronounced dispersal propensity might have allowed the colonization of a large range and 

hindered their lineage diversification over a large geographic area.  

 

Cryptic radiation in pale sand martin and regionally past climate impacts 

  

First in Chapter 1, I  revised the breeding distribution of subspecies R. d. tibetana 

which was thought to be restricted to  Qinghai-Tibetan plateau (e.g. del Hoyo & Collar, 2016). 

Our genome-wide data showed its disjunct breeding range extends into central Mongolia 

where  R. d. diluta was formerly believed to occur (e.g. del Hoyo & Collar, 2016). However, it 

remains to be examined how farther R. d. tibetana extends to the north and west from central 

Mongolia. In Chapter 2, two deep phylogenetic clades were revealed by strong genomic 

divergence within pale sand martin consisting of two evolutionary lineages at species level 

divergence (Tang et al., 2022; Tang et al., in revision). Each lineage includes two 

phylogeographic units broadly reflecting the distribution area of previously described 

subspecies (Schweizer et al., 2018; Tang et al., 2022). One clade comprising the R. d.  
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fohkienensis and R. d. indica represents a unique phylogeographic link in birds between 

subtropical China and the dry northern Indian Subcontinent while more northerly distributed 

R. d. tibetana from Qinghai-Tibetan plateau and central Mongolia and R. d. diluta in Central 

Asia clustered as sister group in the other clade. 

 

 In Chapter 2, distinct demography histories were also revealed within pale sand 

martin under the impacts of large regional differences in past Pleistocene climate change in 

east Asia.  Consistent with other bird species in eastern Asia (Song et al., 2016), south eastern 

Chinese R. f. fohkienensis showed a stable effective population size during the Last Glacial 

Period (LGP) and experienced expansion towards the Last Glacial Maximum (LGM). 

Meanwhile, Riparia d. diluta underwent a population expansion at the beginning of the LGP 

followed by a trend of decline towards the LGM. In contrast, R. d. tibetana populations 

contracted approximately from the beginning of the LGP onwards after a steep increase in Ne 

before. This could be due to different impacts of Pleistocene glacial cycling on high altitude 

and lowland. During the late Pleistocene, the current breeding area of R. d. tibetana on the 

Qinghai-Tibetan plateau was largely covered by glaciers (Cui et al., 1998; Zhou et al., 2006), 

we hypothesized that R. d. tibetana may have stayed in a refugium in areas to the east or 

northeast of the Qinghai-Tibetan plateau. On the other hand, R. d. diluta likely expanded its 

range during the Last Glacial Period due to the extension of open arid habitats, a phenomenon 

observed in arid-adapted species in various geographic region (Alaei Kakhki et al., 2018; 

Kearns et al., 2014). The decline in Ne (effective population size) in R. d. diluta could be 

attributed to increased aridity, which might have become too extreme even for species 

adapted to arid conditions. R. d. indica breeds in relatively arid regions similar to R. d. diluta, 

and accordingly shows an analogous demographic history. It may have initially profited from 

an increase in arid open habitats in the north-western part of the Indian Subcontinent (Kar & 

Kumar, 2020) but contracted its range when aridity increased. 

 

Mechanisms maintaining the cryptic diversity 

 

I used genome-wide data to check whether gene flow is restricted between parapatric 

populations of different evolutionary lineages within pale sand martin. No gene flow was 
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detected between parapatric population of R. d. tibetana and R. f. fohkienensis near the 

eastern edge of Qinghai-Tibetan plateau. Furthermore, phenology data showed large 

differentiation in breeding timing between them indicating allochrony might act as prezygotic 

isolation to prevent the gene flow.  

 

More interestingly, I found limited mixed ancestries of lowland population of R. d. 

tibetana in central Mongolia with R. d. diluta using both GBS (genotyping by sequencing) 

(Chapter 1) and resequencing data (Chapter 3). This area is located in a region of a well-known 

migratory divide for different bird species complexes  that populations from the east of the 

region take a different migratory route than the populations from the west of the area (Irwin 

& Irwin, 2005; Scordato et al., 2020). The Qinghai-Tibetan plateau has been proposed as a 

major barrier to bird migration and a majority of migrant Siberian and Mongolia species use 

just one migratory route – east or west – around it or show different routes in different 

subspecies (Irwin & Irwin, 2005; Scordato et al., 2020). Limited hybridization was also found 

between two subspecies of barn swallow Hirundo rustica in the same region which show 

contrasting migration routes around the Qinghai-Tibetan plateau (Scordato et al., 2020). R. d. 

diluta was recorded to winter in the northwestern Indian Subcontinent and occasionally on 

the Arabian Peninsula, likely following a western migration route around the Qinghai-Tibetan 

plateau (Rasmussen et al., 2005; Shirihai & Svensson, 2018). In contrast, R. d. tibetana is 

thought to winter in Southeast Asia, potentially circling the Qinghai-Tibetan plateau through 

the east or using river valleys along its southeastern edge to winter in the northern, central, 

and northeastern Indian Subcontinent (own data; Rasmussen et al., 2005). We hypothesized 

that hybrids might have non-optimal intermediate migration routes towards Qinghai-Tibetan 

Plateau and selection against them might restrict gene flow.  Our results indicate that 

seasonal migration behaviour might have played an important role in maintaining 

evolutionary diversity in birds under morphological stasis. However, more sampling would be 

needed to check whether there is a secondary contact zone between the R. d. tibetana and 

R. d. diluta in the western Mongolia. Furthermore, the migration behaviour also remains to 

be studied between populations in pale sand martin, especially in the region of the potential 

migratory divide. As birds molt, new feathers are formed, preserving a record of the chemical 

composition of their diet which reflect local environment during feather growth. Different 
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migration routes were revealed by different chemical composition of feathers grown in 

different breeding range or wintering ground based on stable isotope and trace element 

within various bird species (Chamberlain et al., 1997; Scordato et al., 2020; Szép et al., 2003). 

However, different feathers would moult at different time and it varies a lot between species 

(Jenni & Winkler, 2020). Moult was less studied in pale sand martin, thus makes it difficult to 

choose which feather to be applied stable isotope or trace element analyses (Szép et al., 2003). 

Thus, geolocator might be more applicable to apply to study their migration route. 

 

High-altitude adaptation and adaptive introgression of EPAS1 

  

In Chapter 3, I studied the genomic architecture of sand martins to check for signs 

indicating adaptation to. In order to find the genomic regions that might associated to high-

altitude adaptation, I applied Fst-based estimation accounting for the effects of background 

and linked selection and haplotype-based analysis between different pairs of lowland and 

highland populations from three lineages in east Asia based on resequencing data.  I identified 

genes including EPAS1 and HBAD potentially associated with high-altitude adaptation within 

R. d. tibetana. The Genomic basis of high-attitude adaptation was extensively studied in 

different organisms including humans but mainly focused on resident species (Beall et al., 

2010; Bigham et al., 2010; Cheng et al., 2021; Graham & McCracken, 2019; Li et al., 2018; 

Storz et al., 2007; Wang et al., 2014). Less is known about the genetic basis of how migratory 

birds adapt to the high altitudes with large elevation shift except studies in the bar headed 

goose showing adaptations to improve oxygen transport efficiency (Petschow et al., 1977; 

Scott et al., 2009; Wang et al., 2020) or whether there is genetic adaptation involved since 

migratory birds only spend few months on the high-altitudes during breeding season. Our 

results indicated selective sweep on both HBAD and EPAS1 on the Qinghai-Tibetan Plateau in 

R. d. tibetana. I identified one unique amino acid change in HBAD (hemoglobin alpha, subunit 

D) that only occurred on highland populations. Increased oxygen affinity in hemoglobin has 

been observed in various organisms inhabiting high altitudes, such as bar-headed geese (Liang 

et al., 2001), deer mice (Storz et al., 2009). In Tibetan chickens, HBAD has been associated 

with high-altitude adaptation (Zhong et al., 2022) and we hypothesized  the unique amino 

acid change we identified in highland R. d. tibetana might also  enhance oxygen affinity  (Gou 
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et al., 2007) However experiments and protein structure prediction need to be conducted to 

further check whether the highland HBAD that we found in R. d. tibetana also shows high 

oxygen affinity and the variant is indeed adaptive.  

 

Two clusters were found for EPAS1 in the nucleotide haplotype network 

reconstruction (Figure 4): one only consisted of haplotypes found in highland R. d. tibetana 

populations (except one haplotype from R. d. diluta) with lowest haplotype diversity and the 

second cluster included all the haplotypes from lowland populations including R. d. 

fohkienensis, R. d. diluta and Mongolian R. d. tibetana. There are two dominant amino acid 

haplotypes found in lowland and highland population separately. EPAS1 has been found 

repeatedly to be a target for selection to cope with hypoxia on the high-altitudes across a 

variety of species (Beall et al., 2010; Graham & McCracken, 2019; Storz et al., 2007). Two out 

of four novel amino acid changes we identified for highland EPAS1 in R. d. tibetana were in 

exon 12. This region encodes ODD (O2-dependent degradation)/NTAD (N-terminal 

transactivation) domain of EPAS1 protein which is crucial for the function  that ODD is the 

target of oxygen-dependent degradation and NTAD is thought to confer target specificity 

(Jaakkola et al., 2001). Convergent evolution of EPAS1 for high altitude adaptation were found  

between two resident bird species Andean speckled teal and yellow-billed pintail and most 

nonsynonymous AA changes in EPAS1 also occurred in exon 12 (Graham & McCracken, 2019). 

Experimental studies in mice embryonic development showed EPAS1 to be essential for 

catecholamine homeostasis  to prevent heart failure (Tian et al., 1998) as well as playing an 

important role in remodeling of the primary vascular network into a mature hierarchy pattern 

(Peng et al., 2000). Given the demanding conditions of low oxygen experienced at high-

altitudes, chronic hypoxia can have deleterious impacts on cardiovascular development in 

avian embryos  (Salinas et al., 2010).  We hypothesised that EPAS1 together with HBAD would 

provide high altitude adaptation especially during embryotic development to cope with 

hypoxia in highland R. d. tibetana populations. Experiment and protein structure prediction 

need to be conducted to further check whether the highland EPAS1 and HBAD we found in R. 

d. tibetana would facilitate embryotic development under chronic hypoxia condition. 
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 Furthermore, my results also indicated adaptive introgression of EPAS1 from R. d. 

diluta into lowland R. d. tibetana in central Mongolia. Topology weighting analysis also 

showed that the outlier window containing EPAS1 with dominant gene tree topology 

clustering lowland R. d. tibetana and R. d. diluta as sister group while the other two outlier 

window with species tree topology as the dominant gene tree topology. Limited genome-

wide admixture of R. d. diluta only occurred in parapatric population of lowland R. d. tibetana 

and I hypothesized that lowland R. d. tibetana might recently expanded from the Qinghai-

Tibetan Plateau during or after LGM and there might be secondary contact between R. d. 

diluta and R. d. tibetana in the lowland. The findings in Tibetan people showed that the high-

altitude EPAS1 haplotypes were introgressed from Denisovans (Huerta-Sánchez et al., 2014; 

Zhang et al., 2021). However, our results indicated adaptive introgression of EPAS1 happened 

in lowland: lowland EPAS1 haplotypes from R. d. diluta were likely introgressed into R. d. 

tibetana during the secondary contact when high-altitude population expanded into lowland 

facilitating the high-altitude adaptive R. d. tibetana to colonize into the lowland. Considering 

the genome-wide divergence between R. d. diluta and lowland R. d. tibetana, other 

mechanisms especially migratory divide might play an important role to restrict the gene flow 

between them that only allow introgression happened with few adaptive loci, pale sand 

martin thus would provide a potential system to study the genetic basis underling the 

migration orientation which has been a big puzzle in bird evolution (Delmore et al., 2020; 

Delmore et al., 2016; Justen & Delmore, 2022; Sokolovskis et al., 2022). 

 

In this thesis, I conducted a comprehensive analysis of genome-wide data, revealed 

cryptic radiation within a complex of migratory bird species and unravelled evidence of 

genomic adaptations in these migratory birds to the high altitudes. My findings suggested the 

presence of intriguing mechanisms that limit gene flow within these cryptic diversifications 

among migratory bird species. We hypothesize that pronounced dispersal propensity in the 

strongly migratory nominate subspecies of collared sand martin has hindered lineage 

divergence across its vast distribution range. In contrast, differential seasonal migratory 

behaviours appear to play a pivotal role in maintaining evolutionary diversity within the pale 

sand martin species complex under morphological stasis. Furthermore, my work provides 
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another example of important role of adaptive introgression to facilitate migratory birds in 

colonizing new environments successfully. 
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