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General Summary

This work tackles the evolutionary biology and phylogenetic relationships of Old World sparrows,
particularly snowfinches within the Passeridae family. The thesis also underscores the Qinghai-Tibet
Plateau's (QTP) pivotal role in shaping the diversification and distribution of these birds.

The phylogenetic relations of Old World sparrows

The first paper (Péackert et al., 2021) of this thesis studies the diversity and adaptation of Old World
sparrows, highlighting their ability to thrive in diverse environments across the Palearctic,
Afrotropics, and parts of the Oriental Region. This work extends our phylogenetic understanding of
the Passeridae family by integrating a more comprehensive taxon sampling (18 previously not
genotyped species of genus Passer and 11 species from other related genera), primarily from
underexplored and previously poorly researched areas like the Afrotropics, resolving ongoing
questions regarding the evolutionary relations within the family (Jgnsson and Fjeldsa, 2006). It also
investigates the complex evolutionary history of snowfinches, which have mainly adapted to extreme
alpine ecosystems, primarily on the QTP. Overall, the inclusion of these formerly unsampled species
has refined our understanding of how different species within Passeridae have diverged and adapted
to different environments and prompts a re-evaluation of the family's biogeographic diversification

and speciation processes.

Evolutionary history and dispersal of snowfinches:

The second paper (Islam et al., 2024) of this thesis discusses the evolutionary history of snowfinches,
tracing their origins back to in-situ speciation events on the QTP during the Miocene. This study
incorporates genome-wide SNP data with mitochondrial sequences obtained from next-generation
sequencing (NGS), improving previous studies which relied only on mitochondrial markers,
frequently resulting in contradictory tree topologies due to the limited resolution of these markers
(Cobos et al., 2021; Lei et al., 2014). The results illuminated the evolutionary relationships of the
snowfinches (genera Montifringilla, Pyrgilauda and Onychostruthus), resolving longstanding
phylogenetic uncertainties in the group. In this project, we included the first genetic analysis of the
Afghan snowfinch (Pyrgilauda theresae), an endemic species with a very limited range within
Afghanistan. Due to fieldwork restrictions, sampling in this region is impossible today. Therefore,
we relied to the historical museum collections, highlighting the important role of natural history

collections in modern biodiversity research. This chapter also explores the dispersal patterns of these
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birds from the QTP to other regions, highlighting the plateau's role as a centre of biodiversity and a
source region of cold-adapted Palearctic species. Overall, this work increases our understanding of
the intraspecific diversification of the white-winged snowfinch (Montifringilla nivalis) and
snowfinch phylogeny, providing a methodological framework for addressing similar questions in

other avian taxa.

Genomic Insights into Intraspecific Diversification in the species Montifringilla nivalis

The third paper (Islam et al., in prep.) explores the intraspecific diversification in Montifringilla
nivalis. The work uses an integrative taxonomy method, combining population-wide analysis using
genome-wide SNPs and detailed morphological assessments and species distribution modelling. This
paper reveals that environmental factors and historical biogeography have driven the diversification
within M. nivalis. This research also highlights the Qinghai-Tibet Plateau as a crucial centre of
diversification, where fluctuating environmental conditions across altitudinal gradients have driven
genetic and phenotypic differences within M. nivalis populations and other bird species. This work
sheds light on the mechanisms of speciation within M. nivalis population across Eurasia; it discloses
the complexity of the evolution of this species, highlighting the need for more detailed phylogenetic
and population studies of M. nivalis and a better understanding of their population structure. Overall,
this chapter underscores the importance of integrating genomic, morphological data and phylogenetic
analysis to study intraspecific diversification, and offers a broader understanding of the evolutionary

processes that shape speciation in mountainous environments.
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Aims of the Thesis

The objective of this thesis is to understand the phylogenetic relationships of the Passeridae (Aves)
family, with the focus on the snowfinches’ (genera Montifringilla, Pyrgilauda and Onychostruthus)
historical biogeography across the Eurasian mountain systems. We address the following key

objectives:

a). Firstly, we wanted to include more species in the phylogeny of the Passeridae family.

b). Secondly, we wanted to utilize mitogenome markers and genome-wide single nucleotide
polymorphisms (SNPs) to generate the first taxon-complete phylogeny of snowfinches (genera
Montifringilla, Pyrgilauda and Onychostruthus) at the species-level to resolve taxonomic
inconsistencies connected to their position in the phylogenetic tree. Moreover, this research explains

the influence of the Qinghai-Tibet Plateau (QTP) on the diversification of snowfinches.

c). Finally, we wanted to explain the intraspecific diversification of the white-winged snowfinch
(Montifringilla nivalis), with a focus on the historical diversification across Eurasian mountain
systems. Moreover, we explained the divergence in phenotypic traits between European and Asian
clades and tried to explain evolutionary history of the species Montifringilla nivalis by modelling
past and present distributions, along with morphological analyses.
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Introduction

The Qinghai-Tibet Plateau (QTP), the highest and youngest plateau on Earth (Deng et
al., 2020), is commonly documented as the “cradle of evolution” (Wu et al., 2022; Wen
et al., 2014) and serves as a natural laboratory for observing environmental fluctuations
and the evolutionary history of many organisms (Zheng & Yao, 2006; Chang & Miao,
2016; Yao et al., 2017). Its unique climatic conditions driven by extreme elevation,
irregular geography, and harsh climate—have adopted the diversification of countless
lineages (Liu et al., 2021; Favre et al., 2015). Geological and paleoenvironmental
reconstructions suggested that over geological time, the QTP has undergone complex
and large-scale environmental changes (An et al., 2001; Royden et al., 2008; Wang et
al., 2008; Zhu et al., 2013; Spicer, 2017; Su et al., 2019a, 2019b), which have reformed
regional climate regimes and shaped isolated refugia, particularly since the mid-
Miocene (Spicer et al., 2003; Favre et al., 2015). Mountains are crucial ecosystems for
global biodiversity, accommodating over 85% of the world's species of amphibians,
birds, and mammals (Rahbek et al., 2019). These regions harbour numerous endemic
plants and animals, many of which are considered biodiversity hotspots. There are 36
globally recognized biodiversity hotspots located in tropical regions (Myers et al., 2000),
and many are allied with large mountain systems such as the Andes, the East African
Arc, and the Himalayas (Marchese, 2015).

The Qinghai-Tibet Plateau (QTP) recognized as one of the areas of the Eurasian
mountain systems with the highest species richness both of plants and of animals
(Fjeldsa et al., 2012; Li et al., 2022). The QTP boundaries are connected to the four
different hotspots of biodiversity (Fig. 1) which are listed among the main biodiversity
hotspots of the Northern Hemisphere (Tang et al., 2006). The organismic biodiversity of
the QTP is highest along its forested boundaries (Favre et al., 2015), southwestern
China, the eastern Himalayas, and the Central Asian mountains, representing an
important richness in biodiversity (Myers et al., 2000). Geological fluctuations on the
QTP have designed climate patterns and facilitated species dispersal (Jacques et al.,
2011). Although the high alpine environments of the QTP harbour comparatively few
species, this region has played an important role in species origin, diversification and
global dispersal of species, making it a key centre for global species formation and
dispersal (Fjeldsa et al., 2012; Hoorn et al., 2018; Muellner-Riehl et al., 2019). Many
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cold-tolerant species that originated in the QTP, for example, have spread widely from

the plateau, achieving Holarctic distribution (Jones et al. 2017).

The Qinghai-Tibet Plateau is also home to numerous endemic species (Wen et al., 2014;
Sunetal., 2017). The snow leopard (Panthera uncia), for example, the high-altitude cat
species (Janecka et al., 2008) endemic to the QTP and adjacent areas, and in fishes an
entire family, the snow carps (Schizothoracinae), diversified in this region and many
species adapted to high-alpine environments of the plateau (Qi et al. 2015; Zhou et al.,
2020). Evolutionary research suggested that adaptations during ice age events were
crucial for biological community survival and they were important to the Tibetan Plateau
ecosystem for millions of years (Wang et al., 2015), illustrating the plateau's role as an
evolutionary hub. The uplift of the plateau created an isolated ecological environment
that facilitated speciation, but many species originating here spread globally afterwards
(Deng et al., 2015). For instance, the seven species plant genus Hippophae originated
in the Qinghai- Tibetan Plateau (Gu et al. 2024) and near high elevation area and later
migrated to across Eurasia, in which six species (H. goniocarpa, H. litangensis, H.
gyantsensis, H. neurocarpa, H. salicifolia and H. tibetana) are only distributed in the
QTP and the adjacent Himalaya region and the one species
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Fig 1: The Qinghai-Tibet Plateau and four biodiversity hotspots areas (modified from
Favre et al., 2015).
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H. rhamnoides distributed across Eurasia occurring in the QTP, northern China,
Mongolia, Siberia, central Asia, Asia Minor and Europe (Jia et al., 2012). The
southeastern Tibetan Plateau is recognized as the modern center of diversification
snowfinch species (Péackert et al., 2020). In fact, the biodiversity and evolutionary history
of forest-bird communities in the Himalayas have been widely studied (Price et al.,
2014), but the alpine accumulations from the high plateau region of the QTP remain

poorly understood.

Recent studies have highlighted bidirectional faunal exchange between the QTP and
adjacent regions, emphasizing the complex interplay of in-situ diversification, dispersal
and immigration processes in this area (Packert et al., 2020). This exchange has been
observed across multiple clades of passerine birds, paralleling findings observed in
evolutionary studies of alpine plants (Ebersbach et al., 2017). For example, rosy-finches
(Leucosticte) are distributed in North America, but likely trace their ancestries to the
QTP (Funk et al., 2021). From this area, they dispersed and successfully colonized
North America. Key to this expansion is probably their adaptation to the varied and often
harsh high alpine environments (Favre et al., 2015), as recovered for many other species
(Mosbrugger et al., 2018; Wang et al., 2015; Wen et al., 2014).

Phylogenetic studies suggested that the white-winged snowfinch (Montifringilla nivalis)
(Fig. 2.A) originated from QTP (Qu et al. 2006; Islam et al. 2024) and later migrated to
Eurasian alpine habitat. The Afghan snowfinch (Pyrgilauda theresae) also originated
from QTP but presently only distributed northern parts of the Hindu Kush mountains in
Afganisthan. Similarly, the Red-fronted and Great Rosefinch (Carpodacus puniceus)
and Great Rosefinch (Carpodacus rubicilla) originated from QTP, later migrated across
Asia, supporting the "Out-of-Tibet" hypothesis (Packert et al., 2020). On the contrary,
the "Into-Tibet" hypothesis suggested that the Ground Tit (Pseudopodoces humilis) and
Himalayan Vulture (Gyps himalayensis) species originated in surrounding lower-altitude
areas and later migrated into QTP (Favre et al., 2015; Johnson et al., 2006). The "Out-
of-Himalayas" hypothesis explain that the Himalayas served as a source for species like
rosefinches (Carpodacus spp.) which originated in the Himalayas and migrated into Asia
and Europe (Fig. 2B) and similarly the mountain finches (genus Leucosticte), which
originated in the Himalayas later migrated in the Nearctic area (Fig .2.C). The

"multidirectional™ hypothesis explains the faunal exchange events between the QTP and
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its near mountains. The ancestors of the superfamily Passeroidea shows the
multidirectional exchange events between the QTP and peripheral region. (Fig.2.E)

A) gnowfinch_es C) mountain finches

ﬁl New World
N
-
J -
Out-of Tibet Out-of Himalayas

D)

Into Tibet

multidirectional

Fig 2. Multidirectional faunal exchange events between the QTP and outer regions for
different bird families of the superfamily Passeroidea (modified from Pé&ckert et al.,
2020).

Our phylogenetic studies, mainly those involving Passeroidea, disclose that the oldest
endemic species on the QTP date back to the early Miocene (Packert et al., 2020). The
Himalayas appeared to have played a significant role in the diversification phase of
passerines from 10 to 5 million years ago, especially throughout the late Pliocene, by
promoting niche divergence through the fast formation of altitudinal differences
(Jensson and Fjeldsa, 2006). Packert et al., (2020) also suggested that the QTP has
represented a biogeographic source region, facilitating multiple colonization events in
adjacent regions and suggestively influencing local faunal and floral communities
(Favre et al., 2015).

In fact, the QTP appears to have played a central role in the evolutionary history of
superfamily Passeroidea (Favre et al., 2015; Péckert et al., 2020). The oldest known

Tibetan endemic passerine is Przevalski's Finch (Urocynchramus pylzowi), whose ancestors
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diverged from their closest relatives in the late Oligocene, around 25 million years ago
(Packert et al., 2016). Several other alpine QTP endemics originated from lineage splits
during the Late Miocene, approximately 10 to 7 million years ago, such as the Tibetan
bunting (Péckert et al., 2015b) and the Tibetan rosefinch (Tietze et al., 2013).
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Fig. 3: The phylogeny of Passeroidea and phylogenetic network of Passeridae. A). The
phylogeny of Passeroidea illustrates long evolutionary time spans and multiple, parallel
radiations across various songbird families. A) Phylogeny of Passeroidea (above, n= 660
species, four markers, total alignment of 4,813 bp) and three regimes of net-
diversification rates (below); the snowfinch radiation that started at approximately 8
Mya; B) neigbor network for in particular in one subclade of Passeridae, namely the
snowfinches. This includes all snowfinches including Afghan Pyrgilauda theresae
(specimen from 1968), genome-wide SNP data set, > 100,000 SNPs; C) PCoa explains
the trans-Eurasian diversification of a snowfinch species namely, the white-winged
snowfinch (Montifringilla nivalis; n= 67) started at about 2.3 to 2.7 mya, scatterplots of

principal components 1, 2 and 3 from PCA based on genome-wide SNPs.

The order Passeriformes, frequently known as perching birds or songbirds, is the largest
and most diverse group of birds, covering over 140 families and 6,533 species which
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are enlist about 60% of all bird species worldwide (Gill et al., 2020; Ericson et al., 2003;
Selvatti et al., 2015). Within this order, the family Passeridae (Old World sparrows and
Snowfinches) is widely distributed across the Afrotropical, Palearctic, and parts of the
Oriental regions. Today, the Passeridae family (Old World Sparrows), consists of eight
genera: Hypocryptadius, Carpospiza, Petronia, Onychostruthus, Montifringilla,
Pyrgilauda, Gymnoris, and Passer, encompassing a total of 43 identified species (Gill
et al., 2020). These birds occupy diverse landscapes, across a wide range of territories,
from the Palearctic to the Afrotropics and parts of the Oriental Region. Their ability to
adapt to different environments is apparent in their wide distribution, as they have
accomplished to thrive in nearly all regions of the Old World, with the exclusion of the
Australian Region and Madagascar. Especially striking is the genus Passer, the most
diverse, containing 28 species. Among these, the house sparrow (Passer domesticus), is
a species that, unlike its relatives, has spread globally as a commensal of human
civilization, largely due to human introduction (Packert et al., 2021), and has been
therefore well-studied as a case study of close association with human habitats (del Hoyo
& Collar, 2016).

=NWHOON®

Fig. 4: Distribution of Passeridae species (Old World sparrows): Figure from Péackert
et al., (2020).

Despite their global importance, phylogenetic relationships within the Passeridae family
had not been thoroughly explored mainly due to a lack of complete data, particularly
conflicts areas such as Afganisthan. The earliest phylogenetic hypothesis for the

Passeridae, based on a single mitochondrial gene, comprised only of eleven species
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(Allende et al., 2001). While Jgnsson and Fjeldsa (2006) published a more extensive
phylogenetic hypothesis including 14 species from three genera, no multi-locus analysis
had been conducted across a wider taxon sampling of Passeridae. This has hindered our
efforts to understand diversification patterns across the Passeridae family, which
features two key diversity hotspots: the African Rift Valley and the eastern edge of the
Qinghai-Tibetan Plateau (QTP) (Fig. 3). The QTP, in precise, stands out for its species
richness among snowfinches. By carefully analyzing the role of the QTP, we aim to
highlight its importance of the QTP in their Eurasian early diversification and

subsequent role as a centre of origin and destination for many Passeridae species.

In my PhD projects, we explored the multilocus phylogeny of the Passeridae (chapter 1)
family and added unexplored species. We used genome-wide single nucleotide
polymorphisms (SNPs) to construct the first taxon-complete phylogeny of snowfinches
(chapter 2). We analysed the intraspecific diversification of the white-winged snowfinch
(Montifringilla nivalis), focusing on its historical spread across Eurasian mountain
systems (chapter 3). Additionally, we investigated divergence in phenotypic traits
between European and Asian clades, modeling both past and present distributions to

understand the evolutionary history of Montifringilla nivalis.



Chapter 1: A revised multilocus phylogeny of Old World sparrows (Aves: Passeridae)
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Abstract

The Old World sparrows include some of the best-studied passerine species, such as the cosmopolitan human commensal, the house
sparrow (Passer domesticus) as well as poorly studied narrow-range endemics like the lago sparrow (P. iagoensis) from the Cape
Verde Archipelago or specialists from extreme environments like the desert sparrow (P, simplex). It is therefore notable that to date
the most complete phylogenetic hypothesis for the Old World sparrows comprised only ten of 43 currently accepted species. With
this study we provide an updated phylogeny of Passeridae covering about two third of the family’s species richness. Though still be-
ing far from taxon-complete, this new phylogenetic hypothesis provides firm evidence to clarify some open taxonomic questions. All
genus-level taxa were reciprocally monophyletic with strong support. Contrary to previous classifications, bush sparrows and rock
sparrows were not sister taxa, and therefore their classification in separate genera Gymnoris and Petronia is justified. Plumage color
traits like the yellow throat patch of the latter two genera or head color pattern in Passer species do not provide reliable phylogenetic
information, except for the large-sized African grey-headed sparrows that resulted as a monophyletic group (P, diffusus, P. griseus, P.
gongoensis). Unexpectedly, two small-sized species, P. eminibey and P. luteus that to date are regarded as close relatives were firmly
nested in two separate clades of Passer sparrows. Therefore, their separate generic treatment under Sorella eminibey and Auripasser
luteus (together with A. euchlorus) does not seem justified.
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Introduction

The Old World sparrows, Passeridae, are a speciose pas-
serine family distributed all over the Afrotropics, the
Palearctic and parts of the Oriental Region. Throughout
the entire Old World, only the Australian Region and
Madagascar are not inhabited by any species of the fami-
ly — except the human-introduced house sparrow. Several
species are highly adapted to extreme environments such
as the snowfinches (Montifringilla, Pyrgilauda and Ony-
chostruthus) from the high alpine ecosystems of Eurasian
mountain systems (Lei et al. 2014; Péckert et al. 2020).
Recent comparison of high-quality genomes provided ev-
idence of divergent adaptation to local selective pressures
in each of the three snowfinch genera (Qu et al. 2021).
Also, the extremely hot and dry Sahara harbors suitable
habitat for specialists like the Desert sparrow, Passer sim-
plex. Areas of highest species richness are located in the
African Rift Valley and at the eastern margin of the Qing-
hai-Tibet Plateau (QTP) (Fig. 1).

Though formerly included in Passeridae (e.g. Dick-
inson 2003), the sparrow-weavers (genera Plocepasser,
Histurgops, Pseudonigrita and Philetarius) had often
been affiliated to the Ploceidae based on morphological
features like tongue musculature (Bock and Morony Jr
1978; Summers-Smith 2010). Recent phylogenies by
de Silva et al. (2017, 2019) confirmed the inclusion of
sparrow-weavers in Ploceidae (compare also Jensson
and Fjeldsa 2006) in accordance with most taxonomic
authorities (Dickinson and Christidis 2014; del Hoyo
and Collar 2016; Clements et al. 2019; Gill et al. 2020).
The Passeridae are characterized by several synapomor-
phies of tongue morphology, too (Bock and Morony Jr
1978) and representatives of major genera (Montifringil-
la, Passer and Petronia) belong to a monophyletic group
that was consistent across several recently published
phylogenies (e.g. Ericson and Johansson 2003; Zuccon
etal. 2012).

To date, the Passeridae are generally classified into
eight genera, four of them monotypic (Hypocryptadius,
Carpospiza, Petronia and Onychostruthus), with a total
number of 43 currently accepted species (according to the
I0C World Bird List by Gill et al. 2020). Among these,
Passer is the most diverse genus with 28 currently recog-
nized species (del Hoyo and Collar 2016; Gill et al. 2020),
of which the house sparrow, Passer domesticus (Fig. 2C),
is probably one of the best studied species (reviews in
Anderson 2006; Liebl et al. 2015), not least because as
a commensal of human civilization it is fairly common
all over its range (Setre et al. 2012). Moreover, past and
extant hybridization of the house sparrow with other con-
specifics has been intensively studied on a genetic basis
with respect to the stabilized hybrid form Passer italiae
(Elgvin et al. 2011, 2017; Hermansen et al. 2011, 2014;
Eroukhmanoff 2013, 2017; Setre et al. 2017; Runemark
et al. 2018), to distinct genetic lineages in Asia (Ravinet
et al. 2018) and to the mosaic hybrid zone with the Span-
ish sparrow, P. hispaniolensis, in North Africa (Belkacem
et al. 2016; Packert et al. 2019).

In contrast, the phylogenetic relationships among gen-
era and species of Passeridae are poorly studied to date,
which is mainly due to a lack of data from the Afrotropics.
Recently, it came out as a rather surprising finding, that
the Philippine endemic cinnamon ibon, Hypocryptadius
cinnamomeus, was sister to a clade of Passeridae species
(Fjeldsa et al. 2010). Previously, that Philippine endem-
ic had been included in the white-eyes (Zosteropidae),
however based on molecular phylogenetic evidence this
species is included in Passeridae by several taxonomic
authorities today (del Hoyo and Collar 2016; Gill et al.
2020).

A first phylogenetic hypothesis for Passeridac was
based on a single mitochondrial gene (Allende et al.
2001) and included only eleven species. Since then, a
few molecular studies focused on the phylogenetic rela-
tionships of snowfinches (Onychostruthus, Pyrgilauda,
Montifringilla [Fig.2A]), a group of eight high alpine
endemic species from the QTP and from other Palearctic
mountain systems (Qu et al. 2006; Gebauer et al. 2006;
Lei et al. 2014; del Mar Delgado et al. 2019; Péackert et
al. 2020). However, to date no multi-locus analysis has
ever been performed for a broader taxon sampling across
different genera of Passeridae. The most comprehensive
phylogenetic hypothesis available for Passeridae by Jons-
son and Fjeldsa (2006; their Passeroidea clade 8) includ-
ed 14 species from three genera.

As a contribution to the current discussion on phylo-
genetic relationships within Passeridae, we provide a
new phylogenetic hypothesis for 18 species of Old World
sparrows (Passer) and another 11 species of African
bush-sparrows (Gymnoris), rock sparrows (Petronia,
[Fig. 2B]) and snowfinches (Onychostruthus, Pyrgilauda,
Montifringilla) from the Qinghai-Tibet Plateau and other
Palearctic mountain systems.

Methods

We amplified and sequenced four molecular markers using
65 samples from 22 species of the Passeridae genera Pass-
er, Petronia, Gymnoris, Montifringilla, Pyrgilauda and
Onychostruthus. Based on previous evidence of intraspe-
cific diversification from Packert et al. (2020) we included
some additional subspecific taxa of Montifringilla nivalis
and Petronia petronia (Table 1), further samples from dif-
ferent island populations of the Cape Verde endemic Iago
sparrow (Passer iagoensis; Fig. 2D) and from the range of
overlap of two of the smaller snowfinch species (Pyrgilau-
da blanfordi and P. davidiana; further samples for intra-
specific comparison, see supplementary Table S1).

We extracted DNA from frozen blood or tissue sam-
ples using the innuPREP DNA Mini Kit (for muscle tis-
sue) or the innuPREP BloodDNA Mini Kit (for blood),
respectively (both Analytik Jena AG, Germany) accord-
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Figure 1. Diversity heat map of Old World sparrows (Passeridae) with two hotspots of diversity in the African Rift Valley and at the
eastern margin of the Qinghai-Tibet Plateau; modified from Péckert et al. (2020).

. T ' ; SRR | | '; [ i
Figure 2. Selected study species of Old World sparrows, Passeridae; A) white-winged snowfinch, Montifringilla nivalis (photo: DL,
Gobi Altai, Mongolia); B) rock sparrow, Petronia petronia, at nesting hole (photo: MP, China Qinghai); C) house sparrow, Passer
domesticus (photo: MP, Greece, Santorini); D) Iago sparrow, Passer iagoensis; (photo: SH, Cape Verde Islands).
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ing to the manufacturer’s instructions except for over-
night incubation of tissue with proteinase K (instead of
one hour).

We amplified and sequenced the mitochondrial cyto-
chrome-b (cyt-b) for all samples available for compari-
son with the Passer phylogeny by Allende et al. (2001).
For multi-locus reconstruction we sequenced one further
mitochondrial gene, NADH-dehydrogenase subunit2
(ND2) and two nuclear introns, myoglobin-intron2 (myo)
and ornithine-decarboxylase intron7 (ODC). Primers and
PCR protocols are documented in Péckert et al. (2020).
PCR products were purified using ExoSap-IT (GE
Healthcare; adding 0.1 mL ExoSap-IT solution in 4 mL
H20 to each sample; 37 °C for 30 min, 94 °C for 15 min).
The sequencing of the PCR products was performed with
BigDyeTM 3.1 Dye Terminator Cycle Sequencing Kits
(Applied Biosystems), according to the manufacturers’
instructions. Cycle sequencing products were purified
by salt/ethanol precipitation or by using Sephadex (GE
Healthcare, Munich, Germany), and sequenced in both
directions on an ABI 3130xI DNA sequencer.

We aligned forward and reverse Sanger sequences for
each gene by ClustalW using MEGA 5.1 (Tamura et al.
2011) and we cross-checked the respective electrophero-
grams with Chromas v.2.6.5 (Technelysium Pty Ltd) for
possible inaccuracies due to sequencing or reading errors.
For each marker per sample, we manually combined se-
quences of both reading directions to a single consensus
sequence. All sequences used for analysis were deposited
at GenBank (Table 1).

Newly generated sequences were incorporated in a
sequence alignment for Passeroidea from Packert et al.
(2016, 2020), including outgroup taxa from closely re-
lated families Ploceidae, Viduidae, Estrildidae and Uro-
cynchramidae (Table 1). The final alignment comprised
3485 base pairs (cyt-b: 1041 bp; ND2: 1041 bp; myo:
732 bp; ODC: 671 bp). We complemented our sequence
data set for Passeridae with sequence data from GenBank
for eight species missing from our sampling including the
cinnamon ibon, Hypocryptadius cinnamomeus (Table 1).
Altogether, our final data set comprised 30 species of Pas-
seridae among these 18 out of 28 currently recognized
species from genus Passer (del Hoyo and Collar 2016).
These are more than two third of all species from this
genus (see Table 1) and twice as many species-level taxa
compared to the most recent phylogenetic hypothesis for
Passeridae (Jonsson and Fjeldsa 2006). For hierarchical
outgroup rooting we used the waxwing, Bombycilla gar-
rulus (compare Packert et al. 2020).

We reconstructed multi-locus phylogenies using Bay-
esian inference of phylogeny BEAST vers. 1.8.1 (Drum-
mond et al. 2012) and Maximum Likelihood (ML) using
RAXML (Stamakakis 2006, 2014). We relied on the parti-
tioning scheme applied to the Passeroidea data set by Pack-
ert et al. (2020) who included Passeridae with 26 species.
According to their estimates using PARTITIONFINDER
(Lanfear et al. 2012) the best-fit partition scheme was a
nine-partition scheme by gene and codon: ND2, 1041 bp,
three partitions by codon position, GTR +I'+I model; cy-
tochrome-b, 1041 bp, three partitions by codon position,
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GTR +I'+I model; myo, 730 bp, one partition, HKY+I"
model; ODC, 643 bp, one partition, GTR+I" model.

For inference of divergence times estimates, we ap-
plied a molecular clock calibration using mean substitu-
tion rate estimates for the two mtDNA markers estimat-
ed by Lerner et al. (2011) for Hawaiian honeycreepers
(Drepanidinae): cyt-b= 0.014; ND2= 0.029 (both in in
substitutions per site per lineage per million years). The
cyt-b rate applied here ranges at a similar dimension like
the empirical cyt-b rate of 0.0105 evaluated by Weir and
Schluter (2008).

We performed three independent runs with BEAST
for 30,000,000 generations (parameters were logged and
trees sampled every 3,000 generations) under the uncor-
related lognormal clock model for all loci with the “au-
to-optimize™ option activated and a birth-death process
prior applied to the tree. We combined log files and tree
files from independent BEAST runs with used LOG-
COMBINER v.1.8.1 and checked the combined log file
in TRACER v. 1.4 (Rambaut and Drummond 2007) to
ensure adequate ESS files for all parameters (all ESS >
200). All obtained phylograms were edited in FIGTREE
vers. 1.4.2 (Rambaut 2009).

For illustration of intra- and interspecific genetic varia-
tion and divergence of selected species, we reconstructed
unrooted minimum parsimony networks with PopART
(http://popart.otago.ac.nz) using the “tcs network™ algo-
rithm (Clement et al. 2000). We calculated uncorrected
pairwise p-distances (based on cytochrome-b sequences)
using MEGA 5.1.

Results

The Old World sparrows resulted as a strongly supported
monophyletic group from all analyses and were sister to
another well supported clade including weavers (Plocei-
dae), Przewalski’s finch (Urocynchramus pylzowi), estril-
did finches and wydahs (Estrildidae and Viduidae; Fig. 3).
The subclade of Passeridae is shown in Fig. 4. The basal
split in Old World sparrows was dated to approximately
17.5 mya and separated the cinnamon ibon (Hypocrypta-
dius cinnamomeus) from all other Passeridae. These were
divided into two major clades.

Clade I showed a deep split at about 10 mya between
the rock sparrows (genus Petronia; clade la) and the snow-
finches (Montifringilla, Pyrgilauda, Onychostruthus;
clade Ib, Fig. 4). The latter three snowfinch genera start-
ed diversifying at about 6.9 mya, a sister-group relation-
ship between Montifringilla and Pyrgilauda (with Ony-
chostruthus as the earliest offshoot) received only poor
support (Fig. 4; clade Ib). However, the clade uniting
Montifringilla and Pyrgilauda was characterized by a
shared 3-bp deletion in myoglobin intron 2, whereas the
Pyrgilauda clade was characterized by another 4-bp in-
sertion in the same intron marker (Fig. 4).

Clade II includes the sister genera Passer (IIa) and
Gymnoris (1Ib) and each of them with strong node sup-

port. Members of Clade II shared a 23-bp deletion in
ODC intron 7 (Fig. 4) and all members of Passer shared
another 4-bp deletion in myo intron 2 (Fig. 4). Contrary
to traditional systematic classification, the yellow-throat-
ed species of bush sparrows (Gymnoris) and rock spar-
rows (Petronia) were not closest relatives in the Passeri-
dae phylogeny (Fig. 4).

Old World sparrows of genus Passer were also divided
into two strongly supported clades. One entirely Afrotrop-
ical clade included seven species from Sub-Saharan Afri-
ca. One Sub-Saharan subclade included three species of
grey-headed sparrows (Fig. 4: P. griseus, P. diffusus and
P gongoensis). Except for that monophyletic group of
grey-headed sparrows, head color pattern does not reflect
monophyletic units in the Passer clade (Fig. 4), which is
once more in contrast to previous superspecific classifica-
tions. The second subclade united two species from South
Africa (P. melanurus, P. motitensis) with the small-sized
chestnut sparrow (P. eminibey) from East Africa. The
Afrotropical Passer clade was sister to a second moder-
ately supported clade that comprised 12 species from the
Palearctic and the Oriental Region that started diversify-
ing at about 5.5 mya (Fig. 4). Phylogenetic relationships
among members of that clade were ambiguous because of
poor support values for many nodes. A basal split sepa-
rated the Asian russet sparrow (P. cinnamomeus) from the
remaining Passer species. Two further ancient offshoots
of the Palearctic/Oriental clade, the widespread tree spar-
row (P. montanus) and the Central Asian Saxaul sparrow
(P. ammodendri) received moderate and poor support, re-
spectively. Another poorly supported Afro-Arabian clade
of four sparrow species united the Saharan desert sparrow
(P. simplex), the Sudan golden sparrow (P. [uteus) from
the Sahel Region, the Dead Sea sparrow (P. moabiticus)
from the Near East and the Middle East and the Cape
Verde endemic lago sparrow (P. iagoensis)(Fig. 4). In the
latter, no clear phylogeographic structure among island
populations could be observed in the maximum parsimo-
ny network of five cyt-b haplotypes (Fig. 5C). Finally, a
well-supported terminal clade united four closely related
species that started diversifying in the early Pleistocene:
the house sparrow (P. domesticus), the Spanish sparrow
(P. hispaniolensis), the Italian sparrow (P. italiae) and the
Socotra sparrow (P. insularis) (Fig. 4). The sister-group
relationship of the Southeast Asian plain-backed sparrow
(P. flaveolus) to that terminal clade received moderate
support.

High intraspecific differentiation with split ages esti-
mated at 2.3-2.7 Ma was found in two species of clade I:
Both Petronia petronia and Montifringilla nivalis showed
adeep split between European and Asian lineages (Fig. 4).
Paraphyly of M. nivalis with respect to its Tibetan conge-
ner M. adamsi was only poorly supported. European and
Asian populations of the white-winged snowfinch (M. ni-
valis) appeared as two distinct clusters in the cyt-b haplo-
type network separated by a minimum of 22 substitutions
(Fig. 5A). Uncorrected pairwise distances between the
European and the Asian mitochondrial lineage ranged be-
tween 4.9-5.1% (cyt-b) at the same p-distance level like
interspecific comparison between M. nivalis and M. ad-
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Figure 3. Phylogenetic relationships of Old World sparrows (Passeridae) and closely related outgroups weaverbirds (Ploceidae),
estrildid finches (Estrildidae), indigobirds and wydahs (Viduidae) and Przewalski’s finch (Urocynchramidae, monotypic: Urocynch-
ramus pylzowi); combined MCMC tree from three runs with BEAST 30 Million generations each, burning 3000 trees (of 30.000
sampled trees); node support: Bayesian posterior probabilities above nodes, thorough bootstrap from RAXML below nodes.; full
node support from both analyses (BI: 1.00, ML:100) indicated by an asterisk.
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Figure 4. Inter- and intrageneric phylogenetic relationships of Passeridae; zoom on the Old World sparrow clade of the combined
MCMC tree from three runs with BEAST 30 Million generations each, burning 3000 trees (of 30.000 sampled trees); node support:
Bayesian posterior probabilities above nodes, thorough bootstrap from RAXML below nodes; full node support from both analyses
(BI: 1.00, ML:100) indicated by an asterisk; conflicting topology in the RAXML tree indicated by “-“;# = poor node support values
below 0.5 (BI) and 50 (ML); bars with numbers indicate indels of nuclear introns shared by all members of the respective clade
(grey= myoglobin; white= ODC; += insertion; -= deletion); variation of two male plumage color traits indicated at tip clades for
species of Passer, Petronia and Gymnoris; head pattern according to Stephan (2000) who classified the grey-headed P. simplex and
the Sudan golden sparrow (P. [uteus) as ancestral forms of brown-headed sparrows.
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Figure 5. Haplotype networks showing intra- and interspecific
variation of A) the white-winged snowfinch, Montifringilla ni-
valis (including the sequence data set by Resano-Mayor et al.
2016) based on 341 bp cytochrome-b (n= 87); B) Blanford’s
snowfinch and Pére David’s snowfinch (Pyrgilauda blanfordi,
P. davidiana), based on 819 bp cytochrome-b (n=23); C) the
Cape Verde endemic lago sparrow (Passer iagoensis) compared
to the house sparrow (P. domesticus; population from east-
ern Germany from Péckert et al. 2019) based on 773 bp ND2
(n=29).

amsi (4.5-4.8%; cyt-b). Similarly, uncorrected p-distanc-
es between rock sparrow populations from Spain (P, p.
petronia) and from China (P, p. brevirostris) were as high
as 4.8% (cyt-b; compare the deep split in Fig. 4). In the
small-sized species of genus Pyrgilauda, one specimen
of Pére David’s snowfinch, P. davidiana, was sister to a
syntopic P. blanfordi specimen instead to a conspecific
specimen from the northern allopatric part of the breeding
range (Fig. 4; however this grouping was not supported in
the RAXML tree that united both P. davidiana sequences
in a poorly supported clade). The haplotype network for
a larger set of Pyrgilauda samples showed that regardless
of phenotypic species identification all specimens from
the region of sympatry at Koko Nor in northern Qinghai
belonged to one haplotype cluster that was separated from
another distantly related P. davidiana haplotype (shared
by two specimens of unknown origin) by 37 substitutions
(Fig. 5B). The Koko Nor cluster had a star-like structure
with eight tip haplotypes and a central haplotype shared
by eleven individuals of both species (P. davidiana and
P. blanfordi).

Discussion

To date, there is no comprehensive phylogeny of Old
World sparrows (Passeridae) available except for a sin-
gle-locus tree covering about 40% of the currently ac-
cepted species (Allende et al. 2001) and a Passeridae
clade from a supertree by Jonsson and Fjeldsa (2006)
which was largely based on the same sequence informa-
tion (see below). Though our new phylogeny still miss-
es ten out of 28 Passer species we are covering 30 of
43 currently accepted species of Passeridae (about 70%)
and several clear conclusions can be drawn from this new
(though still incomplete) phylogenetic hypothesis. Most
importantly, our results confirm the monophyly of the
genera Gymnoris, Passer, Montifringilla and Pyrgilauda
(the remaining genera are monotypic). This is particularly
relevant with respect to the taxonomic treatment of bush
sparrows and rock sparrows.

Bush sparrows and rock sparrows

Bush sparrows (Gymnoris) have long been merged in
one genus Petronia together with rock sparrows (Wolters
1952; Vaurie 1956; Stephan 2000; Summers-Smith 2010:
fig. 113). In their Illustrated Checklist of the Birds of the
World del Hoyo and Collar (2016) classified bush spar-
rows in a separate genus Gymnoris but added a side remark
that these species were “often merged into Petronia”.
Until recently, congeneric treatment of these species was
even reflected by vernacular names, such as “bush petro-
nia” and “rock petronia” (P. dentata and P. petronia, in
Clements et al. 2017, 2019, with reference to Rasmussen
and Anderton 2005 and to Praveen et al. 2016). A distinc-
tive yellow throat patch that is shared by bush sparrows
and rock sparrows might have been the major common
trait to mislead taxonomists and to treat those species
under the same genus name (Fig. 4). However, Roselaar
(1995) suggested a recognition of Gymnoris as a genus
of its own for major differences from Petronia petronia
in other plumage traits, habitat preferences and behavior
(see also Summers-Smith 2010). This recommendation
was discussed by the Taxonomic Advisory Committee of
the Association of European Records and Rarities (AERC
TAC 2003), however, they stressed the need of a reliable
phylogenetic framework and postponed a decision on this
“pending category”. Despite this lack of evidence from
phylogenetic studies, several taxonomic authorities later
restricted Petronia to the type species (the rock sparrow,
P. petronia) and subsumed bush sparrows under Gymno-
ris (del Hoyo and Collar 2016; Gill et al. 2020). Jensson
and Fjeldsa (2006) who to date provided the most com-
plete phylogenetic hypothesis for Passeridae [their Passe-
roidea clade 8] could not show the paraphyly of Petronia
sensu lato because their tree included only two species
from this group, Petronia petronia and Gymnoris pyrgita.
These two formed a monophyletic group of the Passe-
roidea tree (Jonsson and Fjeldsa, 2008) which might be
an effect of incomplete taxon sampling. Density of taxon
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sampling has been repeatedly evaluated as one of the cru-
cial factors affecting the accuracy of phylogenetic analy-
ses and the resulting topologies (Zwickl and Hillis 2002;
Heath et al. 2008; Albert et al. 2009; Nabhan and Sarkar
2011; Wiens and Tiu 2012; Tritsch et al. 2017). Though
important for our phylogeny we still failed to include the
yellow-spotted bush sparrow (G. pyrgita) from the Sahel
Region, however, our tree topology clearly rejects a sister
group relationship of the three remaining Gymnoris spe-
cies and Petronia petronia and therefore supports their
taxonomic treatment in different genera. Jonsson and
Fjeldsa (2006) had apparently included G. pyrgita as the
sole bush sparrow species in their supertree (see above),
however, the source of sequence information could not
be inferred from the documentation in their paper. To
date, there is no sequence data available for this species
at Genbank.

Rock sparrows (Petronia) were consistently revealed
as sister to snowfinches (Montifringilla and allies) and are
therefore part of a trans-Eurasian alpine radiation (Pack-
ert et al. 2020; this study) whereas bush sparrows (Gym-
noris) represent a subtropical/tropical radiation across
the Afrotropics, the Middle East and southern Asia (this
study).

Snowfinches

Snowfinches were shown to represent a monophyletic
group in previous phylogenetic studies (Qu et al. 2006;
Lei et al. 2014; both based on cyt-b and myoglobin intron
2). Like the previous studies, our four-gene phylogeny
did not fully resolve their intergeneric relationships and
provided only poor support of a sister-group relation-
ship of Pyrgilauda and Montifringilla. Future studies
based on genome-wide SNPs may shed light on this. All
snowfinch species except M. nivalis are endemics of the
Qinghai-Tibet Plateau with a large area of sympatry at its
eastern margin (Fig. 1). In this region, in the vicinity of
Qinghai Lake we found indications of mitochondrial in-
trogression of P. blanfordi haplotypes into phenotypic P.
davidiana. Though this conclusion certainly needs further
support from population genetic analyses based on nucle-
ar markers, introgression and gene flow was documented
for several regions where two sparrow species come into
secondary contact (Elgvin et al. 2011; Hermansen et al.
2011, 2014; Belkacem et al. 2015; Gedeon et al. 2015;
Packert et al. 2019).

Since long, there is firm evidence from previous phy-
logenies of a placement of snowfinches in sparrows (Pas-
seridae) rather than in finches (Fringillidae) — unlike for
example other high-alpine specialists from the same re-
gion, the mountain finches (Leucosticte). These are in-
deed members of Fringillidae (Zuccon et al. 2010) and
represent a recent radiation of East Asian faunal elements
to the Nearctic (Packert et al. 2020). Despite many re-
cent changes of vernacular names, Gebauer et al. (2006)
were the only authorities who used the names “moun-
tain-steppe sparrows” (for Pyrgilauda) and “snow spar-
rows” (for Montifringilla), which is in good accordance

with their sister clade, the rock sparrows (for Petronia).
However, since the terms “sparrows” and “finches” in
particular are in use for completely different bird fam-
ilies without any closer relationships (e.g. New World
sparrows, Passerellidae, are indeed the closest relatives to
buntings, Emberizidae, and were previously included in
this family), a correction of vernacular names for snow-
finches might not be recommendable.

Although paraphyly of the white-winged snowfinch,
Montifringilla nivalis, did not receive strong support, di-
vergence times between the nominate form M. n. nivalis
and Asian subspecies (M. n. alpicola and M. n. groumgr-
zimaili) equal (and even exceed) those between several
currently accepted Passer species. In fact, there has been
a long debate on species-level taxa in Montifringilla:
Both the black-winged snowfinch and the Tibetan snow-
finch have been previously included in M. nivalis at the
subspecies level (M. nivalis adamsi: Cramp and Perrins
1994; M. nivalis henrici: Vaurie 1956; Moreau and Gre-
enway Jr 1962; Portenko and Vietinghoff-Scheel 1974;
Cheng 1987). A closer relationship among M. nivalis and
M. adamsi than among M. henrici and each of the latter
two was already suggested based on morphological traits
(Eck 1996; Martens and Eck 1995) and was confirmed
by our phylogeny. Based on the criterion of diagnosabili-
ty (Sangster 2014) with respect to phenotypes (del Hoyo
and Collar 2016), vocalizations and ecology (Gebauer
and Kaiser 1994; Gebauer et al. 2006) and mitochondrial
lineages (Qu et al. 2006; Lei et al. 2014; Péckert et al.
2020) the three currently accepted Montifringilla species
are currently separated at the species-level (e.g. Gill et
al. 2020).

For the time being, we refrain from making any tax-
onomic recommendations for M. nivalis until further
evidence for another species-level split can be inferred
from population genetic studies based on a range-wide
sampling (including missing M. n. leucura from the Near
East, M. n. gaddi from Iran, M. n. tianshanica from the
Central Asian mountains and M. n. kwenluensis from the
Kunlun Shan in southwestern China; del Hoyo and Collar
2016).

Old World sparrows - the genus Passer

To date, phylogenetic relationships among members of
the most diverse genus of Passeridae are insufficiently
resolved and our study can only be considered another
step further towards a taxon-complete Passer sparrow
tree. The Passeroidea tree by Jensson and Fjeldsa (2006)
is a supertree inferred from sequence data from 99 inde-
pendent studies of which Allende et al. (2001) provided
single-locus data (cytochrome-b) for all ten Passer spe-
cies included in the final supertree. Thus, the phyloge-
netic hypothesis by Jensson and Fjeldsé (2006) is largely
based on the cytochrome-b-based tree by Allende et al.
(2001), and since node support values were not provided
for their supertree, these phylogenetic relationships have
to be interpreted with maximum caution. Except for the
grey-headed sparrows, none of the major superspecific
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classifications in Passer based on phenotypic traits is re-
flected by monophyletic groups in our phylogeny, neither
the “grey-crested” nor the “brown-headed” sparrows,
two groups classified by Stephan (2000: “Grauscheitel-
sperlinge” and “Braunkopfsperlinge”). His classification
was based on a combination of plumage color traits (i.e.
10 traits of the facial color pattern and 17 gradually vary-
ing color patterns of single contour feathers; Figs 1, 2
and 3 in Stephan 2000). Based on this combination of
traits Stephan (2000) came to some rather striking con-
clusions, e.g. he classified the grey-headed P. simplex and
the entirely yellow-headed “golden-sparrows” (P. luteus
and P. euchlorus) as ancestral forms of his “brown-head-
ed sparrows” (Fig. 4). However, our phylogeny does
not support Stephan’s (2000) classification: Members of
“brown-headed sparrows” and “grey-crested sparrows”
are scattered across the two major subclades of the Passer
clade, thus this phenotypic trait is not really informative
as concerns phylogenetic relationships — as could have
been expected due to a low phylogenetic signal of many
morphological traits compared for example to behavioral
traits, such as bird song (Cicero et al. 2020).

According to our multi-locus phylogeny, two major
radiations of Old World sparrows started during the late
Miocene at about 6 Mya. Six species united in a mono-
phyletic group represent a Subsaharan radiation south of
the equator. The large-sized grey-headed sparrows (P
griseus, P. diffusus, P. gongoensis) were often lumped in
one species, Wolters (1979), however even placed them
in a separate genus Pyrgitopsis, whereas Summers-Smith
(2010) united them in one superspecies (Amadon 1964).
Dickinson and Christidis (2014) treated gongoensis as a
subspecies of the northern grey-headed sparrow, P gri-
seus, and separated P. diffusus at the species level (com-
pare Dickinson 2003). However, because in our tree P,
gongoensis was sister to the southern grey-headed spar-
row, P. diffusus, with strong support (Fig. 4), our phyloge-
netic hypothesis does not support this classification.

The sister clade of the grey-headed sparrows united
two representatives of the Cape fauna, P. motitensis and
P melanurus, with a small-sized East-African species,
the chestnut sparrow, P. eminibey. This grouping is in-
stantly surprising, because the latter species was regularly
affiliated with two other small-sized ‘golden sparrows’,
P luteus and P. euchlorus. These three have long been
regarded as rather ancient lineages of Old World sparrows
without any closer relationships to other Passer species
(Summers-Smith 2010). Our tree topology does neither
support a placement of P. eminibey and P. [uteus outside
Passer nor a placement of the chestnut sparrow in a mono-
typic genus Sorella Hartlaub, 1880 (Wolters 1979). The
great sparrow, P. motitensis, from the Cape Region was
traditionally affiliated with further Subsaharan sparrow
taxa. Summers-Smith (2010) distinguished “five allopat-
ric populations” of P. motitensis, Dickinson and Chris-
tidis (2014) included three of them in P. motitensis: P. m.
chordofanicus, P. m. shelleyi and P. m. rufocinctus. Today,
they are all separated at the species-level (del Hoyo and
Collar 2016; Gill et al. 2020) and their phylogenetic rela-
tionships will remain subject to future studies.

The second major clade including twelve Passer spe-
cies represents a larger radiation across the Palearctic and
the Oriental Region with an early Pliocene onset at about
5.5. Mya. The East Asian russet sparrow as the earliest
offshoot from this clade was traditionally known under
the scientific name Passer rutilans (as such included in
the phylogenies by Allende et al. 2001 and by Jensson and
Fjeldsa 2006; see also Clements et al. 2017). However, a
recent debate on the correct dates of two competing orig-
inal descriptions by C. J. Temminck and J. Gould ended
up in a broad consent on the priority of the name Passer
cinnamomeus Gould, 1835 (based on Mlikovsky 2011).
Except that basal split, the position of the tree sparrow, P
montanus, as the second oldest offshoot and further phy-
logenetic relationships in this Eurasian/Oriental clade are
poorly to moderately supported or even conflicting be-
tween the Bayesian and the maximum likelihood tree. For
the Cape Verde endemic, P. iagoensis, a close relationship
with Afrotropical species (P. motitensis and P. melanurus)
was previously assumed (Stephan 2000), conspecif-
ic classification with P. motitensis was even advocated
by Wolters (1979) and by Summers-Smith (2010). Our
phylogenetic hypothesis clearly rejects any closer rela-
tionship of P. iagoensis with these two representatives of
the Cape fauna, but suggests a closer relationship with P,
moabiticus from the eastern Mediterranean and the Mid-
dle East and two Afrotropcial species: P. simplex, a des-
ert-dwelling specialist from the Sahara and P, luteus from
the Sahel Region (however with poor node support). The
firm placement of the latter in the Passer clade is as un-
expected as that of P. eminibey (see above), and does not
support a classification of golden sparrows in a separate
genus Auripasser (Wolters 1979; Summers-Smith 2010).
Contrary to the traditional classification, our tree topol-
ogy clearly rejected a closer relationship of P. eminibey
with the Sudan golden sparrow, P. luteus, whereas phy-
logenetic relationships of the Arabian golden sparrow, P.
euchlorus, remain an open question due to data deficien-
cy (Summers-Smith 2010 included it in the Sudan golden
sparrow as subspecies P. I euchlorus). A zone of sym-
patry in western Sudan without evidence of interbreeding
between P. eminibey and P. [uteus also justifies their treat-
ment as separate species (Summers-Smith 2010).

Finally, a well-supported terminal clade represents a
very recent circum-Mediterranean/ Eurasian radiation of
the house sparrow, P. domesticus, the Spanish sparrow,
P hispaniolensis, the stabilized hybrid form P. italiae
and the Socotran endemic, P. insularis. According to our
divergence time estimates, this radiation started during
the mid-Pleistocene and according to population genet-
ic analyses lineage separation went along with multiple
independent events of horizontal gene flow between the
house sparrow and the Spanish sparrow that gave rise to
several hybrid lineages in the Mediterranean of differ-
ent age and origin (Runemark et al. 2018; Packert et al.
2019). A sister-group relationship of the Southeast Asian
P. flaveolus with the latter circum-Mediterranean quartet
was only poorly supported. A putative closer relationship
of P. insularis and P. motitensis as suggested by Sum-
mers-Smith (2010) could be rejected by our phylogeny.



Vertebrate Zoology 71, 2021, 353-366

363

Conclusions and perspectives

Despite from being far from taxon-complete, this updat-
ed phylogeny contributed further evidence for clarifica-
tion of taxonomic controversy, e.g. the status of Petro-
nia and Gymnoris as separate genera, the monophyly of
grey-headed sparrows (but not of all grey-crested Passer
species) or a lack of phylogenetic justification for rec-
ognizing the genera Sorella and Auripasser. We failed
to include the enigmatic pale rock sparrow, Carpospiza
brachydactyla, from the Middle East and Central Asia
that was long regarded as a member of Fringillidae.
Based on shared traits of tongue morphology inclusion in
Passeridae was recommended by Bock (2004), generally
Carpospiza has been affiliated with Petronia sensu lato
(including Gymnoris), however, it lacks the yellow throat
patch (being a rather uninformative trait as shown in our
phylogeny). Also, phylogenetic relationships of missing
Passer species from India (P. pyrrhonotus), Central Asia
(P. zarudny), the Socotra archipelago (P. hemileucus)
and East Africa (P. chordofanicus, P. euchlorus, P. rufo-
cinctus, P. shelleyi, P. suahelicus, P. swainsoni, P. casta-
nopterus) will remain unresolved so far. Recently, the
narrow-range endemic Somali sparrow, P. castanopterus,
has attracted ornithologists’ attention for its putative hy-
bridization with the house sparrow, P. domesticus, in the
areas of range overlap in Somalia (Summers-Smith 2020),
Ethiopia (Gedeon et al. 2015), Kenya (Turner 2016) and
Djibouti (Cohen et al. 2011; Hering et al. 2020).
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ARTICLE INFO ABSTRACT
Keywords: Historical specimens from museum collections provide a valuable source of material also from remote areas or
historical DNA regions of conflict that are not easily accessible to scientists today. With this study, we are providing a taxon-

Chimeric mitogenomes
ddRAD sequencing
Reference genomes
Qinghai-Tibet Plateau

complete phylogeny of snowfinches using historical DNA from whole skins of an endemic species from
Afghanistan, the Afghan snowfinch, Pyrgilauda theresae. To resolve the strong conflict between previous phylo-
genetic hypotheses, we generated novel mitogenome sequences for selected taxa and genome-wide SNP data
using ddRAD sequencing for all extant snowfinch species endemic to the Qinghai-Tibet Plateau (QTP) and for an
extended intraspecific sampling of the sole Central and Western Palearctic snowfinch species (Montifringilla
nivalis).

Our phylogenetic reconstructions unanimously refuted the previously suggested paraphyly of genus Pyrgi-
lauda. Misplacement of one species-level taxon (Onychostruthus tazcanowskii) in previous snowfinch phylogenies
was undoubtedly inferred from chimeric mitogenomes that included heterospecific sequence information.
Furthermore, comparison of novel and previously generated sequence data showed that the presumed sister-
group relationship between M. nivalis and the QTP endemic M. henrici was suggested based on flawed taxon-
omy. Our phylogenetic reconstructions based on genome-wide SNP data and on mitogenomes were largely
congruent and supported reciprocal monophyly of genera Montifringilla and Pyrgilauda with monotypic Ony-
chostruthus being sister to the latter. The Afghan endemic P. theresae likely originated from a rather ancient
Pliocene out-of-Tibet dispersal probably from a common ancestor with P. ruficollis. Our extended trans-Palearctic
sampling for the white-winged snowfinch, M. nivalis, confirmed strong lineage divergence between an Asian and
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a European clade dated to 1.5 - 2.7 million years ago (mya). Genome-wide SNP data suggested subtle divergence
among European samples from the Alps and from the Cantabrian mountains.

1. Introduction

Natural history collections are biological archives of extant as well of
past biodiversity (Meineke et al., 2019; Schindel and Cook, 2018; Hahn
et al., 2020; Hilton et al., 2021) and provide basic material for the study
of evolutionary changes over time of adaptive phenotypical traits (del
Mar Delgado et al., 2019; Mason and Unitt, 2018; Miranda et al., 2021),

M. n. nivalis M. n. alpicola

M. 1. leucura:,
: B N
M. gaddi

P. blanfordi

P. davidiana
P. ruficollis

M. nivalis

M. henrici
— M. adamsi

range expansions in response to climate change (Mende and Hunds-
doerfer, 2013) or decline of genetic diversity in response to historical
population bottlenecks (Glenn et al., 1999; Godoy et al., 2004; Kuhn
et al., 2013; Gauthier et al., 2020). In the field of molecular systematics,
genetic analysis of type specimens has become important to trace back
their geographic origin (Cong et al., 2021) or for a correct assignment of
taxon names to clades of a phylogeny (Tritsch et al., 2017; Kehlmaier

— P theresae O samples

O. taczanowskii

Fig. 1. Distribution of snowfinches (genera Montifringilla, Pyrgilauda, Onychostruthus) A) entire range across Eurasian mountain systems; B) zoom on the Qinghai-
Tibet Plateau (QTP) showing distributions and range overlap for seven sympatric or parapatric species. Ranges of M. nivalis modified according to Gebauer et al.
(2006); collection sites of samples used for this study indicated by yellow dots. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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et al., 2019; Scherz et al., 2020). Moreover, “historical DNA” (Raxwor-
thy and Tilston Smith, 2021) extracted from museum specimens often
provides the only chance to include rare species in phylogenies, e.g. in
case of extinct species (Shapiro et al., 2002; Hekkala et al., 2011; Heu-
pink et al., 2014; Podsiadlowski et al., 2017; Kehlmaier et al., 2021;
Kearns et al., 2022) or of ultra-rare species represented by a single
specimen in collections worldwide (Uva et al., 2018; Jgnsson et al.,
2018; Schweizer et al., 2020). Collections have therefore become very
important for the optimization of phylogenetic data sets based on dense
taxon sampling (Fiedler de Abreu Jr et al., 2020; Sampaio et al., 2023).
Moreover, along with recent advances in genomic methods, museum
collections provide a great potential for a wide variety of studies in the
diverse field of so-called “museomics” (Zedane et al., 2016; Gauthier
et al., 2020; Card et al., 2021; Raxworthy and Tilston Smith, 2021; Ernst
et al., 2022; Lalueza-Fox, 2022). Nevertheless, many phylogenetic
studies relied on an incomplete taxon sampling due to a lack of material
from inaccessible or remote areas or regions of armed conflict. This is
quite problematic, because among the driving forces of biodiversity loss,
political conflict is a neglected aspect, though it has manifold negative
impacts on natural resources and ecosystems and therefore constitutes a
major impediment for biodiversity research (McNeely, 2003; Hanson
et al., 2009; Smallwood et al., 2011). As a consequence, the endemic
faunas and floras of some conflict regions have remained severely
understudied to date. Here, we focus on an example from Central Asia.

Afghanistan is situated at the crossroads of two global biodiversity
hotspots: the Himalayas in the East and the Central Asian Mountains in
the North (Marchese, 2015; Mittermeier et al., 2004; Hanson et al.,
2009; map in Fig. 1). At a narrow spatial scale, Afghanistan harbors
several unique ecoregions (some of them shared with neighboring
Pakistan), such as the East Afghan Montane Coniferous Forests, the
Sulaiman Range Alpine Meadows or the Baluchistan Xeric Woodlands
(Wikramanayake et al., 2002). An ornithological survey from 2008
recorded a total of 122 bird species for Bamiyan county (Busuttil & Ayé
2009). Despite its comparatively low regional species richness,
Afghanistan harbors refuge areas for major populations of threatened
animals, such as the snow leopard, Uncia uncia, or the Marco Polo sheep,
Ovis ammon polii (Saidajan, 2012). However, the local and regional
fauna of Afghanistan remains poorly studied. For example, in a recent
assessment of the global snow leopard population, occurrence data from
Afghanistan was missing (see map in Riordan et al., 2016). Recent ge-
netic studies on material from Afghanistan are scarce, and most of them
focused either on domestic animals (Karimi et al., 2016) or on cultivated
plant species (Terasawa et al., 2009; Seghal et al., 2015; Gori et al.,
2019; Tehseen et al., 2021). Only a few phylogenetic and DNA bar-
coding studies included recent samples from wild Afghan populations
collected in the 21st century (reptiles: Guo et al., 2011; Khan et al.,
2021; Kazemi et al., 2021; butterflies: Efetov et al., 2014; Shapoval et al.,
2017). In contrast, a recent phylogenetic study on the Afghan pika
(Ochontona rufescens) relied on material exclusively collected in Iranian
populations (Khalilipur et al., 2017). That knowledge gap is typical for
the Afghan fauna because over the past decades traveling and field-work
have become increasingly risky in this region of continuous conflict and
is currently virtually impossible (Bohme and Jablonski, 2022; Mahesh-
wari, 2022).

Among the seven endemic vertebrate species of Afghanistan (Kan-
derian et al., 2011), the Afghan snowfinch, Pyrgilauda theresae is the only
bird species (Dementiev, 1963) even though there are occasional winter
records from Turkmenistan and doubtful occurrences in neighboring
Tajikistan (Busuttil et al., 2010; Tolstoj and Geipel, 1990). This species
was first described by Meinertzhagen (1937) from a specimen collected
on the 19th of April 1937 at Shibar Pass (Kowtal-e Shibar) at about 2990
m a.s.l. (for reliability of type specimen data, see Rasmussen & Prys-
Jones, 2003). Though it is currently considered a species of least concern
by the IUCN, the global population size of P. theresae has not been
estimated yet due to data deficiency (BirdLife International, 2021), and
today the species is known from nine breeding season localities only, all
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of them restricted to Afghanistan (map in Vietinghoff-Scheel, 1980).

i) Traditionally, snowfinches were united under the single genus
Montifringilla (e.g. Vaurie, 1956; Clements et al., 2022), but they are
nowadays divided into three genera (Montifringilla, Pyrgilauda, and
Oynchostruthus; e.g. Gill et al., 2023; Clements et al., 2023; Table 1).
Six species are endemic to the Qinghai-Tibet Plateau (QTP) and its
flanking mountain regions (Fig. 1A; Gebauer et al., 2006). Only one
species, M. nivalis, occurs across a wide trans-Palearctic range from
the northern QTP margin in the Chinese Altai, central Mongolia
(subspecies M. n. groumgrzimaili) and west of the QTP region,
inhabiting the Caucasus (subspecies M. n. alpicola) and European
mountain systems (the nominate subspecies M. n. nivalis). Despite a
large number of genetic studies, the phylogenetic relationships
among snowfinch species are still under debate. At the family level,
snowfinches represent a monophyletic clade in the Passeridae. Thus
they are actually sparrows and not related to the finches, Fringillidae
(Packert et al., 2020b, 2021). So far, their affiliation to Passeridae
was not acknowledged by a change of English species names, except
a single attempt by Summers-Smith (2009) who listed the small
Pyrgilauda species (including the larger P. taczanowskii; see Table 1)
as “ground-sparrows” (but still listed all Montifringilla species as
“snowfinches”). To date, intraspecific genetic diversification was
described only across the trans-Palearctic range of the most wide-
spread species, M. nivalis. However these findings were based on
quite limited sampling (Packert et al., 2021). Most recent molecular
phylogenies of snowfinches were either based on mitochondrial
markers alone (Lei et al., 2014; Cobos et al., 2021) or were subject to
a strong bias between the signal of highly variable mitochondrial
markers versus one or two less variable nuclear introns (Qu et al.,
2006; Packert et al., 2020b, 2021). Tree topologies inferred from
these different data sets were conflicting for example concerning the
position of the white-rumped snowfinch (Onychostruthus tacza-
nowskii) and the relationships between species of the larger genus
Montifringilla (Fig. 2A, B). Recent studies on large, genome-wide
marker sets of snowfinches included only one species per genus
(Quetal., 2021; She et al., 2021). The Afghan snowfinch was missing
from all these phylogenies. In such cases, historical material from
bird collections becomes important. A historical collection of Afghan
vertebrates is hosted at Zoological Research Museum Alexander
Koenig (ZFMK), Bonn, Germany (Jablonski et al., 2019; Bohme and
Jablonski, 2022). The ornithological collection of ZFMK hosts 276
bird specimens collected during two expeditions to Afghanistan from
01.09. to 13.09.1965 along an itinerary from Faizabad to Qala-e-
Pandja (map in Niethammer, 1973) and seven years later to Dar-
waz (11.07.1972—-31.07.1972) and the Pamir range (03.08.
1972—05.09.1972).

With this paper, we provide a first taxon-complete phylogeny of
snowfinches based on two data sets of one mitochondrial marker and
genome-wide single nucleotide polymorphisms (SNPs) inferred from a
next-generation sequencing (NGS) approach. We aim at.

ii) resolving taxonomic discrepancies among published phylogenies
(Fig. 2A, B)

iii) providing a first phylogenetic hypothesis on the position of the
Afghan snowfinch, Pyrgilauda theresae

iv) exploring the intraspecific diversification of the white-winged
snowfinch, Montifringilla nivalis.

2. Methods
2.1. Sampling and DNA extraction

We extracted DNA from 40 samples of snowfinches from all eight
species of the three genera (Montifringilla, Onychostruthus, and
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Table 1

Classification of snowfinches according to different taxonomic authorities (subspecific taxa, only those listed treated in this study).

Dickinson (2003), Dickinson &

Vaurie (1956), Mayr & Greenway Summers-Smith (2009)
Christidis (2014), S

Jr (1962), Wolters (1979)

Hartert & Steinbacher (1932)

Hartert (1910)

& van Balen (2016), Gill et al.

(2023)

genera

species

a n. nivalis
a n. alpicola

a n. groumgrzimaili

a henrici

Montifringil
Montifringi
Montifringi

Montifringil

a n. nivalis
a n. alpicola

a nivalis

a n. groumgrzimaili

a henrici
a adamsi

Montifringi
Montifringil
Montifringi
Montifringi
Montifringi
Montifringi

Pyrgil

a n. nivalis
a n. alpicola

a nivalis

a n. groumgrzimaili
a n. henrici
a adamsi

Montifringi
Montifringil
Montifringi
Montifringi
Montifringi
Montifringi

a n. nivalis
a n. alpicola

a nivalis

a n. groumgrzimaili

a n. henrici
a adamsi

Pyrgilauda blanfordi

auda blanfordi
auda davidiana
auda ruficollis
auda theresae

a blanfordi
a davidiana

a ruficollis

Pyrgilauda davidiana

Pyrgi
Pyrgi

la davidiana
la ruficollis
la theresae

Montifringil
Montifringi
Montifringi

Montifringil

Pyrgilauda ruficollis

Montifringi
Montifringi
Montifringil
Montifringi
Montifringil
Montifringi
Montifringil
Montifringil
Montifringi

a n. nivalis
a n. alpicola

a n. groumgrzimaili

a n. henrici
a n. adamsi
a blanfordi
a davidiana

White-winged Snowfinch

Montifringi
Montifringil
Montifringi
Montifringil

Montifringi

Tibetan Snowfinch

Black-winged Snowfinch
Plain-backed Snowfinch

Small snowfinch

Rufous-necked Snowfinch

Afghan Snowfinch

Pyrgilauda theresae

Pyrgi

Onychostruthus taczanowskii

auda taczanowskii

Pyrgi

la taczanowskii

Montifringilla taczanowskii

Montifringilla mandelli

White-rumped Snowfinch
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Pyrgilauda) and one further sample of the rock sparrow, Petronia petronia
(Table S1). All samples were either frozen blood or tissue samples pre-
served in ethanol or preserving buffer except two toe pad samples taken
from two historical specimens of the Afghan snowfinch, P. theresae.
These were collected at Dasht-i-Nawar on 08.06.1965 at 3000 m a.s.l.
(MAR1082; field number 495) and at Imai Pass on 29.04.1965 at 2800 m
a.s.l. (MAR1083; field number 171). For DNA extraction from frozen
blood or tissue samples we used an InnuPREP DNA Mini Kit and an
innuPREP Blood DNA Mini Kit (both Analytik Jena AG, Germany)
following the manufacturer’s protocol except for overnight incubation
with proteinase K for cell lysis.

To avoid cross-contamination historical toe pad samples were
entirely processed in the clean room of the historical DNA facility of the
Museum of Zoology, Senckenberg Dresden. DNA was extracted from toe-
pad tissue using the DNeasy Blood & Tissue Kit (Qiagen) and two final
elution steps with 2 x 50 pl elution buffer. Before and after each step of
the procedure, clean benches were cleaned with DNA away (Molecular
Bio Products, Inc.), and benches and the entire room were set under UV
light for four hours.

2.2. Mitochondrial DNA - Single marker cytochrome-b

A limited series of cytochrome-b sequences (cytb) from a subset of
our sampling was available from previous studies (Packert et al., 2020b,
2021). To complete the data set for this mitochondrial marker we
amplified a 1079-bp-long cytb fragment for 19 samples using the primer
combination of 0-L14851/ O-H16065 primers (Weir and Schluter,
2007). The PCR protocol was as follows: i) initial denaturation at 94 °C
for 10 min, ii) 35 cycles with denaturation at 92 °C for 60 s, annealing
for 60 s at 53 °C and extension at 72 °C for 120 s, iii), final extension at
72 °C for 10 min. We purified PCR products using the ExoSAP-IT
enzymatic cleanup (USB Europe GmbH; Staufen, Germany; 1:20 dilu-
tion, modified protocol: 30 min at 37 °C, 15 min at 80 °C). Purified PCR
products were prepared for sequencing with BigDye™ 3.1 Dye Termi-
nator Cycle Sequencing Kits (Thermo Fisher Scientific, Waltham, MA,
USA) and cycle sequencing products were purified by using Sephadex
(GE Healthcare, Munich, Germany), and sequenced in both reading di-
rections on an ABI 3730 capillary sequencer (Thermo Fisher Scientific,
Waltham, MA, USA). We inspected and edited all sequences with
Chromas v.2.6.5 (Technelysium Pty Ltd, Brisbane, Australia), and cross-
checked chromatograms of forward and reverse sequences of each
sample. We used MEGA v. 10.1.8 (Kumar et al., 2018) for editing and
alignment of consensus sequences. Newly generated cytb sequences
were deposited at GenBank under accession numbers 0Q947839 —
0Q947857 (compare Table S1).

2.3. Mitogenomes — Library preparation, sequence assembly, and
sequence annotation

Because P. theresae was the single snowfinch species missing out from
mitogenome-based phylogenies so far (Cobos et al., 2021), we generated
whole mitochondrial genomes for this species using specific protocols
for museum material (Kehlmaier et al., 2019, 2021; Stelbrink et al.,
2019). From the two historical toe pads (P. theresae) 28 pl of each lysate
(11 ng DNA for sample MAR1082, and 305 ng DNA for sample
MAR1083) was converted into single-indexed, double-stranded [llumina
sequencing libraries (dsLibs) following Meyer and Kircher (2010) with
modifications by Fortes and Paijmans (2015). For library preparation
DNA concentration was measured with a Qubit 3.0 Fluorometer (Invi-
trogen, Life Technologies GmbH, Darmstadt, Germany) using the highly
sensitive quantitation assay. DNA molecule fragment length was
checked on a Tape Station using the D1000 screen tape. Subsequently,
DNA extracted from toe pad samples was sheared down to ca. 150 bp
using the Covaris ultrasonicator.

To increase the amount of endogenous mitochondrial DNA in the
libraries, two rounds of in-solution hybridization capture (Horn, 2012;
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Fig. 2. Competing phylogenetic hypotheses for snowfinches based on A) a multi-locus data set (Packert et al., 2020b, 2021), B) mitochondrial DNA (Cobos et al.,
2021); C-F) Phylogenies of snowfinches inferred from four mitochondrial coding markers (extracted from whole mitogenome sequences; GB = from GenBank) that
did not show evidence of heterospecific fragments in the consensus mitogenome sequences (COI, COII, COIIl, ND5); the two outgroup taxa (Passer domesticus and
Hypocryptadius cinnamomeus) were pruned from the trees; G) TCS network for an extended data set of the DNA barcoding marker (COI n = 53; 483 bp), circles denote
haplotypes, dashes indicate substitutions between connected haplotypes, black circles indicate haplotype of COI sequences inferred from whole mitogenome data
(sequence/sample ID indicated at corresponding haplotypes).
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Maricic et al.,, 2010) were performed in a dedicated capture-only
workspace in the main laboratory, using DNA baits generated from
long-range PCR products of Pyrgilauda ruficollis (sample MAR423). Long-
range PCR (LR-PCR) and primer sequences are detailed in the Supple-
mentary Information (Table S2). The PCR protocol was as follows:
Denaturation at 93 °C for 3:00 min, 35 cycles of 93 °C for 0:20, 62 °C for
0:30 min, 68 °C for 10:00 min, and final elongation at 68 °C for 20:00
min. Sequencing was performed in-house on an Illumina MiSeq plat-
form, generating 75 bp paired-end reads. To account for intraspecific
variation in the mitogenome of M. nivalis, we applied the same long-
range PCR setup and library preparation method as described above to
frozen blood samples from Mongolian, Caucasian, and European sam-
ples of this species (plus one sample each of O. taczanowskii and
P. ruficollis for comparison; see Table S1). LR-PCR products were sheared
down to ca. 150 bp and mixed at an equimolar ratio before being con-
verted into dsLibs and sequenced.

Mitogenomes were adapter-trimmed with Skewer 0.2.2 (Jiang et al.,
2014). BBmap-suite 37.24 (Bushnell et al., 2017) was used for read
merging (minimum length 35 bp), quality filtering (minimum Q-score
20), and duplicate removal. The remaining quality-filtered reads (QFR)
were screened for contamination using FastQScreen 0.11.4 (Wingett and
Andrews, 2018) and a set of predefined mitogenomes (Table S1). Due to
no obvious contamination problems, the entire read pool was used for
mitogenome assembly with MITObim (Hahn et al., 2013), a two-step
baiting and iterative mapping approach, with an allowed mismatch
value of 2 and a starting seed KJ148629 (P. blanfordi). The resulting
scaffolds were visualized and checked for assembly artifacts in Tablet
(Milne et al., 2013). Artifacts were manually removed from the assem-
bled contigs and all positions with coverage below 3-fold were masked
as ambiguous (N) using the maskfasta subcommand of BEDTools 2.29.2
(Quinlan and Hall, 2010). The sequence length distribution of mapped
reads was calculated with a customized awk command and in Microsoft
Excel. Newly generated mitogenome sequences were deposited at the
European Nucleotide Archive (ENA) under accession numbers
0X637969-0X637975.

2.4. Validation and quality check of mitogenome sequences

We compared our seven newly generated mitogenomes to fifteen
published mitogenomes of snowfinches available at GenBank (Table S3;
e.g. from Ma et al., 2014, 2016). For each snowfinch species, published
mitogenome sequences were identical for intraspecific pairwise com-
parisons, so we used a single published mitogenome sequence per
snowfinch species. For hierarchical outgroup rooting we added whole
mitogenome sequences of Passer domesticus (MN356394) and Hypo-
cryptadius cinnamomeus (MN356286) to our dataset. We constructed two
alignments for whole mitogenome sequences and for a set of 13 coding
mitochondrial genes (n = 17) using MEGA and checked alignments for
inconsistencies, such as regions of unusually high numbers of sub-
stitutions among conspecific sequences. For comparison of intra- and
interspecific divergence levels, we calculated pairwise uncorrected p-
distances with MEGA for each of the thirteen coding markers. To control
for deviations among tree topologies inferred from different markers, we
reconstructed mitochondrial phylogenies for all thirteen coding markers
in separate runs with BEAST v.2.6.2 (Bouckaert et al., 2014; parameters
and settings, see below). Following recommendations for validation of
newly generated mitogenomes (and quality check of published mito-
genomes) by Botero-Castro et al. (2016), we used larger published
sequence data sets of mitochondrial markers (most from phylogeo-
graphic studies on snowfinch species by Qu & Lei, 2009; Qu et al., 2006,
2005, 2010) for comparison with homologous fragments of our mito-
genome sequences: cytochrome-oxidase subunit 1 [COI]: n = 55, 483 bp;
cytochrome-b [cytb]: n = 109, 880 bp; d-loop, control region [CR]: n =
22, 288 bp (full documentation see supplementary Table S4). From each
of the three data sets, we constructed minimum-spanning networks with
PopArt 1.7 (Leigh and Bryant, 2015).
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2.5. ddRAD library preparation and sequencing

For inference of a genome-wide SNP data set we used double-digest
restriction site associated DNA sequencing (ddRAD seq), which is a
frequently applied approach for the study of diverse phylogenomic
research questions in birds, such as diversification among island pop-
ulations (Martin et al., 2021; Cooper and Uy (2017) or resolution of
phylogenetic relationships in tits and larks (Stervander et al., 2015,
2016), seabirds (Obiol et al., 2021) and flycatchers (Gwee et al., 2019).
DdRAD seq was performed at the Deep Sequencing Facility in the Center
for Molecular and Cellular Bioengineering (CMCB) Dresden. We used
Qubit (Thermo Fisher Scientific, Waltham, MA, USA), dsDNA High-
Sensitivity (HS) and Broad-Range (BR) assays for DNA concentration
measurement following the manufacturer’s protocol. According to our
Qubit measurements, we selected 38 samples with sufficient DNA con-
centrations for ddRAD seq (compare Table S1). For sample preparation,
50 ng gDNA were double-digested with Sbfl and MspI (NEB) for 120 min
at 37 °C followed by heat inactivation at 65 °C for 20 min. SbfI specific
library barcodes carrying Truseq-i5 Illumina adapters with cohesive
ends were ligated to the cohesive ends of the Sbfl restriction sites of the
digested DNA fragments. The same was done for the Mspl site with a
Mspl-specific truncated universal TruSeq-i7 adapter. Ligation was per-
formed for 120 min at 22 °C followed by heat inactivation at 65 °C for
20 min. Samples with different P5 Barcodes were pooled and purified
using XP beads (Beckman Coulter, Krefeld, Germany) at a ratio of 1:1 to
remove non-ligated adaptors. Sample-specific library indices were
added during PCR (98 °C 30 sec, 15 cycles [98 °C 10 sec, 65 °C 75 sec],
65 °C 5 min) with 1x concentrated NEBNext Q5 Hot Start Hifi PCR
Master Mix and standard TruSeq i5/i7 indexing PCR primers. After an
XP bead purification (1:1) libraries were quantified using the Fragment
Analyzer (Agilent, Waldbronn, Germany). Libraries were equimolarly
pooled before sequencing them in single-end mode on an Illumina
NextSeq 500 system to a read length of 75 bp and a depth of at least 1
million reads per sample. Individual fast-Q files of ddRAD raw
sequencing data were deposited at NCBI SRA (for accession numbers, see
Table S1). Sets of SNP alignments and further data files were deposited
at Dryad under https://doi.org/10.5061/dryad.m905qfv9k.

2.6. Data assembly and SNP calling

We used the program process_radtags as implemented in Stacks
software (Catchen et al., 2013) with default settings applied for
demultiplexing of Illumina raw reads and for removal of barcodes,
adapters and low-quality reads. We checked average sequence quality
per read and GC content using FastQC v0.11.9 (Andrews, 2015). For
reference-based assembly of our trimmed reads (Faton and Ree, 2013)
we relied on a multi-reference approach (Bohling, 2020; Valiente-Mullor
et al., 2021). First, we mapped our cleaned read data to two reference
genomes of snowfinches from Qu et al. (2021): Pyrgilauda ruficollis
(NCBI acc. no: GCF_.017590135.1) and Onychostruthus tazcanowskii
(NCBI acc. no: GCA_017590055.1) downloaded from NCBI. Genome
data for these two snowfinch species was annotated to 15,000 protein-
coding genes (Qu et al., 2021) in a first “computational phase” of a
two-step process (Ekblom and Wolf, 2014). Since a chromosome-level
assembly was not available for the closely related species, and refer-
ence genomes from rather distant relatives can generally be used for
read mapping and SNP calling (Galla et al., 2019), we also aligned our
read data to the house sparrow (Passer domesticus) genome which is
assembled to chromosome-level (Elgvin et al., 2017; accession no:
GCA_001700915.1). We used ipyrad v.0.9.42 (Eaton, 2014; Eaton and
Overcast, 2020) for data assembly and read mapping to the three
different reference genomes. We applied a clustering threshold of 85 %
and a minimum sequencing depth for clustering > 6X. We applied
default parameter settings of the reference-based ipyrad pipeline with a
maximum of 8 indels, 0.5 heterozygous sites, 20 % SNPs per locus, and a
minimum of four samples per locus.
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After these first filtering steps, the ipyrad pipeline (Eaton and
Overcast, 2020) produced three independent VCF output files from
mapping against three different reference genomes. For variant calling
we used veftools 1.1.5 (Danecek et al., 2011) and beftools v1.8 (Danecek
et al., 2021) with a quality value > 30 applied to separate autosomal
from Z-chromosomal data sets [which was possible only for the data set
inferred from alignment to the house sparrow reference genome that
was annotated to the chromosome level]. From each of the VCF files we
generated final SNP data sets allowing for 0 %, 10 %, 20 % and 30 %
missing data that were used as input data for phylogenetic analysis.

In a final step, we used vcftools for biallelic SNP filtering and thin-
ning of vecf files to retain only one SNP per contig and thus to reduce the
effects of physical linkage among markers (O’Leary et al., 2018). We
applied the vcftools “thinning” option and tested a range of thinning
factors (thin) of which thin = 200 yielded the highest proportion of
unlinked SNPs in our thinned data set (i.e. 100 %). Likewise, we
generated SNP data sets from each of the three thinned VCF files
allowing for 0 %, 10 %, 20 % and 30 % missing data.

2.7. Phylogenetic inference and divergence time-estimates

For Bayesian inference of the species phylogeny, we used BEAST
v.2.6.2 (Bouckaert et al., 2014). A-priori we estimated best-fit substi-
tution models with MrModeltest v.2.3 (Nylander, 2004) for all data sets
processed in separate BEAST runs (for model settings see Table 2). For
test runs with each of the thirteen mitochondrial coding markers, and for
genome-wide SNP alignments with varying fractions of missing data, the
parameters of BEAST were consistent: an MCMC chain length of
10,000,000 generations (with all model settings estimated and param-
eters logged and trees sampled every 1,000 generations) under the un-
correlated lognormal clock model, the “auto-optimize” option activated
and a Yule prior.

Final optimized runs were performed separately for i) the set of
thirteen mitochondrial coding markers (thirteen partitions, with fixed
best-fit model settings for each partition; Table 2), ii) the cytb data set
for our full sampling and further sequences from GenBank (n = 51;
supplementary Tables S1, S4), iii) the three SNP data sets (generated
using different reference genomes) with the percentage of missing data
that yielded the highest node support in the test runs. We performed
three independent runs with BEAST for 30,000,000 generations for the
mitogenome data set (with parameters logged and trees sampled every
3,000 generations) and for 50,000,000 generations for the SNP data sets
(with parameters logged and trees sampled every 5,000 generations)
under the uncorrelated lognormal clock model for all loci, the “auto-
optimize” option activated and a Yule prior applied to the tree. We
combined log files and tree files from independent BEAST runs using
LOGCOMBINER v.1.8.1 (with a burnin of 30 % applied to all tree files)
and checked the combined log file in TRACER v. 1.4 (Rambaut &
Drummond, 2007) to ensure adequate ESS values for all parameters (all
ESS > 200). We constructed consensus trees using TreeAnnotator
(burnin of 30 % applied to the combined tree files). We also conducted a
tree set analysis as implemented in DensiTree that allows comparing sets
of all trees with sets of consensus trees for every possible topology
(Bouckaert, 2010).

All obtained phylograms were visualized in FigTree vers. 1.4.2
(Rambaut, 2009). As a control, we repeated phylogenetic re-
constructions for all five data sets using a maximum-likelihood approach
as implemented in RaxML (Stamatakis, 2006, 2014). The mitogenome
data set was partitioned by gene (13 coding markers with the GTR + 1 +
I" model consistently applied to all partitions), whereas the SNP data sets
were left unpartitioned (GTR + I + I' model applied). For all re-
constructions with RaxML, node support was inferred from 1000 thor-
ough bootstrap replicates.

To distinguish between a lack of support due to non-informativeness
of the data set and conflicting information between information from
different loci we relied on the Quartet Sampling method by Pease et al.

Molecular Phylogenetics and Evolution 198 (2024) 108135

(2018), that has previously been applied to that end in phylogenetic
studies (Paetzold et al., 2019; Bybee et al., 2021; Kong et al., 2022).
Quartet Sampling [QS] quantifies and qualifies discord in a given input
tree by calculating quartet topologies for internal branches by sampling
subtending terminal taxa to create replicates. The results are given as
four scores: Quartet concordance (QC: —1 <= QC <= 1) indicating the
amount of discordance in the dataset for a given branch; Quartet Dif-
ferential (QD: 0 <= QD <= 1) indicates the skew in inferred discordant
topologies for that branch (if present); Quartet Informativeness (QI:
0 <= QD <=1) indicates informativeness of the data for a given branch;
and QF (Quartet Fidelity: QF; 0 <= QF <= 1) indicates the number of
concordant replicates for a given taxon (Pease et al., 2016). Considered
together the four values can indicate whether the given dataset has
variation of sufficient quality and quantity to inform a given branch
(QD), whether this information contradicts the one represented by the
tree (QC), and if so, whether this discord is random or skewed (QD). The
QD value represents any discordant quartet topology evaluated and the
distribution between the two possible discordant relationships across
replicates. If the ratio is even (QD = 1), it indicates incomplete lineage
sorting as a likely source for the discord, if it is skewed (QD « 1) this
indicates horizontal gene transfer as a source of discord. Finally, the
proportion of discordant replicates a specific sample is producing (QF),
indicates a possible rogue behavior or low informativeness for the given
sample (Pease et al., 2018). Inclusion of “rogue taxa” in a phylogeny
might obscure the true evolutionary relationships among clades, often
due to long-branch attraction (Westover et al., 2013). To avoid such an
effect and to test robustness of resolved relationships, QS analysis can be
repeated under exclusion of taxa showing low QF scores.

For QS analysis, we selected the BEAST tree inferred from read
mapping to the annotated P. domesticus reference genome with 20 %
missing (autosomal) data and the corresponding full-length alignment
(including invariable sites; alignment length: 517,763 sites). We per-
formed QS with 100 replicates and the default parameters.

We applied two independent approaches to estimate divergence
times among extant snowfinch species. First, we calibrated the mitoge-
nome phylogeny by assigning empirical substitution rates by Lerner
et al. (2011) to 13 coding markers (with a normal prior distribution,
means according to marker-specific estimates by Lerner et al. [2011; see
Table 2] and SD set to 10 % of the mean estimate). The same was done
for the cytb data set applying the empirical substitution rates by the
latter study and by Weir & Schluter (2007) in separate runs. For a sec-
ondary calibration of the genome-wide SNP data set, we assigned a fixed
node age to the most recent common ancestor (tmcra) of all snowfinches
derived from a fossil calibration of the Passeroidea tree by Packert et al.,
(2020b,2021). Accordingly, we set the mean tmrca prior for the node
uniting all snowfinches to 8.23 Ma and adjusted a normal prior distri-
bution (with sigma = 1.0) according to the 95 % highest posterior
density interval (HPDI = [6.45 — 10.24] Ma; Packert et al., 2020b).

For the reconstruction of unrooted neighbor net networks and TCS
networks, we used SplitsTree 4.17.1 (Huson & Bryant, 2006). We
examined divergence among species-level taxa and population structure
in M. nivalis using principal component analysis (PCA) as implemented
in the ipyrad.pca tool from the ipyrad pipeline. We performed two
separate PCAs for Montifringilla one the one hand and for Pyrgilauda and
Onychostruthus on the other hand. For calculation of pairwise Fgr values
among snowfinch species and among populations of M. nivalis we used
Stacks 2.60 software (Rochette and Catchen, 2017). Both, PCA and FSt
calculations relied on the autosomal SNP data set inferred from read
alignment to the annotated Passer domesticus genome.

3. Results
3.1. Mitochondrial DNA

We found mismatches in the position of mitogenome sequences in
tree topologies for nine out of thirteen mitochondrial coding markers
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suggesting the inclusion of heterospecific DNA fragments in the pub-
lished mitogenomes of O. tazcanowskii and P. davidiana. In tree topol-
ogies inferred from the four remaining coding markers (COI, COII, COIII,
ND5) newly generated sequences of the latter two species were resolved
within clades of conspecific mitogenome sequences from GenBank at
low pairwise distances (<1%; identical sequences for COII and COIII;
Table S3, Fig. 2C-F, S1). The topology resulting from COII showed only
poor resolution of the deeper splits with the three outgroups nested in
Pyrgilauda; (Fig. 2D). In the minimum spanning network inferred from a
larger data set of the DNA barcoding marker all COI fragments from
mitogenomes were nested in the correct cluster (Fig. 2G). In contrast, we
found a striking mismatch in the position of the P. davidiana mitoge-
nome sequence in six out of thirteen mtDNA markers (Fig. S2): In tree
topologies inferred from ATP8, ATP6, ND3, ND4L, ND4, and cytb the
fragments representing the P. davidiana mitogenome clustered with the
two mitogenomes of O. tazcanowskii at unexpectedly short branch
lengths. For these six markers, the two O. taczanowskii mitogenomes and
the P. davidiana mitogenome were extremely similar (with pairwise
comparisons ranging at p-distances below 0.01, identical sequences for
ATP8, ND3 and NDA4L; Table S3, Fig. S1), whereas p-distances between
P. davidiana and P. blanfordi were about ten times higher than expected
(Fig. S1). That mismatch was even found within a single marker: In the
haploytpe network inferred from the first fragment of cytb (403 bp), all
sequences inferred from mitogenomes were nested in the correct cluster,
whereas in the haplotype network based on the second half of the same
marker (477 bp), the mitogenome fragment of P. davidiana was identical
to the central haplotype of the O. tazcanowskii cluster (Fig. S3). The
remaining three markers and the non-coding control region showed
strong mismatches in the position of two species (Fig. S4): For ND1 and
ND2, O. tazcanowskii clustered with the sister-species pair P. davidiana
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and P. blanfordi (identical ND2 sequences for O. tazcanowskii and
P. davidiana; Table S3, Figs S1, S5). Finally, tree topologies for ND6 and
the flanking non-coding control region showed mismatches for mito-
genomes of both O. tazcanowskii and P. davidiana (also confirmed by the
minimum-spanning network based on a larger data set for the control
region [n = 24]; Fig. S4). Unexpectedly, for the latter three coding
markers (ND1, ND2, ND6), p-distances between the two O. taczanowskii
mitogenomes were about twenty times higher (mean p-dist. = 10 %)
than for pairwise comparisons with the remaining ten markers (mean p-
dist = 0.5 %; Table S1, Fig. S1).

According to this comparison of topologies and pairwise p-distance
values across 13 mitochondrial markers we needed to take into account
that GenBank mitogenomes of both P. davidiana and O. taczanowskii
included heterospecific DNA sequences. We therefore repeated phylo-
genetic reconstructions based on the mitochondrial data set after
replacing all unreliable fragments of coding markers in the consensus
mitogenome sequence of the two latter species by anonymous data (,,N*;
compare Table S1, Fig. S1). The only major difference among consensus
trees inferred from the two original mitogenome data sets referred to the
position of Onychostruthus that was nested in Pyrgilauda in the uncor-
rected consensus tree on the one hand (Fig. 3A), whereas Montifringilla
and Pyrgilauda were reciprocally monophyletic and Onychostruthus was
sister to the latter in the corrected consensus tree (Fig. 3B). The latter
topology was fully congruent with that of the cytb tree inferred from the
full set of samples (Fig. S5). Within Pyrgilauda, the Afghan snowfinch,
P. theresae, was resolved as sister to P. ruficollis with full support (Fig. 3).
In Montifringilla, mitogenomes for M. nivalis and M. henrici downloaded
from GenBank formed a monophyletic clade with extremely short
within-clade branch lengths (Fig. 3) and p-distances ranged between
0.05 and 0.2 % (Table S1). In contrast, our specimens of M. nivalis from

N

| I——
-

 ———|

0.0 2.5 5.0 75

Fig. 3. Phylogenies of snowfinches based on 13 mitochondrial coding regions; the two outgroup taxa (Passer domesticus and Hypocryptadius cinnamomeus) were
pruned from the trees; Bayesian inference of phylogeny with BEAST v.2.6.2, MCMC chain length: 50,000,000 generations, burnin: 30 % of sampled trees; A) un-
corrected alignments containing full mitogenome sequences for all species; Pyrgilauda is paraphyletic; B) alignments containing missing data for heterospecific
markers of the putative chimeric mitogenomes of P. davidiana (KJ148632; missing data for ND3, ND4, ND4L, ND6, ATP6, ATP8 and cytb 2nd half) and
O. taczanowskii (KJ148631; missing data for ND6, ND1 and ND2); Pyrgilauda is monophyletic.
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Asia and Europe were clearly separated from their sister clade
M. adamsi, and from a third monophyletic clade including mitogenome
sequences from GenBank for M. henrici and M. nivalis (Fig. 3).

3.2. Genome-wide SNPs

3.2.1. Effects of reference genome choice and missing data

For most samples (n = 35) more than 1 million reads were recovered
from the Illumina run. A lower number of reads was recovered only for
three frozen tissue samples and one historical toe pad sample of
P. theresae (compare Table S1). Mapping rates ranged between 70 — 80
%, and were slightly higher for the two ingroup reference genomes with
Pyrgilauda species and O. tazcanowskii scoring best with the respective
congeneric reference genome (Table S1; Fig. S6). As the only exception,
all Montifringilla henrici had lower mapping rates for the two ingroup
reference genomes as compared to that of the outgroup (Fig. S6). As
could be expected, the historical P. theresae sample showed the lowest
mapping rate (Fig. S6). After trimming and first filtering steps the
sequence matrices inferred from each of the three reference genomes
had sizes of 1,664,040 — 2,242,210 sites (with 52.12 — 53.25 % missing
sites) and contained 66,729 — 107,218 SNPs (38.41 — 39.28 % missing
sites in the SNP matrices; Table S5).
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Phylogenies inferred from test runs (MCMC chain length 10 million
generations) with unthinned SNP data sets from different reference-
mapping yielded congruent tree topologies (Fig. S7). For all three ap-
proaches, the highest node support from posterior probabilities was
received from data sets with 20 % missing data allowed (Fig. S7). For
higher proportions of missing data (30 %) posterior probabilities
decreased from strong to poor support at eight nodes for the
O. tazcanowskii reference genome, at three nodes for the P. domesticus
reference genome, and at a single node for the P. ruficollis reference
genome (Fig. S7). Thinning of data yielded a strong increase of posterior
probabilities at the node uniting all snowfinches (full support in all re-
constructions), and at several nodes of the Montifringilla clade for the
phylogeny inferred from read mapping to the O. tazcanowskii reference
genome (Fig. S7). 16 out of 18 tree topologies [thinned and unthinned
SNP data] supported i) a sister-group relationship of Onychostruthus and
Pyrgilauda (Fig. S7), and ii) a sister-group relationship between
M. adamsi and M. nivalis (Fig. S7). Three of the four deviating topologies
that suggested a sister-group relationship between M. adamsi and
M. henrici (thinned data set, 10 % and 20 % missing data; posterior
probabilities 0.97 and 0.79; not shown), were inferred from mapping to
the outgroup reference genome (P. domesticus; Fig. S7).

For final BEAST runs we selected SNP data sets inferred from
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Fig. 4. Phylogeny of snowfinches inferred from three sets of SNPs from cleaned ddRAD seq reads mapped on three different reference genomes: Passer domesticus,
Pyrgilauda ruficollis and Onychostruthus tazcanowskii; Bayesian inference of phylogeny relied on three combined runs with BEAST for each data set (MCMC chain
length: 50 million generations, trees sampled every 5000 generation, burnin: 30% of sampled trees); the figure shows the time-calibrated topology for the data set
inferred from mapping to the O. taczanowskii genome (unthinned data); node support values from Bayesian posterior probabilities: above nodes: unthinned data, 20%
missing (matrix sizes: 30,550 — 40,695 — 39,952 SNPs), below nodes: thinned data (biallelic unlinked SNPs), 30% missing (matrix sizes: 6,263 — 8,949 — 8,893 SNPs);

full node support for all three data sets is indicated by an asterisk.
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mapping to all three reference genomes i) allowing 20 % missing data
for unthinned SNP data (matrix sizes ranged from 30,550 — 40,695
SNPs), ii) allowing 30 % missing data for the thinned data set (matrix
sizes 6,263 — 8,949 biallelic unlinked SNPs; Table S5).

3.2.2. Inference of phylogeny and divergence times

Tree topologies were largely congruent i) between BEAST trees
(Fig. 4) and RaxML trees (Fig. S8) based on genome-wide SNPs inferred
from read mapping to each of the three reference genomes, ii) between
all trees based on genome-wide SNPs (Fig. 4, Fig. S8), the corrected
mitogenome tree and the cytb tree (Fig. 3, Fig. S5). The three snowfinch
genera were reciprocally monophyletic in all phylogenetic re-
constructions, with Onychostruthus and Pyrgilauda being sister taxa and
separated from Montifringilla by a deep split dated to 7.8 million years
ago (mya) in the genome-wide SNP trees and to 5.0 mya in the mito-
genome tree (Figs. 3, 4). Tree set analysis of the autosomal data set with
DensiTree (Fig. 5A) showed little uncertainty of topology and good
concordance of consensus trees with the BEAST trees (Fig. 4). In
contrast, the same analysis based on the Z-chromosomal SNP data set
showed a much greater uncertainty of topology (decreasing intensity
towards the root of both, sets of all trees and of consensus trees; Fig. 5B),
which is reflected by the greater reticulation of the Z-chromosomal
neighbor net network compared to that inferred from autosomal SNPs
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(Fig. 5C, D).

The sole incongruence between phylogenies inferred from genome-
wide SNPs and from mitochondrial markers concerned the position of
the Afghan endemic P. theresae. It was resolved as descending from the
most ancient offshoot of the Pyrgilauda clade in the SNP-based phylog-
enies (Figs. 4, 5A), instead of being sister to P. ruficollis in mitogenome-
and cytb-based phylogenies (Fig. 3, Fig. S5). In PCA (inferred from the
SNP data set with 20 % missing data allowed), O. tazcanowski was
strongly separated from all Pyrgilauda species along the x-axis (PC1
explaining 49.3 % of the total variation; Fig. 6B). Members of Pyrgilauda
were mainly separated along PC2 (explaining 20.3 % of the total vari-
ation) with clusters of P. blanfordi and P. davidiana showing some
overlap (Fig. 6B). The latter two sister taxa (Figs. 4, 5), appeared as
separate clusters only in the scatterplots of PC1 vs PC3 (0 % missing
data) and PC1 vs PC4 (20 % missing data; Fig. S9). Inclusion of the
historical sample P. theresae strongly reduced the number of SNPs (from
8,863 filtered SNPs and 3,233 unlinked SNPs to only 341 filtered and
175 unlinked SNPs with and without P. theresae), however, it had no
effect on the divisive clustering pattern among Pyrgilauda and Ony-
chostruthus species (Fig. S9).

For within-clade relationships of Montifringilla, all phylogenetic re-
constructions suggested a sister-group relationship of M. nivalis and
M. adamsi with M. henrici being sister to the latter two (Figs. 4, 5). In
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Fig. 5. Phylogenetic relationships of snowfinches inferred from cleaned ddRAD seq reads mapped on the Passer domesticus reference genome for two data sets of
autosomal SNPs (A, C; unthinned data; n = 30,550 sites; with 20 % missing data allowed) and Z-chromosomal SNPs (B, D; unthinned data; n = 899 SNPs; with 30 %
missing data allowed; due to a disproportionately high amount of missing data P. theresae was excluded from this analysis); A, B) tree set analysis from three in-
dependent runs with BEAST using DensiTree (all trees: green; consensus trees: blue); C, D) unrooted neighbor networks; lineages of Montifringilla nivalis: QTP =
Qinghai-Tibet Plateau, CAU = Caucasus, EU = Europe. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)
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of this article.)

PCA, Montifringilla nivalis was strongly separated from the other two
congenerics along the x-axis (PC1 explaining 37.5 % of the total varia-
tion; Fig. 6A) and showed remarkable intraspecific divergence between
nominate M. n. nivalis from Europe and the two Asian subspecies M. n.
alpicola and M. n. groumgrzimaili (Fig. 6A; PC2 explaining another 20.2 %
of the total variation). The split between the Asian and European line-
ages of M. nivalis was dated to 2.3 — 2.7 mya (mitogenomes: 1.53 [1.40 —
1.69] mya). Fsr values between the two major lineages (0.39 - 0.48;
Table 3) ranged at a similar magnitude like Fgy values among Monti-
fringilla species (M. nivalis vs. M. adamsi: 0.34 — 0.41; M. nivalis vs.
M. henrici: 0.39 — 0.47; M. adamsi vs. M. henrici: 0.34; Table 3). The most
recent divergences among terminal sister taxa (Figs. 4, 5) were dated to
1.7 — 1.9 mya for splits among Caucasian M. n. alpicola and Mongolian
M. n. groumgrzimaili (mitogenomes: 0.10 [0.07-0.13] mya) and at 2.3 —
2.4 mya between P. davidiana and P. blanfordi (mitogenomes: 0.40
[0.32-0.48] mya; smallest Fgy value for comparison among species:
0.18; Table 3).

Within European M. n. nivalis, samples from the Alps and from the
Cantabrian Mountains were reciprocally monophyletic only in Bayesian
trees based on SNP data sets inferred from mapping on either of the
ingroup reference genomes (Fig. 5). In BEAST trees based on SNPs
inferred from mapping on the house sparrow reference genome (and in
all three RaxML trees), the Cantabrian snowfinch populations appeared
as a monophyletic group that was nested in all other M. n. nivalis as a
fully supported terminal clade. Accordingly, genetic divergence be-
tween the two European populations was limited (Fsy value: 0.087;
Table 3). In PCA, the two European populations appeared as separate
clusters only in the scatterplot of PC1 vs PC4 (Fig. S10).

3.2.3. Quartet sampling
Quartet sampling (QS) scores for the total sampling indicated full
support for all terminal clades (species-level or subspecific taxa) and
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most of the deeper nodes of the snowfinch phylogeny (Fig. 7). Lower QC
scores indicated some discord with a skewed distribution of discordant
signals in the sister-group relationship of M. adamsi and M. nivalis and
strong discordance again with a skewed ratio in the sister-group rela-
tionship of Onychostruthus and Pyrgilauda (Fig. 7). Quartet informa-
tiveness was lowest at nodes i) uniting all Pyrgilauda species and ii)
uniting the Pyrgilauda crown group except P. theresae (with 65 % and 48
% of all quartets having passed the likelihood cut-off; Fig. 7). To test for
an effect of single branches on nodal support we repeated the QS anal-
ysis under exclusion of two individuals that had the lowest quartet fi-
delity (QF) scores (P. theresae: QF = 0.56; one M. n. nivalis from the Swiss
Alps, L40989 [FKN1]: QF = 0.45; Fig. 7). The second analysis yielded
full support for all nodes except for the sister-group relationship be-
tween Onychostruthus and Pyrgilauda (P. theresae excluded), which
showed a poor QC and QD = 0 despite a moderate QI score (signifying
weak support with significant skew towards one alternative relation-
ship; Fig. 7). The Cantabrian M. nivalis clade received strong support
from QS scores, too (Fig. 7).

4. Discussion
4.1. Quality assessment of mitogenome sequences

Next-generation sequencing (NGS) techniques have recently revo-
lutionized molecular systematics and have been applied to generate
high-quality mitogenomes of non-model organisms in the plant and
animal kingdoms (Briscoe et al., 2016; Kehlmaier et al., 2019, 2021;
Maddock et al., 2016; Yuan et al., 2016). Apart from the finding that a
notable percentage of mitogenomes deposited at GenBank was backed
by deficient meta-data (Strohm et al., 2016), NGS methods have revealed
a variety of errors in published mitogenome sequences such as incorrect
gene annotation, missing reads or duplications, inclusion of numts or
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Table 3

Intra- and interspecific genetic differentiation and distance among snowfinch taxa; Fsy values inferred from genome-wide autosomal SNPs (upper diagonal; reference genome Passer domesticus; 20 % missing data allowed;

n = 30,550 sites); p-distance values inferred from 1144 bp of the mitochondrial cytochrome-b (lower diagonal).

P. petronia

O. tazcanowskii

M. henrici P. davidiana P. blanfordi P. ruficollis P. theresae

M. n. groumgrzimaili M. adamsi

M. n. alpicola

M. n. nivalis

Alps

M. n. nivalis

Cant.

0.816053
0.797324
0.781067
0.810012
0.715263
0.730608
0.753774
0.669589
0.746129
0.875000
0.737817

0.646510
0.624559
0.596060
0.625105
0.546497
0.552999
0.552037
0.485414
0.539417
0.612398

0.775211
0.755804
0.729820
0.722274
0.629115
0.605885
0.659060
0.454128
0.559843

0.617837
0.590741
0.559353
0.596076
0.500629
0.508726
0.458616
0.376991

0.534988
0.516821
0.480926
0.506102
0.448769
0.451539
0.18083

0.625886
0.601708
0.568617
0.606667
0.511840
0.520177

0.468640
0.443385
0.394863
0.430914
0.340002

0.410394
0.386671
0.338370
0.366867

0.475532
0.436230
0.337359

0.421948

0.386614

0.0873355

M. n. nivalis Cantabrian Mts

M. n. nivalis Alps
M. n. alpicola

0.0021
0.0442
0.0466
0.0400
0.0561
0.0776
0.0784
0.0907
0.0832
0.0954

0.0461
0.0485
0.0405
0.0563
0.0795
0.0803
0.0914
0.0849
0.0962

0.0043
0.0411
0.0597
0.0694
0.0704
0.0892
0.0818
0.0978

M. n. groumgrzimaili

M. adamsi

M. henrici

0.0431
0.0602
0.0713
0.0724
0.0908
0.0817
0.1009

0.0470
0.0696
0.0716
0.0812
0.0710
0.0867

0.0810
0.0818
0.0926
0.0873
0.0977

P. davidiana
P. blanfordi
P. ruficollis
P. theresae

0.0045
0.0749
0.0576
0.0864

0.0761
0.0586
0.0887

0.0675
0.0978

0.0889

O. tazcanowskii
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concatenation of heterospecific DNA fragments (Prada and Boore, 2019;
Sangster and Luksenburg, 2020, 2021; Skujina et al., 2017). In a re-
evaluation of 1,876 avian mitogenomes, Sangster and Luksenburg
(2021) demonstrated that every second phylogenetic study that incor-
porated mitogenome data from GenBank included at least one prob-
lematic sequence. Therefore, a thorough quality assessment of sequence
data is recommended prior to phylogenetic analyses. For validation of
newly generated mitogenome sequences, Botero-Castro et al. (2016)
provided a set of quality control guidelines, such as using larger sets of
mtDNA markers (e.g. the DNA-barcoding marker COI) for comparison.

Following those recommendations, we could identify two typical
sources of error in published mitogenome sequences of snowfinches.
First, mitogenomes of O. tazcanowskii and P. davidiana available at
GenBank contained heterospecific DNA fragments of another snowfinch
species (for nine out of thirteen coding markers). Paraphyly of Pyrgi-
lauda in our uncorrected mitogenome tree is very likely due to the effect
of these two chimeric mitogenomes (compare Sangster and Luksenburg,
2020). For birds, Sangster and Luksenburg (2021) identified 23 pub-
lished chimeras across the entire class of Aves (1.5 % of their mitoge-
nome data set) and the same team reported an even greater proportion
of chimeras in published mitogenomes of fishes (5.7 %, Sangster and
Luksenburg, 2020). Inclusion of chimeric mitochondrial DNA sequences
in genetic data sets has previously blurred phylogenetic relationships of
extinct taxa, such as the Mascarene parrot, Mascarinus mascarin (Pod-
siadlowski et al., 2017). Second, the single published mitogenome
assigned to the taxon “Montifringilla nivalis“ turned out to be nearly
identical to that of M. henrici and both were deeply diverged from our
newly generated mitogenomes for Asian M. n. groumgrzimaili and Eu-
ropean M. n. nivalis. This mismatch is certainly due to flawed taxonomy,
because the Tibetan snowfinch was previously included in M. nivalis as
subspecies M. n. henrici (Table 1; compare Cheng, 1987, map on p. 943;
Glutz v. Blotzheim and Bauer, 1997). Incorrect assignment of GenBank
sequences to species-level taxa due to dated nomenclature or to simple
misidentifications was reported as another conspicuous pitfall in
phylogenetic reconstructions (Hofstetter et al., 2019; Salvi et al., 2021;
Tritsch et al., 2017). Therefore, the use of published mitogenome se-
quences for meta-analyses (such as trait evolution or niche evolution)
requires particular care. For example, the phylogenetic backbone used
for the reconstruction of niche evolution in snowfinches by Cobos et al.,
(2021; Fig. 1B) suffered from both sources of error, causing misplace-
ment of O. taczanowskii (chimeric mitogenome) and of M. henrici (flawed
taxonomy; M. nivalis is actually missing from their phylogeny; compare
Fig. 3).

4.2. Effects of reference genomes and filtering on SNP calling and
phylogeny

Generally, independent SNP analyses yielded highly consistent re-
sults regardless of the percentage of missing sites or of reference genome
choice. For snowfinches, mapping rates (and thus sequence and SNP
matrix sized) were slightly higher for the ingroup reference genomes
(P. ruficollis, O. taczanowskii) than for the outgroup reference genome
(P. domesticus), a general trend that was found in other bird groups
(Charadriiformes; Galla et al. 2019) or in ray-finned fishes (Bohling,
2020). However, single outlier taxa might not follow that general
pattern, like M. henrici in our taxon sampling, that consistently showed
lower rates for ingroup-mapping across all samples. Previous studies
confirmed possible effects of reference genome choice on divergence
patterns reflected by clustering methods or on tree topologies especially
in cases of high incomplete lineage sorting (Valiente-Mullor et al., 2021;
Rick et al., 2023). However, such effects might have played a minor role
for our snowfinch data set, because the outgroup Passer domesticus still is
a rather close relative to the snowfinches, considering that previous
studies had relied on the annotated zebra finch (Taeniopygia guttata;
Estrildidae) genome for phylogenetic reconstructions of different
passerine families, such as larks (Alaudidae; Stervander et al., 2016) or
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Node support (quartet sampling scores)

Quartet Concordance (QC) / Quartet Differential (QD) / Quartet Informativeness (Ql)
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Fig. 7. Phylogeny of snowfinches inferred from cleaned ddRAD seq reads mapped on the Passer domesticus reference genome (30,550 SNPs); quartet fidelity (QF)
scores shown behind terminal taxa; quartet sampling (QS) results with scores for quartet concordance (QC), quartet differential (QD; NA = not applicable) and
quartet informativeness (QI) indicated at nodes (scores for total data set above nodes; scores for reduced data set excluding two individuals with lowest QF score
(marked in light grey) below nodes; within-clade scores for terminal taxa not shown).

tits (Paridae; Stervander et al., 2015). Nevertheless, an ingroup refer-
ence genome might be advantageous for uncovering shallow di-
vergences reflecting intraspecific diversification, as reciprocal
monophyly of the two European mountain clades of M. n. nivalis could
be resolved only by SNP data sets inferred from ingroup-mapping. For
population genomic studies, even a local or regional reference individ-
ual can be used to decrease reference bias, as was exemplified for Eu-
ropean sticklebacks (Gasterosteus aculeatus; Thorburn et al., 2023).

Apart from reference genome choice, filtering thresholds, like pro-
portions of missing data and minor allele count were shown to have
major effects on phylogenetic analyses, such as possible removal of true
rare or private alleles that are relevant for detection of intraspecific
phylogeographic patterns or past demographic events (O’Leary et al.,
2018; Rick et al., 2023). The latter effect might be of minor importance
for time-calibrated trees covering intergeneric separation across evolu-
tionary time spans of more than 15 myr. However, while we could
confirm a postulated effect of missing data proportions on tree topol-
ogies or node support (see Eaton et al., 2017), this was not the case for
clustering patterns inferred from PCA. Previous studies had inferred
fully resolved phylogenies for evolutionary radiations with even greater
amounts of missing data (60 % missing data per SNP: Crotti et al., 2019;
up to 90 % missing data: Tripp et al., 2017). For our snowfinch data set,
data thinning (extracting only biallelic unlinked SNPs) improved node
support generally for the most ancient node (uniting the three snowfinch
genera), and specifically also for within-clade relationships of Monti-
fringilla in the outgroup-reference data set.
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4.3. Quartet discordance and mito-nuclear discordance

Generally, QF values for tip clades of the snowfinch phylogeny were
similar to those in previous phylogenies that included higher numbers of
taxa (e.g. Kong et al., 2022). Neither of the QS analyses supported the
phylogenetic hypothesis previously inferred from mitogenome se-
quences (Cobos et al., 2021) that had placed Onychostruthus firmly
nested in a paraphyletic Pyrgilauda (Fig. 2B). QS scores suggested an
effect of poorly informed branches (Pease et al., 2018) only for the
Pyrgilauda clade, QC and QI scores for this clade improved when the
analysis was repeated after removal of two terminal taxa with the lowest
QF scores (P. theresae and one Swiss sample [FK1] of M. n. nivalis).
Removal of P. theresae from the taxon sampling did not affect the
phylogenetic relationships among the remaining snowfinch species,
which suggests that P. theresae is not a “rogue taxon” per se (Westover
et al., 2013), but instead the poor scores for the Pyrgilauda clade were
caused by the high proportion of missing data in the SNP sequence
inferred from the historical P. theresae sample. Exclusion of “poor-
quality individuals” can improve the robustness of phylogenetic trees
(O’Leary et al. 2018), and in fact, in the second QS analysis (without
poor-quality individuals) only a single node showed a significant
discord, i.e. the sister-group relationship of Onychostruthus and Pyrgi-
lauda. This might also explain why the position of P. theresae is the only
major conflict between nuclear and mitochondrial trees in our study
(due to the high percentage of missing data inferred from that historical
toe-pad sample). The inclusion of poor-quality individuals might also
have affected QC and QI scores in the Montifringilla clade, because the
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sister-group relationship of M. adamsi and M. nivalis received full sup-
port from QS analysis only when the two poor-quality samples were
excluded.

The inferred QD value of 0 suggests that discordant quartets exclu-
sively resolved one of the two possible alternative quartet topologies for
each of the three most ancient nodes of the Onychostruthus/Pyrgilauda
clade. This indicates that the discord might be a result of past reticulate
evolution, i.e from past horizontal gene transfer between the two sister
clades concerned (Pease et al., 2018; Paetzold et al., 2019). Genome-
wide sequence data sets provide a useful matrix for tracing past hori-
zontal gene flow even among deeply divergent clades of a phylogeny, as
demonstrated for Himalayan and Tibetan pikas (Ochotona; Dahal et al.,
2023) or for more shallow divergences among species-level taxa during
island radiations (Manthey et al., 2020; Martin et al., 2021). Neverthe-
less, incomplete lineage sorting (ILS) must be considered as a reason for
unresolved phylogenetic relationships at shallow levels of divergence
(Palacios et al., 2019; Peters et al., 2007; Wang et al., 2018; Liu et al.,
2022) or associated with recent range expansions (Mende and Hunds-
doerfer, 2013) in snowfinches as well. In snowfinches, poor support for
reciprocal monophyly of Alpine and Cantabrian populations of M. n.
nivalis might be (partly) due to ILS, for example (only the latter group
received constant support from different analyses, even from QS anal-
ysis). Notably, for such shallow divergences reference genome choice
was shown to have strong effects in phylogenetic data sets including
high levels of ILS (Rick et al., 2023), and accordingly we found strongest
support for two reciprocally monophyletic European snowfinch clades
from the two data sets inferred from ingroup-mapping.

In summary, strong node support values and consistency of tree to-
pologies across phylogenetic reconstructions adds further support to
previous findings that genome-wide SNP data provide more robust and
more reliable phylogenetic hypotheses as compared to a small number
of conventional loci combined in multi-locus analyses, for example of
mtDNA markers and nuclear introns (Glon et al., 2021). Future studies
shall rely on expanded taxon samplings (e.g. subspecific taxa of wide-
spread M. nivalis) and data allowing the measurement of gene/locus tree
discord to investigate further patterns of diversification and possible
reticulate evolution in snowfinches.

4.4. Phylogeny and evolutionary history of snowfinches

Our genome-wide data sets (SNPs and corrected mitogenomes)
clearly rejected the postulated paraphyly of the snowfinch genus Pyrgi-
lauda (Fig. 2A; Cobos et al., 2021) and confirmed that in accordance
with current taxonomy (Gill et al., 2023), Montifringilla and Pyrgilauda
are reciprocally monophyletic (compare Packert et al., 2021). Further-
more, our phylogenetic reconstructions clearly supported a sister-group
relationship of the two genera Onychostruthus and Pyrgilauda, that were
previously united under genus Pyrgilauda (Mlikovsky, 1998; Summers-
Smith, 2009). Snowfinch vocalizations were shown to facilitate
distinction among genera, e.g. according to different flight call types
(Gebauer et al., 2006) and to phylogenetic signal of syllable types in
songs (Lei et al., 2005). However, a comprehensive taxon-complete
bioacoustics analysis for snowfinches is missing so far.

Furthermore, all tree topologies inferred from mitogenomes and
genome-wide SNPs clearly confirmed M. nivalis as a monophyletic taxon
and sister to M. adamsi. These findings clearly reject the previously
postulated i) paraphyly of M. nivalis based on limited sequence infor-
mation (Packert et al., 2020b, 2021) and ii) sister-group relationship of
M. nivalis and M. henrici (Cobos et al., 2021), both of which were often
treated as conspecifics (Table 1; see also Mayr, 1927; Moreau and
Greenway Jr, 1962; Portenko and Vietinghoff-Scheel 1974). Previous
authors either argued in favor of a distinctiveness of M. henrici against
the conspecific M. nivalis nivalis and M. nivalis adamsi (e.g. Hartert
(1921-1922); Cramp and Perrins, 1994), or for a separation of M. adamsi
against conspecific M. n. nivalis and M. n. henrici (e.g. Vaurie, 1959).
However, due to the long evolutionary time span of their separation (3.5
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— 4.5 mya) and reciprocal monophyly they should represent distinct
species-level taxa M. nivalis, M. adamsi and M. henrici (in accordance
with Gill et al., 2023). Martens and Eck (1995) agreed on a closer
relationship of M. nivalis and M. adamsi based on morphological traits as
confirmed by our phylogeny. Vaurie (1959; p. 587) had synonymized
Montifringillia nivalis groumgrzimaili with Montifringilla nivalis alpicola,
however, genetic distinctiveness of the latter two warrants recognition
of the latter two as separate (at least subspecific) taxa. The to-date un-
studied populations of M. n. kwenluensis from the Kunlun Shan, Xinjiang
Province (Cheng, 1987; Cramp and Perrins, 1994) could shed some light
on any as yet undetected cryptic diversification or on the question of
whether the phenotypical cline is associated with past or recent gene
flow.

Our SNP-based divergence time estimate for the onset of the snow-
finch radiation during the mid-Miocene (7.8 mya; see also Packert et al.,
2020b) was in good accordance with the time estimate inferred from
whole-genome data (Qu et al., 2021: 8.3 [5.5 - 11. 4] mya). Taking into
account, that mitochondrial DNA is inherited only from females and
therefore can only elucidate the evolutionary history of female lineages,
we consider the more ancient split ages inferred from the genome-wide
SNP data set as the more reliable estimates for the timing of the snow-
finch radiation. Generally, divergence time estimates can greatly differ
between phylogenies inferred from mitochondrial and from nuclear
markers even when the same calibration is applied to the data sets
(McCormack et al., 2011; Ritchie et al., 2022). Packert et al. (2021)
identified a single Pleistocene out-of-Tibet dispersal event in snow-
finches, because molecular sequence data for the Afghan snowfinch,
P. theresae, was missing at that time. Our taxon-complete phylogeny
showed that P. theresae likely originated from a more ancient Pliocene
out-of-Tibet split between 5.8 mya (SNP data set) and 3.3 mya probably
from a common ancestor with P. ruficollis (mitogenome data set). The
Afghan endemic P. theresae would thus represent a comparatively
ancient species-level lineage as compared to many other avian endemics
from the Western Himalayas and adjacent mountain ranges that repre-
sent taxa of Pleistocene origin (deRaad et al., 2022; Wolfgramm et al.,
2021).

The second, more recent out-of-Tibet colonization event in snow-
finches was associated with westward dispersal of founder populations
of extant M. n. nivalis into Europe during the early Pleistocene (2.7 - 1.5
mya; see Packert et al., 2020b). As two major physical barriers, the
Pyrenees (and their westward extensions to the Cantabrian Mountains)
and the Alps have been identified as centers of recent diversification of
several cold-adapted species in interglacial refuges (Hausdorf and
Walther, 2021; Stewart et al., 2010; Tribsch and Schonswetter, 2003)
and as hotspots of secondary contact zones including hybridization and
gene flow across a latitudinal gradient (Ebdon et al., 2021; Hewitt, 2000;
Schmitt, 2007). Accordingly, Pleistocene genetic divergence between
montane populations from these European mountain systems was
detected in European M. n. nivalis (this study), conifers (Abies alba,
Scotti-Saintagne et al., 2021) and butterflies (genus Erebia; Schmitt
et al., 2016; Vila et al., 2011). Repeated range contractions and ex-
pansions due to glacial cycles might have enhanced gene flow within
and across mountain systems, particularly in conjunction with range
expansion towards lower elevations during glacial periods (Stewart
et al., 2010).

5. Conclusions

For current and future biodiversity research in a rapidly changing
world, museum collections have become increasingly relevant as ar-
chives of occurrence records, species distributions and of phenotypic
and genetic diversity (review in Meineke et al., 2019). Research on
understudied regional faunal and floral assemblages benefits greatly
from inclusion of collection materials to fill in current data and knowl-
edge gaps (Figueira and Lages, 2019). Bohme and Jablonski (2022)
emphasized the basic need for multilateral co-operations among
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museums and universities from Afghanistan and partner countries for
future sustainable research on the country’s biodiversity and natural
heritage. To date, knowledge on Afghan biodiversity has been almost
entirely inferred from collection-based research on material collected
prior to the era of molecular genetics (Jablonski et al., 2019, 2021). All
endemic vertebrate species of Afghanistan were described from material
collected during expeditions in the 1960 s and earlier, such as freshwater
fishes (Coad and Bogutskaya, 2012) or racerunner lizards (genus Ere-
mias; Anderson and Leviton, 1967; Bohme et al., 1991). Genetic research
mainly relied on historical collection material for inclusion of Afghan
taxa/populations in molecular phylogenies (lizards: Orlova et al., 2022;
birds: Packert et al., 2020a).

Newer material from wild Afghan populations for genetic analyses
could only be collected during a short period of time when international
armed forces were present in the country, for example from military
camps (Kriiger et al., 2011) or from Air Force bases (GenBank sequences
included in Khan et al., 2021). Field studies during this short time
window enabled the discovery of Afghan populations of rare or narrowly
distributed species that had been overlooked or misidentified in orni-
thological collections like the large-billed reed warbler Acrocephalus
orinus (Ayé et al., 2011; Timmins et al., 2009,2010). Based on that
extended knowledge of Central Asian breeding populations of that
species, re-examination and DNA barcoding of Central Asian museum
specimens of reed warblers revealed that several historical A. orinus
specimens had been mistaken for a more widespread congeneric
A. dumentorum (Koblik et al., 2011). Such novel information and ma-
terial from modern field research helped refining breeding ranges, but
also offered new perspectives for population genetic or genomic
research. For example, genetic analyses of rare herbarium specimens
from the 20th century (1955 - 1978) documented a decline of genetic
diversity over time in an Afghan landrace of wheat (Terasawa et al.,
2009). On the one hand, extension of such time-limited series from
collections with fresh material from the 21st century will facilitate the
detection of up-to-date demographic changes for example in comparison
with climate or land-use change.

On the other hand, along with optimization of wet-lab protocols and
bioinformatics pipelines for NGS-based data sets, previous (partly
incomplete) phylogenetic hypotheses can be tested using high-quality
sequence data using freshly collected material. Likewise, typical sour-
ces of error in published sequence data can be detected, like in mito-
genomes of O. tazcanowskii and P. davidiana. Dense taxon-sampling and
increased robustness of molecular trees will also provide improved
phylogenetic backbones for future meta-analyses of traits’ evolution,
niche evolution and many other research questions. As a perspective for
snowfinch research, future population genetic studies should rely on a
broader, trans-European sampling to identify further possible relict lin-
eages on the Italian Peninsula, the Balkan Peninsula or Corsica. Simi-
larly, filling in the sampling gaps in Asia would be necessary to identify a
possible isolation-by-distance pattern in the most recent dispersal event
of Asian M. nivalis to the Caucasus in a stepping-stone process via Central
Asia (M. n. tianshanica), the Hindukush, the Elburz (ssp. alpicola) and the
Zagros mountains (M. n. raddei; see del Hoyo and Collar, 2016). The as
yet unstudied populations from Asia Minor (M. n. leucura from southern
Anatolia) might play a key role in the understanding of geographical
limits or potential overlap between Asian and European genetic lineages
of the white-winged snowfinch, M. nivalis.
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Abstract

The Qinghai-Tibetan Plateau (QTP) is one of the world’s key biodiversity hotspots, playing a
significance role in shaping ecological and evolutionary processes of many flora and fauna. QTP is
considered as the center of the origin of the many species including Snowfinches. Snowfinches
diversification began in the late Miocene and has recognized in three genera
(Montifringilla, Pyrgilauda, Onychostruthus) with eight recognized species. Among them,
Montifringilla nivalis species shows the out-of-Tibet dispersal, now inhabiting alpine environments
across Eurasian Mountain. In this study, we analyzed the intraspecific diversification of M.
nivalis using genome-wide SNPs, ecological data, and morphological traits. Our findings reveal
two major genetic lineages namely Asian and European lineages and diversification began in
the Early Pleistocene. Extended Bayesian Skyline Plot (EBSP) analysis suggests long-term
population stability of the M. nivalis with slight increases during the Holocene. Distinct phenotypic
differences between lineages indicate local ecological adaptation. These findings highlight the role of

glacial refugia and historical climate events in shaping present snowfinch diversity and distribution.

keywords: alpine environments, climate niche, ddRAD sequencing, Gloger’s rule, single nucleotide

polymorphisms (SNPs), snowfinches, spectral reflectance
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1. Introduction

Among the roughly 30 global biodiversity hotspots (Marchese 2015), mountains play a prominent
role. The two mountain systems extending across the largest elevational gradients on Earth, the
Sinohimalayas and the Andes, are among the 20 centers of highest vascular plant diversity (Mutke et
al. 2011). They stand out (together with the African Arc) as the global areas harboring the highest
species richness of vertebrates (Antonelli et al. 2018; Mosbrugger et al. 2018; Rahbeck et al. 2019b).

The Sinohimalayas (including the Himalayas and the Hengduanshan in the East) represent the
forested southern margin of the Qinghai-Tibet-Plateau (QTP), the largest topographic feature on
Earth (Favre et al. 2015). The two regions are divided by two major diversity gradients. Along a
smooth longitudinal gradient bird species richness of the Himalayas declines from the tropical East
towards the drier and colder West (Price et al. 2014). Along a rather sharp elevational gradient, forest
bird communities of the Sinohimalayas (and its southward extensions to the Indo-Burmese
Mountains) are characterized by high numbers of both ancient and young species, whereas alpine
bird communities above the timberline typically represent species-poor assemblages (Fjeldsa et al.
2012). Moreover, the eastern QTP margin (mainly represented by the Hengduanshan) also harbors
the highest proportion of endemic species of all Eurasian mountain systems (Rahbeck et al. 2019b,
Deng et al. 2020). Nevertheless, species-poor alpine communities of the core QTP are the home of
two ancient (Miocene), endemic, monotypic bird families species; the Przewalski’s finch
(Urocynchramus pylzowi, Urocynchramidae; Packert et al. 2016) and the ibisbill (Ibidorhyncha
struthersii, Ibidorhynchidae; Baker et al. 2007). Breeding ranges of a great proportion of Holarctic
high-elevation bird specialists are also largely or entirely restricted to the QTP (Scridel et al. 2018),

including most snowfinch species (Cobos et al. 2021; Packert et al. 2020).

Snowfinches are characteristic Tibetan faunal elements, and current taxonomy recognizes eight
species in three genera (Montifringilla, Pyrgilauda, Onychostruthus; Gill et al. 2024). They are
regarded as a prominent example of out-of-Tibet dispersal (Fig. 1). In mammals, such an out-of-
Tibet dispersal has previously been suggested as a major driver of diversification for the cold-
adapted megafauna (review in Deng et al. 2020) and for smaller rodents like high alpine pikas
(Ochotonidae; subgenus Pika) that dispersed out of Tibet into the Nearctic in the late Miocene and
further diversified into two extant Nearctic species (Wang et al. 2020, Tang et al. 2022). In fact, most
alpine radiations across the Holarctic are characterized by a multidirectional faunal and floral
exchange between the QTP and adjacent regions (plants: Ebersbach et al. 2017; vertebrates: Liu et al.

2016; Packert et al. 2020). Transcontinental colonization events from a Tibetan source area were
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often related to dispersing organisms, as it is the case for e.g. some butterflies (genus Hyles:
Hundsdorfer et al. 2017; genus Parnassius: Todisco et al. 2010; Zhao et al. 2022; genus Oeneis:
Kleckova et al. 2015) and birds (rosy finches, genus Leucosticte: Funk et al. 2021; snowfinches:
Packert et al. 2020).

The onset of snowfinch diversification has been dated to the late Miocene at 5.7 — 8.3 mya (Qu et al.
2021) and was mainly characterized by in-situ speciation of six endemic and largely sympatric
snowfinch species on the QTP and along its margins (Fig. 1B; Packert et al. 2020, 2021). One small-
range endemic from the Hindukush, Pyrgilauda theresae, emerged from an ancient late Miocene
colonization event from a QTP area of origin (Islam et al. 2024). Only the white-winged snowfinch
(Montifringilla nivalis) occupies a wide trans-Palearctic distribution range across the major Eurasian
mountain systems, where two major genetic lineages of an early Pleistocene divergence have been
identified so far: an eastern lineage comprising populations from the Mongolian Altai (M. n.
groumgrzimaili) and the Caucasus (M. n. alpicola), and a western lineage including populations from
the European Alps, the Pyrenees, Cantabrian Mountains and the Balkans (M. n. nivalis; Resano-
Mayor et al. 2017; Islam et al. 2024). The hypothesis of a dramatic niche expansion event in M.
nivalis inferred from niche evolution modeling (Cobos et al. 2021) was substantially challenged, as it
does not seem convincing that a derived thermal niche of European populations of M. n. nivalis
should be substantially broader than a more narrow ancestral niche of it’s Asian relatives (Brambilla
et al. 2022). Nevertheless, thermal niches occupied by M. nivalis in mountain systems of Europe are
undoubtedly divergent from those in the alpine environments of Asian mountain systems,
particularly from those at the northern margin of the QTP (Cobos et al. 2021). In other vertebrates,
niche expansion or niche shifts were suggested to have accelerated diversification in general (Hu et
al. 2015) and can be correlated with diversification of phenotypes, such as in corvids (Garcia-Porta
et al. 2022), and in an endemic lazy toad species of the QTP (Scutiger boulengeri; Lin et al. 2021).
In this study, we provide a multi-disciplinary analysis of the range-wide intraspecific diversification
of M. nivalis, including population genomic analyses from five Eurasian mountain systems using
ddRAD sequencing, flanked by projections of past and present distributions using ecological niche
modeling and a phenotypic analysis of body size and plumage color features. Our initial expectations
are
(i) Deep genetic divergence between the European and the Asian clade of M. nivalis (Islam et al.
2024) might be reflected by phenotypic trait divergence. According to Bergmann’s rule,
body size of terrestrial vertebrates should increase with latitude and decrease with

temperature (Guo et al. 2024; He et al. 2023). With respect to color, according to
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Gloger’s rule, climatic effects on melanin pigmentation should result in darker coloration
of mammals and birds in warmer and more humid climates (Delhey 2017). However,
recent studies have indicated that, owing to complex interactions of antagonistic or
additive effects of temperature and precipitation on plumage colour, Gloger’s rule does

not generally apply to all passerine birds (Delhey et al. 2019; Marcondes et al. 2022).

(if) Weak evidence of phylogeographic structure across European mountain ranges (Islam et al.
2024) should receive stronger support from population genetic analyses of genome-wide
SNP data based on a broader sampling. We include an analysis of demographic histories
inferred from population genomic data combined with projections of past distributions to

gain further insight into the evolutionary history of the species.

2. Materials and Methods

2.1 Sampling, DNA extraction and Sanger sequencing

We extracted DNA from 68 frozen tissue and blood samples of white-winged snowfinches from the
Mongolian Altai, (M. n. groumgrzimaili; n= 17), the Caucasus (M. n. alpicola; n= 3), the European
Alps (M. n. nivalis; n=11) and the Cantabrian Mountains (M. n. nivalis; n= 37; for sample origin see
Appendix S1; Table S1.1; map in Fig. 2A). For DNA extraction, we used InnuPREP DNA Mini Kit
(Analytik Jena AG) for tissue samples and innuPREP Blood DNA Mini Kit (Analytik Jena AG) for
blood samples, respectively. In both procedures, we followed manufacturer’s protocols except for

overnight incubation with proteinase K for cell lysis.

We amplified a 1079-bp fragment of the mitochondrial cytochrome-b with the primer combination of
0-L14851/0-H16065. We followed the PCR and sequencing protocols documented in Islam et al.
(2024). Purified PCR products were prepared for sequencing using the BigDyeTM 3.1 Dye
Terminator Cycle Sequencing Kits (Applied Biosystems, now at Thermo Fisher Scientific, Waltham,
MA, USA), and sequenced in both reading directions on an ABI 3730 capillary sequencer (Thermo
Fisher Scientific, Waltham, MA, USA). For each sample, we inspected forward and reverse
sequences with Chromas v.2.6.5 (Technelysium Pty Ltd, Brisbane, Australia), and we used MEGA v.
10.1.8 (Kumar et al., 2018) for editing and alignment of consensus sequences. From the cytb
sequence data set we produced a minimum-spanning haplotype network with PopArt 1.7 (Leigh &
Byrant 2015).

2.1 Genome sequencing and de-novo assembly

For our population genetic analysis, we opted for a commonly applied reduced representation
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sequencing approach, i.e. double digest restriction-site associated DNA sequencing (ddRAD-seq;
Peterson et al. 2012; McCormack et al. 2013). A reference genome for M. nivalis was previously not
available; we have generated a novel de novo assembly for this species in this study using 10X
Genomics linked read technology from an M. nivalis blood sample, sample was collected from Spain

Regarding of whole genome reference samples DNA was isolated using the NZY Tissue gDNA
Isolation kit, strictly following the manufacturer’s instructions. DNA was eluted in a final volume of
50 uL. The integrity of the extracted DNA was checked in a 2% agarose gel stained with GreenSafe
(NZYTech) and visualised under UV light. The isolated DNA was quantified with the Qubit dsDNA
HS Assay Kit (Thermo Fisher Scientific). A genomic shotgun library was constructed using the
TruSeq Nano DNA Library Prep kit (Illumina) following the manufacturer’s instructions. The library
was quantified with the Qubit dsSDNA HS Assay Kit, and its fragment size distribution was checked
in the Agilent 2100 Bioanalyzer using the Agilent DNA 1000 Kit (Agilent Technologies). The
library was sequenced in the NovaSeq 6000 PE150 platform (Illumina), obtaining 50 gigabases of
raw data. Raw sequences were trimmed using trimmomatic v. 0.39 (Bolger et al., 2014) combining
adapter trimming (ILLUMINACLIP: adapters: 2: 30: 10: 8: keepBothReads) and quality control
(LEADING: 25; TRAILING: 25; SLIDINGWINDOW: 8: 25) removing trimmed reads less than 90
bp in length.

Three different genome assemblers were run to compare results before selecting one assembly to
serve as a genomic reference; Abyss (Jackman et al., 2017), Ray (Boisvert et al., 2010) and
SOAPdenovo 2 (Luo et al., 2012), all of which had already performed well on bird genomes
(Bradnam et al., 2013). To determine the optimal value for the k-mer parameter KmerGenie v. 1.7
(Chikhi and Medvedev, 2014) was used before assembly, which resolved 57 as best-fitting k-mer,

and was used for all three assemblers.

For de-novo assembly Abyss v. 2.3.7 was run in Bloom filter and paired end mode with B=50G. Ray
v.2.3.1 was run with all parameters except the value for k-mer length left at default. For
SOAPdenovo v. 2.4.2 maximum read length was set to 151 bp with length cutoff disabled, average
insert size of 350 bp, the mapping distance at 32, and the remaining parameters set to their respective
default values. All assemblies were performed on a local workstation with 32 CPUs and 320 GB of
RAM. Assembly Statistics were computed using REAPR v1.0.18 (Hunt et al., 2013) and Busco
v.5.5.0 (Siméo et al., 2015) with the Passeriformes dataset v 10.
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2.2 Library preparation and ddRAD sequencing

Double-digested restriction site-associated DNA (ddRAD) sequencing of 68 snowfinch samples was
performed at Deep Sequencing Centre at TU Dresden. RADseq libraries were generated from
individual samples (50 ng gDNA) in a double digestion with Sbfl and Mspl (NEB) and specific
library barcodes carrying truncated adapters with cohesive ends (Trueg-i5 and TruSeg-i7) ligated to
the cohesive ends of restriction sites of digested DNA fragments. Details of library preparation
protocols can be inferred from Islam et al. (2024). Equimolarly pooled libraries were sequenced in
single end mode on an Illumina NextSeq 500 system to a read length of 75 bp and a depth of at least

1 million reads per sample.

2.3 Reference-based variant calling

Raw Illumina reads were demultiplexed with the process_radtags program with default settings, part
of the Stacks software (Catchen et al., 2011, 2013). FastQC v0.11.9 (Andrews, 2015) was used to
check sequence quality per read and GC content. For short-read mapping, we used a multi-reference
based assembly approach (Bohling, 2020; Valiente-Mullor et al., 2021) with the iPyrad pipeline
(Eaton and Ree, 2013). We generated two different SNP data sets from short-read mapping with (i)
our own de-novo reference genome for Montifringilla nivalis, and (ii) a published house sparrow
(Passer domesticus) genome that was annotated to chromosome level (Elgvin et al., 2017; accession
no: GCA_001700915.1).

We used ipyrad v.0.9.42 (Eaton and Overcast, 2020) for data assembly and read mapping, applying a
clustering threshold of 85% and a minimum sequencing depth for clustering >6X. We applied default
parameter settings of the reference-based ipyrad pipeline with a maximum of 8 indels, 0.5
heterozygous sites, and 20% SNPs per locus, and a minimum of four samples per locus. The ipyrad
pipeline (Eaton and Overcast, 2020) produced two separate VCF output files from independent

mapping against the two different reference genomes.

We used vcftools 1.1.5 (Danecek et al., 2011) for biallelic SNP filtering, and with a quality value
>30 applied to separate autosomal from Z-chromosomal data sets (only for the data set inferred from
alignment to the house sparrow reference genome annotated to the chromosome level; compare Islam
et al. 2024). From each of the two VCF files, we generated final SNP data sets without allowing
missing sites as input data for downstream analysis. To reduce effects of physical linkage among
markers (O’Leary et al., 2018), we applied the vcftools “thinning” option and set a thinning factor
thin=200 to receive an optimal proportion of unlinked SNPs in our thinned data set (compare Islam
et al. 2024).
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2.4 Clustering analyses

We used the ipyrad.pca tool from the ipyrad pipeline for the principal component analysis. To
observe population genetic structure among the Palearctic and European snowfinch populations
based on allele frequencies, we used Structure v.2.3.4 (Pritchard et. al 2000) with the ipyrad-analysis
toolkit. We have run eight iterations over K ranging from 1 to 8, with each MCMC chain for a single
K running with a burn in of 5,000 and sampling over 10,000 generations. We ran CLUMPP
(CLUster Matching and Permutation Program) (Rosenberg et al. 2004) from ipyrad analysis pipeline
to visualize the STRUCTURE run results. We identified the optimal K (number of clusters) using the
AK method (Evanno et al. 2005). To calculate pairwise Fst values among populations of M. nivalis
we used Stacks 2.60 software (Rochette and Catchen, 2017). We ran all analyses separately for the
total Eurasian sampling (n = 67) and for a reduced data set containing samples from European
populations only (n = 48).

2.5 Demographic history

We estimated historical population size changes through time using Extended Bayesian Skyline Plots
(EBSP; Heled & Drummond 2008) as implemented in BEAST v2.6.2 (Bouckaert et al. 2014). We
used gawk the function in the linux system to extract RAD seq loci with more than three SNPs for
five sets of populations separately allowing for 50% missing sites. Subsequently, by visual
inspection of alignments, we discarded loci with missing data for >5 individuals and/or many
missing sites at the beginning/end of the locus. The final input sets contained the mitochondrial
cytochrome-b plus (i) Europe all 20 (out of 36) RAD seq loci extracted, (ii) Asia all 28 (out of 46)
loci, (iii) Mongolia 17 (out of 22) loci; and (iv) Cantabrian Mountains 12 (out of 23) loci (see
Appendix S1, Tables S1.2, S1.3; sets of all 81 alignments deposited at DRYAD). In light of the low
number of loci extracted (n= 4), we did not perform a separate EBSP analysis for the sampling from

the Alps alone.

For each run, we applied the HKY model and a strict clock across all loci and applied an empirical
clock rate for the mitochondrial maker (compare Trucchi et al. 2014) cytochrome-b of 0.0105
substitutions per site per lineage per million years (Weir and Schluter 2008). To avoid numeric
instability errors (Bouckaert et al. 2019; Finch et al. 2018) that occurred during test runs with
BEAST, we modified clock rate priors for RAD seq loci from a default uniform distribution to a
normal distribution. We inferred a mean rate across ddRAD seq loci from a phylogenetic study of
snowfinches based on the same set of raw data (Islam et al. in prep), and set the prior intervals

according to the normal distribution of mean rates checked with TRACER (mean= 0.00995, sigma=
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0.0005; for further details see Appendix S2.2). For each data set, we ran the MCMC chain for 500
million generations, and checked ESS values from log files with TRACER. We generated skyline

plots following the instructions by Heled (2008; R script provided in the supplementary materials).

2.6 Species distribution models

Locality records for M. nivalis and its sub-species were collected from online resources such as the
Global Biodiversity Information Facility GBIF (www.gbif.org; n= 13,998 records). We used
Geoplaner V3.0 (www.geoplaner.de) to georeference occurrences and verify registered coordinates,
and DivaGIS (www.diva-gis.org) to extract elevational information for each record. We discarded
vague locality data and occurrences that were certainly based on misidentifications or false
taxonomic arrangements, in particular with respect to Asian populations of two related species M.
adamsi and M. henrici (Supplementary Information; Fig. S1). After filtering for duplicate records

from the same location, the raw occurrence data set contained 1406 localities.

Species distribution models (SDMs) were computed for the total occurrence data set of Eurasian
populations and for two subsets of occurrence data that correspond to the two major genetic lineages
(Islam et al. 2024). Separate modelling of these two subspecific units takes into account a large
sampling bias between an intensely surveyed area in Europe and less well surveyed regions in Asia
(compare Fourcade et al. 2013). The European subset contained all populations of the nominate
subspecies M. n. nivalis, whereas the eastern subset comprised Near East, Caucasian and Central
Asian populations (subspecies M. n. leucura, M. n. alpicola, M. n. gaddi, M. n. tianshanica, and M.

n. groumgrzimaili; see Appendix S1; Table S1.4).

Spatially clustered localities were filtered to a minimum inter-point distance of 5 km using the
‘spatially rarefy occurrence data’ tool implemented into the SDMtoolbox v2.4 (Brown 2014) for
ESRI ArcGIS v10.3, retaining 737 unique localities for M. nivalis: 492 for the European clade, and
245 for the eastern clade. The impact of uneven sampling effort between the European and eastern
subunit were assessed by building models based on randomly selected equal numbers of records.

Since the impact of unequal sampling was negligible all records were retained for model building.

A set of bioclimatic predictor variables with a spatial resolution of 2.5° (about 4.5 km) describing
annual trends, seasonality, and limiting factors related to temperature and precipitation, was obtained
from WorldClim (www.worldclim.org). To investigate the influence of past climate fluctuations on

past distribution of M. nivalis, we furthermore derived predictor variables for three projections for
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the Last Glacial Maximum (LGM, ~22,000 ya) from global circulation models through the
Paleoclimate Modelling Intercomparison Project Phase Il (www.worldclim.org). Models included in
the analyses were the Community Climate System Model (CCSM3) (Otto-Bliesner et al. 2006), the
Max Planck Institute Earth System Model P (MPI-ESM-P), and the Model for Interdisciplinary
Research on Climate (MIROC) (Hasumi & Emori 2004). A rectangular bounding box was used as
background.

Models were computed using the machine learning algorithm MaxEnt v3.4.1 (Phillips et al. 2017,
Phillips et al. 2006), a highly efficient, presence-only modelling algorithm. A subsampling method
with 100 replicates, randomly splitting the data set into a training (50%) and a testing subset (50%),
was applied. We chose the cloglog suitability output metric. Subsequently, the model was transferred
to the three LGM climate scenarios. The area under the curve (AUC), a threshold-independent
measure of model performance was used for model evaluation (Ling et al. 2003). An AUC score of 1
corresponds to a perfect fit, whereas a score of 0.5 is performance that matches random expectations
(Phillips et al. 2006; Elith 2006). The average projection across all replicate runs was used for further
processing, wherein the ‘10 percentile training presence logistic threshold’ was applied as presence-

absence threshold.

2.7 Phenotypic traits

For the phenotypic trait analyses, we relied on a published data set of morphological and colouration
measurements (Delgado et al. 2019). For our analysis, we included data from 244 specimens from
this dataset. Morphological measurements included wing, tail, tarsus, and bill lengths (all in mm) of
each bird, as a surrogate of body size. In addition, from each specimen we measured the spectral
reflectance of three different body parts representing three different colours (back/brown,
head/greyish and wing/blackish), using a 31 Ocean Optics Jaz spectrometer and PX-2 flash lamp
(Ocean Optics, Dunedin, FL). We computed six indices that summarise the chromatic variation in
the spectral reflectance (Delhey et al. 2015), namely brightness (B2), intensity (B3), contrast (S6),
saturation (S7), chroma (S8) and hue (H1; for definitions, see supplementary information). We
calculated the above-mentioned 18 colorimetric variables for all recorded spectra (for details of

spectrometric measurements, see Delgado et al. 2019).

We furthermore measured seven further parameters referring to the extent of brown, black, and white
plumage patches (patch size; Fig. For each sample we took four digital photographs of the body

(upper, lower, right and left sides) using a Nikon DF camera with a 50mm lens mounted on a tripod,
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thus keeping the bird-camera distance constant. Each sample was placed on a graph paper, in order to
have a scale unit as reference. Afterwards, we used the photographs to measure the area and the
perimeter of the visible brown patches on the upper side of the body (both the brown of the body and
the wings), the brown patch on the tail, the grey of the head and the white of the tail and the wings
(Fig. S1.1.A), using the Magic Wand and the Measurement Log tools in Adobe Photoshop CC 2016
(Fig. S1.1. B,C). Prior to each measurement, we set the measurement scale through the specific tool
in Photoshop, thus specifying the number of pixels in each image equal to 1 cm scale unit derived
from the graph paper. When a certain color was not uniform on the part of the body considered, the
Magic Wand tool selected fragmented patches and the Measurement Log tool returned multiple
measures (one for each fragment). In these cases, we considered the sum of all the measures for both

the area and the perimeter (for a list of variables measured, see supplementary Fig. S3).

We excluded specimens that had missing data for more than two phenotypic variables from the
analysis. The phenotypic data were analysed with SPSS 19, in a linear discriminant analysis (LDA)
for both original and log-transformed data (Mendez et al. 2002) using i) simultaneous estimation
considering all independent variables and ii) stepwise selection of best variables with best univariate
discrimination (lowest Wilk’s lambda). LDA was previously applied to the challenge of
discrimination among sexes of M. nivalis (Strinella et al. 2011). Because M. nivalis is a sexually
dimorphic species, all analyses of phenotypic variables were performed separately for sexes; in
addition, only adult individuals were included in the analysis (final n= 169; males: n= 119, females:
n=50). For LDA, we a priori defined three geographic groups that match the three genetic lineages
(Islam et al. 2024): i) European populations, ii) Caucasian and Middle Eastern populations, iii)
Central Asian populations from Kyrgysztan, Kazakhstan and Afghanistan (supplementary Fig.6).
Prior to LDA, we assessed multicollinearity between predictor variables using variance inflation
factors (VIFs; Fox & Monette 1992). We ran three separate simple linear models, considering the
individual ID as a response variable, assuming that values of VIF higher than 10 indicates
collinearity. We estimated the collinearity between (1) body-size features, (2) colorimetric variables
and (3) patch size.

We extracted climate variables for all georeferenced collection sites of museum specimens to test for
a possible correlation of plumage colour traits with climatic variables according to ecogeographic
rules. Due to missing or vague locality information on many labels, reliable georeferencing of
collection sites could only be done for a limited number of specimens, which reduced the data set for

this analysis (males n= 70; females n= 36).
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3. Results

3.1 Whole-genome assembly

We assembled short read sequencing for the whole-genome, sequencing resulted in 174,809,615
paired raw reads with an average GC content of 42%. After trimming, 136,963,515 sequences
remained. The three scaffolded assemblies produced by Abyss, Ray and SOAPdenovo2 ranged in
total length from 1.06 (Ray) to 1.21 Gbp (Abyss). The longest scaffold overall was produced by
SOAPdenovo2 (1.1 Mbp). The Ray scaffolded assembly had the highest number of gaps, whereas
the Abyss assembly had the lowest. The Abyss assembly also had the lowest total gap length, at just
~10% of that of the Ray and SOAPdenovo2 assemblies, respectively (Table 1). The N50 value was
highest for the Abyss assembly (74,962) with Ray a close second (70,130); SOAPdenovo2 had the
lowest (31,662; see Appendix S1; Table S1.6). The BUSCO analysis focused on the 10,844
putatively single-copy genes in the Passeriformes dataset v. 10. The Abyss assembly recovered
85.3% of these completely and in single-copy status; the Ray assembler performed nearly as well
(83.2%; Appendix S1; Table S1.6). In contrast, SOAPdeonovo2 recovered only 71.2% of the target
genes completely and as single-copy genes. The SOAPdenovo2 assembly missed twice as many
target genes as the other two assemblers. The Ray assembler resulted in 150 duplicated BUSCO
genes compared to 44 (Abyss) and 34 (Ray; Appendix S1; Table S1.6).

3.2 Raw read mapping

Illumina HiSeq2500 produced an average of 461k ddRAD raw reads per sample. Mean mapping rate
was higher, whereas mean coverage depth was slightly lower for read-mapping on the M. nivalis
genome (mapping rate: 68.4% [54.2 — 73.5%] vs. 58.6% [57.3 — 59.7%]; mean coverage depth:
100.4 [40.1 — 168.1] vs. 104.6 [36.8 — 148.3]; for M. nivalis vs. P. domesticus reference genomes).
From short-read alignment with the M. nivalis reference genome, the number of total filtered loci
ranged from 7919 — 10,362, the sequence matrix contained 973,812 sites (variable and non-variable;
16.91% missing sites) and the SNP matrix contained 20,687 sites (19.23 % missing sites; see
Appendix 1, Table S1.7). In contrast, short-read alignment with the house sparrow reference genome
yielded a total number of filtered loci from 6465 — 8477, the sequence matrix contained 720,240 sites
(variable and non-variable; 18.86% missing sites) and the SNP matrix contained 13,228 sites (20.08
% missing sites; see Appendix 1, Table S1.8).

For the total data set, allowing for 0% missing data, the SNP matrix contained 7630 sites and 3949
biallelic unlinked SNPs after further filtering. (Read-mapping to the P. domesticus reference genome
resulted in a matrix size of 4268 sites and 2443 biallelic unlinked SNPs after further filtering.)

Separate analyses of European populations were based on a SNP matrix size of 2258 sites and 1690
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biallelic unlinked SNPs (read-mapping on the P. domesticus reference genome, matrix size: 1562
sites and 1231 biallelic unlinked SNPs).

3.2 Lineage divergence and clustering analyses

Patterns of divergence and admixture based on the two independent SNP data sets inferred from
read-mapping to the house sparrow and the white-winged snowfinch genome were fully congruent.
In the following, we present the results based on the SNP data set inferred from the conspecific M.
nivalis reference genome, which, as expected, provided a higher average score for the mean mapping
rate.

For the total sampling, PCA and STRUCTURE analysis distinguished three well-separated clusters,
corresponding to the Mongolian Altai, Caucasus, and European mountain systems (Fig. 2; k=3,
maximal Ak=12.125; Fig. 2D, Appendix S1, Table S1.9). No signal of a fourth cluster was apparent
either in the STRUCTURE plot for k=4 (Fig. 2C) or in the scatterplot of the first two principal
components (PC1 explaining 64.9% of the total variation, PC2 explaining 6.4% of the total variation;
Fig. 2E). However, European populations from the Alps and the Cantabrian Mountains were
separated along PC3, which explained another 1.7% of the total variation (Fig. 2F).

Both the mitochondrial marker and the SNP data set showed a strong separation of Asian and
European populations. The two lineages were separated by a minimum of 44 substitutions in the cytb
haplotype network (suppl. Fig. S2), which equals a p-distance of roughly 5.0% (Fst values ranged
0.288-0.396; Table 1). The Caucasian population was represented by a single private haplotype that
differed by a single substitution from the Mongolian cluster (Fig. S2), whereas the SNP network
showed these two populations as strongly separated phylogroups (Fig 2B; p-dist= 0.25%, Fst=
0.198; Table 1).

Considering the separate analyses of European populations, although the optimal number of clusters
was estimated at k=4 (Ak= 9.252; Appendix S1, Table S1.9), PCA, STRUCTURE plots, and the
SNP network showed only two biologically meaningful clusters: the populations of the Alps and the
Cantabrian mountains (Fig. 3; PC1 explained 10.5% and PC2 explained another 4.1% of total
variation.). The STRUCTURE plot for k=2 showed the populations from the two European mountain
systems as two clusters connected by slightly asymmetric allelic introgression from the Alps into the
Cantabrian Mountains (Fig. 3B). Within the latter region, populations from Picos de Europa and
from Las Ubifias could not be separated in the STRUCTURE plot (Fig. 3B), the PCA scatterplot
(Fig. 3C), or in the minimum spanning network (Fig. 3D). Uncorrected p-distances among
populations from the two European mountain systems ranged 0.16-0.23%, and Fst values ranged
0.051-0.052 (Table 1).
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3.3 Demographic history, population size changes

In the pooled Asian data set, the 28 selected RADseq loci (total alignment length 3256 bp) contained
5-10 SNPs each. Seven loci failed to score any read data for 1-5 (out of 20) individuals (Table
S1.2a). In the pooled European data set, the 20 selected RADseq loci (total alignment length 2306
bp) contained 5-8 SNPs each. Nine loci failed to score any read data for 1-8 (out of 48) individuals
(Table S1.3a). According to EBSPs, both Asian and European snowfinch populations have
maintained a rather constant effective population size from the middle Pleistocene (~1 mya) to the
end of the LGM (Fig. 4). For the two larger population subsets, EBSPs showed a slight Holocene
population size increase starting at ~10,000 ya for Mongolian M. n. groumgrzimaili (Fig. 4C, D) and
at about 5000 ya for Cantabrian M. n. nivalis (after a minor population size decrease during the
LGM:; Fig. 4G, H).

3.4 SDMs

The discrimination ability of all models was high across replicate runs (all records: AUC = 0.956 +
0.004 SD; European subset: AUC = 0.984 + 0.002 SD; eastern subset: AUC = 0.965 + 0.005 SD).
Elevation was consistently important across all three units (all records: 38.9%; European population:
20.0%; eastern subunit: 57.2%). The overall model was affected mainly by elevation (38.9%),
followed by precipitation during the coldest quarter (bio 19: 33.0%) and coldest month (bio 14:
16.0%). The distribution of the European population was affected mainly by precipitation of the
driest quarter (bio 17: 51.3%) and the driest month (bio 14: 25.8%), followed by elevation (20.0%).
Predicted suitability for the eastern subunit was shaped principally by elevation (57.2%) and mean
temperature of the wettest quarter (bio 8: 11.2%). For a detailed list on variable contributions see
Table 2.

For European populations, the predicted distribution fitted well to the known range of M. n. nivalis.
Avreas of highest suitability appeared confined to high-elevation areas in the Pyrenees and its western
extensions (the Cevennes, the Alps, the eastern Dinaric Alps), plus a small area of lower suitability
along the eastern Black Sea coast (Fig. 5). For the eastern population, our models identified highly
suitable areas in Turkey and western Iran and eastern Afghanistan, with smaller fragmented areas
scattered across the Hindu Kush Mountains, all the way to the western Tian Shan Mountains (Fig. 6);
a disjunct area of high suitability was also apparent in the northern Altay Mountains in Mongolia.
The Caucasus Mountains were accorded only a low predicted suitability. Contrary to current range

estimates (BirdLife International 2017) a vast region of the QTP does not harbor any suitable area for
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M. nivalis. According to our estimates, the fraction of the IUCN shape file south of the Kunlunshan
and its eastern extensions without any occurrence records of M. nivalis covered an area of ~1.5
million km?2, which equals >22% of the entire range estimate according to IUCN (BirdLife
International 2017, Fig. 7).

Projections of ecological niche models to paleoclimatic conditions for the LGM suggested that M.
nivalis occupied a range comparable to that of its present-day distribution. The Cantabrian
Mountains, the Pyrenees, and the western Alps were likely uninhabitable, suggesting that the
remainder of the Alps might have served as a glacial refuge for the species in Europe. For the eastern
phylogroup, vast suitable areas existed during the LGM extending from Turkey in the West along the
Kopet Dag and the Caucasus Mountains across the Pamir-Alay system and the entire Tian Shan
range to the southern margin of the Mongolian Altai in the East (compare Figs 6, 7).

3.5 Phenotypic traits

According to VIF values, there was no collinearity neither among body-size variables nor among
metric dimensions of color patches. However, we found a high multicollinearity among colorimetric
variables with intensity (B3) and contrast (S6) showing high VIF values for all three color patches
(plus brightness [B2] for grey). After exclusion of B3 and S6 from the data set, the problem of
collinearity disappeared. Therefore, we deleted B3 and S6 (for all three colors) from the data set and
performed LDA with a reduced data set of 22 variables (body-size: n=4; colorimetric: n= 12; patch

size: n=6).

Irrespective of data transformation and data selection (all simultaneously vs stepwise selection)
classification accuracy to each of the three a-priori groups was high (89.2% - 93.3% of the
individuals were assigned to the correct group; Table S1.10). In both sexes, Central Asian
populations were separated from their eastern counterparts along DF1 (Fig. 8), that explained 57.5%
and 79.7% in males and females and showed significant correlations for color patch dimensions
(brown-area, white-LW) and hue (H1: all colors in males; brown and black in females; Table S1.11).
In addition, European M. n. nivalis were separated from their Near and Middle East counterparts
along DF2 (Fig. 8), that explained further 42.5% and 20.3% of the total variance in males and
females, and showed significant correlations with color patch dimensions (M2-area) and chroma (S8
for black and brown) in both sexes (Table S1.11). In stepwise discriminant analysis (SDA), three size
variables were equally selected for both sexes (bill length; patch sizes: brown-area, M2-area; Table

S1.11), for males four further variables were included in the analysis (patch size: Cm-area, white-
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LWe-area; tail length; S8 black), whereas only chroma (S8) for brown was retained as a fourth
variable in females (Table S1.11). Classification accuracy for SDA was a little lower than for DA (all
variables simultaneously included) with 89.2% of the males and 88.2% of the females assigned to the
correct group (Table S1.10).

To check for possible associations among morphological traits and climate variables, we relied on
one temperature variable and two precipitation variables that had the greatest effects on SDMss
Among body size variables, only wing pattern correlated significantly negative with precipitation of
the coldest quarter (Bio19) for both sexes and with temperature of the wettest quarter in females (p <
0.05, Table 4a; Fig. S3). In addition, male tail and tarsus lenghts increased and wing length also
decreased significantly with precipitation of driest quarter (Biol7; p < 0.01, Table 4a; Fig. S3).
Among plumage male color variables, 9 (out of 15) variables correlated significantly with
precipitation during the driest quarter (Biol7; all variables decreased except saturation [S7] for all
three patches; p < 0.05; Table 4; Fig. 9). Only four variables correlated significantly with mean
temperature of the wettest quarter: brightness (B2), intensity (B3) and contrast (S6) of greyish head
decreased (p < 0.001), whereas saturation (S7) of greyish head increased (p < 0.05; Table 4).
Strikingly, only 4 out of 15 colour variables of male plumage correlated significantly with
precipitation of the coldest quarter (Biol9): saturation (S7) for black and brightness (B2) and
intensity (B3) for grey increased, whereas only chroma (S8) for black decreased with Biol9 (Table
4; Fig. 9). In females, only a single color variable (chroma, S8 grey) decreased significantly with
temperature of the wettest quarter (Bio8; p < 0.05) and two other variables increased significantly
with precipitation of the driest quarter (Biol7; all p < 0.05; Table 4).

4. Discussion

4.1 Pleistocene lineage divergence and demographic histories

Currently, M. nivalis, is considered the only snowfinch species that shows a broad geographic range
and an intraspecific genetic differentiation at the same time, diverging it into three distinct
phylogroups (Péckert et al. 2020, 2021; this study). Divergence times between the two major
European and Asian lineages were dated to the Early Pleistocene (2.7-1.5 mya; Islam et al. 2024).
Likewise, Pleistocene emergence of novel genetic lineages has also been suggested for alpine
organisms in other mountain systems of South America and New Zealand (Wallis et al. 2016).
Similar phylogeographic disjunctions among Asian and European subspecific lineages have also
been documented in other Eurasian mountain specialists like the alpine accentor, Prunella collaris,
(Packert et al. 2020), the bearded vulture, Gypaetus barbatus (Streicher et al. 2021) and the Eurasian
dipper, Cinclus cinclus (Hourlay et al. 2018).
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While previous studies had suggested strong past population declines for several Palearctic bird
species (Song et al. 2021; Miller et al. 2021; Robinson et al. 2021), our EBSPs for both European
and Asian phylogroups of M. nivalis suggested long-term constancy of effective population sizes
over the last 30 — 50 my, followed by a slight Holocene population size increase., i.e. no evidence of
a population bottleneck. Similar demographic patterns were reconstructed for other snowfinch
species on the QTP (Qu et al. 2010), for some other Holarctic mountain specialists (Leucosticte,
Miller et al. 2021), but also for other montane and lowland bird species (Ashrafzadeh et al. 2021;
Drovetski et al. 2018). This is in accordance with our range projections onto paleoclimatic conditions
that suggested large areas of suitable habitat for ancestral M. nivais during the LGM across its entire
range. In Central Asia a large area of suitable paleohabitat should have existed from the Pamir-Alay
system in the South along the entire Tian Shan range to the Mongolian Altai and its eastern
extensions (Fig. 7). Those glacial refuges of M. nivalis must have been largely separated from those
reconstructed for the other snowfinch “platform species” that were supposedly restricted to one

rather small glacial refuge at the northeastern QTP margin (Qu et al. 2010, Lei et al. 2014).

Within the European nominate form M. nivalis nivalis, shallow genetic divergence among
populations from the Alps and those from the Cantabrian mountains likely accumulated in allopatry
in separate glacial refuges: one across the entire Alpine Arc and another smaller area in the Pyrenees
and their westward extensions (see Fig. 6). Strikingly, our projected distributions did not suggest
remarkable range shifts or contractions during the LGM, which is in good accordance with fossil
records of M. nivalis from the Wiirmian period that are mostly congruent with the species’ extant
Pyrenean and Alpine range (with some occurrences farther north of the Alps in southern France and
southern Germany; Tyrberg 1991).

There are fossil sites of this species dated between 15,000-28,000 years BP that are closer to the
Cantabrian Mountains & Pyrenees (in N Spain) than the remaining Alps (Smith et al. 2013). Like in
other European vertebrate species, the signal of admixture in some of the Cantabrian individuals
might have resulted from combined effects of incomplete lineage sorting (ILS) and past/ extant gene
flow among the Alpine and the Pyrenean-Cantabrian populations (Recuero & Garcia-Paris 2011;
Mila et al. 2013). Phylogeographic patterns involving distinct lineages from different European
mountain systems (e.g. Pyrenees, Alps, Carpathians etc.) are manifold and complex across different
groups of organisms (review by Schmitt 2009; rock lizards, Iberolacerta: Crochet et al. 2004;

Apennine-Pyrenees phylogenetic disjunction in beetles: Berilli et al. 2024; mammals, Rupicapra:
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Rodriguez et al. 2009, Perez et al. 2014, lacolina et al. 2021). Even within single mountain systems
microgeographic patterns of genetic divergence can be observed (review by Schmitt 2009), and
accordingly Ceresa et al. (2024) found evidence of small-scale phylogeographic structure among M.
n. nivalis populations of the central-eastern Alps, suggesting partly restricted gene flow due to
isolation-by-distance and high local inbreeding effects. Accordingly, the genetic diversity of
European M. n. nivalis might still be underestimated, and future phylogeographic and population
genomic studies should therefore include so far unstudied snowfinch populations from the Italian
Apennines, the Dinaric Alps and the Greek mountains. It might also be worth verifying whether the
species still exists in its formerly described breeding grounds on some Mediterranean islands like
Corsica and Crete (Portenko & Vietinghoff-Scheel 1974, Holzinger 2011).

4.2 Trait divergence among phylogroups

Ecological niche modeling by Cobos et al. (2021) suggested that colonization of the Western
Palearctic mountain systems from a Tibetan source area was associated with an expansion of the
niche of nominate M. n. nivalis from colder towards warmer temperature regimes. Even though
Cobos et al. (2021) likely overestimated the extent of temperature niche expansion (i.e.
methodological issues pointed out by Bambrilla et al. 2022), this is in line with our results. The sister
species of the snowfinch clade, the rock sparrow (Petronia petronia) shows a similar pattern of
divergence and ecological segregation among nominate P. p. petronia, from the lowlands on the
Iberian Peninsula up to 2000 m in the European Alps (Mingozzi et al. 2021) and genetically
divergent Mongolian and Tibetan P. p. brevirostris (Péckert et al. 2020) breeding at high alpine
elevations up to 4800 m (Summers-Smith 2009). In other passerines, such as corvids, niche
expansion has been shown to correlate with diversification of phenotypes (Garcia-Porta et al. 2022).
Accordingly, sympatric snowfinch species from the QTP (Montifringilla adamsi, Pyrgilauda
ruficollis, Onychostruthus taczanowskii) show strong divergence of body size traits, whereas only M.
adamsi showed strong divergence of the climatic niche compared to the other two more closely
related species (She et al. 2021). Moreover, even within other sparrow species, like Passer
domesticus, trait variation seems to follow ecogeographic rules, i.e. changes of body size features
along elevational gradients (Bala et al. 2024), and along latitudinal gradients (body size and plumage
colour; Cohen & Dor 2018).

In our white-winged snowfinch data set, European populations of nominate M. n. nivalis had longer
tails and tarsi but shorter wings and beaks than Asian populations (compare measurements in Cramp

& Perrins 1994). Significant correlations among plumage color and climate variables were mostly
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found for the dorsal patches on the head (grey) and the back (brown), rather than for the lateral patch
on the wing (black). Previous studies also suggested stronger effects of precipitation on plumage
brightness and ‘redness’ of the back than of the belly (Marcondes et al. 2021). The marked
differences of environmental effects on plumage colors among sexes found in M. nivalis (greater
effect on male plumage color) might be related to different selective pressures acting on plumage
coloration, particularly in sexually dimorphic bird species (Dale et al. 2015). In male M. nivalis,
brightness (B2), intensity (B3) and contrast (S6) decreased significantly whereas only saturation (S7)
increased significantly with both temperature (Bio8) and precipitation (Biol7). This seems to
contradict the expectation to find darker plumages in warmer and wetter environments according to
Gloger’s rule (Delhey 2017) as recently confirmed for some bird species (Flame-colored Tanager,
Piranga bidentata: Robles-Bello et al. 2022; Barn Owl, Tyto alba: Romano et al. 2019). Though the
validity of Gloger’s rule was already discussed for interspecific comparisons of snowfinch species
from different genera (Delgado et al. 2019), recent studies showed that Gloger’s rule does not apply
generally to all passerine birds (see Lee et al. 2021; example S. webbiana) owing to complex
interaction of antagonistic or additive effects of temperature and precipitation on plumage color
(Marcondes et al. 2021; Koskenpato et al. 2023).

For bird communities of the Iberian Peninsula, melanin-based color traits were shown to correlate
with summer ambient temperatures, but not with precipitation (Galvan et al. 2018). However,
comparisons among independent studies need to be treated with particular care, because color traits
such as “lightness” could have been quantified using quite different methods; e.g. in our study B2 =
“Mean relative reflectance over the entire spectral range”, whereas Delhey et al (2019) quantified
“lightness” according to red-green-blue values obtained from published color plates. Apart from
environmental effects, a genetic basis of plumage coloration should also be taken into account, as
was shown for rosy finches (Leucosticte spp.): the diagnostic phenotypes of three extant Nearctic
species (cheek and crown color) started diverging very recently (at ~0.25 mya) and were shown to be
associated with candidate regions on several different chromosomes (e.g. melanonesis genes; Funk et
al. 2023). However, similar studies of functional genomics are missing for M. nivalis, and would be
an important further step towards understanding intraspecific diversification of these Palearctic high-

alpine birds.

In summary, we conclude that, even though LDA revealed congruence of three morphological
clusters with three phylogroups of M. nivalis, no diagnostic trait discontinuities exist: the variance of

single variables showed large overlaps among the three phylogroups. According to the phenotypic
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diagnosis of Vaurie (1959), nominate M. n. nivalis is distinguishable from its Asian counterparts by
its “ashy grey crown that contrasts with the brown back.” The finding that at least some of the
spectral variables of plumage color correlated strongly with climate variables might support the idea
that an evolutionary niche shift in M. nivalis has also promoted phenotypic divergence.

4.3 Range overestimates due to dated taxonomy

Until recently, published distribution maps for M. nivalis projected a vast Tibetan range covering the
entire QTP from its northernmost margins in the Kunlun Mountains and the Qilian Mountains to the
high elevations of the Himalayas in the South and the Hengduanshan in the Southeast (del Hoyo &
Collar 2016; BirdLife International 2017, 2024; compare Fig. 7). Such a vast trans-QTP range is only
in accordance with a dated taxonomy that recognized a single Montifringilla species, i.e. M. nivalis
sensu lato that includes the subspecific taxa adamsi and/or henrici, now recognized as full species.
Accordingly, previous maps extended the Asian range of M. nivalis into NE Qinghai and Xizang (i.e.
the range of the subspecific taxon M. n. henrici; compare maps in Portenko & Vietinghoff-Scheel,
1974; Cheng, 1987). Most authors who later recognized the Tibetan snowfinch, M. henrici, as a
species of its own consequently limited the Asian range of M. nivalis sensu stricto to the mountain
chains north and west of the QTP (Gebauer 2006; Summers-Smith 2009, Summers-Smith and Bonan
2020). Recognition of three species-level taxa M. nivalis s. str., M. henrici, and M. adamsi must
necessarily result in range projections that show some overlap only for the latter two species in
Qinghai, whereas M. nivalis s. str. is nearly entirely allopatric from its congeners except for a
marginal overlap of M. n. kwenlunensis and nominate M. a. adamsi (Fig. 1 in Gebauer et al. 2006).
This essential information was likely overlooked by some authors, who apparently did not adjust
projected range maps to their proposed taxonomic changes, i.e. they distinguished three
Montifringilla species but retained an overly broad range map for M. nivalis that included an
immense taxonomic bias (i.e. covering the entire ranges of previously subspecific M. n. henrici and
M. n. adamsi; del Hoyo & Collar 2016; BirdLife International 2017, 2024). Consequently, these
projections show an immense range overestimate of ~1.5M km2 of uninhabited area where M.
nivalis s. str. does not occur (even a large area on the central QTP that is not occupied by any of the

three Montifringilla species; compare Fig. 9 and map in Gebauer et al. 2006).

This sort of error needs to be kept in mind when IUCN distribution maps are used for threat
assessments in birds and other vertebrates (Santini et al. 2019; Harfoot et al. 2021) or as a basis for

population size estimates (Wiedenfeld & Tognelli, 2023). Some authors raised the concern that range
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projections for narrow-range endemics may overestimate their true extents rather commonly
(Ramesh et al 2017). A recent exploration more generally of the IUCN distribution maps for birds
pointed toward rampant and pervasive errors of various sorts (Peterson et al. 2018). Therefore, an
account for uncertainty with respect to data quality and biases, published range maps or atlas data is

essential for accurate mapping of species’ distributions (Rocchini et al. 2011).
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Fig. 1: Late Miocene in-situ speciation on the QTP followed by Pleistocene out-of-Tibet colonization
events in two clades of alpine passerine birds; numbers indicate age estimates inferred for the onset
of in-situ diversification and dispersal events (Péackert et al. 2020); A) mountain finches
(Leucosticte): transcontinental colonization of the Nearctic from a Tibetan center of origin (three
sympatric mountain finch species) to North America, followed by diversification of three extant rosy
finch species; B) snowfinches: transpalearctic dispersal of ancestral Montifringilla nivalis from a
Tibetan area of origin (six sympatric species) to the Caucasus and the Western Palearctic; photo: M.
nivalis (D.L.); (shape files from BirdLife International 2024).
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Fig. 2: Intraspecific genetic differentiation among A) European and Asian study populations of M.
nivalis (collection sites shown as colored dots, distribution shape file according to BirdLife
International 2014) based on biallelic unlinked genome-wide SNPs (SNP matrix sizes: unfiltered=
7630 bp; after filtering= 3949 bp); B) neighbor-net network reconstructed with SplitsTree; C)
Structure plots for K=2, K=3 and K=4; D) identification of the optimal number of genetic clusters
according to estLnProbMean and AK; E, F) scatterplots of PC1 (explaining 64.9% of the total
variation) vs PC2 and PC3 (explaining 6.4% and 1.7% of the total variation).
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SNPs (SNP matrix sizes: unfiltered= 2258 bp; after filtering= 1690 bp); B) Structure plots for K=2, 3
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principal component analysis (PCA); D) neighbor-net network reconstructed with SplitsTree with
populations indicated at tips for the Alps (red cluster): AU= Austria, SW= Switzerland; for the

Cantabrian Mountains (yellow cluster) according to numbers shown on map A.
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Fig. 4: Extended Bayesian Skyline Plots (EBSP) inferred from multilocus data including the

mitochondrial cytochrome-b (fixed rate, r= 0.0105 substitutions/site/lineage/myr) and RAD seq loci
with n > 3 SNPs (fixed rate, r= 0.00995 substitutions/site/lineage/myr); MCMC chain= 500 million

generations; A, B) all Asian populations (M. n. alpicola from the Caucasus and M. n. groumgrzimaili

from the Mongolian Altai), n= 20, 28 RAD seq loci; C, D) only Mongolian populations, n= 17, 17

RAD seq loci; E, F) European populations (M. n. nivalis from the Swiss and Austrian Alps and from

the Cantabrian Mountains), n= 48, 20 RAD seq loci; G, H) Cantabrian populations alone, n= 37, 12
RAD seq loci.
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Fig. 5: Species distribution modeling for the European nominate subspecies of the White-winged
Snowfinch (Montifringilla n. nivalis) (A) occurrence records used to build the model displayed as
green dots (B); potential current distribution as derived from MaxEnt, suitability ranges from
moderate (dark blue) to high (red); (C) projections onto climatic reconstructions of the Last Glacial
Maximum;. Comparison between the three projected LGM models (MPI-ESM-P CCSM3, and
MIROC), darker grey shows the LGM land surface while the light grey area represents the present
land area, white shaded areas show the extent of ice sheets (https://crc806db.uni-

koeln.de/layer/show/6).
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Fig. 6: Species distribution modeling for the Asian subgroup of the White-winged Snowfinch
(Montifringilla nivalis; incl. ssp. alpicola, gaddi, groumgrzimaili, leucura, tianshanica) (A)
occurrence records used to build the model displayed as blue dots (B) potential current distribution
as derived from MaxEnt, suitability ranges from moderate (dark blue) to high (red); (C) projections
onto climatic reconstructions of the Last Glacial Maximum;. Comparison between the three
projected LGM models (MPI-ESM-P CCSM3, and MIROC), darker grey shows the LGM land
surface while the light grey area represents the present land area, white shaded areas show the extent
of ice sheets (https://crc806db.uni-koeln.de/layer/show/6).
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Fig. 7: Intraspecific morphological differentiation of the white-winged snowfinch, M. nivalis, linear

discriminant analysis (LDA) based on 29 morphological traits; A) males (n= 107) and B) females

(n=59); scatterplot of the first two discriminant functions (DF) 1 and 2.
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Fig. 8: Correlation between male plumage color variables brightness (B2), intensity (B3), contast
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dotted lines show 95% confidence intervals; line colors refer to patch colors (brown, blackish,
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Fig. 9: Asian distribution range of M. nivalis; colored areas: SDMs, suitable habitat, current
distribution, suitability ranges from moderate (dark blue) to high (red); dots indicate occurrence
records (raw data set); blue occurrences were included in the input data set for SDMs, black and
white dots were excluded from niche modeling analyses, because they refer to two different Asian
snowfinch species (M. adamsi= black; M. henrici = white; both previously treated as subspecies of
M. nivalis; taxonomic bias); shaded areas show the Asian distribution of M. nivalis according to
BirdLife international (2024) including a broad area on the QTP without any reliable occurrence data

for this species (,,uninhabited®).
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Figure S1.1: Consistent digital photographs of each bird (upper, lower, right, and left sides) were
captured, based on which we measured the extent of the visible brown patches on the upper side of
the body (including both body and wings), the brown patch on the tail, the grey on the head, and the
white on the tail and wings (A). These measurements were executed using the Magic Wand and

Measurement Log tools in Adobe Photoshop CC 2016 (B, C).
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Fig. S2: A)minimum-spanning haplotype network of Eurasian populations of M. nivalis
(cytochrome-b, 997 base pairs); B) Minimum-spanning networks for autosomal SNP data sets of

Eurasian populations of M. nivalis generated with SplitsTree
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A Tibetan Cradle of Evolution — in-situ speciation and Out-of-Tibet radiations in passerine

model species
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Discussion

QTP as a Global diversification Hub: Endemism, “Out of Tibet,” and Spreading route

Fossil discoveries from the Tibetan Plateau reveal its fundamental role in global biodiversity (Deng
2020); QTP shows the unique physical conditions that dynamically evolved and diversified
biodiversity through high rates of speciation and swift diversification, mostly drifted by evolutionary
dynamic geological or climatic oscillations (Fjeldsa et al., 2012; Favre et al., 2015). The Qinghai-Tibet
Plateau shaped by the mountain uplift and glacial cycles, which repetitively fragment and reconnect
habitats, speciation (Zhang et al., 2006; Ding et al., 2020). The Qinghai-Tibet Plateau (QTP) is isolated
by its unique environmental and physical surroundings, creating a separate high-altitude biodiversity
that harbors many endemic species. Additionally, the plateau’s uplift history has preserved fossils of

many biotas, contribution valuable insights into the evolutionary history of these plants and animals.

The Tibetan Plateau is considered as a key junction in the history of modern biodiversity, showing
three major patterns of biotic evolution and dispersal:

a). Local origination of endemism: The fossil records represent that QTP was an ecological island of
many endemic species. Fossil records of fish and mammals shows their evolutionary history during
the plateau’s uplift (Chang et al., 2010, 2016; Deng et al., 2011). For example, QTP endemic fish
genera Gymnocypris, Oxygymnocypris, Schizopygopsis, Platypharodon and Chuanchia  of  the
Schizothoracinae (Cypriniformes: Cyprinidae), which are the dominate QTP fossils of the freshwater
fish fauna (Tang et. al. 2019). Fossils show their historical dispersal mirrors the QTP distribution of

extant species, reflecting biological responses to the plateau’s stepwise uplift (Chang et al., 2010).

b). Local origination and “Out of Tibet” — showed by the evolutionary history of certain mammals and
plants those are originated in the QTP and later spread to other parts of the world in a suitable climate.
For example, Out-of-Tibet hypothesis considered the Tibetan Plateau as a center of origin for several
cold-adapted animals such as woolly rhinoceros, Arctic fox, snow leopards, pikas. The woolly
rhinoceros (Coelodonta) is good example of Ice Age megafauna which evolved with the large body
size including long hair, snow-clearing structures and thick fur to adapted the cold conditions of the
Pleistocene (Guérin 1989; Kahlke 2008). Previous fossil evidence could not fully resolve the origin
and evolution of the woolly rhinoceros (Deng 2006; Orlando 2003; Qiu 2004). However, the discovery
of a new Pliocene (~3.7 Ma) species, Coelodonta thibetana sp. nov., from the high-altitude Zanda
Basin in Tibet which is suggesting that woolly rhinoceros evolved in the Tibetan Plateau before

dispersal to northern Eurasia as the Ice Age began (Deng et al. 2011). The Arctic Fox shows
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circumpolar distribution in all Arctic tundra habitats, and the oldest fox fossil evidence from the Early
Pliocene of the Himalaya and Kunlun ranges. This evolutionary connection between an ancestral high-
elevation species and its modern polar descendant recommends faunal dynamics that linked two distant
regions of northern Eurasia (Wang 2014). Fossil evidence suggested two canid lineages in the Tibetan
Plateau: one descendent to the Arctic fox lineage, and another to the Tibetan sand fox. The pikas
(Lagomorpha: Ochotonidae) is another cold-adapted mammal group presently distributed across alpine
and tundra habitats across the Northern Hemisphere (Delibes-Mateos et al. 2011; Wilson & Smith
2015; Smith et al. 2018), and successfully adapted to cold habitat (Wang et al., 2020). Phylogeographic
analyses suggested that the last common ancestor of pikas evolved in the mid-Miocene, likely on the
Qinghai-Tibetan Plateau and later dispersed across Eurasia and North America (Wang et al., 2020).
Snow leopards (Panthera uncia) are distributed mountain ranges of Central and South Asia. The
earliest known fossil (2.2-2.5 Ma) was discovered near Tibet, and skeletal fossil and phylogenetic
analyses suggested that snow leopards dispersed multiple times from the Tibetan Plateau during the
Quaternary (Wang et al., 2020). Cold-adapted animals evolved and adapted to high-elevation
environments during the uplift of the Tibetan Plateau, which served as a cradle for Ice Age megafauna

before their dispersal into colder environments (Deng 2011).

c) Intercontinental dispersal via Tibet:

The Qinghai-Tibet Plateau has played an active role in global biodiversity - sometimes acting as a
barrier that isolated species, and other times allowing their movement and interaction. These shifts
have influenced the rise and fall of many evolutionary lineages (Vermeij, 1991; Klaus et al., 2016).
The Genus Ailanthus includes six woody deciduous or evergreen species, those are distributed from
China to northern Australia and eastern India to New Guinea, with Southeast Asia as its diversity
center (Nooteboom, 1960; Sam et al. 2007; Su et al., 2013; Song & Xu, 2014). Recently discovered
fossils from the Deccan Plateau, dated to the latest Cretaceous - earliest Paleocene, represent the
earliest record and suggest an Indian origin (Wheeler et al., 2017). Ailanthus likely spread to Tibet
after the India—Eurasia collision, reaching northern Asia in the Early Eocene and then North America
via the Bering land bridge (Corbett & Manchester, 2004; Song et al., 2014). The fish genus Anabas
distributed in Asia, while similar species are found in Africa (Norris, 1994). Recently anabantid fossil
discovered from central Tibet. Molecular studies suggesting that anabantoid fishes originated in
Southeast Asia during the Middle Eocene and later moved into Tibet through interconnected water
systems (Wu et al., 2017).
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The QTP is an evolutionary center formed by plate collisions, uplift, and climate cooling, and
considered an origin and diversification center for many endemic bird groups (families or genera), as
well as a key area for understanding colonization events and pathways both out of and into Tibet. For
example, avian diversity of the QTP research works using a phylogenetic dataset of the superfamily
Passeroidea (660 species; Fig. 4.A) have detected five families that form a hotspot of diversity and
endemism on the QTP and its boundaries, including the Himalayas and Hengduanshan. Endemic birds
of the QTP have evolved through in-situ speciation and subsequently extended their distribution

beyond the QTP’s boundaries - a process mentioned to as the “Out-of-Tibet” scenario.

Six of the eight known snowfinch species are endemic to the QTP, representing how they responded
to the plateau’s massive geological uplift, climate-changes habitat fragmentation, and repetitive cycles
of isolation (Packert et al., 2021). Snowfinches (Montifringilla sp Pyrgilauda sp, Onychostruthus sp.)
evolutionary history connects the QTP’s dynamic uplift, climatic fluctuations, and habitat diversity
have driven rapid diversification and local adaptation in high-altitude species. The onset of alpine
radiations has been dated to about 8 million years ago in snowfinches, with terminal dispersal events
out of Tibet (via the Himalayas) happening during the Pleistocene (Péackert et al. 2020). These
Pleistocene climatic oscillations triggered important range contractions in endemic QTP bird species,
followed by Holocene expansions that designed their demographic histories. Similar range shifts and
demographic changes were also detected in species across the Western Palearctic (Yang et al. 2009;
Lei et al. 2013). Over these short evolutionary timescales, range shifts can be connected with changes

in climatic and ecological niches, driving speciation processes (Nyari & Reddy 2013).

Trans-continental and intercontinental colonization pathways have been identified, such as those
connecting bridging populations in the Caucasus (M. nivalis alpicola) to the European mountain
systems (M. nivalis nivalis; Fig. 4 “snowfinches”), and extending across the Russian Far East and
Kamchatka (Leucosticte arctoa) to the Nearctic via the Bering Strait (L. tephrocotis and allies; Fig. 4
“mountain finches”). Importantly, the little-studied Afghan snowfinch (Pyrgilauda theresae; Fig. 5B)
likely arose from an former time, short-distance dispersal event from Tibet to the adjacent Hindukush
around 6 million years ago. Genome-wide SNP data have identified late Pleistocene divergence on a
smaller scale between European snowfinch populations in the Alps and the Cantabrian Mountains
(dating to around 0.6 million years ago; Fig. 4C). Funk et al. (2020) detected similar recent
diversification patterns in Nearctic rosy finches, tracing them back to a common ancestor with the

Asian rosy finch (L. arctoa).



Page | 106

Most of the phylogeographic studies of the QTP’s glacial history have been restricted to broad
comparisons of unrelated target species, lacking examination of potential shared diversification
patterns (Lei et al. 2013). In our present research, we have produced a whole Genome reference
genome of Montifringilla nivalis and we mapped the ddRAD data with this newly produced reference
genome. In our genomic study we could not include all the population samples of the white-winged
snowfinch samples. Future studies should include snowfinch samples from additional bridging
populations between the QTP and European mountain systems—such as those in the Italian and Balkan
Peninsulas (M. n. nivalis) and the Near East (M. n. leucura). Our projects are focused on unraveling
trans-Palearctic dispersal and diversification patterns (Péackert et al. 2015a, Chapter 3; Wang et al.

2015), alongside the demographic histories of snowfinch species.

Current state of knowledge on the biogeography and evolutionary history of snowfinches

The biogeographic analysis presented here offers new insights into the historical dispersal and
diversification patterns of snowfinches across the Qinghai-Tibet Plateau and other Palearctic regions.
The new phylogenetic reconstructions, supported by genetic data, disclose how past climatic events,
such as glaciations, have shaped the distribution and diversification of these species, as supported by
previous studies (Hewitt, 2004). These results contribute to a deeper understanding of the
evolutionary history of snowfinches, particularly regarding how past ecological changes have
influenced their speciation and adaptation processes. In our study, we were intensively focused on
snowfinch populations from the Cantabrian and European Alps Mountain ranges. Our phylogenomic
research shows the presence of multiple mitochondrial lineages, revel its complex evolutionary
history. Our museomics research pointed that M. nivalis originated on the Tibetan Plateau and later
colonized the Western Palearctic. Specially, M. nivalis prove an intraspecific phylogeographic
structure across Eurasian Mountain systems - mainly in the Pyrenees, Alps, and Caucasus
highlighting the deep influence of Pleistocene-driven diversification on its genetic discrepancy and
demographic history. However, the absence of samples from the Balkans restricted to fully explain
the population structure of snowfinches across Europe. We also couldn’t include samples from
Turkey, which would have been important in exploring the population barrier between Europe and
Asia. These gaps highlight important areas for future research.
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Evolutionary Linkages Between the Qinghai-Tibet Plateau and Himalayan Birds

The uplift of the QTP shaped geological and climatic transformations of the QTP, and formed one of
the harshest high-altitude environments on Earth. Besides the development of the high-altitude
environments, it is also profoundly influenced the development of adjacent ecosystems, including the
Himalayas. Besides the uplifting the Tibet Plateau, it worked as a radiator and a center of evolution
of many cold-adapted birds. For example, snowfinches are high-altitude birds group which are mostly
radiated within the plateau and its fringes, while ground-tits evolved in low-oxygen alpine
environments, that show deep phylogenetic splits that align with main geological and climatic events
during the plateau’s uplift. In the meanwhile of the uplifting of QTP, Himalayan Forest birds like
coal tits (Periparus ater), display vicariant patterns, with genetic discrepancy which is designed by
topographical barriers such as deep valleys and ridgelines. To observe the secondary contact zones
or hybrid zone of Himalayan birds (Péackert et. al. 2023), we explored the legacy of Pleistocene range
fragmentation and the subsequent segregation of genetic lineages in glacial refuges. In the Himalayas,
the coal tit taxa diversity typically separated during the early or mid-Pleistocene. Previously
Wolfgramm et. al. (2021), a population genetic study has been done based on ten microsatellite loci
already confirmed large-scale gene flow between western P. a. melanolophus and eastern P. a.
aemodius. However, differences between the phenotypically distinct hybrid populations have not yet
been quantified (Wolfgramm et al., 2021). In this study, we generated a dataset of genome-wide
single-nucleotide polymorphisms (SNPs) using ddRAD sequencing, which was analyzed using a
clustering approach. This analysis clearly depicts, a cross the Dhaulagiri transition zone in Nepal, a
narrow hybrid belt exists between two coal tit subspecies: the western P. a. melanolophus and the
eastern P. a. aemodius, with an unusual cinnamon-bellied form presenting locally with these hybrids
in the Dhorpatan Valley (Diesselhorst & Martens, 1972; Eck & Martens, 2006; Martens, 1975). We
inspected genetic divergence and admixture shapes across Himalayan coal tit populations, from the
Hindukush in the west to eastern Nepal, predicting robust genetic mixing in phenotypically
intermediate populations of western Nepal and genetic uniqueness in the parental populations at both
ends of this cline. Our research relied heavily on natural history collections those were collected in
the 1960s and 1970s, and highlights the essential role of natural history collections as biological
archives (Kuhn et al., 2013; Mecke et al., 2016; Meineke et al., 2018; Rocha et al., 2014; Winston,
2007). In addition, we studied historical specimens from Hans Lohrl’s cross-breeding experiments
which were collected in the late 1960s (Fig. 6; Lohrl 1994), including European coal tits (Periparus
ater ater) and Himalayan spot-winged tits (P. a. melanolophus). These recognized F1 and F2 hybrids

provided a valuable reference for identifying hybrid populations in the nature, specially within the
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natural hybrid zone in the Central Himalayas (Fig. 6). Compared with the known hybrids from Lohrl’s
experiment, none of the hybrid populations from Nepal show genetic similarities with a hypothetical
founding population from an F1 or F2 generation. The local gene pools of the hybrid populations
south and southwest of the Dhaulagiri massif resemble backcrosses with P. a. melanolophus, while
the gene pools of the hybrid populations from the adjacent Kali Gandaki Valley (P. a. martensi) and

south of the Annapurna massif resemble backcrosses with P. a. aemodius.
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Fig. 5: This study highlights the importance of scientific collections in uncovering historical genetic
patterns and evolutionary dynamics. By analyzing DNA from museum specimens of the coal tit
(Periparus ater) dating back to 1960, illustrate a secondary contact zone in the Western Himalayas. In
the Western Himalayas two subspecies P. a. melanolophus (population a) and P. a. aemodius
(population b), where putative hybrid populations with intermediate phenotypes are found in a narrow
region of overlap in Central Nepal. A. Map of the Himalayan hybrid zone showing the transition
between the western “spot-winged tit,” Periparus s ater melanolophus (phenotype a; sites: 1 = Chala
Valley, 2 = Saipal, 3 = Jagdulah Lekh) and the eastern coal tit subspecies P. a. aemodius (phenotype
d; sites: 12, 13 = Somdang, west of Syabrubesi, 14 = Dadar Danda, 15 = above Ghunsa). Hybrid
populations (from west to east) include: spot-winged hybrids (sensu Harrap & Quinn 1996; sites: 4 =
Ringmo at Lake Phoksumdo, 5 = Tarakot, 6 = Thankur); cinnamon-bellied hybrids (phenotype b)
occurring in local sympatry with spot-winged hybrids at Dhorpatan (site 7); pale-bellied hybrids
(Martens & Eck 1995; site 8 = upper Myagdi Khola); and P. a. martensi (sensu Eck 1998; referred to
as “coal-tit type hybrids” by Harrap & Quinn 1996; phenotype c; sites: 9 = Thaksang, 10 = Thakkola
[Purano Marpha], 11 = between Chitre and Deorali). (Drawings by K. Rehbinder). B. Patterns of
divergence and admixture in two overlap zones between western and eastern Himalayan Periparus
tits, based on STRUCTURE analysis of genome-wide SNP data for k=3. Each vertical column
represents one individual, with mitochondrial lineages indicated by the color bars above the
STRUCTURE plots. These data highlight zones of admixture in Nepal and China for the coal tit
(Periparus ater). D. Principal Coordinates Analysis (PCoA) based on genome-wide NGS data, with a

triangle diagram illustrating the differences among the various populations.

Methodological advancements in the field

In our research, advanced genomic techniques, such as next-generation sequencing (NGS) and SNP
analysis, have been crucial in resolving the complex phylogenetic relationships within Passeridae.
These methodological advancements have provided a more comprehensive and precise understanding
of avian phylogenetics, overcoming the limitations of previous studies that relied primarily on
mitochondrial data (Mardis, 2008). She et al. (2022) explained the adaptive divergence of QTP’
sympatric snowfinches (Montifringilla adamsi, Pyrgilauda ruficollis and Onychostruthus
taczanowskii) by analysing genomics, morphology, and ecological niche modelling. However, their
research did not include the trans-Palearctic white-winged snowfinch (Montifringilla nivalis). In our

research, we filled this gap by exploring the intraspecific molecular and morphological variation of
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the white-winged snowfinch across its Eurasian population. By integrating genomic, morphological,
and ecological data, this research has presented a holistic view of snowfinch diversification, setting a

pattern for future studies to resolve phylogenetic complexities in other avian groups.

The improvement of Next-Generation Sequencing (NGS) technologies has greatly boosted the facility
to study genetic diversity, but collecting fresh samples, especially in regions with harsh weather or
ongoing conflicts, remains a significant challenge. In such cases, museum specimens are vital,
providing the unique resource of material for phylogeographic studies. However, these samples have
some limitations, particularly due to DNA fragmentation over time. Museum specimens classically
hold degraded DNA, difficult to extract fragments longer than around 1,000 base pairs, which
bounds the use of long-read sequencing technologies. Despite these challenges, museum samples
endure critical for research across various disciplines such as phylogenomics, biogeography and
evolutionary biology. In our study, we used ddRAD-library preparation, a specific short-read
sequencing method, which allowed us to examine around 5000-10000 loci, though these short read
NGS libraries do not cover the full genome. Long read whole-genome sequencing could be a future
option. We also used an NGS approach for complete mitogenome sequencing, which allowed us to
generate complete mitogenomes for key snowfinch taxa, including rare Afghan endemic sample
Pyrgilauda theresae. This complete mitogenome sequencing revealed that numerous mitogenome
sequences on GenBank were chimeric those encompassing fragments from multiple snowfinch
species. By recognizing these chimeric sequences, we clarified the discrepancies in previous
molecular trees, showing that these errors were responsible for inaccurate placements in snowfinch
phylogenies. Looking ahead, future research should aim for continuous sampling across the trans-
Palearctic region, exploiting high molecular weight DNA and long-read sequencing technologies.
These methods will deliver more comprehensive insights into snowfinch population structure and
biogeographical barriers between European and Asian populations, present a deeper understanding

of their evolutionary history.
Contribution to evolutionary theory and biogeography

Finally, our work contributes to our collective understanding of evolutionary theory, mainly in
the contexts of speciation, adaptive radiation, and the role of harsh environments in shaping
biodiversity. By explaining biogeographical history and phylogenetic relationships of the montane
and alpine target groups of snowfinches. Our research contributes to the current knowledge
on taxon-complete phylogenetic evolution of snowfinches, diversification and climatic challenges
of the snowfinches. The insights gained from our research not only advance our understanding of
avian evolution but also provide a framework for studying the evolutionary dynamics of
other species in extreme environments, bridging the gap between evolutionary biology and

ecology.
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Challenges and future directions in Passeridae research

Our research has resolved several phylogenetic key questions within Passeridae, but there are still
remaining questions. Future research could improve taxon sampling to include more species from
underrepresented areas. Moreover, the potential of an integrative taxonomy approach, which could
be applied to other avian groups to address similar phylogenetic uncertainties, is particularly
promising. The integration of paleontological data with deeper genomic study and findings could also
provide a more comprehensive understanding of the evolutionary history of Passeridae, particularly
in relation to ecological changes and passerine species diversification.

Importance of scientific collections

Biological archives are essential resources that procedure the foundation for research in systematics,
taxonomy, and evolutionary biology, with natural history collections serving as the key reservoirs.
Museum collections provide important biological material for classifying and describing new species,
tracing past biodiversity (Schindel and Cook, 2018; Hahn et al., 2020; Hilton et al., 2021), and
explaining biodiversity patterns across both time and space. By storing specimens alongside their
geolocation information, these museum collections allow for increasing comparisons across different
topographical regions and historical ages. Today, museum specimens have become important sources
of genetic material for molecular analyses, facilitating studies on hybridization, admixture, and
phylogeography by bridging the past and present. Natural history collections also act as biological
archives, preserve rare or even extinct species, as well as endemics from previously inaccessible or
conflicts areas like Afghanistan. We used biological archive samples from museum collections, which
provided important genetic material from conflict region of Afghanistan, that are inaccessible to
scientists today. In this study, we present the first taxon-complete phylogeny of snowfinches by
studying historical genetic materials from whole skins of the Afghan Snowfinch (Pyrgilauda theresae)
(Fig. 5C). We generated whole mitochondrial genome sequences of the snowfinches taxa and obtained
genome-wide SNP data using ddRAD sequencing. This sampling and molecular study approach
covered all extant endemic snowfinch species to the Qinghai-Tibet Plateau (QTP) and included
extended intraspecific sampling of the only Central and Western Palearctic snowfinch (Montifringilla
nivalis). With the advanced next-generation sequencing (NGS) techniques, we successfully created the
first comprehensive NGS dataset for Pyrgilauda theresae and resolved the molecular phylogeny (Fig.

5. C) of this remarkable group of alpine birds.
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As an extended our study to include the phylogeny and phylogeography of the entire genus Periparus
sp, incorporating data from the Western Palearctic. Comparison of this secondary contact zone or
hybrid zone of the Himalayan Birds would not be possible without the valuable historical collection
specimens as a comparative reference. Altogether, our findings reveal how scientific collections
deepen our understanding of past and present biodiversity while laying the groundwork for future

conservation efforts by documenting the dynamic processes shaping life on Earth.

Demographic History, Species Distribution Models (SNMs) of the White-winged Snowfinch
(Montifringilla nivalis)

In our present projects, we have presented taxon complete phylogeny of the snowfinches. The
application of modern NGS technologies in the study of archival samples facilitated us to discover
areas with conflicting records or challenging field sampling conditions. Even though we have present
taxon complete phylogeny of the snowfinches but we have mainly focused on the white-winged
snowfinch (Montifringilla nivalis), the only snowfinch species with both a wide trans-palearctic
distribution and deep intraspecific genetic structure, split into three main phylogroups (Péckert et al.
2020; Islam et al. 2024). Genetic divergence between European and Asian lineages started in the Early
Pleistocene (2.7-1.5 mya), like to patterns observed in other alpine species. Despite population decline
in many Palearctic birds (Sanderson 2006), snowfinch populations have stayed remarkably steady
since the mid-Pleistocene, with only little Holocene growths in Mongolian and Cantabrian populations.

We used RADseq data from 28 loci in Asia and 20 loci in Europe for the Extended Bayesian Skyline
Plot (EBSP) study of Asian and European populations of the white-winged snowfinch (Montifringilla
nivalis), explaining that both populations continued largely constant effective population sizes from
the mid-Pleistocene through the Last Glacial Maximum (LGM), with only minor growth following the
LGM. Plumage color and body morphology were connected to climate but displayed no clear
diagnostic breaks among genetic groups, suggesting that evolutionary niche shifts have changed subtle
phenotypic divergence.

For the species distribution modeling (SDM), we collected over 13,000 distribution records from
online resources such as the Global Biodiversity Information Facility GBIF (www.gbif.org; n= 13,998
records) and carefully identified to 1,406 reliable localities. To identify sampling biases, we have done
separate species distribution models (SDMs) for European and Asian populations using MaxEnt, with
bioclimatic predictors from WorldClim and paleoclimate models (CCSM3, MPI-ESM-P, MIROC).
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Model performance was consistently high (AUC > 0.95), with elevation emerging as the most
important predictor, especially in Asia, while precipitation was most influential in Europe. Ecological
niche models suggest that snowfinch habitat has shifted from colder to warmer conditions during the

colonization of the Western Palearctic.

The white-winged snowfinch (Montifringilla nivalis) is present across huge areas of the alpine
Eurasian mountains habitat, but the range of the Trans-Palaearctic snowfinch has been significantly
overestimated due to outdated taxonomy. IUCN maps, for occurrence, incorrectly include large parts
of the Qinghai-Tibet Plateau (QTP) - about 1.5 million km? - as appropriate habitat for the snowfinch.
This underlines the urgent need for more exact white-winged snowfinch distribution data to avoid

biases in conservation and natural planning.

Implications for conservation of Evolutionary Significant Units (ESU)

Understanding the ecological preferences of snowfinches and other Passeridae species, can also have
important implications for conservation. Snowfinches distributed across Eurasian mountain systems
and some species have very limited ranges, such as the Afghan snowfinch (Pyrgilauda theresae).In
our study, we are the first to include molecular samples of P. theresae from the museum samples.
However, additional ecological, behavioural, and population studies on this species are still lacking.
This Afghan endemic species need to special conservation efforts due to its limited distribution and
specialized adaptations. White-winged snowfinch (Montifringilla nivalis) are distributed to the
Eurasian mountain and this species has been divided into seven subspecies. In our studies, we have
included three subspecies (M. n. nivalis, M. n. groumgrzimaili and M. n. alpicola) and we could not
include four sub species M. n. leucura, M. n. tianshanica, M. n. kwenlunensis and M. n. gaddi) (Fig.
5A). From our included subspecies samples, we found that these Caucasian populations of the
suspecies M. n. alpicola genetically and morphologically distinct against the other subspecies. This
subspecies qualifies as an Evolutionary Significant Unit (ESU), given its unique and limited
distribution and potential ecological importance (Moritz et al. 1994, Casacci et al. 2013). As an ESU,
it requires greater focused research and intensive conservation efforts, including detailed studies on
its origin, demography, genetic structure, and adaptive traits (Moritz 1994b; Hoelzel 2023). This need
is particularly in the context of current habitat fragmentation and climate change. Preserving genetic
diversity within species is especially crucial for their long-term adaptability and survival in rapidly
changing montane environments. With advances in next-generation sequencing (NGS) techniques,
there are now more prospects to uncover cryptic genetic diversity of the snowfinches. For museum

samples, utilizing DNA repair kits in the wet lab can improve library preparation by recovering more
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loci, improving data quality and depth. Increasing sampling size and applying long read NGS
techniques can provide more detailed insights into the genetic landscape of trans-Palearctic snowfinch
species, helping to identify Evolutionarily Significant Units (ESUs) with precision. Our findings
emphasise the importance of conservation strategies tailored to montane species' unique ecological

and genetic needs across trans-Palearctic Mountain ecosystems.
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Summary

The Western Tragopan Tragopan melanocephalus is endemic to the Western Himalayas and
currently listed as “Vulnerable’ on the IUCN Red List which also emphasizes a data deficiency
regarding its distribution and population size. With this study we provide new data from the
Palas Valley, northern Pakistan and deliver a range wide estimate of the species current, past, and
future potential distribution as derived from environmental niche models. In the Palas Valley,
Western Tragopans occupied different summer habitats on north-facing slopes and winter
habitats on south-facing slopes. A quantitative estimate of local populations in six side valleys
was inferred from individual call-count surveys during two breeding seasons (April and May
2017,2018) and disturbance factors were evaluated from information of local people provided in
questionnaires. Generalized-linear models (GLMs) showed a significant effect of disturbance
factors on Western Tragopans, i.e. local abundances decreased with increasing disturbance from
livestock, collectors and hunters visiting the area. This effect was visible across survey years and
at both, south- as well as north-facing slopes. While the known distributional range of the
Western Tragopan is small and fragmented, our niche models inferred climatically suitable
space between Himachal Pradesh and northwestern Pakistan to be more continuous. Given the
species sensitivity to disturbance, these findings indicate that the observed fragmentation of the
current range might also be attributed to habitat transformation or anthropogenic disturbance
rather than climatic suitability. During the Last Glacial Maximum (LGM) T. melanocephalus
was probably restricted to small forest refugia, whereas projections onto eleven future climate
simulations were inconclusive with the majority suggesting that climatically suitable space for
T. melanocephalus will likely expand in response to anthropogenic climate change. In conclu-
sion, we recommend that future conservation measures should be planned with regard to the
species’ sensitivity to anthropogenic disturbances.

Introduction

The Himalayas are one of the most diverse regions of the Northern Hemisphere (Fjeldsa et al.
2012, Favre et al. 2015, Martens 2015) and recognized as one of the 36 global biodiversity hotspots
(Marchese 2015). The World Wildlife Fund (WWF) ranked the Western Himalayas as an
ecoregion with several sub-regions, including the Western Himalayan Sub-alpine Conifer Forests
(Wikramanayake et al. 2002). The latter extends along an elevational belt ranging from 3,000 to
3,500 m asl from the Kali Gandaki River Valley in central Nepal across north-west India to
eastern Pakistan and it harbours 285 bird species, nine of which are considered “endemic or near-
endemic” (Wikramanayake et al. 2002). The Western Himalayan Sub-alpine Conifer Forest is
home to the Koklass Pheasant Pucrasia macrolopha, Himalayan Monal Lophophorus impejanus,
and the near-endemic Western Tragopan Tragopan melanocephalus. With an estimated popu-
lation of about 3,300 mature individuals and a decreasing population trend, the Western
Tragopan is presently classified as “Vulnerable’ on the [UCN Red List (BirdLife International
2017) and is included in CITES Appendix 1.

The distribution range of T. melanocephalus extends from the Swat Valley in northern
Pakistan toward Indus Kohistan, the Kaghan Valley, Kashmir, Himachal Pradesh Gharwal,
and possibly into Uttarakhand (Fig. 1; BirdLife International 2001, 2020, Del Hoyo and Collar
2014). Within this range, the species inhabits extremely steep terrain covered with undisturbed
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moist deciduous forests and temperate coniferous forests with a
dense shrub understorey (Ali and Ripley 1983, Islam and Crawford
1987). However, IUCN emphasized a need for further surveys to
“increase the knowledge of its current distribution and abundance”.

Generally, expert-prepared range maps (e.g. BirdLife Inter-
national 2020), are approximations of a species’ distribution and
differences from occurrence point maps or modeled range esti-
mates are expected. A recent study demonstrated that the IUCN
range maps overestimated distributional ranges of 294 galliform
species when compared to occurrence point maps (Ramesh et al.
2017, Rotenberry and Balasubramaniam 2020). For the Western
Tragopan, IUCN range maps extend onto the high alpine area of
the Qinghai-Tibet Plateau in Ladakh where the species has never
been recorded, while numerous recent records confirm occurrences
from well outside of the estimated range (Fig. 1, areas 1-3) including
the Palas Valley in northern Pakistan (Fig. 1, area 1).

The Palas Valley provides a large extent of pristine forests and
represents one of the most important refugia for the Western
Tragopan (Raja et al. 1999, Saqib et al. 2013). While the species
has been intensively surveyed in other parts of its range (Fig. 1A;
Miller 2010, Saqib et al. 2013, Shabbir et al. 2018) the Palas Valley
has received little attention. Himalayan pheasant species are gen-
erally sensitive to disturbance (Wikramanayake et al. 2002) and the
presence of herders, livestock, and collectors of medicinal plants
and fungi have been discussed as major threats for the Western
Tragopan (BirdLife International 2001, Saberwal et al 2001,
Mahabal and Tak 2002, Miller 2010). Local case studies (e.g. Miller
2010, Jolli and Pandit 2011a,b), and interviews with local people
(e.g. Awan and Buner 2014) identified negative effects of disturb-
ance on T. melanocephalus but did not quantify pressure levels.

Here we provide new occurrences and abundance data from the
Palas Valley collected between 2017 and 2019 and assess major
anthropogenic disturbance factors. In addition, we present range
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estimates derived from environmental niche models (ENMs) to
determine the present and infer the past and potential future
distribution of the Western Tragopan. Niche modelling approaches
have previously been applied to identify suitable habitat for
T. melanocephalus in north-east Pakistan (Ahmad et al. 2017, Ali
et al. 2015), and the Indian Western Himalaya (Singh et al. 2020).
However, due to a very regional focus of these studies results may
not be transferrable across the entire distributional range of the
species. Thus, ENMs based on range-wide occurrence data might
provide an improved estimate of the extent of climatically suitable
space for the Western Tragopan and the potential impacts of
anthropogenic climate change.

Methods
Study area

The Palas Valley (Kohistan district, Pakistan) situated on the
eastern bank of the Indus River, covers an area of ~1,400 km”
and an elevation of ~1,000 to ~5,200 m. It extends across two
drainage basins (upper and lower Palas) isolated by a ridge. The
area is home to at least 157 bird species (Raja et al. 1999). Our
surveys were conducted in six side-river valleys of the upper Palas
(Figs. 1B, 2) in 2017, 2018, and 2019 respectively. Three of these
valleys (Takhto, Singara, and Karoser) are located on south-facing
slopes north of the Musha’ga river, while the remaining three
(Moru, Kabkot, and Diwan) are situated on the north-facing slopes
south of Musha’ga.

Call count surveys

Dawn call-counts (Duke 1991) were used to quantify breeding
populations. A total of 23 census points situated within suitable

years of records
@ 2000 - 2020
@ 1980 - 1999
O 1960 - 1979
O 1940 - 1959
O 1900 - 1939

before 1900
© undated

Figure 1. A) Distribution of the Western Tragopan Tragopan melanocephalus. The yellow shaded area represents the distribution range according to BirdLife International; dots
mark occurrences before spatial filtering, colors refer to collection dates; numbers show hotspots of regional surveys and monitoring programs in the 21° century: 1 = Palas Valley,
2 = Machiara Valley, 3 = Great Himalayan National Park; B) study site Palas Valley, Pakistan, with 23 census points (flagged sites) in six side valleys.
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Figure 2. Study sites in the Palas Valley during summer surveys (A, B: June 2018) and winter surveys (C, D: November 2019); A) Diwan Valley, dense stands of Betula utilis in the
foreground, view towards less densely forested Takhto Valley in the North; B) Diwan Valley, dense mixed conifer forest; C) Moru Valley, snow-covered northern aspects provide
suboptimal habitat; D) Karoser Valley, southern aspects with less snow-cover provide suitable winter habitats.

habitat were selected (Fig. 3) and surveyed for 30 minutes in the
early morning as recommended by Gaston et al. (1981) and Duke
(1991).

Because the vocal activity of Asian pheasants is highest at the
beginning of the breeding period (Duke 1991, Miller 2010) and
strongly decreases in response to unfavourable weather conditions
(e.g. heavy rainfall), call count surveys were restricted to dry and
warm weather in April-May 2017 and 2018. At each census point
the number of calling individuals was recorded along with altitude,
GPS coordinates, and habitat characteristics such as predominant
tree and shrub species. We surveyed one census point per morning.
We arrived at a census point before dawn and started our obser-
vation period with the first call of a Western Tragopan, recording
the number of calls during a time period of 30 min. To distinguish
between calling individuals we noted the direction and the approxi-
mate distance of calling individuals within a listening radius of
300 m (Gaston et al. 1981, Miller 2010, Awan and Buner 2014).

Surveys of seasonal distribution

Comparison quantified local abundances in summer and winter
habitats via call count surveys is problematic because vocal activity
of Western Tragopans strongly decreases outside the breeding
season. Therefore, seasonal distributions of pheasants across the
six side-valleys were previously determined and compared using
‘opportunistic sampling’ (Soldatini et al. 2010, Elsen et al. 2017,
Ramesh et al. 2017) that included all records of sightings, calls, and
other evidence such as lost feathers in an area. To account for
seasonal changes in local distribution, we surveyed all six side
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valleys towards the end of the breeding season (June 2018; Fig.
2A, B) and winter (November 2019; Fig. 2C, D). For each occur-
rence, the date, GPS coordinates, and elevation were recorded.
Local summer and winter occurrences were visualized in a map
using ArcGIS. Because no local abundances were evaluated in these
surveys these data were not subject to any further statistical ana-
lysis.

Anthropogenic disturbance analyses

We estimated potential sources of anthropogenic disturbance on
the basis of 106 questionnaires handed out to local villagers. We
inferred sizes of herds (goats and sheep), numbers of herding dogs,
hunters, and collectors of mushrooms and medicinal plants who
regularly visit the area during highly sensitive periods of the breed-
ing season (incubation and parental care). To quantify local dis-
turbance, we calculated a total of six categorical disturbance indices
for livestock (sheep, goats) and herding dogs and human disturb-
ance (hunters and collectors) each based on the number of indi-
viduals that invaded the breeding areas. Based on these counts, we
assigned low, moderate, or high disturbance levels/categories to
each census point (Table 1, and Tables S1, S2 in the online supple-
mentary material). To account for temporal effects, disturbance
indices for livestock (goats, sheep, and dogs) were corrected and set
to 0 for those sites where the major parts of herds arrived at a very
late stage of the breeding season. Since human disturbance (plant
and in particular mushroom collection) starts in early March (Sher
et al. 2015, Laala et al. 2020) and therefore overlaps call counts, no
correction was required.
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Table 1. Four categories of disturbance levels based on livestock numbers and people visiting the study area per season as inferred from questionnaires of 106
local persons; three livestock disturbance levels were classified according to numbers of goats, sheep and dogs accompanying herds; three anthropogenic
disturbance levels were classified according to numbers of mushroom collectors, medicinal plant collectors and hunters.

Collectors
Livestock disturbance Goats/sheep Dogs Anthropogenic disturbance (plants/ mushrooms) Hunters
Very low 0 0 0 Very low 0 0 0
Low 1 1-250 1-15 Low 1 1-20 1-10
Moderate 2 251-1000 16-35 Moderate 2 21-99 11-20
High 3 >1000 36-150 High 3 >100 >20

To test for possible effects of environmental variables on local
abundance we applied Generalized Linear Models (GLMs) with
Poisson-error structure and local count numbers (from 23 census
sites) as response variable, using R version 3.6.1 (R Core Team
2019). In the first pilot runs with GLM:s that included all envir-
onmental predictor variables, models did not converge due to
very strong collinearity between predictors (e.g. the variables
“goats”, “sheep” and “dogs” contained almost the same informa-
tion; correlation coefficient close to 1). We therefore decided
to condense the six environmental variables using principal
component analysis (PCA). We relied on the first two principal
component axes (PCl and PC2) to model the effects of
livestock and anthropogenic disturbance factors on local
T. melanocephalus abundance. To account for an effect of mul-
tiple counts from the same census site (from successive annual
surveys) we decided to run separate models for the different
survey years (2017 and 2018). For each survey year, we ran two
GLMs: a) including PC1 and PC2 as fixed effects and b) including
PC1, slope (north-facing or south-facing) and the interaction
between PC1 and slope as fixed effects. The intention of (b) was
to allow testing for the impact of livestock and anthropogenic
disturbance independently for north- and south-facing slopes.
To test whether slopes predicted by the models differed from
0, we used the emmeans package (Lenth 2020). All tests were
performed on the log-link scale of the original model coefficients.
We provide the R script in Appendix S1.

Environmental niche models

We applied ENMs to estimate the current and infer the past and
future potential distribution of the Western Tragopan. Occur-
rences from our own field research were supplemented with
records from online databases (GBIF: http://data.gbif.org, Vert-
Net: http://vertnet.org [metadatabase of mainly US American
museum collections], Xeno-canto: https://www.xeno-canto.org
[global database of sound recordings], and the Oriental Bird Club
Image database: http://orientalbirdimages.org [image database of
Asian bird species]), records obtained from BirdLife International
(2001), and scientific publications (Table S3). All records were
examined for vague or imprecise locality information to ascertain
their reliability (Awan et al. 2016). Records lacking coordinates
were georeferenced using Google Earth. The final set of 176 rec-
ords (Fig. 1A; Table S3) was filtered to a Euclidian distance of 5 km
to remove spatially clustered occurrences, retaining 83 unique
records for model building. As predictors we obtained a global
terrain model (GEBCO Compilation Group, 2020) and a set
of 19 bioclimatic variables with a spatial resolution of 2.5 arc-
minutes representing annual trends, seasonality, and limiting
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environmental factors from WorldClim (http://worldclim.org,
Hijmans et al. 2005). To prevent multicollinearity among predict-
ors during projection (Braunisch et al. 2013, Dormann et al. 2013)
we selected nine uncorrelated (Pearson correlation coefficient R
< 0.70) predictors (bio 2, bio 3, bio 7, bio 10, bio 13, bio 15, bio
17, bio 19, and elevation) based on jackknifing and variable
importance of an initial run. To reconstruct the potential distri-
bution during the Last Glacial Maximum (LGM; ~22,000 years
before present) we obtained matching predictors from climate
reconstructions based on three general circulation models
(GCMs); namely the Community Climate System Model
(CCSM4) (Gent et al. 2011), the Max-Planck-Institute Earth
System Model P (MPI-ESM-P), and the Model for Interdisciplin-
ary Research on Climate (MIROC) (Hasumi and Emori 2004)
from WorldClim. To predict the potential impacts of future
climate change we obtained 11 future simulations for 2070 (rep-
resenting an average for 2061-2080) derived from downscaled
climatologies of the Coupled Modelling Intercomparison Project
5 (CMIP5). For each simulation four representative concentration
pathways (RCPs), describing possible future greenhouse gas con-
centration trajectories including moderate (RCP 2.6), intermedi-
ate (RCP 4.5, RCP 6.0) and extreme conditions (RCP 8.5) were
obtained from WorldClim.

We employed the machine learning algorithm MaxEnt 3.4.1
(Phillips et al. 2006, 2019, Phillips and Dudik 2008) with a circular
buffer of 200 km surrounding each record used as background for
model training and a rectangular bounding box as projection area.
The feature classes linear, quadratic, and product were selected. A
bootstrapping method with 100 replicates, randomly splitting the
data set into a training (80%) and a testing subset (20%), was
applied. Extrapolation was not allowed to reduce uncertainties
due to projections onto non-analogous climates (Fitzpatrick and
Hargrove 2009, Rocchini et al. 2011). Subsequently the resulting
model was projected onto paleoclimatic conditions of the LGM and
future climate change scenarios respectively. For all projections we
applied multivariate environmental similarity surface (MESS) ana-
lyses (Elith et al. 2010) to identify areas where one or more predictor
variables experience conditions beyond the respective calibration
range.

For current as well as LGM and future projections, the area
under the curve (AUC) was used as a threshold-independent
measure of discrimination ability (Swets 1988, Ling et al. 2003).
An AUC score of 1 refers to a perfect fit of the data while a score of
0.5 is considered no better than random (Elith et al. 2006, Phillips
et al. 2006). The average projection across all replicate runs was
used for further processing, wherein the ‘10 percentile training
presence cloglog threshold” was applied as presence-absence
threshold.
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Results
Field surveys

During the breeding season, calling individuals could be recorded at
15 of the 23 census points located in three valleys: Kabkot and
Diwan on the north-facing slopes, and Singara at the south-facing
slopes (Figs 3, 4). In Kabkot and Diwan, Western Tragopans were
recorded in dense mixed coniferous-deciduous forests (Fig. 2A, B)
dominated by Abies pindrow and Pinus wallichiana with a higher
proportion of birch Betula utilis in Diwan (Fig. 2A). Forest vege-
tation in the Singara Valley was characterized by the presence of oak
Quercus spp. During the winter survey in November 2019, Western
Tragopan were exclusively recorded from two side valleys on the
sun-exposed south-facing slopes north of the main river
(Figs. 2D, 4), whereas the species was not recorded in breeding
habitats on the now snow-covered north-facing slopes (Figs 2C, 4).

Local numbers of birds per census point inferred from call
counts during the breeding season ranged between two and seven
in 2017 and 5 and 10 in 2018, with highest individual numbers
recorded in Kabkot Valley (Table 2; Fig. 3).

Anthropogenic and livestock pressure differed greatly among
the six side valleys. Highest disturbance indices were estimated for
the Moru Valley, where highest numbers of herds were registered
(120-150 herds totalling 2,000-2,500 individuals; Tables S1, S2).
With no regular visits of herds during the study period, Singara had
the lowest livestock disturbance.

In both PCAs (disturbance variables uncorrected and corrected
for timing of arrival) the first principal component (PC1) explained
63% and 67% of the total variation, respectively, and showed
strongest positive correlations with livestock pressure variables
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(numbers of sheep, goats, and dogs; factor loadings ranged between
0.53 and 0.56; for details see Table S4). PC2 explained 14% and 24%
of the total variance, respectively, but, unlike PC1, was positively
correlated with livestock pressure variables but negatively correl-
ated with anthropogenic pressure variables (Table S4). For both
study seasons (2017, 2018) GLMs revealed a significant effect of
disturbance levels on local abundance of Western Tragopans
(Tables 3a, 3b) with numbers of calling individuals decreasing with
increasing local disturbance from livestock (Fig. 5; Table 3a; only
the effect of PC1 in 2017 was marginally not significant [P =
0.051]). This effect was generally confirmed when testing separately
for data subsets from opposite slopes in the Pallas Valley (shown for
PCI in Fig. 6; model coefficients under “PC1” in Table 3b refer to
the south-facing slope; for the north-facing slope, on the log-link
scale [2017/2018]: estimate = -0.213/-0.278, SE = 0.091/0.076,
z = -2.343/-3.683, P = 0.019/ <0.001).

Species distribution models

The discrimination ability of the model for current climatic con-
ditions was high across replicate runs (AUC\yaining = 0.95 £ 0.01
SD; AUCs = 0.94 = 0.01 SD). The model predicted climatically
suitable space to stretch along the Pakistan and India portions of the
Western Himalayas (Fig. 7). The extent of potentially suitable space
measures approximately 750 km x 50 km and extends from Min-
gora in northern Pakistan to Uttarkashi in India with an area of
highest predicted suitability for Western Tragopan between Palam-
pur and Rohru in India (Fig. 7).

Model projections onto paleoclimatic reconstructions received
high AUC scores as well (AUC,; CCSM4 = 0.94 + 0.01 SD;
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Figure 3. Local abundances of Western Tragopan Tragopan melanocephalus in the Palas Valley, Pakistan, inferred from call count surveys across 23 census sites (flagged sites: (Krl-
Kr3, $1-S2, T1-T2, M1-M2, K1-K7, D1-D7), during the breeding season (surveys in April and May 2017 and 2018); circle size equivalent to mean numbers of counted individuals across
two years of survey.
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Figure 4. Local distribution of Western Tragopan (Tragopan melanocephalus) occurrences in the Palas Valley, Pakistan, during the breeding season (June 2018; yellow dots) and

winter season (November 2019; blue dots); each dot refers to one sighting.

Table 2. Individual numbers of Western Tragopan Tragopan melanocephalus
observed at 23 census points (Krl-Kr3, S1-S2, T1-T2, M1-M2, K1-K7, D1-D7)
during call count surveys in 2017 and 2018 (including means from both years);
population density estimated for an assumed survey area of 0.28 km square per
census point.

Valley Number of individuals (n)/ calling sites
2017 2018 Mean
Karoser 0 0 0
Krl 0 0 0
Kr2 0 0 0
Kr3 0 0 0
Singara 5 12 4.3
S1 3 5 4
S2 2 7 4.5
Takhto 0 0 0
T1 0 0 0
T2 0 0 0
Moru 0 0 0
M1 0 0 0
M2 0 0 0
Kabkot 32 42 5.2
K1 5 4 45
K2 3 6 4.5
K3 7 10 8.5
(Continued)
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Table 2. (Continued)

Valley Number of individuals (n)/ calling sites
2017 2018 Mean

K4 2 5 3.5
K5 7 9 8
K6 4 4 4
K7 2 5 BI5)
Diwan 16 32 3.4
D1 0 0 0
D2 0 1 0.5
D3 3 5 4
D4 2 7 4.5
D5 4 6 5
D6 5) 9 7
D7 2 4 3

AUC, oot MPI-ESM-P = 0.94 + 0.01 SD; AUC, .ot MIROC = 0.94 +
0.01 SD). While all three models consistently suggest that the extent
of suitable space for Western Tragopan was smaller during the
LGM, they significantly differ in predicted extents of suitable space.
The CCSM4 projection predicted the largest extent (72% of the area
presently predicted as suitable) and suggests that suitable space has
only slightly shifted north since the LGM (Fig. 7). However, the
MPI-ESM-P and MIROC projections concordantly suggest that
suitable space will be restricted to small glacial refugia (measuring
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Table 3a. Model coefficients (including standard error= SE and z-test statistics
when tested vs. 0) of GLMs for field data from all 23 census points for the first
two principal components (based on six environmental variables of livestock
and anthropogenic disturbance) for each of the two survey seasons (2017 and
2018); coefficients and SE are presented on the log-link scale; z value= estimate
/ SE; significance codes: n.s. = not significant; p< 0.05 = *; p < 0.01 = *%;
p < 0.001 = ***,

Year Estimate SE z p-value Code
Intercept 2017 0.587 0.167 3.509 <0.001 e
2018 1.113 0.130 8.546 <0.001 o
PC1 2017 -0.180 0.092 -1.955 0.051 n.s.
2018 -0.291 0.077 -3.773 <0.001 rx
PC2 2017 -0.515 0.134 -3.836 <0.001 e
2018 -0.396 0.099 -3.985 <0.001 o

Table 3b. Model coefficients (including standard error = SE and z-test statistics
when tested vs. 0) of GLMs for field data from all 23 census points for slope
(south- or north-facing), the first principal component (based on six
environmental variables of livestock and anthropogenic disturbance) and their
interaction, for each of the two survey seasons (2017 and 2018); coefficients and
SE are presented on the log-link scale; z value= estimate / SE; significance
codes: n.s. = not significant; P < 0.05 = *; P < 0.01 = **; P < 0.001 = ***,

year estimate SE z p-value  Code
Intercept 2017 -3.160 1.912 -1.653 0.098 n.s.
2018 -3.228 1.639 -1.970 0.049 *
PC1 2017 -1.861 0911  -2.043 0.041 *
2018 -2.313 0.759  -3.048 0.002 >
slope 2017 4.197 1.918 2.189 0.029 *
2018 4.723 1.643 2.874 0.004 >
PCl:slope 2017 1.648 0.915 1.800 0.072 n.s.
2018 2.035 0.763 2.669 0.008 >

only 24% and 39% of the area of the current climate model
respectively) situated in the eastern parts of the present distribu-
tional range (Fig. 7) including areas, where the species is not present
today, e.g. western Nepal (Fig. 7).

Projections onto future climate change scenarios derived from
11 GCMs were inconclusive. Seven simulations predicted suitable
space to increase across all four RCPs while two GCMs were
conclusive across all RCPs in predicting suitable space to shrink
in response to climate change (Fig. 8, Figs. S1-S5; Table 4, Table S1).
The remaining two GCMs yielded mixed results, with a slight
decrease predicted for the moderate RCP 2.6 and increases pre-
dicted for RCPs 4.5, 6.0, and 8.5 respectively.

Both GCMs previously used for paleoclimatic reconstructions
(CCSM4 and MIROC-ESM) consistently suggest climatically suit-
able space to expand across all RCPs by 2070. While the CCSM4
projections predict an increase between 50 and 101% (given as
percentage of the current extent of suitable space) the MIROC-ESM
projections suggest an increase between 37% and 79% (Fig. 8,
Table 4). Variable contribution for current, past, and future climatic
conditions was similar with mean temperature annual range (bio 7)
having the highest contribution (permutation importance: 24.8-
28.4%) to the model, followed by precipitation seasonality (Bio
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15, permutation importance: 21.1-24.2%), precipitation of the dri-
est quarter (Bio 17, permutation importance: 16.1-18.3%), mean
temperature of the warmest quarter (bio 10, permutation import-
ance: 10.4-15.2%), elevation (permutation importance: 7.0-12.1%),
and isothermality (bio 3, permutation importance: 5.2-5.8%). Con-
tribution of the remaining predictors did not exceed 5%. For details
on variable contributions across all models see Table 4 and
Table S1.

Discussion
Population survey and potential disturbance factors

We confirmed that 15 of the 23 census points located in the Palas
Valley currently hold breeding populations of Western Tragopan
and recorded a mean of 0.5-8.5 calling individuals per site. These
numbers correspond to those inferred from previous monitoring
results from the late 1990s and emphasize the importance of the
Palas Valley for the conservation of the species (BirdLife Inter-
national 2001). GLMs revealed significantly lower abundances at
disturbed sites supporting the postulated sensitivity of the species to
disturbance (Miller 2010, Jolli and Pandit 2011a,b, Awan and Buner
2014). We could no longer confirm the species at two sites located
on north-facing slopes within the Moru sub-valley although it was
previously reported to occur in this area (BirdLife International
2001). There, disturbance is associated with highest numbers of
both livestock and of mushroom and plant collectors (Table S2)
whose activities overlap with the early breeding season (Sher et al.
2015). Generally, we found a greater negative effect of livestock
disturbance on the Western Tragopan in the Palas Valley as com-
pared to anthropogenic disturbance, such as collectors visiting the
area. In that context, we might consider that even regular presence
of livestock during the late breeding season could lead to generally
less suitable or less attractive habitat for pheasant or grouse species
due to a long-term effect of overgrazing (BirdLife International
2001, Dettenmaier et al. 2017). Accordingly, densities of other
Himalayan pheasants were also found to decrease with increasing
livestock pressure within the course of one year (Bhattacharya et al.
2009). In contrast, a comparatively lower sensitivity to regular
presence of collectors or tourists might be related to the flexible
foraging behaviour of some pheasant species like the Himalayan
Monal Lophophorus impejanus, that was shown to shift its peak of
daily activity to avoid temporal overlap with human activities
(Sharief et al. 2022).

Apart from anthropogenic disturbance, the exposure of a slope
might help to explain the distribution and local abundance of
Western Tragopans in the study area. According to BirdLife Inter-
national (2001) sun-exposed, south-facing slopes with reduced
snow cover are preferred during winter but knowledge on seasonal
movements is scarce and compromised by uncertainties and dis-
crepancies between studies and winter occurrences on scarcely
vegetated, sun-exposed north-facing slopes were also reported
(Mahabal and Tak 2002, Sing and Tu 2008). Nevertheless, seasonal
habitat preferences might explain why we did not observe Western
Tragopans at undisturbed sites in Karoser Valley on the south-
facing slopes during the breeding season in three successive years,
whereas birds were present in that area in winter (Fig. 4).

Past, present, and future distribution of the Western Tragopan

Compared to the species’ range depicted in the BirdLife Inter-
national shape file (Fig. 1A), our model suggested a broader and
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Figure 5. Local abundances of calling Western Tragopans across all 23 survey sites in response to PCA-based disturbance variables (PC1 and PC2 for six predictor variables [numbers
of goats, sheep, dogs, plant collectors, mushroom collectors and hunters]) during two field seasons; solid lines = GLM smoothing curves, grey shades = 95% confidence bands.

less fragmented area to be climatically suitable (Fig. 7). Considering
the species’ sensitivity to disturbance, these discrepancies could
indicate that the observed distribution is already a result of habitat
transformation and anthropogenic disturbance. Records since 2000
represented only a very limited area of the projected range, i.e. a few
major national parks or nature reserves (Fig. 1: sites 1-3). From
these records it is difficult to judge whether the lack of recent
observations is due to a greater focus on local monitoring projects
during the past two decades or whether populations where the
species occurred in the 20™ century have indeed gone extinct.

Because analogous data for biologically meaningful predictor
variables such as vegetation or land-use are regrettably not available
for the selected past and future scenarios, our niche models solely
rely on terrain and climatic predictor variables. The use of predict-
ors derived from a digital elevation model and remote sensing data
in recent SDM approaches, restricted to current climatic condi-
tions, resulted in a significantly more scattered and patchier esti-
mate of potentially suitable space for Western Tragopans in
Pakistan (Ali et al. 2015). However, due to the very localized focus
of that study which was restricted to only 32 sightings, all from the
species’ extreme north-western range limits, it is possible that only a
fraction of the species’ climatic niche was captured.

Paleoclimatic projections suggested that the Western Tragopan
has likely survived the LGM in glacial refugia located in the Western
Himalayas. According to the palynological record, paleoforest
vegetation in the Western Himalayas underwent regular shifts
between conifer forests dominated by Pinus and Abies species
during warm cycles and evergreen oak Quercus semecarpifolia
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and alder Alnus forests during cold cycles (Manish and Pandit
2018). While these paleoforests might have harboured suitable
glacial refugia for the species, fossil pollen records indicate that
the higher elevations of the Western Himalayas were presumably
covered by a community of Artemisia spp., chenopods, and grass,
lacking suitable forest habitat (Behrensmeyer et al. 1992). Accord-
ing to the CCSM4 and the MIROC-ESM projections of the model
climatically suitable space for the Western Tragopan was indeed
restricted to small, isolated patches and had probably completely
vanished from the western part of its current range. Accordingly,
the mountain forests of Pakistan would have been (re-)colonized
during post-glacial range expansion along forest corridors in the
Kashmir Valley region.

Projections onto 11 global circulation models were inconclusive
but the majority of models (including the previously used GCMs
CCSM4 and MIROC-ESM) suggest that climatically suitable space
for the Western Tragopan will expand rather than shrink. On that
point, our results strongly disagree with Singh et al. (2020) who
projected their SDM onto three RCPs (4.5, 6.0, and 8.5) of a single
GCM (Miroc5) and postulated that suitable habitat in the Indian
Western Himalaya will strongly decrease by 2070. In contrast the
projection of our model onto the same GCM suggests climatically
suitable space to increase significantly across all four RCPs
(Table S1). These differences may be attributed in parts to the
limited regional focus of the former study capturing only a fraction
of the species’ environmental niche. However, such conflicting
results demonstrate the importance of evaluating several preferably
unrelated GCMs before drawing conclusions.
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While environmental niche models are a suitable tool to aid
conservation management decisions it is of utmost importance to
be aware of their limitations. For instance, environmental niche
models inferred from climate data alone cannot reflect dispersal
limitations, biotic interactions, or effects of metapopulation pro-
cesses. In addition, other drivers of population decline and local
extinction, such as anthropogenic pressure or land use change, are
not captured by climatic models but will also heavily affect the
species’ future distribution. These impacts might even counteract
any positive effect of the predicted increase of suitable space.

Implications for conservation management

In the 1990s, the Western Tragopan became the flagship species of
the Himalayan Jungle Project. After initial opposition from villa-
gers in remote areas, such as the Palas Valley, a continuous dialogue
on sustainable forest management and hunting policies was estab-
lished (Fuller and Garson 2000, Knudsen 2009). Since 2001 the
Palas Conservation and Development Project (PCDP) as the suc-
cessor initiative, conducted several surveys and monitoring pro-
grammes for investigation and protection of the natural and
cultural heritage of Pakistan. While in many parts of the Western
Himalayas Western Tragopans suffered from habitat loss due to
increased commercial exploitation of forest ecosystems (BirdLife
International 2001), the Palas Valley still harbours large areas of
undisturbed ‘pristine landcover’ (Saqib et al. 2013). Yet also in the
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Palas Valley, logging and illegal hunting have been identified as
major threats for the Western Tragopan and other pheasant species
(Sutherland 2000). Future conservation measures should be
planned in close dialogue with local people, because for example
morel Morchella spp. trade represents an important economic
factor in the Palas Valley (Hamayun et al. 2006, Sher et al. 2015,
Laala et al. 2020). At present only 2% of the species’ potential
habitat in Pakistan is covered by protected areas (Awan et al
2021). For other areas, including the Great Himalayan National
Park, GIS modelling of species-habitat associations suggested that
only 10% of the protected area provides highly suitable habitat,
whereas about 44% was unsuitable for Western Tragopans
(Naithani et al. 2018). Future research should further determine
impacts of disturbance on the local abundance of Western Trago-
pan. In addition, intensive surveys beyond the known major popu-
lations (Fig. 1A) are required e.g., in Northwest India (Himachal
Pradhesh, Jammu and Kashmir) to assess whether extant popula-
tions of the Western Tragopan still exist west of the Great Hima-
layan National Park.
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Figure 8. Potential future distribution of the Western Tragopan Tragopan melanocephalus according to MaxEnt models projected onto climatic conditions for 2070 as derived from
the global circulation models; CCSM4 and MIROC. Suitability ranges from moderate (dark blue) to high (red). Regions where climatic conditions exceed those of the calibration range
(MESS) are displayed in blue.
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Appendix 1: A revised multilocus phylogeny of Old World sparrows (Aves: Passeridae)
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Appendix 2: Museomics help resolving the phylogeny of snowfinches (Aves, Passeridae,
Montifringilla and allies)



Supplementary Table S1: Origin of samples used for analysis and accession numbers of sequence data ar

library id sample id species country region

L40977 MAR3110 Montifringilla nivalis groumgrzimaili Mongolia Mongolian Altai
L40978 MAR3111 Montifringilla nivalis groumgrzimaili Mongolia Mongolian Altai
L40980 MAR3113 Montifringilla nivalis groumgrzimaili Mongolia Mongolian Altai
L40981 MAR1532 Montifringilla nivalis alpicola Russia Dagestan, N Caucasus
L40982 MAR1533 Montifringilla nivalis alpicola Russia Dagestan, N Caucasus
L40983 MAR1534 Montifringilla nivalis alpicola Russia Dagestan, N Caucasus
L40986 MARI11139 Montifringilla nivalis nivalis Austria Salzburg
L40987 MARI11140 Montifringilla nivalis nivalis Austria Salzburg
L40988 MAR2426 Montifringilla nivalis nivalis Switzerland
L40989 FKN1 Montifringilla nivalis nivalis Switzerland
L40991 FKN3 Montifringilla nivalis nivalis Switzerland
L41013 UMIB2A290998 Montifringilla nivalis nivalis Spain Cantabrian Mountains
L41014 UMIB2A290103 Montifringilla nivalis nivalis Spain Cantabrian Mountains
L41017 UMIB2A290144 Montifringilla nivalis nivalis Spain Cantabrian Mountains
L41035 UMIB1KA52723 Montifringilla nivalis nivalis Spain Cantabrian Mountains
L41036 UMIBIKAS2724 Montifringilla nivalis nivalis Spain Cantabrian Mountains
L41059 MAR991 Montifringilla adamsi China Qinghai
L41060 MAR995 Montifringilla adamsi China Qinghai
L41062 MAR2213 Montifringilla adamsi China Qinghai
L41063 MAR2226 Montifringilla adamsi China Qinghai
L41065 MAR992 Montifringilla henrici China Qinghai
L41066 MAR993 Montifringilla henrici China Qinghai
L41067 MAR1000 Montifringilla henrici China Qinghai
L41068 MAR2204 Montifringilla henrici China Qinghai
L40994 MAR989 Pyrgilauda blanfordi China Qinghai
L40996 MAR2217 Pyrgilauda blanfordi China Qinghai
L40997 MAR2220 Pyrgilauda blanfordi China Qinghai
L40998 MAR2221 Pyrgilauda blanfordi China Qinghai
L40995 MAR1776 Pyrgilauda davidiana China Qinghai
L41001 MAR998 Pyrgilauda davidiana China Qinghai
L41002 MAR2208 Pyrgilauda davidiana China Qinghai
L41006 MAR2205 Pyrgilauda ruficollis China Qinghai
L41061 MAR2206 Pyrgilauda ruficollis China Qinghai

- MAR423 Pyrgilauda ruficollis China Qinghai

- MAR1082 Pyrgilauda theresae Afghanistan Ghazni
L41071 MAR1083 Pyrgilauda theresae Afghanistan Wardak
L41003 MAR2209 Onychostruthus taczanowskii China Qinghai
L41025 MARA426 Onychostruthus taczanowskii China Qinghai

- MAR433 Onychostruthus taczanowskii China Qinghai
L41064 MAR7544 Onychostruthus taczanowskii China Gansu

L41000 MAR407 Petronia petronia China Qinghai



1d raw read data (GenBank: GB; European Nucleotide Archive: ENA), plus information on ddRAD sequencing :

acc no cytb acc no mitogenome acc no FASTQ reads passed

locality GB ENA ENA raw reads filter
Bondoch Gol MZ005599 - SRR27997285 3819067 3816989
Bondoch Gol MN337353 0X637970 SRR27997284 3092492 3090776
Bondoch Gol 0Q947839 - SRR27997273 3169438 3167707
Kurush MN337352 - SRR27997262 1775869 1775086
Kurush MZ005594 0X637971 SRR27997253 2963375 2961979
Kurush MZ005595 - SRR27997252 3012391 3011016
Miihlberg, Hochkonig 0Q947840 - SRR27997251 1710153 1709191
Miihlberg, Hochkonig MZ005593 - SRR27997250 1951325 1950353
MZ005598 - SRR27997249 1320248 1319538
Furkapass - 0X637969 SRR27997248 1944816 1943717
Furkapass 0Q947841 - SRR27997283 4962159 4959590
Picos de Europa 0Q947842 - SRR27997282 2787594 2786284
Picos de Europa 0Q947843 - SRR27997281 3542407 3540622
Picos de Europa 0Q947844 - SRR27997280 3931068 3929089
Las Ubinas 0Q947845 - SRR27997279 2981553 2980083
Las Ubifias 0Q947846 - SRR27997278 2904328 2902791
Maduo 0Q947847 - SRR27997277 2693423 2692233
Heimahe 0Q947848 - SRR27997276 3416137 3414484
Huashixia 0Q947849 - SRR27997275 2707778 2706441
Huashixia 0Q947850 - SRR27997274 2416736 2415633
Huashixia 0Q947851 - SRR27997272 5352346 5349779
Huashixia 0Q947852 - SRR27997271 4092284 4090417
Heimahe 0Q947853 - SRR27997270 3256376 3254868
Nanshan 0Q947854 - SRR27997269 3191419 3189955
Maduo MZ005602 - SRR27997268 4914765 4912099
NE shores of Oring Nor MZ005612 - SRR27997267 4932053 4929546
NE shores of Oring Nor MZ005611 - SRR27997266 156843 156737
NE shores of Oring Nor MZ005611 - SRR27997265 370663 370457
near Maduo MZ005596 - SRR27997264 5020885 5018192
Heimahe MZ005606 - SRR27997263 2941064 2939560
Heimahe MZ005597 - SRR27997261 2126451 2125262
Heimahe 0Q947857 - SRR27997260 2210442 2209275
Heimahe MN337354 - SRR27997259 2243353 2242148
Heimahe - 0X637975 - - -
Dasht-i-Nawar - 0X637972 - - -
Imai Pass (= Unai Pass) - 0X637973 SRR27997258 64311 64265
Huashixia 0Q947855 - SRR27997257 2703260 2701673
Heimahe MN337355 - SRR27997256 3098499 3096684
Heimahe - 0X637974 - - -
W Qilian Mts 0Q947856 - SRR27997255 463943 463683

Heimahe - - SRR27997254 1083778 1083262



succes (numbers of raw reads, reading depth, mapping rates etc.)

av. read depth mapped reads mapping rate mapped reads mapping rate mapped reads mapping rate

P. domesticus (%) P. ruficollis (%) O. tazcanowskii (%)
183.79 2728805 71,5 2913837 76,3 2923411 76,5
143.54 2221653 71,9 2382956 77,09 2379404 76,9
157.58 2264421 71,5 2401025 75,79 2415355 76,2
104.57 1175865 66,2 1156254 65,1 1224306 68,9
145.63 2054896 69,4 2142910 72,3 2183644 73,7
150.05 2116783 70,3 2187565 72,6 2201385 73,1
98.37 1228831 71,9 1270964 74,3 1264892 74
106.53 1383220 70,9 1434676 73,5 1431205 73,3
86.21 935482 70,9 941030 71,3 951746 72,1
98.17 1387629 71,4 1445451 74,3 1435120 73,8
117.75 3528395 71,1 3638429 73,3 3649481 73,5
133.84 1994688 71,6 2015242 72,3 2068225 74,2
164.59 2560780 72,3 2618433 73,9 2672698 75,4
176.48 2845908 72,4 2885076 73,4 2959872 75,3
145.60 2172432 72,9 2257583 75,7 2262773 75,9
141.54 2093500 72,1 2140801 73,7 2195214 75,6
136.88 1989531 73,9 1812604 67,3 1915920 71,1
160.88 2447823 71,7 2464750 72,1 2526951 74
132.23 1989999 73,5 1968862 72,7 1972324 72,8
127.08 1839574 76,2 1620400 67 1815383 75,1
250.28 3767268 70,4 3254057 60,8 2991475 55,9
224.40 3111683 76,1 2250905 55 2560027 62,5
172.44 2323039 71,4 2051991 63 1906886 58,5
176.84 2246059 70,4 1924694 60,3 1776203 55,6
205.55 3553316 72,3 3818436 77,7 3774896 76,8
189.44 3197854 64,9 3416026 69,2 3383486 68,6
15.22 110712 70,6 119755 76,4 118338 75,5
25.90 265095 71,6 287449 77,5 282626 76,2
223.64 3570518 71,2 3789194 75,5 3673979 73,2
140.77 2107430 71,7 2227560 75,7 2139004 72,7
105.28 1478035 69,5 1596349 75,1 1535019 72,2
113.77 1527799 69,2 1699677 76,9 1590592 71,9
114.96 1608124 71,7 1791459 79,8 1694777 75,5
16.50 23858 37,1 24676 38,3 24108 37,5
125.83 1897937 70,3 1994939 73,8 2065324 76,4
145.56 2268309 73,2 2359710 76,2 2439955 78,7
34.48 335561 72,4 341459 73,6 338561 73

60.92 746619 68,9 660341 60,9 657465 60,6



Appendix 3: Transpalearctic out-of-Tibet dispersal facilitated divergence of
genetic lineages, phenotypes and ecological niche preference in a Eurasian
alpine bird (Aves, Passeriformes, Montifringilla nivalis)
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Appendix 1V: Range-wide and regional distribution of the Western Tragopan
Tragopan melanocephalus and effects of disturbance on local abundances
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Range-wide and regional distribution of the Western Tragopan
Tragopan melanocephalus and effects of disturbance on local
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Figures S1-S5. Potential future distribution of the Western Tragopan Tragopan
melanocephalus according to MaxEnt models projected onto climatic conditions for 2070 as
derived from the global circulation models; BCC-CSM1-1 and MIROC-ESM-CHEM (S1);
HadGEM2-ES and IPSL-CM5A-LR (S2); MIROCS5 and MRI-CGCM3 (S3); GISS-E2-R and
HadGEM2-AO (S4); and NorESM1-M (S5). Suitability ranges from moderate (dark blue) to
high (red). Regions where climatic conditions exceed those of the calibration range (MESS)
are displayed in blue.

Table S1. Contribution of environmental predictor variables, AUC values, and extent of
environmentally suitable space for future climatic conditions as derived from the global
circulation models.

Table S2. Anthropogenic disturbance from hunters and collectors of mushrooms and medical
plants at census points as inferred from 106 questionnaires filled out by local people.

Table S3. Occurrence records of the Western Tragopan Tragopan melanocephalus used for
species distribution modelling.

Table S4. Results of principal component analysis based on six disturbance indices.
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