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Abstract

Historical specimens from museum collections provide a valuable source of material also from remote
areas or regions of conflict that are not easily accessible to scientists today. With this study, we are
providing a taxon-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 phylogenetic hypotheses, we generated novel mitogenome sequences for
selected taxa and genome-wide SNP data using from 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
Pyrgilauda. 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 taxonomy. Our phylogenetic reconstructions based
on genome-wide SNP data and on mitogenomes were largely congruent and supported reciprocal
monophyly of genera Monitifringilla and Pyrgilauda with monotypic Onychostruthus 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
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.
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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), range expansions in response to climate change
(Mende and Hundsdérfer, 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 et al., 2019; Scherz et al., 2020). Moreover, “historical DNA”
(Raxworthy 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; Heupink 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 genetic 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 barcoding studies included recent samples
from wild Afghan populations collected in the 215t 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 (Bbhme and Jablonski, 2022; Maheshwari,
2022).

Among the seven endemic vertebrate species of Afghanistan (Kanderian et al., 2011), the Afghan
snowfinch, Pyrgilauda theresae is the only bird species (Dementiev, 1963) even though there are
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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 19t 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 of them restricted to Afghanistan (map in
Vietinghoff-Scheel, 1980).

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., 2022; 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 widespread 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 taczanowskii) 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 (Qu et al., 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 Darwaz (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

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

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

iii) exploring the intraspecific diversification of the white-winged snowfinch, Montifringilla nivalis.
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iv) 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 Pyrgilauda) and one further sample of the rock sparrow, Petronia
petronia (Table S1). All samples were either frozen blood or tissue samples preserved 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., 2020, 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/
0-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 dilution, modified protocol:
30 min at 37°C, 15 min at 80°C). Purified PCR products were prepared for sequencing with BigDye™
3.1 Dye Terminator 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 directions 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 lllumina sequencing
libraries (dsLibs) following Meyer and Kircher (2010) with modifications by Fortes and Paijmans (2015).

6
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For library preparation DNA concentration was measured with a Qubit 3.0 Fluorometer (Invitrogen,
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. 150bp using the Covaris ultrasonicator.

To increase the amount of endogenous mitochondrial DNA in the libraries, two rounds of in-solution
hybridization capture (Horn, 2012; 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 Supplementary 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 Illlumina MiSeq platform, 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 samples 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. 150bp and mixed at an equimolar ratio before being converted 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 assembled 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 OX637969-0X637975.

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, 2015). For each snowfinch
species, published mitogenome sequences were identical for intraspecific pairwise comparisons, 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
Hypocryptadius 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 substitutions
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 mitogenomes) by Botero-
Castro et al. (2016), we used larger published sequence data sets of mitochondrial markers (most from
phylogeographic studies on snowfinch species by Qu & Lei, 2009 and Qu et al., 2006, 2005, 2009) for
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comparison with homologous fragments of our mitogenome sequences: cytochrome-oxidase subunit
1 [COl]: 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).

2.5. ddRAD library preparation and sequencing

For inference of a genome-wide SNP data set were used for 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 populations (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
concentrations for ddRAD seq (compare Table S1). For sample preparation, 50 ng gDNA were double-
digested with Sbfl and Mspl (NEB) for 120 minutes at 37°C followed by heat inactivation at 65°C for 20
min. Sbfl specific library barcodes carrying Truseqg-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 performed
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 Illlumina 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 will be deposited at Dryad upon acceptance.]

2.6. Data assembly and SNP calling

We used the program process_radtags as implemented in Stacks software (Catchen et al., 2013; 2021)
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 (Eaton 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). Sincer a chromosome-level assembly was not available for the
closely related species, andreference genomes from rather distant relatives can generally be used for
read mapping and SNP calling (Galla et al., 2018), 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 and Overcast, 2020) for data assembly and
read mapping to the three different reference genomes. We applied a clustering threshold of 85% and
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a minimum sequencing depth for clustering 26X. 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.

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 vcftools 1.1.5 (Danecek et al., 2011) and bcftools v1.8 (Danecek et al., 2021) with a
quality value 230 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 thinning of vcf 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 substitution 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 parameters logged and trees sampled every 1,000
generations) under the uncorrelated 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 1, 4), 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 reconstructions 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 + | + [ model consistently applied to all partitions), whereas the SNP
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data sets were left unpartitioned (GTR + | + [ model applied). For all reconstructions with RaxML, node
support was inferred from 1000 thorough 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. (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 Differential
(QD: 0 <= QD <= 1) indicates the skew in inferred discordant topologies for that branch (if present);
Quartet Informativeness (Ql: 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 (Ql), 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., 2016). 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 performed 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 mitogenome phylogeny by assigning empirical substitution rates by
Lerner etal. (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 secondary 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 distribution (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 Fs; 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.

10
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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 suggesting the inclusion of heterospecific DNA fragments in the
published mitogenomes of O. tazcanowskii and P. davidiana. In tree topologies inferred from the four
remaining coding markers (COI, COII, COIll, 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 COIll and COlll; Table S3, Figs 2C-F, S1). The topology resulting
from COIlI 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 mitogenome 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 ND4L; 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 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 mitogenomes 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 phylogenetic
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 uncorrected 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 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).
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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).

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
approaches, 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 reconstructions), 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 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 (Figs 4, S8), the corrected mitogenome tree and the
cytb tree (Figs 3, S5). The three snowfinch genera were reciprocally monophyletic in all phylogenetic
reconstructions, 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 mitogenome 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 (Fig. 5C, D).
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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 phylogenies (Figs 4, 5A), instead of
being sister to P. ruficollis in mitogenome- and cytb-based phylogenies (Figs 3, 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 variation) 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 Onychostruthus species (Fig. S9).

For within-clade relationships of Montifringilla, all phylogenetic reconstructions suggested a sister-
group relationship of M. nivalis and M. adamsi with M. henrici being sister to the latter two (Figs 4, 5).
In PCA, Montifringilla nivalis was strongly separated from the other two congenerics along the x-axis
(PC1 explaining 37.5% of the total variation; 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 lineages 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 Fsr values among Montifringilla 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 F¢; 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 between the two European populations was
limited (Fsr 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 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 relationship of Onychostruthus and Pyrgilauda (Fig. 7). Quartet informativeness 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 analysis under exclusion of two
individuals that had the lowest quartet fidelity (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 between Onychostruthus and Pyrgilauda (P. theresae
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excluded), which showed a poor QC and QD = 0 despite a moderate Ql score (signifying weak support
with significant skew towards one alternative relationship; 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 revolutionized 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 concatenation of heterospecific DNA fragments (Packert, 2021; 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 incorporated mitogenome data from GenBank included at least one problematic 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 COIl) 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). First, paraphyly of Pyrgilauda 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 published chimeras across the entire
class of Aves (1.5% of their mitogenome 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
(Podsiadlowski 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 European 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; Packert, 2021; Salvi et al., 2021; Tritsch
et al., 2017). Therefore, the use of published mitogenome sequences 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 misplacement 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
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Generally, independent SNP analyses yielded highly consistent results 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.,
2012; 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 tits (Paridae; Stervander et al., 2015). Nevertheless, an ingroup
reference genome might be advantageous for uncovering shallow divergences 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 individual can be used to decrease reference bias, as was exemplified for
European sticklebacks (Gasterosteus aculeatus; Thorburn et al., 2023).

Apart from reference genome choice, filtering thresholds, like proportions 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 evolutionary time spans
of more than 15 myr. However, while we could confirm a postulated effect of missing data proportions
on tree topologies 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 Montifringilla in the outgroup-
reference data set.

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. 2020). Neither of the QS analyses
supported the phylogenetic hypothesis previously inferred from mitogenome sequences (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 Ql 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 Pyrgilauda. This might also explain why the
position of P. theresae is the only major conflict between nuclear and mitochondrial trees in our study
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(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 sister-group relationship of M. adamsi and M. nivalis received full support from QS
analysis only when the two poor-quality samples were excluded.

The inferred QD value of 0 suggests that discordant quartets exclusively 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 horizontal 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). Nevertheless,
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 Hundsdoerfer, 2013) in
snow finches 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 analysis). 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 topologies 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 widespread M.
nivalis) and data allowing the measurement of gene/locus tree discord to investigate further patterns
of diversification and possible reticulate evolution in snowfinches.

4.5. Phylogeny and evolutionary history of snowfinches

Our genome-wide data sets (SNPs and corrected mitogenomes) clearly rejected the postulated
paraphyly of the snowfinch genus Pyrgilauda (Fig. 2A; Cobos et al., 2021) and confirmed that in
accordance with current taxonomy (Gill et al., 2022), Montifringilla and Pyrgilauda are reciprocally
monophyletic (compare Packert et al., 2021). Furthermore, 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 information (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);
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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 —
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. 2022). 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 unstudied 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 snowfinch 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 snowfinch 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 snowfinches, 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 represent taxa of Pleistocene origin
(deRaad et al., 2022; Wolfgramm et al., 2021).

The second, more recent out-of-Tibet colonization event in snowfinches 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., 2020). 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 Schénswetter, 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 expansions 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).

6. Conclusions

For current and future biodiversity research in a rapidly changing world, museum collections have
become increasingly relevant as archives 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 knowledge gaps (Figueira and Lages, 2019). Bohme and Jablonski (2022) emphasized the basic
need for multilateral co-operations among museums and universities from Afghanistan and partner
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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
1960s and earlier, such as freshwater fishes (Coad and Bogutskaya, 2012) or racerunner lizards (genus
Eremias; 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 ornithological
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 material 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 20t 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 21% 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 sources of error in published sequence
data can be detected, like in mitogenomes 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 lineages on the Italian Peninsula, the Balkan
Peninsula or Corsica. Similarly, 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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Figure captions

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.

Fig. 2: Competing phylogenetic hypotheses for snowfinches based on A) a multi-locus data set
(Packert et al., 2020, 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 except for COIl; G) TCS network for an
extended data set of the DNA barcoding marker (COIl; 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).

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) uncorrected 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, ATPS8 and cytb 2" half ) and O. taczanowskii (KJ148631; missing data for ND6, ND1 and ND2);
Pyrgilauda is monophyletic.

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.

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 independent 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.

Fig. 6: Genetic divergence among snowfinch taxa as reflected by principal component analysis based
on thinned data sets inferred from alignment on the Passer domesticus reference genome allowing
for 20% missing data; scatterplots of PC1 vs PC2, color codes for taxa in PCA (right) correspond to
colors of taxon ranges on the maps (left); A) Montifringilla; for M. nivalis only the ranges of the three
subspecies included in the analysis received a color code, whereas the remaining range (other ssp.)
was left transparent; B) Pyrgilauda and Onychostruthus.
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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 (Ql) 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).

Supplementary figures

Fig. S1: Mismatches among 13 coding markers across individual mitochondrial genomes for pairwise
comparisons of seven mitogenome sequences of snowfinches; bar chart shows uncorrected p-
distances for 13 coding genes (cytochrome-b divided in a first and a second fragment) for five
pairwise comparisons. As a reference, divergence levels (p-distances) between P. davidiana and P.
blanfordi on the one hand and P. davidiana and O. taczanowskii on the other hand were inferred
from COI (n=53; 483 bp) and cytb data sets (n= 109; 880 bp) and are indicated as thin and thick lines,
respectively. Fully correct mitogenomes should range at low p-dist values for pairwise comparisons
among mitogenomes of the same species (like for P. ruficollis: rufi 423/ GB, all below 0.01) and high
p-dist values for pairwise comparison between species (e.g. our P. ruficollis vs. our O. taczanowskii
mitogenome: rufi423 vs. tacz433, between 0.06 and 0.12). Strong deviations at unexpectedly high p-
dist values, for example for intraspecific comparison of ND6, ND1 and ND2 from O. taczanowskii
mitogenomes, suggest that a heterospecific mitochondrial lineage was incorporated into the
mitogenome sequence, i.e. the published mitogenome is a chimeric sequence. For phylogenetic
reconstructions based on corrected mitogenomes, the heterospecific markers were replaced by
missing data (“X” for coding markers; “cds” above bar chart).

Fig. S2: Phylogenies of snowfinches inferred from six mitochondrial coding markers (extracted from
whole mitogenome sequences; GB= from GenBank) that showed evidence of heterospecific
fragments in the consensus mitogenome sequence of P. davidiana marked in red (ATP6, ATP8, ND3,
ND4, ND4L, cytb).

Fig. S3: TCS network for an extended data set of cytochrome-b (n= 109; 880 bp), circles denote
haplotypes, dashes indicate substitutions between connected haplotypes, black circles indicate
haplotype of COIl sequences inferred from whole mitogenome data (sequence/sample ID indicated at
corresponding haplotypes; A) first fragment, B) second fragment; this fragment of the P. davidiana
mitogenome is identical with the central haplotype of the O. tazcanowskii cluster.

Fig. S4: Phylogenies of snowfinches inferred from four mitochondrial coding markers (extracted from
whole mitogenome sequences; GB= from GenBank) that showed evidence of heterospecific
fragments in the consensus mitogenome sequences of P. davidiana and/or O. taczanowskii marked
inred (A, B, C, D: ND1, ND2, ND6, CR); E: tcs network for an extended data set of the non-coding
control region (CR; n= 22, 288 bp), circles denote haplotypes, dashes indicate substitutions between
connected haplotypes, black circles indicate haplotype of COI sequences inferred from whole
mitogenome data, red circles indicate the two misplaced heterospecific CR haplotypes
(sequence/sample ID indicated at corresponding haplotypes).

Fig. S5: Phylogenies of snowfinches inferred from cytochrome-b sequences (n= 51); Bayesian
inference of phylogeny with BEAST v.2.6.2, MCMC chain length: 50 million generations, burnin: 30%
of sampled trees.

Fig. S6: Mapping rates (% successfully mapped reads) from read mapping to three different reference
genomes (outgroup: Passer domesticus; ingroups: snowfinch species Pyrgilauda ruficollis and
Onychostruthus tazcanowskii).
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Fig. S7: Phylogeny of snowfinches inferred from three sets of SNPs from cleaned ddRAD seq reads
mapped on three different reference genomes: outgroup Passer domesticus; ingroups Pyrgilauda
ruficollis and Onychostruthus tazcanowskii; MCMC chain length; 10 million generations, trees
sampled every 1000 generation burnin: 30% of sampled trees; one run with BEAST data sets with
different proportions of missing data allowed (10%, 20% and 30%; tree topologies refer to 20%
missing data); node support from Bayesian posterior probabilities: above nodes: unthinned data sets;
below nodes: thinned data sets (biallelic unlinked SNPs); full node support for all three data sets (Bl=
1, ML= 100) is indicated by an asterisk.

Fig. S8: Maximum Likelihood phylogeny of snowfinches inferred from three sets of SNPs from
cleaned ddRAD seq reads mapped on three different reference genomes (20% missing data allowed).

Fig. S9: PCAs for samples of small-sized species of Pyrgilauda and Onychostruthus; filtered and
thinned data, 0% missing: without P. theresae: 1501 unlinked SNPs; 20% missing, with and without P.
theresae: 175 and 3233 unlinked SNPs, respectively; scatterplots of PC1 versus PC2, PC3 and PC4.

Fig. S10: PCAs for samples of large-sized Montifringilla species; filtered and thinned data, 0% missing:

2500 unlinked SNPs, 20% missing: 3251 unlinked SNPs, scatterplots of PC1 versus PC2, PC3 and PC4,
respectively
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Table 1: Classification of snowfinches according to different taxonomic authorities (subspecific taxa, only those listed treated in this study).

Hartert (1910) Hartert & Vaurie (1956), Mayr & Summers-Smith | Dickinson (2003), Dickinson & Christidis
Steinbacher Greenway Jr (1962), Wolters | (2009) (2014), Summers-Smith & van Balen (2016),
(1932) 1979) Gill et al. (2022)
genera 1 1 1 2 3
species 5 6 7 8 8

White-winged
Snowfinch

Tibetan
Snowfinch

Black-winged
Snowfinch

Montifringilla nivalis

Montifringilla n.
nivalis

Montifringilla n.
alpicola

Montifringilla n.
groumgrzimaili

Montifringilla n.
henrici

Montifringilla n.
adamsi

Montifringilla nivalis

Montifringilla nivalis

Montifringilla nivalis

Montifringilla nivalis

Montifringilla n. nivalis | Montifringilla n. nivalis Montifringilla n. Montifringilla n. nivalis
nivalis
Montifringilla n. Montifringilla n. alpicola Montifringilla n. alpicola
alpicola Montifringilla n.
Montifringilla n. groumgrzimaili alpicola Montifringilla n. groumgrzimaili
Montifringilla n.
groumgrzimaili Montifringilla n. henrici Montifringilla n.
groumgrzimaili
Montifringilla n.
henrici
Montifringilla henrici | Montifringilla henrici
Montifringilla adamsi Montifringilla adamsi Montifringilla adamsi | Montifringilla adamsi




Plain-backed Montifringilla Montifringilla blanfordi | Montifringilla blanfordi Pyrgilauda blanfordi | Pyrgilauda blanfordi

Snowfinch blanfordi

Small snowfinch | Montifringilla Montifringilla Montifringilla davidiana Pyrgilauda davidiana | Pyrgilauda davidiana
davidiana davidiana

Rufous-necked Montifringilla Montifringilla ruficollis | Montifringilla ruficollis Pyrgilauda ruficollis | Pyrgilauda ruficollis

Snowfinch ruficollis

Afghan - - Montifringilla theresae Pyrgilauda theresae Pyrgilauda theresae

Snowfinch

White-rumped Montifringilla Montifringilla Montifringilla taczanowskii Pyrgilauda Onychostruthus taczanowskii

Snowfinch mandelli taczanowskii taczanowskii




Table 2: Model settings as inferred from MrModeltest applied to data sets of genome-wide SNP and of mitochondrial markers for inference of phylogeny using
BEAST 2; reference genomes (alignment length and model settings for unthinned SNP-data sets with 20% missing data allowed): ref. 1= Onychostruthus
taczanowskii; ref. 2= Pyrgilauda blanfordi; Passer= Passer domesticus; Rate(mito): fixed mean rates of mitochondrial markers according to Lerner et al. (2011)
assigned to each of the thirteen coding mtDNA markers.

genome-wide SNPs SNPS
Mitogenome (13 coding markers)
Z-
SNPs autosomes
chrom.
marker | ref.1 ref. 2 ref. ref. ND1 ND2 Col con ATP8 ATP6 COIIl ND3 ND4L ND4 ND5 Cytb ND6
Passer Passer
bp 39952 | 40695 30550 899 978 1040 1551 685 168 684 784 351 297 1378 1817 1144 519
model GTR GTR GTR HKY GTR+1 | GTR+ GTR + GTR + GTR+T GTR + GTR + GTR +1+ GTR + GTR+1 | GTR+1 | GTR+T HKY +
+T T T r T T r T +T +T 1+T
0.3255 0.2353 0.3035 0.3170 0.2842 0.3255 0.3175 0.3366 0.3021 0.3202 0.2828 0.3309 0.3385 0.3044 0.4025
TA
0.1856 | 0.1846
0.3393 0.2692 0.3543 0.3668 0.2923 0.3393 0.3887 0.4039 0.3830 | 0.3687 0.3828 0.3895 0.3836 0.3787 0.3832
nC
0.3152 | 0.3166
0.1302 0.2845 0.1287 0.1064 0.1409 0.1302 | 0.0662 0.0783 0.1164 | 0.0979 0.1204 0.0877 0.0990 0.1237 0.0896
T 03147 | 0.3146




0.2050 0.2110 0.2135 0.2097 0.2826 0.2050 | 0.2276 0.1812 0.1985 0.2132 0.2140 0.1918 0.1789 0.1932 0.1247

G
0.1846 | 0.1841

o - - - - 1.6711 1.1969 0.2795 0.1363 0.2408 0.1374 0.0949 5.1547 0.1310 15.149 2.3496 0.1491 1.0221
1 0 0 0 0 0.5829 0 0 0 0 0 0 0.5879 0 0.5775 0.5785 0 0.5303
Ti/Tv - - - 2.6541 - - - - - - - - - - - - 13.8496
ratio
R(a)[A- 1.1094 | 0.9889 | 1.0733 - 2.2496 0.6892 1.6620 0.3604 163478.45 0.08066 | 0.6243 1289.5616 0.7773 1.1767 1.0733 1408.1095 -
C]
R(b)[A- | 5.1571 | 5.0965 | 5.4676 - 71.8733 | 30.9663 | 7.1987 10.0887 | 5373712.00 | 57.2492 | 24.7197 | 36274.0742 | 15.1338 | 31.9667 | 30.8831 11189.6514 | -
G|
R(c)[A- 1.2321 | 1.2493 | 1.0343 - 1.7034 0.6659 2.0029 1.2930 107937.78 1.9787 0.7366 2030.5664 1.0047 0.8836 2.0316 1531.7542 -
Tl
R(d)[C- | 1.0337 | 1.0175 | 1.2287 - 1.2602 0.3265 1.0715 0.0000 | 0.0000 0.4327 0.4522 583.7142 0.0000 0.0000 0.5698 311.8066 -
Gl
R(e)[C- | 5.1723 | 5.0834 | 5.4201 - 36.9278 12.9552 | 10.0005 | 11.4824 | 1093238.88 | 21.1377 | 14.7202 | 16167.6572 | 10.8711 | 15.2253 | 23.3920 15823.3740 | -
T]
Rate 0.025 0.029 0.016 0.019 0.019 0.026 0.019 0.024 0.025 0.022 0.021 0.014 0.024
(mito)




Table 3: Intra- and interspecific genetic differentiation and distance among snowfinch taxa; F¢; 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).

M. n. M. n. M. n. M. n. M. M. P. P. P. P. 0. P.

nivalis nivalis alpicola groumgrzimaili adamsi henrici davidiana blanfordi ruficollis theresae tazcanowskii | petronia

Cant. Alps
M. n. nivalis - 0.0873355 0.421948 0.475532 | 0.410394 | 0.468640 0.625886 | 0.534988 | 0.617837 | 0.775211 0.646510 | 0.816053
Cantabrian Mts
M. n. nivalis Alps 0.0021 - 0.386614 0.436230 | 0.386671 | 0.443385 0.601708 | 0.516821 0.590741 | 0.755804 0.624559 | 0.797324
M. n. alpicola 0.0442 0.0461 - 0.337359 | 0.338370 | 0.394863 0.568617 | 0.480926 | 0.559353 | 0.729820 0.596060 | 0.781067
M. n. 0.0466 0.0485 0.0043 - 0.366867 | 0.430914 0.606667 | 0.506102 | 0.596076 | 0.722274 0.625105 | 0.810012
groumgrzimaili
M. adamsi 0.0400 0.0405 0.0411 0.0431 - 0.340002 0.511840 | 0.448769 | 0.500629 | 0.629115 0.546497 | 0.715263
M. henrici 0.0561 0.0563 0.0597 0.0602 0.0470 - 0.520177 | 0.451539 | 0.508726 | 0.605885 0.552999 | 0.730608
P. davidiana 0.0776 0.0795 0.0694 0.0713 0.0696 0.0810 - 0.18083 | 0.458616 | 0.659060 0.552037 | 0.753774
P. blanfordi 0.0784 0.0803 0.0704 0.0724 0.0716 0.0818 0.0045 - 0.376991 | 0.454128 0.485414 | 0.669589
P. ruficollis 0.0907 0.0914 0.0892 0.0908 0.0812 0.0926 0.0749 0.0761 - 0.559843 0.539417 | 0.746129
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Highlights
1. Previously published mitogenomes included heterospecific sequence information.
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2. Previous phylogenies suffered from further sources of error such as flawed taxonomy.

3. Genera Montifringilla and Pyrgilauda are reciprocally monophyletic.
4, Afghan Pyrgilauda theresae originated from a Pliocene out-of-Tibet dispersal.
5. European and Asian lineages of M. nivalis separated roughly 2 million years ago.
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