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A B S T R A C T

Hybridization and introgression are very common among freshwater fishes due to the dynamic nature of hydro-
logical landscapes. Cyclic patterns of allopatry and secondary contact provide numerous opportunities for inter-
specific gene flow, which can lead to discordant paths of evolution for mitochondrial and nuclear genomes. Here,
we used double digest restriction-site associated DNA sequencing (ddRADseq) to obtain a genome-wide single
nucleotide polymorphism (SNP) dataset comprehensive for all Thymallus (Salmonidae) species to infer phyloge-
netic relationships and evaluate potential recent and historical gene flow among species. The newly obtained nu-
clear phylogeny was largely concordant with a previously published mitogenome-based topology but revealed a
few cyto-nuclear discordances. These incongruencies primarily involved the placement of internal nodes rather
than the resolution of species, except for one European species where anthropogenic stock transfers are thought
to be responsible for the observed pattern. The analysis of four contact zones where multiple species are found re-
vealed a few cases of mitochondrial capture and limited signals of nuclear introgression. Interestingly, the mech-
anisms restricting interspecific gene flow might be distinct; while in zones of secondary contact, small-scale phys-
ical habitat separation appeared as a limiting factor, biologically based reinforcement mechanisms are presumed
to be operative in areas where species presumably evolved in sympatry. Signals of historical introgression were
largely congruent with the routes of species dispersal previously inferred from mitogenome data. Overall, the
ddRADseq dataset provided a robust phylogenetic reconstruction of the genus Thymallus including new insights
into historical hybridization and introgression, opening up new questions concerning their evolutionary history.

1. Introduction

Cyto-nuclear discordance is a common pattern in genetic studies of
both plants and animals and is found at various levels of analyses rang-
ing from population genetic to large-scale phylogenetic studies

(Scribner and Avise, 1994; Avise, 1995; Asmussen et al., 2010; Toews
and Brelsford, 2012). It occurs when nuclear and cytoplasmic genetic
markers show contrasting patterns of diversification and thus discor-
dant phylogenies. If this visualized discordance is based simply on in-
complete lineage sorting (ILS) then no real evolutionary discordance
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has taken place. However, both recent or historical hybridization and
introgression coupled with selection and drift can result in organelle
and nuclear genomes having different evolutionary histories. Indeed,
both ILS and true evolutionary discordance can also take place within
the same organismal group (Rose et al., 2021). Thus, the evolutionary
history of populations both within and between closely related species
cannot be reconstructed with confidence based solely on organelle
markers, such as mitochondrial DNA (mtDNA) (Ballard and Whitlock,
2004; De Ré et al., 2017; Wallis et al., 2017) making the incorporation
of nuclear DNA (nDNA) data more or less obligatory for robust phyloge-
netic and/or phylogeographic inferences. Nonetheless, mtDNA barcod-
ing, at least in some groups such as birds (Kerr et al., 2007) or mussels
(Froufe et al., 2016; Lopes-Lima et al., 2019), reveals high rates of con-
cordance with existing taxonomic schemes, and many unique proper-
ties of mtDNA (as well as plastid molecules in plants) support their con-
tinued use as complementary to, rather than inconsistent with nDNA-
based inferences. This is especially clear when an organelle-based phy-
logeny reflects historical gene flow among taxa or lineages, whereas the
nDNA-based phylogeny reveals primarily reciprocally monophyletic re-
lationships (e.g., Rose et al., 2021).

The advent of high-throughput sequencing techniques together with
their increasing affordability has elevated the power to detect hy-
bridization and introgression, even in non-model organisms. For in-
stance, genome-wide single nucleotide polymorphisms (SNPs) can re-
veal gene flow stemming from recent or ancient introgression in a vari-
ety of organisms (e.g., Guo et al., 2019; Paetzold et al., 2019; Hughes et
al., 2020). Hybridization and introgression, the primary drivers of cyto-
nuclear discordance, may be more prevalent in freshwater environ-
ments, due to, for example, the high frequency of hybridization in fishes
(Hubbs, 1955; Scribner et al., 2000) coupled with paleo-
hydromorphological processes that lead to shifting or cyclic phases of
allopatry and contact among lineages (Wallis et al., 2017; Mendes et al.,
2021). Such landscape dynamics should provide more opportunities for
hybridization and introgression, promoting reticulate evolution at some
time in the past, despite restricted gene flow in the present (e.g., Sušnik
et al., 2006; MacGuigan et al., 2019; Mason et al., 2019).

Large-scale paleo-hydromorphological dynamics are relevant for
several groups of freshwater fishes throughout the world and promote
hybridization, cyto-nuclear discordance and cryptic diversity (Goodier
et al., 2011; Bangs et al., 2020; Weiss et al., 2021; Cambell et al., 2022),
with genome-wide datasets playing an increasingly important role in
elucidating the processes behind such complex evolutionary histories.
The application of SNP data in the widely distributed freshwater genus
Pungitus (sticklebacks), for example, underscored the importance of
generating a robust nDNA-based phylogeny and diminished the impor-
tance of several events of mitochondrial capture by revealing ancient
hybridization yet limited nuclear gene flow, a phenomenon shown
across a wide range of taxa (Good et al., 2015; Rose et al., 2021). The
Eurasian range of Pungitus extends across some of the world’s largest
temperate river systems (e.g., Ob, Enisei, Lena, and Amur), whose com-
plex paleo-hydromorphological history is far from fully understood
(e.g., Komatsu et al., 2016). Phylogeographic structure among freshwa-
ter fishes across this range reveals drainage-specific patterns with some
notable exceptions that likely involve Pleistocene or pre-Pleistocene dy-
namics (Froufe et al., 2003a, 2005; Bohlen et al., 2006). One genus of
salmonid fishes, Thymallus (grayling) is widely distributed across this
region and has been the recent focus of considerable study related to
phylogeographic structure and paleo-hydromorphological processes.

Recently, Weiss et al. (2021) provided a mitogenome-based phylo-
genetic and biogeographic analysis of grayling supporting the existence
of 13–15 species with high resolution. The majority of this diversity was
found in boreal regions of Eurasia, particularly in the Amur River
drainage. Studies of salmonid fishes, including grayling, in these re-
gions, support repeated cross-drainage colonization leading to contact
among previously allopatric lineages (Weiss et al., 2002, 2020a,2020b;

Froufe et al., 2003a). Interspecific hybridization is reported in grayling,
but extensive introgression has thus far been rare and limited to Eu-
rope, primarily due to anthropogenic processes such as stocking pro-
grams (Weiss et al., 2013). In Asia, multiple areas of both sympatric and
parapatric distribution among grayling species are described, especially
in the Amur drainage, where up to five species are present (Antonov
and Mikheev, 2016; Weiss et al., 2021). However, many conclusions
have been based on mtDNA datasets or local population genetic studies
with a limited number of genetic markers. The combination of a widely
distributed genus, large-scale paleo-hydrological dynamics, and a mi-
togenome phylogeny together with a range of background data at the
population level provide an excellent foundation for evaluating cyto-
nuclear discordance.

This study aims to provide broadly applicable inferences concerning
cyto-nuclear discordance and events of historic and recent introgression
using Thymallus as a model. To accomplish this, a genome-wide SNP
dataset including all currently known Thymallus species was generated
through double digest restriction-site associated DNA sequencing
(ddRADseq) to: 1) infer a nuclear-based phylogeny of the genus and
compare it to an existing mtDNA-based topology; 2) evaluate potential
hybridization and introgression among sympatric species, in selected
contact zones; and 3) infer historical introgression, aiming to differenti-
ate between recent and more ancient events, using both genome-wide
SNPs and mitochondrial data.

2. Materials & methods

2.1. Taxon sampling

The choice of samples was based on the two major objectives of the
study – the genome-wide nDNA phylogeny, and the evaluation of ad-
mixture and historical introgression within four contact zones where
multiple species are found. Thus, samples for the phylogenetic analysis
were based on the taxon list discussed in Weiss et al. (2021), with two
to 35 individuals per taxon (Table 1 and Supplementary Table S1).
Larger sample numbers were used to target more broadly distributed
taxa, which may contain strong phylogeographic structure or cryptic di-
versity. For the contact zone analyses, between six and 21 individuals
were sequenced per taxon, bringing the total number of analyzed sam-
ples to 201 (Table 1 and Supplementary Table S1). The four chosen con-
tact zones are: 1) the Kantaiskoye Lake system (lower Enisei) with T.
arcticus (Pallas, 1776) and T. baicalensis Dybowski, 1874 (Weiss et al.,
2007; Romanov, 2020); 2) the Lake Baikal basin, with T. baicalensis and
T. baicalolenensis Matveev, Samusenok, Pronin & Tel'pukhovsky, 2005
(Knizhin et al., 2006); 3) the upper Bureya River drainage, a tributary
of the Amur River, with sympatric T. baicalolenensis, T. burejensis
Antonov, 2004, and T. grubii Dybowski, 1869 (Weiss et al., 2020b); and
4) the Anui River drainage, a tributary of the lower Amur River, where
T. flavomaculatus Knizhin, Antonov & Weiss, 2006 and T. tugarinae
Knizhin, Antonov, Safronov & Weiss, 2007 are found in sympatry
(Froufe et al., 2003b).

2.2. DNA extraction, ddRADseq library preparation and sequencing

Total genomic DNA was extracted from fin clips or liver tissue using
a high-salt ammonium acetate protocol (Winstanley and Rapley, 2003).
DNA quality was checked using gel electrophoresis and quantified with
an Implen Nanophotometer. So-called ddRADseq libraries, each con-
taining 48 individuals, were prepared following the protocol of
Peterson et al. (2012) with modifications described in Lecaudey et al.
(2018) and Schedel (2020). For each individual, 400–500 ng of ge-
nomic DNA was digested using the restriction enzymes SphI and ApoI
(New England Biolabs). Digested fragments were cleaned with a DCC-5
kit (Zymo Research) and adapters [unique P1 and common P2 from
Peterson et al. (2012)] were ligated to the enzyme cut sites. Frag-
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Table 1
List of all samples used in the present work, showing the species names, sam-
pling locations, drainage systems, coordinates (WGS84) of sampling locations
and number of individuals (N) analyzed from each location. Asterisks indicate
admixed individuals identified with fastSTRUCTURE. Further details are
given in Supplementary Table S1.
Species Location Drainage Coordinates N

T. aeliani Adige Adige 46.616389,
11.184167

1

Piave Piave 46.394156,
12.357128

1

Rienz Isarco-Adige 46.759745,
12.051320

1

T. arcticus Edyngde Khantaiskoye-
Enisei

68.266667,
91.266667

4

Gogochenda Khantaiskoye-
Enisei

68.283333,
91.116667

8

Ulya Ulya 58.58, 141.24 1
Maly Lagorta Voikar-Ob 66.353854,

63.574339
1

Kolyma Kolyma 66.166667,
151.05

1

Tuser Lena 72.127778,
126.872778

1

Urak Urak 59.709769,
141.932469

1

Big Hole Jefferson-
Missouri-
Mississippi

45.616667,
−113.45

1

Adsett Nahanni-
Mackenzie

58.100036,
−122.7704346

2

Tuchodi Muskwa- Fort
Nelson-Liard-
Mackenzie

58.363889,
−123.623611

1

T. baicalensis Gogochenda Khantaiskoye-
Enisei

68.283333,
91.116667

7

Nerotkar Khantaiskoye-
Enisei

68.416667,
91.216667

5

Barguzin Baikal-Angara-
Enisei

54.418256,
110.628797

3

Dagary Bay Baikal-Angara-
Enisei

55.783333,
109.75

2

Selenga Baikal-Angara-
Enisei

49.36308,
103.56167

1

Mrassu Tom-Ob 52.711944,
88.5975

2

Khoboi Cape Baikal-Angara-
Enisei

53.4,
107.783333

2

Tompa Baikal-Angara-
Enisei

55.482806,
109.960539

2

Ushkaniy
Islands

Baikal-Angara-
Enisei

53.666667,
108.616667

2

T. baicalolenensis Bureya Amur 51.916667,
134.883333

12

Tiya Baikal-Angara-
Enisei

56.052175,
109.405697

5

Barguzin Baikal-Angara-
Enisei

54.555367,
111.399297

7

Verkhnyaya
Angara

Baikal-Angara-
Enisei

55.864289,
108.896714

1

Ikcheya Baikal-Angara-
Enisei

56.083333,
110.766667

2

Yakchiy Baikal-Angara-
Enisei

56.069319,
110.794269

4

Sobopol Lena 67.0525,
128.013889

1

Okonon Zeya-Amur 55.677778,
130.166944

1

Goudzhekit Tiya-Baikal-
Angara-Enisei

55.730314,
108.890081

2

T. brevicephalus Kaldzhir Irtysh-Ob 48.416389,
85.183056

2

Kara-Kaba Irtysh-Ob 48.8, 86.516667 1
Urunkhaika Irtysh-Ob 48.766667,

86.116667
1

Table 1 (continued)
Species Location Drainage Coordinates N

T. brevirostris Khukh Zavkhan 47.516667,
98.45

1

T. burejensis Bureya Amur 51.715717,
134.309278

8

T. flavomaculatus Urmi Tunguska-Amur 48.713056,
134.266944

2

Gobili Anui-Amur 49.25,
138.316667

6

Koppi Tatar Strait 48.615906,
139.590178

1

T. grubii Umalta Makit Bureya-Amur 51.679767,
134.239539

2

Bureya Amur 51.715717,
134.309278

5

Onon Amur 48.663056,
110.425

3

T. ligericus Alagnon Loire 45.106389,
2.896667

1

Sioule Loire 46.025833,
2.904167

1

T. nigrescens Chovsgul Eg-Selenga-
Baikal-Angara-
Enisei

51.45, 100.65 2

T. nikolskyi Biya Ob 51.82,
87.154722

1

Anuy Ob 51.691417,
84.239306

1

T. svetovidovi Belin Enisei 52.19117,
98.6648

1

Belin Enisei 51.64529,
98.15946

1

T. thymallus Sieg Rhine 50.782222,
7.213333

1

Lafnitz Raab-Danube 47.245742,
16.084938

2

Saglbach Inn-Danube 47.311667́,
11.106111

1

Heiterwanger Lech-Danube 47.456944,
10.776667

1

Ain Rhone 46.7451317,
5.809925

1

Ure Ouse 54.305556,
−1.939722

1

Padje
Kaitumjaure

Kalixälven 67.703038,
18.600424

1

Mindyak Ural 53.984444,
58.799444

1

T. tugarinae Anui Amur 49.283333,
137.916667

1

Gobili Anui-Amur 49.294994,
138.520103

3

T. baicalolenensis × T.
baicalensis

Verkhnyaya
Angara

Baikal-Angara-
Enisei

55.864289,
108.896714

1

T. baicalolenensis × T.
baicalensis

Barguzin Baikal-Angara-
Enisei

54.555367,
111.399297

2

T. baicalolenensis × T.
burejensis

Bureya Amur 51.715717,
134.309278

2

B. lenok Urunkhaika Irtysh-Ob 48.766667,
86.116667

1

C. renka Achensee Seeache-Isar-
Danube

47.4755843,
11.7061217

1

H. hucho Pielach Danube 48.1993185,
15.4345248

1

ments > 250 bp were selected from each individual using 1.8X AM-
Pure XP beads (Beckman Coulter) and quantified using an Implen
Nanophotometer. Samples were subsequently pooled in equimolar pro-
portions (100 ng DNA per sample), purified with a DCC-5 kit and size-
selected (300 bp, tight range) on a BluePippin (Sage Science). For li-
brary amplification we used a Phusion High-Fidelity PCR kit (New Eng-
land Biolabs) with Illumina indexed primers [PCR1 and PCR2 (Idx1-
Idx6)], according to Peterson et al. (2012). PCRs were done in 50 µl vol-
umes with each reaction containing 16 µl ddH2O, 10 µl 5x Buffer HF,
1 µl dNTPs (10 mM), 5 µl Primer 1 (4 µM), 5 µl Primer 2 (4 µM), 0.5 µl
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Phusion Taq, and 12.5 µl template. Cycling conditions consisted of an
initial denaturation at 98 °C for 30 sec, followed by 13 or 14 cycles at
98 °C for 40 sec, annealing at 65 °C for 30 sec and 72 °C for 30 sec and fi-
nal extension at 72 °C for 7 min. PCR products were pooled and purified
with a DCC-5 kit, followed by a final 1.8X AMPure XP size-selection (>
250 bp) to remove primer dimers. The fragment size distribution of li-
braries was determined on a TapeStation 2200 (Agilent) and concentra-
tion was quantified using qPCR (NEBNext Library Quant Kit for Illu-
mina). Genomic libraries were single-end (100 bp) sequenced on an Il-
lumina HiSeq V4 (two libraries of 48 individuals each, pooled on a sin-
gle lane) or a NovaSeq SP (four libraries of 48 individuals each, pooled
onto two lanes) at the Vienna BioCenter Core Facilities (VBCF, Austria).
To facilitate appropriate cluster detection, runs were spiked with 5 %
PhiX (Illumina HiSeq V4) or 15 % PhiX (Illumina NovaSeq SP).

2.3. Raw data analyses

The raw sequencing data was sorted with samtools v.1.9 (Li et al.,
2009) and quality was checked with FastQC v.0.11.8 (Andrews, 2010).
The sequencing recovered an average of 4.62 × 106 reads per sample,
with a minimum of 2.12 × 106 and a maximum of 19.12 × 106. Raw
reads were deposited on NCBI under BioProject PRJNA842553 (Supple-
mentary Table S1).

To determine homology and identify orthologous sites, the data was
assembled in ipyrad v.0.9.81 (Eaton & Overcast, 2020) using a refer-
ence-based approach with the most recent available genome of T. thy-
mallus (Linnaeus, 1758) (GCA_004348285.1; Sävilammi et al., 2019)
and default parameters for raw read filtering. Quality filtered reads
were mapped to chromosomes and unplaced scaffolds
(CM014990.1–CM015040.1) were ignored. The mean coverage per
sample ranged from 3x to 77x whereby only samples with > 5x cover-
age were retained resulting in downstream analysis of 145 (72 %) sam-
ples (Supplementary Table S1). The mean percentage of loci mapping
to the reference genome was 97 % and ranged from 92 % to 98 % with
the largest variance occurring among samples within and not between a
species, underscoring that sample quality and not interspecific diver-
gence was the key factor influencing locus recovery. The minimum
number of samples per locus (parameter 21) was set to 75 % for each
data set, and the assembly steps were replicated once for the phyloge-
netic dataset, comprising all species (18,667 loci, containing 212,145
SNPs), and once separately for each of the four contact zone datasets
(13,799 to 27,457 SNPs).

2.4. Nuclear phylogeny and cophylogenetic analyses

The phylogenetic dataset included 128 individuals of Thymallus and
three specimens from other Salmonidae subfamilies as outgroups
(Brachymystax lenok Pallas, 1773, Hucho hucho Linnaeus, 1758, and
Coregonus renke Schrank, 1783) (Supplementary Table S1). Individuals
identified as admixed in downstream contact zone analyses (see below)
were not included in the phylogenetic analysis. Maximum Likelihood
(ML) phylogenetic inference was carried out in IQ-TREE v.1.6.12
(Nguyen et al., 2015) using a concatenated alignment of all ddRADseq
loci. Using ModelFinder (Kalyaanamoorthy et al., 2017) and a Bayesian
information Criterion (BIC), the evolutionary model TVM + F + R2
was chosen as the best fit for the dataset. The phylogeny was estimated
using this model and 1,000 ultrafast bootstrap replicates (Hoang et al.,
2018).

To evaluate the congruence between the nuclear-based phylogeny
and the mitogenome phylogeny presented in Weiss et al. (2021), com-
parative cophylogenetic analyses were performed. To make the
processes computationally efficient, both nuclear and mitogenome
datasets were reduced to one individual per species (Supplementary
Table S2). When available, the same individuals were kept in both
trees. To test for congruence of mitogenome and nuclear phylogenies,

the following tests were performed in IQ-TREE v.1.6.12 (Nguyen et al.,
2015) using either the mitogenome or the nuclear alignments and a
concatenated file with the mitogenome and nuclear ML trees: 1) Boot-
strap Proportion (BP) (Kishino et al., 1990); 2) Kishino-Hasegawa
(Kishino and Hasegawa, 1989); 3) Shimodaira-Hasegawa (Shimodaira
and Hasegawa, 1999); 4) Approximately Unbiased (AU) (Shimodaira,
2002); and 5) Expected Likelihood Weights (ELW) (Strimmer and
Rambaut, 2002). The tests were performed with 1,000 replicates using
the Resampling Estimated Log-Likelihoods (RELL) method (Kishino et
al., 1990). To identify taxa contributing to the potential topological in-
congruence, PACo analysis v.0.4.2 (Balbuena et al., 2013) was run in R
v.4.0.2 (R Core Team, 2021) with 100,000 permutations, following the
pipeline from Pérez-Escobar et al. (2016). For this analysis, the reduced
ML trees were used as input. Additionally, MrBayes v.3.2.7a (Ronquist
and Huelsenbeck, 2003) was run for the reduced datasets, using the
best substitution models previously obtained in ModelFinder for the nu-
clear data and PartitionFinder2 v.2.1.2 (Lanfear et al., 2012) for the mi-
togenome data (Weiss et al., 2021). Two runs were performed (107 gen-
erations, sampling every 100 generations), with default chains. The set
of trees obtained from the first run for the mitogenome and ddRADseq
data were used to infer the potential outlier associations in the PACo
pipeline.

2.5. Potential LORe regions influence

Because ohnologs with lineage-specific delayed rediploidization
(LORe regions) may influence phylogenetic inferences in salmonids
(Lien et al., 2016; Robertson et al., 2017; Gundappa et al., 2022), we es-
timated the percentage of loci in LORe regions. The LORe regions iden-
tified in the T. thymallus genome by Gundappa et al. (2022) were used
to build a reference database. The demultiplexed reads of each sample
were mapped against this reference database with the program BBMap
v.37.77 (Bushnell, 2014). The percentage of reads per individual,
mapped to LORe regions was between 4.1 % and 8.5 % with an average
of 6.2 % (Supplementary Table S3). The ML topology inferred on the as-
sembly obtained after LORe region removal did not show any changes
to our original analysis with LORe regions retained (data not shown)
and thus all analyses were carried out with the full dataset.

2.6. Nuclear admixture analysis in the contact zones

Evaluation of potential admixture among sympatric species was car-
ried out with fastSTRUCTURE v.1.0 (Raj et al., 2014) using a flat beta-
prior with population-specific allele frequencies at each locus (known
as a “simple prior”). For each dataset, values of K ranging from 1 to 4
(number of species plus 1) were evaluated, each with 10 replicates. Re-
sults obtained in fastSTRUCTURE were then imported into the web-
server StructureSelector (Li and Liu, 2018), which calculates the most
likely K and helps visualize the standard estimators used to choose the
best K and plots the results with the integration of the program
Clumpack (Kopelman et al., 2015). To depict the genetic relationships
of individuals within each contact zone, Principal Components Analy-
ses (PCA) were carried out using the R package adegenet v.2.1.3
(Jombart, 2008). Genetic differentiation between species in sympatry
was evaluated using pairwise FST values, estimated with the R package
hierfstat v.0.5–7 (Goudet, 2005). Both analyses were performed on the
reference-based assemblies using a single random SNP per locus.

2.7. Evaluating historical nuclear introgression

To evaluate potential events of historical introgression, Patterson’s
D (ABBA-BABA test) and the f4-ratio (Patterson et al., 2012) along with
the f-branch metric (Malinsky et al., 2018) were calculated with the
software package Dsuite v.0.4 (Malinsky et al., 2021). The f-branch
metric was used to assign signals of admixture to specific branches on a
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given phylogeny, based on the f4-ratio results (Malinsky et al., 2021).
Patterson’s D and related statists are widely used to detect introgression
and estimate admixture proportions (f4-ratio). In short: given four taxa
with the phylogenetic relationships (((P1,P2),P3),O) and considering
“A” as the ancestral allele and “B” as the derived allele, the occurrence
of two particular allelic patterns ABBA and BABA among the chosen
taxa is calculated. These patterns should occur in equal frequencies
when no introgression in present (due to ILS). In the presence of gene
flow, an excess of the ABBA pattern (positive d-statistic) indicates gene
flow between species P2 and P3, while an excess of the BABA pattern
(negative d-statistic) indicates gene flow between species P1 and P3
(Durand et al., 2011; Patterson et al., 2012; Malinsky et al., 2021).

The analyses were performed on the phylogenetic dataset compris-
ing 18,667 loci and using the ddRADseq-based topology. Potential hy-
brids identified with fastSTRUCTURE were excluded because they
would bias the evaluation by introducing signals of recent introgres-
sion. Z-scores and associated p-values were calculated to assess the sig-
nificance of the results.

2.8. mtDNA

To identify potential mitochondrial capture events, a fragment of
300 bp of the COI gene was amplified and sequenced for all contact
zone samples for which mitochondrial data was not previously ana-
lyzed in Weiss et al. (2021). PCRs were performed using a pair of
primers designed for metazoans mlCOIintF (Leray et al., 2013) and
dgHCO2198 (Meyer, 2003). PCR conditions were as follows: 94 °C for
3 min, 94 °C for 30 sec, 54 °C for 40 sec, 72 °C for 1 min, and 72 °C for
10 min (34 cycles). PCR products were sent for sequencing to Macrogen
(Spain) with the same primers. The quality of the sequences was evalu-
ated in Chromas v.2.6.5 (https://www.technelysium.com.au/
chromas.html) and each sequence was BLAST against the NCBI data-
base for species identification. All new COI sequences are available on
GenBank under the accession numbers ON711084–ON711175 (Supple-
mentary Table S1).

3. Results

3.1. Nuclear phylogeny and cophylogenetic analyses

The first split in the ML phylogeny divided T. flavomaculatus, T. gru-
bii, and T. tugarinae (all endemic to the Amur and coastal drainages in
the Russian Far East) from other species in the genus (Fig. 1). A fourth
species, endemic to the Amur drainage, T. burejensis, clustered outside
this group forming a well-supported clade [bootstrap value (bs) 100],
but with an unsupported internal node (bs 68). The remaining species
formed two well-supported (bs 96, 100) groups.

One of these contained the widely distributed sister taxa T. arcticus
and T. baicalolenensis. Both species revealed high levels of intraspecific
substructure across distinct drainage systems. The well-supported
clades within T. baicalolenensis (bs 100) corresponded to isolated popu-
lations in the Amur, Lena and Enisei rivers. Similarly, strong geographic
structure within T. arcticus showed the presence of a “western” and
“eastern” subclade, both being well-supported (bs 100); the “eastern”
subclade was made up of populations from North America and the Russ-
ian Far East, and the “western” subclade included samples from the Ob,
Enisei and Lena rivers.

The other major group consisted of species inhabiting drainage sys-
tems in Europe, Siberia and the Altai-Sayan Mountain region. Among
the European species, only T. ligericus Persat, Weiss, Froufe, Secci-
Petretto & Denys, 2019 was recovered as monophyletic (bs 100). The
samples identified as T. aeliani Valenciennes, 1848 (SRR19545555, Pi-
ave River, and SRR19545556 and SRR19545501, both from the Adige
River drainage) clustered together with samples of T. thymallus from
different localities in the Danube River drainage north and south of the

Alps (Fig. 1). Considerable phylogeographic structure was observed in
the clade of taxa from Siberia and adjacent drainage systems. This well-
supported group (bs 100) included species from Central- and Southern
Siberia (T. baicalensis, T. nigrescens Dorogostaisky, 1923, T. svetovidovi
Knizhin & Weiss, 2009, T. nikolskyi Kaschenko, 1899), Western Mongo-
lia (T. brevirostris Kessler, 1879) and the Irtysh River drainage in North-
ern Kazakhstan (T. brevicephalus Mitrofanov, 1971). Except for T.
baicalensis, clustering together with T. nigrescens from Chovsgul Lake
(upper Selenga River), all these species formed well-supported mono-
phyletic (bs 100) assemblages.

For the cophylogenetic analyses, both mitogenome and nuclear
datasets included a total of 18 individuals (Supplementary Table S2).
All tests performed in IQ-TREE rejected the hypothesis of congruence
between the two topologies (Supplementary Table S4). The analysis of
incongruence performed with PACo, identified six out of the 15 Thymal-
lus taxa with potential nuclear-mitochondrial outlier associations (Fig.
2), all with their entire 95 % confidence range exceeding the program’s
threshold for congruence (i.e., values of normalized squared residual
above 0.6). These six taxa were T. thymallus, T. ligericus, T. aeliani, T.
baicalolenensis, T. arcticus, and T. burejensis.

3.2. Admixture analyses in the contact zones

In the Kantaiskoye Lake system, fastSTRUCTURE and PCA provided
clear evidence for the distinction of T. arcticus and T. baicalensis (Fig.
3a). No clear signal of strong nuclear admixture was detected and pair-
wise FST values (0.8) showed high genetic differentiation between the
two species. Only one individual of T. baicalensis (SRR19545493,
Gogochenda River) showed weak admixture with T. arcticus (8 % mem-
bership probability according to fastSTRUCTURE, K = 2). However,
mitochondrial COI data revealed three cases of mitochondrial capture –
two individuals (SRR19545435 and SRR19545543, Gogochenda River)
with nDNA from T. arcticus and mtDNA from T. baicalensis, and one in-
dividual (SRR19545496, Gogochenda River) with nDNA from T.
baicalensis and mtDNA from T. arcticus (Fig. 3a).

In the Lake Baikal basin where T. baicalensis and T. baicalolenensis
co-occur in several tributaries, fastSTRUCTURE and PCA recovered two
genetically distinct groups, corresponding to the two species (Fig. 3b).
Pairwise FST values suggested high genetic differentiation (FST = 0.7)
between these species. Among the 37 individuals analyzed, three
showed signals of admixture, two of which were presumably F1 hybrids
(SRR19545511 and SRR19545509, both from the Barguzin River) and
the third an F2 backcross (SRR19545512, Verkhnyaya Angara River).
Assignment of hybrid generations (F1, F2) was based on membership
probabilities to each group (at K = 2), with SRR19545511 (50 % T.
baicalensis, 50 % T. baicalolenensis) and SRR19545509 (53 % T.
baicalensis, 47 % T. baicalolenensis) showing almost equal proportions
and SRR19545512 having a higher membership probability to T.
baicalensis (77 %). Sequences of the mitochondrial COI fragment indi-
cated that T. baicalensis is the maternal lineage for two individuals (SR-
R19545511 and SRR19545512), and T. baicalolenensis for the other in-
dividual (SRR19545509). Furthermore, putative mitochondrial capture
events were identified in four individuals from the Tiya River that ex-
hibited nDNA from T. baicalolenensis and mtDNA from T. baicalensis
(Fig. 3b).

The three species in the upper Bureya River were genetically distinct
(Fig. 3c) and pairwise FST values ranged from 0.79 between T. burejensis
and T. grubii to 0.86 between T. baicalolenensis and T. grubii. Two indi-
viduals showed admixture between T. baicalolenensis and T. burejensis;
one an F1 hybrid (SRR19545508, 50 % T. baicalolenensis, 50 % T. bure-
jensis) and the other a potential backcross (SRR19545507, 27 % T.
baicalolenensis, 73 % T. burejensis). Based on the mitochondrial COI
haplotypes, both admixed individuals stem from a female T. burejensis
and a male T. baicalolenensis. For the remaining individuals, mtDNA
was congruent with nDNA.
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Fig. 1. Maximum Likelihood phylogeny inferred from genome-wide ddRADseq data for the genus Thymallus, including major drainages/geographic areas for
each group of samples; asterisks indicate bootstrap values > 95 %. Outgroup taxa and phylogenetic placement in Salmonidae are depicted in the top left. Sam-
pling localities are shown in the insert map together with the four contact zones analyzed: 1 = Kantaiskoye Lake system (T. arcticus and T. baicalensis),
2 = Lake Baikal basin (T. baicalensis and T. baicalolenensis), 3 = upper Bureya River drainage (T. baicalolenensis, T. burejensis and T. grubii), 4 = Anui River
drainage (T. flavomaculatus and T. tugarinae).

The analysis of T. flavomaculatus and T. tugarinae in the contact zone
of the lower Amur River revealed no signal of admixture or mitochondr-
ial capture. Both fastSTRUCTURE and PCA showed two distinct groups
with a high level of genetic differentiation (FST = 0.84).

3.3. Evaluating historical introgression

A total of 286 trio combinations were evaluated in the Dsuite analy-
sis. Of those, 74 had a Z-score > 3 indicating a significant (p < 0.002)
deviation from zero and providing support for gene flow in several com-
parisons. The f-branch method (based on the f4-ratio results) high-
lighted 18 potential introgression events, but admixture proportions
above 5 % were only found in seven cases (Fig. 4, Supplementary Table
S5). The strongest signal of introgression (admixture proportion of
15 %) was evident between T. arcticus and the ancestor (internal branch
in Fig. 4) of the species assemblage in Siberia and adjacent regions (T.

baicalensis, T. nikolskyi, T. svetovidovi, T. brevirostris, and T. brevi-
cephalus). Elevated values for the f-branch (7 % and 9 %) also suggested
gene flow from T. burejensis and T. baicalolenensis into this ancestral lin-
eage. Admixture proportions were high (12 %) between T. baicalensis
and the common ancestor of T. svetovidovi (upper Enisei) and T. nikol-
skyi (upper Ob) which may indicate that introgression took place before
the split of T. nikolskyi and T. svetovidovi. Additionally, proposed events
of gene flow had lower admixture proportions (<10 %) but supported
introgression between T. nikolskyi and T. brevicephalus (allopatric
species in the Ob drainage), and between T. baicalensis and T. arcticus
(allopatric species with a geographically limited contact zone in the
lower Enisei). T. burejensis, the only species with an unsupported inter-
nal node in the ML phylogeny, showed a weak signal (4 %) of gene flow
with the ancestral branch of T. arcticus and T. baicalolenensis.
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Fig. 2. Comparison between mitochondrial and nuclear phylogenies for Thymallus spp. a) ML phylogenies using a single individual per species. b) values of normal-
ized squared residuals inferred with PACo for each species. Outliers with normalized square residuals above the program’s standard threshold (0.6) are marked in
red, mito-nuclear incongruencies are marked in blue. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)

4. Discussion

The newly generated ddRADseq data provided the first high-
resolution nuclear phylogeny of the genus Thymallus. Although species
relationships were largely congruent with the previously published
mtDNA-based phylogeny (Weiss et al., 2021), some important cyto-
nuclear discordances underscored the known pitfalls of relying solely
on organelle data for phylogenetic inference. Evaluation of hybridiza-
tion and introgression in Asian contact zones of grayling revealed lim-
ited admixture among species, which may contrast somewhat with the
expectations of gene flow in landscapes with high levels of paleo-
hydromorphological dynamics, raising questions about the relevant
mechanisms responsible for restricted gene flow. Despite signals of lim-
ited contemporary gene flow, several events of mitochondrial capture
reflect historical events of hybridization that may not have been so
clear based on ddRADseq data alone, highlighting the complimentary
efficacy of using both organelle and nuclear gene analysis for evaluat-
ing the evolutionary history of organisms.

4.1. Nuclear phylogeny and cyto-nuclear discordance

All species that were resolved with the mtDNA-based analysis of
Weiss et al. (2021) were recovered as monophyletic groups based on
ddRADseq data, underscoring that the species-level resolution of the
two analyses was relatively similar. The exception, reflecting cyto-
nuclear discordance, is T. aeliani, which appeared scattered across mi-
nor clades of T. thymallus in the ddRADseq phylogeny, resulting in the
paraphyly of both taxa. This is congruent with signals of admixture
with stocked lineages previously reported using microsatellites (Sušnik
et al., 2004; Meraner et al., 2014). Based on mtDNA data, T. aeliani is
monophyletic and 1.8 % divergent from T. thymallus (Weiss et al.,
2021). While the individuals bearing Adriatic mtDNA haplotypes were
chosen to represent the Adriatic clade in the mitogenome phylogeny (as
defined in Weiss et al., 2002; Meraner and Gandolfi, 2012), we could
not retrieve a non-introgressed nuclear genome for T. aeliani due to the
difficulty of finding a population with no record of stocking or admix-
ture. This is generally problematic for analyzing phylogenetic relation-
ships of species subject to decades of human-mediated admixture, com-
mon for salmonids throughout Europe (Sušnik et al., 2004; Weiss et al.,

2013; Meraner et al., 2014), and thus we hypothesize that the discor-
dance observed for T. aeliani is based on anthropogenic introduction
and subsequent introgression with exotic lineages.

Other instances of cyto-nuclear discordance in Thymallus involve the
position of species or the placement of internal nodes in our phyloge-
nies rather than the resolution of the species themselves.

First, the ddRADseq data support T. ligericus, endemic to the Loire
River drainage as the most divergent lineage among European taxa,
while mtDNA-based analyses (Marić et al., 2014; Weiss et al., 2021) de-
pict T. ligericus as a sister clade to the north and south Alpine Danubian
lineages of T. thymallus. Interestingly, these relationships based on nu-
clear as opposed to mtDNA data are not congruent with any known
phylogeographic patterns from other similarly distributed fishes
(Costedoat and Gilles, 2009), including the co-occurring genera Phoxi-
nus (Denys et al., 2020; Palandačić et al., 2022) and Salmo
(Hashemzadeh Segherloo et al., 2021). Much of our current knowledge
of freshwater phylogeography in Europe, however, is still exclusively
based on mtDNA. A wider geographic sampling in combination with
nuclear genomic markers is needed to explain the colonization history
of Thymallus in the Loire River.

Second, apart from the European taxa, strong cyto-nuclear discor-
dance was evident in the placement of T. burejensis. The species is en-
demic to a single Amur River tributary system (Bureya River) but is not
genetically related to the other Amur drainage species (T. grubii, T.
flavomaculatus, T. tugarinae), showing a closer relationship to the clade
containing T. arcticus and T. baicalolenensis. This pattern of poor sup-
port together with a short internal branch may suggest ancient incom-
plete lineage sorting, which is frequently observed in rapidly radiating
species (Takahashi et al., 2001; Koblmüller et al., 2010). An alternative
hypothesis considering ancient hybridization cannot be supported with
the present ddRADseq dataset (d-statistics).

Third, cyto-nuclear discordance was also noted at one of the most
internal nodes in the phylogeny. Based on the ddRADseq data, Euro-
pean grayling species form a strongly supported sister clade to species
from Siberia and adjacent drainage systems, whereas the mitogenome-
based analysis groups European species with all Asian species, except
the three Amur taxa. This is noteworthy as the nDNA-based phylogeny
is congruent with the hypothesized colonization routes for Thymallus
from Asia to Europe (Weiss et al., 2021).

7



CO
RR

EC
TE

D
PR

OO
F

Fig. 3. PCA and fastSTRUCTURE results for a) T. arcticus and T. baicalensis from the Kantaiskoye Lake system (based on 27,457 SNPs); b) T. baicalensis and T.
baicalolenensis from the Lake Baikal basin (based on 16,093 SNPs); c) T. baicalolenensis, T. burejensis and T. grubii from the upper Bureya River drainage (based on
17,806 SNPs); d) T. flavomaculatus and T. tugarinae from the Anui River drainage (based on 13,799 SNPs). Asterisks indicate cases of mitochondrial capture.

The examples of cyto-nuclear discordance observed in Thymallus
were all visually obvious and reflected in the cophylogenetic analyses,
however, they provide little insight into the mechanisms responsible.
Cyto-discordance could be the result of either recent introgression, as
seen for the relationships within European taxa, or historical introgres-
sion as is likely to be the case for the different positions of the whole Eu-
ropean clade in the mitogenome and nuclear phylogenies. Thus, in-
stances of cyto-nuclear discordance, whether recent or more historical,
are likely at least affected by, if not caused by, hybridization and intro-
gression, the most common mechanism promoting cyto-nuclear discor-
dance in freshwater fishes (Wallis et al., 2017).

Finally, one instance of a lack of species-level resolution exhibited
no signal of hybridization nor cyto-nuclear discordance. Neither the mi-
tochondrial nor the ddRADseq-based phylogenetic analyses supported
the monophyly of T. baicalensis due to the position of T. nigrescens
placed within T. baicalensis (Weiss et al., 2021; and Fig. 1). Nonetheless,
the two species are morphologically distinct (Olson et al., 2019) and T.
nigrescens forms a monophyletic group within the diverse assemblage of
T. baicalensis. A recent study based on RADseq data and limited to sam-
ples from the Selenga River drainage revealed two different genetic
clusters, corresponding to the two taxa, indicating that the paraphyly of
T. baicalensis is most likely the result of very recent divergence of T. ni-
grescens (Roman et al., 2018).

4.2. Contact zones of Thymallus in Asia

The ddRADseq-based analysis of four contact zones revealed only
very rare cases of contemporary hybridization, concordant with previ-
ous population genetic analyses using microsatellites (Froufe et al.,
2003b; Weiss et al., 2007, 2020b), supporting relatively strong levels of
reproductive isolation among grayling species, especially those in Asia.
This may underlie why incidences of cyto-nuclear discordance were
limited in our phylogenetic inference, but it begs the question of what
mechanisms are operative in maintaining species integrity and if any
patterns can be recognized between species that do exhibit some hy-
bridization and introgression and those that do not.

The presence of morphological and genetic constraints, as well as
environmental features delimiting contact or ecological niches often ex-
plain restricted gene flow between species (e.g., Feller et al., 2020;
Kautt et al., 2020). Thus, it is important to consider to what extent
physical, ecological or fine-scale niche segregation exists when evaluat-
ing reproductive isolation. For two contact zones in our analysis (the
Kantaiskoye Lake system, and the Lake Baikal basin), some level of
physical habitat separation may be playing a role in restricting interspe-
cific gene flow. A recent study on the distribution of T. arcticus and T.
baicalensis in the Kantaiskoye Lake system showed that these species
may be physically delimited by the presence of waterfalls (Romanov,
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Fig. 4. Results of Dsuite f-branch statistics for Thymallus spp. The phylogenetic tree used is shown along the x- and y-axes (the y-axis showing an expanded form
of the tree where both terminal- and internal branches point to a corresponding row). Grey squares represent trio combinations that cannot be tested for due to
topological constraints.

2020). Our data are somewhat congruent with this picture, as no con-
temporary gene flow is evident. However, historically it is clear that
these taxa were in contact, as instances of mitochondrial capture are ev-
ident and ancient introgression at low levels, was supported by d-
statistics. Similarly, in the Lake Baikal basin, both T. baicalensis and T.
baicalolenensis occur in tributaries such as the Barguzin River (Knizhin
et al., 2006, 2008). Knizhin et al. (2008) showed that while T. baicalen-
sis is primarily distributed in the lower reaches of these rivers, T.
baicalolenensis is more restricted to their headwaters and isolated lakes
in the mountain ranges. Thus, T. baicalolenensis never seems to reach
Lake Baikal itself, despite the possibility of downstream migration, sug-
gesting that competition or competitive exclusion from T. baicalensis or
other species native to the lake may be occurring; see Alekseyev et al.
(2021) for a similar distribution pattern observed in Salvelinus alpinus
(Linnaeus, 1758). In the Barguzin River itself, as well as the
Verkhnyaya Angara River, a northern tributary of Lake Baikal, we
found signals of limited contemporary hybridization between the two
species (F1 or F2 individuals). Knizhin et al. (2008) noted that the mi-
gration of T. baicalensis into the upper reaches of these rivers may occur
during spawning migration. Interestingly, in one additional northern
tributary (Tiya River) with headwaters isolated from Lake Baikal, mito-
chondrial capture was evident but no sign of contemporary hybridiza-
tion. Such examples of mitochondrial capture, presumably reflecting
more ancient hybridization yet limited nuclear introgression, have been

reported for other freshwater fishes such as Pungitius (Guo et al., 2019),
but are also known from a wide range of organisms such as mammals
(Good et al., 2015) and birds (Joseph, 2021).

In summary, both species pairs (T. arcticus/T. baicalensis and T.
baicalensis/T. baicalolenensis) occur in the same drainage systems, but
physical habitat separation may at least partly explain the pattern of re-
productive isolation. Thus, although these paleo-hydrologically dy-
namic systems (e.g., Komatsu et al., 2016; Margold et al., 2018) repeat-
edly shaped periods of allopatry and contact among species (Weiss et
al., 2020a), small-scale physical habitat structure can remain an impor-
tant factor in restricting interspecific gene flow.

When physical separation is not operative, habitat or trophic niche
segregation can also restrict gene flow and help maintain reproductive
isolation. Both mechanisms are very common among freshwater fishes,
well-documented in salmonid fishes (e.g., May-Mcnally et al., 2015;
Olson et al., 2019; Jacobs et al., 2020), but occur predominately in la-
custrine habitats (Greenwood 1984; Simonsen et al., 2017; Dias et al.,
2022) and generally seems to be rare in rivers (but see Levin et al.,
2021). In our contact zone analyses within the Amur River drainage
(Bureya and Anui rivers), the relevant species live in sympatry in multi-
ple circumscribed areas (Knizhin et al., 2004; Antonov, 2016), but
trophic niche segregation has not yet been reported. The Amur River
drainage is likely the ancestral range of the genus Thymallus (Weiss et
al., 2021) and three endemic species (T. grubii, T. flavomaculatus, T. tu-
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garinae) have presumably evolved in sympatry or parapatry. During
sampling in these regions, primarily done by angling, it was not uncom-
mon to catch different species on successive casts from the same pools,
underlining their sympatric existence at a small physical habitat scale.
In the Anui River, there was no evidence of contemporary introgression
between T. tugarinae and T. flavomaculatus, two species that are dis-
tantly related but have either evolved in sympatry or have been in sym-
patry for 100 s of thousands if not several million years (Froufe et al.,
2003b). In the Bureya River, there were two instances of recent hy-
bridization but no introgression in the samples analyzed, and the re-
vealed hybrids all involved T. baicalolenensis, a species that most likely
evolved in the Lena River drainage and not the Amur (Knizhin et al.,
2006; Weiss et al. 2021). The absence of trophic niche segregation,
however, would suggest that other mechanisms must be operative in
maintaining reproductive isolation. Although exclusively based on con-
jecture, the leading hypothesis to date has been that external pheno-
type, such as the color pattern of the dorsal fins, which is very promi-
nent and well-differentiated among grayling species, may be supporting
species recognition and mate choice (Englmaier et al., 2022), and thus
possibly serving as a reinforcement mechanism enhancing reproductive
isolation in sympatry (Rundle and Schluter, 1998; Pfennig, 2016).

4.3. Possible scenarios of historical introgression in Thymallus

Despite the lack of contemporary introgression in Asian Thymallus
species, inference of historical gene flow may help to understand cur-
rent phylogenetic relationships and distribution ranges. Based on d-
statistics, introgression between T. arcticus and the ancestor of species
from Siberia and adjacent drainage systems may relate to ancient routes
of colonization and subsequent species radiation leading to the diver-
sity found in this area (Weiss et al., 2020a). Especially T. arcticus and T.
baicalensis may have come into more frequent contact during the Pleis-
tocene glacial periods, as repeated phases of hydrological connectivity
are evident from proglacial lakes in the lower Enisei River drainage
(Margold et al., 2018). The weaker signal of ancient introgression be-
tween T. baicalolenensis and the same ancestor of species from Siberia
likely results from the shared ancestry between T. baicalolenensis and T.
arcticus, producing such correlated f-branch signals (Malinsky et al.,
2021).

Evidence of historical introgression was also found among species
that are currently not in contact but inhabit a region (Altai-Sayan
Mountain region) subject to repeated paleo-floods and drainage re-
arrangements (Weiss et al., 2020a, and references therein). For exam-
ple, the closely related T. nikolskyi (upper Ob River) and T. brevicephalus
(upper Irtysh River, Markakol Lake) inhabit different areas of the Ob
River drainage but revealed a significant signal of introgression. The
distribution ranges of these two species are not clearly defined (see also
Weiss et al., 2020a), and it is unclear whether they are currently strictly
allopatric, parapatric, or perhaps found in sympatry in a yet-to-be-
disclosed area. In the Altai Mountains just northeast of Markakol Lake,
the headwater tributary systems feeding the lake come into very close
contact (a few km) with tributaries of the Ob River, near the locality
where T. nikolskyi is found. This area may have served as a possible cor-
ridor between the Ob and Irtysh rivers, which today appear to be rather
isolated reflected by the distinct freshwater ecoregions (Abell et al.,
2008). A similar pattern of past introgression was detected between T.
baicalensis and the common ancestor of T. svetovidovi and T. nikolskyi,
which can also be related to opportunities for secondary contact be-
tween currently isolated drainage systems in the Altai-Sayan Mountain
region (Weiss et al., 2020a). While T. svetovidovi occurs exclusively in
the Enisei River drainage and T. nikolskyi is restricted to the Ob River
drainage, T. baicalensis has a very broad distribution spanning from
Lake Baikal and its tributaries to the lower Enisei River and even tribu-
taries of the Ob River (Weiss et al., 2021). These results underscore the
impact of paleo-environmental perturbations on distribution ranges

and the evolutionary history, concordant with other such studies in the
region (Bochkarev et al., 2018; Guo et al., 2019).

5. Conclusion

Although cyto-nuclear discordance seems to be common in the phy-
logenetic analyses of freshwater fishes, it appeared relatively limited
across the genus Thymallus. The discordance that was found did not in-
volve the resolution of species, except for T. aeliani where anthro-
pogenic stock transfers are the likely cause of interspecific admixture
and the lack of monophyly in our ddRADseq-based phylogeny. Where
cyto-nuclear discordance was found, hybridization was seen as the most
likely causative factor, affecting node placement only. Signals of hy-
bridization and introgression were more common among species
thought to have evolved in allopatry subsequently forming geographi-
cally limited zones of secondary contact, as opposed to species that pre-
sumably evolved in sympatry. Despite significant paleo-hydrological
dynamics fostering cyclical events of isolation and contact among lin-
eages, small-scale physical habitat separation likely plays a significant
role in restricting interspecific gene flow. Where such separation is not
evident, and species have been living for significant periods in sympa-
try, other biologically based reinforcement mechanisms such as species
recognition and mate choice are likely the major factor maintaining re-
productive isolation. The continued use of organelle-based phyloge-
netic inference can be seen as an important complementary source of
information, supporting ddRADseq and other nuclear genomic levels of
phylogenetic analysis as specific events of historical hybridization and
introgression can be verified and described in terms of the relevant
donor species. Genome-wide nDNA markers, however, clearly provide
the most reliable and robust phylogenies and are invaluable in describ-
ing historical introgression, including putative gene flow from or to an-
cestral species.
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