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Preamble 

 

The following dissertation includes four main chapters corresponding to the main objectives of 

the doctoral project. Chapter I was published in Organisms Diversity & Evolution, Chapter II 

was published in Reviews in Fish Biology and Fisheries, and Chapter III was published in 

Molecular Phylogenetics and Evolution, Chapter IV is currently being prepared to be submitted 

to a peer-reviewed scientific journal. I (Gernot K. Englmaier) am the first author in two of these 

research articles. 
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Summary 

 

The family Salmonidae is one of the best-known families of freshwater or anadromous ray-

finned fishes in the northern hemisphere due to its ecological and commercial importance. It is 

divided into three subfamilies and dependent on varying viewpoints includes > 250 species. 

The wide geographic distribution and high species diversity in temperate and arctic regions, 

together with its morphological plasticity, makes the group an interesting model in evolutionary 

biology and biogeography. 

This dissertation focuses on the evolutionary history and phylogeography of graylings 

(Thymallinae, Thymallus). In contrast to other members of Salmonidae, graylings represent a 

rather poorly studied group in terms of both phylogenetic relationships and systematics. In the 

present study, mitochondrial and nuclear genomic DNA data form the basis of the main 

objectives of the doctoral thesis. 

The first section of the dissertation addresses the phylogeography and systematic 

diversity of graylings based on whole mitochondrial genomes. For the first time, samples across 

the entire distribution range of the genus were analysed (78 samples) and the complex 

phylogenetic relationships were highlighted. Phylogenetic analyses and species delimitation 

methods supported the differentiation of 15 grayling species. Three geographical regions were 

particularly diverse: 1) the European Alps (T. aeliani, T. ligericus, T. thymallus), 2) the Altai-

Sayan Mountains including the region of Lake Baikal (T. baicalolenensis, T. baicalensis, T. 

nigrescens, T. brevirostris, T. brevicephalus, T. nikolskyi, T. svetovidovi), and 3) the Amur 

River drainage (T. baicalolenensis, T. burejensis, T. grubii, T. flavomaculatus, T. tugarinae). 

In addition, divergence time estimates were obtained for the phylogeny based on three 

calibration points (two fossils and one paleohydrological event). The age of the genus 

Thymallus was dated at 7.3–10.9 Ma in the late Miocene. A biogeographical ancestral range 

estimation showed the Russian Far East and in particular the Amur River drainage as a potential 

origin of the genus. These findings represent a significant contribution to the understanding of 

the phylogenetic relationships within the genus Thymallus and subsequently provide the basis 

for comparative phylogenetic analyses, as well as the combination with nuclear genomic data 

to determine possible hybridisation events and mito-nuclear discordances. 

The second part builds partly on the inferred mitochondrial phylogeny and provides 

insights into general sexually dimorphic traits in 11 of 15 known grayling species. For this 

purpose, an extensive morphological dataset with 1539 individuals (806 males 733 females) 

and 28 linear morphometric traits was analysed and presented in a comparative phylogenetic 
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perspective. All grayling species showed a very consistent pattern of sex-specific differences. 

particularly relating to size dimensions (length and height) of the dorsal-, anal-, pelvic- and 

pectoral fins. Interestingly, the display of the dorsal- and pelvic fins is an integral behavioural 

element in male-male competition and territorial behaviour during spawning season. In females, 

on the other hand, as in other gravel spawning salmonids, the anal fin seems to play an important 

role in oviposition or “probing” behaviour. Despite species-specific differences in the 

magnitude of sexual dimorphism, no significant phylogenetic signal was detected, which may 

indicate a differential strength of intrasexual selection across species. Subsequently, the 

sexually dimorphic traits in graylings were compared with other salmonids through a literature 

search. This allowed a comparison of anadromous and potamodromous species as well as 

semelparous and iteroparous species and thus provided insights into the driving forces of the 

evolution of sexually dimorphic traits in salmonids in more general. 

Finally, the third and fourth sections provide new phylogenetic and phylogeographic 

insights based on nuclear genomic data (ddRADseq) in combination with mitochondrial 

sequences. New insights into the evolutionary history of graylings are provided by both a global 

analysis (entire genus, 128 samples) and a specific analysis of the European grayling species 

(178 samples). A major focus of this work was the inference of hybridisation events among 

distinct grayling species and their influence on phylogenetic relationships (mitochondrial vs. 

nuclear genomic data). These analyses showed that species or phylogenetic lineages may have 

frequently come into secondary contact, which was supported by signals of both recent and 

historical introgression, as well as examples of mitochondrial capture, leading to mito-nuclear 

discordance. Hybridisation and introgression upon secondary contact may have thus played an 

important role in the evolutionary history of this group of salmonids, opening new perspectives 

for biogeographical considerations in freshwater fishes of temperate and arctic regions, which 

until now have been based primarily on mitochondrial data. In addition, divergence times were 

estimated for the European dataset which was based on two biogeographical calibration points. 

This analysis showed that the splits between some of the modern European lineages might be 

significantly older than the late phase of the Pleistocene glaciations, challenging earlier 

hypotheses on the role of late Pleistocene glacial cycles as a general driving force for lineage 

differentiation. 
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Zusammenfassung 

 

Die Familie der Salmonidae gehört aufgrund ihrer ökologischen und kommerziellen Bedeutung 

zu den bekanntesten Fischfamilien der nördlichen Hemisphäre. Sie ist in drei Unterfamilien 

unterteilt und umfasst je nach Ansicht > 250 Arten. Ihre weite geographische Verbreitung und 

hohe Artendiversität in temperaten und arktischen Gebieten, zusammen mit einer erstaunlichen 

morphologischen Plastizität, macht die Gruppe zu einem interessanten Modellsystem der 

Evolutionsbiologie und Biogeographie. 

Die vorgelegte Dissertation befasst sich mit der Evolutionsgeschichte und 

Phylogeographie der Äschen (Thymallinae, Thymallus). Im Gegensatz zu anderen Vertretern 

der Salmonidae stellen die Äschen eine bis dato eher wenig erforschte Gruppe dar was sowohl 

die phylogenetischen Verwandtschaftsverhältnisse also auch die Systematik betrifft. In der 

vorliegenden Arbeit bilden mitochondrielle und kerngenomische DNS Daten die Grundlage der 

behandelten Fragestellungen. 

Der erste Teil der Dissertation beschäftigt sich mit der Phylogeographie und der 

systematischen Diversität der Äschen basierend auf ganzen mitochondriellen Genomen. Dabei 

wurden erstmals Proben über das gesamte Verbreitungsgebiet der Gattung analysiert (78 

Individuen) und die komplexen phylogenetischen Zusammenhänge dargestellt. 

Phylogenetische Analysen und Methoden zur Artabgrenzung unterstützen die Unterscheidung 

von 15 Äschenarten. Auffallend dabei sind drei geographische Regionen mit besonders hoher 

Artendiversität: 1) die Europäischen Alpen (T. aeliani, T. ligericus, T. thymallus), 2) das Altai-

Sayan Gebirge inklusive der Region des Baikal Sees (T. baicalolenensis, T. baicalensis, T. 

nigrescens, T. brevirostris, T. brevicephalus, T. nikolskyi, T. svetovidovi), und 3) das 

Einzugsgebiet des Amur (T. baicalolenensis, T. burejensis, T. grubii, T. flavomaculatus, T. 

tugarinae). Darüber hinaus wurde eine Altersabschätzung für die Phylogenie der Äschen 

berechnet, die auf drei Kalibrierungspunkten (zwei Fossilien und ein paleohydrologisches 

Ereignis) basiert. Dabei wurde die Gattung Thymallus auf ein Alter von 7.3–10.9 Ma im späten 

Miozän datiert. Eine biogeographische „ancestral range estimation“ zeigt den fernen Osten 

Russlands und im Speziellen das Einzugsgebiet des Amur als potenziellen Ursprung der 

Gattung. Diese Erkenntnisse stellen einen wesentlichen Beitrag zum Verständnis der 

Verwandtschaftsbeziehungen innerhalb der Äschen dar und ermöglichen in weiterer Folge 

Einblicke in makroevolutionäre Trends durch vergleichende phylogenetische Analysen. In 

Kombination mit kerngenomischen Daten ermöglichen sie außerdem die Bestimmung von 
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Hybridisierungs-Ereignissen und erlauben damit neue Einblicke in die Evolutionsgeschichte 

der Äschen. 

Der zweite Teil der Arbeit baut teilweise auf der zuvor erarbeiteten mitochondriellen 

Phylogenie auf und gibt Einblicke in allgemeine geschlechtsdimorphe Merkmale bei 11 von 15 

bekannten Äschenarten. Dafür wurde ein umfangreicher morphologischer Datensatz mit 1539 

Individuen (806 Männchen 733 Weibchen) und 28 linearen morphometrischen Merkmalen 

analysiert und in einem vergleichenden phylogenetischen Ansatz dargestellt. Alle Äschenarten 

zeigen dabei ein sehr einheitliches Muster von geschlechtsspezifischen Unterschieden. Diese 

betreffen vor allem Längen- und Höhenverhältnisse der Rücken-, Anal-, Bauch-, und 

Brustflossen. Trotz artspezifischer Unterschiede in der Stärke des Geschlechtsdimorphismus, 

wurde kein signifikantes phylogenetisches Signal innerhalb der Gattung nachgewiesen, was auf 

eine unterschiedlich starke intrasexuelle Selektion zwischen den Arten hinweisen könnte. Ganz 

allgemein stellt die Zurschaustellung der Rücken- und Bauchflossen für Männchen ein 

wesentliches Verhaltenselement während der Laichzeit dar (Konkurrenz zwischen den 

Männchen um Zugang zu fortpflanzungsfähigen Weibchen). Bei Weibchen wiederum scheint 

die Analflosse, so wie bei anderen interstitiallaichenden Salmoniden, eine wichtige Funktion 

bei der Eiablage oder dem sogenannten „probing“ Verhalten (Sondierung des 

Schotteruntergrundes) zu spielen. In weiterer Folge wurden die geschlechtsdimorphen 

Merkmale bei Äschen durch eine Literaturrecherche mit Merkmalen anderer Salmoniden 

verglichen. Dies ermöglicht sowohl einen Vergleich von anadromen und potamodromen Arten 

also auch semelparen und iteroparen Arten und liefert damit Einblicke in die treibenden Kräfte 

der Evolution geschlechtsdimorpher Merkmale bei Salmoniden. 

Der dritte und vierte Teil dieser Arbeit liefert schlussendlich neue phylogenetische und 

phylogeographische Erkenntnisse basierend auf kerngenomischen Daten (ddRADseq) in 

Kombination mit mitochondriellen Sequenzen. Dabei werden neue Einblicke in die 

Evolutionsgeschichte der Äschen sowohl durch eine globale Analyse (gesamte Gattung, 128 

Individuen) als auch durch eine spezifische Analyse der Europäischen Äschenarten (178 

Individuen) gegeben. Ein wesentlicher Fokus dieser Arbeiten liegt auf der Bestimmung von 

Hybridisations-Ereignissen und deren Einfluss auf die bestehenden 

Verwandtschaftsverhältnisse (mitochondrielle vs. kerngenomische Daten). Dabei zeigt sich, 

dass Arten bzw. phylogenetische Linien im Laufe ihrer Evolutionsgeschichte häufig in Kontakt 

gekommen sein dürften, was sowohl durch Ergebnisse rezenter- als auch historischer 

Introgression und „mitochondrial capture“ unterstützt wird, und zu mito-nuklearen 

Diskordanzen führt. Im Kontext der Verbreitungsgeschichte lassen diese Resultate auf eine 
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komplexe Evolutionsgeschichte der Äschen schließen, die stark mit einer dynamischen 

Paleohydrologie in Eurasien und Nordamerika verbunden scheint. Diese Ergebnisse zeigen 

außerdem, dass Hybridisierung eine wichtige Rolle in der Evolution der Äschen gespielt hat, 

und eröffnen damit neue Perspektiven für biogeographische Überlegungen von 

Süßwasserfischen in temperaten und arktischen Gebieten, die bis dato vor allem auf 

mitochondriellen Daten beruhen. Für den Europäischen Datensatz wurde zusätzlich eine 

Altersabschätzung für die Phylogenie berechnet. Diese beruhte auf zwei sorgfältig 

ausgewählten biogeographischen Kalibrierungspunkten. Dabei zeigte sich, dass die 

Aufspaltung zwischen den rezenten phylogeographischen Linien zum Teil deutlich älter als die 

Spätphase der pleistozänen Vergletscherungen zu sein scheint. Basierend auf mitochondriellen 

Daten wurde schon im ersten Teil der Dissertation das Alter der Europäischen Äschen in das 

späte Miozän bis frühes Pliozän datiert. 
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Introduction 

 

The family Salmonidae represents a widespread group of freshwater or anadromous fishes in 

temperate and artic regions of the northern hemisphere. Within the ray-finned fishes 

(Actinopterygii), salmonids are grouped with Esociformes, Galaxiiformes, and 

Argentiniformes in the superorder Protacanthopterygii (Betancur-R et al. 2017). Currently, 

three salmonid subfamilies are recognized (Nelson, 2006): 1) the Salmoninae (genera 

Oncorhynchus Suckley, 1861, Salmo Linnaeus, 1758, Salvelinus Richardson, 1836 

Brachymystax Günther, 1866, Hucho Günther, 1866, Parahucho Vladykov, 1963; with 142 

valid species according to Fricke et al. 2022), the Coregoninae (genera Coregonus Linnaeus, 

1758, Prosopium Jordan, 1878, Stenodus Richardson, 1836; with 91 valid species according to 

Fricke et al. 2022), and 3) the Thymallinae (genus Thymallus Linck, 1790; with 19 valid species 

according to Fricke et al. 2022, but see Knizhin, 2009, and Dyldin et al. 2017). Salmonids are 

famous for their diverse life-history strategies and the ecological and morphological diversity 

(Fleming and Reynolds, 2004), which makes them an interesting model in evolutionary biology. 

Some species such as the Atlantic Salmon (Salmo salar Linnaeus, 1758), the Rainbow trout (O. 

mykiss (Walbaum, 1792)) or the various Pacific salmon (Oncorhynchus spp.) are also of great 

importance for commercial and sport fisheries as well as aquaculture (Nelson, 2006) and have 

thus received considerable research interest. 

Compared to these species, the genus Thymallus (graylings) is less well known, although 

morphological and genetic work in the last 20 years has greatly expanded the understanding of 

species diversity and distribution ranges (Weiss et al. 2002; Antonov, 2004; Stamford and 

Taylor, 2004; Knizhin et al. 2006a, 2007; Knizhin and Weiss, 2009; Persat et al. 2019). With 

few exceptions (e.g. populations of European grayling T. thymallus (Linnaeus, 1758) in the 

northern Bothnian Bay), graylings are exclusively freshwater fishes and distributed throughout 

much of the temperate and arctic regions in the northern hemisphere. Members of the genus 

mainly inhabit cool and oxygen-rich rivers and lakes, although some species are specifically 

adapted to lacustrine habitats (Knizhin et al. 2008a; Olson et al. 2019). During the spawning 

season in spring (usually between March and May), graylings migrate over short distances to 

suitable spawning habitats. Like most Salmoninae, graylings are gravel spawners, but they do 

not construct spawning redds or actively cover the eggs with substrate after fertilization 

(Fabricius and Gustafson, 1955). As r-selected species, female graylings usually produce 

several thousand eggs (Bishop, 1967) which develop in only a few weeks; about 130–140 
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degree-days in T. thymallus (see Haugen and Vøllestad, 2001), or 216.5–256.7 degree-days in 

Arctic grayling T. arcticus (Pallas, 1776) (see Bishop, 1971; Ward, 1951).  

Due to their specific habitat requirements in all life stages, European grayling species are 

important biological indicators for assessing the status of fluvial ecosystems. They are 

particularly characteristic for the middle reaches of rivers (the hyporhithral), collectively 

referred to as the “grayling zone” (Illies, 1961). However, the ecological niche of European 

grayling species (T. thymallus, Adriatic grayling T. aeliani Valenciennes, 1848, and Loire 

grayling T. ligericus Persat, Weiss, Froufe, Secci-Petretto & Denys, 2019) is not identical with 

other representatives of the genus (Knizhin, 2009); some grayling species are characteristically 

found in small headwater streams (e.g. Baikal-Lena grayling T. baicalolenensis Matveev, 

Samusenok, Pronin & Tel'pukhovsky, 2005) or are specifically adapted to lacustrine 

environments (e.g. Chovsgul grayling T. nigrescens Dorogostaisky, 1923). 

 

 

Figure 1. A spawning behaviour of Thymallus; male (back) and female (front) of T. thymallus. During 

spawning, male grayling bend sideward covering the dorsal region of the female with their enlarged 

dorsal fin and place their caudal peduncle on top the females’. Vigorous quivering by both sexes helps 

forcing the females’ caudal region into the substrate where eggs are released and fertilized (Fabricius 

and Gustafson, 1955). B and C showing examples of the dorsal fin colouration pattern in two grayling 

species: T. thymallus (B) and T. arcticus (C). D two sympatric species of grayling – T. burejensis (above) 

and T. grubii (below) from the Bureya River, a tributary of the lower Amur River. Photos by Clemens 

Ratschan (A, B, C) and Alexander Antonov (D). 

 

A characteristic feature of all grayling species is the large and colourful dorsal fin (Figure 

1), which in some species and/or populations can extend beyond the origin of the adipose fin 

(Knizhin, 2009). In many species, the dorsal fin of males appears to be significantly larger and 

more colourful than in conspecific females (Persat, 1977; Semenchenko, 2005; Mikheev, 2009; 

Romanov, 2016), which points to its specific functions in male-male contests as well as 

courtship and spawning (Figure 1) where the display of the colourful dorsal fin, often together 
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with the pelvic fins, is an important behavioural element (Fabricius and Gustafson, 1955; Kratt 

and Smith, 1980). Outside the spawning season, the display of the dorsal fin is part of the 

intraspecific competition for feeding positions (Hughes and Dill, 1990; Hughes, 1992). 

No conclusion has yet been reached on the phylogenetic relationships between distinct 

grayling species (Froufe et al. 2005, Weiss et al. 2020a) as well as the number of species within 

the genus (Knizhin, 2009, Dyldin et al. 2017) and currently 19 valid grayling species are 

recognized (Fricke et al. 2022). The type species of the genus, T. thymallus, originally described 

as Salmo thymallus, was commonly recognised as the only European species (Weiss et al. 

2002). Subsequent morphological and genetic studies (Persat et al. 2019, Bravničar et al. 2020) 

supported the distinction of two additional species in Europe, T. ligericus and T. aeliani, 

rendering T. thymallus as paraphyletic (Marić et al. 2014). In the extreme North-East of Europe, 

T. thymallus forms a poorly defined contact zone with T. arcticus in river systems of the Pechora 

(Shubin and Zakharov, 1984) and Dvina (Koskinen et al. 2000). T. arcticus has probably the 

largest distribution range of all grayling species, extending from the Kola Peninsula in the 

North-West of Russia to North America (Knizhin, 2009). However, the taxonomic status of 

several nominal species possibly closely related to T. arcticus (e.g. T. signifer (Richardson, 

1823), T. pallasii Valenciennes, 1848, T. mertensii Valenciennes, 1848, T. ontariensis 

Valenciennes, 1848, T. tricolor Cope, 1865, T. montanus Milner, 1874, T. lewisi Henshall, 

1898) is uncertain (Knizhin, 2009). 

The greatest diversity of grayling species is found in Siberia and the Russian Far East, 

especially in the Amur River drainage with five distinct species (T. baicalolenensis, Bureya 

grayling T. burejensis Antonov, 2004, Amur grayling T. grubii Dybowski, 1869, Yellow-

spotted grayling T. flavomaculatus Knizhin, Antonov & Weiss, 2006, and Lower Amur 

grayling T. tugarinae Knizhin, Antonov, Safronov & Weiss, 2007) (Figure 1). Several studies 

have shown sympatric occurrence of multiple grayling species in the Bureya River (e.g. Weiss 

et al. 2020b), a tributary of the lower Amur River. Interestingly, hybridisation between these 

species seems to be rather rare (Weiss et al. 2020b). Otherwise, the contact zones between two 

or more grayling species are limited to small geographically defined areas and can be found, 

for example, in the lower reaches of the Yenisei River drainage (Weiss et al. 2007, Romanov, 

2020) or in some tributaries of Lake Baikal (Knizhin et al. 2006b). 

This dissertation aims to clarify questions on the evolutionary history and phylogenetic 

relationships in graylings. Both genomic (mitochondrial and nuclear genomic DNA) and 

morphological data are used to address three major objectives: 1) the phylogeography and 

systematic diversity of graylings based on whole mitochondrial genomes, which includes a time 
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calibrated phylogeny of the genus as well as an assessment of both the conservation and 

taxonomic status of each species; 2) the evaluation of general sexually dimorphic traits in 

graylings in a comparative phylogenetic approach, and in comparison to other representatives 

of the family Slamonidae; and 3) the phylogeny and phylogeography of graylings based on 

nuclear genomic data (ddRADseq), which includes the analysis of both a global dataset of all 

grayling species and a specific dataset of European grayling species. 
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Chapter 1 

 

Global systematic diversity, range distributions, conservation and taxonomic 

assessments of graylings (Teleostei: Salmonidae; Thymallus spp.) 

 

Steven J. Weiss, Duarte V. Gonçalves, Giulia Secci-Petretto, Gernot K. Englmaier, André 

Gomes-Dos-Santos, Gael P. J. Denys, Henri Persat, Alexander Antonov, Christoph Hahn, Eric 

B. Taylor, Elsa Froufe 

 

Citation:  

Weiss SJ, Gonçalves DV, Secci-Petretto G, Englmaier GK, Gomes-Dos-Santos A, Denys GPJ, Persat 

H, Antonov A, Hahn C, Taylor EB, Elsa F (2021). Global systematic diversity, range distributions, 

conservation and taxonomic assessments of graylings (Teleostei: Salmonidae; Thymallus spp.). 

Organisms Diversity & Evolution, 21, 25–42. https://doi.org/10.1007/s13127-020-00468-7 

 

Abstract 

 

Graylings (Thymallus) are among the less well-studied groups of salmonid fishes, especially 

across their Asian distribution range. Here we perform a comprehensive global review of their 

phylogeography, systematic diversity and range distributions, including biogeographic 

reconstruction and assessment of both conservation and taxonomic status of each species. Based 

on a mitogenomic phylogenetic analysis, three approaches to the delineation of molecular 

operational units, and evaluation of 15 a-priori defined species, we provide biological support 

for the recognition of 13 grayling species, plus two additional species tentatively. Several 

instances of paraphyly and its potential effect on systematic inferences are discussed. Overall, 

the genus displays increasing species diversity and decreasing range size from higher to lower 

latitudes and ancestral trait reconstruction supports an East Asian origin for extant diversity, 

most likely centred in the Amur River drainage. Europe’s colonization by Thymallus took place 

as early as the late Miocene, at least two colonisations of North America are supported, and 

multiple dispersal events likely took place into Western Siberia. The conservation status for the 

15 taxa was estimated to be: 6 least concern, 1 near-threatened, 2 vulnerable, 3 endangered and 

3 data deficient. 
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Keywords: Mitogenome phylogeny, Species delineation, Conservation assessment, Time-

calibrated phylogeny, Siberian biogeography, Grayling 

 

Introduction 

 

Salmonidae contains many of the most economically and ecologically important temperate 

freshwater fishes, which, due to their common tetraploid ancestry (Allendorf and Thorgaard 

1984), attract considerable attention in evolutionary research. The subfamily Thymallinae 

(graylings), considered a distinct family by Skurikhina et al. (1985) and Osinov and Lebedev 

(2000), is less well known, although the recognized species diversity has increased considerably 

over the past 15 years (Antonov 2004; Knizhin et al. 2006a, 2007; Knizhin and Weiss 2009). 

Additionally, increased conservation concerns over European grayling Thymallus thymallus 

(Dawnay et al. 2011; Weiss et al. 2013; Mueller et al. 2018), as well as its recent whole-genome 

sequencing (Varadharajan et al. 2018; Sävilammi et al. 2019), have opened the doors to more 

focused evolutionary and conservation management research (Papakostas et al. 2014; Mäkinen 

et al. 2016; Huml et al. 2018). However, a pre-requisite to detailed evolutionary research and 

conservation is a clear understanding of species diversity, systematic relationships and 

distributions. The last comprehensive phylogenetic analysis of Thymallus (Froufe et al. 2005) 

became obsolete due to the description of a number of new species (e.g. T. ligericus) (Table 1). 

A recent annotated checklist of grayling species diversity noted that several species are of 

questionable status, or require additional research (Dyldin et al. 2017). 

The majority of grayling species occur in Asia, occupying some of the world’s largest 

river drainages. Siberia’s complex paleo-hydrology has shaped the diversity and distribution of 

grayling throughout Eurasia (Koskinen et al. 2002; Froufe et al. 2003a, 2005). This is illustrated 

by the phylogeographic patterns in the Altai-Sayan mountain region (Knizhin and Weiss 2009; 

Weiss et al. 2020a) or the three sympatric species with allopatric origins found in the Bureya 

River, Amur River drainage (Weiss et al. 2020b). High phylogeographic complexity is also 

found in Europe within the Danube River drainage as well as the larger Ponto-Caspian basin 

(Weiss et al. 2002, 2013; Gum et al. 2009; Marić et al. 2012, 2014). 

Regional phylogeographic studies have further contributed to understanding within-genus 

diversity. For instance, Knizhin et al. (2008a) demonstrated that different grayling phenotypes 

in the endorheic basin of Western Mongolia can be phylogenetically assigned to T. brevirostris. 

Thymallus brevicephalus found in the upper Irtysh River drainage in Kazakhstan is the sister 

taxon to T. brevirostris (Weiss et al. 2020a). While such studies combined single-gene mtDNA 
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analysis with population genetic and morphological analysis, they may lack phylogenetic 

resolution due to the limited length of the mtDNA sequence analysed. Population genetic 

investigations of grayling across their range support that most, if not all species thus far 

described are either allopatric or when found in sympatry show little to no introgression 

(Koskinen et al. 2002; Froufe et al. 2003b; Weiss et al. 2006, 2007, 2020b). Thus, it is likely 

that mtDNA-based phylogenetic analyses of grayling reflect evolutionary relationships of the 

entire genome. Mitochondrial genomes (henceforth ‘mitogenomes’) present a significant 

improvement in resolution over analyses based on one or a few mtDNA genes (Miya and 

Nishida 2015; He et al. 2018; Boo and Hughey 2019). Low coverage genome-wide short-read 

sequencing can be used to recover mtDNA even from relatively degraded samples, due to the 

high mtDNA copy number per cell (Miller et al. 2012; Liedigk et al. 2015). Despite such 

advantages, to date, only a single application of mitogenomes to grayling phylogeny was carried 

out (Ma et al. 2016), whereby only eight mitogenomes were sequenced across seven species. 

DNA-based species delineation methods have become standard tools for delineating 

molecular operational taxonomic units (MOTUs) (e.g. Lopes-Lima et al. 2019) or uncovering 

potentially cryptic species (e.g. Pan et al. 2019) in many organisms, including freshwater fishes 

(Patil et al. 2018; Berbel-Filho et al. 2018; Corral-Lou et al. 2019). The results of such methods 

are dependent on the choice of samples and loci (Ritchie et al. 2016; Sukumaran and Knowles 

2017) and must be carefully interpreted. However, for a widespread genus like Thymallus, such 

analyses should allow a standardized evaluation of historically described taxa, which have 

received limited attention from modern molecular analyses.  

In this context, a phylogenetic analysis of the genus Thymallus was carried out, using 

newly obtained mitogenomes via low-coverage whole-genome sequencing, together with 

already available mitogenome sequences. Using comprehensive taxon sampling and literature 

review, we aimed to: (a) produce an updated robust phylogeny of graylings across their global 

range; (b) evaluate current systematics using a set of species delineation methods; (c) provide 

an overview of the distribution and conservation status of each species; (d) reconstruct ancestral 

biogeographic patterns and (e) provide an up-to-date taxonomic overview. More broadly, we 

aim to provide a baseline for future research on evolutionary patterns, taxonomic diversity, 

conservation and biogeography of grayling throughout the world. 
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Table 1 Overview of Thymallus species following the latest review of the genus by Dyldin et al. (2017), including synonyms listed in Fricke et al. (2020) (see also 

Dyldin et al. 2017 and references therein), type localities and location of type specimens (where known). Drainage systems of type localities are given in parentheses. 

 

Species Synonyms Type locality Types 

Thymallus aeliani Valenciennes, 1848  Lago Maggiore [Lac Majeur] (Po), 

Italy 

unknown 

Thymallus arcticus (Pallas, 1776)  Tributaries of the Sob River (Ob), 

Russia 

unknown 

 Salmo digitalis Bloch & Schneider, 

1801 

unknown unknown 

Thymallus baicalensis Dybowski, 1874 Thymallus grubii var. baicalensis 

Dybowski, 1874 

Lake Baikal [Baical], Selenga 

[Sielenga] and Angara rivers 

(Enisei), Russia 

BMNH 1871.7.19.3, BMNH 

1897.7.5.20 

Thymallus baicalolenensis Matveev, 

Samusenok, Pronin & Tel'pukhovsky, 2005 

Thymallus arcticus baicalolenensis 

Matveev, Samusenok, Pronin & 

Tel'pukhovsky, 2005 

Streams and lakes in North Baikal 

(Enisei) and the upper Lena River 

(Lena), Russia 

ZMISU V-19 

Thymallus brevicephalus Mitrofanov, 1971 Thymallus arcticus brevicephalus 

Mitrofanov, 1971 

Lake Markakol (Ob), Kazakhstan unknown 

Thymallus brevipinnis Svetovidov, 1931 Thymallus arcticus brevipinnis 

Svetovidov, 1931 

Lake Baikal (Enisei), Russia unknown 

Thymallus brevirostris Kessler, 1879  Tributaries of Daingol [Dayan 

Nuur] (Khovd), Dsabchyn 

[Zavkhan] River (Zavkhan), 

Mongolia 

ZIN 4212–13 

 Phylogephyra altaica Boulenger, 

1898 

South side of Altai Mountains 

(unknown drainage) China 

BMNH 1898.2.17.1 

 Thymallus brevirostris altaicus 

Dashdorj, Dulmaa & Tsendayush, 

1968 

Lakes Khoton and Khorgon 

(Khovd), Mongolia 

unknown 

 Thymallus brevirostris kozovi 

Dashdorj, Dulmaa & Tsendayush, 

1968 

Lakes Khoton and Khorgon 

(Khovd), Mongolia 

unknown 

Thymallus burejensis Antonov, 2004  Levaya Bureya (Amur), Russia MGU r-20 928, MGU r-20 929  

Thymallus flavomaculatus Knizhin, Antonov 

& Weiss, 2006 

Thymallus grubii flavomaculatus 

Knizhin, Antonov & Weiss, 2006 

Anyui River (Amur), Russia ZMISU R-3–R-4 
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Thymallus grubii Dybowski, 1869  Onon and Ingoda rivers (Amur), 

Russia 

BMNH 1892.11.24.6 

 Thymallus arcticus yaluensis Mori, 

1928 

Upper Yalu River at Kozan (Yalu), 

North Korea 

unknown 

Thymallus ligericus Persat, Weiss, Froufe, 

Secci-Petretto & Denys, 2019 

 Alagnon River at La Chapelle 

d’Alagnon (Loire), France 

MNHN 2018-0722–2018-

0728, MNHN 2019-0266–

2019-0267 

Thymallus mertensii Valenciennes, 1848  Kamtchatka (unknown drainage), 

Russia 

unknown 

Thymallus nigrescens Dorogostaisky, 1923 Thymallus arcticus nigrescens 

Dorogostaisky, 1923 

Lake Khuvsgul [Hövsgöl, Hovsgol] 

(Enisei), Mongolia 

unknown 

Thymallus nikolskyi Kaschenko, 1899  Rybnusska stream at Ryblushka, 

Urusul River at Ongudai, Tcharysh 

River at Ust-Kan, Katun River at 

Nizhnii Uimon, Lake Talmenie, 

Tom River above Kusnetsk (Ob), 

Russia  

unknown 

 Thymallus nikolskyi var. 

ongudajensis Kaschenko, 1899 

Urusul River at Ongudai (Ob), 

Russia 

unknown 

 Thymallus sellatus Kaschenko, 1899 Lake Tenga [Kenga], Ursul River 

drainage (Ob), Russia 

unknown 

Thymallus pallasii Valenciennes, 1848  Russia (unknown drainage) MNHN 0000-3664; ZMB 

23549–23550 

Thymallus signifer Richardson, 1823  Rivers north of Great Slave Lake 

(Mackenzie), Canada 

unknown 

 Coregonus thymalloides 

Richardson, 1823 

Winter River, north of Great Slave 

Lake (Mackenzie), Canada 

unknown 

 Thymallus ontariensis 

Valenciennes, 1848 

Lake Ontario (Saint Lawrence), 

U.S.A. 

MNHN 0000-3662–0000-3663 

 Thymallus tricolor Cope, 1865 Michigan (unknown drainage), 

U.S.A. 

ANSP 7796; UMMZ 157347, 

213814; USNM 23217, 37862 

 Thymallus montanus Milner, 1874 Camp Baker, tributary of the 

Missouri River, Montana Territory 

(Mississippi), U.S.A. 

USNM 13090–13091 
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 Thymallus lewisi Henshall, 1898 Jefferson, Madison, and Gallatin 

rivers (Mississippi), U.S.A. 

unknown 

Thymallus svetovidovi Knizhin & Weiss, 2009  Sharga Gol River (Enisei), 

Mongolia 

ZMMU R-21992–R-21993; 

ZMISU R-8 

Thymallus thymallus (Linnaeus, 1758)  Coastal rivers of Europe (unknown 

drainage) 

BMNH 1853.11.12.159 

 Salmo thymus Bonnaterre (ex 

Salviani), 1788 

Rivers of England and Germany 

(unknown drainage) 

unknown 

 Salmo striatus Reisinger, 1830; 

preoccupied by Salmo striatus 

Bloch & Schneider, 1801 

Liptoviae [Liptov] (Danube), 

Hungary (now Slovakia) 

unknown 

 Thymallus vexillifer Fitzinger (ex 

Agassiz), 1832 

Schwarza, Fischer, and Traun rivers 

(Danube), Austria 

unknown 

  

Thymallus vulgaris Nilsson, 1832 

Dalelfven [Dalälven], Klarelfven 

[Klarälven], Glommen [Glomma], 

and Laugenelf rivers (various 

drainages), Sweden and Norway 

unknown 

 Thymallus decorus Koch, 1840 Laaber [Laber] River (Danube), 

Germany 

unknown 

 Thymalus gymnogaster 

Valenciennes, 1848 

Newa [Neva] River at St. Petersburg 

(Neva), Russia 

MNHN 0000-3665 

 Thymalus gymnothorax 

Valenciennes, 1848 

Berlin market (unknown origin), 

Germany? 

unknown 

 Thymallus umbrosa Gistel, 1848 Brooks and rivers (unknown 

drainage), Germany? 

unknown 

 Salmo punctatus Gronow, 1854 Germany (unknown drainage) unknown 

 Thymallus thymallus kamensis 

Lukasch, 1929 

Upper reaches of the Kama River 

(Volga), Russia 

unknown 

Thymallus tugarinae Knizhin, Antonov, 

Safronov & Weiss, 2007 

 Anyui River (Amur), Russia ZMISU P-1; ZMISK P-2, P-5–

P-6 

ANSP Academy of Natural Sciences of Philadelphia, BMNH British Museum of Natural History, MGU/ZMMU Zoological Museum of Moscow State University, 

MNHN Muséum national d’histoire naturelle, UMMZ Museum of Zoology University of Michigan, USNM the United States National Museum, ZMISK/ZMISU 

Zoological Museum Irkutsk State University, ZIN Zoological Institute Russian Academy of Sciences 
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Methods 

 

DNA extraction and sequencing 

 

Whole genomic DNA of 47 grayling representing species across their global range was 

extracted from fin-clips stored in 96% ethanol using a high-salt protocol (Sambrook et al. 1989) 

(Table S1, Electronic Supplementary Material). Sample choice was influenced by the 

availability of published mitogenomes, aiming for a data set covering the global diversity of the 

genus. Included are most species listed in Dyldin et al. (2017) and the newly described T. 

ligericus (Persat et al. 2019) (Table 1). For each sample, Illumina paired-end libraries (TrueSeq 

DNA PCR-Free kit) were prepared and ~2 Gb of raw paired-end 150 bp (PE150) reads were 

sequenced on an Illumina Platform at Macrogen (Seoul, South Korea) and Novogene (UK, 

Europe). 

 

Mitogenome assembly, annotation and characterization 

 

Whole mitogenome assemblies were performed using a seed and an extend algorithm in 

NOVOplasty v2.7.2 (Dierckxsens et al. 2017), and the baiting and iterative approach in 

MITObim v1.9.1 (Hahn et al. 2013) following the authors’ guidelines and using default 

parameters. Additionally, six mitogenomes of T. thymallus and eight from T. ligericus were 

produced with the long-range PCR protocol described in Denys et al. (2020a). The 61 new 

mitogenomes were annotated with MitoAnnotator (Iwasaki et al. 2013) via the webinterface 

(http://mitofish.aori.u-tokyo.ac.jp/, last accessed 28.06.2019). Annotations were converted to 

standard feature table format using a custom script (https://github.com/chrishah/MitoFish2tbl) 

and deposited to GenBank (MT062993-MT063053) and validated by comparison to published 

data (Table S1). 

 

Phylogenetic analyses 

 

The sequenced mitogenomes were aligned in MAFFT (Katoh and Standley 2013) together with 

mitogenomes retrieved from GenBank for 31 Thymallus spp. and three outgroup taxa (Table 

S1). For subsequent analyses, the mtDNA control region (CR) was removed due to several 

repeat motifs. The best partition scheme for each gene or group of genes was estimated using 

PartitionFinder2 v2.1.1 (Lanfear et al. 2012). Maximum likelihood analyses (ML) were 
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performed with the program RAxML-HPC2 Workflow v8.2.10 (Stamatakis 2016), using the 

general time reversible substitution model, with a gamma parameter and proportion of 

invariable sites (GRT + I + G) and 1000 bootstrap replicates. Bayesian phylogenetic inference 

(BI) was carried out in MrBayes v3.2.6 (Ronquist and Huelsenbeck 2003), using the best 

substitution models previously obtained in PartitionFinder2. Two independent runs were 

carried out (107 generations, one tree sampled every 100 generations), with default chains. 

PartitionFinder2, MrBayes and RAxML were run in CIPRES Science Gateway (Miller et al. 

2010). Tracer v1.7.1 (Rambaut et al. 2018) was used to assess the effective sample size values 

(ESS) and determine the appropriate burn-in. 

 

Species delineation methods 

 

Two distance-based and one tree-based method were applied to determine molecular 

operational taxonomic units (MOTUs): the cluster tool implemented in BOLD (Ratnasingham 

and Hebert 2007), the Automatic Barcode Gap Discovery (ABGD) (Puillandre et al. 2012) 

using both an initial ABGD(i) and a recursive ABGD(r) partition, and an improved multi-rate 

version (mPTP; Kapli et al. 2017) of the Poisson Tree Processes (Zhang et al. 2013). The BOLD 

method accepts COI sequences only, but ABGD and mPTP were applied to the mitogenome 

dataset. For BOLD, COI sequences were retrieved from aligned mitogenomes and uploaded on 

the BOLD platform. ABGD was run online 

(https://bioinfo.mnhn.fr/abi/public/abgd/abgdweb.html; last accessed 20.02.2020), on the same 

dataset used for the phylogeny. The relative gap width was set to 1.0 and uncorrected p distances 

were used as a substitution model; remaining parameters were set as default. Finally, the mPTP 

method was applied to the Bayesian tree (without outgroups) using an online platform 

(https://mptp.h-its.org/#/tree; last accessed 23.01.2020). Samples were also assigned to species 

based on a combination of phenotypic identification, type locality, a-priori range knowledge 

and GenBank annotations. Uncorrected p distances were calculated among species or MOTUs 

for each delineation method (putative species, BOLD, ABGD (i), ABGD(r), mPTP using 

MEGA v10.0.5 (Kumar et al. 2018)) and frequency histograms of each were made using SPSS 

v26. For these calculations, four taxa listed in Table 1 were excluded due to the lack of evidence 

supporting their biological meaningfulness and/or our inability to assign a sample to them due 

to ambiguity concerning their type localities. Three of these taxa (T. mertensii, T. pallasii, T. 

signifer) are herein grouped within T. arcticus sensu lato (s.l.) and all are discussed in the results 

and discussion as well as Appendix 1 (Electronic Supplementary Materials). MOTU delineation 
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was used as one line of potential evidence (sensu de Queiroz 2007) to support the existence of 

species. MOTU support by multiple algorithms together with population genetic and 

phylogeographic data, phenotypic distinction and ecological niche occupation were used to 

infer a taxon’s biological recognition. Lack of MOTU support was not necessarily used to argue 

against species recognition if multiple lines of other biological evidence supporting a species 

status exist. 

 

Time-calibrated phylogeny 

 

A time-calibrated phylogeny was produced using BEAST v1.10.4 (Drummond and Rambaut 

2007; Suchard and Rambaut 2009) in CIPRES science gateway (Miller et al. 2010). 

Mitogenomes of eight individuals from Salmoninae and Coregoninae were added to the dataset 

as outgroups needed for the calibration scheme. The best partition scheme was selected as 

mentioned above. BEAST analysis was done with unlinked substitution and clock models, and 

a linked tree model, using uncorrelated relaxed molecular clock priors with log-normal 

distributions (Drummond et al. 2006). The birth-death speciation process (Gernhard 2008) was 

chosen as a tree prior, given the dataset comprised intra- and inter-specific relationships. One 

calibration point was set at 50 MY for the most recent common ancestor (MRCA) of 

Salmonidae, using the fossil †Eosalmo driftwoodensis Wilson, 1977 as a minimum time 

constraint for the family (Crête-Lafrenière et al. 2012; Lecaudey et al. 2018). Prior parameters 

were implemented following Lecaudey et al. (2018) (lognormal distribution, offset: 50, mean: 

10, SD: 1). Another calibration point was set using the expansion of T. baicalensis into Lake 

Baikal (Koskinen et al. 2002), adjusted to 0.13 MY (Normal distribution, mean: 0.12, SD: 0.1), 

following the most recent dating of the ‘Angara breakout’ (Arzhannikov et al. 2018). 

A third calibration point was set at 7.6 MY (stem dating; lognormal distribution; mean: 

7.6; SD: 1.5) based on fossil remains of †Thymallus latisulcatus Rückert-Ülkümen & Kaya, 

1993 found in Yalova (otolith used for species description) and Yalakdere, Turkey (Rückert-

Ülkümen and Kaya 1993). The fossils were located in the strata corresponding to the 

Khersonian-Maeotian transition, whose date was recently revised to 7.6 MY (Lazarev et al. 

2020; Palcu et al. 2019). Since this fossil may or may not correspond to a direct ancestor of the 

extant European lineages, the calibration was placed on the stem. The substitution rate prior for 

each partition was set with a normal distribution and 1%/MY (average 0.01 and 0.004 SD) 

following the mtDNA molecule calibration for salmonids (Smith 1992) and the reported lower 

bound of the T. baicalensis expansion (Koskinen et al. 2002). Additional Quaternary fossils of 
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T. arcticus have been reported from North America (Cumbaa et al. 1981; McAllister and 

Harington 1969), but these were not included, since it was not possible to determine with 

certainty where these fossils would fall in the phylogeny. They could represent an ancestor of 

all North America populations, or only one of the lineages, or be placed within one of the 

lineages. Since the North American lineages are not monophyletic, using these fossils to delimit 

a minimum or maximum age for the split of both NA lineages would also require assuming 

where the split took place, and such an assumption might be less than informative. Analysis 

was performed with three 30 million MCMC iteration runs, sampling every 3000 runs. Burn-in 

and run convergence (ESS > 200) were determined using Tracer v1.7.1 (Rambaut et al. 2018). 

Independent runs were joined in LogCombiner v1.10.4 and the final tree produced in 

TreeAnnotator v1.10.4 (both in the BEAST package) and formatted in FigTree v1.4.4 (Rambaut 

2012). 

 

Species distributions and taxonomic review 

 

Approximate species distributions were estimated based on both published and unpublished 

information (see Fig. 1). The area of occupancy (AOO) was calculated using ArcMap v10.7 

(ESRI 2019) and hydrological network data from HydroAtlas v1.0 (Linke et al. 2019), as the 

total hydrological network area of lakes plus rivers larger than Strahler level three, a more 

realistic measure than a 2 × 2 km grid overlay (see Gomes-dos-Santos et al. 2019). Based on 

literature review, and present results, we comment on the biological status of each taxon, and 

review their taxonomic and conservation status based on IUCN criteria. 

 

Historical biogeography and ancestral area reconstruction 

 

To reconstruct the ancestral ranges of extant Thymallus diversity, we performed a Bayesian 

phylogeographic inference in discrete space using the Bayesian Stochastic Search Variable 

Selection (BSSVS; Lemey et al. 2009) implemented in BEAST. Considering both the current 

and paleohydrological drainage patterns, we considered seven biogeographic regions: Europe 

(west of Urals), Western Siberia (Kara Sea basin); East Siberia (north-flowing rivers, and 

Bering Sea); East Asia excluding the Amur (Okhotsk, Japan, Yellow and East China sea 

drainages); Amur River drainage; North America and the endorheic drainages of Western 

Mongolia. We used the same dataset, models and prior settings as in the dating analysis. BSSVS 
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parameters were as follows: symmetric substitution model, strict location-trait clock and an 

exponential distribution for the location rates prior (mean = 1, offset = 0). 

 

 

Fig. 1 Map showing the global distribution range of Thymallus species. Information on sampling sites 

and species is given in Table S1. Numbers in the map refer to known contact zones of the following 

species: 1 = T. arcticus s.l. and T. baicalensis in the lower Enisei River; 2 = T. arcticus s.l. and T. 

baicalolenensis in the lower Lena River; 3 = T. nikolskyi and T. baicalensis in tributaries of the upper 

Ob River; 4 = T. baicalolenensis and T. baicalensis in tributaries of Lake Baikal; 5 = T. grubii, T. 

tugarinae and T. baicalolenensis (not all found in contact throughout this zone) in the upper and middle 

Amur drainage (including its tributaries such as the Ingoda, Argun and Zeya rivers); 6 = T. 

flavomaculatus, T. tugarinae and T. baicalolenensis in the Uda River drainage, 7 = T. burejensis, T. 

grubii and T. baicalolenensis in the upper Bureya River; 8 = T. tugarinae and T. flavomaculatus in 

tributaries of the lower Amur River. 

 

Results 

 

Mitogenome analyses 

 

Low-coverage genome sequencing recovered mitogenomes for all 47 samples analysed. With 

on average 18 million genomic reads per sample, the number of mitochondrial reads ranged 

from almost 3 to more than 50 thousand per sample for an organelle coverage ranging from 25x 

to 390x (Table S2). Reads and circularized molecules were deposited on GenBank (MT062993-

MT063053, BioProject: PRJNA604892) (Table S2). The mitogenomes included 13 protein-
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coding genes, 22 tRNAs, 2 rRNAs and the CR (see Fig. S1, Electronic Supplementary 

Material). Average nucleotide composition and gene order were consistent across all 

individuals (Fig. S1). 

 

Phylogenetic analyses and species delineation 

 

ML and BI analyses showed the same topology; thus, only the Bayesian phylogenetic tree is 

represented (Fig. 2). The tree depicts three main groups of species, with the first split separating 

East Asian species (excluding T. burejensis) from all others, and the next split separates the 

three accepted European species from those in Siberia and the Altai, including T. burejensis. 

Pairwise divergence among a priori defined species ranged from 0.3% for T. nigrescens and T. 

baicalensis, to 5.5% between T. tugarinae and T. aeliani (Table S3). Net uncorrected p 

distances among all MOTUs revealed a bi-modal distribution, with a minor mode at 0.1–0.2% 

and a major mode centred on approximately 5% sequence divergence (Fig. S2). Congruence 

between well-supported clades, all delineation algorithms and a priori species assignment 

occurred for T. baicalolenensis, T. burejensis, T. aeliani and T. ligericus. Thymallus baicalensis 

was not monophyletic due to the placement of T. nigrescens within T. baicalensis. Thymallus 

tugarinae was also not completely congruent due to a divergent haplotype from the Kievka 

River, which drains to the Sea of Japan (KY078218).  

The most conservative delineation algorithm was BOLD, recognizing 12 MOTUs. The 

two ABGD schemes recognized 21 MOTUs, and the mPTP recognized 16 MOTUs. 

Paraphyletic relationships were inferred for T. thymallus and T. flavomaculatus. The former 

paraphyly results from a well-supported clade representing Alpine haplotypes from the upper 

Danube (Weiss et al. 2002, 2013) resolved as the sister clade (1.5% divergent) of T. ligericus 

and delineated as one (BOLD) or two (mPTP and ABGD) MOTUs. The node containing T. 

grubii, T. flavomaculatus and T. yaluensis represents the common ancestor of T. 

flavomaculatus. The earliest split and most divergent clade within T. arcticus s.l., delineated as 

a MOTU by mPTP and ABGD, was represented by haplotypes (MT063015-017) from north-

eastern British Columbia in Canada (Table S1). No additional Arctic taxa (e.g. T. pallasii, T. 

mertensii or T. signifer) (see Appendix 1) could be recognized by MOTU delineation, though, 

as noted above, there is ambiguity concerning the assignment of these taxa to a location or 

sample in our data set. Phylogenetic analysis resolved the sister species T. brevirostris and T. 

brevicephalus (0.4% divergent), but not MOTU delineation. Similarly, phylogenetic analysis 
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resolved the sister species T. nikolskyi and T. svetovidovi (0.6% divergent), but only the mPTP 

algorithm delineated them as distinct MOTUs. 

 

Time calibration and ancestral range reconstruction 

 

The MRCA of Salmonidae was dated at 59.3 MY, at the end of Palaeocene (Fig. 3) while that 

for Thymallus was 9.11 MY, at the end of Miocene. The MRCA of three East Asian species, T. 

tugarinae, T. flavomaculatus and T. grubii, was estimated at 8.42 MY also in the late Miocene, 

similar to the split between European species and all others (7.54 MY), whereas the MRCA of 

all European species was estimated at 3.86 MY corresponding to the mid-Pliocene. The next 

oldest node (6.35 MY) represented the split between T. burejensis and remaining species. The 

estimated MRCA of T. arcticus s.l. and T. baicalolenensis 5.01 MY and that of all T. arcticus 

was 2.39 MY, in the Pliocene and early Pleistocene, respectively. The splits between two pairs 

of allopatric species in the Altai-Sayan mountain region [T. brevirostris and T. brevicephalus 

(0.85 MY), and T. svetovidovi and T. nikolskyi (0.77 MY)] were both dated to the mid-

Pleistocene. The Amur River drainage was the most likely ancestral location of origin of the 

extant grayling diversity, with much higher support than every other option (Fig. 3). A single 

colonization of Europe from Western Siberia was predicted, but multiple exchanges may have 

occurred among the other considered regions, exemplified by the three-basin distribution of the 

young T. baicalolenensis, or two predicted ancestors of North American lineages over 1 MY 

apart. 

 

 

 

 

 

 

 

 

 

Fig. 2 Bayesian phylogenetic reconstruction based on whole mitogenome dataset (excluding the CR). 

Branch support values represent Bayesian posterior probabilities (above nodes) and maximum 

likelihood values (below nodes). An asterisk symbolizes that both values were ≥ 90%. To the right of 

the tree shown in grey bars are the results of three MOTU delineation methods. Each bar represents one 

MOTU: 12 for BOLD, 16 for mPTP and 21 for ABGDa (indicates both initial and recursive partition). 

Taxa with a smaller font positioned right of the MOTU bars represent names in use for which there is 

no biological support and thus may represent junior synonyms. Species are coloured according to Fig. 

1. 
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Fig. 3 Time-calibrated phylogeny and biogeographic analysis of Thymallus spp. inferred from the whole 

mitogenome (excluding the CR). Three fossil calibration points (panel a) and a biogeography-based 

substitution rate were used (details in text). Ancestral ranges were reconstructed as a discrete trait 

following the phylogeographic diffusion BSSVS method; nodes and branches are colour-coded 

according to region. Hypothesised dispersal events are shown in panel b. Potentially relevant paleo-

climatic events such as the Maximum Ponto-Caspian extent (MPC), the following Fluvial Plains Period 

and the Eurasian Glacial Cycles are represented at the bottom. MSC, Messinian salinity crisis; KMT, 

Khersonian-Meotian transition. 
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Discussion 

 

Species delineation 

 

Our results strongly support the biological validity of at least 13 grayling species globally, plus 

two additional species tentatively all but one supported by at least one MOTU delineation 

approach, the exception being T. nigrescens. Microsatellites and single mtDNA sequences 

allow no distinction between T. nigrescens and T. baicalensis (Koskinen et al. 2002; Kaus et 

al. 2019). Next-generation sequencing RAD data supported a 15–30 thousand year divergence 

between the two taxa (Roman et al. 2018). The taxon is morphologically distinct from T. 

baicalensis based on a small dorsal fin and a higher number of gill rakers (Knizhin and Weiss 

2009; Olson et al. 2019), and thus, its occupation of a distinct ecological niche supports its 

status as a distinct species despite relatively low genetic divergence. 

Mean pairwise distances among species (3.7%) conformed to minimum thresholds 

applied in other studies. The majority (> 90%) of vertebrate species differ from their nearest 

neighbour by > 2% (Avise et al. 1999) or > 3% (Hebert et al. 2004) using standard mtDNA 

gene markers. Such thresholds have been noted in many data sets involving fishes (e.g. Ward 

2009; April et al. 2013). Our divergence values may be comparatively low as we use 

uncorrected p distances instead of model-corrected distances (see Srivathsan and Meier 2012), 

salmonid mtDNA exhibits a relatively slow substitution rate (ca. 1%/MY) (Smith 1992; Froufe 

et al. 2005) and our calculations include non-protein regions of the mitogenome (excl. the CR). 

Higher values are obtained when using protein-coding genes alone (Fig. S3). Besides the 

baicalensis/nigrescens species pair, two other pairwise distances in our data under these 

thresholds are between sister species pairs in the Altai-Sayan mountain region (T. brevirostris 

and T. brevicephalus; and T. nikolskyi and T. svetovidovi). These species pairs span allopatric 

drainages subject to catastrophic paleo-hydrological flooding (Weiss et al. 2020a), which may 

have played a role in their cross-basin colonization history. 

Five additional valid Thymallus names (T. yaluensis, T. brevipinnis, T. signifer, T. pallasii 

and T. mertensii) are supported neither by MOTU delineation nor with existing morphological 

or genetic data (Fig. 2) (see Appendix I). Two phylogenetically well-supported clades, also 

supported by one or more delineation approaches, have no species assignment. The first of these 

makes T. thymallus paraphyletic and consists of upper Danubian haplotypes, forming a sister 

clade to T. ligericus. This relationship was not recovered in previous phylogenetic analyses 

based on mitochondrial CR (Weiss et al. 2002, 2013; Marić et al. 2014), underscoring the higher 
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resolution of the whole mitogenome and/or the importance of balanced taxon sampling, but also 

the need for additional investigation (see Appendix I for additional discussion). The second of 

these unassigned clades involves haplotypes (MT063015–017) of T. arcticus s.l., representing 

a lineage that is believed to derive from the Nahanni glacial refuge (Stamford and Taylor 2004). 

This mtDNA lineage was among three lineages described in North America (Stamford and 

Taylor 2004), whereby two colonization events into North America were proposed. The 

possibility that these haplotypes could represent a distinct taxon must be better explored with 

population genetic analysis. 

The paraphyly of the T. flavomaculatus clade in our tree may be based on the complex 

phylogeographic structure of both T. flavomaculatus and T. grubii combined with our limited 

sampling. Both T. flavomaculatus and T. tugarinae are found in tributaries of the Amur River 

drainage, but also coastal drainages flowing directly into the seas of Japan and Okhotsk 

(Antonov and Knizhin 2014) promoting fragmentation and divergence (Appendix I). 

 

Biogeography 

 

Species diversity and range size in Thymallus spp. reveal a latitudinal gradient with few species 

above the Arctic Circle and increasing diversity (Spearman’s rank − 0.819, P < 0.05) and 

decreasing range size (Spearman’s rank 0.785, P < 0.001) with decreasing latitude (Fig. 1). 

Ancestral trait reconstruction supports the present Amur River drainage as the place of origin 

for extant diversity (Fig. 3), with lineage sharing among coastal draining rivers reflecting 

drainage re-arrangements and dynamics of the Pleistocene (Grosswald 2009; Antonov 2012; 

Antonov and Mikheev 2016). Europe’s colonization by Thymallus took place somewhere in the 

Pliocene, between the split from extant Asian lineages in the late Miocene, and the European 

lineage crown age in the mid-Pliocene. We note that the rough estimates of the timing of these 

events are affected by the fossil calibration point placed on the stem leading to the European 

radiation of the genus, derived from the 7.6 MY-old fossil remains of †T. latisulcatus. A 

previous analysis lacking this calibration point resulted in ages about 20% younger, but still 

falling in the same epochs described here, and provided even higher support for an Amur 

ancestral range (all nodes > 80%). Higher connectivity among Arctic Ocean drainages is 

illustrated by at least two colonisations of North America from Eastern Siberia and is analogous 

to Holarctic or near Holarctic distributions in Pungitius (Guo et al. 2019), Esox (Skog et al. 

2014), and Lota (Van Houdt et al. 2005). Dispersal into Western Siberian rivers seems to have 

taken place multiple times, most recently from Eastern Siberia and the Amur, after a much more 
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ancient event. The suggested colonization of the endorheic basin in Mongolia from East 

Siberian basins evokes the still unconfirmed proposals of a Gobi-Amuran proto-glacial drainage 

system (Grosswald 1998). Coastal rivers of East Asia retained connectivity with the Amur 

during the Pleistocene, reflected by the absence of a geographically coherent monophyletic 

group. However, a Miocene-Pleistocene split and posterior isolation between the extant 

diversity in both basins cannot be excluded, due to the long un-split branches from Miocene to 

Pleistocene (Fig. 3). Overall, the biogeographic patterns of Thymallus are concordant with 

scenarios proposed for several taxa. Cobitid fishes reveal an early radiation in eastern Asia, and 

colonization of Europe from East Asia in the late Miocene (Šlechtová et al. 2008; Perdices et 

al. 2016). A colonization from northeast Asia to Europe is proposed for Carassius (Rylková et 

al. 2013), and similar colonization of Rhodeus (via vicariance) is inferred for the Pliocene 

(Bohlen et al. 2006), supported by the disjoint distribution and hypothesised vicariance of 

Margaritifera (Bolotov et al. 2016) a parasitic bivalve of Rhodeus. These studies, however, do 

not provide explicit paleo-hydrological pathways or events that may have facilitated these 

patterns. While some of these hypothesised colonization events are pre-Pleistocene, our 

knowledge at least of Pleistocene paleo-dynamics across Russia reveals numerous events of 

paleohydrological connectivity (via large paleo-lakes and mega floods) across Siberia and 

through the Ponto-Caspian region into Europe (Komatsu et al. 2016). These events have already 

served hypotheses concerning the phylogeographic structure of Thymallus, Hucho and 

Brachymystax across their Siberian range (Koskinen et al. 2002; Froufe et al. 2003a; Weiss et 

al. 2020a). Nonetheless, much work remains in matching the timing of specific events of 

dispersal and vicariance with specific paleo-events promoting cross-drainage connectivity and 

isolation. 

The following section provides a very brief overview of the 15 focal taxa of our 

phylogenetic and MOTU analyses. Included is a general description of their geographic range 

and phylogenetic position as well as our opinion on each taxon’s validity as a species (i.e. 

regarding its biology) and its suggested conservation status based on IUCN criteria. For more 

detailed comments on these taxa and those for which we do not currently find biological 

support, or cannot assign to a sample, see Appendix I. 

 

Amur and east Asian taxa 

 

Thymallus tugarinae — Lower Amur grayling 
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Occurs in the middle to lower Amur River drainage and several coastal draining rivers 

including northwestern Sakhalin Island (Fig. 1). Highly divergent from its sister clade 

containing T. grubii (4.1%) and T. flavomaculatus (4.2%). Easily distinguished from sympatric 

T. flavomaculatus using meristic or morphological characters (Knizhin et al. 2007); reciprocally 

monophyletic with other Amur graylings (Fig. 2) (Froufe et al. 2003b, 2005); reproductive 

isolation supported (Froufe et al. 2003b). Shows significant phylogeographic structure across 

its range (Froufe et al. 2003b). 

Taxonomic validity 

A species reproductively isolated and easily distinguished from the sympatric T. 

flavomaculatus (see T. flavomaculatus below). 

Conservation remarks 

Area of occupancy exceeds 2000 sq. km. Suggested Global Status: Least Concern. 

 

Thymallus flavomaculatus — Yellow-spotted grayling 

Occurs in some coastal rivers draining into the seas of Japan and Okhotsk, as well as some 

lower Amur River tributaries (Fig. 1); overlaps considerably with T. tugarinae (Froufe et al. 

2003b; Antonov and Knizhin 2011). Easily distinguished from T. grubii and sympatric T. 

tugarinae based on a characteristic yellow-orange spot located in the posterior area of the dorsal 

fin (Knizhin et al. 2006a). 

Taxonomic validity 

The taxon was originally described as a subspecies of T. grubii, widely distributed in the 

Amur River drainage. Whether or not the taxon is treated as a species or a subspecies is beyond 

the scope of this manuscript. In our analysis, T. flavomaculatus is paraphyletic (see additional 

comments below for T. grubii). 

Conservation remarks 

Coastal populations are more threatened by anthropogenic changes and overfishing than 

interior populations. Some range fragmentation is present and the area of occupancy may be as 

little as 400 sq. km. Suggested Global Status: Near threatened. 

 

Thymallus grubii — Amur grayling 

A small-sized grayling, easily diagnosed based on body and dorsal-fin colouration; occurs 

throughout the middle to upper Amur River drainage (Fig. 1). Significant phylogeographic 

structure is reported (Froufe et al. 2003b; Knizhin et al. 2004; Weiss et al. 2020b). Occurs in 

sympatry with T. burejensis and T. baicalolenensis in the upper Bureya River, where 
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reproductive isolation is strong but not complete (Weiss et al. 2020b), and in sympatry with T. 

tugarinae in the lower Zeya River and Ingoda River, and with T. baicalolenensis in the upper 

Zeya River and upper Ingoda River (Antonov and Mikheev 2016). 

Taxonomic validity 

A species diagnosable from all other grayling (Weiss et al. 2020b). Could be also treated 

as the nominal species of a three-taxon aggregate, consisting of T. (grubii) grubii, T. (grubii) 

flavomaculatus and T. (grubii) yaluensis (see Article 6.2 in the International Commission on 

Zoological Nomenclature 1999) (see also Appendix I). 

Conservation remarks 

Occupies a relatively large range and several relatively pristine river systems. Suggested 

Global Status: Least Concern. 

 

Thymallus burejensis — Bureya grayling 

A robust-bodied grayling, endemic to the middle and upper reaches of the Bureya River. 

Occurs in sympatry in the upper Bureya River with T. baicalolenensis and T. grubii, and shows 

relatively strong (albeit not complete) reproductive isolation (Weiss et al. 2020b). Mitogenomic 

distances range from 3.0 to over 4.9% between T. burejensis and all other congeners. 

Taxonomic validity 

A species displaying significant reproductive isolation with two other grayling taxa. 

Conservation remarks 

The Bureya River is over 700 km in length but the mid-to lower reaches have been heavily 

impacted by hydropower, eliminating or fragmenting portions of the specie’s range. Currently, 

its area of occupation does not exceed 100 sq. km. Suggested Global Status: Endangered. 

 

European taxa 

 

Thymallus aeliani — Adriatic grayling 

Occupies the middle to upper reaches of the Soca River in Slovenia and tributaries of the 

Po and Adige rivers in Italy (Fig. 1). Divergent from T. thymallus (2.7%) and T. ligericus (3.6%) 

within the clade of European grayling taxa (Fig. 2). Meraner et al. (2014) reported significant 

regional structure in the Adige River drainage. 

Taxonomic validity 

A species based on its deep divergence to all other grayling and allopatric distribution in 

Adriatic draining rivers. 
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Conservation remarks 

River engineering measures, hydropower expansion and water pollution are among 

widespread threats that have reduced at least 50% of the species range; introgression with non-

native lineages is a major threat to T. aeliani and there are few pure genetic populations left 

(Sušnik et al. 2004; Meraner et al. 2014). The area of aquatic occupancy may be as little as 100 

sq. km. Suggested global status: Endangered. 

 

Thymallus thymallus — European grayling 

Widely distributed (Fig. 1); until recently included all European stocks of grayling. They, 

along with T. aeliani and T. ligericus, are the only Thymallus species with a subterminal mouth. 

Significant phylogeographic structure throughout Western Europe (Weiss et al. 2002; Gum et 

al. 2009), and from the western Balkans and Caspian Sea catchment (Marić et al. 2012, 2014). 

The taxon is paraphyletic due to the systematic relationship to both T. ligericus and its sister 

clade of upper Danubian haplotypes. 

Taxonomic validity 

A species distinguished from all Asian grayling by a subterminal mouth and strict long-

time allopatry to T. ligericus and T. aeliani. 

Conservation remarks 

Currently listed as a species of Least concern. Locally, and especially in the southern 

portions of its range, population declines or extinctions are widespread (see Weiss et al. 2013), 

leading to several endangered assignments at national levels. Suggested Global Status: Least 

Concern. 

 

Thymallus ligericus — Loire grayling 

Recently described endemic of the upper Loire River drainage in France (Persat et al. 

2019) (Fig. 1). Populations remain genetically pure despite 50 years of stocking with foreign 

strains (Persat et al. 2016), suggesting they either outcompete foreign lineages (i.e. T. thymallus) 

or display reproductive isolation. Morphologically distinguished from T. thymallus by a more 

pointed snout, more inferior mouth and profuse spotting (Persat et al. 2019). In our analysis, 

they appear as a shallow, monophyletic clade, 1.5% divergent from T. thymallus haplotypes 

from the upper Danube drainage and 2.2% divergent from all T. thymallus samples. The 

zoogeographic origins of this species in the Loire basin are unknown. 

Taxonomic validity 
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A species based on its morphological and genetic distinction and long-term isolation (2 

MY or more) from grayling of adjacent river drainages (Rhine and Rhône) (Persat et al. 2016). 

Conservation remarks 

Populations are in decline and there are concerns of decreasing water flows and rising 

water temperatures. Its area of occupancy may not exceed 35 sq. km, but at least six or more 

fragmented populations exist. Suggested Global Status: Vulnerable. 

 

Altai, Siberian and North American taxa 

 

Thymallus arcticus s.l. — Arctic grayling 

Occurs from just east of the Urals in Russia to Hudson Bay, Canada; a disjunct population 

in the Big Hole and Red Rock river drainages in Montana, USA (Fig. 1). In our analysis, T. 

arcticus s.l. is 2.6% divergent from its sister taxon T. baicalolenensis. Phylogeographic 

structure across the Arctic is weak; for example, the haplotype MT063012 near the type locality 

(Sob River, Ob) groups closely with haplotypes from the Lena River drainage and the Okhotsk 

Sea catchment in far eastern Russia. Haplotype MT063010 from the presumed type locality of 

T. pallasii (see Dyldin et al. 2017) (Appendix I) in eastern Siberia is intermediate between most 

North American haplotypes and those from Kamchatka, which some authors assign to T. 

mertensii. 

Taxonomic validity 

A species based on its clear genetic divergence to other taxa, morphological 

distinctiveness especially in the dorsal fin size and colouration (albeit with regional variation), 

and confirmed reproductive isolation to T. baicalensis (Weiss et al. 2007) and T. 

baicalolenensis (Weiss et al. 2006). See comments in Appendix I concerning potential 

recognition of additional taxa, herein treated as T. arcticus s.l. 

Conservation remarks 

The global population of T. arcticus s.l. is listed by the IUCN as a species of Least concern 

(LC). Numerous reports exist of population size declines for the species locally, both in North 

America and Russia. Suggested Global Status: Least Concern. 

 

Thymallus baicalensis — Baikal black grayling 

Occurs throughout the Enisei River drainage including Lake Baikal and its major tributary 

the Selenga River (Fig. 1); also in some right-hand tributaries of the Ob River drainage (Mrassu 

and Kabyrza rivers) represented by haplotypes MT063026 and MT063025 (Fig. 2). Displays a 
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net divergence between 1.6 and 1.9% to four species comprising its sister clade (T. nikolskyi, 

T. svetovidovi, T. brevicephalus and T. brevirostris). Based on Koskinen et al. (2002), multiple 

samples throughout Lake Baikal were in Hardy-Weinberg Equilibrium reflecting a single taxon 

occupying Lake Baikal; this inference is also supported by morphological and genetic data from 

Knizhin et al. (2006b). All species delineation approaches allocated both T. baicalensis and T. 

nigrescens as a single MOTU.  

Taxonomic validity  

A species based on clear genetic divergence to other taxa, distinct dorsal-fin colouration 

and multiple contact zones with little to no gene flow with other species (T. arcticus, T. 

baicalolenensis) (see Knizhin et al. 2006b; Weiss et al. 2007). Thymallus brevipinnis is 

suggested to be a synonym of T. baicalensis (Appendix I). 

Conservation remarks 

Local population declines and extinctions reported; threats include hydropower 

development, overfishing and pollution. However, the species has a very large distribution 

range and occupies many habitats that are in pristine or near-pristine condition. Suggested 

Global Status: Least Concern. 

 

Thymallus baicalolenensis — Baikal-Lena grayling 

Small-bodied grayling occurring throughout the Lena River drainage (Fig. 1). Also occurs 

in Lake Baikal tributaries, most notably the Barguzin River drainage, the Tiya River and 

Yakchinskie Lakes of the upper Angara River (Knizhin et al. 2006c, 2008b; Kirillov and 

Knizhin 2014). Also found in the Uda River drainage, Sea of Okhotsk (Antonov and Knizhin 

2011) and upper Amur River drainage (Antonov and Knizhin 2011; Antonov and Mikheev 

2016), including the upper Bureya River, together with T. burejensis and T. grubii, where it 

could be diagnosed with 100% accuracy based on morphological characters (Weiss et al. 

2020b). Its morphological and genetic distinction from T. arcticus s.l. is shown in Weiss et al. 

(2006) (therein referred to as T. a. lenensis) and Koskinen et al. (2002) (therein referred to as 

T. arcticus, Lena basin). Both its body and dorsal-fin colourations are highly distinct (Knizhin 

et al. 2008b; Knizhin and Weiss 2009) from T. arcticus s.l. as well as all other members of the 

genus (Dyldin et al. 2017). Thymallus baicalolenensis is reciprocally monophyletic to T. 

arcticus s.l. with a net divergence of 2.6% (Fig. 2). 

Taxonomic validity 

A species showing relatively strong reproductive isolation to four species to which it 

comes into contact; T. baicalensis, T. arcticus s.l., T. burejensis and T. grubii. 
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Conservation remarks 

Very large distribution area, occupies both large rivers and headwaters including small 

lakes. Found in numerous relatively remote and/or pristine systems. Suggested Global Status: 

Least Concern. 

 

Thymallus brevicephalus — Shorthead or Markakol grayling 

Reported endemic to Lake Markakol (Dyldin et al. 2017); probably not limited to this 

lake. Haplotypes LC168675 and MT063035 (Fig. 2) stem from samples in the upper Irtysh 

River drainage; population genetic analysis shows close affinity with samples from the Kara-

Kaba River (Weiss et al. 2020a) (Fig. 1). Both our mitogenome analysis and a population 

genetic analysis in Weiss et al. (2020a) show a very close (0.4%) sister clade relationship to T. 

brevirostris (Fig. 2). More data concerning morphology and ecology is needed. 

Taxonomic validity 

Although closely related genetically to T. brevirostris, viewed as species based on highly 

distinct morphology (short jaws, no dentation) and ecology (predominantly benthivore), as well 

as strict allopatric occurrence to T. brevirostris. 

Conservation remarks 

Populations within Lake Markakol are in serious decline due to overfishing (perhaps > 

50% across recent decades, M. Baimukanov, pers. comm.); listed as endangered in Kazakhstan. 

Its strict area of aquatic occupancy (Markakol Lake) is < 700 sq. km, but its distribution is likely 

considerably larger. Suggested Global Status: Data deficient.  

 

Thymallus brevirostris — Mongolian grayling 

Distributed across the large endorheic basin of Western Mongolia, extending into Tuva 

Republic, Russia (Fig. 1). Considered a large-growing, piscivorous grayling, with pronounced 

dentation on both jaws and vomer (Knizhin et al. 2008a). Displays considerable phenotypic 

variability concerning head and jaw size and dentation (Knizhin et al. 2008a; Weiss et al. 

2020a). Displays a close (0.4%) sister clade relationship to T. brevicephalus from Lake 

Markakol (Fig. 2).  

Taxonomic validity 

Although closely related to T. brevicephalus, viewed as a species based on highly distinct 

morphology (large jaws, significant dentation), ecology (predominantly piscivorous) and strict 

allopatric occurrence to T. brevicephalus (see also Appendix I). 

Conservation remarks 
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Overfishing (primarily illegal), hydropower development and spawning ground 

deterioration are a major concern. Suggested Global Status: Vulnerable. 

 

Thymallus nigrescens — Chovsgul grayling 

Endemic to Lake Chovsgul in Mongolia. The single mitogenome (MT063028) in our 

analysis is 0.3% divergent from T. baicalensis (Fig. 2). Traditional genetic markers 

(microsatellites and single mtDNA sequences) allow no distinction between T. nigrescens and 

T. baicalensis (Koskinen et al. 2002; Kaus et al. 2019). 

Taxonomic validity 

Treated as a species despite its very close relationship to T. baicalensis. Morphologically 

distinct from T. baicalensis based on a small dorsal fin and a high number of gill rakers (Knizhin 

et al. 2008b; Olson et al. 2019), occupies a distinct allopatric ecological niche. 

Conservation remarks 

Listed as endangered in the Mongolia Red List (Ocock et al. 2006). Its habitat comprises 

the 2760 sq. km Lake Chovsgul. Substantial illegal harvest via gillnetting in the littoral zone 

has led to dramatic declines in population sizes (Free et al. 2015). Suggested Global Status: 

Vulnerable. 

 

Thymallus nikolskyi — Upper Ob grayling 

Originally reported from the upper Ob River drainage; exact distribution is unclear. May 

occur together with T. baicalensis in the Mrassu and Kabyrza rivers of the Ob River drainage 

(Fig. 1). Our analysis reveals a close (0.6%) sister relationship to T. svetovidovi from the upper 

Enisei River drainage, and considerably more divergence from the two other taxa, T. arcticus 

s.l. and T. brevicephalus, in the Ob River drainage (3.0% and 1.7%, respectively). Population 

genetic analysis shows no gene flow between T. nikolskyi and T. brevicephalus (Weiss et al. 

2020a). 

Taxonomic validity 

Treated tentatively as a species whereby the distributions and genetic relationships of all 

grayling in the Altai-Sayan mountain region require further investigation (Weiss et al. 2020a). 

Conservation remarks 

Insufficient data on its diagnosis and distribution. Suggested Global Status: Data 

deficient. 

 

Thymallus svetovidovi — Upper Enisei grayling 
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Recently described from the Sharga Gol River in Mongolia (Knizhin and Weiss 2009); 

occurs in headwater reaches of the Enisei River in Mongolia and possibly Tuva Republic (Fig. 

1). Bright yellow caudal peduncle and fin is highly characteristic; a close (0.6%) sister taxon to 

T. nikolskyi from the upper Ob River drainage. 

Taxonomic validity 

A species based on a unique phenotype and genetic divergence from T. baicalensis. See 

Appendix I for comments on potential synonymies. 

Conservation remarks 

Known distribution range is limited (but uncertain), populations are reportedly dense and 

the river systems where this taxon is found are pristine. Thus, there are currently no threats to 

this taxon. Suggested Global Status: Data deficient. 
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Abstract  

 

Among fishes, salmonids (family Salmonidae) have attracted a great deal of research attention 

focused on sexual dimorphism and associated selective forces. Most of this research has been 

directed toward anadromous and mostly semelparous salmon and trout (Oncorhynchus, Salmo), 

and comparatively little is known about intersexual variability in strictly iteroparous freshwater 

salmonids. We examined a comprehensive data set of 28 linear morphometric characters in 11 

of 15 currently recognised species of grayling (Thymallinae, Thymallus), a genus consisting of 

iteroparous species only, to identify general patterns of intersexual morphological variability. 

Overall, we found that all grayling species show common sex-specific traits particularly relating 

to size dimensions of the dorsal, anal, pelvic and pectoral fins. Although the magnitude of 

sexual dimorphism differed among species, there was no significant phylogenetic signal 

associated with these differences across the genus. These results are discussed in terms of the 

assumed selection pressures driving sexual dimorphism in graylings and are compared to 

existing knowledge in Salmonidae as a whole where similarities and differences with both 

Salmoninae and Coregoninae exist. The present study provides the first detailed genus-wide 

comparison of sexually dimorphic phenotypic characters in graylings, and highlights the need 

for more large-scale comparative studies in multiple salmonid species to better understand 

general macroevolutionary trends among this important group of freshwater fishes. 

 

Keywords: Salmonidae, Sexual selection, Dorsal fin, Anal fin, Morphology, Secondary sexual 

characters 
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Introduction 

 

In many animal taxa, a key aspect of intraspecific variability is associated with sexual 

dimorphism (Andersson 1994), the differences in physiology, morphology and behaviour of 

conspecific males and females (sensu Punzalan and Hosken 2010). By introducing the idea of 

sexual selection (Darwin 1871), Darwin set the stage for the general recognition of sex-specific 

roles in shaping organismal diversity. Although both empirical and theoretical studies suggest 

that the evolution and maintenance of sex-specific traits is more complex, also involving other 

selection mechanisms (e.g. Hedrick and Temeles 1989; Cooper 2010), the theory of sexual 

selection is still fundamental to a general understanding of intersexual variability (Clutton-

Brock 2007).  

The general mechanisms that drive the evolution of sexual dimorphism are well studied 

in several taxonomic groups including insects (Wilhelm et al. 2011), birds (Berns and Adams 

2012), mammals (Swanson et al. 2013), reptiles (Agha et al. 2017), fishes (Oke et al. 2019) and 

amphibians (Pincheira-Donoso et al. 2021). Among fishes, salmonids (family Salmonidae) 

have become one of the most frequently studied groups of species used to address questions on 

the evolution of sexual dimorphism and associated selective forces (Fleming and Reynolds 

2004). Salmonids are a diverse group of cold-water adapted fishes in the northern hemisphere 

and include salmon and trout (Oncorhynchus, Salmo), lenok (Brachymystax), taimen (Hucho), 

Sakhalin taimen (Parahucho), char (Salvelinus), whitefish and cisco (Coregonus), Round 

whitefish (Prosopium), inconnu (Stenodus), and grayling (Thymallus). Many salmonid species, 

particularly semelparous Pacific salmon (Oncorhynchus), undergo dramatic phenotypic change 

during the reproductive period, which includes the development of an elongated snout, enlarged 

teeth, hooked jaws, dorsal hump, elongated fins, thickened skin, and bright colouration 

(Fleming and Gross 1994; Quinn and Foote 1994). These exaggerated traits are usually male-

biased (i.e. larger, thicker or more pronounced in males) and are assumed to have evolved as a 

consequence of sexual selection where males compete for fertilization opportunities (Fleming 

and Reynolds 2004). The presence and degree of sexual dimorphism in these traits differ 

between taxonomic groups and show great intraspecific variability, which often is habitat 

associated (Johnson et al. 2006; Oke et al. 2019). 

Despite extensive research on sexually dimorphic characters in salmonids, the generality 

of these traits remains poorly investigated. So far, most attention has been given to large 

anadromous and semelparous species, with few studies addressing sexual dimorphism in 

iteroparous and/or freshwater salmonids. Graylings (subfamily Thymallinae) are freshwater 
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resident iteroparous species with a suite of distinctive morphological traits potentially relevant 

for the study of sexual dimorphism (Fig. 1). In comparison to other salmonids, graylings are 

easily characterised by their greatly enlarged dorsal fin, which often has a species-specific 

coloration pattern, that is not, at least not overtly, sex-specific (Knizhin 2009) and is known to 

undergo secondary sexual development (Ward 1951). While taxonomy and species level 

phylogeny in graylings are becoming well-resolved in recent years (Knizhin 2009; Weiss et al. 

2021), the evolution of sexual dimorphism remains poorly studied, having only been addressed 

at all in a few species (e.g. Mikheev 2009). Increasing knowledge on sympatric occurrence of 

multiple grayling species (Shubin and Zakharov 1984; Weiss et al. 2007, 2020, 2021), with 

little evidence of hybridization and introgression (Froufe et al. 2003b; Weiss et al. 2007, 2020; 

Persat et al. 2016), has drawn increasing attention to elucidating the mechanisms that might 

support reproductive isolation. 

Graylings are a monophyletic sister clade to Coregoninae (Campbell et al. 2020) and are 

widespread across most of Europe, Siberia, the Russian Far East and some parts of North 

America (Weiss et al. 2021). They are typical riverine fish, but also occur in many lacustrine 

habitats across their range, and spawn in spring or early summer after short or medium distanced 

potamodromous migrations (usually from lakes to rivers and within rivers). Graylings are 

gravel spawning salmonids, where both males and females are promiscuous with multiple 

spawning acts, usually involving different mates (Beauchamp 1990). In contrast to most other 

river spawning salmonids, dominant males occupy and defend spawning territories prior to the 

arrival of females (Fabricius and Gustafson 1955; Bishop 1971). Observations of frequent 

territorial contests and the generally increased aggressive behaviour during spawning season 

(Fabricius and Gustafson 1955) may suggest strong intrasexual (male-male) competition for 

territories and access to mates. Likewise, territorial contests as well as courtship and spawning 

include characteristic behaviours such as the specific display of the colourful dorsal and pelvic 

fins (Fabricius and Gustafson 1955; Kratt and Smith 1980). Intraspecific competition, however, 

is not restricted to the spawning season. Similar to other drift-feeding stream salmonids (Fausch 

and White 1981), feeding positions among graylings are established in dominance hierarchies 

(Hughes and Dill 1990; Hughes 1992) where the characteristic display of the dorsal and pelvic 

fins is an integral behavioural element (Fabricius and Gustafson 1955; Tack 1973). 

Given this general behavioural framework and the assumption that selective forces 

shaping sexually dimorphic phenotypic characters are closely linked to the reproductive 

behaviour in salmonids (Fleming and Reynolds 2004), we hypothesize that the extent and 

direction of sexual dimorphism in graylings might be consistent across different species. Thus, 
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we analysed a comprehensive data set of linear morphometric traits to identify general trends 

of sexual dimorphism in graylings. Furthermore, we reviewed external morphometric 

characters subject to sexual dimorphism among salmonids (Salmoninae, Coregoninae, 

Thymallinae) in order to place our results in a broader phylogenetic context. Finally, by 

summarizing areas of potential future studies, we hope to foster cross-disciplinary research in 

ecology and evolution of graylings, which may aid future conservation and management efforts 

targeting this group of freshwater fishes. 

 

 

Fig. 1 Phenotypic comparison of female (above) and male (below) graylings in A T. grubii, during 

spawning season, both female and male from the Bureya River, Russia; B T. baicalensis, outside 

spawning season, both female and male from the Delger mörön River, Mongolia; C T. flavomaculatus, 

during spawning season, female from the Pody River and male from the Gobilly River, Russia; D T. 

svetovidovi, outside spawning season, both female and male from the Sharga Gol, Mongolia. Photos by 

A. Antonov (A, C) and C. Ratschan (B, D). 
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Materials and methods 

 

Morphological data set 

 

To test for general patterns of sexual dimorphism among graylings, we analysed a large 

morphological data set established over a period of more than 10 years and spanning > 1500 

individual specimens from 11 species across the whole distribution range of the genus (Table 

1). Many subsets of the data set have been used in a range of taxonomic, systematic, and 

evolutionary studies to date (e.g. Froufe et al. 2003b; Knizhin et al. 2004, 2006a, c, d, e, 2007, 

2008a, b; Knizhin and Weiss 2009; Knizhin 2009; Weiss et al. 2006, 2020), but the data have 

never been investigated as a whole nor in the context of sexual dimorphism. Twenty-eight linear 

measurements following those introduced by Svetovidov (1936), Pravdin (1966), and Knizhin 

et al. (2004) were made point to point or as a projection to midline using a caliper to the nearest 

0.1 mm (Fig. 2, Table S1). Measurements were taken from formalin (4%) preserved specimens. 

Sex and stage of maturity were determined by visual examination of gonads following 

the classification of ovarian reproductive stages by Sakun and Butskaya (1968). Fishes of stage 

I (oogonia and oocytes did not yet start protoplasmic growth, immature condition) were 

excluded and only fishes between stage II (previtellogenic condition) and stage VI 

(postspawning condition, before returning to stage II) were included in the analysis. Most fishes 

were sampled after spawning season (July–October). Only few specimens of T. arcticus (n = 

23), T. baicalensis (n = 60) and T. thymallus (n = 65) were taken before or during spawning 

season in spring or early summer. 

 
Table 1 Number of male and female specimens used in the analysis and mean fork length (Lsm ± SD) 

for each species. 

Species 
Male Female 

N Lsm (mm) N Lsm (mm) 

T. arcticus 102 280.4±63.7 55 244.2±48.7 

T. baicalensis 266 282.2±74.2 265 297.2±60.5 

T. baicalolenensis 158 213.6±38.6 172 194.5±35.6 

T. brevirostris 24 324.1±125.2 22 345.9±120.5 

T. burejensis 32 300.5±66.5 35 288.7±59.1 

T. flavomaculatus 25 233.2±29.8 23 221.3±33.5 

T. grubii 75 199.0±40.8 50 173.4±27.0 

T. nigrescens 15 280.9±25.0 15 268.7±20.5 

T. svetovidovi 11 370.7±13.9 12 368.1±12.9 

T. thymallus 66 330.5±44.6 58 300.3±37.4 

T. tugarinae 32 215.9±21.0 26 204.6±24.9 
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Data transformation 

 

In order to emphasize general trends in the data set as well as equalize variances among groups, 

we excluded measurements showing extreme values. These were defined as the deviation of 3 

* IQR (inter quartile range) from the 25th (Q1 - 3 * IQR) and 75th (Q3 + 3 * IQR) percentile 

respectively, calculated using raw measurements relative to body length (referring to fork 

length). We excluded extreme values for each species and sex separately, rather than the entire 

data set, to retain the natural species-specific variability. In total, 52 specimens (3.3% of the 

entire data set) were excluded (19 males, 33 females). The final data set consisted of 

measurements for 1539 fish (806 males and 733 females) (Table 1). For a few individuals, some 

measurements were not obtained due to damage or poor preservation condition. To retain these 

specimens in the analyses, predicted values from linear regression models (per sex, species and 

trait) were used to substitute missing data. Such cases account for 0.6% of the entire data (0.7% 

of males and 0.6% of females). 

All morphometric measurements were converted to their base 10 logarithm to linearize 

allometry and equalize variances (Sidlauskas et al. 2011). We evaluated potential allometric 

scaling among species by comparing species-specific slopes of reduced-major axis regression 

lines as outlined in Sidlauskas et al. (2011) and implemented in the R package ‘smatr’ (Warton 

et al. 2006) in R v.4.1.0 (R Core Team 2021). Some statistically significant differences among 

species were found (14 of 55 pairwise comparisons; Table S2). These differences, however, 

appeared related to sample size and body-size differences (Table 1), and thus we chose to apply 

a common slope in the following data transformation. To control for the effects of variation in 

body size and body size scaling, all morphometric traits were scaled to a common mean fork 

length using an allometric growth formula commonly applied in Salmonidae (Siwertsson et al. 

2013; Jacobs et al. 2020): log10 Ystd = log10 Yobs + b * (log10 Lstd - log10 Lobs); where Ystd is the 

corrected trait value, Yobs is the measured trait value, b is the slope of the regression of each 

(log10) trait against (log10) fork length, Lstd is the mean fork length of all specimens (mm), and 

Lobs is the individual fork length. Terminology of these variables follows Siwertsson et al. 

(2013). The common slope b for each trait was derived from ANCOVA models using species 

and sex as factors while controlling for body length. 
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Fig. 2 Schematic illustration of morphometric characters used in the present study. For a detailed 

description of each measurement see Table S1. Lsm, fork length; l2, trunk length; ao, snout length; o, 

horizontal eye diameter; f, postorbital length; c, head length; ch2, head depth at nape; ch, head depth 

through the eye; lmx, upper jaw length; i/lmx, upper jaw depth; lmd, lower jaw length; H, maximum 

body depth; h, minimal caudal peduncle depth; aD, predorsal length; pD, postdorsal length; aA, preanal 

length; aV, prepelvic length; lp, caudal peduncle length; pV, pectoral-pelvic distance; vA, pelvic-anal 

distance; lD, length of dorsal fin base; hD1, height of anterior part of dorsal fin; hD2, height of posterior 

part of dorsal fin; lA, length of anal fin base; hA, height of anal fin; lV, length of pelvic fin; lP, length 

of pectoral fin. Not illustrated are: k, forehead width; w, maximum width of body. 

 

Comparison of sexual dimorphism among graylings 

 

We determined morphological characters contributing to the divergence between males and 

females, across the whole genus, using a two-way Analysis of Variance (ANOVA). ANOVA 

models (trait * sex + species + species * sex) were implemented in IBM SPSS Statistics v.26. 

A series of one-way ANOVA analyses with simple effects was additionally used to more 

precisely evaluate species-specific trends of sexual dimorphism. The assumptions of 

homoscedasticity and normal distribution of (unstandardized) residuals were not met in all 

cases. However, visual examination of residuals in histograms and normal Q–Q plots showed 

them to be approximately normally distributed. Overall, ANOVA analyses on large samples 

sizes (> 500 observations) are known to be robust against minor deviations of normality (e.g. 

Johnson 1998). To corroborate two-way ANOVA results and account for different sample sizes 

in sub-groups (i.e. species), we examined Welch’s tests (unequal variance t-test) in cases where 

homogeneity of variances was not met (Ruxton 2006), and performed separate non-parametric 

Kruskal–Wallis tests to support one-way ANOVA results of species-specific trends where 

normality of residuals was violated. 
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Phylogenetic comparative analysis 

 

Because species are not independent and patterns of sexual dimorphism could have a 

phylogenetic component, we estimated the ancestral state of sexual dimorphism for each 

character and tested for a phylogenetic signal across species. The phylogenetic reconstruction 

is based on complete mitochondrial genomes of 15 Thymallus species (considering the current 

taxonomy presented in Weiss et al. (2021)) and two Coregonus species as outgroup with the 

following GenBank accession numbers: MT063012 (T. arcticus), MT063023 (T. baicalensis), 

MT063019 (T. baicalolenensis), MT063036 (T. brevicephalus), MT063033 (T. brevirostris), 

MT063037 (T. burejensis), MT063039 (T. flavomaculatus), MT063038 (T. grubii), MT063028 

(T. nigrescens), MT063030 (T. nikolskyi), MT063004 (T. thymallus), KJ866485 (T. tugarinae), 

CM031715 (C. clupeaformis), and NC_025576 (C. peled). Alignment and analyses of 

mitochondrial data follow Weiss et al. (2021). All parts of the analysis were performed in 

PhyloSuite v.1.2.2 (Zhang et al. 2020) and IQ-TREE (Nguyen et al. 2015) was used for 

maximum likelihood (ML) analysis. The computed ML tree was visualised and edited with 

FigTree v.1.4.4 (Rambaut 2018) and CorelDRAW 2019. 

For phylogenetic comparison, we excluded those species where morphological data were 

absent in our data set (T. aeliani, T. brevicephalus, T. ligericus, T. nikolskyi). We estimated and 

visualised the degree of sexual dimorphism in morphometric traits (based on mean pairwise 

differences (least square means) from linear two-way ANOVA models) at each node in the 

mtDNA phylogeny using the ‘fastAnc’ and ‘contMap’ functions in the R package ‘phytools’ 

(Revell 2012) in R v.4.1.0 (R Core Team 2021). To test for a phylogenetic signal of sexual 

dimorphism for each character, we estimated Pagel’s k (Pagel 1999) and Blomberg’s K 

(Blomberg et al. 2003) using the ‘phylosig’ function in ‘phytools’. 

 

Literature review on sexually dimorphic traits in Salmonidae 

 

To evaluate our observations in graylings in a broader phylogenetic context, we synthesized 

current knowledge of sexual dimorphism in external morphometric traits across Salmonidae. 

We included characters that are reversable and temporally linked to the breeding season as well 

as those that undergo a non-reversable change starting usually at the onset of sexual maturity. 

Sexual size dimorphism was not considered due to its high intraspecific variability (e.g. Jonsson 

and Jonsson 2015). Literature searches were performed in Web of Science, Scopus and Google 

Scholar (key words in different combinations: sexual dimorphism, secondary sexual 
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character(s), morphometric character(s), female, male, salmonids, *subfamily*, *genus*, 

*trait*). The results were augmented with additional studies, especially from Russia, that were 

not found with these search engines. A morphometric trait was considered sexually dimorphic 

if a statistical analysis was performed to test for intersexual variability or the morphological 

characters were described as explicit sexual dimorphism. 

 

Results 

 

Comparison of sexual dimorphism among graylings 

 

The average fork length among all individuals was 260.5 ± 73.6 mm. Males were larger than 

females in the global data set (263.7 ± 73.7 mm vs. 256.9 ± 73.2 mm; two-way ANOVA, F1,1517 

= 8.208, P = 0.004; Welch, F1, 1513.03 = 3.938, P = 0.047), but this pattern was not consistent 

across all species reflected in the significant species x sex interaction (Table 2). At the species-

specific level, only T. arcticus, T. baicalolenensis, T. grubii and T. thymallus exhibited a 

significant male-biased size dimorphism (one-way ANOVA, F < 22.590, P < 0.001; Kruskal 

Wallis H, Χ2 < 20.770, P < 0.001). 

Two-way ANOVA analyses on morphometric characters showed that significant species 

x sex interactions were present in 21 out of 28 traits. Significant differences between the sexes 

were found in 18 characters, 12 of which remained significant after table-wide Bonferroni 

correction (Table 2). When species-specific pairwise differences were examined, predorsal 

length, length of dorsal-fin base, height of anterior part of dorsal fin, height of posterior part of 

dorsal fin, height of anal fin, and length of the pelvic and pectoral fins showed a uniform pattern 

of sexual dimorphism (Figs 3, S1), although these differences were not statistically significant 

for all species (Table S2). The magnitude of sexual dimorphism showed considerable variation 

in some characters, exemplified by a sevenfold difference in magnitude of the posterior part of 

dorsal fin between T. baicalolenensis (0.187, most dimorphic) and T. burejensis (0.033, least 

dimorphic). 

In general, male graylings had significantly greater length and height dimensions of 

dorsal, pelvic and pectoral fins, a longer base of the anal fin, and a deeper caudal peduncle than 

conspecific females. In contrast, female-biased traits were related to the height of the anal fin, 

length dimensions of the abdomen, and a greater distance between the fins. Deviations from 

these general trends in T. brevirostris, T. burejensis, T. flavomaculatus, T. svetovidovi and T. 
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tugarinae (Fig. S1), were not statistically significant (one-way ANOVA, F < 0.809, P > 0.370; 

Kruskal Wallis H, Χ2 < 0.510, P > 0.470).  

While some attributes of the head and abdomen were non-significant in the global two-

way ANOVA analyses, non-parametric Welch’s tests suggested a significantly greater 

postorbital length (Welch, F1,1518.36 = 13.347, P < 0.001) and head length (Welch, F1, 

1525.56 = 10.651, P = 0.001) in males, and a greater body width (Welch, F1, 1236.93 = 11.917, 

P < 0.001), postdorsal length (Welch, F1, 1526.86 = 48.073, P < 0.001) and preventral length 

(Welch, F1, 1536.71 = 27.415, P < 0.001) in females. These traits were found significant for 

sex-differentiation only in a few species (Table S2), although the direction of sexual 

dimorphism was similar for most species. 

 

 

Fig. 3 Comparison of pairwise differences (least square means) for the most uniform sexually dimorphic 

traits of the dorsal, anal, pelvic and pectoral fins (two-way ANOVA, significant after table-wide 

Bonferroni correction). Bold lines represent mean values for all species. Height of dorsal fin 1 refers to 

height of anterior part of dorsal fin and height of dorsal fin 2 refers to height of posterior part of dorsal 

fin. 1 = T. arcticus, 2 = T. baicalensis, 3 = T. baicalolenensis, 4 = T. brevirostris, 5 = T. burejensis, 6 = 

T. flavomaculatus, 7 = T. grubii, 8 = T. nigrescens, 9 = T. svetovidovi, 10 = T. thymallus, 11 = T. 

tugarinae. 
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Table 2 Two-way ANOVA results of fork length and 28 standardized morphometric characters. Least square means (LSM) for each trait and sex are given with 

their standard errors. 

 

Variables 
Sex Species Species x Sex 

LSM male LSM female df F P-value df F P-value df F P-value 

Body length 

Fork length (Lsm) 2.424±0.005 2.404±0.005 1 8.208 0.004 10 115.861 0.000 10 5.661 0.000 

Morphometric charaters 

Trunk length (l2) 2.306±0.000 2.306±0.001 1 0.004 0.953 10 26.847 0.000 10 2.897 0.001 

Snout length (ao) 1.198±0.002 1.193±0.002 1 3.071 0.080 10 92.154 0.000 10 4.078 0.000 

Horizontal eye diameter (o) 1.066±0.002 1.068±0.002 1 1.126 0.289 10 40.328 0.000 10 3.100 0.001 

Postorbital length (f) 1.405±0.001 1.404±0.001 1 1.091 0.296 10 62.643 0.000 10 4.430 0.000 

Head length (c) 1.701±0.001 1.698±0.001 1 5.135 0.024 10 76.975 0.000 10 4.682 0.000 

Head depth at nape (ch2) 1.583±0.001 1.580±0.001 1 2.528 0.112 10 92.117 0.000 10 3.184 0.001 

Head depth through the eye (ch) 1.425±0.002 1.419±0.002 1 6.571 0.011 10 65.819 0.000 10 3.365 0.000 

Forehead width (k) 1.181±0.002 1.174±0.002 1 5.104 0.024 10 26.916 0.000 10 2.174 0.017 

Upper jaw length (lmx) 1.164±0.002 1.167±0.002 1 1.168 0.280 10 72.336 0.000 10 5.296 0.000 

Upper jaw depth (i/lmx) 0.698±0.003 0.694±0.003 1 1.545 0.214 10 29.787 0.000 10 2.888 0.001 

Lower jaw length (lmd) 1.398±0.002 1.397±0.002 1 0.611 0.435 10 93.422 0.000 10 3.898 0.000 

Maximum body depth (H) 1.739±0.002 1.740±0.002 1 0.750 0.387 10 128.123 0.000 10 0.681 0.743 

Minimal caudal peduncle depth (h)* 1.269±0.001 1.262±0.001 1 12.646 0.000 10 201.091 0.000 10 0.892 0.540 

Maximum width of body (w) 1.479±0.003 1.491±0.003 1 9.439 0.002 10 17.921 0.000 10 2.771 0.002 

Predorsal length (aD)* 1.922±0.001 1.930±0.001 1 42.958 0.000 10 357.146 0.000 10 3.269 0.000 

Postdorsal length (pD) 2.037±0.001 2.042±0.000 1 9.758 0.002 10 66.577 0.000 10 2.416 0.008 

Preanal length (aA)* 2.262±0.000 2.266±0.001 1 36.540 0.000 10 22.651 0.000 10 2.949 0.001 

Prepelvic length (aV) 2.076±0.001 2.079±0.001 1 8.548 0.004 10 38.705 0.000 10 2.179 0.017 

Caudal peduncle length (lp) 1.634±0.001 1.635±0.001 1 0.113 0.737 10 53.547 0.000 10 0.518 0.878 

Pectoral-pelvic distance (pV)* 1.864±0.001 1.872±0.001 1 24.976 0.000 10 18.483 0.000 10 1.213 0.277 
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Pelvic-anal distance (vA)* 1.819±0.001 1.825±0.001 1 10.487 0.001 10 18.789 0.000 10 1.445 0.155 

Length of dorsal fin base (lD)* 1.780±0.002 1.759±0.002 1 69.945 0.000 10 316.737 0.000 10 1.966 0.033 

Height of anterior part of dorsal fin (hD1)* 1.486±0.002 1.455±0.003 1 85.915 0.000 10 56.664 0.000 10 1.770 0.061 

Height of posterior part of dorsal fin (hD2)* 1.585±0.005 1.473±0.005 1 257.779 0.000 10 147.709 0.000 10 8.347 0.000 

Length of anal fin base (lA)* 1.391±0.002 1.369±0.002 1 57.600 0.000 10 53.979 0.000 10 2.858 0.002 

Height of anal fin (hA)* 1.470±0.002 1.512±0.002 1 209.443 0.000 10 36.577 0.000 10 5.838 0.000 

Length of pelvic fin (lV)* 1.633±0.002 1.595±0.002 1 150.800 0.000 10 93.433 0.000 10 2.478 0.006 

Length of pectoral fin (lP)* 1.622±0.002 1.612±0.002 1 23.019 0.000 10 59.127 0.000 10 1.298 0.226 

Traits that remained significant after table-wide Bonferroni correction (significance level at a = 0.05/28 = 0.0018) are marked with an * 
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Phylogenetic comparative analysis 

 

Overall, there was no significant phylogenetic signal of sexual dimorphism among the traits 

(Pagel's λ < 0.001 (P = 1), Blomberg's K < 0.782 (P > 0.160)) (Table S3). Only the length of 

the pelvic fin had a low but non-significant phylogenetic signal (Pagel's λ = 0.951, P = 0.543; 

Blomberg's K = 0.788, P = 0.087). Thus, while ancestral state reconstruction showed that sexual 

dimorphism in the most general trends (identified by two-way ANOVA analyses) were also 

present in the most recent common ancestor (Fig. 4, Fig. S2), species-specific patterns were 

clearly not related to phylogeny. For example, closely related species often had a clearly 

different magnitude of sexual dimorphism (e.g. the sister species T. flavomaculatus and T. 

grubii, T. arcticus and T. baicalolenensis). This indicates that trends of sexual dimorphism are 

not more similar among closely related species than to distantly related relatives. While some 

species, such as T. baicalensis and T. baicalolenensis generally tend to have a high degree of 

intersexual variability, others such as T. brevirostris and T. burejensis, only show slight 

differences between the sexes or exhibit contrasting patterns to the general trends observed 

(Figs 3, S1). 
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Fig. 4 Phylogenetic reconstruction of Thymallus species based on whole mitochondrial genomes, and 

ancestral state reconstruction of the degree of sexual dimorphism in the most uniform sexually 

dimorphic traits of the dorsal, anal, pelvic and pectoral fins (red = most dimorphic, blue = least 

dimorphic). Thymallus aeliani, T. brevicephalus, T. ligericus, and T. nikolskyi were excluded from 

ancestral state reconstruction due to missing morphological data. Negative values indicate a female-

biased trait. 

 

Review of sexual dimorphism in morphometric traits across Salmonidae 

 

We reviewed 56 publications describing sexual dimorphism in morphometric traits among 

salmonid species (Table 3). The majority of these studies (n = 43) were based on the 

measurement of linear morphometric traits, while six used geometric morphometrics, and seven 

studies were descriptive and based on visual examination. A comparatively large number of 

these studies (n = 19) targeted anadromous (mostly semelparous) species of the genus 

Oncorhynchus. Overall, only a small percentage (11 %) of the large number of salmonid species 

(n = 247), listed as valid species in Fricke et al. (2021), has been explicitly investigated for 

sexual dimorphism in external morphometric traits. Although this problem may be overstated 

due to recent taxonomic inflation (e.g. Isaac et al. 2004), whole genera have apparently been 

ignored as no specific studies on sexual dimorphism in morphometric traits were found for the 

genera Brachymystax, Hucho, Parahucho and Stenodus. Among the species analysed, the most 

general traits of sexual dimorphism across different genera were: 

 

Length of the jaws and snout 

 

The secondary sexual development of the male jaws (to a lesser extent also present in females), 

has been reported from several species in the subfamily Salmoninae. The transformation of the 

jaws (and the elongation of the snout) during the breeding period tends to be most characteristic 

for semelparous Oncorhynchus (upper jaw), and iteroparous Salmo and Salvelinus (lower jaw) 

(Table 3). A modification of the upper and/or lower jaw during the reproductive period has not 

been reported in either Coregoninae or Thymallinae. 

 

Length and depth of the head 

 

The head tends to be generally more robust in male Salmoninae. In Coregoninae and 

Thymallinae, dimensions of the head appear to be more sexually monomorphic, though 
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observations by Nikulina and Polyaeva (2020) would suggest a larger head in female 

Coregonus sardinella. 

 

Length and height of the dorsal fin 

 

Sexual dimorphism in length and height dimensions of the dorsal fin and its base-length are 

usually male-biased and reported from species in Oncorhynchus, Salmo, Coregonus, 

Prosopium and Thymallus. Exceptions of female-biased dimensions in the dorsal fin may exist 

such as in C. sardinella (Table 3). 

 

Size of the adipose fin 

 

The adipose fin tends to be generally larger (height and length dimensions) in male 

Oncorhynchus, Salmo, and Salvelinus (Table 3), a trend that appears to be consistent across 

multiple Salmo species and not restricted to the spawning season (compare to data in Delling 

and Doardio 2005; Turan et al. 2011, 2012). Data of multiple Coregonus species in alpine lakes 

would suggest sexual monomorphism in this trait (Selz et al. 2020). Among Thymallinae, 

intersexual variability in the size of the adipose fin has not been investigated. 

 

Height of the anal fin 

 

The height of the anal fin was found to be female-biased in several species of Oncorhynchus, 

Salmo and Thymallus (Table 3). Morphological studies on European, Eurasian, and North 

African Salmo species suggest great interspecific variability in this character and a greater 

height of the anal fin in males of some species (e.g. Turan et al. 2011, 2012; Doadrio et al. 

2015). Observations from Coregonus and Prosopoum may suggest a generally greater height 

of the anal fin in male Coregoninae (Table 3). 

 

Length of the paired pelvic and pectoral fins 

 

The pelvic and pectoral fins were found to be commonly longer in males of species in 

Oncorhynchus, Salmo, Salvelinus, Coregonus, Prosopium and Thymallus; a trend that appears 

most consistent in the subfamilies Coregoninae and Thymallinae (Table 3). 
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Size of breeding tubercles 

 

Breeding tubercles are known only from iteroparous species. They are most characteristic for 

Coregoninae but were also found in individual species of Thymallinae (T. arcticus; Kratt and 

Smith (1978)) and Salmoninae (Salvelinus namaycush; Muir et al. (2012)). Size and abundance 

of breeding tubercles were found to be usually male-biased. 
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Table 3 Sexually dimorphic external morphometric traits in Salmonidae. 

 

Subfamily Genus Species Parity Male-biased Female-biased Reference 

Salmoninae 

Oncorhynchus 

gorbuscha (Pink 

salmon) 
semelparous 

upper jaw length*, head 

length*, head width, body 

depth, caudal peduncle 

depth*, dorsal fin base 

length*, adipose fin length*, 

anal fin base length* 

anal fin height 

Davidson (1935); Beacham and Murray 

(1983, 1985, 1986); Beacham et al. 

(1988); Zhivotovsky and Kim (2015) 

keta (Chum 

salmon) 
semelparous 

snout length*, upper jaw 

length*, head length*, 

postorbital head length*, body 

depth*, caudal peduncle 

depth*, prepelvic length*, 

dorsal fin height*, dorsal fin 

base length*, adipose fin 

height*, adipose fin length* 

horizontal eye 

diameter*, anal fin 

height*, anal fin 

base length* 

Beacham and Murray (1983, 1985, 

1987); Beacham (1984); Myoung et al. 

(1993)a 

kisutch (Coho 

salmon) 
semelparous 

snout length*, upper jaw 

length*, tooth length, body 

depth*, dorsal fin height*, 

adipose fin length*, pelvic fin 

length*, pectoral fin lenght* 

caudal peduncle 

depth*, anal fin 

height*, anal fin 

base length* 

Shapovalov and Taft (1954); Beacham 

and Murray (1983, 1986); Fleming and 

Gross (1994) 

mykiss (Steelhead 

trout) 
iteroparous 

jaw length, tooth length, body 

depth 
  Shapovalov and Taft (1954) 

nerka (Sockeye 

salmon) 
semelparous 

snout length, upper jaw 

length*, tooth length, body 

depth, caudal peduncle depth, 

adipose fin length* 

  

Beacham and Murray (1983, 1986); 

Quinn and Foote (1994); Hendry and 

Berg (1999); Johnson et al. (2006); Oke 

et al. (2019) 

nerka (Kokanee 

salmon) 
semelparous 

snout length*, jaw length*, 

tooth length, body depth*, 

caudal fin height, pelvic fin 

length*, pectoral fin length* 

anal fin height*, anal 

fin base length* 

Ricker (1938), Winans et al. (2003); 

Thorn and Morbey (2016) 
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tshawytscha 

(Chinook salmon) 
semelparous 

snout length*, upper jaw 

length*, head length*, adipose 

fin length*, adipose fin 

height* 

  
Beacham and Murray (1983, 1986); 

Merz and Merz (2004) 

Salmo 

fahrettini iteroparous 
upper jaw length, mouth gape 

length, adipose fin base length 
  Turan et al. (2020) 

kottelati iteroparous 

upper jaw length, mouth gape 

length, mouth gape width, 

head length 

  Turan et al. (2014) 

salar (Atlantic 

salmon) 
iteroparous jaw length, adipose fin size*   

Tchernavin (1944), Næsje et al. (1988); 

Järvi (1990) 

trutta (Brown 

trout) 
iteroparous 

upper jaw length, head 

length*, body depth, dorsal fin 

height, adipose fin length 

abdomen length*, 

predorsal length, 

pectoral-pelvic 

distance 

Reyes-Gavilán et al. (1997); Monet et 

al. (2006) 

Salvelinus 

alpinus (Arctic 

char) 
iteroparous 

mouth size*, head length*, 

head depth*, body depth*, 

pectoral fin length* 

  Janhunen et al. (2009) 

confluentus (Bull 

trout) 
iteroparous head length, adipose fin height   

McPhail and Murray (1979, seen in 

McPhail and Baxter (1996)); 

Nitychoruk et al. (2013) 

fontinalis (Brook 

trout) 
iteroparous 

snout length, lower jaw 

length, mouth width, head 

length, head depth, pelvic fin 

length, pectoral fin length 

body width 
Willson (1997); Proulx and Magnan 

(2004); Kazyak et al. (2013) 

malma (Dolly 

Varden trout) 
iteroparous 

snout length, body depth, 

adipose fin height 
  

McPhail and Murray (1979, seen in 

Beacham and Murray (1983)); 

Yamamoto et al. (2017) 

Coregoninae Coregonus artedi (Cisco) iteroparous 
dorsal fin length, pectoral fin 

length, anal fin length 
  Jacobson et al. (2020) 
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clupeaformis 

(Lake whitefish) 
iteroparous 

upper jaw length*, pelvic fin 

length*, pectoral fin length* 
  Casselman and Schulte-Hostedde (2004) 

lavaretus 

(Lavaret) 
iteroparous 

caudal peduncle width*, anal 

fin base length*, pelvic fin 

length*, pectoral fin length* 

predorsal length*, 

prepelvic length*, 

pectoral-pelvic 

distance*, body with 

Heese (1987) 

peled (Peled) iteroparous 

horizontal eye diameter*, 

minimum body depth*, dorsal 

fin height*, dorsal fin length*, 

anal fin height* 

pectoral-pelvic 

distance* 
Mamcarz and Nowak (1986)b 

sardinella (Least 

cisco) 
iteroparous 

interorbital width*, 

prepectoral length* 

head length*, head 

width*, head depth 

at nape*, body 

depth*, caudal 

peduncle length*, 

dorsal fin base 

length*, dorsal fin 

height*, anal fin 

base length*, 

pectoral fin base 

length* 

Nikulina and Polyaeva (2020) 

zugensis (Albeli) iteroparous size of breeding tubercles*   Wedekind et al. (2008) 

Prosopium 

coulteri (Pygmy 

whitefish) 
iteroparous 

dorsal fin height*, anal fin 

height*, pelvic fin length*, 

pectoral fin length* 

  McCart (1965) 

cylindraceum 

(Round whitefish) 
iteroparous size of breeding tubercles  abdomen length  Normandeau (1963) 

Thymallinae Thymallus 
arcticus (Arctic 

grayling) 
iteroparous 

postorbital length*, head 

length*, head depth at eye*, 

body depth*, postdorsal 

distance*, dorsal fin height*, 

dorsal fin base length*, anal 

fin base length*, pelvic fin 

length*, pectoral fin length* 

horizontal eye 

diameter*, predorsal 

length, preanal 

length*, pectoral-

anal distance*, anal 

fin height* 

Rawson (1950); Ward (1951); Bishop 

(1967, 1971); Tack (1973); Ridder 

(1989); Zinovjev and Bogdanov (2012); 

Romanov (2016) 
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flavomaculatus 

(Yellow-spotted 

grayling) 

iteroparous 
lower jaw length, dorsal fin 

height, dorsal fin base length 
anal fin height 

Semenchenko (2005)c; Knizhin et al. 

(2006a) 

thymallus 

(European 

grayling) 

iteroparous 

dorsal fin height*, dorsal fin 

base length*, anal fin base 

length*, pelvic fin length*, 

pectoral fin length* 

anal fin height 
Magreiter (1951); Persat (1977); 

Zinovjev (2012); Kucheruk et al. (2015) 

tugarinae (Lower-

Amur grayling) 
iteroparous 

dorsal fin height, anal fin base 

length, pelvic fin length, 

pectoral fin length 

lower jaw length, 

preanal length, 

pectoral-pelvic 

distance, anal fin 

height 

Mikheev (2009) 

Traits reported significant at P\0.05 are marked with an * 
a Myoung et al. (1993) reported a significantly longer postorbital head length in females while Beacham and Murray (1987) reported the character to be male-

biased 
b Sexual dimorphism in fishes of age 4+ is reported 
c Therein reported as T. arcticus grubii (Samarga River, Prymorsky Territory) 
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Discussion 

 

Sexual dimorphism in graylings 

 

Our analyses revealed a suite of morphometric characters that display significant sexual 

dimorphism across most grayling species, particularly relating to size dimensions of the dorsal, 

anal, pelvic and pectoral fins. The differences were pronounced, despite the variation in 

magnitude and the significant species x sex interaction in our global analysis. Previous studies 

suggest that the differentiation between the sexes in these characters starts with the beginning 

of maturity (Ward 1951; Tack 1973; Kratt and Smith 1979) and is then permanently present in 

adult fishes outside and during the breeding season. Before sexual maturity, these characters 

may essentially follow similar growth trajectories in males and females (Kratt and Smith 1979). 

Yet, our data of fishes at reproductive stage I (immature condition; see Sakun and Butskaya 

(1968)) indicate a largely similar, but often non-significant pattern of sexual dimorphism for 

the fins (ANCOVA, P > 0.05; n = 285, across 6 species; data not shown). 

The general predictions on the different reproductive strategies and energy investments 

suggest differential selection acting on the sexes (Fleming and Gross 1994), and thus the 

existence of sexual dimorphism in specific morphometric traits in order to increase reproductive 

success. In male graylings, these predictions are consistent with the male-biased length and 

height dimensions of the dorsal, pelvic and pectoral fins. The display of the dorsal and pelvic 

fins is an integral behavioural element in male-male competition and territorial behaviour 

during spawning season (Fabricius and Gustafson 1955). Sex-specific differences in these 

characters have already been described for T. arcticus (Romanov 2016), T. flavomaculatus 

(Semenchenko 2005), T. tugarinae (Mikheev 2009) and T. thymallus (Persat 1977; Zinovjev 

2012; Kucheruk et al. 2015). The pectoral fin is known to support swimming stability and 

manoeuvrability in many fish groups (Bone and Moore 2008) and may be favourable in male-

male competition and mate acquisition. However, the most noticeable morphological trait 

among graylings—the large colourful dorsal fin—may not have evolved as a direct 

consequence of sex-specific selection as the trait is permanently present in both sexes. Thus, 

the initial driver of this accentuated character, which does not occur in any other salmonid fish, 

is most probably rooted in natural selection perhaps in the form of intraspecific competition for 

position in the typically drift-feeding graylings (Fabricius and Gustafson 1955; Hughes and Dill 

1990). 
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In female graylings, the commonly observed female-biased dimorphism in size among 

other salmonid species (e.g. Tamate and Maekawa 2004; Morbey 2018) is not supported in our 

analysis, although length dimensions of the abdomen and distances between fins were generally 

longer in females. However, these differences may be a secondary effect of the position of the 

fins perhaps in relation to the extended dorsal and anal fin bases in males. The strongest pattern 

of female-biased dimorphism was evident for the height of the anal fin. Kratt and Smith (1979) 

reported that the anal fin is used in lateral display, but the lack of iridescent colouration 

compared to other fins (see Fig. 1) may indicate a reduced visual function. It is more likely that, 

similar to other gravel spawning salmonids, the anal fin holds a female-specific (mechanistic) 

function in reproduction (see Thorn and Morbey 2016), related to the female ‘‘probing’’ 

behaviour (Groot 1996; Esteve 2005) or oviposition. Compared to other gravel spawning 

salmonid species, however, female graylings do not construct spawning redds or actively cover 

the eggs with substrate after fertilization (Fabricius and Gustafson 1955). Instead, the eggs are 

buried into the substrate by the characteristic spawning behaviour, whereby the caudal region 

of the female is forced into the porous gravel substrate by vigorous quivering of both sexes and 

tail flapping of the male (Kratt and Smith 1980). This grayling-specific behaviour may also be 

key to understanding the observed sexual dimorphism in the caudal region, which includes a 

deeper caudal peduncle and an elongated length of the anal fin base in males. 

An interesting finding of our study is that the extent of sex-specific differences in the 

general traits is not equal across the genus. The fact that these differences do not have a 

significant phylogenetic signal would seem to support a differential strength of intrasexual 

selection across species. Among the few species that showed weaker or a lack of pronounced 

sexual dimorphism, T. brevirostris from the species poor (i.e. impoverished ichthyofauna; 

Kottelat (2006)) Altai region of Western Mongolia stands out. This species has comparatively 

small trait sizes for the fins and generally shows only weak differences in morphometric 

characters between the sexes. Besides T. nigrescens, it is the only species in our data set where 

in both sexes the greatest height of the dorsal fin is in its anterior part, which does not only 

affect the shape of the fin (see Knizhin et al. 2008a: Fig. 3), but likely also its display function 

as the extended posterior part is usually the most colourful region. In contrast, T. burejensis, 

endemic to the Bureya River, a tributary of the Amur River in the Russian Far East, is 

characterized by having large dorsal, anal, pelvic and pectoral fins in both sexes but significant 

sexual dimorphism only in the pelvic fin. Thymallus burejensis further contrasts with T. 

brevirostris as it occurs in sympatry with up to three other grayling species (T. baicalolenensis, 

T. grubii and T. tugarinae; see Antonov (2004); Knizhin et al. (2004)). This raises the 
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possibility that the unique combination of sex-specific attributes reflects past competition 

(sensu Connell 1980) among sympatric species, supporting species recognition (i.e. distinction 

between con- and heterospecific individuals) and thus may help to avoid hybridization. 

 

Review of sexual dimorphism in morphometric traits across Salmonidae 

 

Previous studies have shown that sexual dimorphism in salmonids is primarily driven by 

breeding competition (Fleming and Reynolds 2004). Other factors such as life history tactics 

(e.g. early maturation) (Koseki and Maekawa 2000) or habitat characteristics (Oke et al. 2019) 

can have a profound effect on the development and/or expression of sexually dimorphic traits, 

which underlines the intraspecific (among-population) variability and facultative nature of 

sexual dimorphism in this group. By reviewing the collective evidence of the factors responsible 

for trait-specific sexual dimorphism, patterns emerge supporting links between reproductive 

behaviour or particular environmental conditions and specific morphometric character 

development associated with sex. The reduced taxonomic coverage among existing studies on 

sexual dimorphism in salmonids limits evolutionary interpretations, but our review nonetheless 

expands support for a number of assumptions that have been made for single taxa or genera in 

the past. 

Sexual dimorphism is present in all subfamilies of salmonids but the specific traits or 

patterns of expression differ among groups. In Thymallinae, intersexual variability in 

morphometric traits is primarily associated with length and height attributes of the fins, 

although these characters are subject to sexual dimorphism in Coregoninae and Salmoninae as 

well. The height or length of the dorsal, adipose, pelvic and pectoral fins are male-biased in 

multiple genera/species, and were found to play a role in behaviours related to display (e.g. 

Fabricius and Gustafson 1955; Esteve et al. 2009a; Muir et al. 2012) and female choice (Järvi 

1990) but are apparently not so energetically costly as to make them facultative and dependent 

on life history. Interestingly, the height of the anal fin is the only fin-specific character that 

shows frequent female-biased dimorphism in gravel spawning Thymallinae and Salmoninae 

but appears to be monomorphic in the open substrate spawning Coregoninae. Thus, this female-

biased trait may have evolved in response to selection pressure on females, related to a 

mechanistic or sensory function involving oviposition or selection of a suitable spawning 

habitat (Thorn and Morbey 2016) in order to increase offspring survival. However, the height 

and shape (see Gruchy and Vladykov 1968) of the anal fin have not yet been investigated in 
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several species, and data on Brachymystax suggest that both sharp- and blunt-snouted lenok are 

sexually monomorphic in the height of the anal fin (Alekseyev S., unpublished data). 

The characteristic transformation of the jaws and snout is limited to Salmoninae, but 

absent from the basal genera Brachymystax and Hucho (Esteve and McLennan 2008; Esteve et 

al. 2009b), and apparently reduced or absent in Parahucho (Esteve et al. 2009a). Thus, these 

traits may represent a derived set of characters possibly related to the intense breeding 

competition in Salmoninae. Interestingly, the greatest expression of sexual dimorphism in jaws 

and snout is exhibited in anadromous and primarily semelparous species (absent in precocious 

parr; Koseki and Maekawa (2000)), life history strategies that presumably allow more energy 

to be invested in such asymmetric growth (Fleming and Reynolds 2004). This contrasts 

somewhat with anadromous O. mykiss (Steelhead trout); a species that shows comparatively 

little dimorphism in the jaws. However, although the species is iteroparous only a rather small 

percentage of anadromous individuals manage to breed a second time (10% (0.6–31.3%) in 

Fleming (1998); 2.4% in Christie et al. (2018)). The fact that another iteroparous anadromous 

salmonid, Salmo salar, exhibits pronounced sexual dimorphism in the lower jaw, as well as a 

low frequency of repeat spawning with a mean of 11% (0.7–42.5%; Fleming (1998)), suggests 

a mechanistic relationship between anadromous behaviour or (facultative) semelparity and the 

development of sexual dimorphism at the level of the individual as opposed to a fixed 

population or species-specific trait. 

Compared to Salmoninae and Thymallinae, species in Coregoninae generally exhibit a 

low degree of sexual dimorphism (Willson 1997). This may be rooted in the fact that 

Coregoninae contrast sharply in a range of reproductive behaviours compared to other 

salmonids. For example, Coregoninae are open substrate spawners, exhibit reduced intrasexual 

competition for access to mates and commonly spawn at night (Fabricius and Lindroth 1954; 

Karjalainen and Marjomäki 2018), all behavioural traits that are not common in Salmoninae 

and Thymallinae (Fabricius and Gustafson 1955; Esteve 2005). Thus, spawning behaviour in 

Coregoninae may favour a different set of (non-visual) signals such as the development of 

breeding tubercles, which are commonly male biased in size and abundance (Willson 1997). 

The lacustrine open substrate spawning Salvelinus namaycush (Lake char) with well-described 

male-biased tubercles (Muir et al. 2012), would support this hypothesis, but there is too little 

information on tubercles in salmonids in general to draw further conclusions on their 

prominence and relation to reproductive behaviours and sexual dimorphism. 

Overall, it would be revealing to test the effects of environmental conditions vs. common 

ancestry on trait evolution across a broader phylogenetic range of salmonids with particular 
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focus on species showing diverging life-history tactics or a behavioural repertoire that contrasts 

with closely related congeners such as observed in S. namaycush (Muir et al. (2012). 

 

Limitations and future research perspectives 

 

While we think that the general trends of sexual dimorphism in graylings reported in this 

analysis are robust, a few comments on potential caveats and data limitations are warranted. 

Multiple populations across the range of some species (e.g. T. arcticus, T. baicalensis), contrast 

with single populations or low sample sizes of some others (e.g. T. nigrescens, T. svetovidovi). 

Thus, some species-specific results may not capture the natural range of variability that is 

present. Furthermore, the size range analysed does not capture the entire range of sexually 

mature fish, especially for those species with lower sample sizes. This may be important 

because the assumed allometric growth component of morphometric traits is likely to lead to a 

higher degree of dimorphism with age, a variable that we could not assess directly due to the 

limitation of insufficient sample sizes across multiple age-classes. Lastly, our analyses rely on 

linear morphometric characters only, without evaluating dichromatism or shape dimorphism, 

and thus the full scope of sexual dimorphism is assumed to be underestimated. We therefore 

recognize specific areas of research that could further clarify the patterns and hypotheses 

concerning the evolution of sexual dimorphism in graylings. 

 

a. The allometric growth component in morphometric traits could be investigated directly 

for both males and females, perhaps most simply using hatchery-reared populations and 

the measurement of individuals across their entire life-cycle (following an ontogenetic 

approach). These studies could provide direct evidence for the secondary sexual 

development of specific morphological traits and may also include shape dimorphism 

(geometric morphometrics) to capture a broader extent of intersexual morphological 

variability. Moreover, such studies could clarify to what extent sexual dimorphism is 

related to age and growth. 

 

b. The large colourful dorsal fin in graylings has long been suggested to play a key role in 

reproductive behaviour (Fabricius and Gustafson 1955) and its species-specific 

colouration pattern (Knizhin 2009) raises the question of species recognition. The 

recognition of potential conspecific mates may be more important for those species 

living in sympatry with congeners, as this could help maintain reproductive isolation. It 
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is, however, unclear if and to what extent graylings actively choose mates based on 

visual traits and more generally what mechanisms may underlie species recognition and 

mate choice in graylings. In other salmonid species, mate choice appears to be quite 

common where several sexually dimorphic traits such as the adipose fin in 

Oncorhynchus and Salmo (Beacham and Murray 1983; Järvi 1990), the kype in Salmo 

(Perry et al. 2019) or the breeding tubercles in Coregonus (Wedekind et al. 2008) are 

thought to be, at least partly, subject to female choice and/or serve a function in 

displaying status. 

 

c. The clarification of which morphological characters are more driven by natural vs. 

sexual selection as well as the relevance of intra- vs. interspecific competition can be 

investigated by research on contact zones, such as in the Amur drainage, where at least 

three if not four grayling species can be found in sympatry (Antonov 2004; Knizhin et 

al. 2004; Weiss et al. 2020b, 2021). In these zones, our sample sizes were limited for 

some species, and the spectrum of investigated characters could be expanded to include 

both coloration and shape, if not also differential gene expression that may be 

mechanistically driving these patterns. Such studies would also benefit from more 

detailed behavioural data, especially on the spatiotemporal distribution of spawning, as 

well as both the accentuation and display of body and fin colouration during the entire 

reproduction period. Likewise, genome-wide sequencing and expression studies can 

help identify sex-biased gene expression (e.g. Sharma et al. 2014) and alleles 

(Mohammed et al. 2019), which will foster the understanding of the mechanisms that 

maintain reproductive isolation. 

 

d. In addition to contact zones, several widespread species, such as T. arcticus, T. 

baicalensis, T. baicalolenensis and T. grubii, which are found in diverse habitats either 

in sympatry with other grayling species or alone (Weiss et al. 2021), could be 

investigated specifically for potential morphological (sexually dimorphic) patterns that 

change based on habitat or the presence or absence of congeners. Thus far, Weiss et al. 

(2020) touched on the morphological differences within and between populations of T. 

baicalolenensis across three different major drainage systems (Amur, Lena, Yenisei), 

and the likelihood that these differences are driven by different selection mechanisms, 

potentially including ecological niche partitioning in one drainage, but interspecific 

competition or its avoidance in another drainage. 
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More generally, some of our observations can be extended to other genera in Salmonidae, 

where relatively little is known about general patterns of sexual dimorphism across multiple 

species and different habitats. We assume that both population and species-specific patterns of 

sexual dimorphism are relevant for long-term population viability. Thus, we should recognize 

that our increased knowledge of sexual dimorphism and the underlying evolutionary processes 

clearly contribute to the growing consensus that the management of salmonid fish populations 

should aim to avoid using artificial rearing and stocking to supplement populations and above 

all, inter-basin transfers, whether involving conspecific or congeneric material (Laikre et al. 

2010; Rand et al. 2012; Weiss et al. 2013). In areas where such crossbasin transfers have already 

occurred, and extensive hybridization exists between divergent lineages, such as between T. 

thymallus and T. aeliani in much of the original range of the latter species (Meraner et al. 2014), 

it would be revealing to examine sexual dimorphism in populations showing introgression and 

see whether or not the patterns of trait divergence conform to the general patterns of sexual 

dimorphism observed in the present study. 
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Abstract 

 

Hybridization and introgression are very common among freshwater fishes due to the dynamic 

nature of hydrological landscapes. Cyclic patterns of allopatry and secondary contact provide 

numerous opportunities for interspecific 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 

phylogenetic relationships and evaluate potential recent and historical gene flow among species. 

The newly obtained nuclear 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 revealed a few cases of mitochondrial capture and limited signals of nuclear 

introgression. Interestingly, the mechanisms restricting interspecific gene flow might be 

distinct; while in zones of secondary contact, small-scale physical 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 
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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. 

 

Keywords: Cyto-nuclear discordance, Introgression, Grayling, ddRADseq, Phylogenetics 

 

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 ranging from population genetic to large-scale 

phylogenetic studies (Asmussen et al., 1987; Scribner and Avise, 1994, Avise, 1995, Toews 

and Brelsford, 2012). It occurs when nuclear and cytoplasmic genetic markers show contrasting 

patterns of diversification and thus discordant phylogenies. If this visualized discordance is 

based simply on incomplete lineage sorting (ILS) then no real evolutionary discordance 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 phylogenetic and/or phylogeographic inferences. 

Nonetheless, mtDNA barcoding, 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 concordance with 

existing taxonomic schemes, and many unique properties of mtDNA (as well as plastid 

molecules in plants) support their continued use as complementary to, rather than inconsistent 

with nDNA-based inferences. This is especially clear when an organelle-based phylogeny 

reflects historical gene flow among taxa or lineages, whereas the nDNA-based phylogeny 

reveals primarily reciprocally monophyletic relationships (e.g., Rose et al., 2021). 

The advent of high-throughput sequencing techniques together with their increasing 

affordability has elevated the power to detect hybridization and introgression, even in non-

model organisms. For instance, genome-wide single nucleotide polymorphisms (SNPs) can 

reveal gene flow stemming from recent or ancient introgression in a variety of organisms (e.g., 

Guo et al., 2019, Paetzold et al., 2019, Hughes et al., 2020). Hybridization and introgression, 
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the primary drivers of cyto-nuclear discordance, may be more prevalent in freshwater 

environments, 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 and Near, 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 Pungitius (sticklebacks), for example, underscored the 

importance of generating a robust nDNA-based phylogeny and diminished the importance 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 Pungitius extends across some of the world’s largest temperate 

river systems (e.g., Ob, Enisei, Lena, and Amur), whose complex paleo-hydromorphological 

history is far from fully understood (e.g., Komatsu et al., 2016). Phylogeographic structure 

among freshwater fishes across this range reveals drainage-specific patterns with some notable 

exceptions that likely involve Pleistocene or pre-Pleistocene dynamics (Froufe et al., 2003a, 

Froufe et al., 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 phylogenetic 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 regions, 

support repeated cross-drainage colonization leading to contact among previously allopatric 

lineages (Weiss et al., 2002, Weiss et al., 2020a, Weiss et al., 2020b, Froufe et al., 2003a). 

Interspecific hybridization is reported in grayling, but extensive introgression has thus far been 

rare and limited to Europe, primarily due to anthropogenic processes such as stocking programs 

(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 
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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 mitogenome 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 differentiate 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 admixture 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 

diversity. For the contact zone analyses, between six and 21 individuals were sequenced per 

taxon, bringing the total number of analyzed samples to 201 (Table 1 and Supplementary Table 

S1). The four chosen contact 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., 2006b); 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. 



72 

 

tugarinae Knizhin, Antonov, Safronov & Weiss, 2007 are found in sympatry (Froufe et al., 

2003b). 

 

Table 1 List of all samples used in the present work, showing the species names, sampling 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 

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 
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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 containing 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 genomic 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. Fragments > 250 bp were selected from each individual using 1.8X AMPure XP beads 

(Beckman Coulter) and quantified using an Implen Nanophotometer. Samples were 

subsequently pooled in equimolar proportions (100 ng DNA per sample), purified with a DCC-

5 kit and size-selected (300 bp, tight range) on a BluePippin (Sage Science). For library 

 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 47.311667´, 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 

x T. baicalensis 

Verkhnyaya 

Angara 

Baikal-Angara-Enisei 55.864289, 108.896714 1 

T. baicalolenensis 

x T. baicalensis Barguzin  

Baikal-Angara-Enisei 54.555367, 111.399297 2 

T. baicalolenensis 

x 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 
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amplification we used a Phusion High-Fidelity PCR kit (New England Biolabs) with Illumina 

indexed primers [PCR1 and PCR2 (Idx1-Idx6)], according to Peterson et al. (2012). PCRs were 

done in 50 µl volumes 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 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 

final 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 libraries was determined on a TapeStation 2200 (Agilent) and 

concentration was quantified using qPCR (NEBNext Library Quant Kit for Illumina). Genomic 

libraries were single-end (100 bp) sequenced on an Illumina HiSeq V4 (two libraries of 48 

individuals each, pooled on a single 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 (Supplementary Table 

S1). 

To determine homology and identify orthologous sites, the data was assembled in ipyrad 

v.0.9.81 (Eaton and Overcast, 2020) using a reference-based approach with the most recent 

available genome of T. thymallus (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 coverage were 

retained resulting in downstream analysis of 145 (72 %) samples (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 species, 

underscoring that sample quality and not interspecific divergence was the key factor influencing 

locus recovery. The minimum number of samples per locus (parameter 21) was set to 75 % for 
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each data set, and the assembly steps were replicated once for the phylogenetic 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), comparative 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) Bootstrap 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 incongruence, 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 nuclear data and PartitionFinder2 v.2.1.2 (Lanfear 
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et al., 2012) for the mitogenome data (Weiss et al., 2021). Two runs were performed (107 

generations, 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 estimated the percentage of loci in LORe regions. The LORe regions identified 

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 assembly 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 carried 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. Results obtained 

in fastSTRUCTURE were then imported into the webserver 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 Analyses (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. 
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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 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 comprising 18,667 loci and 

using the ddRADseq-based topology. Potential hybrids identified with fastSTRUCTURE were 

excluded because they would bias the evaluation by introducing signals of recent introgression. 

Z-scores and associated p-values were calculated to assess the significance 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 analyzed 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 evaluated in Chromas v.2.6.5 

(https://www.technelysium.com.au/chromas.html) and each sequence was BLAST against the 

NCBI database for species identification. All new COI sequences are available on GenBank 

under the accession numbers ON711084–ON711175 (Supplementary Table S1). 
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3. Results 

 

3.1. Nuclear phylogeny and cophylogenetic analyses 

 

The first split in the ML phylogeny divided T. flavomaculatus, T. grubii, 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 populations 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 Russian Far East, and the “western” subclade included samples from the Ob, 

Enisei and Lena rivers. 

The other major group consisted of species inhabiting drainage systems 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, Piave 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 Mongolia (T. 

brevirostris Kessler, 1879) and the Irtysh River drainage in Northern 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 

monophyletic (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 
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of incongruence performed with PACo, identified six out of the 15 Thymallus 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. 

 

 

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. Sampling 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 
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T. baicalolenensis), 3 = upper Bureya River drainage (T. baicalolenensis, T. burejensis and T. grubii), 

4 = Anui River drainage (T. flavomaculatus and T. tugarinae). 

 

 

 

Fig. 2. Comparison between mitochondrial and nuclear phylogenies for Thymallus spp. a) ML 

phylogenies using a single individual per species. b) values of normalized 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.) 

 

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 pairwise 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 % membership 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 individual 

(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, 
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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 indicated that T. 

baicalensis is the maternal lineage for two individuals (SRR19545511 and SRR19545512), and 

T. baicalolenensis for the other individual (SRR19545509). Furthermore, putative 

mitochondrial capture events were identified in four individuals from the Tiya River that 

exhibited 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 individuals showed admixture between T. baicalolenensis 

and T. burejensis; one an F1 hybrid (SRR19545508, 50 % T. baicalolenensis, 50 % T. 

burejensis) 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. 

The analysis of T. flavomaculatus and T. tugarinae in the contact zone of the lower Amur 

River revealed no signal of admixture or mitochondrial capture. Both fastSTRUCTURE and 

PCA showed two distinct groups with a high level of genetic differentiation (FST = 0.84). 

 

 

 

 

 

 

 

 
 

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. 
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3.3. Evaluating historical introgression 

 

A total of 286 trio combinations were evaluated in the Dsuite analysis. 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 comparisons. The f-branch method (based on the f4-ratio results) 

highlighted 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. brevicephalus). Elevated values for the f-branch 

(7 % and 9 %) also suggested gene flow from T. burejensis and T. baicalolenensis into this 
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ancestral lineage. Admixture proportions were high (12 %) between T. baicalensis and the 

common ancestor of T. svetovidovi (upper Enisei) and T. nikolskyi (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 

internal node in the ML phylogeny, showed a weak signal (4 %) of gene flow with the ancestral 

branch of T. arcticus and T. baicalolenensis. 

 

 

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 
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branches point to a corresponding row). Grey squares represent trio combinations that cannot be tested 

for due to topological constraints. 

 

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 hybridization and introgression in Asian contact zones of grayling 

revealed limited 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 limited 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 analyses for 

evaluating 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 minor 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 admixture. This is generally problematic for analyzing phylogenetic 

relationships of species subject to decades of human-mediated admixture, common for 

salmonids throughout Europe (Sušnik et al., 2004, Weiss et al., 2013, Meraner et al., 2014), and 
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thus we hypothesize that the discordance 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 phylogenies rather than the resolution of the species 

themselves. 

First, the ddRADseq data support T. ligericus, endemic to the Loire River drainage (Persat 

et al., 2019) as the most divergent lineage among European taxa, while mtDNA-based analyses 

(Marić et al., 2014, Weiss et al., 2021) depict T. ligericus as a sister clade to the north and south 

Alpine Danubian lineages of T. thymallus. Interestingly, these relationships based on nuclear 

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 Phoxinus (Denys et al., 2020b, 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 discordance was evident in the 

placement of T. burejensis. The species is endemic 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 support together with a short internal branch may 

suggest ancient incomplete 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, European 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). 

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-nuclear discordance could be the result of either recent 

introgression, as seen for the relationships within European taxa, or historical introgression as 
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is likely to be the case for the different positions of the whole European clade in the mitogenome 

and nuclear phylogenies. Thus, instances of cyto-nuclear discordance, whether recent or more 

historical, are likely at least affected by, if not caused by, hybridization and introgression, the 

most common mechanism promoting cyto-nuclear discordance 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 mitochondrial 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 samples 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. nigrescens (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 previous 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 

hybridization 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 explain 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 evaluating 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 interspecific 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, 2020). Our data are somewhat congruent with this picture, as no 
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contemporary gene flow is evident. However, historically it is clear that these taxa were in 

contact, as instances of mitochondrial capture are evident 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., 2006b, 

2008b). Knizhin et al. (2008b) showed that while T. baicalensis 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, suggesting 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. (2008b) noted that the migration 

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, mitochondrial capture was evident but no sign of contemporary hybridization. 

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 reproductive isolation. Thus, although these paleo-

hydrologically dynamic systems (e.g., Komatsu et al., 2016, Margold et al., 2018) repeatedly 

shaped periods of allopatry and contact among species (Weiss et al., 2020a), small-scale 

physical habitat structure can remain an important 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 lacustrine habitats 

(Greenwood, 1984, Simonsen et al., 2017, Dias et al., 2022) and generally seem 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 multiple circumscribed areas 

(Knizhin et al., 2004; Antonov and Mikheev, 2016), but trophic niche segregation has not yet 
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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. tugarinae) have 

presumably evolved in sympatry or parapatry. During sampling in these regions, primarily done 

by angling, it was not uncommon 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 distantly related but have either evolved in sympatry or 

have been in sympatry for 100 s of thousands if not several million years (Froufe et al., 2003b). 

In the Bureya River, there were two instances of recent hybridization but no introgression in 

the samples analyzed, and the revealed hybrids all involved T. baicalolenensis, a species that 

most likely evolved in the Lena River drainage and not the Amur (Knizhin et al., 2006b, 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 conjecture, the leading hypothesis to date has been that external phenotype, such as 

the color pattern of the dorsal fins, which is very prominent 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 current 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 diversity found in this area (Weiss et al., 2020a). 

Especially T. arcticus and T. baicalensis may have come into more frequent contact during the 

Pleistocene 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 between 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 
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and drainage re-arrangements (Weiss et al., 2020a, and references therein). For example, 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 corridor 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 between 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 

tributaries 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 phylogenetic analyses of 

freshwater fishes, it appeared relatively limited across the genus Thymallus. The discordance 

that was found did not involve the resolution of species, except for T. aeliani where 

anthropogenic 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 hybridization and introgression were more common among species thought to have 

evolved in allopatry subsequently forming geographically limited zones of secondary contact, 

as opposed to species that presumably evolved in sympatry. Despite significant paleo-

hydrological dynamics fostering cyclical events of isolation and contact among lineages, 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 
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in sympatry, other biologically based reinforcement mechanisms such as species recognition 

and mate choice are likely the major factor maintaining reproductive isolation. The continued 

use of organelle-based phylogenetic 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 describing 

historical introgression, including putative gene flow from or to ancestral species. 
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Abstract 

 

Rivers and lake systems in Europe have undergone frequent paleoenvironmental changes, and 

thus provide a unique framework for understanding the evolutionary dynamics driving genetic 

structure of their fauna on a macro-biogeographic scale. Repeated shifting of hydrological 

isolation and connectivity have promoted faunal exchange between adjacent catchments, 

shaping fine-scaled phylogeographic structure. Here, the first large-scale phylogeographic 

study of Thymallus (Salmonidae) in Europe using genome-wide single nucleotide 

polymorphisms is presented. These data were compared with complete mitochondrial genomes 

and a meta-analysis of existing mtDNA control region data. The results corroborated previously 

mailto:gernot.englmaier@uni-graz.at
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recognized genetic diversity but revealed strong mito-nuclear discordance suggesting a 

colonisation that dissents previous hypotheses based on mtDNA alone, and supports frequent 

events of secondary contact, introgression and mitochondrial capture. Early diversification 

probably originated from the Danube River with independent dispersal to adjacent drainage 

basins. Divergence time estimates within extant lineages coincide with the Pleistocene, 

suggesting multiple spatially separated glacial refugia. Splits between major phylogeographic 

lineages, however, appear considerably older dating back to the early Pliocene (the late 

Miocene from mtDNA data). These results challenge earlier mtDNA‐based hypotheses on the 

role of late Pleistocene glacial cycles as a general driving force for lineage differentiation. 

 

Keywords: biogeography, ddRADseq, freshwater fish, glacial refugia, mito-nuclear 

discordance, palaeohydrology 

 

1. Introduction 

 

Climatic oscillations in the Pleistocene (2.6–0.01 Ma) were major drivers for the evolution and 

distribution of biota in the temperate and arctic regions of Europe, as alternating 

glacial/interglacial periods dictated the retraction and expansion of distribution ranges (Hewitt, 

1999, 2004). However, the evolutionary history of most organism groups cannot be explained 

by Pleistocene climatic changes alone. Fossil records support the presence of many present-day 

taxonomic groups in Europe since the late Miocene (11.6–5.3 Ma) and Pliocene (5.3–2.6 Ma) 

(e.g., Kovács et al., 2020; NOW Community, 2022). At this time, both the landscape 

topography and major drainage systems were largely established (Popov et al., 2004), allowing 

widespread colonisation. Drastic climatic changes during the Pleistocene led to frequent and 

significant changes in range boundaries, with regression or expansion of distribution ranges 

following suitable climatic conditions (Hewitt, 2004). These periodic variations introduced 

considerable complexity in distribution ranges and refugial areas (e.g., Weiss and Ferrand, 

2002; Sommer and Zachos, 2009; Hantemirova et al., 2017; Horreo and Fitze, 2018; van 

Rensburg et al., 2021), but also led to a noticeable coincidence in re-colonisation patterns and 

zones of secondary contact among European taxa (Hewitt, 2004). 

Freshwater fishes are of particular interest because their (re-)colonisation pathways are 

usually dependent on waterway connectivity and thus may reflect the evolution of drainage 

systems at the catchment scale (Van Steenberge et al., 2020). Changes in size and flow direction 

of drainage systems are linked to processes of long-term landscape evolution involving tectonic 
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events, hydrology, hydrogeomorphology, erosion, and climate (Coulthard and Van De Wiel, 

2012), triggering temporal connectivity between drainage systems and allowing the 

unidirectional or bidirectional exchange of biota (Bishop, 1995). Allopatric differentiation 

among distinct drainage (sub-)systems is well documented in the European ichthyofauna (e.g., 

Bănărescu, 1992) and described for widely distributed genera such as Phoxinus (Palandačić et 

al., 2022), Squalius (Seifertová et al., 2012), Telestes (Gilles et al., 2010), or Thymallus (Marić 

et al., 2014). Not all European fish species, however, show such clear patterns of lineage 

diversification among contemporary drainage networks and are thus characterised by rather low 

geographical variability (e.g., Cobitis taenia (Culling et al., 2006); Vimba vimba (Hänfling et 

al., 2009)). Drainages with dynamically shifting phases of isolation and connectivity reflect 

historical complexity promoting the expectation of high intra- and interspecific lineage 

diversity. Such palaeohydrological dynamics are evident in the headwaters of the Danube, Elbe, 

Rhine, and Rhône rivers (Berger et al., 2005) with evidence for cross-drainage distribution of 

mitochondrial DNA (mtDNA) haplotypes in Cottus gobio (Englbrecht et al., 2000; Šlechtova 

et al., 2004), Phoxinus csikii (Palandačić et al., 2017), Thymallus thymallus (Weiss et al., 2002), 

and Salmo trutta (Lerceteau-Köhler et al., 2013). 

The genus Thymallus (graylings) has been frequently shown to be a suitable model to 

study the interplay between paleohydrology and lineage differentiation on a macro-

biogeographic scale (e.g., Stamford and Taylor, 2004; Weiss et al., 2021). On the European 

continent, the phylogeographic structure of Thymallus has been intensively studied over the 

past 20 years, initially relating to two species – T. thymallus (European grayling) and T. arcticus 

(Arctic grayling); whereby T. arcticus inhabits only few river systems in the extreme north-east 

of Europe (Shubin and Zakharov, 1984; Koskinen et al., 2000) with its primary distribution area 

in Siberia and North America (Weiss et al., 2021). 

Within the T. thymallus clade, Weiss et al. (2002) and subsequent phylogenetic studies 

identified eight divergent mtDNA lineages – Adriatic, Loire, Northern Alps (Danube), Southern 

Alps (Danube), Western Balkans (Danube), Scandinavian, Caspian, and a “Mixed Central 

European” clade with haplotypes from the Rhône, Rhine, and Elbe rivers as well as drainage 

systems in England, Denmark and the Baltic region (see Gum et al., 2009; Marić et al., 2012, 

2014). The deep divergence across these lineages, with a pairwise difference of up to 3.8% 

(based on mtDNA), and the presence of distinct groups of haplotypes in large drainage systems 

such as the Danube suggested a complex scenario of expansions from different refugial areas 

during the Pleistocene cold periods (Weiss et al., 2002). Divergence time estimates (Weiss et 

al., 2021) and fossil data (Rückert-Ülkümen and Kaya, 1993; Rückert-Ülkümen et al., 2006), 



94 

 

however, indicated that the evolutionary history of Thymallus in Europe may be considerably 

older than the Pleistocene, potentially predating the Messinian Salinity Crisis (MSC) in the late 

Miocene. Based on these observations, morphological and genetic studies (Persat et al., 2019; 

Bravničar et al., 2020) supported the distinction of two additional species in Europe – T. 

ligericus (Loire grayling) and T. aeliani (Adriatic grayling), rendering T. thymallus as 

paraphyletic (Weiss et al., 2021). 

A limitation of these earlier studies was the strong reliance on mitochondrial genetic 

markers or limited geographic sampling (Secci-Petretto et al., 2023). Despite the advantages of 

mtDNA, examples of mito-nuclear discordance are widespread, including also salmonid fishes 

(e.g., Yamamoto et al., 2006) and often lead to incorrect or incomplete assumptions on 

phylogenetic relationships (Toews and Brelsford, 2012; Wallis et al., 2017). Thus, the present 

study aims to 1) re-evaluate the phylogeographic structure of European Thymallus spp. (T. 

thymallus, T. aeliani, T. ligericus) using nuclear genomic markers obtained from double digest 

restriction-site associated DNA sequencing (ddRADseq) and compare them with complete 

mitochondrial genomes (hereafter ‘mitogenomes’) and a meta-analysis of existing mtDNA 

control region (CR) data; and 2) unravel the colonisation history of Thymallus in Europe in the 

context of major paleohydrological scenarios. 

 

2. Materials and Methods 

 

2.1. ddRADseq 

 

2.1.1. Sampling, library preparation and sequencing 

 

Samples (N = 217) include all three European species and all major European drainage systems 

representing previously known mitochondrial lineages (Figure 1a, Supporting Information 1, 

Table S1). Due to difficulty obtaining samples from unmanaged Adriatic drainage populations, 

T. aeliani is presented by only two samples from one locality. Tissue samples (fin clips or 

muscle tissue) were preserved in 95% ethanol and genomic DNA was extracted using a high 

salt (ammonium acetate) protocol (Sambrook et al., 1989). Some samples stem from either 

extractions (stored at -20°C) or tissues (stored at either -20°C or room temperature) up to 20 

years old. DNA integrity was assessed on a 1% Agarose gel, and quantified using a NanoDrop 

Spectrometer. 



95 

 

Double digest restriction-site associated DNA (ddRAD) library preparation followed 

Peterson et al. (2012) with modifications described in Secci-Petretto et al. (2023). In brief, 400–

500ng of genomic DNA were used for enzyme digestion using the restriction enzymes SphI and 

ApoI (New England Biolabs). Each ddRADseq library contained 48 individual samples and a 

300 bp size selection (tight range, 1.5% cartridge) on a BluePippin (Sage Science). Phusion 

PCR amplification was done with custom primers (PCR1 and PCR2.1–PCR2.6, Illumina 

indexed primers following Peterson et al. (2012)) and the following cycling conditions: initial 

denaturation at 98°C for 30 sec, followed by 13 or 14 cycles at 98°C for 40 sec, 68°C for 30 

sec and 72°C for 30 sec, and a final extension at 72°C for 7 min. Pooled samples (48 per index) 

were sequenced on Illumina HiSeq 2500 (a single library per lane) or Illumina NovaSeq (six 

libraries pooled on two lanes) platforms using the 100 bp single-end read mode by the NGS 

Facility at Vienna BioCenter Core Facilities (VBCF, Austria). 

 

2.1.2. Data processing and assembly 

 

Quality control of raw reads was performed using FastQC v.0.11.8 (Andrews, 2010). Raw reads 

were then demultiplexed, quality-filtered (with default parameters), and assembled using ipyrad 

v.0.9.81 (Eaton and Overcast, 2020) with trimming the first five base pairs of each read 

(parameter 25). Raw ddRADseq reads have been deposited at NCBI’s Sequence Read Archive 

(BioProject: XXXXX, Table S1). 

A reference-based approach was applied to determine homology and identify orthologous 

sites using the latest reference genome of T. thymallus (ASM434828v1; Sävilammi et al., 2019). 

Quality-filtered reads were mapped to chromosomes (CM014990.1–CM015040.1) only, 

ignoring unplaced scaffolds. The percentage of mapped reads ranged from 95.8% to 98.4% per 

individual with a mean coverage across all loci between 1.8x and 79.8x. Samples with a mean 

coverage < 5.0x were excluded (N = 39), retaining 178 individuals for analysis. The minimum 

number of samples per locus (parameter 21) was set to 85% (N = 151) to create a stringent 

dataset, resulting in a total of 19,574 loci and 103,943 single nucleotide polymorphisms (SNPs). 

Other parameters were left at default. Assemblies with a lower minimum number of samples 

per locus resulted in higher numbers of polymorphic loci and SNPs (75%: 26,692 loci, 143,309 

SNPs; 65%: 33,971 loci, 184,323 SNPs). 

Additionally, a de novo (reference-independent) approach was applied in ipyrad to 

confirm that the reference-based assembly (using one species) does not deliver biased results. 

Orthologous sites were identified with default parameters and a clustering threshold of 0.85. 
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Three datasets were constructed with a minimum number of samples per locus (parameter 21) 

using 85%, 75%, and 65%. The resulting matrices contained 11,894, 16,504, and 21,163 loci 

with 55,632, 79,113, and 103,426 SNPs respectively. 

 

2.1.3. Genetic structure 

 

To determine genetic clusters and visualize inter-cluster differentiation without prior 

information on the underlying genetic structure, a Principal Component Analysis (PCA) was 

carried out on SNP genotypes using the R packages adegenet v.2.2.5 (Jombart, 2008; Jombart 

and Ahmed, 2011) and ade4 v.1.7-18 (Thioulouse et al., 1997; Chessel et al., 2004; Dray and 

Dufour, 2007). The analysis was run on both the reference-based SNP matrix with 19,574 loci 

and the de novo assembly with 11,894 loci (outgroup taxa excluded), using a single random 

SNP per locus. 

To provide an alternative, genetic model-based evaluation of individual admixture and 

genetic structure, fastSTRUCTURE v.1.0 (Raj et al., 2014) was used on the same assemblies 

as for PCA. Values of K ranging from 1–15 were tested on the complete dataset, comprising all 

individuals, using a simple prior and 10 replicates each. StructureSelector (Li and Liu, 2018) 

was used to evaluate the optimal number of clusters. Separate fastSTRUCTURE analyses were 

run for each of the drainage specific clusters identified, following a hierarchical approach. 

 

2.1.4. Phylogenetic analysis 

 

A maximum likelihood (ML) approach implemented in IQtree v.2.1.4 (Minh et al., 2020) was 

used to infer evolutionary relationships among Thymallus throughout Europe based on a 

concatenated alignment of all ddRADseq loci. Two Asian taxa, T. flavomaculatus and T. 

tugarinae, were used as outgroups. The best-fit nucleotide substitution model (TVM+F+R2) 

was identified using ModelFinder (Kalyaanamoorthy et al., 2017) implemented in IQtree with 

three independent runs and based on the BIC. IQtree was run on both the reference-based 

(19,574 loci, 26,692 loci, 33,971 loci) and the de novo (11,894 loci, 16,504 loci, 21,163 loci) 

assemblies. ML phylogenies were estimated with 1,000 ultrafast bootstrap replicates, applying 

the -bnni flag to reduce the impact of overestimating branch support (Hoang et al., 2018), as 

well as with 100 standard nonparametric bootstrap replicates. 

 

2.1.5. Historical introgression 
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To identify signals of past gene flow between distinct phylogenetic lineages, Patterson's D and 

f4-ratio statistics (estimating the admixture proportion) (Patterson et al., 2012), and the f-branch 

metric (Malinsky et al., 2018), were calculated with Dsuite v.0.4 (Malinsky et al., 2021). 

Analyses were run with both the reference-based (19,574 loci) and the de novo assemblies 

(11,894 loci) using the topology inferred from ML analysis. Individuals identified as hybrids 

by fastSTRUCTURE (N = 32) were excluded from the analyses. Samples from the Sesia River 

(> 94% membership at K = 6 in fastSTRUCTURE), and the Drava and Mur rivers (> 96% 

membership at K = 6 in fastSTRUCTURE) were kept as they represent the purest samples from 

the Adriatic and the Danubian Southern Alps lineages in the dataset, respectively. Assignment 

of groups (i.e., lineages) followed fastSTRUCTURE analysis; outgroups remained the same as 

those used for phylogenetic inference. 

 

2.1.6. Divergence time estimation 

 

A time-calibrated phylogeny was inferred under the multi-species-coalescent model and a strict 

molecular clock implemented in SNAPP v.1.0 (Bryant et al., 2012), an add-on package for 

BEAST2 v.2.6.6 (Bouckaert et al., 2014). Group assignment followed the delimitation of 

distinct genetic clusters in fastSTRUCTURE. Samples identified as hybrids (N = 32) were not 

included, except for specimens from the Sesia, Drava and Mur rivers (see above). Due to the 

high computational demands in SNAPP analyses with large sample sizes (Stange et al., 2018), 

the number of analysed individuals was limited to two per group because the smallest sample 

size per genetic cluster was two (Adriatic). To account for within-lineage variability, SNAPP 

analyses were performed on 10 random subsets using the reference-based assembly with 19,574 

loci. Outgroups were the same as in ML analysis. The datasets were reduced to sets of 13,859–

16,858 bi-allelic SNPs (following: 

https://github.com/mmatschiner/tutorials/tree/master/divergence_time_estimation_with_snp_d

ata) with a single SNP per locus; sites closer than 300 bp from one another (size selection in 

ddRADseq libraries was 300 bp) were excluded. XML files were generated using a RUBY 

script "snapp_prep.rb" (https://github.com/mmatschiner/snapp_prep). For each of the 10 

datasets, two independent runs were performed with a chain length of 5 million MCMC 

iterations. Convergence (estimated sample size > 200) was checked with Tracer v.1.7.2 

(https://github.com/beast-dev/tracer) and trees were visualised with DensiTree v.2.2.7 

(Bouckaert, 2010), discarding the first 10% as burn-in. A maximum clade credibility tree 

https://github.com/mmatschiner/snapp_prep
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(MCC) was summarized with TreeAnnotator v.2.6.7 (Drummond et al., 2012) and visualised 

in FigTree v.1.4.4 (Rambaut, 2018). 

 

2.1.7. Calibration points 

 

The fossil record of Thymallus in Europe is scarce and most fossil remains are dated to the late 

Pleistocene and early Holocene (e.g., 127–10 ka in Böhme and Ilg (2003); 43–27 ka in Conard 

et al. (2013); approx. 100–10 ka in Stefaniak et al. (2020)). Divergence time estimates based 

on mitogenomes (Weiss et al., 2021) and the oldest fossil data (Rückert-Ülkümen and Kaya, 

1993) both predate the Pleistocene. The earliest suggested evidence of the genus in Europe 

dates back to the uppermost Miocene (Rückert-Ülkümen and Kaya, 1993) but cannot be dated 

with certainty and is thus not used in this study (see Supporting Information 2). 

The lack of unequivocally assignable fossil records over long periods means that 

alternative calibration points (paleogeographical data) must be sought. In most cases, 

geomorphological settings in tectonically active regions allow identification of time slots for 

possible freshwater pathways between different catchments. Here, two calibration points were 

used. First, the estimated last direct connection between the Rhône and Danube catchments 

(Berger et al., 2005, map 19, age classification: 4.2–2.9 Ma) was used to set the minimum time 

of the most recent common ancestor (MRCA) of European Thymallus spp. (using a uniform 

distribution), dating the split between the ancestral Rhône/Loire and the Danube clades. The 

chronostratigraphic unit of interest is the stratum "Sundgau gravel" (local term: 

"Sundgauschotter"). Second, a calibration point was placed at 1.8–0.5 Ma (uniform 

distribution) to date the split between Thymallus in the Rhône and Loire rivers. Based on the 

poorly documented sand and gravel deposits of the fluvio-lacustrine formation of Guye (local 

formation name in Middle-Eastern France), interconnections between these catchments seem 

likely, for example via the watershed at Montchanin (Dept. Saône-et-Loire) during the 

Pleistocene (Straffin et al., 1999, fig 3b; also refer to explanations of geological maps of France 

1:50,000, e.g., Bonvalot et al., 1984; BRGM, 1999; Donzeau et al., 2001). 

 

2.1.8. Historical biogeography 

 

Ancestral ranges were estimated with the R package BioGeoBEARS (Matzke, 2013) under all 

available models (DEC and DEC+J, DIVA-like and DIVA-like+J, BAYAREA-like and 

BAYAREA-like+J). The best fitting model was selected using the Akaike information criterion 
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(AIC). Eight geographic ranges were defined based on the present and past hydrographic 

networks as well as the current distribution of Thymallus in Europe, which largely reflect the 

freshwater ecoregions (Abell et al., 2008): a) Northern Adriatic basin, b) Black Sea basin 

(Danube River), c) Loire River, d) Rhône River, e) North Sea and Southern Baltic Sea basins, 

f) Scandinavia (most of the Northern Baltic Sea basin), g) Barents Sea basin (Pechora River), 

and h) the Caspian Sea basin (Volga and Ural rivers). Extant Thymallus lineages inhabit a 

maximum of two of these geographic ranges; dispersal between nonadjacent areas was 

restricted.  

 

2.2. Mitochondrial DNA 

 

2.2.1. Mitochondrial CR 

 

The complete dataset comprised 1,221 sequences retrieved from GenBank and 1,179 

unpublished sequences stemming from contract reports (133 localities from 11 river drainages). 

For the latter, the complete mtDNA CR was amplified using the primers LRBT-25 and LRBT-

1195, following Weiss et al. (2013) (Supporting Information 2). Newly obtained haplotypes 

were deposited on GenBank under accession numbers XXXXX–XXXXX. 

Sequences retrieved from GenBank have been used in a range of phylogenetic studies 

(e.g., Weiss et al., 2002; Duftner et al., 2005; Marić et al., 2011, 2012, 2014; Meraner and 

Gandolfi, 2012; Persat et al., 2016). Specimens originating from hatcheries and stocked rivers 

(outside of the native range) were not considered, but samples from a Finnish hatchery 

representing stocks from the Oura River (Weiss et al., 2002) were included. Three haplotypes 

(AY841359.1, JX961600.1, MT062993.1) were discarded due to the presence of an 82 bp 

repeat (Sušnik et al., 2006; Meraner et al., 2013) found in diverse salmonids. The poly-T region 

was removed from all sequences due to its high variability (unreliability of alignments), which 

is likely phylogenetically uninformative (see discussion in Sušnik et al., 2006). 

Sequences were aligned with ClustalW, implemented in BioEdit v.7.2.6 (Hall, 1999). 

Haplotypes were sorted with DnaSP v.6.12.01 (Rozas et al., 2017). The final alignment had a 

length of 959 bp (trimmed to the length of the shortest sequences). Haplotypes were then 

classified into 12 distinct groups, based on previously published data (see above): 1) Adriatic 

(Northern Adriatic basin), 2) Danube – Northern Alps (northern Alpine drainages), 3) Danube 

– Southern Alps (southern Alpine drainages), 4) Danube – Lafnitz (Lafnitz River, Austria), 5) 

Danube – Western Balkans (Western Balkan drainages), 6) Danube – Tisza (Tisza River, 
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Romanian Carpathians), 7) Loire (Atlantic Loire River), 8) Rhône (Mediterranean Rhône 

River), 9) North Sea basin – Rhine (Rhine and Maas rivers, and drainages from England), 10) 

North Sea basin – Elbe (Elbe River), 11) Scandinavia, and 12) North-Eastern Europe (Caspian 

(Volga and Ural rivers) and Barents Sea (Pechora River) basins). The haplotype network was 

constructed with TCS v.1.21 (Clement et al., 2000) following statistical parsimony (Templeton 

et al., 1992) with a 95% connection limit, and visualized in tcsBU (TCS Beautifier; dos Santos 

et al., 2016) and Inkscape v.0.92.3 (Inkscape Project, https://inkscape.org). MEGA v.7.0 

(Kumar et al., 2016) was used to calculate pairwise distances, as well as uncorrected p-distances 

within and between the groups described above. 

 

2.2.2. Mitogenomes 

 

Ten mitogenomes of Thymallus from Central-, Northern-, and South-Eastern Europe were 

sequenced on an Illumina Platform at Novogene (UK, Europe) using a paired-end read mode 

(150 bp) with approx. 2 Gb per individual. For the assembly, the custom-made bioinformatic 

pipeline MitoComp (https://github.com/SamLMG/MitoComp) was used. This pipeline 

includes quality trimming (trimmomatic, Bolger et al., 2014), subsampling (seqtk, Li, 2012) 

and interleaving (BBMap, Bushnell, 2014) of raw short reads followed by the assembly of 

mitogenomes from genomic reads using five different third-party assembly tools (Mitoflex, 

GetOrganelle, NOVOplasty, Norgal and MITObim – see Li et al., 2021; Jin et al., 2020; 

Dierckxsens et al., 2017; Al-Nakeeb et al., 2017; Hahn et al., 2013) and subsequent annotation. 

The pipeline was run omitting the subsampling option, utilizing all five different assemblers 

and a COI sequence of T. thymallus (KM373646.1; Knebelsbeger et al., 2015) with 10 rounds 

for GetOrganelle (preset) followed by annotation (see Supporting Information 2 for details). 

Assemblies for subsequent analyses were chosen based on annotation completeness (number of 

recovered genes, tRNAs and rRNAs) and overall assembly length. Sequences were deposited 

on GenBank under accession numbers XXXXX–XXXXX (Table S2). 

These 10 new mitogenomes were combined with 17 existing mitogenomes from 

GenBank, chosen to cover all previously known lineages of European Thymallus spp., together 

with T. flavomaculatus and T. tugarinae as outgroups. Alignment and phylogenetic 

reconstruction followed Weiss et al. (2021) but were implemented in PhyloSuite v.1.2.2 (Zhang 

et al., 2020). ML analysis was performed with IQtree v.2.1.4 (Minh et al., 2020) using 1,000 

ultrafast bootstrap replicates (Hoang et al., 2018) under the nucleotide substitution model 

GTR+I+G. For Bayesian Inference (BI), MrBayes v.3.2.6 (Ronquist et al., 2012) was used, with 

https://github.com/SamLMG/MitoComp
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two independent Markov Chain Monte Carlo searches (MCMC) run simultaneously for 5 

million generations, sampling trees every 100 generations. The first 25% were discarded as 

burn-in. Parameter convergence and stationarity were assessed with Tracer v.1.7.2 (Rambaut 

and Drummond, 2007). The computed ML and BI trees were visualised with FigTree v.1.4.4 

(Rambaut, 2018). MEGA v.7.0 (Kumar et al., 2016) was used to calculate uncorrected p-

distances between groups. 

 

3. Results 

 

3.1. Genetic structure and admixture 

 

3.1.1. Nuclear genomic SNPs 

 

The analyses of nuclear genomic SNPs supported the recognition of several genetically distinct 

groups within European Thymallus spp. (Figure 1) with multiple cases of genetic clusters shared 

across drainages, especially in the Upper Rhine and Danube rivers. Highest genetic 

differentiation was centred around the southern margin of the distribution range, associated 

with the European Alps. 

Strong geographic structure with nine distinct groups was evident along the first seven 

principal components (PCs). The first two axes (8.6% and 7.3% of the total variance) 

distinguished three genetic clusters: 1) the two French river drainages, Rhône and Loire, 2) the 

North Sea basin and river systems in Scandinavia and North-Eastern Europe, and 3) the Danube 

River drainage including the Northern Adriatic basin (Figure 1b). Along PC3, samples from 

Scandinavia and North-Eastern Europe were separated from the North Sea basin (Figure 1b); 

PC4 differentiated four distinct genetic groups within the Danube River drainage, 

corresponding to major drainage subsystems: 1) Northern Alps, 2) Southern Alps, 3) Western 

Balkans including the Northern Adriatic basin, and 4) the Tisza River; PC5 separated samples 

from the Tisza River from other Danubian samples; PC6 distinguished samples from the Rhône 

and Loire rivers; and PC7 separated the Adriatic samples from all other groups. 

A similar pattern was recovered with fastSTRUCTURE (Figure 1c). Based on the 

marginal likelihood and the median and maximum number of clusters (MedMeaK, MedMedK, 

MaxMeaK, MaxMedK), the optimal number of clusters for the global dataset was K = 5 

(marginal likelihood) or K = 6 (both median and maximum), corresponding to: 1) Rhône and 

Loire rivers, 2) Scandinavia and North-Eastern Europe, 3) the North Sea basin, 4) Danubian 
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Northern Alps, 5) Danubian Tisza River, and 6) a homogenous group of Danubian (Southern 

Alps, Western Balkans) and Adriatic samples. Hierarchical partitioning (2nd and 3rd row of 

Figure 1c) of these assemblages showed additional geographic structure similar to results 

obtained with PCA, adding fine-scale genetic differentiation in Scandinavia and North-Eastern 

Europe as well as between the Upper- and Lower Rhine River. 

The fastSTRUCTURE analysis also revealed limited degrees of admixture between some 

regions such as the North Sea basin and the Danubian Northern Alps, and between the North 

Sea basin and the Rhône River (Figure 1c). Lower levels of admixture were found between the 

North Sea basin and Scandinavia, as well as between Scandinavia and North-Eastern Europe 

represented by two individuals from the western headwaters of the Volga River. 

 

 

 

Figure 1. Sampling locations and genetic structure (based on nuclear genomic SNPs) of the three species 

of Thymallus in Europe: T. aeliani (Adriatic grayling, in yellow), T. ligericus (Loire grayling, in purple), 

and T. thymallus (European grayling, all remaining locations). (a) Schematic native range of European 

Thymallus spp. (blue background), modified from Freyhof (2011) and Persat et al. (2016), and sampling 

locations; circles = supposedly native populations, squares = known stocked populations. (b) Principal 

Component Analysis showing PC1 vs. PC2 and PC1 vs. PC3. (c) fastSTRUCTURE analysis of the 

global dataset (all individuals), showing K = 5 and K = 6 (optimal number of clusters based on marginal 

likelihood, and median and maximum respectively). The 2nd and 3rd row of structure graphs, are achieved 
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by hierarchical analyses, and show additional substructure within previously identified drainage specific 

clusters. 

 

3.1.2. Mitochondrial CR 

 

Among the 2,400 sequences analysed, 125 distinct haplotypes were found (Table S3). While 

the overall distribution of haplotypes reflected the structure of predefined haplogroups and was 

congruent with the nuclear genomic SNPs, 35 haplotypes (28%) were shared between groups 

(Figure 2). The Adriatic cluster was the most variable with a mean within-group divergence of 

1.9%. Low within-group variability was found in the North-Eastern European (0.3%) and 

Scandinavian (0.3%) haplogroups. 

Despite the obvious divergence (beyond the 95% connection limit) of Loire drainage 

haplotypes, the Adriatic cluster was most divergent overall, with mean uncorrelated p-distances 

ranging from 1.9% to 2.5% (Table S4). One haplotype (34 in Figure 2) found in the Loire 

drainage (upper Allier River) was clearly foreign, occurring also in the Rhine, Rhône and 

Lafnitz rivers. Haplotypes from the Danube River drainage were found in most Adriatic 

localities, but no Adriatic clade haplotype was found outside of the Northern Adriatic basin. 

Most samples from the Po River drainage formed a subcluster (haplotypes 3–7) within the 

Adriatic haplogroup and only haplotype 8 was shared between the Po and Adige rivers and 

represents the neotype of T. aeliani from Lake Maggiore (MT762347). 

Danubian haplotypes were strongly structured following major drainage sub-systems 

(Figure 2). Samples from the Romanian Carpathians (Tisza River) revealed a single, previously 

unknown haplotype (116), the most divergent within all Danubian haplogroups; mean distances 

ranged from 1.5% (Northern Alps) to 1.9% (Western Balkans). A high proportion of Southern 

Alps haplotypes was detected in the Northern Adriatic basin, and Northern Alps haplotypes 

appeared widely distributed in the Northern Adriatic and Southern Alps regions, as well as in 

the Rhine and Rhône rivers. Two haplotypes from the Lafnitz River, a tributary of the Raab 

River drainage in Austria, grouped close to the Western Balkans (85, 112) but haplotypes 

associated with the Northern Alps (42, 49, 58, 121), and the Rhône River and North Sea basin 

(28, 34) were also found in the Lafnitz River. 

Samples from the North Sea basin were distinct from Scandinavia and North-Eastern 

Europe, but grouped with haplotypes of the Rhône River. Samples from Scandinavia and those 

originating from the Arctic Ocean (Pechora River) and Caspian Sea drainages (Volga and Ural 

rivers) were well-differentiated from other Thymallus in Europe. North-Eastern European 

haplotypes were exclusively private (haplotypes 44–48, 114, 124); Scandinavian haplotypes 
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were mostly private (22–24, 26, 27, 39), but some were also found in the Rhine (101) and 

Danube drainages (21, 113). The haplotype (25) from the Oura hatchery was shared with 

individuals from the Danubian Northern- and Southern Alps, as well as the Rhine River. 

 

 
 
Figure 2. A statistical parsimony haplotype network (95% connection limit) of European Thymallus 

spp., based on 2,400 mtDNA CR sequences (959 bp). Haplotype size reflects frequency in the data set, 

and colours correspond to 12 pre-defined geographic regions. 

 

3.2. Phylogenetic relationships 

 

3.2.1. Nuclear genomic SNPs 

 

ML analysis of 19,574 concatenated nuclear loci resolved three well-supported clades although 

not corresponding to the three species of Thymallus in Europe (Figure 3a). Additional ML 
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analyses for different reference-based and de novo assemblies revealed the same topology (data 

not shown). Similar to PCA, the three major clades were: I) the two French river drainages, 

Rhône (T. thymallus) and Loire (T. ligericus), II) the North Sea basin and river systems in 

Scandinavia and North-Eastern Europe (all T. thymallus), and III) the Danube River drainage 

(T. thymallus) including the Adriatic basin (T. aeliani). Substructure within these clades largely 

followed the demarcation of distinct drainage (sub-)systems. Within clade II, samples from the 

North Sea basin were distinct from North-Eastern Europe and Scandinavia. The Upper- and 

Lower Rhine were distinct, the latter also including Thymallus from the Maas and Elbe rivers, 

and drainage systems in England. Samples from Central Sweden (5399, 5400, 8824, 7303) 

formed a monophyletic assemblage distinct from samples from Northern Sweden (LAP009, 

LAP010, LAP011) and the Upper Volga (TIWG550, TIWG552). Samples from the Kama and 

Ural rivers (Caspian Sea) group with those from the Pechora River (Barents Sea). Within clade 

III, four well-supported Danubian clades were inferred. Samples from the Northern Alps 

formed a monophyletic group with those from the Tisza River and samples from the Southern 

Alps grouped with those from the Western Balkans. The two samples from the Adriatic basin 

(T. aeliani) were recovered as a sister clade to the Danubian Southern Alps and Western 

Balkans. 

 

3.2.2. Mitogenomes 

 

Both the ML and BI analyses recovered the same, well-supported topology (Figure 3b). The 

most divergent lineage was found in the Northern Adriatic basin (T. aeliani), with a pairwise 

distance to all other groups ranging from 3.1% to 3.3%. Mitogenomes from the Loire River (T. 

ligericus) appeared as sister clade to three Danubian lineages but were distinct from the 

neighbouring Rhône River (mean p-distance 2.4%). The greatest lineage diversity was found in 

the Danube drainage (five distinct mtDNA lineages) although these lineages did not form a 

monophyletic assemblage; samples from the Western Balkans and the Lafnitz River formed a 

well-supported sister clade to Thymallus from Scandinavia and North-Eastern Europe (Figure 

3b). Samples from the Danubian Alpine drainages (Northern-/Southern Alps) grouped with 

those from the Tisza River. Pairwise distances among the Danubian lineages ranged from 0.9% 

to 2.0%. Thymallus from the North Sea basin grouped with samples from the Rhône River, 

forming a sister clade to samples from Scandinavia and North-Eastern Europe and the Danubian 

Western Balkans (including the Lafnitz River). 
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Figure 3. Phylogenetic inference in European Thymallus spp. (a) Maximum likelihood (ML) phylogeny 

based on a concatenated alignment of 19,574 polymorphic nuclear loci and 178 individuals; asterisks 

represent bootstrap values (bs) > 95. (b) Phylogenetic relationships based on 27 mitogenomes; numbers 

above branches represent Bayesian posterior probability/bs. Colour coding as in Figure 1; sample 

information in Table S1. 
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3.3. Scenarios of historical introgression 

 

Both the reference-based and the de novo assemblies revealed a similar pattern of introgression 

among distinct lineages. For the reference-based assembly, the Dsuite analysis estimated 

admixture proportions (f4-ratio statistic) above 5% in 53 trios. The visualisation of the f-branch 

metric (based on the nuclear tree topology) highlighted 36 potential introgression events (Figure 

4), but admixture proportions above 5% were found in only 10 cases. The strongest signals of 

introgression were evident between lineages of the Danube and Rhine rivers, but evidence for 

excess allele sharing was also found between Thymallus in the Rhine, Rhône and Loire rivers. 

 

 

Figure 4. Results of the f-branch metric based on the nuclear topology. Along the y-axis, each branch 

(also ancestral branches, dotted lines) points to a row with corresponding proportions of excess allele 

sharing between the specific branch and the population/species (x-axis). Red arrows highlight admixture 

proportions > 5%. 
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3.4. Divergence-time and ancestral area estimation 

 

All time‐constrained SNAPP phylogenies identified the same three divergent phylogeographic 

clades as seen with the ML analyses (Figure 5). In contrast to the ML inferences, however, the 

SNAPP analyses showed that the placement of the Danubian Northern Alps and Tisza clades is 

uncertain and their sister relationship is not strongly supported (nine datasets, Bayesian 

posterior probability (BPP) ranging from 0.70 to 0.99). An alternative topology inferred from 

one out of 10 datasets suggested an early split of the Tisza from all other Danubian lineages 

(Figure S1) and thus questions the reliability of time estimates for that particular node. 

Using two geomorphological age constraints, the oldest split among European Thymallus 

spp. was estimated at 3.5 Ma (95% highest probability density (HPD) interval: 2.9–4.1 Ma), 

representing the divergence between the Rhône and Loire (clade I) and all others (Figure 5). 

Based on the best-fit DIVALIKE model (AIC = 68.04), this split likely occurred between the 

Upper Danube and Rhône rivers (Figure 5: b1) followed by the colonisation of the Loire River 

(from the Rhône River, Figure 5: c2) at 1.4 Ma (95% HPD interval: 1.2–1.7 Ma). The MRCA 

of extant Danubian lineages was dated at 2.2 Ma (95% HPD interval: 1.8–2.6 Ma), and the 

MRCA of the North Sea basin, Scandinavian and North-Eastern European lineages was at 2.6 

Ma (95% HPD interval: 2.2–3.1 Ma), both falling within the Pliocene–Pleistocene transition. 

The colonisation of Central- and Northern Europe probably originated from the Danube River 

drainage (Figure 5: b2, b3) with subsequent divergence into two geographically distinct 

lineages. Differentiation between the Scandinavian and North-Eastern European lineage was 

estimated at 0.5 Ma (95% HPD interval: 0.4–0.6 Ma), predating the last glacial maximum 

(LGM) at the Pleistocene–Holocene transition. 
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Figure 5. Time‐calibrated SNAPP phylogeny (maximum-clade-credibility tree) of major 

lineages/species of Thymallus in Europe, and biogeographical reconstruction from BioGeoBEARS 

under the DIVALIKE model. The SNAPP analysis is based on two biogeographical calibration points 

(A, B). Divergence times in million years (median values) refer to one of nine topologically identical 

analyses (see text for additional information); see Figure S1 for an alternative topology, suggesting an 

early split of the Tisza from all other Danubian lineages. Grey bars indicate the 95% highest posterior 

density intervals. The inserted map shows biogeographical ranges and possible migration pathways of 

Thymallus in the Miocene (arrow a), the Pliocene (arrows b), and the Pleistocene (arrows c). 

Biogeographical ranges referring to the presence/absence of Thymallus (compare to Figure 1) and the 

availability of samples. 

 

4. Discussion 

 

4.1. Lineage diversity and mito-nuclear discordance 

 

A notable finding of this study is the discordance between the robust phylogenetic inference 

based on nuclear genomic SNPs compared to mitogenomes. This discordance relates directly 

to the phylogenetic placement of the three European species, as well as the hypothesised 

colonisation history of Thymallus in Europe. While both nuclear genomic SNPs and mtDNA 

sequences support high lineage diversity overall, lineage-specific or species-specific diversity 
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differs markedly between the two sets of markers. Such phylogenetic discordance can be caused 

by multiple mechanisms (e.g., Antunes and Ramos, 2005; Koblmüller et al., 2010; Bonnet et 

al., 2017; Guo et al., 2019), whereby historical introgression was found to be particularly 

common among freshwater fishes (Wallis et al., 2017). Some of these mechanisms imply 

secondary contact of previously isolated lineages, underscoring historical complexity of river 

drainage evolution, and/or other dispersal mechanisms such as human-mediated translocations. 

The sister clade structure of T. thymallus from the Rhône drainage and T. ligericus from 

the Loire drainage was not anticipated due to the distant relationship of their respective 

mitochondrial lineages, as well as the physical isolation of these two drainage systems. 

Interestingly, while the mitochondrial lineages, including many specific mtDNA CR 

haplotypes, are shared between the Rhône and Rhine drainages, the T. ligericus mtDNA lineage 

is private to the Loire River. This appears to reflect the complete replacement of the ancestral 

mtDNA in Thymallus from the Rhône drainage with mtDNA from the Rhine lineage. 

While the actual genetic relationship based on nuclear genomic SNPs between Thymallus 

in the Rhine and Rhône rivers is rather distinct (except for two samples from the Ain and Ognon 

rivers, Figure 1c), a relatively strong signal of historical introgression is supported from an 

ancestral Rhine lineage into the Rhône (as well as the Loire). Interestingly, the Rhine and Rhône 

rivers share 17 out of 40 mtDNA CR haplotypes. Although recent stocking activities in this 

region (Persat, 1996; Weiss et al., 2002; Cattanéo et al., 2011), in theory, could explain some 

haplotype sharing, there are several reasons to reject an anthropogenic cause for this pattern. 

The shared distribution of many tip haplotypes as well as two more ancestral haplotypes (33, 

34) are more easily explained by ancestral sharing. Shared tip- or derived haplotypes can be 

explained by the fact that the temporal resolution of mtDNA CR haplotypes in salmonids is 

roughly 100,000 years (based on a 2% per Ma divergence rate), and thus likely does not reflect 

identical haplotypes at the mitogenome-level. This is additionally congruent with the absence 

of a general pattern of hybridization observed between these drainages. Lastly, the management 

of Thymallus in the Rhône drainage has been extremely limited compared to other salmonid 

species, such as S. trutta (Cucherousset et al., 2020), or the management of Thymallus in the 

Austrian Alps (Weiss et al., 2013). Thus, the signal of historical introgression between the 

Rhône and Rhine clades supports a natural scenario of secondary contact followed by 

mitochondrial capture and low levels of nuclear introgression. 

Thymallus in Central- and Northern Europe are characterised by wider geographical 

ranges with less drainage-specific substructure, and a deep divergence between two 

phylogeographic lineages (North Sea basin vs. Scandinavia/North-Eastern Europe). This 
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pattern is largely congruent with mtDNA data (Weiss et al., 2021) and implies distinct 

Pleistocene glacial refugia and postglacial re-colonisation pathways (Gum et al., 2009). In 

Southern- and Central Sweden both lineages presumably form a zone of contact, an area that is 

generally known as a complex hybrid zone for many European taxa (Hewitt, 2004). Repeated 

contact with phylogeographic clades of adjacent drainage systems is suggested by signals of 

historical introgression. This is not only supported for the Rhine, Rhône, and Loire rivers, but 

also for the Volga and Danube rivers, where mtDNA haplotypes from the Danubian Western 

Balkans and the Lafnitz River form a sister clade to the Scandinavian/North-Eastern European 

lineage (Marić et al., 2014; Weiss et al., 2021). This also represents a major discordance within 

Danubian Thymallus, which shows strong genetic structure by major sub-drainages with both 

nuclear genomic SNPs and mtDNA data. However, with the nuclear genomic markers, the 

Western Balkan haplotypes form a sister clade to the Southern Alps, and the Lafnitz River 

haplotypes fall within the Northern Alps. Speculating on the possible evolutionary mechanisms 

for mito-nuclear discordances within the Danube River drainage presents additional difficulties 

because 1) the lineages in question are more closely related to each other, and 2) the 

paleohydrological development of distinct sub-drainages is complex and far from clear (see 

below). Additionally, frequent sharing of mtDNA CR haplotypes, especially in the Alpine 

region, can be explained by decades of human-mediated stocking (Weiss et al., 2013), where 

source populations originated from within the Danube River drainage, but also from the North 

Sea basin and Scandinavia. 

The problem of human-mediated stocking also creates significant challenges for 

understanding the evolutionary history of T. aeliani (Adriatic clade). Secci-Petretto et al. (2023) 

have shown that T. aeliani samples from the Adige and Piave rivers were nested within 

Danubian samples and concluded that anthropogenic introgression was the most likely 

mechanism responsible for the observed mito-nuclear discordance, as Thymallus in the eastern 

part of the Northern Adriatic basin are known to be heavily managed and introgression with 

allochthonous lineages widespread (Meraner et al., 2014). In this study, samples were 

specifically selected from the putatively non-managed Sesia River (Po River drainage), 

nevertheless only two individuals were obtained, causing potential sample bias in downstream 

analyses. The placement of these samples in the SNP-based phylogeny is still discordant with 

the mitogenome analysis, where T. aeliani haplotypes represent the first split among all 

European lineages; but they do form a clade distinct from the Danubian Western Balkans and 

Southern Alps clades, a result not obtained by Secci-Petretto et al. (2023). While it may be 

tempting to hypothesize that human-mediated stocking is responsible, there is no obvious sign 
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of recent nuclear introgression. Elevated D and f4-ratio results rather indicate continuous/high 

level historical introgression. Interestingly, even in rivers where most individuals appear to be 

of admixed origin, divergent Adriatic mtDNA haplotypes are predominant and not outcompeted 

by foreign mtDNA strains (Sušnik et al., 2004; Meraner and Gandolfi, 2012). Such patterns 

may result from genotype-by-environment interactions as recently shown for S. trutta (Folio et 

al., 2021), supporting a scenario with selection for specific (local) mitochondrial variants, 

despite nuclear introgression (Toews and Brelsford, 2012, and references therein). While this 

picture of mito-nuclear discordance in T. aeliani seems to involve both natural introgression 

and more recent stocking activities, as well as some type of natural selection, the limited number 

of samples results in a degree of uncertainty concerning these inferences but cast considerable 

doubt on the notion that any non-introgressed populations of T. aeliani can be found. 

 

4.2. Divergence-time estimation and biogeography 

 

The phylogenetic inferences based on nuclear genomic data have important implications for the 

biogeography of Thymallus in Europe and allow novel insights into a dynamic colonisation 

history. In the following section, the findings are discussed from a biogeographic perspective 

with emphasis on possible palaeohydrological scenarios. 

 

(a) European colonisation: Fossil evidence (Rückert-Ülkümen and Kaya, 1993) and divergence 

times estimated from mitogenomes (Weiss et al., 2021; but see Supporting Information 2 and 

Figure S2) suggest an arrival of Thymallus in Europe in the late Miocene. The split of Asian 

and European Thymallus spp. (7.8–10.8 Ma, Figure S2) largely overlaps with the split of 

northern Pungitius pungitius/P. laevis and southern P. platygaster/P. hellenicus (Guo et al., 

2019) and coincides with the oldest fossil record of Hucho in Europe (Kovalchuk, 2015). The 

colonisation of Thymallus in Europe may stem from a connection of the paleo-Ob River and 

the Ponto-Caspian basin (Knizhin 2009) and likely followed river systems along the northern 

side of the Paratethys region (see maps in Popov et al., 2004; and Krijgsman et al., 2010), which 

may have allowed passage for freshwater fishes from Central Asia and Siberia to the paleo 

Black-Sea basin over long periods (Artamonova et al., 2021). 

 

(b) The Northern Adriatic basin: Based on mitochondrial data, the earliest split among 

European Thymallus spp. coincides with the hypothesised colonisation of the Northern Adriatic 

basin (Figure 5: a1). This makes a colonisation of the Danube system in the late Miocene or 
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early Pliocene plausible. Especially the Lago Mare stage (5.5–5.3 Ma) at the end of the MSC 

is considered an important biogeographical event for freshwater diversity in the Mediterranean 

region (Dubut et al., 2012). Although connections between the Danube drainage and the 

Northern Adriatic region are supported by phylogeographic patterns in other taxa (e.g., C. gobio 

(Šlechtova et al., 2004); Squalius cephalus (Seifertová et al., 2012)), as well as Thymallus in 

the late Pleistocene (Meraner et al., 2014), the pattern of high levels of historical introgression 

and replacement of the original genetic structure of Thymallus in the Adriatic basin by peri-

alpine lineages suggests previously undetected and continuous colonisation/contact taking 

place during Quaternary glaciation cycles (Figure 5: c1). 

 

(c) Rhône and Loire rivers: The presence of mitochondrial haplotypes in the Loire River that 

could not have come from either the Rhône or the Rhine rivers, and the mito-nuclear 

discordance of the Rhône clade require a differentiated view on the colonisation history of 

Thymallus in this region. The paleohydrology in the headwaters of the Danube and Rhône (Aare 

and Doubs) rivers, and the later established Rhine River provide evidence for a dynamic 

drainage evolution with repeated phases of isolation and connectivity (Giamboni et al., 2004; 

Berger et al., 2005). The last direct connection between the Danube and the Rhône rivers, via 

the Aare River, is documented by the geological evidence of the "Sundgau gravel" (4.2–2.9 Ma, 

Berger et al., 2005) and possibly enabled an initial colonisation of Thymallus and other 

freshwater fishes (Olivier et al., 2009) into the Rhône River (Figure 5: b1). Faunal exchange in 

later (Pleistocene) periods could have only occurred indirectly via the Rhine system. 

Paleohydrological corridors between the Rhône and Loire rivers in the Pleistocene are 

suggested from the geologically poorly documented “Formations fluvio-lacustres de la Guye” 

(BRGM, 1999). These sediments are widespread north/north-east of the Massif Central and 

indicate dynamic fluvial systems with shallow watersheds in the vicinity of backwater lakes in 

the Saône River valley, which were regularly formed by the advances of the Rhône glacier into 

the foreland during the Pleistocene cold phases (Persat et al., 2020). Such geomorphological 

conditions may have allowed repeated faunal exchange (Figure 5: c2). Alternatively, a passage 

via the Rhine/Maas and Seine rivers into the Lower Loire River (Weiss et al., 2002) (Figure 5: 

c3) may be hypothesised as faunal similarities between the Lower Rhine and Loire rivers are 

evident for several freshwater fishes (Bănărescu, 1992). This, however, is contradicted by the 

absence of Thymallus in the Seine River (Weiss et al., 2002), and although the Loire and Seine 

rivers were likely connected at the Pliocene/Pleistocene transition (Persat et al., 2020) 

connectivity in later stages is unknown from the sedimentological record. 



115 

 

The Rhône/Loire split was presumably followed by a secondary colonisation of 

Thymallus from the Rhine River into the Rhône River (Figure 5: c4) dated at 0.7–1.2 Ma from 

mitogenomes (Figure S2). Later stages of connectivity between the Rhine and Rhône rivers are 

plausible and supported by shared ichthyofaunal elements (Olivier et al., 2009). 

 

(d) North Sea basin and Scandinavia/North-Eastern Europe: Based on the assumption of an 

early (Miocene) Danubian colonisation, range expansion of Thymallus towards the north/north-

east seems possible in both the upper and lower reaches of the Danube River. In the upper 

reaches (Figure 5: b2), dispersal to the North Sea and Baltic Sea basins is plausible via river 

capture events (e.g., Domokos et al., 2000). Ichthyofaunal similarities between these basins are 

documented for several species (e.g., Bănărescu, 1992; Englbrecht et al., 2000; Lercetau-Köhler 

et al., 2013), but are largely associated with the late Pleistocene glacial/interglacial stages. An 

alternative route along the Lower Danube and the shallow Dnieper Depression via the "Baltic 

Gate" (Figure 5: b3) may have allowed repeated dispersal opportunities across lakes, marshes 

and cross-basin river systems in the paleo-Pripyet region over longer geological periods 

(Meulenkamp and Sissingh, 2003; Popov et al., 2004). This area denotes the lowest point of the 

main European watershed and would have provided hydrological connections to both the west 

(paleo-Weichsel system) and the east/north-east (paleo-Volga system), possibly explaining the 

early split of Thymallus in the North Sea basin and Scandinavia/North-Eastern Europe. The 

clear genetic differentiation between these lineages implies distinct refugia during the 

Pleistocene and independent re-colonisation of previously glaciated areas (Figure 5: c5, c6, c7). 

Southern- and Central Sweden was likely re-colonised from refugial areas in both the North 

Sea basin and North-Eastern Europe, following a common biogeographic pattern for many 

European biota (Hewitt, 1999). 

 

(e) The Danube drainage and its subsystems: The Danube is one of the biogeographically most 

complex river systems in Europe (Bănărescu, 1992). This may be associated with its 

geomorphological setting – “within-drainage differentiation”, and the complex colonisation 

history – “between-drainage similarity”. Divergence times estimated from both mtDNA and 

ddRADseq suggest that major splits within Danubian Thymallus predate the environmental 

perturbations of the late Pleistocene, implying mechanisms other than glacial/interglacial 

periods driving lineage differentiation. The sequence of multiple basins (e.g., Vienna, 

Pannonian, and Dacian basins), separated by reaches of steeper gradients (e.g., Hainburg Gate, 

Dunakanyar, Iron Gates), promotes differentiation of large drainage subsystems within the 



116 

 

Danube (Domokos et al., 2000; fig. 1 in Krézsek and Olariu, 2021), possibly shaping the 

observed phylogeographic patterns. 

The Black Sea region and the Danube River are generally considered to be important 

migration corridors and Pleistocene refugial areas for many biota (Hewitt, 2004). This would 

explain faunal similarities between the Danube River and other European drainage systems with 

regard to widely distributed species (e.g., Englbrecht et al., 2000; Takács et al., 2022). Earlier 

studies (Marić et al., 2014; Weiss et al., 2021) have already shown the similarity of Thymallus 

in the Western Balkans and the Lafnitz River with the Scandinavian/North-Eastern European 

clade based on mtDNA. Mitochondrial sequences date the split between these lineages in the 

Pleistocene (mitogenomes: 0.9–1.4 Ma, Figure S2; mtDNA CR: 1.5–0.6 Ma, Marić et al., 

2014), which coincides with the onset of the Pleistocene cold periods and suggests migration 

corridors between the Caspian and Black Sea regions (Figure 5: c8). 

 

5. Conclusion 

 

This study generates the most comprehensive analysis of the phylogeographic structure and 

biogeographic origins of European Thymallus spp. to date, reflecting very high genetic diversity 

as well as novel insights into colonisation patterns following known paleohydrological events 

and cross-drainage colonisation corridors. Mito-nuclear discordances underscore the necessity 

of applying genome-wide markers for elucidating the evolutionary history of widespread taxa. 

However, it is also demonstrated how information on the distribution of mitochondrial lineages 

can complement, rather than contradict inferences based on nuclear genomic markers. 

Generally, the phylogenetic structure of mitochondrial lineages reflects more ancient patterns 

of allopatry that cannot necessarily be uncovered by contemporary genetic structure with 

nuclear genomic SNPs. The potential to draw complimentary inferences from mtDNA and 

nuclear genomic data is likely universal. However, it may be particularly salient in steno-

thermic aquatic organisms in regions marked by glaciations, where the cyclic nature of allopatry 

and secondary contact generate complex phylogeographic patterns that are reflected differently 

across nuclear vs. mitochondrial genomes.  

Lastly, the results underscore the distinctiveness of T. ligericus in the Loire River 

drainage, and the questionable genetic integrity of the critically endangered T. aeliani. Yet, for 

both species, their SNP-supported phylogenetic position also draws attention to the paraphyly 

of T. thymallus. 
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Supporting Information 1 

 

Table S1. Information of the Thymallus samples used for ddRADseq analyses. Included is the original sample code, accession number, and sample site location 

(including drainage, basin, country and geo-coordinates). 

 

Species Sample code 
Accession 

number 

Sampling 

date 
Location Drainage Progression Basin Country Coordinates 

T. 

flavomaculatus 
URM03 SRR19545551 N/A 

Urmi River 

(Khabarovsk Krai) 
Urmi/Tunguska/Amur 

Sea of Okhotsk 

(North Pacific 

Ocean) 

Russia 
48.713056, 

134.266944 

T. tugarinae Gobili-150 SRR19545519 N/A Gobili River Gobili/Anyui/Amur 

Sea of Okhotsk 

(North Pacific 

Ocean) 

Russia 
49.294994, 

138.520103 

T. aeliani Ses2 submitted 2018 Sesia River Sesia/Po Adriatic Sea Italy 
45.772898, 

8.097358 

T. aeliani Ses3 submitted 2018 Sesia River Sesia/Po Adriatic Sea Italy 
45.772898, 

8.097358 

T. ligericus ARL1 submitted 2011 
Loire River at 

Arlempdes 
Loire Atlantic Ocean France 

44.889444, 

3.927778 

T. ligericus ARL6_2 submitted 2011 
Loire River at 

Arlempdes 
Loire Atlantic Ocean France 

44.889444, 

3.927778 

T. ligericus OLX1 submitted 2004 
Aix River at Saint-

Germain-Laval 
Aix/Loire Atlantic Ocean France 

45.830556, 

4.011667 

T. ligericus OLX2 submitted 2004 
Aix River at Saint-

Germain-Laval 
Aix/Loire Atlantic Ocean France 

45.830556, 

4.011667 

T. ligericus ALG11 submitted N/A 
Allagnon River at 

Chapelle d'Alagnon 
Allagnon/Allier/Loire Atlantic Ocean France 

45.106389, 

2.896667 

T. ligericus Alg06(GR54) SRR19545539 N/A 
Allagnon River at 

Chapelle d'Alagnon 
Allagnon/Allier/Loire Atlantic Ocean France 

45.106389, 

2.896667 

T. ligericus SIO002 submitted N/A Sioule River near Menat Sioule/Allier/Loire Atlantic Ocean France 
46.025833, 

2.904167 

T. ligericus SM5 SRR19545538 N/A Sioule River near Menat Sioule/Allier/Loire Atlantic Ocean France 
46.025833, 

2.904167 

T. ligericus UALA04_TA4 submitted 2007 Allier River  Allier/Loire Atlantic Ocean France 
44.792203, 

3.788725 

T. ligericus UALA03 submitted 2007 Allier River  Allier/Loire Atlantic Ocean France 
44.792203, 

3.788725 
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T. ligericus COMB01 submitted 2011 
Combade River at 

Chateauneuf 
Combade/Vienne/Loire Atlantic Ocean France 

45.712778, 

1.628056 

T. ligericus COMB05 submitted 2011 
Combade River at 

Chateauneuf 
Combade/Vienne/Loire Atlantic Ocean France 

45.712778, 

1.628056 

T. ligericus UVI11 submitted 2011 
Vienne River at 

Bazenant 
Vienne/Loire Atlantic Ocean France 

45.764167, 

1.619444 

T. ligericus UVI02 submitted 2011 
Vienne River at 

Bazenant 
Vienne/Loire Atlantic Ocean France 

45.764167, 

1.619444 

T. thymallus MIX127 submitted N/A Mindyak River Mindyak/Ural Caspian Sea Russia 
53.984444, 

58.799444 

T. thymallus MIX0124 SRR19545522 N/A Mindyak river Mindyak/Ural Caspian Sea Russia 
53.984444, 

58.799444 

T. thymallus SAX97 submitted N/A Sargaya River Sargaya/Ufa/Kama/Volga Caspian Sea Russia 
56.260886, 

57.712611 

T. thymallus SAX93 submitted N/A Sargaya River Sargaya/Ufa/Kama/Volga Caspian Sea Russia 
56.260886, 

57.712611 

T. thymallus SCH2 submitted N/A Schudya River Kama/Volga Caspian Sea Russia N/A 

T. thymallus SCH5 submitted N/A Schudya River Kama/Volga Caspian Sea Russia N/A 

T. thymallus TIWG550 submitted N/A Volga River at Staritsa Volga Caspian Sea Russia 
56.51225, 

34.925889 

T. thymallus TIWG552 submitted N/A Volga River at Staritsa Volga Caspian Sea Russia 
56.51225, 

34.925889 

T. thymallus J06(GR69) submitted 2015 Palniki-Ju River Palniki-Ju/Junjacha/Usa/Pechora Arctic Ocean Russia 
66.523955, 

62.782175 

T. thymallus I09(GR71) submitted 2015 Palniki-Ju River Palniki-Ju/Junjacha/Usa/Pechora Arctic Ocean Russia 
66.523955, 

62.782175 

T. thymallus H01(GR72) submitted 2015 Palniki-Ju River Palniki-Ju/Junjacha/Usa/Pechora Arctic Ocean Russia 
66.523955, 

62.782175 

T. thymallus J07(GR73) submitted 2015 Palniki-Ju River Palniki-Ju/Junjacha/Usa/Pechora Arctic Ocean Russia 
66.523955, 

62.782175 

T. thymallus I02(GR74) submitted 2015 Palniki-Ju River Palniki-Ju/Junjacha/Usa/Pechora Arctic Ocean Russia 
66.523955, 

62.782175 

T. thymallus J08(GR75) submitted 2015 Palniki-Ju River Palniki-Ju/Junjacha/Usa/Pechora Arctic Ocean Russia 
66.523955, 

62.782175 

T. thymallus I05(GR70)_2 submitted 2015 Palniki-Ju River Palniki-Ju/Junjacha/Usa/Pechora Arctic Ocean Russia 
66.523955, 

62.782175 

T. thymallus H09(GR66) submitted 2015 Junjacha River Junjacha/Usa/Pechora Arctic Ocean Russia 
66.620283, 

62.943028 
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T. thymallus H02(GR67) submitted 2015 Junjacha River Junjacha/Usa/Pechora Arctic Ocean Russia 
66.620283, 

62.943028 

T. thymallus G07(GR68) submitted 2015 Junjacha River Junjacha/Usa/Pechora Arctic Ocean Russia 
66.620283, 

62.943028 

T. thymallus Ou3(GR65)_2 submitted 2001 Oura (Aura) River Oura (Aura) Baltic Sea Finland 
61.833333, 

21.333333 

T. thymallus LAP009 submitted 2020 Lake Padje Kaitumjaure Kaitumälven/Kalixälven Gulf of Bothnia Sweden 
67.741117, 

18.290243 

T. thymallus LAP010 SRR19545523 2020 Lake Padje Kaitumjaure Kaitumälven/Kalixälven Gulf of Bothnia Sweden 
67.741117, 

18.290243 

T. thymallus LAP011 submitted 2020 
Lake Padje/Kaska 

Kaitumjaure 
Kaitumälven/Kalixälven Gulf of Bothnia Sweden 

67.651413, 

18.721269 

T. thymallus 
8824 (NRM 

56971) 
submitted 2007 Lake Sällsjön Storbodströmmen/Indalsälven Gulf of Bothnia Sweden 

63.210054, 

13.6983803 

T. thymallus 
5400 (NRM 

56971) 
submitted 2007 Lake Sällsjön Storbodströmmen/Indalsälven Gulf of Bothnia Sweden 

63.210054, 

13.6983803 

T. thymallus 
5399 (NRM 

56971) 
submitted 2007 Lake Sällsjön Storbodströmmen/Indalsälven Gulf of Bothnia Sweden 

63.210054, 

13.6983803 

T. thymallus 
7303 (NRM 

43982) 
submitted 1999 

Lake Vättern, 

Ålebäcken at 

Sverkerskapellet, 

Östergötlands län 

Motala ström Baltic Sea Sweden 
58.2899598, 

14.6402213 

T. thymallus Eng_B1 submitted N/A Welsh Dee Dee Irish Sea England N/A 

T. thymallus Eng_B2 submitted N/A Welsh Dee Dee Irish Sea England N/A 

T. thymallus Av2 submitted N/A 
River Avon at 

Hampshire 
Avon Atlantic Ocean England N/A 

T. thymallus Av3 submitted N/A 
River Avon at 

Hampshire 
Avon Atlantic Ocean England N/A 

T. thymallus ENG8 SRR19545524 2000 Ure River Ure/Ouse/Humber North Sea England 
54.305556, -

1.939722 

T. thymallus ENG9 submitted 2000 Ure River Ure/Ouse/Humber North Sea England 
54.305556, -

1.939722 

T. thymallus 

ZSM-PIS-

035907 | 

BayFi06447 

submitted 2007 
Kösseine stream in 

Marktredwitz 
Kösseine/Röslau/Eger/Elbe North Sea Germany 

50.002967, 

12.0963586 

T. thymallus 

ZSM-PIS-

035907 | 

BayFi06448 

submitted 2007 
Kösseine stream in 

Marktredwitz 
Kösseine/Röslau/Eger/Elbe North Sea Germany 

50.002967, 

12.0963586 
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T. thymallus 

ZSM-PIS-

036203 | 

BayFi06693 

submitted 2007 

Eger stream in 

Marktleuthen, NE of 

Weissenstadt 

Eger/Elbe North Sea Germany 
50.091956, 

11.9099323 

T. thymallus 

ZSM-PIS-

036203 | 

BayFi06694 

submitted 2007 

Eger stream in 

Marktleuthen, NE of 

Weissenstadt 

Eger/Elbe North Sea Germany 
50.091956, 

11.9099323 

T. thymallus 

ZSM-PIS-

036238 | 

BayFi06849 

submitted 2007 

Sächsische Saale stream 

N of Förbau, E of 

Münchberg 

Sächsische Saale/Elbe North Sea Germany 
50.215521, 

11.9231713 

T. thymallus 

ZSM-PIS-

036238 | 

BayFi06874 

submitted 2007 

Sächsische Saale stream 

N of Förbau, E of 

Münchberg 

Sächsische Saale/Elbe North Sea Germany 
50.215521, 

11.9231713 

T. thymallus THU12 submitted 2009 Thur River Thur/Rhine North Sea Switzerland 
47.392027, 

9.0788703 

T. thymallus THU13 submitted 2009 Thur River Thur/Rhine North Sea Switzerland 
47.392027, 

9.0788703 

T. thymallus LIN20 submitted 2009 Linth River (Linthkanal) Linth/Limmat/Aare/Rhein North Sea Switzerland 
47.166667, 

9 

T. thymallus LIN21 submitted 2009 Linth River (Linthkanal) Linth/Limmat/Aare/Rhein North Sea Switzerland 
47.166667, 

9 

T. thymallus ORB69 submitted 2009 Orbe River Orbe/Thielle/Zihlkanal/Aare/Rhein  North Sea Switzerland 46.7, 6.35 

T. thymallus ORB75 submitted 2009 Orbe River Orbe/Thielle/Zihlkanal/Aare/Rhein  North Sea Switzerland 46.7, 6.35 

T. thymallus SAR001 submitted 2009 Sarner Aa River Sarber Aa/Reuss/Aare/Rhein North Sea Switzerland 
46.899754, 

8.2446948 

T. thymallus SAR002 submitted 2009 Sarner Aa River Sarber Aa/Reuss/Aare/Rhein North Sea Switzerland 
46.899754, 

8.2446948 

T. thymallus WER10 submitted 2009 

Werdenberger 

Binnenkanal (Alpine 

Rhine) 

Werdenberger Binnenkanal/Rhine North Sea Switzerland 
47.271786, 

9.5256863 

T. thymallus WER11 submitted 2009 

Werdenberger 

Binnenkanal (Alpine 

Rhine) 

Werdenberger Binnenkanal/Rhine North Sea Switzerland 
47.271786, 

9.5256863 

T. thymallus ARE28 submitted 2009 Areuse River Areuse/Zihlkanal/Aare/Rhein North Sea Switzerland 
46.949263, 

6.7491353 

T. thymallus ARE29 submitted 2009 Areuse River Areuse/Zihlkanal/Aare/Rhein North Sea Switzerland 
46.949263, 

6.7491353 

T. thymallus STR12 submitted 2009 
Rhine River at Stein am 

Rhein 
Rhine North Sea Switzerland 

47.69069, 

8.7496053 
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T. thymallus STR13 submitted 2009 
Rhine River at Stein am 

Rhein 
Rhine North Sea Switzerland 

47.69069, 

8.7496053 

T. thymallus AAR035 submitted 2009 Aare River at Aaran Aare/Rhine North Sea Switzerland 
47.39525, 

8.04131 

T. thymallus AAR026 submitted 2009 Aare River at Aaran Aare/Rhine North Sea Switzerland 
47.39525, 

8.04131 

T. thymallus AAR031 submitted 2009 Aare River at Aaran Aare/Rhine North Sea Switzerland 
47.39525, 

8.04131 

T. thymallus MOR06 submitted 2010 
Mortagne River at 

Autrey 
Mortagne/Meurthe/Moselle/Rhine North Sea France 

48.2823501, 

6.6930834 

T. thymallus MOR08 submitted 2010 
Mortagne River at 

Autrey 
Mortagne/Meurthe/Moselle/Rhine North Sea France 

48.2823501, 

6.6930834 

T. thymallus MOR18 submitted 2010 
Mortagne River at 

Autrey 
Mortagne/Meurthe/Moselle/Rhine North Sea France 

48.2823501, 

6.6930834 

T. thymallus MOS08 submitted 2011 Moselle River at Rupt Moselle/Rhine North Sea France 
48.2007498, 

6.4414482 

T. thymallus 

ZSM-PIS-

033673 | 

BayFi03766 

submitted 2005 
Thulba stream at 

Oberthulba 
Fränkische Saale/Main/Rhine North Sea German 

50.204219, 

9.9642813 

T. thymallus 

ZSM-PIS-

033673 | 

BayFi03767 

submitted 2005 
Thulba stream at 

Oberthulba 
Fränkische Saale/Main/Rhine North Sea German 

50.204219, 

9.9642813 

T. thymallus 

ZSM-PIS-

037937 | 

BayFi08125 

submitted 2008 
Weißer Main River E of 

Kulmbach 
Weißer Main/Main/Rhine North Sea German 

50.109899, 

11.4824263 

T. thymallus SIE05 SRR19545529 2012 Sieg River near Bonn Sieg/Rhine North Sea German 
50.782222, 

7.213333 

T. thymallus SIE3 submitted 2012 Sieg River near Bonn Sieg/Rhine North Sea German 
50.782222, 

7.213333 

T. thymallus SIE4 submitted 2012 Sieg River near Bonn Sieg/Rhine North Sea German 
50.782222, 

7.213333 

T. thymallus HOU1_4 submitted 2013 Houille River at Givet Houille/Maas/Hollands Diep North Sea Belgium 
50.127778, 

4.8425 

T. thymallus HOU1_5 submitted 2013 Houille River at Givet Houille/Maas/Hollands Diep North Sea Belgium 
50.127778, 

4.8425 

T. thymallus CLO4 submitted 2013 
Crusnes River at 

Longuyon 

Crusnes/Chiers/Maas/Hollands 

Diep 
North Sea France 

49.440215, 

5.6062393 

T. thymallus CLO1 submitted 2013 
Crusnes River at 

Longuyon 

Crusnes/Chiers/Maas/Hollands 

Diep 
North Sea France 

49.440215, 

5.6062393 
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T. thymallus OOO22 submitted 1999 
Ourthe Occidentale 

River 

Ourthe 

Occidentale/Maas/Hollands Diep 
North Sea Belgium 

50.347333, 

5.4382143 

T. thymallus OOO25 submitted 1999 
Ourthe Occidentale 

River 

Ourthe 

Occidentale/Maas/Hollands Diep 
North Sea Belgium 

50.347333, 

5.4382143 

T. thymallus DGO20 submitted 2009 Doubs River at Gogniat Doubs/Saône/Rhône 
Mediterranean 

Sea 
Switzerland 

47.340266, 

7.156468 

T. thymallus DGO23 submitted 2009 Doubs River at Gogniat Doubs/Saône/Rhône 
Mediterranean 

Sea 
Switzerland 

47.340266, 

7.156468 

T. thymallus LMH01 submitted 2012 
Loue River at Mouthier-

Haute-Pierre 
Loue/Doubs/Saône/Rhône 

Mediterranean 

Sea 
France 

47.0373921, 

6.2745824 

T. thymallus LMH02 submitted 2012 
Loue River at Mouthier-

Haute-Pierre 
Loue/Doubs/Saône/Rhône 

Mediterranean 

Sea 
France 

47.0373921, 

6.2745824 

T. thymallus OGB24 submitted 2012 
Ognon River at 

Belonchamp 
Ognon/Saône/Rhône 

Mediterranean 

Sea 
France 

47.7711, 

6.6163153 

T. thymallus OGB25 submitted 2012 
Ognon River at 

Belonchamp 
Ognon/Saône/Rhône 

Mediterranean 

Sea 
France 

47.7711, 

6.6163153 

T. thymallus BRE12 submitted 2012 Breuchin River Breuchin/Saône/Rhône 
Mediterranean 

Sea 
France 

47.834866, 

6.4805503 

T. thymallus BRE13 submitted 2012 Breuchin River Breuchin/Saône/Rhône 
Mediterranean 

Sea 
France 

47.834866, 

6.4805503 

T. thymallus CRO01 (GR93) SRR19545525 N/A Ain River at Crotenay Ain/Rhône 
Mediterranean 

Sea 
France 

46.7451317, 

5.809925 

T. thymallus 
MOL32 (aka 

AIN) pos. 17 
submitted 2009 Ain River at Mollon Ain/Rhône 

Mediterranean 

Sea 
France 

45.9441907, 

5.2475483 

T. thymallus MOL18 submitted 2009 Ain River at Mollon Ain/Rhône 
Mediterranean 

Sea 
France 

45.9441907, 

5.2475483 

T. thymallus BPM4 submitted 2012 
Bourne River at Pont de 

Manne 
Bourne/Isère/Rhône 

Mediterranean 

Sea 
France 

45.060348, 

5.2854893 

T. thymallus BPM8 submitted 2012 
Bourne River at Pont de 

Manne 
Bourne/Isère/Rhône 

Mediterranean 

Sea 
France 

45.060348, 

5.2854893 

T. thymallus SOR17 submitted 2011 
Sorge River in L'Isle-

sur-la-Sorgue 
Sorgue/Rhône 

Mediterranean 

Sea 
France 

43.921389, 

5.051111 

T. thymallus SOR19 submitted 2011 
Sorge River in L'Isle-

sur-la-Sorgue 
Sorgue/Rhône 

Mediterranean 

Sea 
France 

43.921389, 

5.051111 

T. thymallus 

ZSM-PIS-

031530 | 

BayFi01092 

submitted 2004 

Westliche Günz stream 

upstream of 

Westerheim, near 

Memmingen 

Westliche Günz/Günz/Danube Black Sea Germany 
48.03806, 

10.2842863 
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T. thymallus 

ZSM-PIS-

031530 | 

BayFi01093 

submitted 2004 

Westliche Günz stream 

upstream of 

Westerheim, near 

Memmingen 

Westliche Günz/Günz/Danube Black Sea Germany 
48.03806, 

10.2842863 

T. thymallus 

ZSM-PIS-

031699 | 

BayFi01482 

submitted 2004 

Amper stream 3 km 

downriver of Lake 

Ammersee, near Stegen 

Amper/Isar/Danube Black Sea Germany 
48.103719, 

11.1343753 

T. thymallus 

ZSM-PIS-

031699 | 

BayFi01483 

submitted 2004 

Amper stream 3 km 

downriver of Lake 

Ammersee, near Stegen 

Amper/Isar/Danube Black Sea Germany 
48.103719, 

11.1343753 

T. thymallus 

ZSM-PIS-

033488 | 

BayFi03094 

submitted 2005 

Mitternacher Ohe 

stream, Zehrer Mühle at 

Schönberg 

Mitternacher Ohe/Ilz/Danube Black Sea Germany 
48.858097, 

13.3043153 

T. thymallus 

ZSM-PIS-

033488 | 

BayFi03095 

submitted 2005 

Mitternacher Ohe 

stream, Zehrer Mühle at 

Schönberg 

Mitternacher Ohe/Ilz/Danube Black Sea Germany 
48.858097, 

13.3043153 

T. thymallus 

ZSM-PIS-

033503 | 

BayFi03173 

submitted 2005 

Geltnach stream below 

Bertoldshofen near 

Marktoberdorf 

Geltnach/Wertach/Lech/Danube Black Sea Germany 
47.775609, 

10.6576623 

T. thymallus 

ZSM-PIS-

033503 | 

BayFi03172 

submitted 2005 

Geltnach stream below 

Bertoldshofen near 

Marktoberdorf 

Geltnach/Wertach/Lech/Danube Black Sea Germany 
47.775609, 

10.6576623 

T. thymallus 

ZSM-PIS-

033627 | 

BayFi03506 

submitted 2005 

Wertach stream below 

Maria Rain, NW of 

Nesselwang 

Wertach/Lech/Danube Black Sea Germany 
47.63266, 

10.4933373 

T. thymallus 

ZSM-PIS-

033627 | 

BayFi03507 

submitted 2005 

Wertach stream below 

Maria Rain, NW of 

Nesselwang 

Wertach/Lech/Danube Black Sea Germany 
47.63266, 

10.4933373 

T. thymallus 

ZSM-PIS-

033852 | 

BayFi04221 

submitted 2005 
Iller River upstream of 

Sonthofen (4212) 
Iller/Danube Black Sea Germany 

47.539163, 

10.2635893 

T. thymallus 

ZSM-PIS-

033747 | 

BayFi04224 

submitted 2005 
Iller River at Blaichach, 

Swabia (4220-21) 
Iller/Danube Black Sea Germany 

47.539163, 

10.2635893 

T. thymallus 

ZSM-PIS-

033747 | 

BayFi04225 

submitted 2005 
Iller River at Blaichach, 

Swabia (4220-21) 
Iller/Danube Black Sea Germany 

47.539163, 

10.2635893 
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T. thymallus 

ZSM-PIS-

035826 | 

BayFi06308 

submitted 2007 

Haidenaab stream near 

Hütten, SE of 

Grafenwöhr 

Naab/Danube Black Sea Germany 
49.688163, 

11.9608793 

T. thymallus 

ZSM-PIS-

035826 | 

BayFi06318 

submitted 2007 

Haidenaab stream near 

Hütten, SE of 

Grafenwöhr 

Naab/Danube Black Sea Germany 
49.688163, 

11.9608793 

T. thymallus 33(GR114) SRR19545526 2010 Lake Heiterwanger Archbach/Lech/Danube Black Sea Austria 
47.456944, 

10.776667 

T. thymallus H29_2 submitted 2010 Lake Heiterwanger Archbach/Lech/Danube Black Sea Austria 
47.456944, 

10.776667 

T. thymallus P12_plansee submitted 2010 Lake Plansee Archbach/Lech/Danube Black Sea Austria 
47.46925, 

10.800661 

T. thymallus P14 submitted 2010 Lake Plansee Archbach/Lech/Danube Black Sea Austria 
47.46925, 

10.800661 

T. thymallus 18 (GR62) submitted 2014 Saglbach stream Saglbach/Inn/Danube Black Sea Austria 
47.311667, 

11.106111 

T. thymallus INN42 submitted 2009 
Inn River in 

Oberengadin, Samedan 
Inn/Danube Black Sea Switzerland 

46.5320427, 

9.87425 

T. thymallus INN44 submitted 2009 
Inn River in 

Oberengadin, Samedan 
Inn/Danube Black Sea Switzerland 

46.5320427, 

9.87425 

T. thymallus PFU549 submitted 2018 Inn River at Pfunds Inn/Danube Black Sea Austria 
46.999375, 

10.589803 

T. thymallus PFU550 submitted 2018 Inn River at Pfunds Inn/Danube Black Sea Austria 
46.999375, 

10.589803 

T. thymallus PFU552 submitted 2018 Inn River at Pfunds Inn/Danube Black Sea Austria 
46.999375, 

10.589803 

T. thymallus PFU553 submitted 2018 Inn River at Pfunds Inn/Danube Black Sea Austria 
46.999375, 

10.589803 

T. thymallus PRU508 submitted 2018 Inn River at Prutz Inn/Danube Black Sea Austria 
47.082703, 

10.668367 

T. thymallus PRU511 submitted 2018 Inn River at Prutz Inn/Danube Black Sea Austria 
47.082703, 

10.668367 

T. thymallus PRU520 submitted 2018 Inn River at Prutz Inn/Danube Black Sea Austria 
47.082703, 

10.668367 

T. thymallus PRU524 submitted 2018 Inn River at Prutz Inn/Danube Black Sea Austria 
47.082703, 

10.668367 

T. thymallus TRA1_007 submitted N/A Traun River Traun/Danube Black Sea Austria 
48.081514, 

13.856544 



126 

 

T. thymallus KAM024 submitted 2018 
Kleiner Kamp stream at 

Rappottenstein 
Kleiner Kamp/Kamp/Danube Black Sea Austria 

48.5064535, 

15.0750933 

T. thymallus KAM025 submitted 2018 
Kleiner Kamp stream at 

Rappottenstein 
Kleiner Kamp/Kamp/Danube Black Sea Austria 

48.5064535, 

15.0750933 

T. thymallus 119o (GR102) SRR19545528 2012 Lafnitz River Lafnitz/Raab/Dabube Black Sea Austria 
47.305, 

16.063056 

T. thymallus Laf23 submitted 2010 
Lafnitz River between 

Lafnitz und Rohrbach 
Lafnitz/Raab/Dabube Black Sea Austria 

47.3855895, 

15.9997946 

T. thymallus Laf24 submitted 2010 
Lafnitz River between 

Lafnitz und Rohrbach 
Lafnitz/Raab/Dabube Black Sea Austria 

47.3855895, 

15.9997946 

T. thymallus Ham7 submitted 2006 
Lafnitz River at 

Hammerwald 
Lafnitz/Raab/Dabube Black Sea Austria 

47.333333, 

16.033333 

T. thymallus Ham8 submitted 2006 
Lafnitz River at 

Hammerwald 
Lafnitz/Raab/Dabube Black Sea Austria 

47.333333, 

16.033333 

T. thymallus ODR006 SRR19545530 2013 Upper Drau River Drau/Danube Black Sea Austria 
46.774381, 

13.344769 

T. thymallus ODR007 submitted 2013 Upper Drau River Drau/Danube Black Sea Austria 
46.774381, 

13.344769 

T. thymallus UNZ11 submitted 2004 Mur River at Unzmarkt Mur/Drau/Danube Black Sea Austria 
47.2, 

14.416667 

T. thymallus UNZ13 submitted 2004 Mur River at Unzmarkt Mur/Drau/Danube Black Sea Austria 
47.2, 

14.416667 

T. thymallus UNZ12_2 submitted 2004 Mur River at Unzmarkt Mur/Drau/Danube Black Sea Austria 
47.2, 

14.416667 

T. thymallus Boh1 submitted 2017 Sava Bohinjka stream Sava Bohinjka/Sava/Danube Black Sea Slovenia 
46.334056, 

14.061694 

T. thymallus Boh2 submitted 2017 Sava Bohinjka stream Sava Bohinjka/Sava/Danube Black Sea Slovenia 
46.334056, 

14.061694 

T. thymallus Uni1 submitted 2017 Unica River Unica/Ljubljanica/Sava/Danube Black Sea Slovenia 
45.839528, 

14.274222 

T. thymallus Uni2 submitted 2017 Unica River Unica/Ljubljanica/Sava/Danube Black Sea Slovenia 
45.839528, 

14.274222 

T. thymallus Kol1 submitted 2015 Kolpa River Kolpa/Sava/Danube Black Sea Slovenia 
45.52575, 

14.700778 

T. thymallus Kol3 submitted 2015 Kolpa River Kolpa/Sava/Danube Black Sea Slovenia 
45.52575, 

14.700778 

T. thymallus Una2 submitted 2016 Una River Una/Sava/Danube Black Sea 
Bosnia and 

Herzegovina 

44.532222, 

16.114444 
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T. thymallus Una3 submitted 2016 Una River Una/Sava/Danube Black Sea 
Bosnia and 

Herzegovina 

44.532222, 

16.114444 

T. thymallus Ibr1 submitted 2008 Ibar River 
Ibar/West Morava/Great 

Morava/Danube 
Black Sea Serbia 

42.911507, 

20.345006 

T. thymallus Ibr2 submitted 2008 Ibar River 
Ibar/West Morava/Great 

Morava/Danube 
Black Sea Serbia 

42.911507, 

20.345006 

T. thymallus Rzv1 submitted 2008 
Rzav River (stocked 

from Slovenia) 

Rzav/Golijska Moravica/West 

Morava/Great Morava/Danube 
Black Sea Serbia 

43.773694, 

19.933306 

T. thymallus Rzv2 submitted 2008 
Rzav River (stocked 

from Slovenia) 

Rzav/Golijska Moravica/West 

Morava/Great Morava/Danube 
Black Sea Serbia 

43.773694, 

19.933306 

T. thymallus Lju1 submitted 2008 Ljuča River Ljuča/Lim/Drina/Sava/Danube Black Sea Montenegro 
42.575, 

19.890889 

T. thymallus Lju3 submitted 2008 Ljuča River Ljuča/Lim/Drina/Sava/Danube Black Sea Montenegro 
42.575, 

19.890889 

T. thymallus Dri1 submitted 2008 Drina River Drina/Sava/Danube Black Sea Serbia 
43.957805, 

19.431628 

T. thymallus Dri2 submitted 2008 Drina River Drina/Sava/Danube Black Sea Serbia 
43.957805, 

19.431628 

T. thymallus Lim1 submitted 2008 Lim River Lim/Drina/Sava/Danube Black Sea Serbia 
43.596963, 

19.381493 

T. thymallus Lim2 submitted 2008 Lim River Lim/Drina/Sava/Danube Black Sea Serbia 
43.596963, 

19.381493 

T. thymallus Tar2 submitted 2003 Drina River Drina/Sava/Danube Black Sea 
Bosnia and 

Herzegovina 

43.400389, 

18.777806 

T. thymallus Tar3 submitted 2003 Drina River Drina/Sava/Danube Black Sea 
Bosnia and 

Herzegovina 

43.400389, 

18.777806 

T. thymallus Bos1 submitted 2004 Željeznica River Bosna/Sava/Danube Black Sea 
Bosnia and 

Herzegovina 

43.73225, 

18.402167 

T. thymallus Vrb1 submitted 2020 Vrbas River Vrbas/Sava/Danube Black Sea 
Bosnia and 

Herzegovina 

44.614700, 

17.148969 

T. thymallus Vrb2 submitted 2020 Vrbas River Vrbas/Sava/Danube Black Sea 
Bosnia and 

Herzegovina 

44.614700, 

17.148969 

T. thymallus Sana5 submitted 2020 Sana River Sana/Una/Sava/Danube Black Sea 
Bosnia and 

Herzegovina 

44.479238, 

16.814854 

T. thymallus Sana7 submitted 2020 Sana River Sana/Una/Sava/Danube Black Sea 
Bosnia and 

Herzegovina 

44.479238, 

16.814854 

T. thymallus RUS33 submitted 2000 Ruscova River Ruscova/Vișeu/Tisza/Danube Black Sea Romania 
47.790499, 

24.2830173 
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T. thymallus RUS14 submitted 2000 Ruscova River Ruscova/Vișeu/Tisza/Danube Black Sea Romania 
47.790499, 

24.2830173 

T. thymallus RUS25 submitted 2000 Ruscova River Ruscova/Vișeu/Tisza/Danube Black Sea Romania 
47.790499, 

24.2830173 

T. thymallus VIS22 submitted 2000 Vișeu River Vișeu/Tisza/Danube Black Sea Romania 
47.907501, 

24.1440773 

T. thymallus VIS23 submitted 2000 Vișeu River Vișeu/Tisza/Danube Black Sea Romania 
47.907501, 

24.1440773 

T. thymallus VIS24 submitted 2000 Vișeu River Vișeu/Tisza/Danube Black Sea Romania 
47.907501, 

24.1440773 

 

Table S2. Information of the Thymallus samples used for mitogenome analyses. Included is the original sample code, accession number, and sample site location 

(including drainage, basin, country and geo-coordinates). 

 

Species Sample code 

Accession 

number 

Sampling 

date Location Drainage Progression Basin Country Coordinates 

T. 

flavomaculatus 
URM003 MT063039 N/A 

Urmi River (Khabarovsk 

Krai) 
Urmi/Tunguska/Amur 

Sea of Okhotsk 

(North Pacific 

Ocean) 

Russia 
48.713056, 

134.266944 

T. tugarinae N/A KJ866483 N/A Huma River Huma/Amur 

Sea of Okhotsk 

(North Pacific 

Ocean) 

China 52.3, 124.7 

T. aeliani FAL02 MT063009 2014 Falschauer River Falschauer/Adige Adriatic Sea Italy 
46.627938, 

11.171812 

T. aeliani ETS01 MT063008 2014 
Adige River (south of 

Meran) 
Adige Adriatic Sea Italy 

46.616389, 

11.184167 

T. ligericus S20 MT063053 2017 
Sioule River 

(Châteauneuf-les-Bains) 
Sioule/ Allier/Loire Atlantic Ocean France 

46.022778, 

2.904167 

T. ligericus Alg06 MT063007 N/A 
Alagnon River (Chapelle 

d'Alagnon) 
Alagnon/Allier/Loire Atlantic Ocean France 

46.106389, 

2.896667 

T. thymallus UNZ11 submitted 2004 Mur River at Unzmarkt Mur/Drau/Danube Black Sea Austria 
47.2, 

14.416667 

T. thymallus ODR15 MT062996  2013 Upper Drau River Drau/Danube Black Sea Austria 
46.774381, 

13.344769 

T. thymallus TRA002 submitted N/A Traun River Traun/Danube Black Sea Austria 
48.081514, 

13.856544 
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T. thymallus 

ZSM-PIS-

033503 | 

BayFi03173 

submitted 2005 

Geltnach stream below 

Bertoldshofen near 

Marktoberdorf 

Geltnach/Wertach/Lech/Danube Black Sea Austria 
47.775609, 

10.6576623 

T. thymallus VIS23 submitted 2000 Vișeu River Vișeu/Tisza/Danube Black Sea Romania 
47.907501, 

24.1440773 

T. thymallus RUS14 submitted 2000 Ruscova River Ruscova/Vișeu/Tisza/Danube Black Sea Romania 
47.790499, 

24.2830173 

T. thymallus TTM2012 CM015041 N/A Glomma River Glomma 
Oslofjord (Baltic 

Sea) 
Norway 

61.420000, 

11.090000 

T. thymallus LAP010 submitted 2020 Lake Padje Kaitumjaure Kaitumälven/Kalixälven Gulf of Bothnia Sweden 
67.741117, 

18.290243 

T. thymallus LAP011 submitted 2020 
Lake Padje/Kaska 

Kaitumjaure 
Kaitumälven/Kalixälven Gulf of Bothnia Sweden 

67.651413, 

18.721269 

T. thymallus Thy23 MT063000 N/A Mindyak River Mindyak/Ural Caspian Sea Russia 
53.984444, 

58.799444 

T. thymallus SCH001 MT062999 N/A Schudya River Schudya/Kama/Volga Caspian Sea Russia N/A 

T. thymallus I05 MT062995 2015 Palniki-Ju Palniki-Ju/Junjacha/Usa/Pechora 
Barents Sea 

(Arctic Ocean) 
Russia 

66.523955, 

62.782175 

T. thymallus L12-13 MT063002 2012 Lafnitz River Lafnitz/Raab/Danube Black Sea Austria 
47.305, 

16.063056 

T. thymallus KOLPA25 MT063001 2016 Kolpa River (Osilnica) Kolpa/Sava/Danube Black Sea Slovenia 
45.52575, 

14.700778 

T. thymallus Ibr1 submitted 2008 Ibar River 
Ibar/West Morava/Great 

Morava/Danube 
Black Sea Serbia 

42.911507, 

20.345006 

T. thymallus DM364 MT410870 N/A N/A N/A N/A Denmark 
56.019094, 

10.449945 

T. thymallus Thy27 MT063005 2012 Sieg River (Buisdorff) Sieg/Rhine North Sea Germany 
50.782222, 

7.213333 

T. thymallus GR113 MT063004 2013 Houille River (Givet) Houille/Maas/Rhine North Sea France 
50.127778, 

4.8425 

T. thymallus Thy26 MT063003 2000 Ure River Ure/Ouse North Sea England 
54.305556, -

1.939722 

T. thymallus AAR026 submitted 2009 Aare River at Aaran Aare/Rhine North Sea Switzerland 
47.39525, 

8.04131 

T. thymallus ORB69 submitted 2009 Orbe River Orbe/Thielle/Zihlkanal/Aare/Rhein  North Sea Switzerland 46.7, 6.35 

T. thymallus OMB14 MT063043 2011 
Sorge River in L'Isle-

sur-la-Sorgue 
Sorgue/Rhône 

Mediterranean 

Sea 
France 

43.921389, 

5.051111 
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T. thymallus OMB10 MT063042 2015 Ain River (Marigny) Ain/Rhône 
Mediterranean 

Sea 
France 

46.686389, 

5.764722 

 

Table S3. List of CR haplotypes used in this study (959 bp). Shown are the species, the haplotype number from Figure 2, the original haplotype number from the 

source publication or report, the GenBank accession number, the source references, and additional remarks regarding haplotype nomenclature. Note that original 

published haplotype nomenclature corresponds to a longer sequence and thus variation in regions not included here can lead to the collapsing of some haplotypes 

(see Remarks). Additionally, an overlap in the naming of haplotypes in Marić et al. (2012) and Meraner & Gandolfi (2012) resulted in duplicate haplotype names 

Ad7, Da31, Da32 and Da33. Original codes were preserved for haplotypes published by Meraner & Gandolfi (2012), and haplotypes in Marić et al. (2012) were 

referred to as Ad7cs, Da30cs, Da31cs, Da32cs and Da33cs. 

 

Species Number in Figure 2 Haplotype Accession Reference Remarks 

T. aeliani 2 Ad1 AF522419.1 Weiss et al. 2002  

T. aeliani 3 Ad2 AF522420.1 Weiss et al. 2002  

T. aeliani 4 Ad3 AF522421.1 Weiss et al. 2002  

T. aeliani 5 Ad4 AF522422.1 Weiss et al. 2002  

T. aeliani 6 Ad5 AF522423.1 Weiss et al. 2002  

T. aeliani 7 Ad6 AF522424.1 Weiss et al. 2002  

T. aeliani 8 Ad7 JN796420.1 Meraner & Gandolfi, 2012 includes MT762347 (neotype) 

T. aeliani 9 Ad9 JN796422.1 Meraner & Gandolfi, 2012 
includes haplotypes Ad10, Ad11, Ad7cs and samples ETS01 and 

FAL02 

T. aeliani 9 Ad7cs JX099344.1 Marić et al. unpublished collapses to Ad9 

T. aeliani 9 Ad10 JN796423.1 Meraner & Gandolfi, 2012 collapses to Ad9 

T. aeliani 9 Ad11 JN796424.1 Meraner & Gandolfi, 2012 collapses to Ad9 

T. aeliani 10 Ad8 JN796421.1 Meraner & Gandolfi, 2012 includes Ad22 

T. aeliani 10 Ad22 JN796435.1 Meraner & Gandolfi, 2012 collapses to Ad8 

T. aeliani 11 Ad12 JN796425.1 Meraner & Gandolfi, 2012 includes haplotype Ad15 

T. aeliani 11 Ad15 JN796428.1 Meraner & Gandolfi, 2012 collapses to Ad12 

T. aeliani 12 Ad13 JN796426.1 Meraner & Gandolfi, 2012  

T. aeliani 13 Ad14 JN796427.1 Meraner & Gandolfi, 2012  

T. aeliani 14 Ad16 JN796429.1 Meraner & Gandolfi, 2012  

T. aeliani 15 Ad17 JN796430.1 Meraner & Gandolfi, 2012  

T. aeliani 16 Ad18 JN796431.1 Meraner & Gandolfi, 2012 includes sample Ses189 
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T. aeliani 16 Ses189  unpublished collapses to Ad18 

T. aeliani 17 Ad19 JN796432.1 Meraner & Gandolfi, 2012  

T. aeliani 18 Ad20 JN796433.1 Meraner & Gandolfi, 2012  

T. aeliani 19 Ad21 JN796434.1 Meraner & Gandolfi, 2012  

T. ligericus 20 At1 AF522425.1 Weiss et al. 2002 includes samples OMB3, OMB4 and OMB5 

T. ligericus 102 Ola23  unpublished collapses to Ht20 

T. ligericus 103 Ht21  unpublished includes samples ACO02, Alg06 and F1 

T. ligericus 105 Olx2  unpublished collapses to Ht23 

T. ligericus 106 Ht24  unpublished  

T. ligericus 107 Ht25  unpublished  

T. ligericus 108 Ht26  unpublished  

T. ligericus 110 Ht29  unpublished  

T. ligericus 111 Ht30  unpublished  

T. thymallus 1 A45 AY594181.1 Duftner et al. 2005  

T. thymallus 21 At2 AF522426.1 Weiss et al. 2002 includes samples LAP10 and LAP11 

T. thymallus 22 At3 AF522427.1 Weiss et al. 2002  

T. thymallus 23 At4 AF522428.1 Weiss et al. 2002  

T. thymallus 24 At5 AF522429.1 Weiss et al. 2002  

T. thymallus 25 At6 AF522430.1 Weiss et al. 2002  

T. thymallus 26 At7 AF522431.1 Weiss et al. 2002  

T. thymallus 27 At8 AF522432.1 Weiss et al. 2002  

T. thymallus 28 At9 AF522433.1 Weiss et al. 2002 includes haplotype At28 and samples FEI3_45 and RBA19 

T. thymallus 28 At28 JN796437.1 Meraner & Gandolfi, 2012 collapses to At9 

T. thymallus 29 At10 AF522434.1 Weiss et al. 2002  

T. thymallus 30 At11 AF522435.1 Weiss et al. 2002  

T. thymallus 31 At12 AF522436.1 Weiss et al. 2002  

T. thymallus 32 At13 AF522437.1 Weiss et al. 2002  

T. thymallus 33 At14 AF522438.1 Weiss et al. 2002 includes haplotype At20 and samples AAR023, OMB16  

T. thymallus 33 At20 AF522444.1 Weiss et al. 2002 collapses to At14 

T. thymallus 34 At15 AF522439.1 Weiss et al. 2002 includes samples OMB15 and ORB73 

T. thymallus 35 At16 AF522440.1 Weiss et al. 2002 includes At17 
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T. thymallus 35 At17 AF522441.1 Weiss et al. 2002 collapses to At16 

T. thymallus 36 At18 AF522442.1 Weiss et al. 2002  

T. thymallus 37 At19 AF522443.1 Weiss et al. 2002  

T. thymallus 38 At21 AF522445.1 Weiss et al. 2002  

T. thymallus 39 AT22 AY841355.1 Gum et al. 2005  

T. thymallus 40 AT23 AY841356.1 Gum et al. 2005  

T. thymallus 41 AT24 AY841357.1 Gum et al. 2005  

T. thymallus 42 Da4 AF522398.1 Weiss et al. 2002 includes haplotype At25 and sample Muerz 

T. thymallus 42 AT25 AY841360.1 Gum et al. 2005 collapses to Da4 

T. thymallus 42 DA22 AY841358.1 Gum et al. 2005 collapses to Da4 

T. thymallus - AT26 AY841359.1 Gum et al. 2005 removed (330 bp repeat region) 

T. thymallus 43 At27 JN796436.1 Meraner & Gandolfi, 2012 collapses to Ht3 

T. thymallus 43 Ht3  unpublished collapses to At27 

T. thymallus - At29 JX961600.1 Meraner et al. 2013 removed (330 bp repeat region) 

T. thymallus 44 Ca1 JX144730.1 Marić et al. 2014  

T. thymallus 45 Ca2 JX144731.1 Marić et al. 2014  

T. thymallus 46 Ca3 JX144732.1 Marić et al. 2014 includes sample Thy23 

T. thymallus 47 Ca4 KF280207.1 Marić et al. 2014  

T. thymallus 48 Ca5 KF280208.1 Marić et al. 2014  

T. thymallus 49 Da1 AF522395.1 Weiss et al. 2002 includes haplotype A86 and sample TRA002 

T. thymallus 49 A86 AY594182.1 Duftner et al. 2005 collapses to Da1 

T. thymallus 50 
Da1a / 

Da2 
AF522396.1 Weiss et al. 2002  

T. thymallus 51 Da3 AF522397.1 Weiss et al. 2002  

T. thymallus 52 Da5 AF522399.1 Weiss et al. 2002  

T. thymallus 53 Da6 AF522400.1 Weiss et al. 2002  

T. thymallus 54 Da7 AF522401.1 Weiss et al. 2002 includes samples ODR15, SAG31 and UNZ11 

T. thymallus 55 Da8 AF522402.1 Weiss et al. 2002 includes Da16 and Da31 

T. thymallus 55 Da16 AF522410.1 Weiss et al. 2002 collapses to Da8 

T. thymallus 55 Da31 JN796439.1 Meraner & Gandolfi, 2012 collapses to Da8 

T. thymallus 56 Da9 AF522403.1 Weiss et al. 2002  
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T. thymallus 57 Da10 AF522404.1 Weiss et al. 2002  

T. thymallus 58 Da11 AF522405.1 Weiss et al. 2002 includes Da33 and samples BayFi03173and BayFi06874 

T. thymallus 58 Da33 JN796441.1 Meraner & Gandolfi, 2012 collapses to Da11 

T. thymallus 59 Da12 AF522406.1 Weiss et al. 2002  

T. thymallus 60 Da13 AF522407.1 Weiss et al. 2002  

T. thymallus 61 Da14 AF522408.1 Weiss et al. 2002  

T. thymallus 62 Da15 AF522409.1 Weiss et al. 2002  

T. thymallus 63 Da17 AF522411.1 Weiss et al. 2002  

T. thymallus 64 Da18 AF522412.1 Weiss et al. 2002  

T. thymallus 65 Da19 AF522413.1 Weiss et al. 2002  

T. thymallus 66 Da20 AF522414.1 Weiss et al. 2002  

T. thymallus 67 Da21 AF522415.1 Weiss et al. 2002  

T. thymallus 68 Da22 AF522416.1 Weiss et al. 2002  

T. thymallus 69 Da23 AF522417.1 Weiss et al. 2002 collapses to Da23cs 

T. thymallus 69 Da23cs JX099336.1 Marić et al. unpublished collapses to Da23 

T. thymallus 70 Da24 AF522418.1 Weiss et al. 2002  

T. thymallus 71 Da25cs JX099337.1 Marić et al. unpublished same as Da25; collapses to Da34 

T. thymallus 71 Da34 JN796442.1 Meraner & Gandolfi, 2012 collapses to Da25cs 

T. thymallus 72 Da26cs JX099338.1 Marić et al. unpublished  

T. thymallus 73 Da27cs JX099339.1 Marić et al. unpublished  

T. thymallus 74 Da28cs JX099340.1 Marić et al. unpublished  

T. thymallus 75 Da29cs JX099341.1 Marić et al. unpublished  

T. thymallus 76 Da30 JN796438.1 Meraner & Gandolfi, 2012  

T. thymallus 77 Da30cs JX099342.1 Marić et al. unpublished  

T. thymallus 77 Da31cs JX099343.1 Marić et al. unpublished collapses to Da30cs 

T. thymallus 78 Da32 JN796440.1 Meraner & Gandolfi, 2012  

T. thymallus 79 Da32cs JX099345.1 Marić et al. unpublished  

T. thymallus 80 Da33cs JX099346.1 Marić et al. unpublished  

T. thymallus 81 Da35 JN796443.1 Meraner & Gandolfi, 2012 includes sample BayFi06849 

T. thymallus 82 Da36 JX524179.1 Meraner et al. 2013  

T. thymallus 83 Eng10  unpublished  
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T. thymallus 84 Eng12  unpublished includes sample EngA and Thy26 

T. thymallus 85 FEI3_48  unpublished  

T. thymallus 86 Ht1  unpublished  

T. thymallus 87 Ht2  unpublished  

T. thymallus 88 Ht4  unpublished includes sample OMB14 

T. thymallus 89 Ht5  unpublished  

T. thymallus 90 Ht6  unpublished  

T. thymallus 91 Ht7  unpublished  

T. thymallus 92 Ht8  unpublished  

T. thymallus 93 Ht9  unpublished  

T. thymallus 94 Ht10  unpublished includes Ht18 

T. thymallus 94 Ht18  unpublished collapses to Ht10 

T. thymallus 95 Ht11  unpublished  

T. thymallus 96 Ht12  unpublished  

T. thymallus 97 Ht13  unpublished  

T. thymallus 98 Ht14  unpublished  

T. thymallus 99 Ht15  unpublished  

T. thymallus 100 Ht16  unpublished  

T. thymallus 101 Ht17  unpublished  

T. thymallus 101 Ht19  unpublished collapses to Ht17 

T. thymallus 102 Ht20  unpublished includes Ola23 and sample OMB17 

T. thymallus 104 Ht22  unpublished  

T. thymallus 105 Ht23  unpublished includes Olx2 and samples OMB8 and S20 

T. thymallus 109 Ht28  unpublished  

T. thymallus 112 La14  unpublished  

T. thymallus 113 LEO03  unpublished  

T. thymallus 114 I05  unpublished  

T. thymallus 115 Ibr1  unpublished includes sample KOLPA25 

T. thymallus 116 RUS14  unpublished includes sample VIS23 

T. thymallus 117 Rh4 AF522449.1 Weiss et al. 2002 includes Rh7 and samples Mes41 and OMB10 

T. thymallus 117 Rh7 AF522452.1 Weiss et al. 2002 collapses to Rh4 
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T. thymallus 118 Rh1 AF522446.1 Weiss et al. 2002 includes Rh2 and Rh3 and samples OMB08 and OMB09 

T. thymallus 118 Rh2 AF522447.1 Weiss et al. 2002 collapses to Rh1 

T. thymallus 118 Rh3 AF522448.1 Weiss et al. 2002 collapses to Rh1 

T. thymallus 119 OEN33  unpublished  

T. thymallus 120 OEN34  unpublished includes sample GR113 

T. thymallus 121 RAA01  unpublished  

T. thymallus 122 Rh5 AF522450.1 Weiss et al. 2002  

T. thymallus 123 Rh6 AF522451.1 Weiss et al. 2002  

T. thymallus 124 SCH001  unpublished  

T. thymallus 125 Thy27  unpublished  
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Table S4. Estimates of Evolutionary Divergence over Sequence Pairs between Groups (based on 

mtDNA control region sequences). 

 

Group 1 Group 2 Dist Std. Err 

Adriatic Loire 0.0249 0.0035 

Adriatic Scandinavia 0.0246 0.0039 

North-Eastern Europe Tisza 0.0235 0.0047 

Adriatic North-Eastern Europe 0.0232 0.0039 

Scandinavia Tisza 0.0232 0.0045 

Adriatic Tisza 0.0223 0.0035 

Loire North-Eastern Europe 0.0215 0.0044 

Loire Scandinavia 0.0214 0.0043 

Adriatic Western Balkans 0.0211 0.0033 

Adriatic Southern Alps 0.0204 0.0028 

Northern Alps Adriatic 0.0202 0.0028 

Adriatic Elbe 0.0200 0.0029 

Adriatic Lafnitz 0.0200 0.0029 

Adriatic Rhône 0.0194 0.0029 

Loire Western Balkans 0.0193 0.0039 

Adriatic Rhine 0.0192 0.0029 

Loire Southern Alps 0.0192 0.0032 

Loire Tisza 0.0190 0.0041 

Scandinavia Elbe 0.0189 0.0034 

Western Balkans Tisza 0.0185 0.0038 

Loire Lafnitz 0.0182 0.0032 

Loire Elbe 0.0180 0.0031 

Northern Alps Loire 0.0180 0.0030 

Scandinavia Southern Alps 0.0176 0.0031 

Elbe North-Eastern Europe 0.0175 0.0034 

Loire Rhône 0.0174 0.0033 

Southern Alps North-Eastern Europe 0.0173 0.0033 

Northern Alps Scandinavia 0.0173 0.0030 

Scandinavia Lafnitz 0.0172 0.0031 

Northern Alps North-Eastern Europe 0.0170 0.0032 

Loire Rhine 0.0165 0.0033 

Lafnitz North-Eastern Europe 0.0163 0.0033 

Elbe Tisza 0.0157 0.0030 

Lafnitz Tisza 0.0156 0.0029 

Southern Alps Tisza 0.0156 0.0028 

Scandinavia Rhône 0.0155 0.0032 

Northern Alps Tisza 0.0154 0.0028 

Rhine Tisza 0.0145 0.0031 

Rhône Tisza 0.0144 0.0031 

Scandinavia Rhine 0.0143 0.0030 

Rhône North-Eastern Europe 0.0142 0.0032 

Southern Alps Western Balkans 0.0137 0.0023 

Northern Alps Western Balkans 0.0131 0.0023 

Elbe Western Balkans 0.0131 0.0025 
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Southern Alps Rhône 0.0131 0.0021 

Scandinavia Western Balkans 0.0130 0.0029 

Rhine North-Eastern Europe 0.0129 0.0030 

Southern Alps Rhine 0.0129 0.0021 

North-Eastern Europe Western Balkans 0.0125 0.0030 

Northern Alps Southern Alps 0.0121 0.0018 

Southern Alps Lafnitz 0.0120 0.0018 

Southern Alps Elbe 0.0120 0.0019 

Northern Alps Rhône 0.0117 0.0018 

Rhône Western Balkans 0.0115 0.0024 

Northern Alps Rhine 0.0114 0.0018 

Lafnitz Western Balkans 0.0114 0.0021 

Rhine Western Balkans 0.0109 0.0024 

Rhône Elbe 0.0109 0.0019 

Rhine Elbe 0.0108 0.0018 

Northern Alps Lafnitz 0.0107 0.0016 

Lafnitz Rhône 0.0105 0.0017 

Rhine Lafnitz 0.0104 0.0018 

Northern Alps Elbe 0.0104 0.0016 

Lafnitz Elbe 0.0092 0.0017 

Scandinavia North-Eastern Europe 0.0082 0.0024 

Rhine Rhône 0.0079 0.0014 
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Supporting Information 2 

 

Comments on fluvial deposits described in Rückert-Ülkümen and Kaya (1993), p. 62 

 

The authors characterized the fossiliferous bed as fluviatile and possibly resedimented 

(Rückert-Ülkümen & Kaya, 1993, p. 62). Fluvial deposits of this type were possible in several 

regression periods from the late Khersonian (approx. 8 Ma, see Krézsek & Olariu, 2021) up to 

the onset of the Messinian Salinity Crisis in the Eastern Paratethys (5.95 Ma, see Krijgsman et 

al., 2010). "Sarmatium-Pannonium” in the sense of Rückert-Ülkümen & Kaya (1993) are 

chronostatigraphical units of the Central Paratethys and may cover several regional strata in the 

Eastern Paratethys, ranging from Volhynian even up to the base of Pontian (Odessian in the 

sense of Krijgsman et al. (2010)), including Khersonian and Maeotian (13.7–6.8 Ma according 

to Papp (1985); up to 6.05 Ma according to Krijgsman et al. (2010)). 

 

mtDNA control region (CR) sequencing: technical details and information on sample 

choice 

 

While the entire CR (approx. 1,082 bp) was targeted, difficulties involving an 82 bp repeat 

region in the second half (3’-end) were encountered. To overcome this problem, the first half 

of the CR (5’-end) was amplified with LRBT-25 and INT-5` (5'-

ATATAAGAGAACGCCCGGCT-3'), and the second half (3’-end) with a newly designed 

primer CRint3F (5`-GAAACCACTCACTGAAAGCCG-3') and HN20 (5'-

GTGTTATGCTTTAGTTAAGC-3') (Bernatchez & Danzmann, 1993). In some cases, three 

different PCR product were generated, the first involving LRBT-25 and INT-5`, a second 

involving the newly designed primers CRint3F and CRI_int1R (5`-

ACTTCCTGGTTTAGGGGTTTGAC-3`) and a third using INT-3` (5'- 

TCCTTGTTTTCCTGTCAAACC-3') and CRII_int2R (5`-TGAGTTTCCTTGGGGGTGTG-

3`). This difficulty has been reported in several other species of salmonid genera, such as 

Coregonus and Hucho, and was also mentioned for Thymallus in Weiss et al. (2002) and Gum 

et. al (2005). Populations containing an unknown number of the 82 bp repeat corresponded 

primarily to the Danube River and the Rhine River drainage of Switzerland. 
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Mitogenome assembly: technical details 

 

The five assemblers did not work equally well for all samples. While MITObim, GetOrganelle 

and Norgal produced assemblies for every sample, NOVOplasty failed for one (Ibr1) and 

Mitoflex for three samples (Ibr1, ORB73 and RUS14). Annotation results varied between the 

assemblers, i.e., the number of recovered genes, rRNAs and tRNAs as well as the overall length 

(number of bp). The most comprehensive and homogenous results for the dataset were produced 

by MITObim and NOVOplasty. Assemblies with NOVOplasty generally showed lower 

deviation in overall length and were thus selected for downstream analyses. Only for Ibr1 the 

MITObim assembly was chosen, as this sample did not produce a NOVOplasty assembly. For 

all ten samples, 13 out of 13 mitochondrial protein coding genes, two out of two rRNAs and 22 

out of 22 tRNAs were recovered. Genome length ranged from 16,657 to 16,712 bp. 

 

The time calibrated phylogeny in Weiss et al. (2021)  

 

The time calibrated phylogeny in Weiss et al. (2021) contains a misinterpretation of Wilson & 

Li (1999) in relation to the classification of †Eosalmo driftwoodensis (basal to the subfamily 

Salmoninae vs. basal to the family Salmonidae). The calibration scheme included a first 

calibration point set at 50 Ma for the most recent common ancestor (MRCA) of Salmonidae, 

using the fossil †Eosalmo driftwoodensis, another point set at 0.13 Ma for the expansion of T. 

baicalensis into Lake Baikal, and a third point set at 7.6 Ma as stem of the European lineages, 

based on the fossil remains of †Thymallus latisulcatus. However, upon revisiting the 

bibliography in support of the calibration point of Eosalmo, the fossil prior would be better 

placed as stem only of the subfamily Salmoninae instead of the MRCA of all Salmonidae 

(Wilson & Li, 1999). In order to verify the implications of the replacement of this contentious 

fossil calibration point, the analyses was re-run as reported in Weiss et al. (2021). Most of the 

topology remained the same, with the exception of the subfamily grouping (Figure S2). In this 

new topology, Salmoninae appeared as the basal lineage to Thymallinae + Coregoninae, in 

agreement with (Macqueen & Johnston, 2014). Some node ages also became slightly older 

which was particularly important for the split of Asian and European Thymallus (7.8–10.8 Ma 

vs. 6.2–9.0 Ma) and thus affecting the time of colonisation of Europe. Most significantly, the 

age of the first split among European Thymallus became older (4.0–6.0 Ma vs. 3.0–4.8 Ma) 

possibly suggesting a pre-Messinian colonisation of the Danube River region. 
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Figure S1. Time‐calibrated SNAPP phylogeny showing the alternative topology with an early split of 

the Tisza from all other Danubian lineages. The blue colour indicating the most common topology; the 

red colour indicating the second most common topology. 
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Figure S2. Time-calibrated mitogenome phylogeny corrected from Weiss et al. (2021) with the fossil 

calibration point of †Eosalmo driftwoodensis set as stem of the subfamily Salmoninae. 
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