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populations from adjacent drainages and commercial 
hatcheries. High genetic differentiation at small geo-
graphic scales was found among pure Danubian-line-
age populations, especially in the Kalkalpen National 
Park (Austria). In the Upper Danube drainage of 
Germany, as well as in the Rhine and Elbe drain-
ages, brown trout populations were predominantly of 
Atlantic-lineage origin – as were those of all commer-
cial hatcheries. Most populations, however, showed 
various degrees of admixture between Danubian and 
Atlantic lineages, hypothesized to be the result of 
both natural and anthropogenic processes. We high-
light the conservation value of pure Danubian-lineage 
populations, and the challenges promoting conserva-
tion of naturally admixed populations, while discour-
aging continued stocking and admixture via manage-
ment activities.

Abstract  Increasing rates of hybridization and 
introgression in managed populations of freshwa-
ter fish are a major threat to the long-term viability 
of native species. The conservation challenge begins 
with identifying native gene pools. For brown trout 
(Salmo trutta Linnaeus, 1758) in the Upper Danube 
drainage, this task is complicated by the presence of 
both naturally and anthropogenically induced admix-
ture of highly divergent lineages (Atlantic and Danu-
bian). Herein, a ddRADseq protocol was used to type 
377 individuals from 24 populations in the Upper 
Danube in Austria and Germany, and from reference 
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Introduction

Inland fisheries management in much of continental 
Europe is largely private, highly fragmented in spatial 
terms, and characterized by a heavy reliance on stock-
ing programs (Pinter et  al., 2019; Arlinghaus et  al., 
2022). This is especially true for salmonid fishes, such 
as brown trout (Salmo trutta Linnaeus, 1758), where 
stocking of hatchery-reared fish or cross-basin trans-
fers has been a common practice aimed at supporting 
sport fishing or artisanal interests, reaching back at 
least into the Middle Ages (Diem, 1964; Pechlaner, 
1984; Miró & Ventura, 2013; Splendiani et al., 2016). 
Under such circumstances, advocating the protection 
of native gene pools has had limited success outside 
of various nature protection areas, such as national 
parks, or involving a few conservation-minded man-
agers. Unfortunately, this has led to the widespread 
use of non-native stocking material (Weiss et  al., 
2001; Pinter et  al., 2019; Kohout et  al., 2012; Pru-
nier et al., 2022) and thus raises serious concerns that 
admixture between native and non-native individuals 
will threaten the viability of locally adapted popula-
tions (Allendorf et al., 2001; Hansen et al., 2009).

In the Upper Danube drainage of Austria and Ger-
many, two major mitochondrial DNA (mtDNA) lin-
eages (Atlantic & Danubian) of brown trout occur 
across an extensive contact (hybrid) zone (Bernatchez 
et  al., 1992; Riffel et  al., 1995; Weiss et  al., 2001; 
Lerceteau-Köhler et  al., 2013). Recent analysis esti-
mated that these two mtDNA lineages may share a 
common ancestor in the Pliocene (Veličković et  al., 
2023), significantly older than previously thought 
(Bernatchez, 2001). Nonetheless, both lineages are 
thought to be native to this area, with the Atlantic 
lineage arriving via post-glacial colonization from 
adjacent watersheds (Weiss et  al., 2001). While the 
quaternary glaciations generally had major impacts 
on population structure, distribution, and the demo-
graphic history of freshwater fish species in Europe 
(Weiss & Ferrand, 2002), these natural patterns are 
also influenced by human-mediated translocations 
and subsequent admixture. Lerceteau-Köhler et  al. 
(2013) provided the first extensive genetic analysis of 
114 populations of Danubian brown trout in Austria 

and Germany, including nearby headwater locations 
in the Rhine and Elbe catchments. The results cor-
roborated earlier findings of Schliewen et al. (2001), 
demonstrating that the Upper Danube in Germany 
is predominantly characterized by the Atlantic line-
age, with little trace of diagnostic Danubian-lineage 
alleles. Furthermore, the hybrid zone in the Upper 
Danube catchment revealed a downstream gradient of 
an increasing proportion of Danubian ancestry. Pure 
Danubian-lineage populations of brown trout in the 
Upper Danube catchment, however, are restricted to 
isolated, primarily alpine, headwater streams (Baric 
et al., 2010; Lerceteau-Köhler et al., 2013; Schenekar 
et al., 2014). This is likely due to natural (i.e., ancient 
cross-basin colonization of Atlantic-origin brown 
trout) and human-mediated (i.e., large-scale, continu-
ous stocking efforts) colonization of Atlantic-lineage 
brown trout into the region, which led to admixture 
in all but the most isolated systems. Schenekar et al. 
(2014) showed that hatchery and wild strains of 
Atlantic-lineage brown trout in the Upper Danube 
could be distinguished with a high-resolution micro-
satellite panel (17 loci) or with extensive mtDNA 
sequencing (> 6000  bp). Based on this study and 
the initial hypothesis of Weiss et  al. (2001), it was 
inferred that admixed populations north of the Alps 
are predominately of natural origin but the presence 
of the Atlantic lineage in alpine headwater streams of 
the Upper Danube in Austria is primarily the result 
of modern supplementary stocking of Atlantic-lin-
eage individuals. We note, however, that hatcheries 
in this region are primarily small, with little govern-
ment oversight over their activities with respect to 
genetic origin of stocking material. Brood fish are 
routinely supplemented with wild caught fish, and 
there is a large amount of exchange of brood fish and 
offspring among hatchery owners (Pinter et al., 2019) 
– and stocking activities themselves are often not 
documented.

The genetic characterization of native stocks of 
brown trout throughout their natural range has gen-
erally gained considerable attention (Ryman et  al., 
1995; Laikre, 1999; Vera et  al., 2018). This is 
due to both the decline in fish stocks and the need 
to identify locally adapted populations of brown 
trout for management programs. Accordingly, the 
distinction between natural and anthropogenic 
admixture of Atlantic and Danubian lineages in 
the Upper Danube River drainage is considered of 
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high conservation importance, as well as the genetic 
characterization of native local populations. So far, 
population structure and interpopulation differen-
tiation of brown trout in the Upper Danube drain-
age has been investigated using either exclusively 
mtDNA or a low number of microsatellite loci (e.g., 
Baric et  al., 2010; Schenekar et  al., 2014). Novel 
high throughput sequencing techniques such as dou-
ble-digest restriction site associated DNA sequenc-
ing (ddRADseq) provide great possibilities for 
population genomic studies by drastically expand-
ing the number of loci being analyzed (Peterson 
et al., 2012). Here, we apply a ddRADseq approach 
to brown trout populations across Austria including 
samples representative of the major drainages of 
Germany, to determine the population genetic struc-
ture, as well as signals of admixture in the Upper 
Danube region. Populations from the Kalkalpen 
National Park (Upper Austria) play a central role 
in this analysis, as previous investigations in this 
area suggested the presence of distinctive pure 
Danubian-lineage populations of high conservation 
concern.

Materials and methods

Sampling

In total, fin clips from 479 brown trout stemming 
from 24 locations (Fig.  1, Table  1) were sampled 
and stored in 95% EtOH. To serve as a reference for 
pure native Danubian-lineage brown trout, 56 sam-
ples were collected from three populations (GOS, 
ETR, RAP) known from previous studies to consist 
predominantly of the Danubian lineage (Lerceteau-
Köhler et al., 2013). Similarly, Atlantic-lineage ref-
erence populations were sampled from four loca-
tions in Germany, totalling 77 individuals across the 
two main drainages: Rhine (ISN, ROW, SDA) and 
Elbe (SZB). Additionally, we analyzed 13 popula-
tions of the Danubian catchment north of the Alps, 
including samples from the Kalkalpen National 
Park (Upper Austria) and the Bavarian Forest 
National Park (Germany). Commercial stocking 
material of brown trout in Austria is represented by 
72 individuals from four hatcheries.

Fig. 1   Geographic location of the study area. a geographic 
distribution of the two main brown trout lineages in Europe 
based on mtDNA data from Bernatchez (2001) and SNP data 
from Hashemzadeh Segherloo et  al. (2021). The Ponto-Cas-
pian lineage includes the Danubian brown trout. b Sampling 

sites in the Danube, Rhine and Elbe drainage systems; popu-
lation codes correspond to Table  1). Base map taken from: 
https://​en.m.​wikip​edia.​org/​wiki/​File:​Europe_​relief_​laea_​
locat​ion_​map.​jpg. c Sampling locations within the Kalkalpen 
National Park (national park area in green)

https://en.m.wikipedia.org/wiki/File:Europe_relief_laea_location_map.jpg
https://en.m.wikipedia.org/wiki/File:Europe_relief_laea_location_map.jpg
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Table 1   Details of sampling locations including a three-letter population code, major- and sub-river drainages, GPS coordinates, 
country and province of origin, sampling date, and the number of individuals analyzed

Location Pop. code Drainage 
basin

Sub-drain-
age

Latitude (N) Longitude (E) Country Province Sampling 
date

Samples 
analyzed

Danube—North Alpine
Gossen-

kölleseea
GOS Black Sea N/A 47°13′46.00″N 11°00′50.00″E Austria Tyrol 10.2015 20

Rappenba-
cha

RAP Black Sea Danube/Isar/
Loisach/
Gaisbach

47°23′20.40″N 10°57′25.70″E Austria Tyrol 05.2014 16

Seebach SEE Black Sea Danube/Ilz/
Große Ohe

48°56′46.90″N 13°24′28.80″E Germany Bavaria 07.2016 20

Brechlbach BRB Black Sea Danube/Inn/
Salzach/
Saalach

47°31′25.61″N 12°45′27.74″E Austria Salzburg 07.2016 14

Grundl-
see—
Toplitzsee

GDL Black Sea Danube/
Traun/
Grundlseer 
Traun

47°38′12.8″N 13°53′58.1″E Austria Styria 12.2017 20

Hallstätter 
See

HST Black Sea Danube/
Traun

47°34′35.5″N 13°39′46.7″E Austria Upper 
Austria

12.2017 30

Sitzenbachb SIB Black Sea Danube/
Enns/Rei-
chraming-
bach/
Großer 
Bach

47°44′50.64″N 14°26′25.08″E Austria Upper 
Austria

08.2015 21

Jörglgra-
benbachb

JGB Black Sea Danube/
Enns/Rei-
chraming-
bach/
Großer 
Bach/
Sitzenbach

47°46′36.67″N 14°27′17.19″E Austria Upper 
Austria

12.2016 20

Stöffla-
lmgrabenb

STG Black Sea Danube/
Enns/Rei-
chraming-
bach/
Großer 
Bach/
Sitzenbach

47°44′59.28″N 14°26′09.24″E Austria Upper 
Austria

08.2015 21

Saigerin-
bachb

SAB Black Sea Danube/
Enns/Rei-
chraming-
bach/
Großer 
Bach/
Schwarzer 
Bach

47°44′00.70′′N 14°30′25.30″E Austria Upper 
Austria

12.2016 19

Krumme 
Steyrlingb

KSL Black Sea Danube/
Enns/Steyr

47°45′29.52″N 14°24′02.52″E Austria Upper 
Austria

08.2015 29

Schafgra-
benbachb

SGB Black Sea Danube/
Enns/
Steyr/
Krumme 
Steyrling

47°44′59.00″N 14°24′07.50″E Austria Upper 
Austria

08.2015 21
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DNA extraction and ddRADseq libraries

Genomic DNA was extracted from fin clips using a 
standard Ammonium Acetate protocol (Sambrook 
et  al., 1989). DNA integrity was assessed on a 1% 
Agarose gel.

The ddRADseq libraries were constructed fol-
lowing Peterson et  al. (2012). In short, each library 

consisted of 48 individuals. SphI and ApoI restriction 
enzymes (New England Biolabs) were used to digest 
500 ng of genomic DNA from each individual, for 3 h 
at 37  °C. The adapters (unique P1 and common P2 
from Peterson et al., 2012) were ligated to the DNA 
fragments at 23 °C for 30 min. Thereafter, the ligated 
products were cleaned using 1.8X volume Ampure 
beads (Beckman Coulter) and pooled in equimolar 

Table 1   (continued)

Location Pop. code Drainage 
basin

Sub-drain-
age

Latitude (N) Longitude (E) Country Province Sampling 
date

Samples 
analyzed

Rumpel-
mayrbachb

RMB Black Sea Danube/
Enns/
Steyr/
Krumme 
Steyrling

47°44′55.32″N 14°22′58.80″E Austria Upper 
Austria

08.2015 21

Niklbachb NIB Black Sea Danube/
Enns/
Steyr/Pal-
tenbach

47°47′58.06″N 14°17′09.67″E Austria Upper 
Austria

08.2015 21

Lohnbach LOH Black Sea Danube/
Kamp/
Großer 
Kamp/
Kleiner 
Kamp

48°28′41.20″N 15°01′33.00″E Austria Lower 
Austria

05.2013 18

Danube—South Alpine
Etrachbacha ETR Black Sea Danube/

Mur/Ran-
tenbach

47°13′56.20″N 13°58′18.10″E Austria Styria 11.2012 20

Rhine
Isenach ISN North Sea Rhine 49°27′54.00″N 08°00′58.00″E Germany Rhine-

land-
Palati-
nate

2014 19

Rotes Was-
ser

ROW North Sea Rhine/Lahn/
Ohm

50°56′02.00″N 08°50′01.20″E Germany Hesse 2014 19

Schondra SDA North Sea Rhine/Main/
Fränkische 
Saale

50°08′21.20″N 09°43′02.00″E Germany Bavaria 2014 19

Elbe
Schwarz-

bach
SZB North Sea Elbe/Vltava/

Řasnice
48°51′53.90″N 13°42′34.60″E Germany Bavaria 06.2016 20

Hatchery populations
Hatchery 1 AND N/A N/A 47° 8′5.25″N 15°25′31.21″E Austria Styria 04.2016 20
Hatchery 2 HTL N/A N/A 48°16′5.62″N 13° 5′53.61″E Austria Upper 

Austria
05.2016 20

Hatchery 3 THA N/A N/A 47°17′48.7″N 11°29′06.9″E Austria Tyrol 12.2017 16
Hatchery 4 WES N/A N/A 46°43′1.26″N 13°18′10.84″E Austria Carinthia N/A 15
a Pure native Danubian-lineage populations according to Lerceteau-Köhler et al. (2013)
b Populations originating from Kalkalpen National Park
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proportions. The pooled samples were size-selected 
using a Blue Pippin (Sage Science) set to 300  bp 
(tight range) and amplified with a Phusion High-
Fidelity PCR Kit (New England Biolabs) using PCR1 
and PCR2 primers from Peterson et al. (2012). Final 
libraries were quantified by qPCR using the NEB-
Next Library Quant Kit for Illumina (New England 
Biolabs). Sequencing was performed by the NGS 
Facility at Vienna Biocenter Core Facilities (VBCF, 
Austria) using an Illumina HiSeq 2500 to produce 
100 bp single-end reads. Illumina reads were depos-
ited at NCBI’s Sequence Read Archive under acces-
sion numbers SAMN38751275–SAMN38751651 
(Supplementary Material S1).

Raw data processing and reference genome mapping

Each HiSeq run produced on average 100 million 
reads, with an average of 2.1 million reads per indi-
vidual (range: 27,000–9.1  million). Raw reads were 
demultiplexed and quality-filtered using process_rad-
tags in Stacks v.2.55 (Catchen et al., 2011, 2013) and 
subsequently quality checked with MultiQC v.1.11 
(Ewels et  al., 2016). The 5 bp cut site was removed 
using Trimmomatic v.0.39 (Bolger et  al., 2014), 
and quality filtered reads of each individual were 
mapped to the genome of Salmo salar Linnaeus, 1758 
(GCA_000233375.4; Lien et al., 2016) using Bowtie 2 
v.2.2.9 (Langmead & Salzberg, 2012). Approximately 
92% of the quality filtered reads from each individual 
were successfully mapped to the S. salar genome. At 
the time of this analysis, the S. salar genome was the 
only well-annotated Salmo genome available and has 
been used in a number of studies with brown trout 
(e.g., Hashemzadeh Segherloo et  al., 2021), despite 
the fact that a S. trutta genome has recently become 
available (GCF_901001165.1, Hansen et  al., 2021). 
The output SAM files from Bowtie 2 analysis were 
sorted with samtools (Danecek et al., 2021) and used 
to build a catalogue of loci using the gstacks mod-
ule implemented in Stacks (Catchen et  al., 2011, 
2013) under a minimum mapping quality (–min-
mapq parameter) of 20. At this step, 42–53% of the 
reads were discarded due to a low mapping quality 
(Supplementary Material S2), which includes reads 
mapping multiple times and thus filtering out poten-
tial paralogs. Loci were exported using the popula-
tions program in Stacks to produce output files for 
downstream population genomic analyses (Catchen 

et  al., 2011, 2013). We only retained loci present in 
all populations (-p parameter) and in at least 75% of 
the individuals in each population (-r parameter); 
we also discarded loci with minor allele frequencies 
(MAF) under 0.05 (–min-maf parameter), which can 
be the result of sequencing errors rather than repre-
senting true polymorphisms. In order to only analyze 
putatively unlinked SNPs in downstream analysis, we 
kept only one random SNP per locus (–write-random-
snp parameter), resulting in a dataset of 2,540 SNPs. 
Overall, a total of 377 (78.5%) individuals across 24 
populations yielded a sufficient coverage (> 5x) to 
be used in downstream analysis. Five LOH samples 
were kept despite a lower mean coverage (between 
4.1–4.9x), in order to retain a minimum number of 10 
individuals per population. The output file was visu-
alized with matrix condenser (de Medeiros and Far-
rell, 2018; de Medeiros, 2019) in R v.4.1.2 (R Core 
Team, 2021) to evaluate effects of missing data by 
including/excluding samples with low coverage. The 
percentage of missing data ranged from 0.0 to 26.5% 
(mean 2.8%), with only one individual above 20% 
(Supplementary Material S2).

Detecting and retaining neutral SNPs

Certain population genetic analyses are characterized 
by an underlying assumption of SNP neutrality and 
violation of this assumption can induce significant 
bias in the results (Foll & Gaggiotti, 2008). There-
fore, BayeScan v.2.1 (Foll & Gaggiotti, 2008) was 
used to detect SNPs under selection, with a posterior 
probability > 0.95 for outlier SNPs and prior odds set 
to 1, making the neutral model as likely as the model 
with natural selection. Such low prior odds lead to a 
high number of false-positives in terms of signals of 
selection, but it ensures that any SNP even remotely 
under selection is detected and removed from the 
dataset, thus retaining only neutral SNPs. A total of 
331 SNPs were putatively under selection, leaving 
2,209 neutral SNPs for downstream analyses.

Population genomic analyses

Arlequin v.3.5.2.2 (Excoffier & Lischer, 2010) was 
used to estimate FST values and corresponding p-val-
ues of each population, as well as to evaluate the 
deviation from Hardy Weinberg Equilibrium (HWE) 
for each population by computing the inbreeding 
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coefficients (FIS values), expected heterozygo-
sity (HE) and observed heterozygosity (HO) with an 
allowed missing level of 0.1.

Clustering analyses

To help evaluate the population structure of brown 
trout in the Upper Danube drainage and visualize 
inter-cluster differentiation with no prior assumptions 
related to genetic models, a Principal Components 
Analyses (PCA) was carried out on SNP genotypes. 
The analysis was performed using the R packages 
adegenet v.2.1.8 (Jombart, 2008; Jombart & Ahmed, 
2011) and factoextra v.1.0.7 (Kassambara & Mundt, 
2020) in R v.4.1.2.

The population structure and shared ancestry were 
also investigated using the program ADMIXTURE 
v.1.3.0 (Alexander et al., 2009), which estimates indi-
vidual ancestry from multilocus SNP datasets using 
maximum likelihood in a parametric model. Vary-
ing numbers of assumed population clusters (K) were 
tested ranging from 1 to 24, each with 10 independ-
ent runs. The results of all replicates for each K were 
summarized using the program CLUMPAK (Kopel-
man et  al., 2015) in StructureSelector (Li & Liu, 
2018). A separate ADMIXTURE analysis was run for 
Atlantic reference-, hatchery- and admixed Danubian 
populations (based on 2,291 neutral SNPs). The opti-
mal number of clusters was evaluated based on the 
cross-validation error.

Phylogenetic structure

A maximum likelihood (ML) approach imple-
mented in IQtree v.2.1.4 (Minh et  al., 2020) was 
used to roughly depict the genetic relationships 
among brown trout in the Upper Danube and adja-
cent drainages. The best-fit nucleotide substitution 
model (TVM + F + R8) was identified using ModelF-
inder (Kalyaanamoorthy et  al., 2017) implemented 
in IQtree with three independent runs and based on 
the Bayesian Information Criterion (BIC). A concat-
enated alignment of all ddRADseq loci was used to 
infer a ML tree with 1,000 ultrafast bootstrap repli-
cates and applying the -bnni flag to reduce the impact 
of overestimating branch support with ultrafast boot-
straps (Hoang et al., 2018).

Results

Genetic differentiation

Expected heterozygosity (HE) ranged from 0.146 
(RMB, ETR) to 0.364 (BRB) and was generally lower 
than observed heterozygosity (HO) with the excep-
tion of populations AND, LOH, and ETR (Table 2). 
Most FIS values (inbreeding coefficient) were nega-
tive, indicating heterozygosity excess in the popu-
lations. This is expected with genomic markers and 
very small population sizes, which most of our wild 
samples from headwater streams represent. Based on 
the FIS values, 10 of 24 populations showed a sig-
nificant deviation from Hardy–Weinberg equilibrium 

Table 2   Summary statistics of genetic diversity of the popu-
lations in this study: number of sequenced samples per popu-
lation (N), mean observed (HO) and expected heterozygosity 
(HE), inbreeding coefficient (FIS) as well as proportion of ran-
domizations that gave a higher FIS value than the observed one

Pop N HO HE FIS P (Rand 
FIS >  = Obs 
FIS)

SDA 16 0.241 0.236 − 0.059 0.8964
ISN 17 0.295 0.293 − 0.026 0.6989
ROW 16 0.345 0.318 − 0.141 0.9892
SZB 19 0.346 0.338 − 0.046 0.8250
SEE 13 0.297 0.282 − 0.092 0.9472
AND 15 0.272 0.272 − 0.060 0.8700
HTL 17 0.288 0.274 − 0.087 0.9648
THA 12 0.369 0.344 − 0.103 0.9003
BRB 12 0.383 0.364 − 0.088 0.9032
HST 24 0.342 0.326 − 0.081 0.9531
GDL 17 0.342 0.323 − 0.077 0.9218
LOH 10 0.347 0.348 − 0.028 0.6119
WES 15 0.408 0.353 − 0.198 0.9941
SIB 16 0.379 0.335 − 0.192 0.9932
JGB 14 0.393 0.350 − 0.172 0.9746
SAB 11 0.241 0.224 − 0.124 0.9834
STG 16 0.301 0.283 − 0.084 0.9110
KSL 18 0.163 0.152 − 0.107 0.9883
RMB 16 0.154 0.146 − 0.076 0.9384
SGB 16 0.331 0.329 − 0.019 0.6334
NIB 19 0.194 0.176 − 0.143 0.9990
RAP 14 0.247 0.246 − 0.021 0.6041
ETR 15 0.140 0.146 0.022 0.2649
GOS 19 0.177 0.168 − 0.089 0.9599
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(at P < 0.05), however after applying a table-wide 
sequential Bonferroni correction (Sokal & Rohlf, 
1995), only four populations (JGB, SAB, KSL, 
NIB) remained statistically significant. Pairwise 
FST values, measuring differentiation among popu-
lations, were lowest among populations from the 
Krumme Steyrling catchment (KSL, RMB, SGB; 
FST = 0.004–0.060), and among populations from the 
Rhine drainage (SDA, ISN, ROW; FST = 0.077–0.177) 
(Supplementary Material S3). The highest FST values 
were found between Atlantic and Danubian-lineage 
populations, ranging from 0.666 (SDA vs. SAB) to 
0.827 (ISN vs. GOS) reflecting the deep divergence 
between these major phylogeographic lineages. 
Within the Upper Danube drainage, the highest FST 
value was found between the northern Alpine SEE 
and GOS (0.721) populations; FST values among 
populations from the Kalkalpen National Park ranged 
from 0.004 (SGB vs. KSL) to 0.645 (SGB vs. SIB).

Population structure

In the PCA, the first axis (34.4% of variance) clearly 
revealed differentiation between pure native Danubian 
populations (ETR, GOS, RAP) as well as some popu-
lations from the Kalkalpen National Park (NIB, SAB, 
STG, KSL, RMB, SGB) to Atlantic lineage reference 
populations (ISN, SZB, SDA, ROW) (Fig. 2a). Sam-
ples from the Upper Elbe grouped together with those 
from the Rhine. Other Danubian populations, includ-
ing samples from hatcheries (HTL, AND, WES, 
THA), appeared to be admixed with strong Atlan-
tic influence. The Danubian SEE population from 
the Bavarian Forest National Park grouped together 
with the Atlantic reference populations. Variability 
among Danubian-lineage populations was observed 
along PC2 (3.3% of variance) and PC3 (2.6% of vari-
ance), where samples from the Kalkalpen National 
Park were distinct from Danubian reference popula-
tions and displayed differentiation among distinct 
drainage systems at small geographic scales. Strong 
within population variation was not only observed 
for hatchery samples but was also present in wild 
(admixed and reference) populations; e.g., ETR, 
which appeared as a pure Danubian population, with 
exception of one individual (ETR120) which seemed 
to be of admixed origin, grouping with individuals of 
BRB, JGB, LOH.

The ADMIXTURE analysis revealed consider-
able complexity among the populations analyzed 
but showed that the most probable number of clus-
ters was K = 2 (strongest decrease of the cross-val-
idation error, CV error = 0.388) or K = 17 (lowest 
cross validation error, CV error = 0.301), reflecting 
the distinction between Atlantic and Danubian line-
ages but also strong drainage specific sub-structure 
respectively (Fig.  2b; Supplementary Material S4, 
showing K = 2 to K = 17). Several populations in the 
Danube drainage north of the Alps, including the 
Kalkalpen National Park (SIB, JGB), appeared to 
be admixed. The hatchery samples were not homog-
enous with a distinction between AND/HTL and 
THA/WES at K = 17. Samples from LOH, a popula-
tion previously considered to be of pure Danubian 
origin (Schenekar et al., 2014), was clearly admixed 
with only one individual (LOH304) showing a high 
ancestry proportion with the Danubian lineage. To 
better evaluate the introgression of hatchery lineages 
into admixed populations, we re-ran ADMIXTURE 
without pure Danubian populations (Fig.  2b; Sup-
plementary Material S5, showing K = 2 to K = 9). At 
K = 2 (strongest decrease of the cross-validation error, 
CV error = 0.437) it was clear that hatchery popula-
tions appeared admixed compared to Atlantic refer-
ence populations, and at K = 9 (lowest cross valida-
tion error, CV error = 0.388) the Atlantic reference 
population were distinct and most similar to the Dan-
ubian SEE population, but no direct association with 
these potential sources, as well as hatchery popula-
tions (excluding specific individuals) was seen in the 
admixed populations.

Phylogenetic structure

Reference samples of the Atlantic and Danubian 
lineages were recovered as distinct groups (Fig. 2c) 
with strong support in ML analysis (bootstrap val-
ues, bs 99 and 95, respectively). Samples from the 
Danubian SEE population formed a well-supported 
(bs 99) sister group to samples from the Vltava 
River system (SZB). The placement of admixed 
individuals/populations was only weakly supported 
but they appeared more associated with the Atlan-
tic lineage, including the hatcheries. Samples from 
the Kalkalpen National Park were not homogenous. 
Most of them grouped with Danubian reference 
populations (KSL, RMB, SGB, NIB, STG, SAB), 
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forming well-supported subgroups (bs 95–100) 
reflecting their origin from distinct drainage sys-
tems. Populations JGB and SIB grouped with 

samples of predominantly Atlantic-lineage back-
ground, similar to the Lower Austrian LOH popu-
lation where one sample (LOH304) was associated 

Fig. 2   Population structure and phylogenetic relationships of 
the 24 analyzed brown trout populations. a Principal compo-
nent analysis (PC1 vs. PC2) and (PC1 vs. PC3). Each circle 
represents one individual and circles are color coded for popu-
lation origin. b ADMIXTURE analysis showing clustering of 

individuals based on shared ancestry, each bar represents one 
individual. Optimal number of clusters based on the cross-vali-
dation error K = 2 or K = 17 (entire dataset); and K = 2 or K = 9 
(partial dataset). c Maximum likelihood tree representing phy-
logenetic relationships
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with individuals from the Krumme Steyrling (KSL, 
RMB, SGB).

Discussion

This study provides the first insights into the genetic 
structure of brown trout in the Upper Danube drain-
age using genome-wide SNP markers. The results 
1) support significant genetic differentiation among 
native Danubian-lineage populations in Austria, 2) 
highlight the discovery of the densest cluster of pure 
native Danubian-lineage brown trout populations thus 
far found in the region (Kalkalpen National Park), 
and 3) support previous studies suggesting a com-
plex evolutionary history of brown trout in the Upper 
Danube likely the result of both natural and anthro-
pogenic processes. Collectively, these results present 
a challenge to both conservation policy and commu-
nication with stake holders responsible for fisheries 
management.

Previous studies have inferred an extensive contact 
zone of the Atlantic & Danubian lineages of brown 
trout in the Upper Danube drainage of Germany and 
Austria with a downstream gradient of increasing 
proportion of Danubian ancestry (Weiss et al., 2001; 
Lerceteau-Köhler et al., 2013). While pure Danubian-
lineage brown trout in Germany have not yet been 
found, a few such populations have been described 
in Austria north of the Alps, primarily restricted to 
isolated headwater reaches of streams in proxim-
ity to late Pleistocene glacial margins (Baric et  al., 
2010; Lerceteau-Köhler et  al., 2013). The signifi-
cant genetic differentiation found among these native 
Danubian populations (Fig. 2) likely reflects high lev-
els of genetic drift acting on such small populations 
with low effective population sizes (Frankham, 2005; 
Whitely et al., 2018) promoting isolation-by-distance 
(Toczydlowski & Waller, 2018), or specifically, iso-
lation-by-resistance (sensu McRae, 2006) as dispersal 
is restricted. Alternatively, post-glacial expansion of 
brown trout in this region may have originated from 
multiple local glacial refugia, reflecting complex 
biogeographic patterns in other cold-stenothermic 
aquatic taxa (Malicky, 2006; Graf et  al., 2014). For 
brown trout and other rheophilic fish species, it may 
thus be plausible that naturally isolated headwater 
populations exist along the entire Alpine range (see 
Fumagilli et al., 2002; Gil et al., 2016; Polgar et al., 

2022) where headwater isolation of such relict popu-
lations was enhanced by erosional processes creating 
barriers (i.e., waterfalls) to upstream fish migration.

One such example may be found in the Kalkalpen 
National Park (Upper Austria). This area is located 
in the eastern-most extension of the Upper Austrian 
Prealps, which was situated just outside of the main 
Alpine glacial sheet during Last Glacial Maximum 
(van Husen, 1971, 1975). The brown trout popula-
tions in the Kalkalpen National Park are unique as 
they represent the densest cluster of pure Danubian-
lineage brown trout found north of the Alps so far 
(compare to Lerceteau-Köhler et  al., 2013), while 
showing clear genetic differentiation across small 
spatial scales (Fig. 2, Table 2). Most of these popula-
tions inhabit headwater creeks at 750–1090 m above 
sea level, in an area less than 200km2, and most of 
them are separated from downstream reaches by cas-
cades. Despite the unique genetic structure observed 
among populations in the Kalkalpen National Park, 
there were clear signs of admixture in some popu-
lations (e.g., SIB, JGB, SAB) with the presence of 
non-Danubian alleles possibly stemming from stock-
ing of hatchery-reared strains. Both the JGB and the 
SIB populations revealed Atlantic-lineage mtDNA or 
a high frequency of the LDH-90 allele (Weiss et al., 
2017), which is common among Atlantic-lineage 
hatchery stocks in the region (Lerceteau-Köhler et al., 
2013) and used as a diagnostic marker for Atlantic-
lineage populations across central and northern 
Europe (Hamilton et  al., 1989; Riffel et  al., 1995). 
While such admixture apparently affects populations 
in the downstream reaches (JGB, SIB) more than 
those in the headwaters, it may still pose a potential 
threat toward sustaining the genetic integrity of native 
brown trout populations in the region. Conservation 
efforts of the Kalkalpen National Park have already 
targeted the protection of these populations, espe-
cially in the more isolated headwaters, where, for 
example, introduced rainbow trout (Oncorhynchus 
mykiss (Walbaum, 1792)) has been eliminated after 
an intensive ten-year-long removal campaign (Weiss 
& Schenekar, 2021).

Besides the detection of pure native Danubian-
lineage populations, the newly obtained genome wide 
SNP data offer a more detailed view on formally iden-
tified pure Danubian-lineage populations. Schenekar 
et  al. (2014) reported such a population outside 
the Alpine reach, located in a small and isolated 
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tributary creek (2–3  m wide) of the Kamp River 
drainage (Lohnbach, LOH). The SNP-based analy-
sis, however, clearly demonstrated that this popula-
tion is of admixed origin, despite the fixation of both 
Danubian-lineage mtDNA and the ancestral LDH-
100 allele (Hamilton et  al., 1989; Schenekar et  al., 
2014), which until now was only found to be fixed 
in pure Danubian populations (Lerceteau-Köhler 
et al., 2013). The fixation of Danubian mtDNA or the 
LDH-100 allele could perhaps occur in such a small 
population through genetic drift (Raeymaekers et al., 
2008; Carrara et  al., 2014). While the population is 
clearly admixed, the fact that a typical hatchery-
reared genetic profile (i.e., Atlantic-lineage mtDNA 
or the LDH-90 allele) is missing, may support that 
this admixture is more ancient and potentially natu-
ral. A natural cause of admixture in LOH seems only 
plausible via the Upper Danube drainage, since a 
direct connection from the Kamp River drainage to 
the Atlantic basin (Elbe headwaters) seems unlikely 
since the Pleistocene (Fischer, 1979). Such natural 
admixture is concordant with the original hypothesis 
of Weiss et  al. (2001), reiterated with a larger data 
set, and analyses in Lerceteau-Köhler et  al. (2013). 
However, the origin (natural or anthropogenic) of the 
admixture in the LOH population remains conjectural 
at this point, but Casanova et al. (2022) point out that 
genomic SNP markers are better suited in detecting 
introgression of Atlantic-lineage fish, because the bi-
allelic LDH-C locus can reveal high percentages of an 
LDH-100 homozygote, even in F2 generation crosses, 
between local native and hatchery-reared strains. 
More broadly, it is noteworthy that admixed popu-
lations do not show a general pattern of association 
with either the Atlantic reference populations used in 
this study, nor the Atlantic lineage hatchery popula-
tions, beyond the potential recognition of a few indi-
vidual fish, which likely reflect either hatchery fish, or 
recently introgressed fish (Fig. 2b). In our view, this 
is most easily explained by more ancient (i.e., natural) 
admixture with unknown source populations. While 
additional approaches have been applied for attempt-
ing to better differentiate between more ancient and 
recent introgression in Salmo sp. using SNPs, these 
studies are in different geographic regions where 
the Atlantic lineage of brown trout is exotic with no 
chance of natural occurrence, and either apply much 
more dense arrays of markers or a pre-screened set 
of markers tested for diagnostic power (Sušnik Bajec 

et  al., 2015; Leitwein et  al., 2018; Saint-Pé et  al., 
2019). Our lack of information on hatchery brood 
stocks, which are not kept isolated from wild supple-
mentation, our limited number of markers, and most 
of all clear understanding that the Atlantic-lineage 
of brown trout is also natural in the region limits our 
ability to better address this question with the given 
set of SNPs.

Overall, the post-glacial colonization routes of 
freshwater fishes in the Upper Danube region are 
poorly understood and for brown trout it remains a 
mystery how the upper Danubian drainage (i.e., in 
Bavaria) became overwhelmingly dominated by the 
Atlantic lineage (Schliewen et  al., 2001; Lerceteau-
Köhler et  al., 2013). Noteworthy in this respect, is 
the Atlantic lineage SEE population in the Bavar-
ian Forest National Park. Another important point is 
that typical hatchery material in this region does not 
genetically group closely with alleged natural Atlan-
tic lineage populations, whether found in the Rhine, 
Elbe, or upper Danube River drainages (Fig. 2b, but 
see also Lerceteau-Köhler et  al., 2013). This likely 
stems from the fact that many Atlantic-lineage hatch-
ery strains share a common ancestry, supported by 
commercial networking and stock exchange (Pinter 
et  al., 2017), which is not locally restricted, but 
largely similar throughout much of Central- and 
Western Europe (Sanz et  al., 2020; Berrebi et  al., 
2021; Casanova et al., 2022). Thus, as shown by Cas-
anova et al. (2022), it is both possible and desirable to 
distinguish between natural and anthropogenic intro-
gression for conservation management goals.

Conservation and management implications

For the Upper Danube region, a more systematic sur-
vey of populations with genome-wide markers, such 
as those presented here, coupled with a diagnostic 
approach (e.g., Casanova et  al., 2022), will be nec-
essary to provide a better overall picture of the dis-
tribution and distinction of allegedly naturally vs. 
anthropogenically induced admixed populations with 
respect to the Danubian and Atlantic lineages. Such 
knowledge may contribute to more general or regional 
recommendations of how to best manage populations 
of brown trout in the Upper Danube River drainage 
as well as adjacent catchments. For the time being 
it has become clear that the drainage-bearing epi-
thets “Danubian” and “Atlantic” lineage, presented 
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in peer-reviewed literature for over 30 years, are not 
suitable to identify native gene pools of brown trout 
in the region, nor do they necessarily help in assign-
ing a conservation status to specific populations.

Nonetheless, pure Danubian-lineage populations 
thus far identified are exceedingly rare, and as such 
should be assigned a high conservation status in the 
region. In recent years, a small market demand has 
arisen for native Danubian trout, although very few 
such stocks exist, and thus availability is limited. The 
results of this study underscore that among the few 
available populations of pure native Danubian lineage 
brown trout, significant genetic variation exists even 
across small geographic distances. Using any such 
population as a source of brood fish for widespread 
stocking runs counter to conservation genetic princi-
ples that support the assumption that each sub-pop-
ulation may contain local adaptations or co-adapted 
gene complexes that might benefit populations in 
their native habitat but not necessarily anywhere else 
(Allendorf et  al., 2001; Hansen et  al., 2009; Prunier 
et al., 2022).

Another concern is that as fishery managers 
become increasingly familiar with the fact that most 
populations in the region are admixed, inhibition to 
stocking rivers with foreign strains of trout might be 
eroded. Here it is important to communicate the clear 
difference between naturally vs. anthropogenically 
induced admixture. Allendorf et al. (2001) recognized 
six categories of hybridization and introgression in a 
conservation context, concluding that three of these 
categories encompass natural hybridization and intro-
gression (whether inter- or intraspecific) and are a 
normal part of the evolutionary process and thus do 
not pose a conservation concern. On the other hand, 
anthropogenically induced hybridization and intro-
gression, especially involving hatchery-reared indi-
viduals is considered problematic because it promotes 
the spread of mal-adaptive genetic variation (Bolstad 
et al., 2017, 2021; Besnier et al., 2022). For naturally 
admixed populations, especially stemming from con-
tact events or past hybridization dating back to sev-
eral thousand years ago, natural selection can steer 
adaptation and fitness most likely at a pace amenable 
to the biological and environmental limitations of the 
system. For reared salmonid fishes, however, artifi-
cial selection within the hatcheries almost invariably 
results in lower survival and fitness decline, a pro-
cess that can already begin after a single generation 

in captivity (Araki et  al., 2007; Fraser et  al., 2019). 
Thus, hatchery-rearing and stocking cannot be 
endorsed independent of whether or not the genetic 
background of the fish belongs to a major lineage that 
may be perceived as native in a particular drainage. 
Furthermore, populations with natural patterns of 
ancient admixture should be provided the same con-
servation status as non-admixed populations (Allen-
dorf et  al., 2001), although some priorities may be 
established for rare populations, for example, for pure 
Danubian-lineage brown trout vs. the more wide-
spread occurrence of admixed populations.

In light of the market-driven forces underlying 
most fishery management plans and decisions in 
the region, the value of protected areas, such as the 
Kalkalpen National Park in Austria, or the Bavar-
ian Forest National Park in Germany where no such 
market pressure is present, cannot be overstated. 
River systems in these areas may be among the very 
last in the Upper Danube catchment, where conser-
vation has explicit legislative support and thus evo-
lutionary processes can proceed in a natural way, 
without disruption from the introduction of non-
native or hatchery-reared strains of fish.
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