Hydrobiologia (2022) 849:4325-4339
https://doi.org/10.1007/s10750-022-04993-8

PRIMARY RESEARCH PAPER

q

Check for
updates

Biogeographic insights from a genomic survey of Salmo
trouts from the Aralo-Caspian regions

Iraj Hashemzadeh Segherloo

- Seyedeh Narjes Tabatabaei -

Asghar Abdoli - Jorg Freyhof - Eric Normandeau - Boris Levin -
Matthias F. Geiger - Martin Laporte - Eric Hallerman - Louis Bernatchez

Received: 19 July 2022 / Revised: 19 July 2022 / Accepted: 15 August 2022 / Published online: 22 September 2022
© The Author(s), under exclusive licence to Springer Nature Switzerland AG 2022

Abstract The eastern-most members of the Salmo
trutta species complex in the Aralo-Caspian Sea
region were studied to infer their population genetic
structure and biogeographic origin. A total of 68
individuals collected from Iranian endorheic inland
basins (Namak and Urmia lakes), tributaries of the
Caspian (Haraz, Kura, Samur, Volga, and Ural river
drainages) and Aral (Amu River) seas, and the Bal-
tic Sea basin were genotyped using 26,202 SNPs via
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Genotyping-by-Sequencing. The data were analyzed
using admixture, discriminant analysis of principal
components (DAPC), analysis of molecular variance
(AMOVA), species tree, genetic differentiation (Fy),
allele frequency difference (AFD), and neighbor net-
work approaches. Trout in the southern Caspian Sea
basin differ from those of the western and northern
Caspian Sea. Based on our results, the Lake Namak
trout is divergent from the southern and western Cas-
pian trout populations. Aral Sea and Lake Namak
trouts likely originated from the northern and south-
ern Caspian Sea populations, respectively. Although
only few populations were considered in this study,
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six conservation/management units of trouts are
proposed.

Keywords Amudarya - Lake Namak - Lake
Urmia - Biogeography - Genotyping-by-Sequencing -
Taxonomy - Conservation

Introduction

Trouts in the Salmo trutta Linnaeus, 1758 species com-
plex have a broad native distribution extending from
Iceland to the Aral Sea basin, and from northwestern
Africa to Scandinavia and Russia (Bernatchez, 2001).
Based on findings from the variation in the mitochon-
drial DNA (mtDNA) control region, ten large-scale
phylogeographic groups within the S. frutta complex
are known: the Atlantic, Marmoratus, Mediterra-
nean, Adriatic, Balkan, Danube, Duero, North Africa,
Dades, and Tigris lineages and sublineages (Ber-
natchez, 2001; Bardakci et al., 2006; Snoj et al., 2009;
Suérez et al., 2001; Sanz, 2018; Tougard et al., 2018).
These mtDNA-based divisions proposed for trouts are
informative for the identification of major units in the
S. trutta complex, but within each of the ten phylogeo-
graphic units, there are finer subdivisions and impor-
tant questions regarding the geographic origin of local
populations, which may not be clarified using mtDNA
haplotypes only. The reasons for this shortcoming of
mtDNA in detecting fine-scale structures are related to
its maternal mode of inheritance, smaller effective pop-
ulation size, which causes loss of diversity at a faster
pace compared to nuclear DNA in response to random
genetic drift and population bottlenecks, and the exten-
sive effort and large sample sizes needed to detect rare
mtDNA diversity in nature. Nuclear DNA markers
such as microsatellites or genome-wide SNPs are thus
more informative for inferring regional biogeographic
patterns.

Salmo trouts inhabiting the edge of their range—like
trout populations in North Africa, the Persian Gulf,
south Caspian and Aral Sea basins, and the inland Ira-
nian lake basins—are mainly composed of nowadays
isolated populations restricted to headwaters (Antunes
et al., 2006; Hashemzadeh Segherloo et al., 2012; Snoj
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et al., 2021). Such populations may have diverged rap-
idly from their counterparts in geographic isolation due
to the heightened effect of random genetic drift in small
populations. This fragmentation of populations can be
furthered by the loss of sea-trouts, anthropogenic modi-
fications to trout habitats, and may become exacerbated
by ongoing climate change, which is severe in periph-
eral habitats located in the southern or southeastern
reaches of their distribution. In the context of manage-
ment and conservation of such populations, there may
be a need for transfer of fish originating from other
genetically and ecologically similar populations from
the same basins or from adjacent basins in severe cases
of local extinction events or to effect demographic or
genetic rescue (Miller & Kapuscinski, 2003; Frankham,
2015; Whiteley et al., 2015).

In the Caspian Sea and the Iranian inland lake
basins, the few studies on conservation and manage-
ment units of trouts were limited to regional stud-
ies considering only a few populations from a single
river drainage in the south Caspian Sea (Tabatabaei
et al., 2020a, b), a few populations in the southwest
and south-central Caspian Sea (Vera et al., 2011), two
populations in the southern Caspian Sea basin and
three populations from lakes Urmia and Namak—two
Iranian inland basins (Hashemzadeh Segherloo et al.,
2012). In the north Caspian Sea drainages, a few pop-
ulations in the Volga and the upper Ural rivers drain-
age have also been examined (Mari¢ et al., 2016).
Although these studies provided population genetics-
based conservation guidelines or related insights, they
provided little or no discussion of the geographic ori-
gins of the studied populations, which can be impor-
tant for informed selection of source populations in
severe conservation cases.

So far, no comprehensive study covering popula-
tions from the Aral and Caspian Sea basins and the
adjacent inland populations in Iran have been per-
formed. However, authors have proposed differ-
ent hypotheses regarding the geographic origin of
trouts in the Iranian inland lake basins and the Aral
Sea basin. For example, Berg (1949) postulated a
Mediterranean origin for the trout in the Lake Namak
basin. Hashemzadeh Segherloo et al. (2012) and
Saadati (1977) postulated a southwest Caspian ori-
gin of trouts in the Lake Urmia basin and a south
Caspian Sea origin for the trout in the Lake Namak
basin. Hashemzadeh et al. (2012) discussed a Cas-
pian origin for the trout in the Aral Sea basin. These
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hypotheses were based on limited genetic data only
from the southern Caspian Sea and the Iranian inland
basins (Hashemzadeh Segherloo et al., 2012), with no
consideration of trouts in other parts of the Caspian
Sea or based only on morphological and geographic
data (Saadati 1977; Berg 1949). In addition to these
hypotheses, there are questions about the fine-scale
biogeographic relationships of Iranian and the Aral
Sea trout, which have not been discussed before. For
example, the alternative hypothesis that the Aral Sea
basin trout originated either from the north or the
south Caspian Sea drainages has never been tested.
Here in order to test these alternative hypotheses we
used a powerful set of genetic markers and with a
sampling scheme that covers trout populations from
the southern Caspian Sea, Iranian inland basins, west
and north Caspian Sea and the Aral Sea drainages.
Thus, we analyzed 64 trout individuals from 11 pop-
ulations in the Caspian and Aral sea basins and the
Iranian inland populations, plus four individuals from
the Baltic Sea basin, using Genotyping-By-Sequenc-
ing (GBS).

Material and methods
Library preparation
Genotyping-by-Sequencing data (involving 26202

SNPs) were produced for 68 Salmo trouts (64
specimens from the Ponto-Caspian drainages, and

four specimens from the Baltic Sea basin) repre-
senting 11 populations in Iranian inland basins
(Urmia and Namak), rivers of the south, west, and
north Caspian Sea basin, as well as the Aral Sea
basin (Table 1; Fig. 1). Trouts from the Baltic Sea
basin were included to identify possible admix-
tures or cases of introgression from the Atlantic
trout that historically had been introduced to the
region (Derjavin 1941; Hashemzadeh Segherloo
et al., 2021). For more details on sampling, see
Hashemzadeh Segherloo et al. (2012, 2021) and
Tabatabaei et al. (2020a, b). Genomic DNA was
isolated using the salt extraction method of Aljanabi
& Martinez (1997) with an additional RNAse treat-
ment to degrade RNA molecules. The quality of
the extracted DNA was checked by electrophoresis
through a 1% agarose gel. The extracted DNA was
quantified using a NanoDrop™ 2000 (www.therm
ofisher.com) and normalized to around 20 ng/ul
using Quant-iT™ PicoGreen™ reads (Invitrogen:
www.thermofisher.com).

The libraries for Genotyping-By-Sequencing
were prepared following Mascher et al. (2013) (for
more details, see Abed et al., 2019). Genomic DNA
was digested with the Pst I and Msp I restriction
enzymes. The digested DNA samples were then
barcoded using individual-specific oligonucleotide
sequences and ligation to adaptors before ampli-
fication. The individuals were multiplexed and
amplified in a single tube (see Hashemzadeh Segh-
erloo et al., 2021 for more details). Sequencing was

Table 1 Sampling details

River N Basin Country Coordinates decimal Collection date
degree (WGS84)
Lat Long
Jajrud 5 Namak Iran 35.933894 51.463427 2014
Karaj 9 Namak Iran 36.016389 51.272778 2007
Haraz (Lar) 9 South Caspian Iran 35.854444 52.056389 2007-2017
Haraz (Vararoo) 13 South Caspian Iran 35.963370 52.002744 2017
Ligvan 7 Urmia Iran 37.871667 46.465556 2007
Mardagh 5 Urmia Iran 37.554722 46.436944 2007
Kura 3 Southwest Caspian Turkey 41.083876 42.400155 2012
Samur 2 West Caspian Russia 41.8455 47.8158 2004
Volga 2 North Caspian Russia NA NA 2012
Ural 4 North Caspian Russia 53.303889 58.246944 2008
Amu 5 Aral Kyrgyzstan 39.5493 72.0861 2016
- 4 Baltic Denmark 55465133 10.02215 -
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Fig. 1 Geographic distribu-
tion of the studied trout c

populations in the Aralo- |

Caspian region. Red dots . >
denote sampling localities. "“ D N
The gray-colored section /, f \ N4

in the southern part of the ]
Caspian Sea depicts the
Alborz Mountains. The

red dashed line isolates the
Karaj and Jajrud rivers of
Lake Namak basin from the
west and east neighboring
river drainages. As the map
is produced using different
resources in addition to
DIVA-GIS free shape files
(http://www.diva-gis.org/),
there may be some extent
of geographic inaccuracy in
river shapes or boundaries

performed using Ion Torrent technology at the IBIS
sequencing platform (Universite” Laval, Quebec
City, Canada; http://www.ibis.ulaval.ca).

Data processing

The raw sequence reads were trimmed with Cuta-
dapt (Martin, 2011) to remove the adapter sequences,
and sequence quality was assessed using FastQC
(Andrews, 2010). The sequences were extracted
and trimmed (trimming length: 80 bp) using pro-
cess_radtags in STACKS V.1.48 (Catchen et al.,
2013). Trimmed sequence reads were aligned to the
Atlantic salmon (Salmo salar Linnaeus, 1758) ref-
erence genome (PRINA72713) with bwa (0.7.17-
r1188, options: -k=19, -¢c=500, -0=0,0, -E=2,2,
-T=0) and samtools (v. 1.9, options: -S, -b, -g=1,
-F=4, -F=2256, -F=2048). Then, gstacks was per-
formed to extract the stacks aligned to the reference
genome (options: -max-clipped 0.1) and to iden-
tify SNPs at each locus in the individual samples.
It is noteworthy that the size of the mitochondrial
genome in S. trutta (16,677 bp; GenBank acces-
sion: NC_024032.1) compared to its nuclear genome
(nDNA) size (2.37 gigabases; Hansen et al., 2021) is

@ Springer

Aral Sea

negligible (~0.0007% of the nDNA size); hence, if
any SNPs from mtDNA existed among the total data,
they would have little effect on the results, and we
did not exclude mtDNA SNPs (if any existed) from
our data. Then the state of loci was written as variant
call format (VCF) output using the populations pro-
gram (options: -r=0.5, -p=1). The VCF output from
the populations program was further filtered using
05_filter_vcf_fast.py and other scripts from STACKS
workflow (see the documentation section on filtering
here: https://github.com/enormandeau/stacks_workf
low) with the following parameter values: m4 p70x0
S2. Each individual could have up to 30% of miss-
ing data at each SNP (Supplementary Table I). SNPs
were then classified using HDplots improved from
the method of McKinney et al. (2017) into singleton
(canonical, two-allele SNPs), duplicated (SNPs that
show patterns of having two copies), diverged (SNPs
with two copies, each fixed for a different allele), and
other categories for data which were not used: low
MAF (minor allele frequency) and low confidence.
The singleton SNPs were further treated to remove
SNPs that showed linkage within 100,000 base pairs.
A total of 26,202 SNPs was thus retained. In the case
of heterologous loci, for SNP differences, IUPAC
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codes were used (Emerson et al., 2010). The SNP
data were converted to nexus sequence alignment
using a ruby script (vcf_to_nexus.rb, available at:
https://github.com/mmatschiner/tutorials).

Data analysis

To determine the genomic cluster specific to each
population, identify admixed individuals, and clarify
the geographic distributions of different genomic
clusters, a Bayesian clustering analysis was per-
formed on the SNP data using ADMIXTURE V.1.23
(Alexander et al., 2009). The admixture analysis was
run for 200 bootstraps and the number of groups (K)
was set from 1 to 8. K was selected according to the
tenfold cross-validation error (CV), i.e., the K cor-
responding to the lowest values of cross-validation
errors were selected. In addition, SNP data of all
trouts were analyzed using discriminant analysis of
principal components (DAPC) of geographically pre-
defined groups using the Adegenet R package (Jom-
bart & Collins, 2015) to provide insight into the dif-
ferentiation and grouping of the studied populations
in relation to discriminant functions. To visualize the
clustering pattern of the studied populations and also
to identify admixed/hybrid individuals, a neighbor-
network was reconstructed with SplitsTree V. 414.6
(Huson & Bryant, 2005) using SNP sequences.

To quantify differentiation among the studied
populations/population clusters, pairwise genetic dif-
ferentiation (Fgp: Weir & Cockerham, 1984) were
calculated using the STTAMP R Package (Pembleton
et al., 2013). As sample sizes from each population
were small, to avoid problems with asymmetrical and
small sample sizes which can bias Fgp estimates of
population differentiation, pairwise allele frequency
differences (AFD) between each pair of popula-
tions were calculated (Berner, 2019). To further test
population structure and differentiation, an analy-
sis of the molecular variance (AMOVA) was con-
ducted and diversity indices (Supplementary Table
IT) were calculated using the Poppr package (Kamvar
et al., 2014) for the study populations. As the sample
sizes for some populations from the same basins or
river drainages were small, we pooled data for those
populations based on their geographic region. We
grouped populations as the: (1) Lar (Haraz drain-
age), (2) Vararoo (Haraz drainage), (3) Lake Namak
basin, (4) Lake Urmia basin, (5) western Caspian Sea

drainages (Kura and Samur drainages), (6) Ural and
Volga drainages, and (7) Aral Sea basin. In the south
Caspian Sea basin, we had four sets of samples from
the Haraz River drainage, two of which were from
downstream of the Lar Dam where they were affected
by non-native trout introduction, while samples from
upstream of the dam had not been subject to any trout
introductions. Hence, to avoid effects of introgression
from Atlantic trout on the inferences related to natural
history of the trouts in the studied region and also to
decrease sample-size differences among the studied
populations, we excluded the two sample sets belong-
ing to the Haraz River with admixed individuals from
further analyses and only included unaffected trout
populations from the Vararoo and Lar tributaries of
the Haraz River drainage.

To test the previously proposed hypotheses of
possible origin of the Aral Sea and the Namak Lake
trout from the south Caspian Sea, we reconstructed a
species tree using a multi-species-coalescent model
using SVDQuartets (Chifman & Kubatko2014)
implemented in PAUP*4. We assumed that the popu-
lations which nest in a single cluster on the species
tree can be considered of the same geographic origin.
For example, if the Aral Sea trout had originated from
the south Caspian Sea trout populations, it should
nest with the south Caspian Sea trout in a common
clade; otherwise it should nest with the north Caspian
Sea populations, which is the case also for the Namak
Lake trout.

To reconstruct species tree, all possible quartets were
evaluated and the trees were selected using QFM quar-
tet assembly. The tree model was Multispecies coales-
cent. To provide support for the respective branches,
100 bootstrap replicates were performed. Further, in
the “handling of ambiguities” section of SVDQuar-
tets in PAUP*, the option “distribute” was selected.
Salmo trutta from the Baltic Sea basin was used as the
out-group for the species tree. To avoid the effects of
introgression from the Atlantic or Black Sea trout, we
excluded trouts from the Kura River drainage, since
they were identified as introgressed with Atlantic and
Black Sea trouts (Hashemzadeh Segherloo et al., 2021).

Results

Results of discriminant analysis of principal com-
ponents (DAPC) revealed five clusters among the

@ Springer
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analyzed populations along the first two discrimi-
nant functions (DFI and DFII; explaining together
27.28% of total genetic variation), which included
trouts of the: (I) Aral Sea basin, (IT) southern Caspian
Sea basin (Haraz), (IIT) Lake Namak basin, (IV) Ural
and Volga rivers, and (V) a cluster comprising trouts
from the rivers Kura and Samur—named as west—as
well as those from the Lake Urmia basin (Fig. 2). The
cluster containing south (Haraz) Caspian Sea trout
was separated from clusters of all other trout popula-
tions of the west and north Caspian Sea drainages, the
populations from the Namak and Urmia lake basins,
and the Aral Sea basin—all along the first discrimi-
nant function axis. Trouts from Lake Namak and Aral

Sea basins were also separated from Caspian Sea
trout populations along the second discriminant func-
tion axis (Fig. 2).

According to the cross-validation error values cal-
culated in the Admixture analysis, the best-supported
numbers of clusters among the studied populations
were six or seven clusters (K=6 and 7; Fig. 3). For
K=7 with the lowest CV, trouts from the south-
ern Caspian Sea basin (Haraz) formed a distinc-
tive cluster which had apparent contributions to the
western and northern Caspian Sea trouts and those
in Lake Urmia basin. Lakes Namak and Urmia pop-
ulations showed contributions from a third source
shown in violet in Fig. 3. Within each cluster, a few
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Fig. 2 Distributions of different trout populations along the
first four discriminant functions (DF). As indicated in the leg-
end, dots of each color denote a certain population or group
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of the analyzed individuals showed admixture from
other genetic clusters. In a DAPC analysis in which
a few Atlantic trout from the Baltic Sea basin were
included, the admixed individuals deviated toward the
Atlantic trout cluster along the first discriminant func-
tion (Supplementary Figure I).

Based on the groupings observed in the neighbor
network (Fig. 4), the Aral basin trout nested among
the north and west Caspian Sea trouts, and trouts
from the Iranian inland basins clustered closer to the
west and north Caspian Sea basin trout populations.
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90
80
70
60
50
40
30
20
10

0.0
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QO value (percentage of ancestry)

50

0.0
Baltic Aral Lar (Haraz) Vararoo (Haraz)

Among the southern Caspian Sea and the Iranian
inland trout populations, a few individuals (three
from Namak, five from Urmia, and three from upper
Haraz; lower Haraz individuals were not included in
this data set) did not assign to their respective source
populations.

Pairwise Fgp estimates (Table 2) ranged from 0.1
between Urmia and west Caspian Sea trouts to 0.44
between Haraz and Aral Sea trout populations. It is
noteworthy that distances to Atlantic trout (Baltic)
were higher. The Aral trout was highly distant from

Urmia

Ural Namak

Fig. 3 Admixture clusters for the numbers (K) of multilocus genotypic clusters corresponding to the smallest cross-validation errors

v
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Fig. 4 Neighbor-net recon-
structed with SplitsTree
using SNP genotypes.
Each group of individu-
als is highlighted with a
different color to show
their geographic origin.
The individuals from south
Caspian Sea basin (Haraz
River drainage) and Urmia
and Namak lake basins

.01

e
(H, raz) piay, Sey

Urmia

South Caspian Sea (Haraz)
Vararoo | ..

highlighted in gray on the
left side of the tree are
admixed individuals

Namak

all Caspian Sea and Iranian inland trout populations.
Further, allele frequency differences (AFD) ranged
from 0.001 between Ural River and Aral Sea trout
populations to 0.030 between Haraz River and Lake
Urmia trout populations (Table 2). AMOVA based on
geographic groups showed 23.74% variation among
populations (Df=6; ¢$=0.28; P <0.05), 4.57% within
populations (Df=57; ¢=0.05; P>0.05), and 71.69%
variation within samples (Df =64; ¢ =0.23; P <0.05)
(Table 3). Admittedly, as the sample sizes for the
populations considered here were small, the genetic
differentiation values and AMOVA results should be
treated cautiously. On the species tree, Namak trout

Ural & Volga

nested with Haraz River trout (bootstrap support
(BS)=71%) and Aral Sea trout nested with north
Caspian Sea trout (BS=81%). Lake Urmia trout
also nested with Namak and south Caspian Sea trout
(BS=89%; Fig. 5).

Discussion

Although a number of regional (Vera et al., 2011;
Hashemzadeh Segherloo et al., 2012; Mari¢ et al.,
2016; Tabatabaei et al., 2020a, 2020b) or large-scale
(Hashemzadeh Segherloo et al., 2021) studies have

Table 2 Pairwise Fg differentiation (upper diagonal) between different population pairs in the Caspian, Aral, and the inland Iranian

basins, and allele frequency differences (AFD: lower diagonal)

Population Aral (Amu) Baltic Haraz (Lar and Namak (Karaj  Ural Urmia (Ligvan West
Vararoo) and Jajrud) and Mardagh)

Aral (Amu) 0 0.59 0.44 0.31 0.39 0.26 0.28
Baltic 0.104 0 0.68 0.53 0.54 0.45 0.46
Haraz (Lar and Vararoo) 0.007 0.112 0 0.24 0.31 0.25 0.20
Namak (Karaj and Jajrud) 0.010 0.094 0.017 0 0.20 0.14 0.12
Ural 0.001 0.103 0.009 0.008 0 0.17 0.13
Urmia (Ligvan and Mardagh) 0.022 0.081 0.030 0.012 0.021 0 0.10
West 0.003 0.101 0.010 0.006 0.0018 0.019 0

Significant F¢; values are indicated in bold

@ Springer
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Table 3 Analysis of molecular variance (AMOVA) of 64 trouts from the studied regions
Df V% SS MS ¢ P-value

Variations Between pop 6 23.74 84,088.68 14,014.78 0.2830 0.01
Variations Between samples 57 4.57 128,169.30 2248.58 0.0597 0.09

Within pop
Variations Within samples 64 71.69 127,671.00 1994.86 0.2374 0.01
Total variations 127 100 339,928.98 2676.60

Df degree of freedom, SS sum of squres, MS mean squares, V% percentage of variance, ¢ degree of differentiation between different

hierarchical divisions of populations

considered trout populations from the Caspian, Aral,
and Iranian inland lake basins, each study had gaps
of geographic sampling, which limited their infer-
ences. Among these studies, the most geographically
comprehensive one, i.e., Hashemzadeh Segherloo
et al. (2021), discussed over 20 species of trouts from
across their native range in Eurasia and the North
Africa regarding their evolution, taxonomy, and con-
servation. However, Hashemzadeh Segherloo et al.
(2021) did not cover the Iranian inland trout popula-
tions, and as a broad-scale study, the authors included
only a limited number of individuals from the south
Caspian Sea, which left the status of the Iranian
inland trout populations or other south Caspian Sea
basin populations unresolved. We here provide pre-
liminary insight into the biogeography, conservation,
and taxonomy of trouts in the Iranian inland, Caspian
Sea, and Aral Sea basins, which is discussed in the
following sections.

Geographic origins

Trout in the Lake Urmia basin have been hypoth-
esized to have originated from the Caspian Sea basin,
as Lake Urmia is geographically and biogeographi-
cally very close to the Aras River (Saadati 1977;
Hashemzadeh Segherloo et al., 2012; Freyhof et al.,
2021). Hashemzadeh Segherloo et al. (2012) hypoth-
esized two colonization routes for Lake Urmia trout,
one from the Aras River drainage and the other from
the southern Caspian Sea drainages (e.g., the Sefid-
rud drainage). Our data showing a close affinity of
the Urmia trout to the west and north Caspian popu-
lations compared to the Haraz River population, sup-
port the hypothesis of origin of Lake Urmia trout
from the Aras River, likely during the post-glacial
period when the Lake Urmia basin became con-
nected to the Caspian Sea basin due to the increased
water level (Hashemzadeh Segherloo et al., 2012).

Fig. S Species tree recon-
structed for 22602-SNP
data set using SVDQuartets
method

Salmo trutta

89

81

South Caspian Sea Trout
71

Lake Namak Trout

Lake Urmia Trout

Salmo oxianus

North Caspian Sea Trout
0.4
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Further, trout in the Lake Urmia basin mostly have
the mtDNA haplotype shared with Caspian trouts.

It has been hypothesized that the Lake Namak
basin was colonized by trout alternatively from a
Mediterranean wave reaching the Persian Gulf and
Namak basins through the Zagros Mountains (Berg
1949) or from the Caspian Sea basin (Saadati 1977;
Hashemzadeh Segherloo et al., 2012). Hashemza-
deh Segherloo et al. (2012) provided only a general
inference on possible mechanisms for colonization
of the Lake Namak basin from the adjacent Caspian
Sea drainages, especially from the southern Cas-
pian Sea drainages. The results of this study regard-
ing the Namak Lake basin trout were contradictory.
For example, in DAPC graph the Namak popula-
tion cluster was closer to the west and north Caspian
Sea populations, but on the species tree it coalesced
with the south Caspian Sea trout. As can be seen in
Hashemzadeh Segherloo et al. (2012), the haplotype
of the Namak Lake trout is a haplotype that has close
mutational relationship to the common Caspian Sea
haplotype and to a rare haplotype found in the Babol-
rud River of the south Caspian Sea. Hence, consider-
ing the geographic position of tributaries of the Karaj
and Jajrud rivers that are close to the headwaters of
the Lar River, their close relationship to the south
Caspian Sea trout on the species tree, and the inter-
mediate position of their haplotype in relation to the
common Caspian and the rare Babolrud haplotypes,
the most parsimonious inference on the geographic
origin of the Namak trout may be south Caspian
trout populations. However, this inference should be
checked in follow-up studies in which a complete set
of southeast, south-central and southwestern Caspian
trout populations would be assessed using the same
genomic approach to provide a clearer indication of
population genetic clusters in the region.

The Aral trout also was inferred to have originated
from the Caspian Sea (Hashemzadeh Segherloo et al.,
2012, 2021). The Aral Sea basin is adjacent to both
the north and south Caspian Sea drainages, and it
is likely that their trout populations originated from
either of the Caspian trout population clusters. The
results of the DAPC, Admixture, Neighbor Network,
and species tree analyses showed that Aral Sea trout
is closely related to the west and north Caspian Sea
basin trout population cluster, especially to the north
Caspian Sea trout population in the Ural River drain-
age. Based on these results, we propose that the Aral
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Sea basin was invaded from the northern Caspian
Sea, probably through the Ural River, or from extinct
drainages in the northeastern Caspian basin. Results
of our DAPC and AFD analyses show a closer affin-
ity of the Aral trout population to the Ural River trout
population than to other Caspian trout populations.
Further, on the species tree the Aral Sea basin trout
nested with trout from the north Caspian Sea, which
supports our inference about its origin from a north
Caspian Sea trout population. Overall, our inference
is contradictory to that hypothesized by Mari¢ et al.
(2016) and Hashemzadeh Segherloo et al. (2012).
The latter proposed the southern Caspian Sea as a
possible center of origin for Aral Sea trout, but our
results imply a north Caspian origin for Aral trout.
Based on observation of a single mtDNA haplotype
in the Volga and Ural trouts, which was shared with
the south Caspian Sea, Mari¢ et al. (2016) hypothe-
sized that the north Caspian Sea drainages had been
colonized by trout originating from a south Caspian
Sea refuge. Mari¢ et al. (2016) based their inferences
on possible extinction of pre-glacial trout popula-
tions in the north Caspian Sea drainages. However,
our inferences of a north Caspian origin for the Aral
trout is justified only with the pre-condition that pre-
glacial trout populations of the north Caspian drain-
ages survived during the last ice age. Existence of a
single haplotype may have resulted from mtDNA
having an effective population size of 25% of the
nDNA effective size (Hallerman, 2003) and hence
less-frequent haplotypes may be eliminated more
quickly in response to bottleneck events and genetic
drift. The survival of pre-glacial trout populations in
the north Caspian Sea is possible, since the extent of
the glaciers in the polar Ural Mountain region—the
northern-most part of the Urals—during the last gla-
cial maximum (LGM) differed only by around 1 km
compared to the present-day surface area (Mangerud
et al., 2008). Further, in the more southern reaches
of the Ural Mountains toward the north Caspian
Sea, the glaciers were very small or absent (Tudryn
et al., 2016; personal communication with Jan Man-
gerud, University of Bergen, Norway). Assuming this
situation during the LGM, it is unlikely for trouts to
have gone extinct completely in the north Caspian
Sea drainages during the last ice age. We do not aim
to make a molecular clock calibration here, but the
nucleotide differences in the mtDNA control region
sequences of the Aral Sea trout and the Caspian trout
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haplotypes is around 0.2-0.3% sequence difference
(Hashemzadeh Segherloo et al., 2012); this indi-
cates pre-glacial isolation of Aral trout from Caspian
trouts, as a divergence rate of 0.8% sequence differ-
ence per million years was reported for the brown
trout mtDNA control region (Osinov & Bernatchez,
1996). Hence, considering the sequence divergence
of the Aral Sea trout and position of its DAPC clus-
ter relative to the west and north Caspian Sea clus-
ter, it would be less probable for them to have origi-
nated via a recent colonization from the Caspian Sea
basin during 17-21 kyr BP via the Uzboy River at
the east of the Caspian Sea (Tudryn et al., 2016). An
alternative scenario which seems more fitting to the
mtDNA sequence divergence levels between the Cas-
pian and Aral trouts could be colonisation of the Aral
Sea 90-80 kyr BP, i.e., when large ice-dammed lakes
overflowed into the Caspian and Aral seas (Mangerud
et al., 2004). However, all these hypotheses must be
tested in follow-up studies with larger sample sizes,
since the limited sample sizes used in this study may
provide only preliminary insights to the relationships
of the trouts in the studied region.

Caspian trout clusters

During glacial times, the water level of the Caspian
Sea was considerably lower than today (Kislov et al.,
2014) and parts of the Caucasus and Alborz Moun-
tains were covered by glaciers (Ferrigno, 1991; Gob-
ejishvili et al., 2011). The sea itself was freshened
and its rivers were much colder than today due to a
5-8 °C lower annual mean air temperature (Ferri-
gno, 1991). These environmental conditions were
optimal for trouts compared to the present-day situ-
ation; however, precipitation was lower during gla-
cial times, and many streams and rivers might have
not reached the sea or many river sections were iso-
lated from each other. Caspian trouts are known to
include sea-trouts as a life-history form (Berg 1949).
Therefore, we would have expected one single trout
population to roam all of the Caspian basin at the
end of the glacial period. The finding of two diver-
gent molecular groups, however, refutes this hypoth-
esis and suggests the possible existence of two glacial
refugia: (1) a south-central refugium, and (2) a south-
western refugium, which should be tested by further
studies. Vera et al. (2011) also detected two popula-
tion clusters: one in the south-central Caspian Sea

(Sardabrood and Tonekabon rivers) and one in south-
west Caspian Sea (Karganrud and Navehrud rivers).
Complex genetic structure was also detected in other
fishes and invertebrates inhabiting the Ponto-Caspian
region. For instance, the genetic structure of popula-
tions of Kura barbel Barbus cyri De Filippi, 1865 has
been significantly influenced by climatic oscillations,
Caspian Sea level fluctuations, and tectonic activity
resulting in repeated secondary contacts, as well as
temporary isolation of some populations during the
Pleistocene—Holocene (Gandlin et al., 2022). Based
on genetic structure, three glacial refugia were sug-
gested for freshwater crabs Potamon ibericum in the
southern Caspian Sea during the last glacial maxi-
mum (western, central, and eastern refugia; Parvizi
et al., 2018). The reason for two population clusters
of the Caspian Sea trout is not clear, but might be
related to a combination of different factors includ-
ing geological and climatic conditions ruling in the
south Caspian Sea during the past. On the other hand,
this observation may simply be a product of sampling
two ends of a trout population genetic cline along the
south Caspian Sea. These possible reasons need to be
studied in more detail using more populations from
the south Caspian Sea and paleo-ecological mod-
eling studies. Assuming two population clusters in
the south Caspian Sea, there are geological features
along with the climatic conditions during the ice age
that might have played a role in shaping the current
structure of south Caspian Sea trout. For example,
the distance between the Alborz Mountains and the
Caspian Sea shoreline is rather little (~3-10 km) for
a stretch of around 130 km (between geographic coor-
dinates N37.05, E50.42 and N36.57, E51.80) from
where we did not have any specimens. During the ice
age, the southern Caspian Sea shoreline was likely
similar to todays within the noted stretch (see Fig. 4
in Kislov et al., 2014) and the snow line was as much
as 1800 m lower than the present snow line (Krins-
ley, 1970). These geological and climatic conditions
along other habitat features might have affected suit-
able habitat area available for trout during the ice age
and might have fragmented the south Caspian Sea
trouts into eastern and western populations. However,
the mentioned reasons need testing in follow-up pop-
ulation genetic studies with more populations from
the south Caspian Sea and ecological modeling of
current and past distribution of suitable trout habitats
in the region.
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Taxonomic notes

In the Aralo-Caspian region, a number of morpho-
logically defined Salmo trout species have been rec-
ognised as valid, including Salmo caspius Kessler,
1877 described from the Kura River, Salmo ciscau-
casicus Dorofeeva, 1967 described from the Keyran-
chay River (Dagestan region), Salmo ezenami Berg,
1948 from Kezenoi-Am lakes, four species (S. aesti-
valis Fortunatov 1926, S. danilewskii Gulelmi 1888,
S. gegarkuni Kessler 1877, S. ischchan Kessler, 1877)
in the Salmo ischchan complex in the Lake Sevan
basin of the Caucasus, and Salmo oxianus Kessler,
1874 and Salmo aralensis Berg, 1908 in the Aral
Sea basin (Griffiths et al., 2009; Kottelat and Frey-
hof, 2007; Levin et al., 2018; Ninua et al., 2018;
Kuljanishvili et al., 2020; Levin et al., 2022). Trouts
in the rivers flowing to the Caspian Sea north of the
Caucasus Mountains were identified as S. ciscauca-
sicus—native to the Caspian slope of the Caucasus
Mountains and north Caspian drainages—and trouts
in rivers flowing to the southwest and south Caspian
Sea were identified as S. caspius (Kottelat and Frey-
hof, 2007). Trout populations in the lakes Namak and
Urmia basins also have been identified as S. caspius
(Saadati 1977; Hashemzadeh Segherloo et al., 2012).
Our genome-wide SNP data, however, do not accord
with reported taxonomic boundaries for S. caspius
and S. ciscaucasicus. As evident from the data pre-
sented in Hashemzadeh Segherloo et al. (2021), the
Caspian and Aral Sea basin trouts are members of a
single genomic cluster in the global genetic landscape
of trouts over their distribution in Eurasia and the
North Africa, but at regional level, they have a fine-
scale genetic structure, which is also evident in pre-
sent study. In this fine-scale genetic structure, trouts
from Lake Namak and the south Caspian Sea can be
clearly separated from trouts in the Lake Urmia, and
the Kura, Samur, Volga, and Ural rivers drainage.
Overall, as these trouts cannot be discriminated as
separate clusters in the global clustering patterns of
trouts, we suggest considering them as populations or
sub-species of S. caspius along with trouts from the
north and west Caspian Sea, except those from Lake
Sevan in Armenia (Levin et al., 2022), which we did
not analyze here. It is noteworthy that Salmo caspius
and Salmo ciscaucasicus were described based on
the sea trout morphs. Indeed, the case needs fur-
ther studies, as we were only able to study resident
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trouts. Preliminarily, we consider resident and migra-
tory trouts to be regionally conspecific (Elliott, 1994)
and recommend identifying trouts of Lake Urmia,
Lake Namak, and all trouts in the Caspian Sea drain-
ages as S. caspius until the opposite would be clearly
demonstrated.

As expected based on haplotype features (private
haplotypes) and geographic isolation from the Cas-
pian trouts, our genomic data also showed Aral basin
trouts to be different from the Caspian basin trouts in
fine-scale clustering pattern. Based on such nuclear
genetic divergence, along with differentiated mtDNA
haplotypes and geographic isolation, we suggest
using S. oxianus for the Aral Sea basin trout.

Conservation

Our DAPC results showed up to seven population
clusters along different discriminant axes (DF I-1V).
The AMOVA showed~23% of genetic variance at
the between-population level. As the sample sizes
used in this study were small, inferences derived
from AMOVA analysis should be treated cautiously.
Overall, based on results of our genetic differentiation
statistics, DAPC, and AMOVA analyses, those of pre-
vious studies of Aralo-Caspian trout (Griffiths et al.,
2009; Hashemzadeh Segherloo et al., 2012; Mari¢
et al., 2016; Tabatabaei et al., 2020b; Hashemzadeh
Segherloo et al., 2021) and geographic isolation of
the respective basins and drainages, and also to be
conservative, we propose six management/conser-
vation units including the: (1) southern Caspian Sea
basin (management units), (2) Lake Urmia (conser-
vation unit), (3) western Caspian Sea (management
units), (4) northern Caspian Sea drainages (manage-
ment units), (5) Lake Namak basin (conservation
unit), and (6) the Aral Sea basin (conservation unit),
which is in agreement with the results of other stud-
ies on the Caspian and Aral Sea trout populations
(Griffiths et al., 2009; Hashemzadeh Segherloo et al.,
2012; Marié¢ et al., 2016; Tabatabaei et al., 2020b;
Hashemzadeh Segherloo et al., 2021). These results
should be tested in follow-up studies with larger sam-
ple sizes collected from more populations existing
within the Caspian and Aral Sea region. Tabatabaei
et al. (2020a, 2020b) studied the Caspian Sea trout
populations in the Lar River drainage in the southern
Caspian Sea basin and found significant fine-scale
population genetic structure, which they proposed
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should be considered as different management units.
Hashemzadeh Segherloo et al. (2012) considered the
Iranian inland trout populations and the southern Cas-
pian trout as separate conservation units. Maric et al.
(2016), in a study on population structure of the Cas-
pian Sea trout from the Volga and Ural river drain-
ages, proposed considering each population as a sepa-
rate management unit, which is in agreement with our
results.

As noted in the Introduction, in severe conserva-
tion cases, as when populations in a basin become
extinct or severely depleted, there may be a need
for inter-basin transfers of fish. Identifying suitable
source populations for the inland trout populations
in the lakes of Iran and the Aral Sea basin appears
important, since these populations face serious threats
caused by human activity and effects of global warm-
ing. Based on the results of this study, ignoring tax-
onomy, the genomically closer source populations
to the Aral Sea, Lake Namak, and Lake Urmia trout
populations for inter-basin conservation-oriented fish
transfers—in cases where no alternative intra-basin
sources exist—would be the Ural, Haraz, and Aras
river trout populations, respectively. We reempha-
size that our results are preliminary and general, and
in each case detailed, specific population genetic and
ecological studies must be conducted before taking
such conservation actions.
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