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Abstract

Mongolia's salmonids are suffering extensive population declines; thus, more com-
prehensive fisheries management and conservation strategies are required. To assist
with their development, a better understanding of the genetic structure and diversity
of these threatened species would allow a more targeted approach for preserving
genetic variation and ultimately improve long-term species recoveries. It is hypothe-
sized that the unfragmented river basins that have persisted across Mongolia provide
unobstructed connectivity for resident salmonid species. Thus, genetic structure is
expected to be primarily segregated between major river basins. We tested this hy-
pothesis by investigating the population structure for three salmonid genera (Hucho,
Brachymystax and Thymallus) using different genetic markers to identify evolutionar-
ily significant units (ESUs) and priority rivers to focus conservation efforts. Fish were
assigned to separate ESUs when the combined evidence of mitochondrial and nu-
clear data indicated genetic isolation. Hucho taimen exhibited a dichotomous popula-
tion structure forming two ESUs, with five priority rivers. Within the Brachymystax
genus, there were three B. lenok ESUs and one B. tumensis ESU, along with six priority
rivers. While B. tumensis was confirmed to display divergent mtDNA haplotypes, hap-
lotype sharing between these two congeneric species was also identified. For T. bai-
calensis, only a single ESU was assigned, with five priority rivers identified plus Lake
Hovsgol. Additionally, we confirmed that T. nigrescens from Lake Hovsgol is a syno-
nym of T. baicalensis. Across all species, the most prominent pattern was strong dif-
ferentiation among major river basins with low differentiation and weak patterns of
isolation by distance within river basins, which corroborated our hypothesis of high
within-basin connectivity across Mongolia. This new genetic information provides
authorities the opportunity to distribute resources for management between ESUs
while assigning additional protection for the more genetically valuable salmonid riv-

ers so that the greatest adaptive potential within each species can be preserved.
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1 | INTRODUCTION

Mongolia's vast river basins include some of the least impacted fresh-
water ecosystems on the planet (Hofmann et al., 2015). However,
across many regions, a multitude of anthropogenic pressures is
currently threatening this pristine status, with increasing contam-
ination and degradation of aquatic environments and their resident
species (Stubblefield et al., 2005; Karthe et al., 2017). The damage
to Mongolia's rivers, streams, and lakes has been a direct result of
recent, rapid development, where high rates of urbanization and in-
dustrialization have led to growing discharge of poorly treated waste-
water, increased industrial pollution and mining contamination, along
with rising rates of overgrazing and deforestation in many river basins
(Hartwig et al., 2016; Hofmann, Venohr, Behrendt, & Opitz, 2010;
Kaus, Schaffer et al., 2016). However, the main driver of many native
fish population declines, including a number of salmonid species that
have suffered regional losses suspected of being up to 50% in recent
decades, has been intensifying fishing activities, which has continued
to gain rapid popularity across the country (Chandra, Gilroy, Purevdorj,
& Erdenebat, 2005; Hogan & Jensen, 2013; Kaus, 2018; Ocock et al.,
2006). In order to help mitigate these declines, improvements to the
current fisheries management strategies are required, with an essen-
tial first step being the identification of ecologically meaningful man-
agement units across the wider distribution of each target species so
authorities and policy makers can better understand the functional
scale of the threatened populations that they are trying to manage
and conserve (Funk, McKay, Hohenlohe, & Allendorf, 2012).
Evolutionarily significant units (ESUs) are a common management
tool used in conservation biology that involves the identification
of intraspecific groups which represent a more biologically mean-
ingful assemblage within a species’ geographic distribution. While
a number of important factors are typically considered in order to
define species’ ESUs, including ecologically relevant phenotypic at-
tributes or certain life history traits; one of the more unequivocal
techniques that can determine a measurable divergence between
isolated groups of conspecifics has been modern genetic methods
(Avise, 2000; Bernard et al., 2009; Fraser & Bernatchez, 2001). ESUs
can consist of multiple allopatric populations and can cover extensive
geographic regions depending on the species and its ecology (Moritz,
1994; Palsbgll, Bérube, & Allendorf, 2006). Units are usually defined
based on neutral and sometimes adaptive genetic variation, which
represent the effects of both historical spatial processes and envi-
ronmental selection (Casacci, Barbero, & Balletto, 2014; Crandall,
Bininda-Emonds, Mace, & Wayne, 2000; Funk et al., 2012; Moritz,
1994). For the initial demarcation of an ESU, researchers have fo-
cused on genetic markers including maternally transmitted, slowly

evolving mtDNA, but also biparentally transmitted, quickly evolving

microsatellites, as both yield relevant information on complementary
spatiotemporal scales (O'Connell & Wright, 1997; Vogler & DeSalle,
1994). The identification of ESUs and genetically distinct populations
of threatened and exploited fish stocks is increasingly used in fish-
ery management to ensure that conservation actions and resources
can be better matched with biological relevance (Xia, Chen, & Sheng,
2006; Geist, Kolahsa, Gum, & Kuehn, 2009; Escobar, Andrade-Lépez,
Farias, & Hrbek, 2015; Zhivotovsky et al., 2015). While ESUs repre-
sent the upper hierarchical levels of intraspecific biodiversity, demo-
graphically independent groups that harbor an above average genetic
variation or are more genetically distinct compared to the rest of the
ESU are also important to identify. With recent studies reporting a
strong association between alleles at one or a very few genes and a
key life history trait in Pacific salmonid species (Hess, Zendt, Matala,
& Narum, 2016; Prince et al., 2017), knowledge of these more genet-
ically valuable or priority populations and their geographic extent,
i.e. their river system, may be increasingly important to identify for
the conservation of other threatened salmonids as well. Such infor-
mation can assist in designing adequate protection and recovery
programs for threatened species, as conservation efforts can thus
focus on preserving the ability of natural ecological and evolution-
ary processes which produce genetic variation capable of sustaining
a species long term under future shifting environmental conditions
(Petit & Mousadik, 1998; Waples & Lindley, 2018).

Mongolia's

salmonids Hucho,

Brachymystax, and Thymallus (Family Salmonidae) live in sympatry

species from the genera
throughout the country's two major river basins. While there are still
some remote rivers systems holding robust numbers of these spe-
cies, widespread declines have continued throughout much of their
range both in Mongolia and neighboring Russia and China (Hogan &
Jensen, 2013; Ocock et al., 2006). The three main targets within the
recreational fishery include the Siberian taimen (Hucho taimen, Pallas
1773), the sharp-snouted lenok (Brachymystax lenok, Pallas 1773),
and the Baikal grayling (Thymallus baicalensis, Dybowski 1874). Two
additional species, the blunt-snouted lenok (B. tumensis, Mori 1930)
and the Hovsgol grayling (T. nigrescens, Dorogostaisky 1923), are
also commonly caught and killed and are thus also suffering a simi-
lar fate across their more restricted distributions in Mongolia includ-
ing the Onon River (Amur Basin) and Lake Hovsgol (Selenge Basin),
respectively.

Phylogeographic research on these salmonid species has revealed
population genetic structure across various geographic scales Kuang,
Tong, Xu, Sun, and Yin, (2010); however, there are little or no detailed
data existing for the threatened populations across the Selenge, the
upper Yenisei and the upper Amur river basins in Mongolian terri-
tory. While the historical distribution of H.taimen encompasses

most of northern Eurasia, only two major phylogeographic groups,
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displaying low allelic richness, have been identified previously
(Froufe, Alekseyev, Knizhin, & Weiss, 2005; Maric et al., 2014). A
past population bottleneck has been proposed as the likely cause of
such low genetic diversity within the world's largest salmonid spe-
cies, which has occurred prior to a relatively recent range expan-
sion during a period of hydrological exchange between neighboring
Siberian river basins (Froufe, Alekseyev, Knizhin, Alexandrino, &
Weiss, 2003; Grosswald, 1998; Holcik, Hensel, Nieslanik, & Skacel,
1988). It has been hypothesized that if the population bottleneck
occurred after the predicted range expansion, then multiple genetic
lineages would have likely occurred, which appears to not be the case
(Froufe et al., 2003). However, further detailed genetic research fo-
cused on H. taimen populations in the understudied Mongolian river
systems may yet identify putative genetically independent lineages.

The Brachymystax genus is made up of three recognized species
with two of these residing in Mongolia including B.lenok (sharp-
snouted lenok), the most widely distributed and commonly captured
species (Kaus, 2018) and B. tumensis (blunt-snouted lenok), a similar
looking species which is found in more fragmented populations in the
Onon River (Amur River Basin) (Bogutskaya & Naseka, 1996; Ma et
al., 2007; Froufe, Alekseyev, Alexandrino, & Weiss, 2008; Xing et al.,
2015). To date, both broad-scale phylogroups and intrabasin genetic
structuring have been identified for B. lenok between the major river
basins across northern Asia/Siberia and within Chinese rivers, respec-
tively (Froufe et al., 2008, 2003; Maric et al., 2014; Xia et al., 2006).
However, the Mongolian populations of this species remain largely un-
studied in detail and it is yet to be determined whether B. lenok displays
intrabasin genetic structure outside of the highly fragmented Chinese
basins. In addition, while the species status of the sympatric B. tumensis
in Mongolia has created confusion among ichthyologists in the past, in
other regions, the blunt-snouted lenok has been demonstrated to have
had a clear genetic divergence and thus been reported to have under-
gone a long and independent evolutionary history (Froufe et al., 2008,
2003; Shed'ko, 1996). However, due to the minimal amount of ichthy-
ological research in Mongolia, the question has remained whether the
resident blunt-snouted lenok populations are in fact B. tumensis, an in-
traspecific form of B. lenok (as has been previously accepted), or a dif-
ferent species altogether. To date, only one lenok species (B. lenok) has
been recorded on the country's official fish species list, including the
country's Red List of Fishes (2006). Thus, this issue should be explicitly
addressed using modern genetic methods in order to confirm the sta-
tus of the Mongolian Brachymystax species and populations.

For the Thymallus genus, multiple lineages have been described
throughout Eurasian with a number of distinct species found to
display a fixed genetic divergence within a restricted distribution
(Antonov, 2004; Froufe et al., 2003; Froufe, Alekseyev, Knizhin, &
Weiss, 2005; Knizhin, Antonov, Safronov, & Weiss, 2007; Knizhin,
Weiss, Bogdanov, Kopun, & Muzalevskaya, 2008; Knizhin & Weiss,
2009; Slynko, Mendsaykhan, & Kas'anov, 2010; Weiss, Knizhin,
Romanov, & Kopun, 2007). This genetic divergence has been at-
tributed to several characteristic traits of the genus including
strong natal homing tendencies and poor dispersal abilities (Froufe,
Alekseyev et al., 2005; Koskinen, Knizhin, Primmer, Schl6tterer, &

Weiss, 2002; Weiss, Persat, Eppe, Schlétterer, & Uiblein, 2002).
In Mongolia, there are five Thymallus species currently listed, with
T. baicalensis being recently confirmed as the species inhabiting
the Selenge River Basin (Weiss et al., 2007) after it was previously
thought to be T. arcticus (Pallas, 1776). However, it remains unclear
whether any further Thymallus species reside in the expansive
Selenge River system as has been suggested (Kottelat, 2006), or
whether there is clear genetic sub-structuring displayed by this spe-
cies that would need to be considered in more comprehensive fish-
eries management plans. While the status of the Mongolian grayling
(T. brevirostris, Kessler, 1879), the Amur grayling (T. grubii, Dybowski,
1869), and the upper Yenisei grayling (T. svetovidovi, Knizhin & Weiss,
2009) is clear, further clarification is required to determine whether
the Hovsgol grayling (T. nigrescens, Dorogostaisky, 1923) from Lake
Hovsgol in the central north of Mongolia represents a unique and
independent species or not, as it has been treated as a separate
species by some authors (Berg, 1962; Bogutskaya & Naseka, 2004;
Pivnicka & Hensel, 1978), but not by others (Froufe, Alekseyev et al.,
2005; Knizhin, Weiss, & Susnik, 2006; Koskinen et al., 2002).

In order to clarify the status of the aforementioned species, de-
lineate their ESUs and identify genetically diverse or differentiated
intraspecific populations that should be conservation priorities, a
combination of mtDNA sequencing and microsatellite marker analy-
ses was conducted on sampled individuals from each species across
their entire Mongolian distributions including the upper Yenisei, the
Selenge, and upper Amur river basins. It is hypothesized that the un-
fragmented river basins in Mongolia, which are unique for such large,
boreal systems in the world, have allowed for unobstructed connec-
tivity and thus unrestricted movement and intergenerational gene
flow over large spatial scales, which has ultimately resulted in the ge-
netic structure of these species being primarily segregated between
river basins with minimal differentiation existing within each river
basin. Our aim was to also shed light on the phylogenetic relation-
ships and species status of B. tumensis and T. nigrescens using genetic
techniques. This research can provide a more detailed understand-
ing of the genetic structure of these threatened salmonid species in
Mongolia, while providing authorities with an improved ecological
understanding in order to develop more comprehensive manage-
ment strategies and better protect rivers holding genetically valuable
populations that can help to safeguard the evolutionary potential and
adaptability of these species for future climatic challenges.

2 | MATERIALS AND METHODS

2.1 | Study area

Mongolia contains the most upstream regions of two major Eurasian
drainages (Figure 1). The Selenge River Basin, with a catchment that
covers most of northcentral Mongolia, flows north into Siberia and
forms the main inflow to Lake Baikal. From Lake Baikal, water con-
tinues via the Angara River into the Yenisei River which ultimately
discharges into the Arctic Ocean. The Shishged River is a major trib-
utary of the upper Yenisei basin and flows approximately 100 km
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FIGURE 1 Displays the sample locations across northern Mongolia. The major river basins shown include the Yenisei/Selenge River Basin
(Arctic Ocean drainage in red shading), the Amur River Basin (Pacific drainage in blue shading), and the Central Asian basin (yellow shading).
Only a very upper tributary of the Yenisei River (Shishged River), which is downstream of Lake Baikal, is located in Mongolian territory

and is labeled as Y1. Hucho taimen samples were collected from sites Y1, S1, S3, S6, S10, A2, A3, and A5; Brachymystax lenok samples were
collected from all sample points; B. tumensis were sampled from A2 - A4; Thymallus baicalensis were samples from S1-512 (excluding S5), and

T. nigrescens was sampled from S5 only

from its source to the Mongolian-Russian border. The second major
river basin includes upper tributaries of the Amur drainage in the
northeast of the country, where the Onon and Kherlen rivers flow
in an easterly direction from the Khentii Mountains into Russia and
China, respectively. Although currently disjunct, there is evidence
for large-scale paleohydrological exchange between the Yenisei/
Selenge and Amur river basins via the Lena River Basin during the
late to post Pleistocene period. This previous connection appears
to have had a predominant effect on the ichthyofaunal diversity and
distribution throughout the region (Froufe et al., 2003; Grosswald,
1998, 1999; Koskinen et al., 2002)

2.2 | Field sampling

The current sampling design was intended to capture the complete
genetic diversity of the investigated species from across their entire
Mongolian distributions. Fish were sampled from 19 rivers within
the Yenisei, Selenge, and Amur basins in 2011 and 2012 (Table 1,
Figure 1). Rivers were selected due to the reported species present,
the isolation by river distance, and river accessibility. Sample sites
were typically in the upper reaches, but due to the low abundances
of certain species in a number of rivers, it was necessary to cover
tens of kilometers in order to collect sufficient numbers of samples.
We collected fin clips from a total of 127 H. taimen from seven rivers,
371 B. lenok from 18 rivers, and 274 T. baicalensis from 11 rivers. We
also collected samples of B tumensis from the Amur basin (12 indi-
viduals from 3 rivers) and T. nigrescens from Lake Hovsgol (15 indi-
viduals). Fish were caught using backpack electrofishing units (Hans
Grassel GmbH, Germany; Type ELT 60) and angling by researchers
and international fishing guides, with all of these individuals being

released alive. Several samples were also collected from fish caught

by local recreational anglers. Fin clips were placed into 96% ethanol
for transportation and storage until analysis at the Helmholtz Centre
for Environmental Research (UFZ) in Halle (Saale), Germany.

2.3 | Genotyping

DNA was extracted from fin clips using the DNeasy Blood and
Tissue kits (QIAGEN, Hilden, Germany) following the manufacturer's
instructions. We sequenced the control region (“D-loop”) of mito-
chondrial DNA from a total of 31 H. taimen that were sampled from
across seven rivers, a total of 35 B. lenok from across 12 rivers, and a
total of 11 B. tumensis from two rivers, as well as a total of 20 T. bai-
calensis from across six rivers and three T. nigrescens from Lake
Hovsgol using primers LRBT-25 and LRBT-1195 (Uiblein, Jagsch,
Honsig-Erlenburg, & Weiss, 2001). Details of the sequencing reac-
tion are given in the Supplementary Material.

All H. taimen, Brachymystax, and Thymallus samples were gen-
otyped at eleven, eight, and eight microsatellite loci, respectively
(Supporting information Table S1). A small number of loci produced
multiple bands which could be consistently scored as independent
loci, one in Brachymystax (BleTri4) and two in H. taimen (BleTri4 and
BleTet6). We used a PCR protocol with CAG/M13R-tagged forward
primers and GTTT-“pigtailed” reverse primers following Schuelke
(2000). Primer sequences and details of the PCR protocol are given

in the Supplementary Material.

2.4 | Data analysis

Following preliminary analysis, we combined individuals from ad-
jacent collection sites within a specific river when sample sizes

were particularly low; thus, we refer to species “populations” even
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TABLE 1 Genetic diversity of three salmonid genera sampled from the Yenisei, Selenge, and Amur rivers basins in Mongolia in 2011 and

2012

Sample site information

Microsatellites

Evolutionarily significant

mtDNA units

Priority rivers

Basin

Hucho taimen

Yenisei

Selenge

Amur

River

Shishged

Delgermoron
Chuluut
Eg-Urr

Eroo

Onon

Balj

Khalkhin

Haplotype Microsatellite ~ mtDNA
No. clusters groups

H1, I‘-|6‘,
H7

H1

H1

H1

H1
H3/4/5

H3/4/5

Brachymystax species including sharp-snouted lenok (B. lenok) and blunt-snouted lenok (B. tumensis; BT.)

Yenisei

Selenge

Amur

Shishged
Delgermoron
Ider
Chuluut
Humen
Hovsgol
Eg-Urr
Orkhon
Tuul
Kharaa
Eroo
Zelter
Huder
Minj
Barch
Onon

Onon

Balj

Balj

Kherlen

Kherlen

Khalkhin

Pop.
ID n A Ag H, Fig n
Y1 6 2.6 203 0.333 0.000 6
S1 12 4.0 216 0.337 -0.019 3
S3 4 21 193 0.269 0.072 2
S6 3.1 212 0.343 -0.016 2
S10 45 5.3 2.01 0.322 0.053 8
A2 44 6.3 249 0424 0.077 7
A3 4 2.3 236 0361 0.215 -
A5 4 2.7 271 0492 0153 3
Y1 9 21 213 0.338 0342 5
S1 16 5.9 465 0.634 -0.008 3
S2 17 54 438 0598 -0.049 -
S3 20 5.6 443 0603 0.073 2
S4 6 4.1 489 0674 0038 -
S5 11 5.0 4.65 0.606 0.066 -
S6 24 6.3 466 0.614 0000 3
S7 45 6.3 437 0622 0050 1
S8 13 4.4 431 0576 -0.007 -
S9 61 64 428 0593 0024 3
S10 38 6.0 414 0.538 -0.002 3
S11 13 5.3 450 0566 -0.132 -
S12 31 6.8 440 0.576 -0.007 -
S13 11 3.9 378 0.557 0195 1
Al 13 6.0 473 0.646 0145 -
A2 11 60 476 0672 0102 2
A2- 10 4.5 401 0540 0.173 10
BT
A3 13 5.5 445 0.622 -0.031 1
A3- 1 1.5 - - - 1
BT
A4 7 4.0 407 0564 0042 5
A4- 1 1.1 - - - -
BT
A5 12 5.3 3.98 0597 0101 6

H15
H16, H20"

H16, H21"

H15

H15, H22',
H3/5/8,
H23"

H15
H15

H15

H11/12,
H15

Contribute /
exclusive
haplotypes

*x

o

*x

*x

(Continues)



KAUS ET AL.

TABLE 1 (Continued)

Fcology and Evolution o 3421
& WILEY- %2

Evolutionarily significant

Sample site information Microsatellites mtDNA units Priority rivers
Contribute */
Pop. Haplotype Microsatellite = mtDNA  exclusive .
Basin River ID n A Ag H, Fis n No. clusters groups haplotypes
Thymallus species including T. baicalensis and T. nigrescens (Lake Hovsgol)
Selenge Delgermoron  S1 24 10.1 6.75 0.674 -0.093 3 H4 :
Ider S2 14 7.6 6.18 0.640 -0.631 - -
Chuluut S3 16 9.6 705 0.624 0.010 1 H4
Humen S4 15 8.6 692 0.662 0.089 - -
Hovsgol S5-Tn 15 713 579 0.633 -0.092 3 H4 :
Eg-Urr Sé 55 139 692 0653 0.043 3 H4
Orkhon S7 27 104 6.83 0684 0.081 7 H4, H5, H6 :
Tuul S8 10 6.8 6.52 0.682 -0.055 - - ’
Kharaa S9 24 9.4 6.05 0.607 -0.020 4 H4, H6
Eroo S10 54 140 6.84 0.641 0.015 H4
Zelter s11 21 103 705 0707 -0010 - - ’
Huder S12 14 8.1 6.69 0.699 0.009 - - '

Note. The table lists the basin and river where individuals were sampled, population identification code, sample size (n), mean number of alleles (A), allelic
richness (AR) (with a rarefaction sample size of 4 for Hucho, 6 for Brachymystax, and 9 for Thymallus), expected heterozygosity (He), and inbreeding coef-
ficient (FIS) where bold F ¢ values indicate significance. For mtDNA data, sample size (n) is shown along with the haplotypes identified, where those
haplotypes with an asterisk (') are new. The evolutionarily significant units (ESUs) as identified for each genus according to the Contrib software (*)
microsatellites and mtDNA results are shown along with the priority rivers which hold fish that displayed an above average genetic diversity or differen-
tiation as well as those populations that exhibited new haplotypes for the species or exclusive haplotypes for Mongolian populations (designated by **).

if sample groups represented considerable parts of the same river.
Full analyses were then carried out separately for each of the
three salmonid genera collected across Mongolia. Mitochondrial
DNA data and additional sequences acquired from GenBank (for
Brachymystax spp. and H. taimen) were aligned using Geneious® Pro
5.6.7 (Kearse et al., 2012) and the build-in multiple alignment op-
tion. Haplotype networks were obtained by using a median-joining
algorithm (Bandelt, Forster, & Rohl, 1999) implemented in PopART
v1.7.2 (http://popart.otago.ac.nz). For H.taimen and Brachymystax
spp., haplotypes were labeled following Froufe, Alekseyev et al.
(2005); Figure 2c) and Froufe et al. (2008; Figure 5), respectively,
using new names as necessary. In the analysis of Brachymystax, we
also included GenBank sequences of B. tsinglingensis from China (Liu,
Li, Lui, Zou, & Wei, 2012; Xing et al., 2015).

From the microsatellite data sets, we calculated descriptors of
population genetic variation, that is, the number of alleles (A), al-
lelic richness (Ap), expected heterozygosity (H,) as well as the in-
breeding coefficient (F,;) and its significance (p-value) using FSTAT
v2.9.3.2 (Goudet, 2001). The presence of distinct genetic clus-
ters was assessed with STRUCTURE 2.3.4 (Pritchard, Stephens, &
Donnelly, 2000) where a burn-in period of 100,000 was used and
1,000,000 Markov Chain Monte Carlo repetitions were performed
with 10 replicates. This model-based Bayesian approach excludes
prior information on the origins of individuals. The number of clus-
ters run was between K = 1 and K = number of populations +1. The

most likely number of clusters was determined by evaluating both

the likelihood of models and the AK method (Evanno, Regnaut, &
Goudet, 2005). Independent runs were merged with CLUMPP 1.1.2
applying the Greedy algorithm and plotted with the Pophelper web
application (Francis, 2016). When multiple clusters were found, we
reanalyzed these clusters separately as the STRUCTURE software
was sensitive to hierarchical population structure. Population dif-
ferentiation was quantified with hierarchical analyses of molecular
variance (AMOVA) conducted in GeneAlEx 6.5 (Peakall & Smouse,
2006, 2012). We tested for isolation by distance within basins, that
is, a correlation between genetic differentiation and distance along
the river with Mantel tests in R (R Core Team, 2013). River distance
was estimated between hydrologically connected sites by trac-
ing the main river channel and using the measuring ruler “path” in
Google Earth 7.1.7.2600 (Google Inc., 2016). River distances ranged
from 465 to 4,994 km (mean 1,637 km) in the Yenisei/Selenge basin
and 256 to 3,245 km (mean 1,977 km) in the Amur basin.
Populations were assigned to separate ESU's when the com-
bined evidence of mitochondrial and nuclear genetic data indicated
genetic isolation. Genetic isolation was recognized when there was
clear haplotype separation according to the mDNA data, along with
distinct clustering of the concerned population/s as identified using
the Evanno method for the nuclear data. Then to further identify
rivers containing individuals that have an above average genetic di-
versity and/or were genetically distinct within each ESU, the nuclear
data were used along with the Contrib Software (Petit et al., 1998).

Calculations to identify priority populations or priority rivers were
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@ Selenge H. taimen

@ Shishged H. taimen

@ Amur H. taimen

@ Lower Yenisei H. taimen

© Northern Siberian Basins (Ob, Lena, Khatanga)
O Unknown origin (GenBank)

FIGURE 2 Mitochondrial DNA haplotype network for Hucho
taimen sampled from Mongolia and from Froufe, Alekseyev et
al. (2005), with haplotypes detected in this study labeled using
existing haplotype names (Froufe, Alekseyev et al., 2005, Figure
2c). Haplotypes found in this study are underlines, while new
haplotypes for the species are denoted with an asterisk (*). Note
that some of the previously identified haplotypes (Froufe et

al., 2003; Froufe, Alekseyev et al., 2005) collapsed into a single
haplotype because the total alignment was shorter

based on allelic richness thus correcting for unequal sample sizes.
The contribution of populations to total species diversity was parti-
tioned into two components: the diversity of individuals within that
river and their differentiation from other rivers. Although genetic di-
versity/differentiation are common metrics used to identify priority
populations within a species distribution, it is not the only definition
that has been used in conservation biology studies of threatened
species, with population viability, highest risk and/or greatest eco-
logical consequences following extinction having also been used as
criteria to prioritize conservation resources (Allendorf et al., 2002).
In any case, within the scope of the current research, only genetic
metrics have been used to delineate priority populations within
the different salmonid species’ ESUs. However, while this detailed
genetic information has provided initial conservation priorities, ul-
timately these data can later be combined with ecological and de-
mographic population assessments to further enhance salmonid

species’ management strategies in Mongolia.

3 | RESULTS

3.1 | H.taimen mitochondrial and nuclear markers

Four mitochondrial haplotypes were identified within the sam-
pled H. taimen (Table 1, Figure 2). These could be assembled into
two main groups, separated by four mutations. The first group in-
cluded Selenge and Shishged individuals (identified by two differ-
ent shades of darker red), while the second group was made up of
Amur H. taimen (lighter red). All Selenge individuals grouped into
a single haplotype (H1), while only some Shishged H. taimen were
contained within this haplotype (H1). The remaining Shishged in-
dividuals displayed two additional and exclusive haplotypes (de-
noted with an asterisk) H6* and H7*. H. taimen sampled from the
three Amur Basin rivers were all contained in previously docu-
mented haplotype H3/4/5.

Hucho taimen nuclear microsatellites indicated that the mean al-
lelic richness (Ag) was 2.23 (SD: 0.27) with a range from 1.93 in the
Chuluut to 2.71 in the Khalkhin (Table 1). Mean allelic richness was
higher in the Amur (mean 2.52, SD: 0.18) than the Selenge (2.06, SD:
0.10) basin, while the Shishged H. taimen had an Ay of 2.03. Three
out of eight rivers that H. taimen were sampled, including both the
Selenge and Amur, showed significant inbreeding coefficients (Sé,
A2,and A3). STRUCTURE analyses revealed that H. taimen displayed
two genetic clusters, the first consisting of all sampled Selenge basin
rivers and the Shishged River, while the second cluster included the
Onon and Khalkhin rivers, respectively (Figures 3, S1a). No further
genetic structure was evident when each basin cluster was analyzed
again separately (Figure S1b and c). These clusters were also sup-
ported by the principal component analysis (PCoA), where axis one
explained 31.7% of the variation and axis two explained 7.7% of the
variation (Figure S6). The AMOVA for H. taimen indicated that 29%
of the genetic variance was partitioned among basins, 1% among
rivers within basins, and the rest residing within rivers (Table S5a).
Separate analyses for the Selenge (incl. Shishged) and Amur basins
revealed Fo;=0.027 (p=0.001) and Fs =0.052 (p=0.008), re-
spectively (Table S5b and c). The overall F¢r value for H. taimen was
0.302.

Priority rivers within each species’ ESU were identified using
the contrib analysis software as the populations that recorded
the greatest contribution percentage to the total genetic diver-
sity based on allelic richness. This metric allowed populations of

FIGURE 3 Bayesian cluster analysis
with STRUCTURE for the microsatellite
data of H. taimen sampled in eight rivers
from the Yenisei (Y1), Selenge (S1, S3,
S6, 510), and Amur basins (A2, A3, A5)
across Mongolia. Individual proportional
membership is shown for K = 2 as two
genetic clusters were identified by the
Evanno plots (Figure S1). Each identified

Yt S1 83 S6 510

cluster was again run separately and both

A3AD displayed K = 1
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unequal sizes to be compared without bias and the total genetic di-
versity to be partitioned into the contribution of genetic diversity
within the population and the contribution of genetic differentia-
tion of a population within an ESU (Figure 4, Table 1). For H. tai-
men from three rivers in the Selenge (Shishged, Delgermoron, and
Eg-Uur) and two in the Amur (Onon and Khalkhin), we identified
increased genetic diversity and thus were recognized as priority

rivers (Figure 4a and b).

Open Access,

3.2 | Brachymystax spp. mitochondrial and
nuclear markers

A total of eight mtDNA haplotypes were identified within the sam-
pled Brachymystax individuals (Table 1, Figure 5). For B. lenok, a clear
group of three haplotypes (H16, H20*, and H21*) was observed and
exclusively associated with the Selenge River Basin. B. lenok sam-
pled from the Amur and Shishged basins displayed a further three
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FIGURE 4 Displays the contribution of each population to total diversity based on allelic richness, thus correcting for unequal sample
sizes. Shown are populations of H. taimen (top), B. lenok (excluding B. tumensis) (center) and T. baicalensis (bottom, including T. nigrescens
in S5) from the Selenge (left) and Amur (right) river basins, Mongolia. The black dots indicate total genetic diversity partitioned into the
contribution of genetic diversity within the population (white bar) and contribution of genetic differentiation of the population (gray bar).
Note that the Shishged River (Yenisei basin) population was not included in the analysis due to their large genetic differentiation from the

other Selenge River Basin groups sampled
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GenBank samples

haplotypes (H11/12, H15, and H22*), which together formed a
second, separate group. Three of the B. lenok haplotypes had been

found previously, while the other three haplotypes (denoted with an
asterisk) were closely related but new for the species. Haplotypes
identified in B. tumensis belonged to two highly divergent groups.
Some individuals contained two haplotypes from a B. tumensis-spe-
cific group (H3/5/8 and H23*), one of which was new. However, many
of the B. tumensis samples displayed the common B. lenok haplotype
(H15), while some individuals also made up the H22* haplotype.

For nuclear microsatellites, low Ap was found in the Shishged
(Y1: Ay = 2.13) population, whereas much higher values were ev-
ident in the Selenge (mean 4.42, SD: 0.28) and Amur River basin
populations (mean 4.40, SD: 0.36). In each river basin, there was
at least one population that had significant F s values indicating
deviation from Hardy-Weinberg equilibrium (HWE). B. tumensis in
the Onon River had similar values of genetic variation as B. lenok
with significant F ¢ values. STRUCTURE analyses of Brachymystax
samples (including both B. lenok and B. tumensis) revealed a total
of four genetic clusters (Figures 6, S2, S3, S4). The first analysis
displayed two distinct genetic clusters within the genus, which
represented the separation of individuals in the Selenge (orange)
from the Amur and Shishged (green, Figure 6, first structure level,
Figure S2a). Notably, the sympatric B. lenok and B. tumensis from
the Amur clustered together rather than forming separate spe-
cies clusters. The Selenge cluster (orange) displayed no further
substructure in additional analyses (Figure 6, second structure
level; Figure S2b). In contrast, the green cluster, which included
both the Shishged and Amur, displayed additional substructure

FIGURE 5 Mitochondrial DNA
haplotype network of Brachymystax
species, that is, sharp-snouted lenok

(B. lenok), blunt-snouted lenok (B.
tumensis) sampled from Mongolia, and

B. tsinlingensis from GenBank. Haplotypes
found in this study are underlined,

' haplotype names used in Froufe et al.
(2008, 2003) were maintained, and new
haplotypes are denoted with an asterisk
(*). Note that some of the previously
identified haplotypes (Froufe et al., 2008,
2003) collapsed into a single haplotype
because the total alignment was shorter

(Figure 6, purple and green groups, Figure S2c). B. lenok from the
Amur basin (purple) formed a distinct genetic cluster, as it sep-
arated from both B. tumensis in the Amur and B. lenok from the
Shishged (green), which remained clustered together. However,
upon further analysis, B. tumensis (green) was shown to be genet-
ically distinct from the Shishged B. lenok (pink, Figures 6, S2d, S3,
S4). Thus, the Brachymystax genus comprised of four genetic clus-
ters in Mongolia, representing B. lenok from the Selenge, Shishged,
and Amur basins as well as the sympatric B. tumensis from the
Amur. This structure was also corroborated both by the pairwise
F¢r values (Table S3) and the PCoA (Figure S7). The AMOVA re-
sults for B. lenok indicated that 16% of the genetic variance was
among basins, 2% among rivers within basins, and the rest resid-
ing within rivers (Table S5e) with an overall F; value of 0.181.
Population differentiation among B. lenok was similar in the Amur
(Fsr =0.056) and the Selenge basin (Fg; = 0.049). Mantel tests
indicated a pattern of isolation by distance for B. lenok in both
the Selenge (r = 0.41, p = 0.004; Figure S9a) and the Amur basin
(r=0.76, p = 0.045; Figure S9b). For B. lenok, five priority rivers
were identified in the Selenge (Shishged, Delgermoron, Humen,
Orkhon, and Tuul; Figure 4c) and two in the Amur (Onon and
Kherlen; Figure 4d).

3.3 | Thymallus spp. mitochondrial and
nuclear markers

Nine mtDNA haplotypes were found among five Thymallus spe-

cies. The haplotype network showed four distinct groups (Figure 7).
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FIGURE 6 STRUCTURE analyses of the microsatellite data for the Brachymystax genus (including both B. lenok and B. tumensis) collected
from 19 rivers across the Yenisei (Y1), Selenge (51-513), and Amur river basins (A1-A5) in Mongolia. When all samples were included in the
analysis, two genetic clusters were identified according to the Evanno plots (top; Figure S2a). These two clusters were further analyzed
separately (second row), with the results from the “orange cluster” (Selenge basin) yielding no further genetic structure (Figure S2b), while
within the “green cluster,” additional sub-structuring was identified (Figure S2c). Upon further analysis, no substructure of the “purple
cluster” was identified (results not shown). However, within the “green cluster,” two genetically distinct populations were clearly displayed
(Figure S2d): B. lenok from the Shishged River (pink cluster) and B. tumensis from the Onon and Kherlen rivers (green cluster)
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@ T baicalensis

© T nigrescens

O T brevirostris

T. grubii

@ T svetovidovi
H6 H5

FIGURE 7 Mitochondrial DNA haplotype network for Thymallus
species (T. baicalensis, T. grubii, T. nigrescens, T. svetovidovi, and

T. brevirostris) sampled from the Shishged (Yenisei), Selenge, Amur,
and Central Asia river basins in Mongolia

Three of these groups were comprised of haplotypes from single
species samples taken from GenBank with the T. brevirostris group

having one haplotype (H3), T.svetovidovi having two haplotypes

(H1-H2), and T. grubii having three haplotypes (H7-H9). The fourth
group comprised of a single haplotype that included T. baicalensis
and T. nigrescens with both species sharing the most common hap-
lotype (H4), with two additional rarer haplotypes (H5 and H6) found
in T. baicalensis.

The nuclear microsatellites results indicated that the mean Ay
was 6.72 (SD: 0.31) across the Selenge basin, with T. nigrescens
from Lake Hovsgol displaying an Ay of 5.79. Four T. baicalensis
populations had significant Fg values indicating deviation from
HWE. Both the STRUCTURE and PCoA analyses revealed only
one genetic cluster for T. baicalensis and T. nigrescens (Figures
S5 and S8). This is corroborated by very weak genetic structure
amounting to only 1% of molecular variance among populations
(Table S5h). The overall F¢r for T. baicalensis and T. nigrescens ac-
cording to the AMOVA results was 0.014. However, T. nigrescens
was more strongly differentiated from all other T. baicalensis
populations as the mean pairwise differentiation among T. bai-
calensis was Fo; = 0.014 but F.; = 0.033 between the two taxa
(Table S4). T. baicalensis across the Selenge basin showed no
significant pattern of isolation by distance (r=0.22, p =0.12,
Figure S10). For T. baicalensis (including T. nigrescens), six riv-
ers were considered to be priorities due to the above average
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FIGURE 8 Individual species maps displaying, in different colored shading, the evolutionarily significant units (ESUs) that have been
identified for (a) Hucho taimen, (b) Brachymystax spp. (B. lenok and B. tumensis), and (c) Thymallus spp. (T. baicalensis and T. nigrescens - S5)
within Mongolia's river systems. ESUs were defined by using both the mtDNA and microsatellites results. The priority rivers for each species
are represented by a larger circles

genetic diversity or differentiation (Delgermoron, Orkhon, Tuul, 4 | DISCUSSION

Zelter, Huder, and Lake Hovsgol; Figure 4e). In most cases, total

diversity was determined by high diversity contributions rather Theidentification of genetically diverse or distinct intraspecific groups
than differentiation contributions, in line with low within-basin within a species can help to define biologically relevant units that can
divergence. ultimately improve the success of conservation and management
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strategies long term. While biological, ecological, logistical, geograph-
ical, and administrative factors are typically considered when design-
ing species conservation plans, it has only been relatively recently
that measures of genetic diversity have also been included (Hoban
et al., 2013). Such an oversight can have substantial consequences
for a species, as the loss of genetic variation can reduce the evolu-
tionary potential at both a population and species level (Barrett &
Schluter, 2008; Keller & Waller, 2002; Rivers, Brummitt, Nic Lughadh,
& Meagher, 2014). For three taxa of salmonids with high conservation
concern in Mongolia, we found that population structure was primar-
ily segregated between major river basins with largely matching pat-
terns between mitochondrial and nuclear genomes. Although exact
patterns were not completely concordant among species, we iden-
tified strong genetic differentiation among basins but rather weak
differentiation within basins. B. lenok was the only species to show a
clear pattern of within-basin isolation by distance. Furthermore, pat-
terns of diversity and differentiation allowed for the identification of
conservation priority rivers across Mongolia's major basins, with the
results indicating that some rivers are valuable for two or more of the
sampled salmonid species making them genetic hotspots. Therefore,
new management strategies need to recognize the importance of un-
derstanding and incorporating genetic diversity and differentiation
patterns so a more targeted approach can be developed in an attempt
to retain the maximum genetic variation across intraspecific groups

and maintain the highest adaptive potential of the focus species.

4.1 | Genetic population structure and priorities for
conservation of H. taimen

This study has demonstrated that Mongolian H. taimen represents
the most upstream extent of the two previously identified major
phylogroups, which means that two independent ESUs need to be
recognized in conservation and management efforts in the coun-
try (Figure 8a). The Selenge and Shishged ESU forms part of the
western phylogroup that consists of the greater Yenisei, Khatanga,
Volga, and Ob river basin H. taimen, while the Onon and Kherlen
ESU is part of the eastern Amur phylogroup together with Lena
basin H. taimen (Froufe, Alekseyev et al., 2005; Maric et al., 2014).
Certain ecological traits such as the H. taimen's large body size
and propensity of mature individuals to move and disperse exten-
sive distances particularly during the spawning season (Holcik et
al., 1988; Matveyev, Pronin, Samusenok, & Bronte, 1998; Jensen
et al., 2009; Gilroy et al., 2010; Kaus, Bittner et al., 2016) has
likely contributed to the minimal genetic structure found in this
long-lived species. Similar patterns of negligible genetic structure
across large geographic scales have also been reported in other
large-bodied freshwater fishes, which are also known to move ex-
tensive distances during their lifetimes (Ferreira et al., 2017; So,
Houdt, & Volckaert, 2006; Stepien, Murphy, Lohner, Sepulveda-
Villet, & Haponski, 2009). Resident H. taimen in the Shishged River
coupled with individuals from the Delgermoron, Eg-Uur, Onon,
and Khalkhin rivers collectively represent the most genetically
diverse populations within the two ESUs identified in Mongolia
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(Figure 8a). Incidentally, these rivers also are known to hold some
of the last remaining robust H. taimen populations in Mongolia and
thus their protection will be critical, for conserving not only their

genetic diversity, but for the persistence of the entire species.

4.2 Genetic population structure and conservation
priorities for Brachymystax spp.

For the two Brachymystax species residing in Mongolian rivers, the
genetic analysis revealed a total of four distinct ESUs (Figure 8b). We
identified three allopatric ESUs belonging to B. lenok from the Selenge,
the Shishged and Amur basins, and confirmed B. tumensis from the
Amur as a separate, sympatric species and distinct ESU. The Selenge
ESU formed an exclusive genetic group based on mtDNA and nuclear
markers, which would likely extend as far as Lake Baikal downstream
considering the findings of Froufe et al. (2008). Such genetic diver-
gence can be attributed to the reported prior isolation of the Selenge
basin and Lake Baikal from the Yenisei and Amur basins approximately
half a million years ago (Mats et al., 2001, 2001). This unique B. lenok
phylogroup is genetically distinct and thus highly valuable in the con-
text of genetic conservation for the species. Incidentally, this group
has also been the focus of increased scientific research on B. lenok
including studies on their feeding ecology (Olson, Jensen, & Hrabik,
2016), thermal tolerances (Hartman & Jensen, 2016), lotic and lentic
growth comparisons (Tsogtsaikhan et al., 2017), and seasonal move-
ments (Kaus, Biittner, Karthe, Schiffer, & Borchardt, 2017).

The other two B. lenok ESUs in the Shishged River and Amur
basin displayed no distinction at the mtDNA level but were geneti-
cally separated from each other according to nuclear microsatellite
markers. Thus together with their geographic isolation, their status
as separate ESUs was justified. The shared mtDNA haplotype that
was found between these ESUs highlighted the relatively recent di-
vergence of these populations, while supporting the hypothesis of
the late Pleistocene hydrological connectivity between the Amur
and Yenisei basins via the Lena River (Froufe et al., 2008, 2003;
Grosswald, 1998). However, despite this shared haplotype, most
of the genetic differentiation for B. lenok was distributed among
basins (Froufe et al., 2008; Liu, Kunag, Tong, & Yin, 2011; Xia et
al., 2006), which indicated large-scale, intrabasin gene flow within
these vast, unfragmented river systems. However, B. lenok was the
only species to demonstrate isolation by distance within both river
basins, which is in line with the expectation of a reduced dispersal
ability compared to the larger sized H. taimen (Yoon et al., 2014;
Gilroy et al., 2010; Kaus, Bittner et al., 2016; Kaus et al., 2017).

The current results additionally demonstrate that the sympat-
ric populations of B. lenok and B. tumensis from the Amur basin
are genetically highly divergent. Thus, B. tumensis represents a
fourth ESU for the Brachymystax genus in Mongolia. While nat-
ural hybrids have been identified between these two species in
regions of sympatry, there has been no evidence of shared hap-
lotypes ever occurring (Froufe et al., 2008; Ma & Jiang, 2007).
However, in contrast to these previous studies, strong evidence
was found for nuclear introgression from B. lenok into B. tumensis.
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Although this indicates incomplete reproductive isolation, there
was only one first generation hybrid identified in the low num-
ber of samples collected, thus suggesting there is, at least, a cer-
tain level of mitochondrial introgression still occurring between
these species in this region of sympatry. This rarity of mixed an-
cestry in general indicates that hybridization is infrequent or was
largely an ancient event. Haplotype sharing could principally be
also due to shared ancestral polymorphism, but hybridization ap-
pears more likely to be the case, as this is the first such observa-
tion reported in these species. Hybridization between congeneric
fish is common especially after secondary contact and molecular
markers are highly suited to test specific hypotheses (Hanfling,
Bolton, Harley, & Carvalho, 2005). However, the present data set
is too limited to allow for more detailed conclusions. In any case,
B. tumensis should be formally recognized on an updated species
list of Mongolian fishes and be further afforded comprehensive
protection to prevent this already rare species with highly frag-
mented populations from declining further or becoming regionally
extinct. Moreover, our results rekindle the discussion regarding
the species status of B. tumensis and its correct taxonomic classi-
fication, as the currently used scientific name (B. tumensis) as well
as B. savinovi, which has also been incorrectly applied to this spe-
cies in Mongolia previously, have since been revealed to be mis-
identifications of B. lenok in the Tumen River (China/North Korea)
and Lake Markakol (Kazakhstan), respectively (Alekseev & Osinov,
2006; Ma et al., 2007). Consequently, these names are regarded
as invalid and thus a new scientific name for B. tumensis should be
assigned (Froufe et al., 2008; Ma et al., 2007).

Priority rivers for conservation within the Brachymystax genus
not only include the distinct B. lenok ESU from the Shishged and the
B. tumensis ESU from the Amur, but also an additional six B. lenok
populations that were identified within the Selenge and Amur basins
(Figure 8b). With both of these basins being extensively sampled,
including all major rivers, it is obvious that the overall genetic differ-
entiation of this species in Mongolia was low. It was only the Kherlen
population that displayed substantial genetic differentiation com-
pared to the other populations and thus the Kherlen River should
be earmarked for additional protection measures, particularly as the
upper reaches of this river is a popular fishing destination for a grow-
ing number of Ulaanbaatar residents due to its close proximity and
easy access from the capital.

4.3 | Genetic population structure and conservation
priorities for Thymallus spp.

In contrast to common ecological characteristics of the Thymallus
genus such as strong natal homing tendencies and poor dispersal
abilities, T. baicalensis in the Selenge basin has shown no evidence
of genetic structuring among the sampled rivers, which is likely due
to not only the comparatively smaller geographic scales but also the
high hydrological connectivity that has persisted across the basin.
Thus, T. baicalensis in Mongolia represents a single ESU including in-
dividuals from Lake Hovsgol (Figure 8c). As a result, this finding has

flow on implications for the species status of T. nigrescens from Lake
Hovsgol. While some authors have recognized it as an independent
species based on both morphological and biological indices includ-
ing number of gill rakers and pyloric caeca (Berg, 1962; Bogutskaya
& Naseka, 2004; Pivnicka & Hensel, 1978), other authorities have
expressed the need for additional analyses or have already outright
disregarded T. nigrescens as its own species (Knizhin et al., 2006;
Koskinen et al., 2002; Weiss et al., 2007). The result from the cur-
rent research supports the opinion that T. nigrescens is not geneti-
cally distinct from T. baicalensis and that these two putative species
are in fact synonyms. The lack of genetic distinction detected by the
mtDNA marker analysis suggests there is either a significant amount
of contemporary gene flow between Lake Hovsgol and Selenge basin
inhabitants via the Eg-Uur River or else it has ceased only recently.
The morphological differences displayed by individuals that inhabit
Lake Hovsgol, including significant differences in the length-weight
and age-length relationships compared to T. baicalensis sampled
from riverine environments (Tsogtsaikhan et al., 2017), are likely
due to the high ecological flexibility and phenotypic plasticity of this
genus, which has previously caused confusion between intraspecific
forms in Lake Baikal (i.e., black and white Baikal graylings, Knizhin et
al., 2006). However, the contrib analysis and the pairwise F¢; values
still indicated that individuals sampled from Lake Hovsgol, while not
a separate species, displayed genetic differentiation from each other,
which justifies the Lake Hovsgol population as a priority within the
T. baicalensis ESU. Furthermore, our analysis assessed largely neutral
genetic variation and does not exclude the possibility that the selec-
tion has affected ecologically important genetic variation. Therefore,
the Lake Hovsgol population should still be recognized as a unique
intraspecific group that should be afforded adequate conservation
and protection efforts to mitigate the growing number of impacts
in the region including overfishing, increased pollution, and climate
change, which have been reported to be increasingly impacting this
ancient lake (Ahrenstorff, Jensen, Weidel, Mendsaikhan, & Hrabik,
2012; Free, Jensen, & Mendsaikhan, 2016).

For T. baicalensis, only minimal differences in the genetic diversity
and differentiation contributions were detected across the Selenge
ESU. However, in addition to the Lake Hovsgol population, T. baical-
ensis from five other sampled rivers displayed above average genetic
diversity with the Zelter and Huder, and Orkhon and Tuul, appearing
to share the same proportion of genetic contribution (Figures 4e and
8c). This is likely due to the close proximity of the river confluences,
and thus, a substantial amount of genetic exchange is expected to
have caused this similarity. The Delgermoron was the fifth popula-
tion that was identified as having an elevated genetic diversity com-
ponent compared to populations from other rivers, thus also making
it a priority river for the conservation of this species in Mongolia.

4.4 | Patterns across species and implications for
broader conservation strategies

While a broad understanding of population genetics is crucial for
threatened species management, neutral marker patterns represent
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only one fundamental aspect for defining conservation objectives,
and thus, a range of other biological, ecological, and economically im-
portant factors should also be considered during the development of
any species’ management strategy (Abell, Allan, & Lehner, 2007; Suski
& Cooke, 2007; Granek et al., 2008). However, the focus of the current
study was to define ESUs and priority rivers within the three generain
Mongolia based on genetic markers. Thus, our results determined that
the most prominent genetic structures existed between major river
basins, although there was not complete concordance among species,
which is likely due in part to a number of both biological and ecological
differences including natal homing tendencies, site fidelity, and spe-
cies mobility. The paleogeography of these extensive river systems
appears to have been the dominant influence on the genetic struc-
ture of these species, with the isolation of the Selenge/Baikal basin
creating an exclusive phylogroup of B. lenok, as well as the genetically
distinct T. baicalensis species. The ancient hydrological connectivity
between the Yenisei and Amur has also resulted in shared genetic
material between B. lenok populations in these currently disjunct ba-
sins. Thus, we found that the ESUs identified for both H. taimen and
B. lenok included two of their major phylogeographic lineages, while
the single ESU identified for T. baicalensis represents a large propor-
tion of the species entire geographic distribution. Thus, Mongolia has
a unique responsibility to the survival of all three of these threatened
salmonid species across their extended ranges going forward.

The identification of genetically important priority rivers within
each ESU can now provide a more focused approach for fisheries
management and conservation efforts within Mongolia. Protection of
the most genetically diverse and differentiated populations is critical,
especially as all species investigated already displayed a remarkable
lack of genetic structure. A preliminary conservation strategy for
Mongolian salmonids may be to link priority river protection across
species in order to even further maximize the resources available to
authorities. Therefore, the Shishged, Delgermoron, Orkhon, Tuul, and
Onon rivers represent genetic hotspots as each was deemed import-
ant for two or three of the species investigated and thus these re-
gions should be made the focus of initial conservation efforts along
with Lake Hovsgol for T. baicalensis and the Kherlen River for B. lenok
(Figure 8a-c). If critical habitat can be sufficiently protected, local
fish densities are likely to increase with a higher number of individ-
uals then being able to emigrate to neighboring river systems over
time (Abell et al., 2007). A key recommendation for targeting these
genetically valuable populations would be to establish a network of
spatially protected areas to improve their overall protection and sur-
vival. Freshwater Protected Areas (FPAs) have been successfully im-
plemented in many countries around the world to conserve genetic
diversity and aid in the preservation and recovery of threatened and
exploited fish populations (Abell et al., 2007; Suski & Cooke, 2007).

5 | CONCLUSIONS

Attaining a detailed knowledge of the genetic structure and in-
traspecific diversity of the main target species in Mongolia's
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rapidly emerging recreational fishery will help guide necessary
improvements and benefit the development of more comprehen-
sive national fisheries conservation and management strategies.
This information is particularly important due to the current wide-
spread anthropogenic pressures that continue to impact resident
fish populations. Additionally with this new understanding, future
translocations or introductions of genetically dissimilar individu-
als can be avoided and inbreeding minimized within the remaining
fragmented populations (Balakirev, Romanov, Mikheev, & Ayala,
2013; Hanfling, Durka, & Brandl, 2004; Héanfling & Weetman,
2006; McDougall, Welsh, Gosselin, Anderson, & Nelson, 2017,
Slynko et al., 2015). However, in order to improve the outcomes
of any newly proposed protection measures, their inclusion
into relevant legislation such as the Mongolian Law on Hunting
(Compendium of Environment Law and Practice, Ulaanbaatar,
Mongolian 2000) would be necessary for enhancing their wide-
spread and ongoing compliance across the country.

Internationally, many of the challenges facing Mongolian sal-
monids are also impacting these species throughout their distribu-
tions in both Russia and China, with perturbations occurring at a far
greater intensity due to higher human population densities, a more
established fishing culture, lack of comprehensive fisheries man-
agement strategies and increased large-scale infrastructure river
development projects (Knizhin and Weiss (2009); Tong, Kuang,
Yin, & Zhang, 2013; Zolotukhin, 2013). As a result, populations of
these species have suffered from even more dramatic losses with
H. taimen having gone locally extinct or suffered from significant
declines in 39 out of the 57 river basins assessed throughout Russia
(M. Skopets unpubl. data, in Hogan & Jensen, 2013), while in China
H. taimen populations in the Heilongjiang (Amur) River have de-
clined by 95% over the past 50 years (Tong pers. comms., in Hogan
& Jensen, 2013). Thus, even more urgent actions are needed in
both of these countries to avoid further declines and growing local
and regions extinction rates. The potential to effectively transfer
the current Mongolian research results and recommendations to
help guide such changes is highly plausible and necessary as long as
intraspecific genetic variation can be determined and new manage-
ment measures effectively implemented within the existing juris-
dictional framework relating to regional fisheries strategies. Closer
cooperation among scientific and governmental entities at all levels,
a proposal that has been made recently in Europe (Weiss, Kopun, &
Susnik Bajec, 2013), could also help to advance the management of
these and other highly mobile threatened species across northern
Asia. Unfortunately, the current lack of political cooperation and
environmental management coordination between countries, par-
ticularly in regard to the delegation of natural resources, remains
an even greater barrier to forming transnational joint fisheries man-
agement plans across the region.

ACKNOWLEDGMENTS

This research was conducted as part of the IWRM in Central Asia:
Model Region Mongolia (IWRM MoMo) project in its second phase



KAUS €T AL.

3430 WI LEY—ECOlOgy and Evolution

Open Access,

(2010 - 2013). Funding was provided by the German Federal
Ministry of Education and Research (BMBF; grant no. 033L003) and
the Helmholtz Interdisciplinary Graduate School for Environmental
Research (HIGRADE). Thank you to M. Schéffer, B. Tsedendorj, N.
Natsagnyam, S. Avlyush, L. Borchardt, M. Barbender, Kh Undarmaa,
N. Odchimeg, G. Zolboo, M. Pitsch, J. Eligehausen, C. Sullivan, and
J. MacDonald for assistance in the field and A. Voigt and C. Hahn
for help in the laboratory. In addition, thanks to P. Fong, D. Bailey,
O. Jensen, A. Parkinson, Z. Hogan, M. Johnstad, and G. Balbar for
collecting and arranging additional fin clip samples.

AUTHOR CONTRIBUTION

AK, DB, WD, and BH participated in the project design and coordi-
nation. AK coordinated and lead the sample collection. AK, WD, and
SM carried out the laboratory work and data analysis and along with
BH interpreted the results. AK wrote the manuscript. AK, SM, and
DK produced the figures and maps. All authors reviewed, edited, and

approved the final submitted manuscript.

DATA ACCESSIBILITY

The authors agree to submit the complete data set obtained during
the current study to GenBank upon acceptance of this manuscript in

order for it to be publically available by publication.

ORCID

Andrew Kaus https://orcid.org/0000-0001-5042-3413
Stefan Michalski https://orcid.org/0000-0002-8969-7355
REFERENCES

Abell, R., Allan, J. D., & Lehner, B. (2007). Unlocking the potential of pro-
tected areas for freshwaters. Biological Conservation, 134, 48-63.
https://doi.org/10.1016/j.biocon.2006.08.017

Ahrenstorff, T. D., Jensen, O. P.,, Weidel, B. C., Mendsaikhan, B., & Hrabik,
T. R.(2012). Abundance, spatial distribution, and diet of endangered
Hovsgol grayling (Thymallus nigrescens). Environmental Biology of
Fishes, 94, 465-476. https://doi.org/10.1007/s1064-011-9961-5

Alekseev, S. S., & Osinov, A. G. (2006). Blunt-Snouted Lenoks
(Genus Brachymystax: Salmoniformes, Salmonidae) from the
Ob’ Basin: New Data on Morphology and Allozyme Variation.
Voprosy lkhtiologii, 46(4), 478-494. https://doi.org/10.1134/
50032945206070022

Allendorf, F. W., Bayles, D., Bottom, D. L., Currens, K. P,, Frissell, C. A.,
Hankins, D., ... Williams, T. H. (2002). Prioritizing Pacific Salmon
Stocks for Conservation. Conservation Biology, 11(1), 140-152.
https://doi.org/10.1046/j.1523-1739.1997.95248.x

Antonov, A. L. (2004). A New Species of Grayling Thymallus burejensis
sp. nova (Thymallidae) from the Amur Basin. Journal of Ichthyology,
44(6), 401-411.

Avise, J. C. (2000). Phylogeography: The History and Formation of Species.
Cambridge: Harvard University Press.

Balakirev, E. S., Romanov, N. S., Mikheev, P. B., & Ayala, F. J. (2013).
Mitochondrial DNA Variation and Introgression in Siberian Taimen
Hucho taimen. PlosOne. 8(8). 10.1371/journal.pone.0071147

Bandelt, H. J., Forster, P., & Rohl, A. (1999). Median-joining networks for
inferring intraspecific phylogenies. Molecular Biology and Evolution,
16, 37-48. https://doi.org/10.1093/oxfordjournals.molbev.a026036

Barrett, R. D., & Schluter, D. (2008). Adaptation from standing genetic
variation. Trends in Ecology & Evolution, 23(1), 38-44. https://doi.
org/10.1016/j.tree.2007.09.008

Berg, L. S. (1962). Freshwater Fishes of the USSR and adjacent countries,
fourth ed. Part 3. USSR Academy of Sciences, Moscow - Leningrad,
pp. 929-1382 (Smithson. Inst. By Israel Prog. Sci. Transl. Jerusalem).

Bernard, A., Bellemain, E., Bronken-Eidesen, P., Pomanon, C., Brochmann,
C., & Taberlet, P. (2009). How different is different? Defining man-
agement and conservation units for a problematic exploited species.
Canadian Journal of Fisheries and Aquatic Science, 66, 1617-1630.
https://doi.org/10.1139/F09-106

Bogutskaya, N., & Naseka, A. (1996). Cyclostomata and fishes of Khanka
Lake drainage area (Amur river basin). An annotated check-list with
comments on taxonomy and zoogeography of the region. Zoological
Institute of the Russian Academy of Sciences, 89 p.

Bogutskaya, N. G., & Naseka, A. M. (2004). Catalogue of agnathans and
fishes of fresh and brackish waters of Russia with comments on no-
menclature and taxonomy (p. 389). Moscow: KMK Scientific Press
Ltd.

Casacci, L. P.,, Barbero, F., & Balletto, E. (2014). The “Evolutionarily
Significant Unit” concept and its applicability in biological conserva-
tion. Italian Journal of Zoology, 81(2), 182-193. https://doi.org/10.108
0/11250003.2013.870240

Chandra, S., Gilroy, D., Purevdorj, S., & Erdenebat, M. (2005). The feed-
ing behaviour of fish from the upper Lake Baikal watershed of the
Eroo River in Mongolia. Mongolian Journal of Biological Sciences, 3(1),
39-45.

Crandall, K. A., Bininda-Emonds, O. R. P., Mace, G. M., & Wayne, R. K.
(2000). Considering evolutionary processes in conservation bi-
ology. Trends in Ecology and Evolution, 15, 290-295. https://doi.
org/10.1016/50169-5347(00)01876-0

Diggs, M. D., & Ardren, W. R. (2008). Characterization of 12 highly vari-
able tetranucleotide microsatellite loci for Arctic grayling (Thymallus
arcticus) and cross amplification in other Thymallus species.
Molecular Ecology Resources, 8, 828-830. https://doi.org/10.1111/
j1755-0998.2007.02081.x

Escobar, M. D., Andrade-Lépez, J., Farias, I. P., & Hrbek, T. (2015).
Delimiting evolutionarily significant units of the fish, Piaractus
brachypomus (Characiformes: Serrasalmidae), from the Orinoco and
Amazon river basins with insight on routes of historical connectivity.
Journal of Heredity, 106, 428-438, https://doi.org/10.1093/jhered/
esv047

Evanno, G., Regnaut, S., & Goudet, J. (2005). Detecting the num-
ber of clusters of individuals using the software STRUCTURE: A
simulation study. Molecular Ecology, 14, 2611-2620. https://doi.
org/10.1111/j.1365-294X.2005.02553.x

Faircloth, B. C., Terhune, T. M., Schable, N. A., Glenn, T. C., Palmer, W. E.,
& Carroll, J. P. (2009). Ten microsatellite loci from Northern Bobwhite
(Colinus virginianus). Conservation Genetics, 10, 535-538. https://doi.
org/10.1007/s10592-008-9559-4

Ferreira, D. G., Souza-Shibatta, L., Shibatta, O. A., Sofia, S. H., Carlsson,
J., Dias, J. H. P., ... Makrakis, M. C. (2017). Genetic structure and
diversity of migratory freshwater fish in a fragmented Neotropical
river systems. Reviews in Fish Biology and Fisheries, 27(1), 209-231.
https://doi.org/10.1007/s11160-016-9441-2

Francis, R. (2016). Pophelper Web App v1.0.10 - Structure Analysis:
Analyse and visualise Structure, fastStructure, Tess and Admixture
runs (http://pophelper.com).

Fraser, D. J., & Bernatchez, L. (2001). Adaptive evolutionary conser-
vation: Towards a unified concept for defining conservation units.
Molecular Ecology, 10, 2741-2752. https://doi.org/10.1046/j.1365-
294X.2001.t01-1-01411.x


https://orcid.org/0000-0001-5042-3413
https://orcid.org/0000-0001-5042-3413
https://orcid.org/0000-0002-8969-7355
https://orcid.org/0000-0002-8969-7355
https://doi.org/10.1016/j.biocon.2006.08.017
https://doi.org/10.1007/s1064-011-9961-5
https://doi.org/10.1134/S0032945206070022
https://doi.org/10.1134/S0032945206070022
https://doi.org/10.1046/j.1523-1739.1997.95248.x
8(8).10.1371/journal.pone.0071147
https://doi.org/10.1093/oxfordjournals.molbev.a026036
https://doi.org/10.1016/j.tree.2007.09.008
https://doi.org/10.1016/j.tree.2007.09.008
https://doi.org/10.1139/F09-106
https://doi.org/10.1080/11250003.2013.870240
https://doi.org/10.1080/11250003.2013.870240
https://doi.org/10.1016/S0169-5347(00)01876-0
https://doi.org/10.1016/S0169-5347(00)01876-0
https://doi.org/10.1111/j1755-0998.2007.02081.x
https://doi.org/10.1111/j1755-0998.2007.02081.x
https://doi.org/10.1093/jhered/esv047
https://doi.org/10.1093/jhered/esv047
https://doi.org/10.1111/j.1365-294X.2005.02553.x
https://doi.org/10.1111/j.1365-294X.2005.02553.x
https://doi.org/10.1007/s10592-008-9559-4
https://doi.org/10.1007/s10592-008-9559-4
https://doi.org/10.1007/s11160-016-9441-2
http://pophelper.com
https://doi.org/10.1046/j.1365-294X.2001.t01-1-01411.x
https://doi.org/10.1046/j.1365-294X.2001.t01-1-01411.x

KAUS ET AL.

Free, C., Jensen, O., & Mendsaikhan, B. (2016). A mix-method approach
for quantifying illegal fishing and its impacts on an endangered fish
species. PlosOne, 11(1). e0148007. https://doi.org/10.1371/journal.
pone.0148007

Froufe, E., Alekseyev, S., Alexandrino, P., & Weiss, S. (2008). The evo-
lutionary history of sharp- and blunt- snouted lenok (Brachymystax
lenok (Pallas, 1773) and its implications for the paleo-hydrolog-
ical history of Siberia. Evolutionary Biology, 8, 40. https://doi.
org/10.1186/1471-2148-8-40

Froufe, E., Alekseyev, S., Knizhin, |., Alexandrino, P., & Weiss, S. (2003).
Comparative phylogeography of salmonid fishes (Salmonidae) revels
late to post-Pleistocene exchange between three now-disjunct river
basins in Siberia. Diversity and Distributions, 9, 269-282. https://doi.
org/10.1046/j.1472-4642.2003.00024.x

Froufe, E., Alekseyev, S., Knizhin, I., & Weiss, S. (2005). Comparative
mtDNA sequence (control region, ATPase 6 and NADH-1) di-
vergence in Hucho taimen (Pallas) across four Siberian river
basins. Journal of Fish Biology, 67, 1040-1053. https://doi.
org/10.1111/j.1095-8649.2005.00807.x

Froufe, E.,Knizhin, I.,&Weiss, S.(2005). Phylogenetic analysis of the genus
Thymallus (grayling) based on mtDNA control region and ATPase 6
genes, with inferences on control region constraints and broad-scale
Eurasian phylogeography. Molecular Phylogenetic and Evolution, 34,
106-117. https://doi.org/10.1016/j.ympev.2004.09.009

Froufe, E., Sefc, K. M., Alexandrino, P., & Weiss, S. (2004). Isolation
and characterization of Brachymystax lenok microsatellite loci
and cross-species amplification in Hucho spp. and Parahucho
perryi. Molecular Ecology Notes, 4(2), 150-152. https://doi.
org/10.1111/j.1471-8286.2004.00594.x

Funk, W. C., McKay, J. K., Hohenlohe, P. A., & Allendorf, F. W. (2012).
Harnessing genomics for delineating conservation units. Trends
in Ecology & Evolution, 27(9), 489-496. https://doi.org/10.1016/].
tree.2012.05.012

Geist, J., Kolahsa, M., Gum, B., & Kuehn, R. (2009). The importance of
genetic cluster recognition for the conservation of migratory fish
species: The example of the endangered European huchen Hucho
hucho (L.). Journal of Fishery Sciences, 75, 1063-1078. https://doi.
org/10.1111/j.1095-8649.2009.02377.x

Gilroy, D. J.,, Jensen, O. P,, Allen, B. C., Chandra, S., Ganzorig, B., Hogan, Z.,
... Vander Zanden, M. J. (2010). Home range and seasonal movement
of taimen, Hucho taimen, in Mongolia. Ecology of Freshwater Fish,
19(4), 545-554. https://doi.org/10.1111/j.16000633.2010.00434.x

Goudet, J. (2001). FSTAT, version 2.9.3, A program to estimate and test
gene diversities and fixation indices. Lausanne University, Lausanne,
Switzerland.

Granek, E. F., Madin, E. M. P,, Brown, M. A, Figueira, W., Cameron, D. S.,
Hogan, Z., ... Arlinghaus, R. (2008). Engaging Recreational Fishers in
Management and Conservation: Global Case Studies. Conservation
Biology, 22(5), 1125-1134.

Grosswald, M. G. (1998). New approach to the Ice Age paleohydrology
of northern Eurasia. In G. Berito, V. R. Baker, & K. J. Gregory (Eds.),
Paleohydrology and Environmental Change (pp. 199-214). Chichester:
Wiley and Sons.

Grosswald, M. G. (1999). Cataclysmic megafloods in Eurasia and the
polar ice sheets. An Essay in Geomorphological Analysis of continental
Paleohydrological systems. Moscow: Scientific World. [In Russian].

Hanfling, B., Bolton, P., Harley, M., & Carvalho, G. R. (2005). A mo-
lecular approach to detect hybridisation between crucian carp
(Carassius carassius) and non-indigenous carp species (Carassius spp.
and Cyprinus carpio). Freshwater Biology, 50, 403-417. https://doi.
org/10.1111/j.1365-2427.2004.01330.x

Hanfling, B., Durka, W., & Brandl, R. (2004). Impact of habitat fragmen-
tation on genetic population structure of roach, Rutilus rutilus, in a
riparian ecosystem. Conservation Genetics, 5(2), 247-257. https://doi.
org/10.1023/B:COGE.0000030008.20492.2¢

Fcology and Evolution o 3431
& WILEY- 2

Hanfling, B., & Weetman, D. (2006). Concordant genetic estimators of
migration reveal anthropogenically enhanced source-sink popula-
tion structure in the River Sculpin, Cottus gobio. Genetics, 173, 1487-
1501. https://doi.org/10.1534/genetics.105.054296

Hartwig, M., Schaffer, M., Theuring, P., Avlyush, S., Rode, M., & Borchardt,
D. (2016). Cause-effect-response chains linking source identifica-
tion of eroded sediments, loss of aquatic ecosystem integrity and
management options in a steppe river catchment (Kharaa, Mongolia).
Environmental Earth Sciences, 75, 855. https://doi.org/10.1007/
s12665-015-5092-1

Hess, J. E.,, Zendt, J. S., Matala, A. R., & Narum, S. R. (2016). Genetic
basis of adult migration timing in anadromous steelhead discov-
ered through multivariate association testing. Proceedings of the
Royal Society B: Biological Sciences, 283, 20153064. https://doi.
org/10.1098/rspb.2015.3064

Hoban, S. M., Hauffe, H. C., Perez-Espona, S., Arntzen, J. W., Bertorelle,
G., Bryja, J.,, ... Bruford, M. W. (2013). Bringing genetic diversity to
the forefront of conservation policy and management Conservation
Genetics. Resources, 5(2), 593-598. https://doi.org/10.1007/
$12686-013-9859-y

Hofmann, J., Karthe, D., Ibisch, R., Schéffer, M., Avlyush, S., Heldt, S., &
Kaus, A. (2015). Initial characterization and water quality assessment
of stream landscapes in Northern Mongolia and its integration into
a river basin management plan. Water, 7(7), 3166-3205. https://doi.
org/10.3390/w7073166

Hofmann, J., Venohr, M., Behrendt, H., & Opitz, D. (2010). Integrated
water resources management in central Asia: nutrient and heavy
metal emissions and their relevance for the Kharaa River Basin,
Mongolia. Water Science and Technology, 62, 353-363. https://doi.
org/10.2166/wst.2010.262

Hogan, Z., & Jensen, O. (2013). Hucho taimen. The IUCN Red List of
Threatened Species 2013: e.T188631A22605180. doi: https://doi.
org/10.2305/IUCN.UK.20131.RLTS.T188631A22605180.en

Hol¢ik, J., Hensel, K., Nieslanik, J., & Skacel, L. (1988). The Eurasian
huchen, Hucho hucho, largest salmon of the world. Boston, Mass:
Kluwer Academic Publishers.

Jensen, O., Gilroy, D. J., Hogan, Z., Allen, B. C., Hrabik, T. R., Weidel, B.
C., ... Vander Zanden, M. J. (2009). Evaluating recreational fisheries
for an endangered species: a case study of taimen, Hucho taimen, in
Mongolia. Canadian Journal of Fisheries and Aquatic Sciences, 66(10),
1707-1718. https://doi.org/10.1139/F09-109

Jia, Z. Y., Zhang, Y. Y., Shi, Y., Bai, Q. L., Jin, B., & Mou, Z. B. (2008).
Amplification of rainbow trout microsatellites in Brachymystax lenok.
Molecular Ecology Resources, 8, 1520-1521. https://doi.org/10.1111/
j1755-0998.2008.02310.x

Junge, C., Primmer, C. R, Vgllestad, L. A.,, & Leder, E. H. (2010).
Isolation and characterization of 19 new microsatellites for
European grayling, Thymallus thymallus (Linnaeus, 1758), and their
cross-amplification in four other salmonid species. Conservation
Genetics Resources, 2, 219-223. https://doi.org/10.1007/
s12686-009-9147-z

Karthe, D., Abdullaev, I., Boldgiv, B., Borchardt, D., Chalov, S., Jarsjo, J.,
... Nittrouer, J. (2017). Water in Central Asia: An integrated assess-
ment for science-based management. Environmental Earth Sciences,
76, 690. https://doi.org/10.1007/s12665-017-6994-x

Kaung, Y., Tong, G., Xu, W., & Sun, X. (2010). Analysis on population ge-
netic structure of taimen (Hucho taimen) in the Heilongjiang River.
Journal of Fishery Sciences. 32:597-604. https://doi.org/10.3724/
SP.J.1141.2011.06597

Kaus, A. (2018). Ecological assessment of salmonid populations
in a country undergoing rapid environmental and socioeco-
nomic transitions (Mongolia). Ph.D. Dissertation. Fakultat
Umweltwissenschaften, Technische Universitat Dresden, Germany.
http://www.qucosa.de/fileadmin/data/qucosa/documents/23348/
AndrewKausDissertation2018_pdfa.pdf


https://doi.org/10.1371/journal.pone.0148007
https://doi.org/10.1371/journal.pone.0148007
https://doi.org/10.1186/1471-2148-8-40
https://doi.org/10.1186/1471-2148-8-40
https://doi.org/10.1046/j.1472-4642.2003.00024.x
https://doi.org/10.1046/j.1472-4642.2003.00024.x
https://doi.org/10.1111/j.1095-8649.2005.00807.x
https://doi.org/10.1111/j.1095-8649.2005.00807.x
https://doi.org/10.1016/j.ympev.2004.09.009
https://doi.org/10.1111/j.1471-8286.2004.00594.x
https://doi.org/10.1111/j.1471-8286.2004.00594.x
https://doi.org/10.1016/j.tree.2012.05.012
https://doi.org/10.1016/j.tree.2012.05.012
https://doi.org/10.1111/j.1095-8649.2009.02377.x
https://doi.org/10.1111/j.1095-8649.2009.02377.x
https://doi.org/10.1111/j.16000633.2010.00434.x
https://doi.org/10.1111/j.1365-2427.2004.01330.x
https://doi.org/10.1111/j.1365-2427.2004.01330.x
https://doi.org/10.1023/B:COGE.0000030008.20492.2c
https://doi.org/10.1023/B:COGE.0000030008.20492.2c
https://doi.org/10.1534/genetics.105.054296
https://doi.org/10.1007/s12665-015-5092-1
https://doi.org/10.1007/s12665-015-5092-1
https://doi.org/10.1098/rspb.2015.3064
https://doi.org/10.1098/rspb.2015.3064
https://doi.org/10.1007/s12686-013-9859-y
https://doi.org/10.1007/s12686-013-9859-y
https://doi.org/10.3390/w7073166
https://doi.org/10.3390/w7073166
https://doi.org/10.2166/wst.2010.262
https://doi.org/10.2166/wst.2010.262
https://doi.org/10.2305/IUCN.UK.20131.RLTS.T188631A22605180.en
https://doi.org/10.2305/IUCN.UK.20131.RLTS.T188631A22605180.en
https://doi.org/10.1139/F09-109
https://doi.org/10.1111/j1755-0998.2008.02310.x
https://doi.org/10.1111/j1755-0998.2008.02310.x
https://doi.org/10.1007/s12686-009-9147-z
https://doi.org/10.1007/s12686-009-9147-z
https://doi.org/10.1007/s12665-017-6994-x
https://doi.org/10.3724/SP.J.1141.2011.06597
https://doi.org/10.3724/SP.J.1141.2011.06597
http://www.qucosa.de/fileadmin/data/qucosa/documents/23348/AndrewKausDissertation2018_pdfa.pdf
http://www.qucosa.de/fileadmin/data/qucosa/documents/23348/AndrewKausDissertation2018_pdfa.pdf

KAUS €T AL.

3432 WI LEY—ECOlOgy and Evolution

Open Access,

Kaus, A., Buttner, O., Karthe, D., Schaffer, M., & Borchardt, D.
(2017). Migration and movement profiles of a potadromous fish
(Brachymystax lenok Pallas 1773) in a highly connected river system
(Mongolia). Ecology of Freshwater Fish, 27(3), 752-766. https://doi.
org/10.1111/eff.12390

Kaus, A., Buttner, O., Schaffer, M., Balbar, G., Surenkhorloo, P., &
Borchardt, D. (2016). Seasonal home range shifts of the Siberian
taimen (Hucho taimen Pallas 1773): Evidence from passive acoustic
telemetry in the Onon River and Balj tributary (Amur River basin,
Mongolia). International Review of Hydrobiology, 101(5-6), 147-159.
https://doi.org/10.1002/iroh.201601852

Kaus, A., Schiffer, M., Karthe, D., Buttner, O., von Timpling, W., &
Borchardt, D. (2016). Regional patterns of heavy metal exposure and
contamination in the fish fauna of the Kharaa River basin (Mongolia).
Regional Environmental Change, 17(7), 2023-2037. https://doi.
org/10.1007/s10113-016-0969-4

Kearse, M., Moir, R., Wilson, A., Stones-Havas, S., Cheung, M., Sturrock,
S., ... Drummond, A. (2012). Geneious Basic: An integrated and ex-
tendable desktop software platform for the organization and anal-
ysis of sequence data. Bioinformatics, 28, 1647-1649. https://doi.
org/10.1093/bioinformatics/bts199

Keller, L. F., & Waller, D. M. (2002). Inbreeding effects in wild popula-
tions. Trends in Ecology & Evolution, 17(5), 230-241. https://doi.
org/10.1016/50169-5347(02)02489-8

Knizhin, I. B., Antonov, A. L., Safronov, S. N., & Weiss, S. J. (2007). New
species of grayling Thymallus tugarinae sp. nova (Thymallidae) from
the Amur River Basin. Journal of Ichthyology, 47, 123. https://doi.
org/10.1134/50032945207020014

Knizhin, I. B., & Weiss, S. J. (2009). A New Species of Grayling Thymallus
svetovidovi sp. Nova (Thymallidae) from the Yenisei Basin and Its
Position in the Genus Thymallus. Journal of Ichthyology, 49(1), 4-14.
https://doi.org/10.1134/50032945209010019

Knizhin, I. B., Weiss, S. J., Bogdanoy, B. E., Kopun, T., & Muzalevskaya,
O. V. (2008). Grayling (Thymallidae) of Water bodies in Western
Mongolia: Morphological and genetic diversity. Journal of Ichthyology,
48(9), 714-735. https://doi.org/10.1134/50032945208090038

Knizhin, I. B., Weiss, S. J., & Susnik, S. (2006). Graylings of Baikal Lake
Basin (Thymallus, Thymallidae): Diversity of forms and their tax-
onomic status. Journal of Ichthyology, 46(6), 418-435. https://doi.
org/10.1134/50032945206060026

Koskinen, M. T., Knizhin, I., Primmer, C. R., Schlétterer, C., & Weiss,
S. (2002). Mitochondrial and nuclear DNA phylogeography of
Thymallus spp. (grayling) provides evidence of ice-age mediated
environmental perturbations in the world's oldest body of fresh
water, Lake Baikal. Molecular Ecology, 11, 2599-2611. https://doi.
org/10.1046/j.1365-294X.2002.01642.x

Kottelat, M. (2006). Fishes of Mongolia: A check list of the fishes known
to occur in Mongolia with comments on systematics and nomencla-
ture. The World Bank, United States of America.

Kuang, Y., Tong, G., Xu, W., Sun, X., & Yin, J. (2010). Analysis on
population genetic structure of taimen (Hucho taimen) in the
Heilongjiang River. Journal of Fishery Sciences, 17(6), 1208-1217.
CNKI:SUN:ZSCK.0.2010-06-009

Kuang, Y. Y., Tong, G. X., Xu, W., Yin, J. S., & Sun, X. W. (2009).
Analysis of genetic diversity in the endangered Hucho taimen from
China. Acta Ecologica Sinica., 29, 92-97. https://doi.org/10.1016/j.
chnaes.2009.05.002

Liu, B., Kunag, Y. Y., Tong, G. X., & Yin, J. S. (2011). Analysis of genetic
diversity on 9 wild stocks of Taimen (Hucho taimen) by microsat-
ellite markers. Zoological Research, 32(6), 597-604. https://doi.
org/10.3724/SP.J.1141.2011.06597

Liu, H., Li, Y., Lui, X., Zou, G., & Wei, Q. (2012). Isolation and characteri-
zation of eleven novel microsatellite loci of Brachymystax lenok tsin-
lingensis, a threatened fish endemic to Shaanxi, China. Conservation

Genetics Resources, 5(2), 389-391.
s12686-012-9810-7.

Ma, B., & Jiang, Z. (2007). Genetic diversity and relationship be-
tween two species of Brachymystax in Wusuli River revealed
by microsatellites. Journal of Fishery Sciences, 14(1), 39-45.
CNKI:SUN:ZSCK.0.2007-01-005

Maric, S., Alekseyey, S., Snoj, A., Askeyev, O., Askeyeyv, I., & Weiss, S.
(2014). First mtDNA sequencing of Volga and Ob basin taimen Hucho
taimen: European populations stem from a late Pleistocene expan-
sion of H. taimen out of Western Siberia and are not intermediate
to Hucho hucho. Journal of Fish Biology, 85(2), 530-539. https://doi.
org/10.1111/jfb.12428

Mats, V. D., Ufimtsev, G. F., Mandelbaum, M. M., Alakshin, A. M., Pospeey,
A. V., Shimarev, M. N., & Khlystov, O. M. (2001). Cenozoic era of the
Baikal rift depression. Structure and geological history. Novosibirsk:
SORAN (Geo) Publishers; 2001. [In Russian].

Matveyev, A. N., Pronin, N. M., Samusenok, V. P., & Bronte, C. R.
(1998). Ecology of Siberian Taimen Hucho taimen in the Lake Baikal
Basin. Journal of Great Lakes Research, 24(4), 905-916. https://doi.
org/10.1016/50380-1330(98)70871-8

McDougall, C. A., Welsh, A. B., Gosselin, T., Anderson, W. G., & Nelson,
P. A. (2017). Rethinking the influence of hydroelectric development
on gene flow in a long-lived fish, the Lake Sturgeon Acipenser fulves-
cens. PLoS ONE, 12(3), e.0174269. https://doi.org/10.1371/journal.
pone.0174269

Moritz, C. (1994). Defining ‘evolutionarily significant units’ for conserva-
tion. Trends in Ecology and Evolution, 9, 373-375.

O’Connell, M., & Wright, J. M. (1997). Microsatellite DNA in fishes.
Reviews in Fish Biology and Fisheries, 7, 331-364.

Ocock, J., Baasanjav, G., Baillie, J. E. M., Erbenebat, M., Kottelat, M.,
Mendsaikhan, B., & Smith, K. (Eds.) (2006). Mongolian Red List of
Fishes - Regional Red List Series, Vol. 3. London: Zoological Society
of London.

Olson, K. W,, Jensen, O. P., & Hrabik, T. R. (2016). Feeding ecology and
prey resource partitioning of lenok (Brachymystax lenok) and Baikal
grayling (Thymallus arcticus baicalensis) in the Eg and Uur rivers
Mongolia. Ecology of Freshwater Fish, 25(4), 565-576. https://doi.
org/10.1111/eff.12234

Palsbgll, P. J., Bérube, M., & Allendorf, F. W. (2006). Identification of man-
agement units using populations genetic data. Trends in Ecology and
Evolution, 22(1), 11-16. https://doi.org/10.1016/j.tree.2006.09.003

Peakall, R., & Smouse, P. E. (2006). GENALEX 6: Genetic analy-
sis in Excel. Population genetic software for teaching and re-
search. Molecular Ecology Notes, 6, 288-295. https://doi.
org/10.1111/j.1471-8286.2005.01155.x

Peakall, R., & Smouse, P. E. (2012). GenAIlEx 6.5: Genetic analysis in
Excel. Population genetic software for teaching and research-an
update. Bioinformatics, 28, 2537-2539. https://doi.org/10.1093/
bioinformatics/bts460

Petit, E. L., & Mousadik, P. (1998). Identifying populations for conserva-
tion on the basis of genetic markers. Conservation Biology, 12, 844-
855. https://doi.org/10.1046/j.1523-1739.1998.96489.x

Pivnicka, K., & Hensel, K. (1978). Morphological variation in the Genus
Thymallus Cuvier, 1829 and recognition of the species and subspe-
cies. Acta Univ Carolinae-Biologica, 4, 1975-1976.

Prince, D. J., O'Rourke, S. M., Thompson, T. Q., Ali, O. A., Lyman, H. S,
Saglam, I. K., & Miller, M. R. (2017). The evolutionary basis of prema-
ture migration in Pacific salmon highlights the utility of genomics for
informing conservation. Science Advances, 3, e1603198. https://doi.
org/10.1126/sciadv.1603198

Pritchard, J. K., Stephens, M., & Donnelly, P. (2000). Inference of popula-
tion structure using multilocus genotype data. Genetics, 155, 945-959.

R Core Team (2013). R: A language and environment for statistical comput-
ing. Vienna, Austria: R Foundation for Statistical Computing.

https://doi.org/10.1007/


https://doi.org/10.1111/eff.12390
https://doi.org/10.1111/eff.12390
https://doi.org/10.1002/iroh.201601852
https://doi.org/10.1007/s10113-016-0969-4
https://doi.org/10.1007/s10113-016-0969-4
https://doi.org/10.1093/bioinformatics/bts199
https://doi.org/10.1093/bioinformatics/bts199
https://doi.org/10.1016/S0169-5347(02)02489-8
https://doi.org/10.1016/S0169-5347(02)02489-8
https://doi.org/10.1134/S0032945207020014
https://doi.org/10.1134/S0032945207020014
https://doi.org/10.1134/S0032945209010019
https://doi.org/10.1134/S0032945208090038
https://doi.org/10.1134/S0032945206060026
https://doi.org/10.1134/S0032945206060026
https://doi.org/10.1046/j.1365-294X.2002.01642.x
https://doi.org/10.1046/j.1365-294X.2002.01642.x
CNKI:SUN:ZSCK.0.2010-06-009
https://doi.org/10.1016/j.chnaes.2009.05.002
https://doi.org/10.1016/j.chnaes.2009.05.002
https://doi.org/10.3724/SP.J.1141.2011.06597
https://doi.org/10.3724/SP.J.1141.2011.06597
https://doi.org/10.1007/s12686-012-9810-7
https://doi.org/10.1007/s12686-012-9810-7
CNKI:SUN:ZSCK.0.2007-01-005
https://doi.org/10.1111/jfb.12428
https://doi.org/10.1111/jfb.12428
https://doi.org/10.1016/S0380-1330(98)70871-8
https://doi.org/10.1016/S0380-1330(98)70871-8
https://doi.org/10.1371/journal.pone.0174269
https://doi.org/10.1371/journal.pone.0174269
https://doi.org/10.1111/eff.12234
https://doi.org/10.1111/eff.12234
https://doi.org/10.1016/j.tree.2006.09.003
https://doi.org/10.1111/j.1471-8286.2005.01155.x
https://doi.org/10.1111/j.1471-8286.2005.01155.x
https://doi.org/10.1093/bioinformatics/bts460
https://doi.org/10.1093/bioinformatics/bts460
https://doi.org/10.1046/j.1523-1739.1998.96489.x
https://doi.org/10.1126/sciadv.1603198
https://doi.org/10.1126/sciadv.1603198

KAUS ET AL.

Rivers, M. C., Brummitt, N. A., Nic Lughadh, E., & Meagher, T. R. (2014).
Do species conservation assessments capture genetic diversity?
Global Ecology & Conservation, 2, 81-81. https://doi.org/10.1016/].
gecco.2014.08.005

Schuelke, M. (2000). An economic method for the fluorescent labelling
of PCR fragments. Nature Biotechnology, 18, 233-234. https://doi.
org/10.1038/72708

Shed’ko, S. V., Ginatulina, L. K., Parpura, I. Z., & Ermolenko, A. V. (1996).
Evolutionary and taxonomic relationships among Far-Eastern salmo-
nid fishes inferred from mitochondrial DNA divergence. Journal of
Fish Biology, 49,815-829. https://doi.org/10.1111/j.1095-8649.1996.
tb00081.x

Slynko, Y. V., Mendsaykhan, B., & Kas’anov, A. N. (2010). On intraspecies
forms of the Mongolian Grayling (Thymallus brevirostris Kessl.) from
Hoton Nur Lake (Western Mongolia). Journal of Ichthyology, 50(1),
28-37.

Slynko, Y. V., Stolbunova, Y. V., & Mendsaykhan, B. (2015). Genetic
Variation of the mtDNA cyt b Locus in Graylings ( Thymalus sp.:
Thymalidae, Pisces) Introduced into the Baydrag Gold River of the
Valley of Lakes Basin (Mongolia). Animal Genetics, 51(6), 704-710.
https://doi.org/10.1134/51022795415060149

So, N., Van Houdt, J. K. L., & Volckaert, F. A. M. (2006). Genetic diver-
sity and population history of the migratory catfishes Pangasianodon
hypophthalmus and Pangasius bocourti in the Cambodian
Mekong River. Fisheries Science, 72(3), 469-476. https://doi.
org/10.1111/j.1444-2906.2006.01174.x

Stepien, C. A., Murphy, D. L., Lohner, R. N., Sepulveda-Villet, O. J., &
Haponski, A. E. (2009). Signatures of vicariance, postglacial dis-
persal and spawning philopatry: Population genetics of the wall-
eye Sander vitreus. Molecular Ecology, 18, 3411-3428. https://doi.
org/10.1111/j.1365-294X.2009.04291.x

Stubblefield, A., Chandra, S., Eagan, S., Tuvshinjargal, D., Davaadorzh,
G., Gilroy, D., ... Hogan, Z. (2005). Impacts of Gold Mining and
Land Use Alterations on the Water Quality of Central Mongolian
Rivers. Integrated Environmental Assessment and Management, 1(4),
365-373.

Suski, C. D., & Cooke, S. J. (2007). Conservation of aquatic resources
through the use of freshwater protected areas: Opportunities and
challenges. Biodiversity Conservation, 16(7), 2015-2029. https://doi.
org/10.1007/510531-006-9060-7

Tong, G., Kuang, Y., Yin, J., & Zhang, Y. (2013). Population genetic struc-
ture of taimen, Hucho taimen (Pall.), in China. Archives of Polish
Fisheries, 21, 199-203. https://doi.org/10.2478/aopf-2013-0017

Tsogtsaikhan, P., Mendaikhan, B., Jargalmaa, G., Ganzorig, B., Weidel,
B. C., Filosa, C. M,, ... Jensen, O. P. (2017). Age and growth com-
parisons of Hovsgol grayling (Thymallus nigrescens Dorogostaisky,
1923), Baikal grayling (T. baicalensis Dybowski, 1874), and lenok
(Brachymystax lenok Pallas, 1773) in lentic and lotic habitats of
Northern Mongolia. Journal of Applied Ichthyology, 33(1), 108-115.
https://doi.org/10.1111/jai.13247

Uiblein, F., Jagsch, A., Honsig-Erlenburg, W., & Weiss, S. (2001). Status,
habitat use, and vulnerability of the European grayling in Austrian
waters. Journal of Fish Biology, 59, 223-247. https://doi.org/10.1006/
jfbi.2001.1762

Vogler, A. P., & DeSalle, R. (1994). Diagnosing units of conservation
management. Conservation Biology, 8(2), 354-363. https://doi.
org/10.1046/j.1523-1739.1994.08020354.x

Fcology and Evolution o 3433
& WILEY- 2%

Waples, R. S., & Lindley, S. T. (2018). Genomics and conservation units:
The genetic basis of adult migration timing in Pacific salmonids.
Evolutionary Applications, 11(9), 1518-1526. https://doi.org/10.1111/
eva.12687

Weiss, S., Knizhin, |, Romanov, V., & Kopun, T. (2007). Secondary
contact between two divergent lineages of grayling Thymallus
in the lower Enisey basin and its taxonomic implications.
Journal of Fish Biology 71(Suppl, C), 371-386. https://doi.
0rg/10.1111/j.1095-8649.2007.01662.x

Weiss, S., Kopun, T., & Susnik Bajec, S. (2013). Assessing natural and dis-
turbed population structure in European grayling Thymallus thymal-
lus: Melding phylogeographic, population genetic and jurisdictional
perspectives for conservation planning. J. Fish. Bio., 82, 505-521.
https://doi.org/10.1111/jfb.12007

Weiss, S., Persat, H., Eppe, R., Schlotterer, C., & Uiblein, F. (2002).
Complex patterns of colonization and refugia revealed for European
grayling Thymallus thymallus, based on complete sequencing of the
mtDNA control region. Molecular Ecology, 11, 1393-1408.

Xia, Y. Z., Chen, Y. Y., & Sheng, Y. (2006). Phylogeographic Structure
of Lenok (Brachymystax lenok Pallas) (Salmoninae, Salmonidae)
Populations in Water systems of Eastern China, Inferred from
Mitochondrial DNA Sequences. Zoological Studies, 45(2), 190-200.

Xing,Y.C, Lv,B.B., Ye, E.Q, Fan,E. Y, Li,S. Y., Wang, L. X., ... Zhao, Y. H.
(2015). Revalidation and redescription of Brachymystax tsinlingensis
- Li 1966 (Salmoniformes: Salmonidae) from China. Zootaxa, 3962(1),
191-205.

Yoon, J. D., Kim, J. H., Jo, H. B., Yeom, M. A., Heo, W. M., Joo, G. J,, &
Jang, M. H. (2014). Seasonal habitat utilization and movement pat-
terns of the threatened Brachymystax lenok tsinlingensis in a Korean
river. Environmental Biology of Fishes, 98(1), 225-236. https://doi.
org/10.1007/s10641-014-0254-7

Zhivotovsky, L. A., Yurchenko, A. A., Nikitin, V. D., Safronov, S. N., Shitova,
M. V., Zolotukhin, S. F., ... Semenchenko, A. Y. (2015). Eco-geographic
units, population hierarchy, and a two-level conservation strategy
with reference to a critically endangered salmonid. Sakhalin taimen
Parahucho perryi. Conservation Genetics, 16(2), 431-441. https://doi.
org/10.1007/s10592-014-0670-4

Zolotukhin, S. (2013). Current status and catch of Siberian taimen (Hucho
taimen) in the lower Amur River. Archives of Polish Fisheries, 21, 211~
214. https://doi.org/10.2478/aopf-2013-0019

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of the article.

How to cite this article: Kaus A, Michalski S, Hanfling B, Karthe
D, Borchardt D, Durka W. Fish conservation in the land of
steppe and sky: Evolutionarily significant units of threatened
salmonid species in Mongolia mirror major river basins. Ecol
Evol. 2019;9:3416-3433. https://doi.org/10.1002/ece3.4974



https://doi.org/10.1016/j.gecco.2014.08.005
https://doi.org/10.1016/j.gecco.2014.08.005
https://doi.org/10.1038/72708
https://doi.org/10.1038/72708
https://doi.org/10.1111/j.1095-8649.1996.tb00081.x
https://doi.org/10.1111/j.1095-8649.1996.tb00081.x
https://doi.org/10.1134/S1022795415060149
https://doi.org/10.1111/j.1444-2906.2006.01174.x
https://doi.org/10.1111/j.1444-2906.2006.01174.x
https://doi.org/10.1111/j.1365-294X.2009.04291.x
https://doi.org/10.1111/j.1365-294X.2009.04291.x
https://doi.org/10.1007/s10531-006-9060-7
https://doi.org/10.1007/s10531-006-9060-7
https://doi.org/10.2478/aopf-2013-0017
https://doi.org/10.1111/jai.13247
https://doi.org/10.1006/jfbi.2001.1762
https://doi.org/10.1006/jfbi.2001.1762
https://doi.org/10.1046/j.1523-1739.1994.08020354.x
https://doi.org/10.1046/j.1523-1739.1994.08020354.x
https://doi.org/10.1111/eva.12687
https://doi.org/10.1111/eva.12687
https://doi.org/10.1111/j.1095-8649.2007.01662.x
https://doi.org/10.1111/j.1095-8649.2007.01662.x
https://doi.org/10.1111/jfb.12007
https://doi.org/10.1007/s10641-014-0254-7
https://doi.org/10.1007/s10641-014-0254-7
https://doi.org/10.1007/s10592-014-0670-4
https://doi.org/10.1007/s10592-014-0670-4
https://doi.org/10.2478/aopf-2013-0019
https://doi.org/10.1002/ece3.4974

